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The M/G/1 queue with quasi-restricted accessibility

Onno Boxma?* David Perry! Wolfgang Stadje* and Shelley Zacks®

Abstract

We consider single-server queues of the M/G/1 kind with a special kind of partial
customer rejection called quasi-restricted accessibility (QRA). Under QRA, the actual
service time assigned to an arriving customer depends on his service requirement, say x,
the current workload, say w, and a prespecified threshold b. If z + w < b the customer
is fully served. If w < b < w + z, the customer receives service time b — w + (w +
x — b)f for some random number f € [0,1], while if w > b the actual service time is
the fraction fx of the requirement. The random fractions are assumed to be i.i.d. We
derive the steady-state distribution of the workload process, which is also the steady-state
distribution of the waiting time, and provide explicit results for the cases of Erlang or
hyperexponential service requirements and uniformly distributed or constant fractions.
We also deal with the case of exponential barriers b (instead of one constant threshold).
Furthermore, the distribution functions of the length of a busy period and of the cycle
maximum of the workload are determined. In the case of phase-type service requirements
there is an alternative (martingale) technique to derive the busy period distribution; we
illustrate this approach in the case of Erlang(2,u). Finally, we show in the example of the
Erlang(2,u)/M/1-type QRA queue with deterministic fractions (which is non-Markovian)
how to compute the busy period distribution via a duality with a Markovian system.

1 Introduction

In this paper we consider single-server queues with a special kind of partial customer rejection
called quasi-restricted accessibility (QRA). Any queueing system with a restricted workload
capacity has to deal with the problem what to do with customers whose acceptance would
increase the current workload beyond the given limitations. One possibility is to reject these
customers completely; another is to grant them only partial admission in order to keep the
capacity bounded or to diminish the growth of the cumulated workload.

QRA means that only a certain fraction of any freshly arriving workload above a certain
threshold b > 0 is processed. Formally, consider a single-server queue of the M/G/1 type
with A, denoting the time between the arrivals of the nth and (n + 1)st customer and X,
denoting the service requirement of the nth customer, n =0,1,2,... Let F,,, n=20,1,2,...
be random variables taking values in [0, 1]. We assume that (A;,)n>0, (Xn)n>0 and (F,)n>0
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are i.i.d. sequences and independent of each other. Furthermore, A, is exp(\)-distributed
for every n > 1. In the QRA model the actual service time S, assigned to the nth customer
depends on his service requirement X, and his waiting time W,, in the following recursively
defined way: Let Wy = 0. If Wy, ..., W, have already been defined for some n > 0, let

X, it W, +X,<b
Sy = b—W,+ F,(W, + X, —b), it W, <o, W, +X,, >0b (1)
F. X5, if W,, > b

and Wy, 11 = max[0, W,, + S,, — A,].

Thus if W), + X, exceeds b, then only the fraction F;, of the service requirement beyond b is
added to the workload. We will deal in particular with the case of deterministic F,, = f € [0,1)
and the case when F), is uniform on (0, 1). Note that F,, = 0 means that the system does not
tolerate more than b work units; arriving jobs whose admission would increase the current
workload above b are only partially admitted such that the workload jumps up to its capacity
bound b. If F,, = f € (0,1), only the fraction f of any workload exceeding b or arriving while
the current workload is larger than b is processed. In general, workload above b is either
rejected (with probability P(F,, = 0)) or only the fraction F), is processed if F,, > 0.

We denote by A, X, F' generic independent random variables whose distributions are those
of A, X, Fy,, respectively. Let V.= {V(t) | t > 0} be the associated virtual waiting time
process. The system is stable under the condition

ME[F]E[X] < 1. (2)

We assume throughout that (2) holds. Then the waiting times W), possess a limiting distribu-
tion which, by PASTA, is also the limiting (and steady-state) distribution of the continuous-
time workload process V (t).

Indeed, (2) states that the expected upward jump size E[F X] of V, as long as the process
stays above b, is smaller than the expected interjump time A~! so that V will almost surely
return to b after every upcrossing of b within finite time. Thus taking the times between visits
of b as cycles, V is a regenerative process. If the cycle length has finite mean, the ergodic
theorem for those processes yields the existence of a limiting steady-state distribution [4].
Due to the negative drift above b, the expected cycle length is finite if the excess of V over
b when entering (b, co) has finite mean. This is trivially true if X is almost surely bounded.
But if X is not bounded with probability 1, then conditioning on the position of V just before
a jump above level b it is seen that the expected excess over b is bounded by

E[XI(X > s)] E[X]
E[X —s|X>s| < <
Qﬁb[ 5| SLyﬁ% P(X >s) - P(X >0)

By I(A) we denote the indicator function of the event A.

QRA is a new variation of queueing models with workload-dependent admission policies.
In the literature several models of this kind have been studied:

(a) In finite dam models all workload is accepted up to the capacity restriction b whereas
additional workload just overflows and is lost. A comprehensive account of this system for
interarrival and service time distributions with rational Laplace-Stieltjes transforms (LSTSs) is
given in [10], Ch. IIL.5. The method is based on Pollaczek’s contour integral equation which,
in the case of rational LSTs, leads to explicit, albeit very complicated formulas. For example,



the main results of [10] concerning busy periods in the cases of M/G/1 and G/M/1 are egs.
(5.82), p. 536, and (5.105), p. 544, respectively, which give joint transforms of the duration of
a busy period and two related quantities in terms of contour integrals. In [17] the steady-state
workload distribution of the M/G/1 model with finite capacity is shown to be proportional
to its infinite-capacity counterpart; in [7] this result is extended to workload-dependent rates.
Another approach in which the LST of the busy period in the M/G/1 case is expressed
directly in terms of certain transforms of the underlying distributions is expounded in [27].
Exploiting a certain duality, this technique also yields analogous results for the G/M/1 case.

(b) In customer impatience models an arriving customer leaves without receiving any
service if his waiting time is too large. Many authors deal with the steady-state distribution
of the workload in this model [11, 9, 23, 15, 18, 17]. More recently, various closed-form results
were derived [25, 27, 28, 7, 22].

(¢) In limited sojourn time models no customer joins the queue whose sojourn time would
be too large. Partial results are known for M/M/1, M/D/1 [9, 15] and PH/PH/1 [23].

Due to its importance, e.g. for call centers, the modeling of restricted accessibility and
customer impatience has recently attracted a lot of attention [21, 14, 38]. For the general
framework of queues with workload-dependent arrival and service rates we refer to [16, 8, 7]
and for restricted queues to [34, 37, 20, 25].

In [36] explicit results on the waiting time of a related multi-server system were obtained.
In [6] i.i.d. random thresholds, so-called patience times, limiting the time in line for every
customer were considered; structural properties of the actual and virtual waiting times in the
GI/G/1 case and explicit results for Poisson input and patience times with rational Laplace
transforms were derived.

In this paper the following results for M/G/1 queues with QRA are proved. In Section
2 we derive the steady-state distribution of the workload process, which is also the steady-
state distribution of the waiting time, and provide explicit formulas for the cases of Erlang
or hyperexponential service requirements and uniformly distributed or constant fractions. In
Section 3 we deal with the case of exponential barriers b (instead of one constant threshold).
In Sections 4-6 we determine the distribution function of the length of a busy period in closed
form. In Sections 7-9 the cycle maximum of the workload process is considered. First we
give a new proof for a well-known expression for its distribution function in the unrestricted
case, thereby establishing an interesting connection to the density of the associated compound
Poisson process, and then derive an alternative formula. We set out to find the cycle maximum
distribution in the case when all customers arriving while the workload is below b get full
service, whereas no customers are admitted as long as the workload is above b (this is the case
F,, = 1). Finally we compute the distribution under general QRA. An alternative (martingale)
approach to the busy period distribution is presented in Section 10; we illustrate this method
for Erlang(2,u)-distributed service requirements and uniform random fractions. In Section
11 we show how the busy period results can be carried over to the non-Markovian case of
phase-type arrivals by exploiting a duality between M/G/1 and G/M/1 type systems. For
simplicity we present this approach only for Erlang(2,u)-distributed interarrival times.

2  Waiting times

In this section we shall study the waiting time distribution in the M/G/1 queue with QRA
as defined above. Let W be a random variable whose distribution is the limiting distribution



of W, for n — oco. We assume that the stability condition NE[FX] < 1 holds, so that
this limiting distribution exists, which because of PASTA is also equal to the steady-state
workload distribution in our model.

