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1 Introduction

Traffic engineering greatly benefits from models that are capable of accurately describing
and predicting the performance of the system. The network nodes are usually modeled
as queues, and queueing theory can be used to analyze the performance (in terms of loss,
delay, throughput, etc.) of these nodes. However, most studies address performance is-
sues for single nodes, which is evidently an oversimplification of reality. This justifies the
growing interest in the performance of traffic streams traversing concatenations of queues.
Measurement studies have provided empirical evidence that in particular cases network
traffic can be approximated by Gaussian processes, e.g., Brownian motion or fractional
Brownian motion (fBm). Mikosch et al. [27] and Kaj and Taqqu [22] have focused on the
cases in which it is not accurate to assume Gaussianity; in [27] it is argued that, if the
rate at which connections are initiated is modest relative to the tail of the connection-
length distribution (which is assumed regularly varying), it is preferred to approximate
the traffic stream by a stable Lévy motion. More justification for the use of Lévy motions
in a communication networking context can be found in, e.g., [10].

This paper focuses on a two-node tandem network with Lévy input — we note, however,
that it is straightforward to extend the analysis to tandem networks with more than two
nodes. Our purpose is to analyze the buffer content distribution of the downstream (i.e.,
second) queue. Some results are known for special cases of this model. The tandem
queue with Poisson arrivals, for instance, was analyzed in detail, but a considerable part
of the results is in terms of Laplace transforms; see, e.g., [33, 37, 41]. For Brownian motion
input the exponential decay rate of the queue-size distribution of the second queue is
given in, e.g., [26].

Our paper is related to earlier works by Kella and Whitt [25] and Kella [23]. These pa-
pers also consider tandem queues with Lévy input, but there it is required that the input
is non-decreasing. This assumption, however, excludes classes of input processes such as
Brownian motion and a—stable Lévy motions (with o < 2). The approach taken in this
paper covers these important cases. Moreover, in [25] and [23] the emphasis is on mo-
ments and Laplace transforms, whereas a substantial part of our results is in terms of
explicit expressions for the probability distribution of the downstream queue (or its tail
behavior).

This paper is organized as follows. Section 2 finds a remarkable new representation of
the queue size of the downstream queue. The new formula holds for general (not only
Lévy) input processes and involves the difference of two suprema over two adjacent
intervals. The derivation relates to results of [26]. The specification of this represen-
tation for spectrally-positive Lévy input enables us to analyze (in Section 3) the down-



stream queue in terms of Laplace transforms. This leads to the analogue of the result
by Zolotarev [42] for the single queue. Additionally we derive the Pollaczek-Khintchine
representation of the distribution of the downstream queue that extends Theorem 4.1 in
[25] from “subordinator Lévy input’ to spectrally-positive Lévy input.

Section 4 applies the general results to a number of examples with light-tailed input. For
both Brownian and Poisson input we give the exact distribution of the workload of the
second queue. Our analysis indicates that in this light-tailed case there are two regimes:
there is a critical service rate c] such that (i) for ¢; > ¢ all traffic entering the first queue is
essentially served immediately, and goes directly into the second queue, such that traffic
is not ‘reshaped’ by the first queue; (ii) for ¢; < c¢j, the first queue does play a role in
delaying and reshaping the traffic before entering the second queue. This behavior is in
line with earlier results in, e.g., [11, 26].

Section 5 deals with examples featuring heavy-tailed input. We find asymptotics and
bounds of the tail distribution when the input is a-stable Lévy motion and compound

Poisson (with regularly-varying jumps).

2 Model and fundamental result

In this section we first describe our tandem queueing model. Then we present our fun-

damental result.

2.1 Model

In this paper we consider a two-node tandem network with service rate ¢; at the first
node, and service rate c; < c¢; at the second node; the buffering capacity is infinite at
both nodes. Although traffic may enter the first queue in ‘quanta’ of positive size, we
assume that it leaves the first queue as ‘fluid’. In the standard example of packets fed
into a communication network, it would mean that during the service of packets in the
first queue, the second queue fills at (net) rate c¢; — c».

Let {A(t),t € R} be the input process; then the amount of traffic generated in the interval
(s,t], where s < t and s,t € R, is denoted by A(s,t) := A(t) — A(s). We first assume
that {A(t),t € R} has stationary increments; later we focus on the case of stationary
independent increments. We denote by 1, Q)2 the steady-state workload at the first and
second queue, respectively. Analogously, we denote by @ the total steady-state workload
in the tandem network. We assume that 1 := E{A(1)} < c¢2 to ensure that both Q; and

()9 are finite a.s.



In this paper we focus on the probability that the stationary buffer content at the down-
stream (i.e., second) node exceeds level u:

P(Q2 > u), for u > 0.

