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Abstract We analyze the behavior of Generalized Processor Sharing (GPS) queues
with heavy-tailed service times. We compute the exact tail asymptotics of the sta-
tionary workload of an individual class and give new conditions for reduced-load
equivalence and induced burstiness to hold. We also show that both phenomena can
occur simultaneously. Our proofs rely on the single big event theorem and new fluid
limits obtained for the GPS system that can be of interest by themselves.
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1 Introduction

Empirical evidence of the presence of heavy tails in network traffic has stimulated
the analysis of queueing systems with subexponential service times. Although the
presence of heavy-tailed traffic is widely acknowledged [26], the practical implica-
tions for network performance and traffic engineering remain to be fully resolved.
The importance of scheduling in the presence of heavy tails was first recognized by
Anantharam in [3]. The present paper specifically examines the effectiveness of Gen-
eralized Processor Sharing (GPS, precisely described in Sect. 2.1) with subexponen-
tial service times. We compute the exact tail asymptotics of the stationary workload
process of each class. Our framework is restricted to instantaneous inputs and extends
results of Borst, Boxma and Jelenkovié¢ [11]. Also our proof is new and inspired by
the recent work of Baccelli and Foss [6], which has been applied to a variety of
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networks [7, 8, 12, 20]. All these studies deal with networks which belong to the
monotone separable framework. In our GPS system, a single class does not belong
to this framework, hence we will need to adapt ideas of [6]. Moreover, we will see
that we are able to remove some of the assumptions made in [6] on the service time
distribution. To do so, we will need a slight extension of Pakes [23] or Veraverbeke’s
Theorem [25, 27] which we state as Theorem 3. We will also need to derive the fluid
limit of the GPS system in the same way as [17] derived fluid limits for generalized
Jackson networks as a first step towards tail asymptotics [8]. Such analysis has been
done by Dupuis and Ramanan [13] based on a Skorokhod problem formulation of
the GPS model. We choose to give here a probabilistic proof based on a coupling
argument. For stationary and ergodic inputs, this proof allows us to construct the sta-
tionary workload processes of the stable classes when the system is overloaded, i.e.
p > 1. To the best of our knowledge, Theorem 1 is new and extends [13]. Our main
result is Theorem 2 which gives the exact tail asymptotics in a unified way: reduced-
load equivalence and induced burstiness results of [11] are recovered and extended.
Moreover the proof is generic and relies on an extension of the ‘single-big-event
theorem,” well known for isolated queues [6, 24, 28]. The heuristic can be stated as
follows: a large workload in one queue of the GPS system occurs when one large ser-
vice time has taken place at one of the queues, while all other service times are close
to their means. In the case of subexponential service times, we precisely identify the
range of the parameters of the system for which this heuristic can be made rigor-
ous. As observed in [18] (see Sect. 4.4.4), our results also show that in some cases,
this heuristic is not valid and gives only an upper bound on the tail asymptotics. We
should also stress that the monotone separable framework has recently been shown
to be an efficient tool to derive large deviation results for light-tailed distributions
[19, 21, 22] and we expect that this approach will give new results for GPS system
extending [9] to more than 2 classes.

The paper is structured as follows. In Sect. 2, we introduce GPS system and con-
struct the stationary GPS system by a coupling argument. We also derive the fluid
limits that will be useful for the derivation of the tail asymptotics. In Sect. 3, we state
our main result and compare it with the literature. Its proof is given in Sect. 4.

Notation

Here and later in the paper, for positive functions f and g, the equivalence f(x) ~
dg(x) withd > O means f(x)/g(x) — d as x — oo. By convention, the equivalence
f(x) ~dg(x) with d =0 means f(x)/g(x) — 0 as x — oo, this will be written
fx) =0(g(x)). _

The tail of the distribution function F' is denoted F(x) = 1 — F(x). For a distrib-
ution function F on the positive real line with finite first moment M = fooo F(u)du,
the integrated tail distribution F* of F is defined by

oo

F(x):=1-F(x) =min{1,/ f(u)du}.

We recall here some definitions
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Definition 1 A distribution function F on R is called subexponential if W(x) ~
2F (x).

For basic properties of subexponential distribution see [14—16].

Definition 2 A positive measurable function f on [0, +o00) is called regularly vary-

ing with index & € R (f € R()) if limy— 00 J}<(’j)) =1%forall t > 0.

Definition 3 A positive measurable function / on [0, 4-00) is called rapidly varying
(h € R(—00)) if limy_, o0 % =0forall > 1.

For example, Weibull or log-normal random variables have tail distributions that
are rapidly varying.

2 Fluid limits for GPS queues

In this section, we construct the stationary workload at each queue of a GPS system
under general stochastic assumptions, namely stationarity and ergodicity. Then we
use this result to derive the fluid limits for GPS queues when a big service time
occurs.