Starting from the fundamental recursion W, 1; = max(0,W,, + S, — 4,), n =1,2,...,
we can write:

Efe=™nr1] = E[e ! WntS=A) (W, + S, > A,)] + E[I(Wy, + Sn < A,)]

_ E[e—G(Wn+Sn—An)] o E[e—G(Wn—l-Sn—An)I(Wn +8, < An)]

+E[I (W, + Sn < 4y)]
A

= 2 _E[e !WntSn)] mP(Wn +S, <A,)+PW,+S,<A,)

A Efe—0(Wn+Sn) 0 POW 0 Re 6> 0 3
A—40 [e ] A—40 ( e )’ ¢ ()

For the limiting distribution of the sojourn time W,, +.S,, we obtain from (1) the relation
b b—x
lim E[e/WntSn)] — / e TAP(W < ) / e WAP(X < y)
n—0o =0 y=0

b e}
+ / e~ dP(W < x) / e MOTIReTHIIAP(X < y)
=0 y=b-z

—I-/ e PTAP(W < z)E[e %F4]
x=b
— [+ II+III. (4)

Introducing the restricted transform

b
a(f) = / . e TAP(W < z), (5)

we can express the last integral in (4) in the form
IIT = (Ele ] - a(0))E[e "] (6)
Combining (3), (4), and (6) yields

A

Ele "] = [1- =

E[e—GFXH—l

4 _ A —0FX
x (_ TPV =0) + =5 [T+ 11 — a(0)Ele ]]) (7)
The following remark plays an important role in our analysis; in particular, it leads to the
determination of a(#).

Remark 1. For 0 < x < b the waiting time distribution in the QRA model is proportional
to the waiting time distribution in the M/G/1 queue with service requirements X,, and full
accessibility:

P(W =0)

FW <o) =T 3Ex

]P)(W < :E)M/G/l’ 0<ax<h. (8)



Indeed, as long as W, stays below b, both models behave exactly the same; and when the
waiting time in our model returns below level b, the memoryless property of the exponentially
distributed interarrival times implies that the {W,,} process, restricted to [0,b], behaves the
same as the corresponding process for the ordinary unrestricted M/G/1 queue when it returns
below b. So in both models a busy period probabilistically has as many customers with waiting
time less than z, for 0 < x < b. Using the theory of regenerative processes, one can write

1 N
=1

with N the number of customers served in a busy period. Hence, for 0 < x < b, the
proportionality factor between P(W < x) and P(W < z)5/g/1 is the ratio of the mean
numbers of customers in a busy period of both systems, which equals the ratio of P(W =
0) =: IIp in the QRA model and P(W = 0) = 1 — AEX in the ordinary M/G/1 queue. [

It follows from Remark 1 that P(W < z), for 0 < 2 < b, and thus also a(f) are known
up to the unknown constant Ily. Note that the integrals I and I1 are expressed by means of
the distributions of X and F and of P(W < z), 0 < x < b; therefore, E[e=%"] is determined
by (7) once we know IIy. This constant can be computed from the familiar normalization
argument: Ele™®"] =1 for § = 0. However, the following should be realized. While the LST
of W is well-known for the standard M/G/1 queue, the distribution function of W in this
case can in general only be given in terms of an inconvenient convolution series:

P(W < 2)pjgn = (1— AEX) Y H®
k=0

where H®) is the kfold convolution of the function H(z) = A fo (X > u) du with itself.
It is known explicitly for the class of service requlrement dlstrlbutlons with a rational LST
(cf. Section I1.5.10 of [10]). To make our results more explicit, we restrict ourselves to that
class in the remainder of this section. This is not a major restriction as the class of such
distributions is dense in the class of all distributions of non-negative random variables. It
is well-known (see Formula (I1.5.190) of [10]) that the LST of the steady-state waiting time
of the ordinary M/G/1 queue with a service time LST 3(0) = (31(0)/52(0), where [(35(0) is a
polynomial in 6 of degree k and (31(0) is a polynomial of degree at most k — 1, is given by

w B(0) T
Ele™" = 2] Re 6 > 0. 9
[e™"" e o) e > 9)
Here &1, . .., & are the k zeros of 55(6)— (1 (60 ) 1=p in the complex left half-plane, each occurring

with its multiplicity. It follows that the distribution of W is a mixture of convolutions of
exponential distributions in which some of the weights may be negative. For simplicity let us
assume for the moment that all the &; are distinct. Then by (9),

k
PW > y)mian = Z CietiY, y > 0. (10)
i=1

Hence in the QRA model we have, for 0 < x < b,

1 — Sk et
Six — =11
P(W < z) = 1_AEX< ZC’e ) =1 TS (11)




and

b 1I I?_ Ci(=&)(1 — —(0=&:)b
a(9) =/ 0e_(’g”d]P’(W <z)= ) ZZ ) 2oiz Gil g)—(g ° ). (12)
r= T =1 v

To demonstrate the approach towards evaluating the terms I and I on the righthand side of
(4), we shall restrict ourselves in the calculations to two classes of distributions with rational
LSTs:

(i) Erlang distributions;

(ii) hyperexponential distributions.

By taking appropriate weighted combinations, one can also handle the more general case
of rational LST.

In addition, we shall consider two choices for the distribution of F":

(a) F is uniformly distributed on (0,1);

(b) F' is constant.

This yields a collection of four cases, which will be discussed consecutively.

Case 1: F = U, with U uniformly distributed on (0,1), and Erlang(k, u)-distributed service
requirements.
Observe that

1 _e—Gy

E[e V%] = /OO E[e %YYdP(X < y) = / dP(X < y). (13)

0 0 Oy
In this case, cf. (4),

b b—a (uy)*—!
I+1I = / e 0TAP(W < m)/ e_eyuie Mdy
2=0 =0 (k — 1)

b (3] —0(y+x—b) k—1
o0 o 0(b—2) —¢ (1y) —py
+ dP(W < x / e "dy. (14
/:(::O y=b—zx H(y—i—a;—b) Iu(k_l)' Y ( )

First consider term I:

b k-1 .

~ _ _ +0)(b —x))’
I = / TP AP(W < z) (L )k 1 = et o) (£ )1
x=0 ( )(M+9) |: =0 j'

k— 1 b
IRY k M + 6 j —(pu+0)b / 7% j
= (—=)"a e’ (b —x)!dP(W < x). (15
GO~ g [ e myarw <a). (15)
Notice that the last integral can be easily evaluated, since the distribution of W is given by the
simple expression (11). Since a(f) is easily computed by specializing (12) to the Erlang(k, p)-
case, we see that (15) yields I in closed form as a linear combination of simple rational and



exponential functions of . We refrain from giving the details, and turn to term I1:

I = b —Gmdp W o —G(b—m) 1- e—@Z luk_l —,u(z+b—ac) b k—ld
= x:Oe (W < x) z:oe 7 M(k—l)!e (z4+b—x) z
TA T
IR (7 1 QP (W
g " [ v <o
o0 _ —0z k—1
x/ L—c e M ((b—x)F 1 + < > (b — )Ty d
2=0 0z
m=1

s (u+6)b ’
- " i qp 16
pope [ emapav <a) (16)

© q e—@z
o \k—1 —pz 1
x((b ) /z:o - dz (17)
k—1
k—1 k—1—m < 1- e—ﬁz —pz m—1
—|—m:1< - >(b x) /z:0 g ¢z dz)
Hence we can write
k—

1= p (;f ~(u+0)p Z (0 / (b— o)E= 1Ml dB(W < 2, (18)
where fo(6),..., fr—1(0) are known functions. The most complicated one is fy(6), known as

the Frullani integral:

fo(0) = /OO ! _e_eze_’”dz = 1/OO (1 —e_‘gz)dz/C>O e Y*d
o) = 02 “9)_ ; 4

z=0 =u
1 0
= = —In(1+ —). 1
9/ dy 0n(+u) (19)

Form=1,...,k—1, f(0) is given by

0= (8, ) [ merema= ()5 (- Gap) @

Combining (7), (15) and (18), we arrive at

-1

Ele] = [1- 2B
x{ _ % (W =0) + ﬁ [ — a(f)E[e~VX] a(@)(ﬁ)k
() j:: C ;9) e / b:O (b — 2) dP(W < x)
+u(:k_1 e~ (Hto)P :; /::0 — )l dP(W < x)} } (21)

Notice that E[eYX] is in the Erlang(k,p) case given by Zf;ll(,u/(u +0))/(k — 1). The
only remaining unknown on the righthand side of (26) is P(W = 0); it also appears in



P(W < z), 0 < z < b (recall Remark 1). This probability follows via a normalization argu-
ment: E[e™] = 1 for § = 0. If we denote by W + S a steady-state random variable for
the sojourn time, then P(W = 0) = E[e"*W*9)]  as the righthand term is the steady-state
probability that no arrival takes place during the sojourn time of a customer.