Following Reich’s representation [30] we can write for the first queue, using the fact that
A(-) has stationary increments,

Q1 =4 sup{A(—t,0) — c1t} =4 sup{A(t) — c1t}. (1)
>0 >0

Now notice that the following ‘reduction property” applies, which was also used in [25].
Consider a single queue fed by the original input process {A(t),t € R}, and drained
at the slowest of the service rates min{c;, co}. Then it is not hard to see that the buffer
content of this queue is equal to the total buffer content of our tandem system, see, e.g.,
Avi-Itzhak [5] and Friedman [18]. Hence, we have for the total workload () that

Q =q sup{A(—t,0) — cot} =q sup{A(t) — cat}, ()
120 t>0

because we assumed that ¢y < c3.
The above observations directly lead to the following representation for Qa:

Q2 =q sup{A(t) — cot} — sup{A(t) — c1t}. 3)
>0 >0

Remark 2.1 It is tempting to explicitly impose the assumption that A(t) is increasing in
t, bearing in mind that A(t) is interpreted as the amount of traffic entering the queue in
[0,t). However, there are good reasons to not assume a priori that A(-) is increasing, the
most prominent being the following.

Consider the superposition of a number of i.i.d. on-off sources, i.e., sources alternating
between sending at some constant, positive rate, and being silent; the corresponding
input process is evidently increasing. When the number of sources grows large, however,
there is, after some appropriate rescaling, convergence to ‘limit processes” which are not
necessarily increasing, for instance (fractional) Brownian motion (with drift), or Lévy
input models, see e.g. [15, 40]. This motivates our choice to not restrict ourselves to
increasing inputs.

Two additional comments need to be made. In the first place, we mention that in many
cases the above-mentioned convergence of traffic aggregates carries over to the stationary
buffer-content process. Loosely speaking, the queue fed by the aggregate input process
converges to the queue fed by the ‘limit process’, see, e.g., [10, 14, 15]. Secondly, notice
that, when using representation (3), the queue length in the downstream node is neces-
sarily positive. &



2.2 A representation for the workload distribution

In this section we prove a fundamental result that simplifies the representation (3) for the
queue length in the downstream queue (). In particular, we show that the set over which
both suprema in (3) should be taken can be decomposed into two adjacent intervals.
Define t,, := u/(c1 — ¢2), which can be interpreted as the minimum time it takes for the
second queue to exceed level u, starting empty.

Proposition 2.2 Let ¢; > co > 0, and let {X(t),t > 0} be a stochastic process satisfying
limy oo { X (t) — cot} = —o0 a.s. Then, for each u > 0,

P <sup{X(t) — cot} —sup{X(t) — c1t} > u> =
>0 >0

Pl sup {X(t)—cot} — sup {X(t) —art} >u].
tE[ty,00) te(0,ty]
Proof We use the short notation YS@ = supyeg{X(t) — ¢it}, fori = 1,2and S C R*.
Define also 7 := argsup;>¢{X(t) — ¢;t}. We have to prove that
(2) (1) _ (2)
P (V) — Yk >u) =P (Y,

[0,00 [tw,00)

(1
- Y[O, t] u) .
Our proof is in four steps.

¢ We first prove that Y[[()Zio) - Y[(()lio) > u implies that t5 > t,. To show this, suppose

that t5 < t,; then we have that

YO v = sup {X(8) — eat — sup{X(s) - ers}}
' ’ te[0,ts,) s>0
< sup {X(t) —cot —{X(t) —cr1t}} = u.
t€[0,tu)

* Because of the first step, we can restrict ourselves to 5 > t,,. Consequently, we can
decompose our probability into

P (Y[é?i@ - Yl > “) =P (Y[t(f?o@ ~ Yl > “)

= p(v?

[tuvoo)

1 2 1
- Y[(()’io) > t] > tu) +P (Y[Eu?oo) — Y[(()’go) > u; ] < tu>;
call the latter probabilities P, and P, respectively.
e First consider P;. Note that under ¢ > ¢,, it holds that

Y2 =Y > (X(#) - eatf) — (X (1) — ait}) > u,



which combined with the fact that
2 2 O
{Y[tu,oo) Yio.00) > “} < {Y[tu,oo) Yio.tu > “}
implies that

P =P (Y@)

[tu,00)

_ y[[()}t)u] > u; t] > tu) .
¢ We trivially have

P =P (v, - Y5

TS
ftuco) ~ Y0, = W 1S t“) :

Thus

P P =P (Y2 =Yg, > )
This completes the proof. O

We now return to the class of arrival processes with stationary increments, that was in-

troduced in Section 2.1. For this class the above result enables us to rewrite (3) as follows.

Theorem 2.3 For each u > 0,

P(Q2>u) =P < sup {A(t) — cot} — sup {A(t) — cit} > u) :

tE[ty,00) te[0,tw]
Proof The statement follows immediately by combining (3) with Proposition 2.2. 0

If the increments of A(-) are also independent, then we get the following representation.

Theorem 2.4 Let {A(t),t € R} be a stochastic process with stationary independent increments
and let i = EA(1) < cy. Then for each w > 0, and A;(-) and Az(-) independent copies of the
process A(-),

te[0,00) te[0,ty]

P(Q2>u) =P < sup {A1(t) — ot} > sup {—As(t) + Clt}> : 4)

Proof To get the result, use that

sup {A(t) — cot} — sup {A(t) — it} =

tE€[tw,00) t€[0,tu]
sup {A(t) — A(ty) —ca(t — tu)} — sup {A(t) — A(ty) —c1(t —tu)} + (1 — e2)tu.
tE[ty,00) te[0,ty]

Now the stated follows immediately from the independence and stationarity of the in-
crements of A(-), in conjunction with the fact that (¢; — ¢2)t,, = w. O

6



3 Distribution of P(Q)s > u)

This section studies the distribution of P(Q)2 > ). Direct application of the new repre-
sentation of the downstream queue, as derived in the previous section, yields the Laplace
transform Ee *%2 and the Pollaczek-Khintchine representation of the distribution of Q».