2.1 Construction of the stationary regime

Consider the following model of N coupled G/G/FIFO queues. The queues are
served in accordance with the Generalized Processor Sharing (GPS) discipline, which
operates as follows. Queue j is assigned a weight ¢/, with Z;v:l ¢/ = 1.1f all queues
are backlogged, then queue ; is served at speed ¢ . If some of the queues are empty,
then the excess capacity is redistributed among the backlogged queues in proportion
to their respective weights. All customers within each queue are served in a FIFO
order.

More formally we can construct the workload of each queue as follows. We first
introduce some notation: customer n arrives in the queue ¢, at time 7}, and its service
time is o,. We will say that this customer is of class ¢, € {1, ..., N} and denote by
Ty = T+1 — T, > 0 the inter-arrival times. The evolution of the workload processes
of each class is given by the following equations:

WI(T) = W/ (T, =) + onlic,=j), )
j .
%(r) =—r/(@) forT,<t<T,y, 2)
» < el
ri(t) = Yegin ° 3)
0, jel@;
1(t)={i, W' () =0}. 4)
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For any initial condition Y € Rﬁ , we define the workload of each class W{, (t) for
t > 0 according to (1)-(4). We also denote by W (1) = >_ i W/ (t) the total workload
of the system. Since the GPS discipline is work-conserving, i.e. it serves at the full
rate whenever any of the classes is backlogged, the process W(¢) is the standard
workload process of a single server queue fed by the process {7, 0, },c7.

Assume that the random variables {t,, 0, ¢} are defined on a common proba-
bility space (£2,F, P, 0) where 6 is an ergodic, measure-preserving shift transfor-
mation, such that (t,, 0,,c,) 00 = (Ty+1, Ont1, Cnt1). Let A = E[to]~! be the in-
tensity of arrival process and p = AE[og] be the traffic intensity. For example, the
process {T,,0,,cn} can be obtained by the superposition of independent renewal
point processes of finite intensity (see Sect. 1.4.2 of [5]) as will be considered in
Sect. 3.

If p < 1, it is easy to construct the stationary workload process of each class. Let
{W()}, t € R, be the unique stationary workload process of a single server queue
with input {7},, 0y, },cz- The point process E defined by

E(B) =) Lir,enLwr,-)=0)

nez

counts the points 7, at which an arriving customer finds an empty system. Let {U,},
n € Z, be the sequence of points of E, with the usual convention Uy < 0 < U;. Then
we can construct the unique stationary workload process {(WY@),..., WN@®))} of
the GPS queues using (1)—(4) on each cycle [U,,, U,+1) with initial condition 0.

In the case p > 1, itis possible that some classes of the GPS system are still stable.
We first give the definition of stability that we consider in this paper.

Definition 4 A stochastic process X () is stable if there is an infinite number of
negative and positive subscripts n such that X (7,,—) =0.

Let A¢ be the intensity of the arrival process {T,f} that counts the points of {7},}
with mark ¢, = £. Let ,o‘Z = A'E[oo |co = £] be the traffic intensity of class £. We have
o= ZQ/:] pt, see Sect. 1.4.3 of [5]. We assume without loss of generality (w.l.0.g.)
that

1 N
bs <2 ®)
o) ¢
We define
1= Y%t pi k
sz%, K = max {k: k<Rk}’
Z/:k¢/ k=1,..,.N 1)

1 ,
S={l,...,K}, R=———1-— 7).
{ } Zje,és‘f’/( Zp)

We will show that S is the set of stable queues. This set is empty if and only if
p'/¢! > 1, in this case we take the convention: K =0 and R = 1.

@ Springer



Queueing Syst

Remark I The quantities in (6) were defined in [11]. We will see in Sects. 2.2 and 3
that these quantities are crucial for the computation of the tail asymptotics.

For any k, we will consider the GPS system indexed by k where classes i > k are
always backlogged, i.e. for all j <k,

AWkl '
o )= —rPW@) forT, <t <Thy1, 7
wi(T,) = W, —) + 0,1, =), (8)
A {1 P
PR gy = ) S e #O, )
0, jeI™@),
™M@y ={i <k, WH @) =0}. (10)

Note that for all £ > k, we have £ ¢ [ (k] (z) for all ¢, i.e. classes larger or equal to k + 1
are always backlogged.

Theorem 1 Under previous conditions on the input process {t,, oy, ¢y}, we have the
following properties:

e there exists a unique stationary stable workload process (WLIKY @y, ..,
WKALKI (1))} satisfying (7)-(10) for all t € R with k = K defined by (6).
K+1
e if K+ 1 <N, under the additional condition QK—L > R, there exists no finite

stationary workload process {W'(t)}, t € R, for any i > K + 1. For any finite
initial condition Y € ]Rﬂ\_] , we can define the workload of each queue for t > 0,
following (1)—(4), and we have fori > K + 1

W)"/(t) ~ (,oi — ¢iR)t ast — oo.