Case 2: I' = U; hyperexponentially distributed service requirements.
Let P(X > y) = Z?:l bje™H¥ with positive constants b1, ..., by adding up to 1. In this case,
term I becomes:

b k
- by (1 40) (b
I = / e TAP(W < I0I (1 — o (i +0)(b—2)
=0 ( )]Z:; ,uj+9( )
_ bjts o)
= Mj+0[a(9) e T a(=py)]. (22)

A straightforward calculation yields the following expression for term II (one could also take
k=1 in (18), multiply by b; and take the sum over j):

k
(. 1 0
II = ;a(—uj)bjﬂje (”ﬁg)bgln(l + M—j)- (23)

Combining (7), (22) and (23) yields

Be ] = [1- 2Bl
9 )\ _ k bj,uj
x{ — PV =0+ 1= [ — a(0)E[e~YX] +a(9); e
k
+ Dt it + -} (21)

Notice that E[e™%YX] is in the hyperexponential case given by Z§=1 bjpi0n(1 + (0/u4)),
and that P(W = 0) is again obtained via normalization.

Case 3: F = d, where d is a constant, 0 < d < 1; Erlang(k, u)-distributed service require-
ments.
Term I is the same as in (15). Term I becomes

b [e9)
1 = / e T dP(W < :L')/ e 00—2)=0dly+z=b) gp( X < y)
=0 y=b—zx

’ > ()
= e_e(l_d)b/ e YEAP(W < x)/ e 0, “HYdy
=0 y=b—zx (k - 1)'
b k—1 i
_ .—0(1—d)pb —~6dz gp IRy —(ut0d) (p—z) (1 + 0d) (b — x))
e /mzoe d (W<x)[(7,u—|—0d) ]Z:;)e i
M k — (,U, + Hd)] —(M-Hg)b b %3 b ]d]P;
= (M+9d) 2 Te /xzoe (b —2)!dP(W < z). (25)



Notice that for d = 1 this last expression coincides with the last part of (15), as could be
expected.
Combining (7), (15) and (25) yields

Eje?"] = [1

= 0) +ﬁ{—a<e><uf9d>k+a<e><L>k

X
,—/H
>~

?r%

- (L)t Z (6 v / bzo (b — x) dP(W < )

1 j
+ K )" Me_(‘”mb /b:O e (b — x)dP(W < ZL')] } (26)

Case 4: I' = d; hyperexponentially distributed service requirements.
Again let P(X > y) = Zle bje”#i¥. In this case, term [ is already given by (22). For term
11 we obtain

b 00
I = / e TAP(W < ) / e 0b=2)=0dy+e=b) qp(X < )
=0 y=b—zx

b o9 k
= e_‘g(l_d)b/ e_edxd]P’(W < a:)/ e 0y Z bjpje Mivdy
=0 y=b—zx

j=1
k
e—(w+9)bz bjm; a(—;) (27)
pj + 0d Hi)-
=1
Combining (7), (22) and (27) yields:
91
Ele—W] — 1 9
) = -2 Oz,u]+0d] (28)
0 . w 14
7 P(W = Jry bjp,j alf) — e~ Wit0by . ]
of - 55 gwe ) (a(6) = e )

We end this section with the following remarks.

Remark 2. Now that the distribution of W has been determined, we can also find the
steady-state distribution of the sojourn time R := W + S. It should be observed that W
and S are dependent, cf. (1), and that E[e=%F%] = I + IT + III, cf. (4). Terms I and II
are evaluated in detail in the four cases discussed above, and III is given in (6). Finally, the
steady-state distribution of the number of customers right after a departure, Z, is given by

the relation
E[e—)\(l—r)R] _ E[TZ].



As in an ordinary M/G/1 queue, Z has the same distribution as the number of customers
seen by an arrival, and also (by PASTA) as the number of customers in steady state. |
Remark 3. In principle, the method developed in this section also allows us to handle the
case in which, above level b, there are additional levels by, bg etc. above which different
fractions of the surplus service requirements are admitted. Such models would behave in
the same way (up to a proportionality constant) below level be, so one can restrict oneself to
analyzing W above by, and so on. |

3 A model variant: the case of exponential patience

In the previous section, a fixed barrier b determined whether a service requirement was fully
or only partially fulfilled. In the present section we consider the case of exponential patience,
viz., the barrier B,, for the nth customer is exponentially distributed with mean, say, 1/(.
The actual service time S, of the nth customer depends on the service requirement X,, and
the waiting time W, in the same way as in (1), but b in that formula now becomes an exp(()-
distributed random variable (B,, for the nth customer). To study the steady-state waiting
time distribution in this case, we shall integrate the expressions for I, I1 and II[ in the
previous section with respect to the density of B,. From (6) we obtain IT] for the new
model:

III = E[e ] <E[e_0W] [ Ce b /b e PTAP(W < x))
b=0 =0
Ele "™ {E[""] — Ele” "W). (29)

The above formula is easily interpreted: the term between curly brackets equals E[e " (W >
B)], as could have been expected from the last part of (1). (Here B is a new generic exp(()-
distributed random variable which is independent of W and X.)

The term I becomes, after a lengthy calculation or after the simple observation that
E[e W+ T(W + X < B)] = E[e=@+OW+X)] (cf. the first part of (1)):

I = E[e”0+OMW+X)), (30)

Finally we determine I, performing some interchanges of integrations:

11

00 b 00
Ce~Cbdb / e TAP(W < ) / e b= E[e~ 0w+t qP(X < y)
b=0 y=b—zx

= E[e~@+OW / Cem(0+Q / Ele 0= dP(X < y)dw. (31)
Combining (3), (4), (29), (30) and (31) yields:
E[e—ew] _ {1 A —GFX ]

9 A COF X[ (0+O)W
x{ B =0)+ = 0[ E[e FX|Ee ]
+E[e”OHOX|E[e~(0+OW]

—(9+C)W]/ OCe—(e-i-C)v/ E[e—ﬁ(y—v)F]dP(X<y)dv”. (32)
V= y=v

10



For the four cases discussed above, it is easy to evaluate the double integral on the righthand
side of (32). We will not spell out the details. More importantly, it should be observed that
(32) has the following structure:

Ele™""] = f1(0)P(W = 0) + fo(0)E[e~*TOW], (33)

f1(0) and f2(0) being functions which are expressed in known quantities:

6

h0):=g— F AE[e0FX]’ (34)

_ 0—A A _0FX —(0+0)X

R0) = 9—)\+)\E[e—9FX]{ e JTEk )
+ / Cem(0+Q) Ele ?0—)FdP(X < y)dv|. (35)
v=0 Yy=v
Formally, iteration leads to

Ele™"] = Z f1(0+50) H f2(6 + Q). (36)

7=0

Normalization finally determines P(WW = 0), leading to the following expression for the LST
of the steady-state waiting time (and workload) in the model with exponential “patience”:

Zh 6+ j¢) Hfz 6 + k¢)
Efe=V] = 1= . (37)

Z £30) H fa(kC)
j=0 k=0

To prove (36) and thus (37), consider the Nth iteration of (33):

N

j—1
F1O+50) [ f206 + k<)
0 k=0

Ele "] = P(W = 0)
J

N
+ (1 1200 + k) ) Bfem @+, (38)
k=0

Next note that f1(6) > 0 and f2(f) > 0 for all # > X\ and that
lim f1(6+ jC) = 1. (39)
j—00

It thus follows from (38) that

N .
Ele ] > PW =0)>_ fi(0 +0) [] f200 + k<) (40)
j=0 k=0

11



for all N € N and all # > \. Letting N — oo in (40) it is seen that for all > A

00 Jj—1
0< > fil0+35O) [ 20 +kC) < o0 (41)
k=0

J=0

The Nth summand in this series is positive and converges to zero as N — oo so that, by (39),

7j—1
lim [ f2(0 + k¢) = 0. (42)
I 20

Eq. (42) has been proved for § > X but it is obvious that it then also holds for § < A
as long as (A — #)/C is not an integer. It follows that the remainder term (Hszo f2(0 +
kC))Efe~C+(NFDOWT in (38) tends to zero as N — oo. This completes the proof of (36).