3.1 Laplace transform

In this section we assume that A(-) = {A(t),t € R} is a spectrally positive Lévy process,
see, e.g., [35] (thus allowing positive jumps). Hence its Laplace transform is uniquely
determined by the Laplace exponent x(-) through

Ee—sA(t) _ em(s)

)

s > 0; see for instance [4, Ch. IX.9].

We need the following additional notation:

Sy :=sup{A1(t) — cat};
t>0

Sor = sup {—Az(t) + c1t},
t€[0,T]

where A;(-), A2(-) are independent copies of the process A(-). So we can rewrite for-
mula (4) in Theorem 2.4, with ¢, :== u/(c1 — ¢2), to

P(Q2 § U) = P(Sl — 527% S 0). (5)
It appears that the function 6, (-), with
01(s) 1= log(Ee sA)Tser),

is of crucial importance in the further analysis; observe that 0;(s) = x(s) + ¢1s. Addition-
ally let R, denote the first-passage time of level y: R, := inf{t > 0 : —A(t) + c1t > y}, so
that

P(S2t, <y) =P(Ry > tu) (6)
for each y > 0. We first summarize some useful properties of 0;(-) and R,

Proposition 3.1 Let {A(t),t € R} be a spectrally positive Lévy process with Laplace exponent
k() and p :=EA(1) < ca. Then

(i) 61(s) is strictly increasing on s € [0, 00);

(ii) 01(s)/s = c1 —pass | O;

(iii) Ee=*Fv = e=¥1 ), for s > 0 and y > 0, where 67 (-) is the inverse function of 01 (-).

7



Proof Part (i) follows from the fact that 67(0+) = —EA(1) + ¢ = —p+c¢1 > 0, in
conjunction with the well known property that x(-) is convex. Part (ii) is a consequence
of 01(s)/s — 01(0+) as s | 0. Part (iii) is an immediate implication of Sato [35, Theorem
46.3]; see also, e.g., [8, 19]. O

In the following theorem we obtain an explicit formula for the Laplace transform of the
downstream queue Q.

Theorem 3.2 Let { A(t),t € R} be a spectrally positive Lévy process with Laplace exponent r(-)
and p = EA(1) < co. Then, for each x > 0,

]Ee—wQQ — C2 — [ . 01_1('%'(01 — 02))
cao—c2 x— 07 (z(c1 — 2))

Proof Let z > 0. In the first step we prove that
]Eef"EQQ — Eefefl(:p(qu))& . (7)

Note that integration by parts yields
Fe %2 = / e TdP(Q2 < u) = az/ e ""P(Q2 < u)du
0 0
= 1- x/ e "P(Q2 > u)du. (8)
0

Moreover, due to (5) and (6) we have

/ e T'P(Qy > u)du = / e "P(S) — Sat, > 0)du
0 0
_ / o / P(Sss, < y)dP(S1 < y)du
0 0

= / e_x“/ P(Ry > t,)dP(S: < y)du.
0 0
Applying the change of variable v := u/(¢; — ¢2), this leads to

/OO e ""P(Q2 > u)du =
0

= (c1—c / / —zlei—e2)up( R, > v)dvdP(S; < y)

= (c1— 02)/ (61—62) — /Ooo e~Tla—evp(R, < v)dv> dP(S1 <)

_ ;(1 _/ / (=0 P(R, < v)dP(S) < y)>

_ 1 <1 _/ Gl 2)dP(S; < y)) 9)
z 0

_ 1 (1 — Ee*(’fl(w(CrCz)))Sl) 7 (10)
x



where (9) is due to part (iii) of Proposition 3.1. Now (7) follows directly from combining
(8) with (10).
In order to complete the proof note that, following Zolotarev’s result for spectrally posi-
tive Lévy processes [42], for z > 0

Fe%51 — 0922(_; z, (11)
where 5 (s) := log(Ees4()+se2); observe that 5(s) = x(s) + cas = 01(s) + (c2 — ¢1)s.
Combining (7) with (11) leads to

Fo—vQ@: _ (2 ()01 (z(c1 — )
0207 ' (z(c1 — 2)))
e —p O (x(c — )
cr—czx— 07 (x(cr —c2))

This completes the proof. O

Remark 3.3 Theorem 3.2 can be considered as an analogue of the result of Zolotarev [42];
there the Laplace transform of P(Q; < u) was given for A(-) being a spectrally positive
Lévy process, whereas here we present the corresponding result for P(Q2 < u). &

Remark 3.4 Recall that () denotes the (steady-state) of the total workload. Since 51 =4 @,
it follows that (7) is equivalent to

Ee *Q2 = ]Ee_el_l(x(cl_CQ))Qa (12)

for > 0. This relation plays a crucial role in Proposition 5.1. &

Remark 3.5 We note that for special cases the above theorem can be derived in alterna-
tive ways. Consider for instance the case of compound Poisson input. We assume that
At) = Zfi(f) X;, where N(-) is a Poisson process with rate A. The random variables
X, are i.i.d., nonnegative and independent of N(-). We denote by X the generic random
variable, and by F(-) its distribution function. Under the above notation, we say that A(-)
is a compound Poisson process, characterized by (A, F'). Let f := EX.