K+1
Remark 2 Note that the condition K +1 < N implies R < (‘;K—L, so that the additional

condition in the second bullet item ensures that the queues i > K + 1 are ‘strictly’
unstable.

Proof If p < 1, then K = N and the result follows from previous construction on the
cycles.

We assume now that 1 < K < N — 1. The proof will proceed by induction
on k < K: we show that there exists a unique stationary stable workload process
WLK @), ..., WEIKl(1)) which corresponds to a GPS system where queues k +
1,..., N are always backlogged. Moreover ), _; Wikl (1) is also a stable process.
For ¢ > 0, we will denote by W)[,k] (t) = (W;’[k] ®,..., W)]f’[k] (1)) the process satis-
fying (7)-(10) for ¢+ > 0 and with initial condition W;;’[k] (0) = Y. For any u € R,
we define W}[,k,l (t) similarly but with initial condition W)[,’j
Wi @) = Wi ).

(u) =Y (in particular
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The first step is easy. We have 1 € S, hence p' < ¢! and WhIH(z) is simply the
workload of a standard G/G/1 queue.

For k < N, we assume that (WLk=1(p) . wh=LIk=1()y are given. We con-
sider the random variable

(1) = ! |
Y L g
We have by construction
k—1 N
D Oy O D @ =1, (11)
j=1 =k

and since ¢/ 7X (1) is exactly the service rate of queue W/ k=11 we have
]E[(pjfk(l)ﬂ.{‘j/j,[k—l](t)>0}] = ,Oj. (12)

In particular, from (11) and (12), we have E [Fk (t)] = Ry.Forany Y > 0, we consider
the following G/G/1 queue:

WE(r) =Y,

+
W) = (w';mk—) T du) L re[Th T,

[TX.1)

By standard Palm calculus (see Sect. 1.3.1 in [5]), we have

R
]E|:/ fk(u)dui|:—k,
(7,15 Ak

hence we have k € S implies that W (¢) is the workload process of a stable G/G/1
queue. Clearly by looking at the service rates, we have that forall i <k — 1,

Wit 0) = Wt == whE o), 13
Wy 10) = W, ) == WH ). (1

We are now able to construct a stationary workload process W %] of the GPS system
where queues k, ..., N are always backlogged: note that Wéi @ (0) are increasing in 7,
hence we can take the limit as t — —oo (standard coupling from the past) and the
limit is finite due to (13) and (14). We now prove uniqueness of this stationary process
by a coupling argument. Consider any finite variables (Zy, ..., Zx). Then we have

k k k—1
Y owelo <> wile <Y Wi e + wh o).
i=1 i=1 i=1

@ Springer



Queueing Syst

Let

v:inf{t Z - 1](t)~|—Wzk(f)— }

We clearly have P(v < 0o) = 1 because

k
tl_l)Iglo; (Z oTk= 1(u)+<1>krk(u))a?u—X:/o +¢ Rk>Zp

i=1

The random time v (which depends on the Z;’s) is a coupling time: for all # > v, we
have Wé o[k (1) = ' [k] (t). Also by taking Z; = wi-lk 1(0) constructed above, we see
that the processes W LK and Wik couple and the uniqueness follows.

It remains to show that queues that are not in S are unstable under the addi-
. . K+l . . N .
tional condition ’;ﬁ > R. First assume that K = N — 1. In this case :‘;—N > R im-

plies that p > 1, since p — 1 = p"¥ — ¢ R. Now for any finite workload process
(Wl(t), W@ of queues 1, ..., N fort > 0, we have foralli <N — 1,

W) < W"’[f\(’o‘)”(r), vt > 0.

Moreover, a standard result for the single server queue gives: vazl Wi(t) ~ (p—Dt.
This shows that WY (r) — oo as t — oo and WN (1) ~ (p — Dt = (pV — ¢V R)t. In
this case, the proposition follows.
We assume now that i: > R (with the possible value O for K, in which case
= 1). This ensures that p > 1. Due to the ordering of the subscripts, we have

Z k1P R
Yk ¢
If we replace the classes K + 1,..., N by a unique virtual class with weight

ZlN: K41 ¢' and we assume that this virtual class is always claiming its full share
of the service rate. The service rate received by this virtual class is clearly an upper
bound for the sum of the service rates received by the classes K + 1, ..., N. Note
that the system with this virtual class is the same as the one described above. Hence
this virtual class receives mean service rate Z,N: K41 #' R and we have for any finite
workload process (W (1), ..., WY (r)) defined on R (we denote J(¢) = {i, Wi (¢) =
0yc{l,....K}),

K+1 N N
limsup — /u u< Z ¢'R.

oo 2 jesa ¢ ol

In particular, we have

lim sup du < R.

t—00 f/ Z,ef}(u)‘P

@ Springer



Queueing Syst

Hence fori > K + 1, we have

lim sup — [ du<¢R<p
t—oo I E:jejw)

Hence we have W' (t) — 00 as t — oo for i > K + 1 so that we actually have
i i ~ o H
I Z,eamﬂ du = ¢'R, and then W' (1) ~ (o' — ¢'R)t as

t — o0. O

the equality: lim;_ o0 + ;

Remark 3 1. We assumed ’;% > R in order to avoid the critical case (corresponding
to p = 1 in the single server queue).