4 The busy period of the QRA queue

In the following section we derive the distribution of the duration of a busy period of the QRA
M/G/1 queue. We need the compound Posson process {Y(¢) | ¢ > 0} whose jump times are
the customer arrival times and whose jump sizes are the service requirements X1, Xo, ...
Formally, let

Y(t)=) X, t>0 (43)

where {N(t) | t > 0} is the ordinary Poisson counting process generated by the arrival times,
and 320_, = 0. We call this process CPP(), B) where B(z) is the common distribution
function of the X,,. We assume that B(x) has a density f(x).

Let 0 < 1, B2 < oo and define the two stopping times

Tr(B1) =inf{t >0:Y(t) = -3 +1t} (44)

and
Ty(fBe) =inf{t > 0:Y(t) > By + t}. (45)

If there is no restriction on service capacity, then the length of a busy period, starting with
V(0) = Xo, is Tr(Xp). In the case of QRA we need to introduce additional stopping times
for the various phases during a busy period. In the sequel we will express the LST of the
busy period under QRA in terms of transforms for these phases. In Section 5 we derive the
various components of the LST formula for the case of an M/M/1 queue, and in Section 6
we do the same in the much more complicated general M/G/1 case.

Assume that at the beginning of the busy period (which we set at ¢ = 0) a customer
arrives with a demand for service Xy. We distinguish between two cases:

Case I: Xy < b;

Case II: Xy > b.

In Case I, the V(t) process starts at Xy and moves below the boundary b until for the
first time it either hits zero (ending the busy period) or jumps above b. This stopping time is

T(XQ, b— XO) = min{TL(XO), TU(b — X())} (46)

12



The time interval [0, 7(Xo,b— Xp)) is called the initial phase. If T(Xo,b— Xo) = Ty (b— Xo)
the initial phase ends with V (¢) jumping above b. We denote the overshoot by Rji:

Ry =Y (Ty(b— Xo)) — (b — Xo + Tu(b — Xo)). (47)

In the subsequent over-b-phase, the V(¢) process continues from f; = R;F;. In this phase
V(t) behaves like a CPP(\, B*) where B*(z) = P(FX < z). The density of B* is

1
(@) :/%f () ap(r < w) (48)
0

Let {Y*(t),t > 0} denote the CPP

N*(t)
i) = > X, (49)
n=1

where the density of the iid. X} n > 1, is f* the ordinary Poisson process N*(t) is
independent of the X, and the new CPP is independent of CPP(\, B). The length of the
over-b-phase is

Tr(B7) =inf{t > 0:Y*(t) = —0] + t}. (50)

Clearly, Ty (b — X1) + T/ (67) can be viewed as the first time instant at which V() drops
below b. This instant is the end of the initial cycle.

In Case II the V(t) process is already above b at time zero. We then define R} = X; — b,
B1 = R{Fy; the initial cycle ends at T7(57).

The end of the initial cycle is a regeneration point for the workload process, which restarts
from level b. At this time the V(¢) process behaves as in Case I with Xy = b. If after
regeneration it hits 0 before jumping above b, the busy period is ended (the corresponding
time interval is called a terminating phase). If it jumps above b before reaching 0, a new
over-b-phase will follow during which the workload returns to b. The time until then is called
a continuing cycle. The busy period continues until the first terminating phase occurs.

Obviously, the random number N of continuing cycles before a terminating phase has a
shifted geometric distribution, i.e.,

P(N =m)=pq™, m=0,1,... (51)

where

p=P(TL(b) < Ty(0)). (52)

The above arguments show how the LST W*(- | b) of the length of a busy period is composed
of the LSTs of the various phases and cycles:

M0 | )5 (0] b)
= 4a@]b)

The functions on the righthand side of (53) are the following. For the initial phase,

w0 ]b) =M @0]0)+ Re 6 > 0. (53)

b
M0 b) = /0 F(@)E[e L@ [(Ty (2) < Ty (b — 2))] dz, (54)
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M| b) = / f(@)E[e= 0T G+ TLEED)) [(Ty (b — 2) < Ty (2))] da

(55)
/ F(2)E[e="Ti(@=DF)] gy
For a terminating phase starting at b the LST is
Vi (0 | b) = Ele PO 1Ty (b) < Ty (0)))- (56)
Finally, for a continuing cycle the LST is
V(0| b) = Ele P TVOFTLRPD [(Ty(0) < T (b)) (57)

The LSTs (54)-(57) are determined explicitly in the following sections, first for the M/M/1
case and then for M/G/1.

Remark. The stopping time T} (47) was defined in (50). For fixed g its LST can be
expressed in terms of the probability density h*(:;t) of Y*(t). Clearly, h*(y;t) is given by

_ S ot (AT

), y>0 59)

where f*(") n > 1, is the nfold convolution of f* (which in turn is given in (48)). Tt is well
known (see [5]) that the density of T7(8}), say ©j (t; 87), is related to h*(y;t) by the identity

w60 = S - psn), 1> 61 (59)

Accordingly,
E[e—0Ti(81)] = o~ (008; 4 gre=08; / L e84 4) d (60)
| |

5 The M/M/1 case

In the M/M/1 case with exp(u)-distributed service requirements there is a significant sim-
plification, since the overshoot R; is independent of Ty((32) and exp(u)-distributed. Thus,
setting W = R I,

E[e~ "0 B =0TLW) [Ty, (B5) < T1(51))]

. (61)
= Ele " (Ty (82) < To(61))E[e 2],
and the density of W is
1
k(w) = u/ %e_““’/“d]P’(Fl < u). (62)
0
Hence, from (60)
. . > _al [t
E[e 0TtV = k(6 + \) —I—/ e_et;/ k(w)wh*(t —w;t) dw dt, (63)
0 0
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where k(0 4+ \) is the LT of k(w). Furthermore, by using the Wald martingale one can
immediately show that in the M/M/1 case

Ele T2V (T (1) < Tu(52))]

_ B (64)
_ B261(0) _ B262(6)
and 5262(6) _ H161(0)
—0Ty (82) _ emr —em
O (63
where ) )
G(0) =5\ =+ 0) + S (A= p+0)* +40p)'/2
(66)
Gl6) = 50— 1 6) — (A~ s+ 0)° + 460)"
and )
D(0 | B, ) = X[(’u + {2(9))6—52@(9)4-[31@‘2(9) —(u+ C1(0))e_ﬁ2<2(9)+ﬁ1C1(0)]. (67)

We denote the restricted LST (64) by M1 (0 | 81, 32) and the one in (65) by My (6 | 81, B2).
We then obtain that

b
M@ | b) = u / M0 | b — x) da. (68)
0
Similarly,
b
M6 | b) = (M / e PN (0 | 2,b — x) d:n—l—e”b) E[e-0TEW)). (69)
0
Also,
$7(0 1) = ML(6 | b,0) (70)
and
Y& (0 | b) = My (0 | b, 0)E[fe” 7LV, (71)

Substituting (68)-(71) in (53) we obtain the LST of the busy period for the M/M/1 queue
under QRA.

6 The M/G/1 Case

In the general M/G/1 case, the distribution of the overshoot (47) depends on the stopping
time Ty7(B2). We develop here the joint density of (1y/(f2), R1) on the set {Tr(51) > Ty (52)}-
For this we have to introduce the following defective densities on (0, 00):

9a (43 1) = d%www <y Tu(B) > 1) (72)

and
o(y:t. 31, o) — %P(Y(t) < yomin(TL(81), Tv (52)) > 1), (73)
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It is proved in [33] that

e, (74

where h(y;t) is the density of Y (t) for y € (0, 00), i.e.,

go(y;t) = <

[ee] A n
) = Yo e B ),y >0
n=1

Using (74) and the renewal-type equation

98, (U5 8) = h(y;t) — L(g, 010)(¥) [e‘“”m‘y)h(y; y — fBa)

y (75)
+/ h(u;u — B2)go(y — ust + B —u) du|, 0<y<t+ P,
B2
we obtain gg, (y;t) explicitly for 0 <y <t + fa:
96, (i t) = "y t) = L(g,.3040)(y) [e_“t%_y)h(y; y — fa)
(76)

y—P2
wrh=w) [ huk i)

_Luh(y—u—ﬁg;t—u) du].

The function g(y;t, 51, 02) can now be written in terms of gg(y;t). Let § = 3 + B2. For
(t—p1)T <y <t+ By we have

9yt b1, B2) = 95, (Ui ) — 1 (5,00 (1) [G_Aﬁlga(y;t — B1)

) ()
+ 51/ —9p, (s — P15 8)9s(y — s+ P13t — 5) dS}
B S
Finally, the joint density of (Ty7(52), R1) on the set {T7(51) > Ty(fB2)} is given by
p(t, 73 61, B2) = 1(0,3,) () [Ae_”f(t + B2+ 1)
t+52
+ A/O 9, (i) f(E+ B2+ 7 —y) dy} (78)
t+02
+ 1(5,00) (A - 9(y;t, b1, Bo) f(t + P2+ 1 —y) dy.