Observe that, in the tandem setting, the downstream queue is fed by an on-off process:
during on-periods, which are distributed as the busy period of the first queue, the down-
stream queue fills at rate ¢; — ¢, whereas during off-periods, which have an exponential
distribution (with mean A~'), it drains at rate c,. Assume forease = A\f <1 =cy <2 =
c1 (the analysis can be extended straightforwardly to the case of general service rates).
Under this choice, our formula for Ee~*92 reduces to

Fe ™92 = (1 — p) -



Denoting by P the busy period of the first queue, and 7(s) := Ee™*, and £(s) := Ee~*¥,
then [2, Eq. (3)] gives

Fo—1@2 _ 1—=AEP z+ \—An(x)
T 14+ AEP z— M+ Am(z)

It is now left to check that the above two formulas coincide. As the input rate of the first
queue equals the output rate of the first queue

EP

A =——" .9
=N =T ER
we obtain that 1 — 4 = (1 — AEP)/(1 + AEP). Hence it is left to show that

07 z) x+ A= Ir(a)
z—07 z)  ®— A+ Ar(a)

or, equivalently, 20, () = x + X\ — An(z), or

&<$+A—Aﬂ@>:m (13)
By definition we have 6, (z) = —A+X{(z)+2z. Also, we have the well-known fixed-point

equation for the busy period of the M/G/1 queue (with service rate 2):

ﬂ@:§<§+;—;ﬂ@>.

Hence we obtain (13):

0, <§—|—/2\—;\7r(x)> :—/\+)\§<2+;\—;\7r(:c)>+x+)\—)\7r(x):x,

as desired. Related results can be found in [24, 36]. O

3.2 Pollaczek-Khintchine representation

Theorem 3.2 enables us to determine Pollaczek-Khintchine representation for the distri-
bution function of J5. Define ﬁy := (c1 — c2) Ry and observe that, due to Proposition 3.1,
{Ey .y > 0} is a subordinator with Ee~*fv = ¢~¥9(*), where 9(x) := 6, '((¢; — ¢c2)x), for

y > 0and z > 0. Recalling (ii) in Proposition 3.1, we have

¥(x) 1 —c

z]0 X Cl1—

with ¢ € (0,1).

10



Thus, following e.g. Takdcs [38, Eq. (23)], define a distribution function H(-) such that
H(z) = 0 for z < 0 and its Laplace transform {;(s) is of the form

EH@ﬂszwe_mdﬂﬁﬁzzig? (14)

forx > 0.

Theorem 3.6 Let {A(t),t € R} be a spectrally positive Lévy process with Laplace exponent r(-)
and p:=TEA(1) < co. Then

o

P(Q:<u)=(1-0) ) o "H"(u).
=1

Proof Application of Theorem 3.2 immediately yields

I(x)
Fe—tQ: _ 2=k V@) _a-p
¢ —cyx — 9 (x) 01—021—9%
= px~( ‘ o~ i1
e (elu@) =(1-0) o i)
This implies the stated immediately. O

Remark 3.7 Theorem 3.6 is related to Theorem 4.1 in [25], where it was assumed that the
input process is a compound Poisson. &

Remark 3.8 The distribution H(-) has a natural representation in the language of the
Lévy measure associated with {ﬁy :y > 0}. Indeed, since {ﬁy : y > 0} is a subordinator,
then, following e.g. [7, Section 3.1, Eq. (3)], the Lévy-Khintchine representation of the
Laplace exponent 9J(-) has the following form:

P(x) =dx + 3:/ e "TI(s)ds,
0

where d is the drift coefficient and TI(s) = II((s, 00)) is the tail of the Lévy measure. Then

. d 1 [ _

4 x:—i—/ e "TI(s)ds.

H(z) 2 o), (s)
Hence

H@:Z+;AH@®

for all ¢ > 0. Observe also that o = d + [ II(s)ds. %

11



4 Examples: light-tailed case

In this section we apply results of previous sections to two special cases. The first focuses
on Brownian input, the second on Poisson input; hence, in all cases the increments are
independent, and consequently Equation (4) can be used. Before analyzing particular
examples, let us first identify a ‘dichotomy’ in the distribution of @».

4.1 A dichotomy

If k(s) exists for negative s, the Lévy process could be called ‘light-tailed’, as the tail of
the distribution of A(1) decays exponentially or faster. In this section we use the results
of the previous section to further investigate this light-tailed case, eventually leading to
an interesting dichotomy. Throughout this subsection, we tacitly assume that the Lévy
input is spectrally positive.

Bearing in mind part (iii) in Proposition 3.1, it is seen that by analytic continuation, The-
orem 3.2 holds for all z for which 6; ! (z(c; — ¢3)) is well defined. For light-tailed Lévy
processes, this means that we could pick any x larger than z; := (c; — ¢) ™! minyeg 01(y)
(use that 6 (-) is convex). Theorem 3.2 implies that if, in addition, x > 6 1 (z(c1 —c2)), we
have that Ee %92 is finite, and hence ‘Chernoff’ implies that

P(Q2 > u) < Me™, (15)

for some finite constant M — see also [1, Lemma 3.2]. Let x5 solve x5 = 6 ! (x2(c1 — ¢2)),
or, equivalently, 62(z) = 0; if there is no solution, then take the infimum of all z such that
2(z) < 0 (this x7 is necessarily negative). The above arguments immediately lead to the
following result, yielding the tightest x for which (15) holds.