2. In the work of Borst, Boxma and Jelenkovi¢ [11], stability issues are also con-
sidered (see their Lemma 4.1). However their notion of stability is weaker than our
Definition 4 and it corresponds to the fact that the mean service rate is equal to the
rate of the input (see their Remark 4.1). Also, they assume the existence of the mean
service rates for each class (see their Appendix A) and then derive the equations they
must solve. Our Theorem 1 shows that for stationary ergodic inputs, these mean ser-
vice rates exist and are equal to p’ for the stable classes (i.e. for i € S) and to ¢’ R
otherwise. This strong result was not needed in [11] for the derivation of the tail
asymptotics.

In what follows it will be convenient to consider a GPS system with weights
o', ..., 0N (not satisfying condition (5)) but with greedy classes, i.e. the classes
K +1,..., N are continuously claiming their full share of the service rate. The other
classes behave “normally”, i.e. the input processes {T,f, oy} satisfy the stationary er-
godic conditions. The following result is a direct consequence of Theorem 1.

Proposition 1 For any finite initial conditions Y € Rﬁ, the process Zlel WI", () is
stable if
. Kk
K _p’ - Zi:1 o'
max —— < ——p — =
e YT
Moreover there exists a mean service rate for the greedy queues, in the following

sense: for any finite initial condition Y, let Iy(t) ={i < K, Wf, (t) = 0}, then we
have

15)

1
l1m =R.

oot Jo YK b Ligry ) + ik ¢

Hence the mean service rate of greedy queue j is ¢’ R.

J .
In the case max g—j > R, at least one of the queues 1, ..., K is not stable.

2.2 Rare events in GPS queues

In this section we consider a stable GPS system with p < 1. W.l.o.g. we assume
that the ordering (5) holds. We are interested in the effect of a very big service time
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of size o arriving in queue j at time Tj Hence we consider the workload process

given by (1)—(4) for t > T, with initial condition (W' (Tf =), ..., WN (T’ -)), ie.
in the stationary regime but we replace op by a determ1n1st1c Value o. We assume
w.Lo.g. that T; = 0 and we denote W/} (o, 1) = (WUl (0, 1), ..., WN-Ul(0, 1)) the
corresponding workload process.

Let T (o) > 0 be the first time for queue j to empty. On the interval [0, T (0)], the
queue j is always backlogged. Hence we are exactly in the situation of Proposition 1
with queue j as a greedy queue and if

then at least one queue i # j begins to grow on this period of time. Hence the situation
at time 7T (o) is that some queues are very big and will remain backlogged for a long
period of time. Indeed we are still in the situation of Proposition 1 but this time with
a set of greedy queues. We need to introduce some notations in order to describe the

situation. Given a set D = {dy, ...,d,} C{l,..., N}, withd| < --- <d,, consider a
d dn
GPS system in which queues {1, ..., N}\ D are greedy. We still have (;T: <...< gd” )

Hence results of previous section apply (set p' = oo for i ¢ D) and we denote

1_25 1/0 }
Ym0+ jep )

pt

K(D L —
(D)= n11a>sn{z e <
S(D) ={dy,....dxm)},

| .
R(D) = 7(1 _ J),
2 jgso) P’ Z g

JjeS(D)

with the convention 291 = 4 =0. In words, if queues that are not in D continu-

ously claim their full share of the service rate, then d; € S(D) implies that class d;

is stable and for a class i ¢ D, it will receive a service rate of ¢’ R(D). In the case
= {j}, we will use the notation () instead of ({j}). It is easy to see that:

N
D0 <1=R(H¢ > p. (16)
i=1
Also if
%< R(j), (17)

then queue i is insensitive to queue j in the sense that it will remain stable for any
value of p/. Note that it is always the case if p' < ¢'.