Now we obtain all the transforms that are the building stones of the desired LST in (53).

(i) The LST of the terminating phase.
Here 3y = b and (33 = 0. According to (74),

$1(0 | b) = Ele” "= (T, (b) < T1r(0))]

0 1
_ —(A+6)b b -0t ~ t — b t)dt
e + /b e tgo( ;1) (79)

—0t

= o (MO0 | 2,00 / h(t;t 4 b) dt.

o (t+0)?
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(ii) The LST of the initial phase down. This LST is given by
b
M0 b) = /O f(@)E[e @ [(Ty (2) < Ty (b — 2))]

b b oo —0t
:/ f(z)e= 0N qg +/ f(:n)a:e_ex/ te+ gp—z(t;t + ) dt dx.
0 0 0

(80)

(iii) The LST of the initial phase up.
Here we distinguish between two cases.
Case I: X > b. In this case Ry = Xy — b and the length of the first cycle is T} (W), where
Wy = (Xo — b)Fy. Accordingly,

E[e—GTz(Wo) | XOyFO] — e—(9+)\)(X0—b)FO

+ (Xo — b) Fye (Xo=b)Fo /OO Lh*(t t+ (Xo — b)Fp) dt (81)
’ ’ o t+Xo—bF ’ o
Integrating with respect to Fyy we get
* 1
Ele—0Ti(Wo) | x 1 — 1 — e~ (BN (Xo—b)
+ /OO e 0 /1 Me—e(%—b)“h*(t t+ (Xo—b)u) du | dt =
0 0 t+ (XO — b)u ’ 0 '
Case II: Xy < b. Here the length of the initial cycle up is
TU(b — X(]) + Tz(RlFl)
Furthermore,
1
Ele TL(BaFY) | R 1 — e (0+NR1
e Bl = g () )
+ /OO e f /1 B bRy 4 Ry du ) dt =
0 0 t+ Rlu ’ ! ’
Hence,

E —6(Ty (b— X1)+T*(R1F1 ’Xl]
—0t —(0+M)r
/ / p(t,r; X1,b— Xl)(0+)\) (I1—e ) dr dt

1 84
+/ e_(%/ (p(t;T;Xl,b—Xl)/ e_9y</ e e Oru (84)
0 0 0 0o Y+tru

h*(y;y + ru) du) dy dr dt.

Finally, using (82) and (84) we can compute
9 | b / f G(TU b :E)—‘,-T*(RlFl | Xl — II:] dx

(85)
/ f(x e 0T (a=b)F) |X1—3:] dz.
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(iv) The LST of the upper continuing cycle. This LST is obtained as
Va0 | b) = E[e0TvOFTE(RIF))

—0t 1 —(0+N)r
= . - (1-
/0 e /0 p(t,r;0,0) @ /\)r( e )) dr dt

00 00 00 1 86
+/ e 0t p(t,r;b,O)/ e_‘gy</ e e Oru (86)
0 0 0 o Y+tru

h*(y;y + ru) du) dy dr dt.

We have now determined the LST of the busy period of the M/G/1 queue under QRA.

7 The cycle maximum for the unrestricted M/G/1 queue

Let M be the maximum workload during the first cycle. In the following sections we derive
explicit formulas for the distribution function of M for the M/G/1 queue (i) without re-
striction (this section), (ii) with fully restricted accessibility (Section 8) and (iii) under QRA
(Section 9).

Let us start with the unrestricted case. Recall the upper first-exit time Ty (5) = inf{t >
0:Y(t) > g+ t}, where Y(t) is the CPP(\, B) defined in Section 5. We assume in this
section that p = AE[X] < 1. Then ¢(8) = P(Ty(8) < oo0) < 1 for all > 0. It is known that
the distribution function Fys(z) of M is related to ¢(() via the identity

B(z) — (f *q)(x)
1—q(z) 7’

where f is the density of B and f * ¢ is the convolution of f and ¢. (87) appears in disguised

form in [10], formula (7.67) on p. 618. It turns out that this remarkable identity can also

be derived by the sample path renewal method on which Sections 4-6 are based. Using this
technique, the following result on 77, (/1) and Ty (fB2) was proved in [39]:

e M1 4 g** (81, Ba)

FM(l’) =

(87)

where, for 6 = 51 + s,
* =M
(0) = = hi(d) (e ) (59)
* =A%

o (B, ) = (1) — i) (e 4 HO ) (90)

and h*, hi(B) and hi(5) are defined by
W= [ n) d 91
JRRCR (91)
(0= [ e+ mo ar (92)
36) = [ ht+ ) ar (93)
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Later it was proved in [33] that if p < 1 the following relations hold:

h* = p/(1—p) (99)
h(8) = ()1~ p) (95)
(6) = T — . (96)

Thus in spite of being defined as seemingly complicated integrals of (y,t) — h(y;t), actually
h* and h3(f) are a simple constant and a simple function, respectively, while hj(3) is the
same as ¢(f) except for a constant factor. Using (94) — (96), the formulas for ¢*(d) and

g (B1, P2) simplify:

(6) = I = 1i(0) = T2 (0 = 4(0)) (97)
" 7 (51 ) = W3(0n) = () = (1 = (B) — . (98)
Inserting (99) and (100) in (89) we obtain
P(TL(8) < To (52)) = T2, (99)
Finally, taking f2 = € — z and § = £ in (99) yields
P(M < €| Xo =2z} = 113(73(;5) (100)

From (100) we immediately find (87) after deconditioning.

Explicit formulas for ¢(/3) are usually not available except in special cases, although of
course there are various approximations (see [3]). Therefore, (87) is of limited value for the
numerical computation of Fj;. We will now present an alternative formula for Fjs(z) which
again represents Fj in terms of h(y;t) but without recourse to the results (89) — (96).

Recall from (72) and (76) the definition of the defective density gg,(y;t) and a formula for
this function. By Kendall’s identity [5], the density of T7,(31) on the set {T1(81) < Ty (F2)},
say ¥ (t; 81, B2), is given by

Y (t; B, B2) = %gﬁg(t — Pi;t), t> P, (101)

Thus, for z < &,

P(M < &| Xo=1x) :e_)‘m+/ Yp(tx, t —x) dt

e Mt / %gg_x(t — ;1) dt. (102)
From (76) we obtain
Ge—z(t — 23 1)
= h(t —a;t) — 1(5700)(t)[h(t—x t—¢ —Af+§/ h(u —&u)h(t + & — x4+ ust —u) dul.
(103)
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Accordingly, for x < &,
PM<¢ | Xo=a)=1+11+1I1, (104)

where
o0
-\ 1
I=e —|—x/ ——h(t;t +x) dt
o t+x

1= e [ okt (€ m) (105)

) 1 t—i—xl
IIT = —x¢ g_xt—kx(/g ah(u—f,u)h(t—kg—u,t—kx—u) du> dt.

We now simplify the three components I — I11 of the distribution function of M. First, we
notice that t — %h(t — x;t) is the density of 17 (z). Thus,

*1
I=e 4 :c/ Shit —231) dt = 1. (106)
Second,
R |
I = —ze ¢ ——h(t+ & —z;t) dt
xe /0 t+§ ( +£ ':U7 ) b
and making the change of variable z = % we get
il
II = —;pe%/ ~h <§ — £_ g> dz. (107)
0 Z \% z
Third, regarding 111, define
1 U
/ —h ——u+v——u> dz (108)
0 < z
and note that
1 u
E(u,§ —x) = h ——u—|—£ :L";——u) dz
0o < z
/0 e hw+ € — z;w) dw (109)

/mt+ h(t 4+ & —u;t +x —u) dt.

Hence, we can write

H[:_gg;/5 Eh(u_g;u)/uxtJr h(t+§&—ust + 2 —u) du dt

=~z /:o %h(u —&u)E(u;§ — z) du.
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Summarizing, we obtain the following new formula for the distribution function of M:
3
Fu(© = [ F@POI <€) Xo =) do
0

= F(£) —e ™ /01 % /0f f(x)h <§ — g — g) dz dz (110)

z
¢ /g b | " F@)B(wé - o) do du.