Proposition 4.1 If x5 > argmin, 61(y) then Inequality (15) holds (for some M < oo) for all
x > x1; else Inequality (15) holds (for some M < o) for all x > xo.

Assuming that (-) is differentiable, define ¢} := —«'(z2); notice that zo depends on ¢,
only (not on ¢;), and consequently also ¢ depends on ¢, only. The next result indicates
that ¢} can be viewed as a critical service rate, demarcating two regimes.

Proposition 4.2 If ¢; < ¢ then Inequality (15) holds (for some M < oo) for all x > xy; else
Inequality (15) holds (for some M < oo) for all x > x».

Proof Due to the convexity of 6;(-), requiring xo > arginf, 61(y) is equivalent to requir-
ing 0/ (xz2) > 0. This implies the stated immediately. O

12



The above indicates that there are in fact two regimes: there is essentially different behav-
ior for ¢; > ¢} and ¢; < ¢j. It is noted that in the first case the exponential bound (with
decay rate x2) coincides with the traditional Kingman-type bound of a single queue with
service rate c;. We return to this phenomenon later in this paper; there we also give an
interpretation of the two regimes.

4.2 Tandem with Brownian motion input

In this subsection we analyze representation (4) for the case where A(-) = B(-), a standard
Brownian motion (with zero drift). It appears that an explicit formula can be derived for
P(Q2 > u). Let ¥(-) denote the tail distribution of a standard Normal random variable N:
U(z) =P(N > x).

Theorem 4.3 Let A(-) be a standard Brownian motion. Then, for each u > 0,

c1—2c _, c1 — 2¢o C1 A
P = - " 21 -V | —= N4 :
(Q2>u) oy " < (m\/a>>+cl—@ (m\/ﬂ)

Proof Following Theorem 2.4 we have
P(Qp > u) = P ( sup {Bi(t) - cat} > sup {Ba(t) + m}) ,
te[0,00) te(0,ty]

where Bj(-), Bz(-) are independent standard Brownian motions. Using the well-known
fact that, for each z > 0,

P < sup {Bi(t) — caot} > J:) = 22

te[0,00)

and (see, e.g., Baxter and Donsker [6])

d
plx) = —P < sup {Ba(t) + 1t} < a:)
dz t€(0,ty]

= i exp _w _ 20162011\11 Lcltu ,
\ 7wty 2t Ve

we get two integrals, that we will calculate separately:

P(Q2 > u) = /OOO e 227 p(z)dx = I1(u) — Iz(u),

where
S 2 (x — c1ty)?
I = 2w, [ = —— ) dzx;
I T e L
e t
Iy(u) = / e 22T, 21Ty <m+clu)dx
0 \/tu

13



Integral I; (u) is evaluated as follows:

2 2,2
— 2c1t t degxt
exp (_x cityx —2:01 o+ deox u) dz
u

< q
Lw) = 2/0 NN
B B © 1 (x — (c1 — 2¢2)ty)?
— 9~ 2(ci—c2)tu / _ d
¢ o ok P o, v
_ —2co
—  9e~2eu (1—\11(01 u>> 16
o Vi (16)

For I>(u) we find

oo tu
L(u) = / 212 (C1=c2) g <a: ks ) dz
0

Viy
c1 0o 22(er—c2) <x—|—cltu)
= 2(c1 — ¢9)e*"\ T2 | ——— | dx.
c1 — C2 /0 (1 = e2) Vi

Now, integration by parts gives that Iz(u) = ¢;12(u)/(c1 — ¢2), with

Lu) = —¥(c1vt,) —l—/oo e2x(cl_02)\/17exp (_(w—l—cltu)z> dz

0 27Ttu

2 2
> 1 2 — 2aty(c) — 2 — 2¢9)t2
/ exp oz xty(c1 — 2¢2) + (c1 — 2¢2)°ts e
0 \/27Ttu 2tu

2
= —U(ervty) + e—c2(2c1-2¢2)ty /OO L exp | — (z = (e1 = 2e0)tu) dx
0 27Ttu 2tu

= —U(e1/ty) + e 2 (1 v <%\/a>> . 17)

Combining (16) and (17) yields the desired result. O

3 — 20)%t
= wevi) e (- TR

The next corollary finds the exact asymptotics of the buffer content distribution in the
second node, by applying the general result of Theorem 4.3.

Corollary 4.4 Let A(-) be a standard Brownian motion.
(i) If c1 > 2¢y, then

-2
P(Qy > u) = L2 e20u(1 4 6(1)) as u — oo.

C1 — Cy
(11) IfCl = 262, then
P(Q2 > u) L 1 e 22%(1 4 0(1)) as u — oo
= —_— —_— .
2 V2mes \/’TL

14



(iii) Ifcl < 2c¢9, then

P(Q > u) = (Cl - CQ>3/2 #exp (-2(6%)11) (1+0(1)) a5 u — .

u 1(01 — 202)2 C1 — C2

5~
3

Proof Let Ji(u)and Jo(u) be defined as

c1 — 2¢ c1 — 2c¢
Ji(u) = 7611 — 622 o2 <1 ~ (% = 622 ﬁ))

and

C1 C1
J. = U :
() = v (L))

recall from Theorem 4.3 that P(Q2 > u) = J1(u) + Jo(u). We also recall the standard “first

order” asymptotic result

1 1 -
B 7 /2
W) = e o)), (18)
and ‘second order” result
1 1 2 1 1 2
Vru' W= amat ) 1)

We now consider the three cases separately.