We now analyze the effect of a very big service time in class j when condition
(17) is not satisfied. We will attach a superscript .1/} to the constants that are cal-
culated in this case. We first describe the intuitive picture that will be made rig-
orous using fluid limits. Because of (16), the output rate of class j is bigger than
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the input rate. Hence queue j will empty at a time 7 (o) which is approximately
(it _ 1 : -
TR (]) . We denote f|" = SR Mor.eover, during this time que.:ues of the
classes k e{l,..., N\(S(j)U{j}) start to build up and reach an approximate level
kAGY o g .
oz, " attime T (o) where we have:

L il ,
W =/ (of = vF )"
0

k. {7} _ 4k : .
yoUi)y=¢ R(J)]l{tfflm}

‘We also denote:
L={lL...N\(S(HUY., M=

Attime T (o), queues k € I are backlogged and will receive a service rate ¢kR(I DR
whereas other queues including j are stable. Hence for £ > 1, we define:

Zl AJ) 1
: J
i {¢>’R<1@> }”l ’

G) i{j}

v _ l

{i) = arg?;,z{m}’
Iy = Iz\{i /) 3

YU =" RUDL 1,

. fgi] .
k, +
7] = /O (0" =y V)

o, queues {i éi}l} empty whereas
{j}
L+1

The interpretation is the following' at time fZ{er}l
k. {j}

queues in /¢4 reach levels z, | 0. During the time period (f, Wl
in I, are continuously backlogged

Forall k € {1,..., N}, we defined a function yk’{j}(t) fort <o/(1 — p) and we
now extend it for values of 1 > /(1 — p) by setting: y*U}(r) = pk. We can now
define the function

o), classes

t
Wit = [ (o =y ) du v £k
0

¢ +
wi (o, 1) = <g +/ (pj _¢fR(j)) du> .
0

Let w' (a t) = (w (a, t),..., wN’{j}(a, t)) be the multidimensional function.
Since the sequence of sets {/;} is decreasing, it is easy to see that R(lp41) > R(1p).
Figure 1 illustrates the shape of functions w!/! (o, -) for a given o.
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Fig. 1 Functions wt}(o, ) for G
fixed o
*Q).
\ LN
o Z
2
6.
/ .
Siitd}
PO =

Proposition 2 If p < 1, we have for any constant o, B > 0, as n — o0,

Wl (o, nt) — wll(o, nt)
sup — 0, a.s.
o>na,t<f n

The proof of this proposition is deferred to Appendix. It will be our main tool
for the computation of the tail asymptotics presented below. It plays a similar role
as Proposition 5.1 in [17] in the study of tail asymptotics for generalized Jackson
networks [8].

3 Tails in GPS queues with subexponential service time distributions
3.1 Stochastic assumptions and main results

In this section, we restrict the framework of Sect. 2: we assume that each arrival
process {7}/ },cz is a renewal process which is independent of the arrival processes
of classes i # j. We also assume that the sequence of service times of class;j denoted
by o/ is a sequence of i.i.d. random variables with finite mean. Recall that for each
je{l,..., N}, we have IE[TIJ - Toj] = AL] < o0, pl :)JE[U({] and p = Z?’:l o’
We assume moreover that for any i # j, we have p’ # R(j)¢'. Recall that this is
always true in the case i = j since p < 1 see (16).
We will consider two cases concerning the distribution of the service times.

Assumption 1 The distribution of the service times of class i, P(O’é >x) = F;(x),is
such that F’ is subexponential.

The other case considered is the following:

Assumption 2 There exists a distribution function F on R such that:

1. F has finite first moment M.
2. The integrated distribution F* is subexponential.
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3. The following equivalence holds when x tends to oco:
]P’(o(')j > x) ~d’F(x),
forall j=1,..., N with Z?’:ldj > 0.
Remark 4 Note that in both cases, we did NOT assume that F is subexponential.

We take the notation of Sect. 2.2 to define the following domains indexed by i, j €
{1,...,N}:
Ai’{j}(x) = {(U, t) e R? , wi’{j}(o, t) > x}.
We are now able to state the main result
Theorem 2 Consider a stable GPS system of N queues. We assume that one of the
following conditions holds:

o Assumption 1 is satisfied and p' < ¢';
o Assumption 2 is satisfied.

Let W' be the stationary workload of queue i. When x — 0o, we have

F>x) Z,\ff/ P(o/ edo)dt+o(F (x)).  (18)
(crt)eA’ (x)

We will prove Theorem 2 in Sect. 4. As an intermediate result, we will prove the
following theorem which extends Pakes” Theorem [23] to a more general setting and
might be of interest by itself.

Theorem 3 Let W be the stationary workload of a single server queue fed by the
superposition of N independent GI/GI processes with Assumption 2 satisfied. Then
we have

P(W > x) ~ %P(o’s > X),

where X is the intensity of the arrival process, p is the traffic intensity and the distri-
bution of o3 is the integrated tail of the (Palm) distribution of the service time.

Remark 5 This result extends Theorem 4.1 of Asmussen, Schmidli and Schmidt [4],
in which the arrival process is the superposition of renewal processes but the service
times are supposed to be i.i.d.