Remark. As noted in [28], there is a close relationship between Fj; and the steady-state
distribution function of V' (t), say Ge¢q. We have

Geq(x) = exp {—/\/ P(M. > u) du} . (111)
Accordingly, the steady-state probability that the queue is idle is
Geq(0) = exp{—AE[M.]} (112)

On the other hand, considering the alternating renewal process of idle and busy periods yields
an alternative expression for this probability:

1/A
(1/A) +E[T]’
where T is the duration of the first busy period. From (112) and (113) we get the following

interesting relationship between the expected length of the busy period E[T] and the expected
cycle maximum E[M], (see also [3, pp. 618, eq. (7.70)]):

Geq(0) = (113)

E[T] = %log(l +AE[M]). (114)

8 The cycle maximum under restricted accessibility

We now derive the distribution of the cycle maximum for the M/G/1 system under the
following admission policy: all customers that arrive while the workload process is below
level b receive full service, but as long as the workload is above b no new customers are
admitted.

Let us determine P(M < &) for this system. First note that P(M < &) is given by (110)
if £ <b. But of course M will be larger than b if V(¢) jumps above b during the busy period.
As in Section 4 we distinguish three types of phases that could take place during a busy
period: an initial phase, the continuing phase and a terminal phase. The initial phase starts
at the beginning of a busy period till the first time when b is exceeded. At each crossing time
of V(t) from above b to below b, a new phase starts; it ends when V(¢) either jumps again
above b (then it is called a continuing phase) or hits zero (in this case it is a terminating
phase). For the first phase we define ﬁg) = min(Xy, b) and ﬁél) = b — (1. The first phase is

initial if 77 ( gl)) > Ty (ﬁél)), otherwise the first phase is terminating. If it is initial, we have
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to consider an independent two-sided first-exit problem with 59) = b and 552) = 0 for the
second phase. If the upper boundary is reached before the lower boundary, the second phase
is a continuing one, otherwise it is terminating, etc.

Notice that if Xy > b the first phase is already either continuing or terminating, while
if Xo < b and the first phase is initial (not terminating), its length is Ty (b — Xo) and it
ends with a jump above b having a certain overshoot. The continuing phases are independent
replications of the first one; their number N has the geometric distribution

P(N = n) =P(Tr(b) < Ty (0)[P(Ty(0) < Tr(b)]"™", n>1. (115)

In Section 6 we have introduced the auxiliary (defective) densities gg,(y;t), g(y;t, 81, F2) and
expressed them in terms of h(y;t); cf. (76) and (77). Then we have derived the defective
density p(t,r; 81, 02) in terms of gg,(y;t) and g(y;t, 81, F2) in eq. (78). This latter density is
now needed: Clearly, for £ > b, the probability that the jump above b in the initial phase is

smaller than ¢ is
b 0o pt—b
:/ f(a:)(/ / p(t,r;x,b—x) dr dt) dz. (116)
0 o Jo

Similarly, the probability that the jump above b in a continuing phase is less than & is

oo rE—b
:/ / p(t,r;b,0) dr dt. (117)
0 0
Furthermore, by (101) and (74),
P(Ty(b) < Ty(0)) = e + / Y (t;b,0)
— o +/ %go(t —byt) dt (118)
b

_ <1
=e “’+b2/b h(t = bit) dt.

Finally, since the jumps above b in continuing phases are i.i.d. we obtain, for b < &,

P(M < §) =P(M <b)+ [P1(E) + (F(§) = F(b)) Pe()IP(TL(b) < Tu (0 ZP

D) + (F(§) = F(b) Pe(§)
1 _Pc(g) 7

where P(T7(b) < Ty (0)), Pi(§) and P.(§) are given by (118), (116) and (117), respectively.
Remark 1. The marginal density of Ti7(52) on the set {T7(81) > Ty (B2)} is

G(t; 81, B2) = Ae M (B2 + 1)

(119)

= Fu(b) + P(T1(b) < Ty(0))

B2+t B
+ 1{0,51](t)k/0 9, () F(Ba +t — x) dx (120)
t+062 ~
+ 1(61,00)@))\/ ) g(z;t, B, B2) F'(B2 +t — ) da.
t—01
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Remark 2. In the M/M/1 case with f(x) = pe ", = > 0, we have

p(t,7; 1, B2) = pe " ap(t; Br, Ba). (121)
Hence, for & > b,

R = (1) | " p(t:b,0) dt
0

= (1 - e MEDNB(T(0) < T (b)) (122)
= (1 — e HED) (1 — BTy (5) < Ty (0))).
Moreover,
b
Pi() = / F@)(1 — P(Ty(x) < Tur(b— 2))) da(1 — e #ED) (123)
0
and
M€62(M_)‘) — A
P(TL(B1) < Tu(B2)) = ,ueBZ(“_)‘) e BN (124)
So in the M /M /1 case we obtain the distribution function Fj; in closed form. [

Remark 3. In the alternative finite dam model a customer whose service requirement would
increase the current workload, say v, above level b receives only the amount b — v so as to
reach the capacity limit. The cycle maximum in this model variant is easily seen to have the
same distribution as the cycle maximum of the unrestricted M/G/1 queue truncated at b.
Thus P(M < x) is given by (87) for z < b and

BE) ~ (g £)(b)

P(M=b)=1-P(M<b)=1- s

(125)

9 Distribution of M under QRA

Under QRA, as long as V (t) stays above b, each demand for service is shrunk and has the
density

rw= [ Lo (E)a (120)

where ¢ is the density of the random fraction F. Let ¢*(3) be the ruin probability corre-
sponding to f*, i.e.,

78 = (1-p) /O T h(e 4 Bit) at (127)

where h*(y;t) = 300 (e7(\t)"/n!) f*™)(y). Thus, given that the first jump above b in a
continuing phase is of size R = r (before shrinking) and is immediately multiplied by the
random factor F' = u, then for § > b, the conditional distribution of the maximum of V' (¢) —b

during this phase, say M, is given by

I1—q*(§—b—ru)

B <§—b|R=rF=u) =~ s

(128)
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recall (100). Accordingly, the distribution function of M in the first continuing phase is

P1(§)=/Obf(x)/ooo/01 %g(u)/oé_bp(t,g;x,b—Q L= q (& =b=r) g g drda

A )
00 1 £—b r — " (E—b—ru
+(F(§)—F(b))/0 /0 %g(u)/o p(t;;;b,0> ! 1‘1_(5*(;)_6) ) d4r dudt.
(129)

For the following continuing phases, the distribution of the corresponding phase maximum
minus b is

P(¢) :/Ooo /01 %g(u) /Og_bp(t,g;b,o) 1_1‘1_(;(_;’_;;”) dr dudt. (130)

Finally, the distribution function of the total cycle maximum M under QRA is, for & > b,
Fy(§) =P(M <b)+PO<M—-b< &—0b)
P (131)

= Fu(b) + P(Ty () < TU(O))l—ip(g)'

10 The busy period of the M /Erlang(2,1)/1 queue under QRA

For phase-type service distributions there is an alternative way to obtain the LST of the busy
period under QRA which leads to closed-form solutions. We illustrate this approach in the
case of Erlang(2,u)-distributed service requirements and uniform random fractions F),. The
approach can be extended to general phase-type distributions and general Fi,.

Consider a busy period initiated by a service requirement Xg = = at time zero. We use
the notation E,[-]=F[ | Xo = z]. Let T'=inf{t > 0| V(t) = 0} be the duration of this busy
period and define the auxiliary stopping time

r=imf{t >0 V({#)=0 or V(t)> b}

Every service requirement consists of two successive independent exp(u)-distributed phases.
Now consider the first upcrossing of level b due to a jump caused by an arriving service
requirement and define the events

As_; = {level b is upcrossed by the jth phase of the jump}, j=1,2
and the three functionals
¢+ (8;7) = Eole ™ Ly (r)—0y),
¢*(ﬁ7 ) Ex[e_BTlAg]y
O™ (B;x) = Bule ™ T14,],

which are so far unknown. We need to derive these improper LSTs for arbitrary = € (0, b].
We now show that these three functionals can be computed from the following three linear
equations:

T
T

2
¢*<ﬂ;x>+e‘“ﬁ¢*(ﬁ;x)+e_m (ﬁ) ¢ (Brx) =e ", ze(0,b], i=1,23
(132)
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where the a; = a; (), i =1,2,3, are the three real roots of the polynomial equation

go(a)—ﬁ:a—A(l—(Miaf)—ﬁ. (133)