(i) c¢1 > 2c¢3. Then

-~ log Ji(u) A _ (e1/e2)’

= = > 1,
u—oolog Jo(u)  4dea(cr —c2)  4A(er/ea — 1)

due to 2% > 4(x — 1) > 0 for x > 2. The stated follows after applying (18).
(ii) c¢1 = 2co. Then Ji(u) = 0, and the stated follows from (18).

(iii) ¢1 < 2cq. In this case, remarkably, both —J; (u) and J2(u) equal, as u — oo,

1 1 1 c1
p— Eﬁ exp <_2(c1 — 62)u> (1+o0(1)),

due to (18). As a consequence, we have to rely on the more precise asymptotics (19).
After tedious computations we derive the stated. O

15



We see that there are two regimes: with ¢} := 2cy, there is essentially different behavior
for ¢; > ¢} and ¢; < ¢f; notice that, in the terminology of Section 4.1, we indeed have
that ¢f = —+/(z2) (with k(s) = 3s* and 22 = —2¢;). In the first case, upon overflow in
the second queue the first queue remains essentially empty, and consequently the large-
buffer asymptotics resemble those of a single queue with service rate ;. In the second
case, the first queue will be exactly ‘balanced’, as traffic is generated at about a rate of ¢y,

during ¢, units of time.

4.3 Tandem with Poisson input

Now we assume that A;(t), with i = 1,2, is Poisson distributed with mean At (for some
A € (0,c2)). We first determine

P( sup {Ai(t) —cot} >x| and P| sup {—A2(t) +at} >z |.
te[0,00) te[0,tq]

Consider the first of these probabilities. For instance using the Benes approach, see, e.g.,
Roberts et al. [31, Eq. (15.1.3)], with p := \/ca,

((z):=P ( sup {Ai(t) — cat} > ac) =(1-p) Z We_p("_x). (20)

te[0,00) n—[z]

Now consider the second probability. Evidently,
n(z):=P ( sup {—Aas(t) + it} > ac) =P (3t e€[0,t,]: A2(t) < 1t — z) .
t€[0,ty]
This expression can be computed by conditioning on the value of As(¢,), as follows:
P (3t € [0,ty] : Aa(t) < cit —x) = P(Aa(ty) < c1ty, — )

+ ) P(EE (0t Ax(t) < it — x| Ag(tu) = i) P(Aa(ty) = i).

i=[city—x]
Obviously,

leitu—]

P(Ay(ty) < crtu —x) = Y

1=0

()‘tu)ief)\tu; ]P)(Ag(tu) — Z) _ ()‘tu)ief)\tu‘

il

Finally, focus on P (3t € [0,t,] : Aa(t) < e1t — x| A2(ty,) = i) . Reversing time, it is easily
seen that this probability coincides with

P (Et € [O,tu] : Ag(t) >4+ x— city + it ‘ Ag(tu) = Z) . (21)
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Given Aj(t,) = i, these ¢ arrivals are uniformly distributed on [0, t,,]. Hence, probabil-
ity (21) equals p(i + « — city, c1 | 4,t,), where p(z,c | N, D) is the overflow probability
over level z in a queue with N periodic inputs (with period D) and service rate ¢ (which
is sometimes referred to as the N-D/D/1 queue). An explicit expression for p(z,c | N, D)
is given in the following lemma.

Lemma 4.5 Forz € [0, N]and N < z + ¢ D, it holds that

N

plac|ND) = Bin<n R sl

neN: ne(z,N]

n—x) c-D—N+zx

with
. N _
Bin(n | M) o= () ) o0
IfN>xz+c-D,thenp(z,c| N,D)=0.

Proof See Humblet et al. [21, Section III.C], and Roberts and Virtamo [32]. O

This leads to the following expression:

n(z) = P( sup {—Az(t) + 1t} > 1:) =

te[0,tu]
leitu—2z] ; 0o .
Abu)” - : k)
> (Z-.)e Mg Y plita ety | z,tu)( . Ve, (22)

=0 ’ i=[city—z]

Theorem 4.6 Let A(-) be a Poisson process with rate A € (0, c2). Then, for each w > 0,

P(Qr > u) = — / ¢(@)dn(a), (23)

[0,00)

where ((-) and n(-) are given by (20) and (22), respectively.

Remark 4.7 As in Corollary 4.4 one could pursue the exact distribution of ()2, as in The-
orem 4.6, to find its large-buffer asymptotics. However, this turns out to be a non-trivial
task, due to the complicated structure of (23).

An alternative is to use a procedure that is similar to the one pursued in [1] for the priority
queue. First realize that the output process of the first queue consists of independent on-
and off-periods. The off-periods are obviously exponential (with mean A~!), whereas the
on-periods correspond to the duration of the busy period, say B, in the first queue. The

17



asymptotics of the busy period are known since Cox and Smith [13, Section 5.6], and are
of the type

P(B > u) = au"32e7 (1 + o(1)),

for positive numbers «, 3, and u — oo. Standard results for the large-buffer asymptotics
of queues fed by a single on-off source now indicate that, as in the Brownian case, there
are two regimes, separated by a critical service rate.