3.2 Reduced-load equivalence and induced burstiness

We now comment on our main Theorem 2 and show how it extends existing results
in the literature. The main results in the literature (see [1] for a survey) reveal a
dichotomy in the qualitative behavior, depending on the traffic intensities and the
weight values of the various classes:
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e Reduced-load equivalence occurs when an individual class with subexponential
characteristics is served at a constant rate, which is determined by the average
rates of the other classes.

e Induced burstiness occurs when an individual class is strongly affected by exces-
sive activity of ‘heavier’-tailed classes and inherits their traffic characteristics.

The term reduced-load equivalence was first coined in the context of fluid queues with
subexponential activity periods [2] and the term induced burstiness first appeared
in [10]. We will show that our results allow us to consider mixed cases where both
phenomena come into play.

We first give some conditions for reduced-load equivalence to hold.

Proposition 3 We denote by W'° the stationary workload of a single server queue
fed by arrivals of class i with constant service rate c. If one of the following conditions
holds:

(@) p' < @' and Assumption 1 holds;
(b) Assumption 2 holds with d’ =0 for all j #1i;
(c) Assumption 2 holds with d* > 0 and F e R(—00);

then the following reduced-load equivalence holds: P(W! > x) ~ P(Wi"piR(i) > X).

This proposition follows easily from Theorem 2 and corresponds (with slightly
different conditions) to the reduced-load equivalence proved in [11], Theorems 3.1
and 4.1. Proposition 3 states that the workload of the class i is asymptotically equiv-
alent to that in an isolated system where class i would be served at constant rate
@' R(i), which is the average rate that class i receives when it continuously claims its
full share of the service rate. Asymptotically, the workload of class i is only affected
by the traffic characteristics of the other classes through their average rates. In other
words, temporary instability caused by other classes (possibly heavier) does not sub-
stantially influence the workload of class i. Condition (a) ensures stability of class
i regardless of the activity of the other classes. Condition (b) ensures that class i is
the ‘heaviest’-tailed class. In the case of condition (c), the distribution F* is not suf-
ficiently ‘heavy’ for other classes to impact asymptotically class i. This case extends
results of [11] and is new.

We now give some cases of induced burstiness.

Proposition 4 If Assumption 2 holds with d' = 0 and if F e R(—a) with 0 <
o < 00, then thfz following induced burstiness holds: ]P(W.’ >x)~C iF (x), where
the constant C' depends only on the parameters p’, A/, d’, for j € {1,..., N}
and «.

This proposition follows directly from Theorem 2. We now treat an example in
detail.

Example 1 We suppose N =2 and Assumption 2 holds with d?> =0, d' =1 and

F' € R(—a). We also assume that q’;—i <l< p—i. The first inequality is implied by

¢
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Fig. 2 GPS with two classes:
big service in class 1
N
N ©
” 4
2
QU —
a
o

the stability condition p < 1 and we are in the following case: a big service time of
class 1 induces an instability of queue 2. The corresponding fluid limits are depicted
in Fig. 2.

As stated by Proposition 4, we are in the situation where there is induced burstiness
for class 2. The corresponding domain is easy to compute,

AP () = {(o‘, 1), t> % o>x+(1 —P)l}-
p=—¢

Then we can apply Theorem 2 and we get

P(W2>x)~klfoo IP’(al >x+(1—,0)t)dt

2,¢2

N Al fs(x(l - pl))
l—p  \ p?—¢?
1 —a
~ A_(—l —r ) F' (x).
1—p\p?—¢?

The computations done in the previous example can be made for any value of N
and we see that any class that makes the queue i temporary unstable, will contribute
to the tail asymptotics of the workload of class i in a non-trivial way given by the
shape of the domains. In our framework, Theorem 5.1 of [11] corresponds to cases
where only one class can make queue i temporarily unstable and the corresponding
domain has a shape similar to the one of A%} (x) in the previous example. Our
Theorem 2 does not require any condition on the shape of the domains and as soon
as N > 3, these domains can have quite intricate shapes (see Lemma 3 in the next
section) and more than one class can make class i temporarily unstable.

We now consider a case where service times have similar characteristics in both
classes and neither reduced-load equivalence nor induced burstiness happens.

@ Springer



Queueing Syst

Example 2 Consider Example 1 but with d! = d*> = 1. Then by Theorem 2, we have

o]

P(W2>x)~klf 7

2_g2

F(x+(1—p)t)dt +A2/00f(x +(1—p)t)dt
0

P

N AL 1=pt Y A2 75
<1—p(02—¢2> +l—p> (.

The first part of the right-hand term is exactly the same as in Example 1. The second
part of the right-hand term corresponds to a reduced-load equivalence: class 2 receiv-
ing a service rate of > R(2) = 1 — p'. We see that in this case both phenomena come
into play.