(It is easily seen that there are exactly three distinct real roots of (133).) The proof of (132)
follows from an application of the Kella-Whitt martingale [19] to the compound Poisson
process Y (t) (defined in Section 5) with Erlang(2, 1) jumps. According to the results of [19],
the process

2 t
M(t) = My 5(t) = <a Y (1 — <u J’i a) > — 6) /0 em V(W =Puqypemar_emaV (=6 ¢ >

is a martingale for all # > 0 and all &« > —p. Consider the virtual waiting time process up to
time 7 for which the final jump at time 7 is not multiplied by some F, say {V(t): 0 <t < 7}.
This process clearly has the same distribution as {x +Y (¢) : 0 <t < 7}. Hence an application
of the optional sampling theorem to the stopping time 7 yields

(a —A (1 - < o a>2> - ﬁ) E [ / ' e_av(“)_ﬁ“du} — o074 E [V ()]
0

2
— _aax . —ab —ab L *% (0.
e i) b (i) e () e (3)

For the second equality in (134) we have used the fact that V(7) — b and 7 are conditionally
independent given As_; (for j = 1,2). Moreover, it follows from the lack-of-memory property
of the phase lengths of the jump sizes that the excess of the jump above level b is conditionally
exp(u)-distributed, given the event Ay, while it is Erlang(2, u)-distributed, given A;. Now if
we take o = oy, i = 1,2, 3, in (134), the lefthand side becomes zero and we obtain (132).

Remark 1. One of the roots «; is smaller than —u so that it may seem unjustified to insert
this root in (134), considering that M (t) is only defined for o > —pu. However, the righthand
side of (134) is an analytic function of « in the region C\{—pu}, and the function /(a) =
E[ fOT —aV(u)- Puidu] can be extended analytically to this domain. Replacing the expected
value in (134) by ¢(«), we obtain an equation between analytic functions which is valid for
a € (0,00) and thus, by analytic continuation, holds in the entire domain C\{—pu}. Therefore

we can take o = o; in this equation also if «; < —p, proving (132). (]
Remark 2. The LST of 7 is given by

E,[e™T] = ¢.(6;2) + ¢"(6;2) + ¢™ (B; ). (135)

[

We are now in a position to derive the LST of T', the length of the first period. This LST
satisfies the renewal-like equation

Eole ") = ¢.(8;2) + ¢*(B: 2) Y (B)Ep[e 7] + ¢ (8; 2)L(B)Ep[e "], 2 € (0,b]  (136)

where

A+p+8) =V +p+p)? -4

£(g) - -

(137)
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and

T(8) ﬁ log (1 + w) . (138)

CEDY 1

To prove (136), we note that the decomposition in (136) corresponds to the three possible
ways in which V (¢) can leave (0,b] at time 7:

Case 1: V(1) = 0. This case contributes the term ¢,(3; ) to E,[e PT].

Case 2: V(1) = b and Ay occurs. This means that level b is upcrossed by the second phase
of some jump before 0 is reached. The overshoot above b is then of the form FU, where F' is
uniform on (0, 1), U is exp(p)-distributed and F' and U are independent. As long as V' (t) stays
above b after time 7, all service times are of the form F'S, where S is Erlang(2, u)-distributed.
A simple calculation shows that in this case the product F'S is exp(u)-distributed. It follows
that the LST of the time it takes from the upcrossing of b until reaching level b again is the
same as that of the busy period of a special M /M /1 queue in which the first customer has a
service time distribution with probability density

1 1

d d _ wo_

——P(F - me/yqy = | Ee—re/y

7n (FU > x) d$/e dy /ye dy,
0 0

while all other service times are exp(u). Given F'U = v, the conditional LST of this particular
busy period at (3 is exp{—v— A v(1 —T(53))}; note that I is the LST of the busy period of the
ordinary M /M /1 queue. Unconditioning and using the above density of FU shows that the
LST of the sojourn time above b is given by (138). Following its stay above b, the workload
process restarts from b independently of the past.

Case 3: V(1) =b and Aa occurs. The continuation of V() after time 7 can be described
similarly to Case 2. The overshoot above b is now again of the form FU, where F' is uniform
on (0,1) and independent of U as before, but U is now Erlang(2, u)-distributed. Therefore,
FU ~ exp(p) in this case, and the length of the time spent above B after time 7 has the same
distribution as the busy period of a regular M/M/1 queue, i.e., its LST is given by (137). As
in Case 2, after falling back to b, the process V (¢) continues from this level independently of
the past.

These arguments yield (136).

Setting x = b in (136) we find that

e~ BT — 0«(B;0)
e = T BT (B) — e (GO () (139)

Therefore, for = € (0, ],

[0*(B; 2) Y (8) + ¢™(8; 2)'(B)]¢+(5; b)
1—¢*(8;0)Y(B) — o™ (B;0)T(B)

Finally, if the service requirement X initiating the busy period has the Erlang(2, u)-

Em[e_ﬁT] = gb*(ﬁa l‘) + (140)
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distribution, we have to distinguish between the cases X € (0,b] and Xy > b and obtain

b
/Em T p2xe 12 da

0
oco 1
([ [ iz~ byexpl (e — by = Ao ~ y(1 ~ T(9)} dy do)Ey((eT)).
e (141)

Inserting (140) in (141) we arrive at a closed-form expression for the LST of the busy period
T.
Remark 3. The first integral on the lefthand side in (141) is given by

b b
JEale e dn = [16.(3i0) + 6" (Bia) + 67 (Bia)lae s
0 0

and can therefore be written as a definite integral of a rational function of polynomials and
exponential functions of x, since ¢.(3;x), ¢*(3;x) and ¢**(8;x), being the solutions of the
three linear equations (132), are of this type. However, the resulting explicit formula is very
lengthy and not very illuminating. [

11 Busy period of Erlang(2, ;1) /M /1 under QRA with fixed pro-
portions

So far we have only considered exponential interarrival times so that all systems were Marko-
vian. In this final section we consider the non-Markovian Erlang(2,u)/M/1 system, with
service requirements X,, ~ exp(\), under QRA. We restrict ourselves to the case of ‘constant
proportion cutting’, i.e., F' = d for some fixed constant d € (0,1). Our aim is to derive the
LST of the length of the busy period 7' = inf{¢t > 0| V(¢) = 0}. This is achieved by using a
duality with a certain Markovian system, which can be analyzed using the results of Section
10. The approach was introduced and applied in related contexts in [1, 26, 29]. In a similar
way we can also treat more complicated phase-type distributions, but already Erlang(2, u)
interarrival times, the most simple step beyond the assumption of Poisson arrivals, will be
seen to lead to a rather intricate analysis.

A typical sample path of V.= {V () | t > 0} is depicted in the upper part of Figure 1.
The interarrival times A,, can be split in two independent exp(\)-distributed phases. The
dots in the sample path of V in Figure 1 mark the initial time instants of the second phases
of the A,,.

The auxiliary dual process is constructed pathwise in several steps. First, replace every
positive jump of V(¢) by a linearly increasing piece of trajectory with slope 1 on an interval
whose length is equal to the jump size. Second, replace the decreasing pieces of V(t), whose
slopes are —1, by negative jumps whose sizes are equal to the lengths of the decrements of
the pieces. For the path in Figure 1 this transformation has been carried out in the middle
part of the figure. The resulting process is called A = {A(t) | t > 0}. The last step of the
construction is introduced just for convenience; we define the process R = {R(t) | t > 0}
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by R(t) = b — A(t); see the lower part of Figure 1. Obviously, R(0) = b and T is the first
upcrossing time of level b by R, i.e.,

T =inf{t > 0: R(t) > b}.

N

0 |
Lo Ly Ly Lo Lo i
b 1
R(1)
Lis Loy !
0 |
Lo Lio Lo

Figure 1. A typical sample path of V and the corresponding sample paths of A and R.
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The Markov process R is Markovian with state space (—oo, b, and it always decreases at
rate —1 between Erlang(2, uu)-distributed jumps. As long as R < 0 the jumps arrive according
to a Poisson process with rate A\; when 0 < R < b the jumps arrive according to a Poisson
process with rate A/d.

We now express 1" as a random sum of the following stopping times: First,

Lo=inf{t > 0| R(t) =0 or R(t) > b}.