The critical service rate can be found as follows. Let 6* > 0 solve log Ee?4() = ¢,0t,
or, equivalently, Ae? — 1) = c20, and define \* := e If ¢ > ci = A%, then the first
queue is essentially transparent, and the large-buffer asymptotics are purely exponen-
tial: a e P+%, with B, := 6*. For ¢; < ¢, the large-buffer asymptotics are of the form
a_u~3/2e7B-%; in this case

1
b_ = <cl—02> (cllog%—cl—i—)\). (24)

We recognize in (24) the Kullback-Leibler distance of a Poisson(c;) random variable with

respect to a Poisson(\) random variable. Indeed, (24) can be interpreted as the decay rate
of the Poisson source generating traffic at rate c¢; during ¢, units of time, thus building
up an amount of traffic u in the downstream queue. &

Remark 4.8 The approach presented in this subsection is not restricted to Poisson input
of batches of deterministic (unit) size. Let us for instance consider the situation of a
Poisson(\) stream of nonnegative i.i.d. batches (4;);en. It turns out that Theorem 1 of
Takéacs [39, p. 24] is quite useful here. To make this theorem directly applicable, assume
for the moment that time is slotted (i.e., the number of batches arriving per slot has a
Poisson distribution with mean )), ¢; = 1, and that the batch sizes are i.i.d. and take on
nonnegative integral values.

We can repeat the above argument. Now ((-) is the overflow probability in the corre-
sponding M/G/1 queue, which is explicitly given by the Pollaczek-Khintchine formula,
see for instance [4, Thm. 5.7, Eq. (5.5)]. Also 7(-) follows easily: we can use exactly the
same procedure as above, by first conditioning on the value of Ay(t,) — notice that the
per-slot arrivals are interchangeable random variables, such that the counterpart of prob-
ability (21) follows immediately from [39, Thm. 1, p. 24]. &

5 Examples: heavy-tailed case

In this section we analyze the asymptotics of the tail distribution of ()2 in a case when
A(-) possesses a heavy-tailed structure.

18



Before we focus on particular examples, we need the following proposition, which relates
the asymptotic behavior of P(Q2 > u) with P(Q) > u); recall that () represents the total
workload.

Proposition 5.1 Let v € (0,1) and
P(Q > u) = u "4(u)(1+ o(1))

as u — oo, where ((-) is slowly varying at co. Then
P(Q2 > u) = o"u™"(u)(1 + o(1))

as u — oo.

Proof Assume that, as u — oo, P(Q > u) = v "4(u)(1 + o(1)) for v € (0,1). Then,
following Lemma 2.2 in [9], we have

Fe @ —1=T(1—v)z" ¢ (;) (1+0(1))

as ¢ — 0. Thus, the use of (12) leads to

Fe ®Q2 _ 1 = Ee—9f1($(01—02))Q 1=
1
= I(1 =007 (z(c; — ¢ ”6( >1+01

_ v <01_1(9€(c1 - C2)>>vw <91_1(x(x 1) (L4 o(1)

X c1 —CQ))I'

1
= I'(1 —v)p’z™ (w) (14 0(1)),
as ¢ — 0, since lim, ) 01_1(90(01 —¢2))/z = p. Thus, again, the use of [9, Lemma 2.2]
completes the proof. O
In the following proposition we give the exact asymptotics of the tail distribution of Q)2

in a case when H (-) belongs to the class of subexponential distributions.

Proposition 5.2 Let {A(t),t € R} be a spectrally positive Lévy process with p = EA(1) < ca.
If H(-) defined in (14) is subexponential, then

B(Q2 > w) = o H(u)(1+o(1)

as u — oQ.
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Proof From Theorem 3.6 we have that for each u > 0

P(Q<u) = (1—0)> o "H"(u)
=1

= (1=0) ) o'(H" x H)(u) = (K H)(u), (25)
i=0
where K (u) = (1— ) Y52, 0'H*(u) and p, as before, defined as (¢ — ¢3)/(c1 — p1). Now,
following e.g. Embrechts et al. [16],
K(w) = 1= Hw)(1+o(1)
as u — oo; the bars indicate complementary distribution functions. Thus using the con-

volution closure property of the class of subexponential random variables; see e.g. Em-
brechts & Goldie [17] or Cline [12], we conclude that

P(Qy > u) = K*H@0:(19+Q}Hmu+dn)

— Liu 0 :Cl_uiu o
- I_QH(XL+(D) @_MH(X1+(D)

This completes the proof. 0

5.1 Tandem with «a-stable Lévy input

In this subsection we focus on the case of a-stable Lévy input. Let X, , 3(-) denote an
a-stable Lévy motion with scale parameter o and skewness parameter 3, see, e.g., [34].
We analyze P(Q2 > u) for A(-) an a-stable Lévy motion with o € (1,2), 0 = 1 and
B € (—1,1]. for the general case of 3 € (—1,1] we present the generic asymptotic upper
and lower bounds for P(Q2 > u) in the large-buffer regime, i.e., u — oco. Moreover, if
B = 1, then the application of Proposition 5.1 provides us with the exact asymptotics of

P(Q2 > u).
In the rest of this section we use the notation
Bi(a, B) == M\/l + 32 tan?(ra/2) sin (B + arctan (3 tan (7ra/2))> ;
T 2
14+ a—1
BQ(av ﬁ) = 6

2 T(2—a)cos(m(a—2)/2)
Theorem 5.3 Let A(t) = X1 5(t) witha € (1,2) and 3 € (—1,1]. Then

(i) as u — oo,

11—«
> ulfa(l—l—o(l));

P(Q2>u)§<31(0"5) +Bz<a,5>>< o

coa(a—1) c1 €1 — Cy
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(ii) as u — oo,

POy > u) > —2U%P) ( a

coafa—1) \cp — e

-«
) ur (1 + o(1)).