If Assumption 2 holds, we call the set {i, d; > 0}, the set of dominant classes. In
summary, we see that

1. if p! < ¢', reduced-load equivalence occurs (provided class i is heavy-tailed);

2. if class i is a dominant class and the corresponding integrated tail is rapidly vary-
ing, then reduced-load equivalence occurs;

3. if class i is not a dominant class and the integrated tail of the dominant classes is
regularly varying, then induced burstiness occurs;

4. if class i is a dominant class and the integrated tail of the dominant classes is reg-
ularly varying, then the tail asymptotics of class i are the sum of two contributions
corresponding to both phenomena.

Points 1, 2 and 3 are in accordance with results of [11]. Point 4 is new for a GPS
system (similar results were obtained for a queue with unit capacity fed by several
on—off flows [29]).

4 Proof of the tail asymptotics

The GPS system does not fit exactly in the framework of [6]. If we consider the
global workload (which is a G/G/1 queue), we have a monotone separable network,
but the service times are not i.i.d. and it is not possible to directly apply the results
of [6]. Hence we need to adapt the argument to our framework in order to derive the
single-big-event theorem for our GPS system. Except in Sect. 4.4, we assume that
Assumption 2 holds.

4.1 The single-big-event theorem

We first construct an upper bound for W. We consider N virtual GI/G1/1 queues
with respective input process { Tnj , o,{ }nez and with server capacity 7/ = p/ + I_Tp.
We denote by W/ the workload at time 0 of these single server queues and W=
Wl4+...+ WV, More formally, we define

0
i=oi—Fr,  sl,=3 ¢, M =sws,

. >
i=—n n>0
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With these definitions, we have W/ = (M7 +7/ Toj)ﬂ where Toj < 0is the last arrival
time of class j before time r = 0.

We have [23, 25]: P(W/ > x) ~ X )‘j:fj F (x). Moreover the random variables W/
are independent of each other, hence we have

N N
P(W>x)~ZIP’(Wj >x)~z

j=1 j=1

! F' (x). (19)
-p

The following corollary follows the line of Corollary 5 of [6].

Corollary 1 Forany x and j =1,...,N, let {K,{,x} be a sequence of events such
that

1. for any n, the event K,{yx and the random variables (o_,, c_,) are independent,
2. inf,> N, ]P’(K,{,x) — 1 as x — oo.

For any sequence n,, — 0, let

l—p .
Aljzx—Kizxm{Gn >X+H<W+nn>, CnZJ}»

N
=UU
j=1n>N;
Then, as x — 00,

N
P(W > x) ~P(W > x, A) ~P(A) ~ Y > P(A}). (20)
j=1n>Ny

Proof The proof follows the one of Corollary 5 of [6]. First note that

N N
. ) -
Z > P(Ahy) = Z > P(K,{,X)P(a_,, > x +n<W +,7n> e =j>
Jj=1nzNy j=1n>Ny
Nizk_jp ol >x+n 1—~|—77
- A -n NA n
J=1n=Ny

Thus, if the sequences {K, x} and {1, } are such that, for all sufficiently large x,

1. the events AJ , are disjoint for all n > Ny;
2. A}, C{W > x}foralln > Ny;
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then

P(W > x) > P(W > x, Ay) =P(A,)

_ZZ (4 szd o,
j=1

1
J=1n=Ny P

Combining with (19), we get the equivalence (20).

We now construct two specific sequences { K x} and {n,} satisfying conditions 1
and 2 above and the conditions of the corollary.

We define the following function Cl(n) = Zk——n Li;=j1 — 1. On the event

{c_, = j}, we have T_,, = =7’ “Citmy On = _C_,(n) We can find a non-increasing

sequence €, — 0 such that ne, — oo and such that the probabilities of the following
events tend to 1 as n — 00,

L,.— Sl o1 <er, Ny <k=<C/ D, 1<j<N
nx — T_N)»j S €k, Ny =K = n-—1,1<j< ’
. Citn—1 A
n
J_ )i < n
Ni =175 ] = = }

Hence the event K,{.,x =Ly N M,{ N N,{ satisfies the conditions of the corollary.

Moreover on the event {c_, = j}, we have C/(n) = C/(n — 1) + 1 and, S’ CCim =

O—n +S —Ci(n—1)"
Now if we take n, = \/€,, we have

1—p Az o—1
>x+n W‘i"?n +n o )\ N T Codmn—1 | T e,

and we see that for sufficiently large n, we have W > x. The fact that the events
Aﬁ x are disjoint follows from the fact that for sufﬁcwntly large x, we have €N, <

(1 - p)/(N)J) Indeed on the event Anx, we have S’ Tcim T X and s/ i+ <

(Cl(n)— 1)((,0—1)/(N)J)+6N ) < 0. The events {S] > x}U{s/

disjoint in n. It is also easy to see that the events An,x are disjoint in j. The end of the

1 = 0} are clearly

proof, i.e. showing that the corollary is true for any sequence K , follows exactly
the line of the proof of Corollary 5 of [6] and is omitted. d

From this corollary we derive the following proposition

Proposition 5 Forany x and j =1,..., N, let {K,{,x} be a sequence of events such
that
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1. for any n, the event K ,{, + and the random variables (6_,, c_,) are independent;
2. inf,>y, P(K; ) — 1 as x — oo.