On the event R(Ly) = 0 we define

L171 = inf{t > Ly | R(t) > 0} — Ly

and
LLQ = inf{t > Lo+ L171 | R(t) =0 or R(t) > b} — Lo — Ll,l-

On the event R(Lg + Li1,1 + L12) = 0 we continue by defining

L271 = inf{t > L(] + L171 + LLQ | R(t) > 0} — L(] — L171 — LLQ

and so on, until R upcrosses level b.
The busy period T can be expressed as the random sum

T=Ly+ (Ll,l + Ll,g) + ... + (LN71 + LN72), (142)

where N is the smallest index for which the righthand side of (142) is greater than b. Con-
ditional on N > n, the random variables Lo, L1 1 + L12,L21 + Lao, ..., Lpt1,1 + Lypy12 are
independent and L1y + L1 2,L21 + Laa,..., L, 1 + Ly 2 are also identically distributed. The
regenerative structure of 7' makes it possible to express its LST in terms of a renewal equation.

By construction, we have R(Lg) = 0 or R(Lg) > b. Assume that R(Lg) = 0. Then clearly,
Ly = Ly and Ly = L are conditionally independent given the number of the exponential
phase (first or second) by which level 0 is upcrossed at time Lo+ L1. R is negative on the time
interval (Lo, Lo + L1) and positive on (Lo + L1, Lo+ L1+ L2). Next note that P(Ly = 0) > 0.
The event {Ls = 0} occurs if and only if the corresponding overshoot of level 0 is also an
overshoot of level b. Thus, Ly = 0 implies that we have reached time T'. Otherwise, if Ly > 0,
one of the following two events occurs: (i) If R(Lg+ L1+ L) > b, the busy period T is equal
to Lo+ L1 + Lo; (ii) If R(Lo + L1 + L2) = 0, the process R regenerates itself, restarting from
0.

We write E, (-) = E(- |[R(0) = y). Let Bs_; = {level 0 is up-crossed by the jth exponential
phase of the jump at time Lo+ L1}, j = 1,2. We need the following functionals:

n*(B) = Eo(e 11p,), 1™ (8) =Eo(e 11p,) (143)

and , ,
Ky(p) = /ue MR, (e BT) dy, Ks(pB) :/ 2oy Ey(e_ﬁT) dy. (144)

0 0
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It turns out that we can express the LST of 7" in terms of the functionals in (143) and (144)
via a renewal equation as follows:

E,(e™"T) = ¢*(B;2) + ¢™(53; v)
+ (B )77 (B) (e + e Mo ub + Ko(B)) + 1™ (8) (e + K1(B))]. (145)

To prove the central formula (145), we note that for 0 < z < b we can decompose E,(e™T)
into three components:

Eo(e77T) = ¢*(B;2) + ¢™ (B 2) + ¢« (B;2)Eo(e 7). (146)

In (146), ¢*(B; ) and ¢**(3;x) represent the improper LSTs of the times until level b is first
upcrossed by the first or the second exponential phase of some jump, respectively, before level
0 is reached. Similarly, ¢.(3;x) is the improper LST of the time until level 0 is reached before
level b is upcrossed. In the latter case R restarts from level 0 independently of its past, which
explains the product structure of the term ¢, (3; 2)Eq(e™T). Now let us prove that

Eo(e™"T) = n*(B)[e ™ + e ub + Ka(B)] + 1™ (B)[e ™ + K1(8)]. (147)

To see (147), we use the conditional independence of L; and Lo and distinguish between two
cases.

(i) If level 0 is upcrossed by the first phase of the jump at time Lo+ L1, it follows from the
lack-of-memory property of that phase that the law of the overshoot is Erlang(2, ). Then
e M + eHbb is the probability that the overshoot of level 0 is also an overshoot of level b.
Otherwise, by a renewal argument, if the overshoot of level 0 is not also an overshoot of level
b, the LST of the residual time until 7" is Ka(3).

(ii) If level 0 is upcrossed by the second phase of the jump at time Lo+ L1, it follows that
the law of the overshoot is exp(p). Then e #* is the probability that the latter overshoot of
level 0 is also an overshoot of level b. If the overshoot of level 0 is not an overshoot of level
b, the LST of the residual time until 7" is K1(53).

This proves (147) and thus (145).

It remains to determine n*(3), n**(3), K1(3) and Ks(f).

(a) Derivation of K;(3) and K»(f3)

Let

b b

B.(8) = / pe M, (Bry) dy, ,(8) = / 12ye e, (3:y) dy,
Ob Ob

*(p) = / pe g (Bry) dy, TF(B) = / W2y PG (B:y) dy,
0 0
b b

P (B) = /ue_”%**(ﬂ;y) dy, ¥™(B) = /uzye_”%**(ﬂ; y) dy. (148)
0 0

These six functionals can be considered to be known, because they are defined in terms of
o (B;y), " (B;y) and ¢«(5;y), which in turn have been computed in Section 10.

30



Now multiply both sides of (145) by pe™#* and take the integral over [0, b]. We obtain

E1(B) = ©(0) + ©™(8) + @.(8)n™ (B)e ™" + K1 (8) 2+ (8)n** ()
+ 0. (B)n* (B)[e ™ + e " ub + Ka(0))

* ok sk e~ b * e~ b e~ b
o) = TOH OO O G 0Ol b4 KDy

Similarly, multiply both sides of (145) by p?ze "%, take the integral over [0,b] and solve the
resulting equation for K(3) to get

* *% *% e~ b . * e~ b e~ b
i = L) 8O Qe K9] 0O Qe £l

(149)-(150) yield the following explicit formulas:

Ki(8) = (1= 0.(8)5™(8) = w. (9" (9))
X ([1 — U (B)n* (B)][@*(B) + D (B) + u(B)™* (B)e ™ + B (B)n* (B) (e + e b))

+ 0. (B (B)[T*(B) + T(B) + (B (B)e ™ + W (B)y* (B) (e + e‘“bub)D
(151)

and
Ko(8) = (1 - () () ~ 0.0 (9))
x ([ = @B (B))(T°(8) + W (B) + o (B)n™ (B)e ™ + W, (A" (B)[e ™ + ™)

WL (B (B)(7(8) + 97 (B) + @ (B)r (Be ™ + (B (B)[e ™ + e b)) ).
(152)

Finally we have to find n*(3) and n**(/3).

(b) Derivation of n*(f) and n**(03)
We start by shifting the origin to the time Ly and define the process Ry = {Ry(t) | t > 0}
by
Ry(t) = R(Lg+1t), t>0.

Let us assume that Ry(0) = R(Lg) = 0. Clearly, Ry(t) + t is a compound Poisson process
with arrival rate A\/d and Erlang(2, u)-distributed jumps. For our analysis we introduce a
lower boundary —K and define o = inf{t > 0 | Ro(t) > 0 or Ry(t) = —K}; later we will
let K tend to co. The fundamental martingale identity analogous to (134) yields the relation

0K

(io(e) — 8)E( / e o) Brdg) = 1 4 B Rolon) Pk (153)
0
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where

o =a 3 )

For all 5 > 0 the equation ¢g(«) = (3, and thus also the lefthand side of (153), has exactly
three real roots «;(3), i = 0,1,2. For § > 0 the roots can be ordered as follows: ay(f3) <
—n < a1(f) <0< ap(B). For B =0 we have as(0) < —p < a1(0) =0 < ap(0). (The largest
root a(0) is positive due to the stability condition d/\ < 2/u.) Now define the events

Cy = {level 0 is upcrossed by the first phase of a jump of Ry at time ok}
Cy = {level 0 is upcrossed by the second phase of a jump of Ry at time ox }
C3 = {level —K is hit by Ry at time ox}

and the improper LSTs
ki (B) =E(e 7K 1¢,), i=1,2,3.
By taking the roots oo = () in (153) we get

1 = E(e—ai(ﬁ)Ro (oK)—PBok 1c,) + Eo (e—ai(ﬁ)Ro (oK)—PBoK 1c,) + Eo (e—ai(ﬁ)R(UK)—ﬁUK 1c,)

2
_ K M o (B) K .
N (u + ai(ﬂ)) mr(B)+ T () ma(B) +e max(B), 1=0,1,2

(154)
(154) is a system of three linear equations for the three unknowns k; i (), which can easily
be solved in closed form. (The resulting formulas are however very cumbersome.) Since we
have assumed the stability condition d/\ < 2/pu, it follows that

Am w1k (B) =07 (6), lm kg x(B) =n"(5), lm ksx(5)=0.

If we consider the two negative roots aq () and aa () in (154), we see that the third term on
the lefthand side converges to zero, and we arrive at the two equations

2
B p - B i
U= (i) O 0 i1 1)
(155) yields
T]*(ﬁ) —9_ ‘al(ﬂ)’ : ’a2(6)’
() = (1 — |Oé1(ﬁ)|i(2|a2(ﬁ)| K

Our derivation of the LST of 1" is now complete.
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