The following lemma from [29] — see also [20, Prop. 3.7], where the substitution § := —f

matches our notation —is needed in our analysis.

Lemma 5.4 Let o € (1,2), 8 € (—1,1] and ¢ > 0. Then

) _ Bl(aaﬁ) ul_a(1+0(1)),

P ( sup {Xa,1,6(t) —ct} >u ca(a—1)

te[0,00)

asu — Q.

Proof of Theorem 5.3 Let X, ; g(-) and Y, 1 g(-) be mutually independent a-stable Lévy
motions and recall that, as before, t, = u/(c1 — ¢2).
Ad. (i): following Theorem 2.4 we have that

P(Qy>u) <P < s[up ){Xa,175(t) — ot} + Yo 1,8(tu) > cltu}> .
te|0,00

Moreover, using self-similarity of Y, ; (-) and following [34, Property 1.2.15],
P(Yars(ts) > arte) = P(Yaqp(l) > art/?)

= Ba(a, B)erth (1 + o(1)), (26)

as u — 00.
Combining (26) with Lemma 5.4 and using that both asymptotics are regularly varying
at infinity, we immediately obtain

P(Q2 >u) < + Bg(a,ﬁ)cla> ti_o‘(l +0(1))

<cfoj(§’_ﬁ)1> + B2(§’ﬂ)> <c1 - CQ)H u " (1 +o(1)),

as u — oo, which completes the proof of (i).

Ad. (ii): Following Theorem 2.4 we have that

P(Q2>u) =P < sup {Xa18(t) —cat} > sup {—=Y,15(t) + cﬁ}) .
te[0,00) tE€[0,t4]
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Hence

P(Q2>u) > P ( sup {Xa18(t) —cot} — sup {=Y,15(t)} > cltu>

t€[0,00) te[0,ty]
= P ( sup {Xa,l,ﬁ(t) — CQt} > Cltu> (1 + 0(1)) (27)
te[0,00)
Bi(a, B) a 7Y 1.
Cga(a — 1) <c1 — CQ) u (1 + 0(1))7 (28)

as u — oo, where (27) follows from [28, Lemma 6.3] combined with the fact that, due
to Lemma 5.4, sup;¢(g oc){Xa,1,5(t) — c2t} belongs to the class of subexponential random
variables. Equation (28) straightforwardly follows from Lemma 5.4. This completes the
proof. O

In the following theorem we analyze an important special case of the a-stable Lévy input
process where 3 = 1. The importance of this class of input processes stems, e.g., from
[27, 40], where it was proved that X, 1 1(-) (o € (1,2)) may be used as an approximation
for an appropriately scaled superposition of many on-off input processes.

Theorem 5.5 Let A(-) = X4 1,1(+) with o € (1,2). Then as u — oo,

C1

P(Qq > u) = ! ! < >1_a u' (1 4 o(1)).

L(2 — a) cos(m(a—2)/2) ¢z \ 1 — ca

Proof The combination of Proposition 5.1 with Lemma 5.4 gives that

Bi(a, B) ( c1

coafa—1) \cp — e

11—«
B(Qs > u) = ) a0 (1 4 o(1)).

Routine calculation, as in [20, Ch. 3], yields that

B ala—1)
B ) = 55 = costm(a = 2)/2)°
which completes the proof. O

Remark 5.6 Observe that the exact asymptotic presented in Theorem 5.5 matches the
lower bound given in Theorem 5.3. We conjecture that this observation extends to the
whole range of parameters 3 € (—1, 1]. &
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5.2 Tandem with compound Poisson input, with regularly varying jumps

Consider again the case of compound Poisson (), F') input. In the following theorem we
present the exact asymptotics of the tail distribution of Q> under the assumption that F(-)
is regularly varying at oo.

Theorem 5.7 Let A(-) correspond to a compound Poisson process (A, F'). Suppose that
1—F(x)=a" % (z),

where a € (1,2), ¢(-) is slowly varying at oo and co > NEX. Then

A o —AEX\'"* 1,
P(Q2>u)_cQ—)\EX< pa— ) —u O(u) (14 0(1))

as u — oo.
Proof Observe that EA(t) = AEX t. Following e.g. [3, Thm. 2.1] we have that

%é{ (/:0(1 - F(x))dx) (14 o(1))

as u — oo. Thus, using Karamata’s theorem, we have that

P(Q >wu) =

B A 1 o
P(Q>u)_62—)\EXoe—lu (u)(1+0(1))
as u — oo. Hence the stated follows by application of Proposition 5.1. O
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