For any sequence n, — 0, let

Al =Kkl . nlo >x4+n 1_—'0—}— c_pn=]
nax = Bpx —n N M), C—=n=17]¢>

N
Ac=J U 4.
j=1

j n>Ny

Then for any random variable W < W, we have as x — 00,

P(W > x) =P(W > x, Ay) +o(F (v)) 1)
N .
— Z Z P(W > x, Ay ) +o(F’ (x)). (22)
jzanNx

Proof We have
P(W>x)=P(W>x,A,)+ IP’(W > X, Ai)

<P(W > x, Ay) + P(W > x, AS),

but due to the previous corollary we have that P(W > x, AS) = o(f‘y (x)). Hence we
have

P(W > x,Ay) <P(W > x) <P(W > x, A,) +o(F (x)),

which gives (21). The end of the proof is the same as the one of the last corollary. [
4.2 Proof of Theorem 3

First note that W > W. Hence we can apply the previous proposition, with

i Sk p—1
A e

< &, Nxfkfn—1,|To|§nen},

where S_j = Z?sz o; — 7;. On the event A}, ., we have W =0, + S_, 11 + T,
hence
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4.3 Computation of the exact asymptotics when Assumption 2 holds

We have to find a sequence of events {K ,{ .x) in order to compute the following sum
N ZIF’(Wi>x K,{x o_n>x+n<1_—p+nn> c_,,=j>.
S ’ , X0 N)\, ’

The first case is easy: when queue i remains stable even if queue j is continuously
backlogged.

Lemma 1 Assume that

— < R(j). (23)
Then we have S} = O(FS (x)).

Proof Under condition (23), we know due to Proposition 1 that the stationary work-
load of queue i exists when queue j is continuously backlogged. We denote this

workload W'(j). We have W' < W'(j) < oo, and W'(j) is clearly independent of
(T, , o;]). Hence we have

- , ~ 11—
sity — Z IP(W’ >X,K14,xs0—n >x+l’l(N—)\p +77n>7 Cop= )

n>Ny
< ]I”(Wi(j) > x) Z ]P’(o_n > X +n<1]\;—)\p +17,,>, Cn :j)
n>Ny
= o(fs(x)). O

o

i

We consider now the case £ > R(j). In this case when queue j experiences a

long backlog (due to a very big service time), queue i is no longer stable and the fluid
limit corresponding to this queue is no longer 0. The remaining steps of the proof of
Theorem 2 are similar to those of Sect. 3 in [8].

Let €, be some sequence of positive real numbers, we define

; wis o, T_ nt) — wti} o, nt T_
K,{:{ up (0, Ty +n1) @l _ T |
U>nl[;f n n
t<2a

Due to the results of Sect. 2.2, we have the following lemma
Lemma 2 Let {K,{ } be the sequence of events defined above. K,{ and the random
variables o_,, and c_, are independent. There exists a sequence €, — 0 such that we

have IP’(K,{) — lasn— oo.
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On the event K ,], N{o_p >x +n( Np ), c_n = j}, we have (due to the continuity
of w7,

wi= wi'{j}(a_n, na) +nn,, with n, ar.v. such that |n,| <e,.

We will need the following lemma on the shape of the domain ALY (x).

Lemma 3 There exist constants {(x i) ,8’ {]} i’{j}}ofkse with aé’{j} < (xi’{j} <
.- <oz2{1}, ,Bk ) <1, such that
e .
:{J}(x)zU{a;{,{J}x<t<altH{rJl}y o> +IV;§ {]}}’
k=0 ,3k
with O‘e-;-j]} = +00. Moreover, we have

Ai’{i}(x) — {g >x+ (¢iR(i) - pi))‘t}'

This lemma follows directly from the definition of the function w* /1,
Following exactly the steps of the proof of Theorem 2.1 in [8], we can show that

Si’{j}(x) Z Z P<U_” = ﬂl{j} +na7/k{ }’ :j>
}

k= 0 x<na<otkU|x

_ N j i.{Jj}
_Aaz 2 )P(G>,3{]}+nyk >

=0 i.l. i{J
o xsn<apyx

¢

a3 j X i.{j}

=/ Z Z P(af > W +ny, ) (24)
;(mx<n<ak_§_jl)x
This term is of order d/F" (x/ ,Bé’{j J ) and hence o(fs (x)) as soon as F* is rapidly
varying. Summing over j, we obtain the equality (18) of the theorem, which con-

cludes the proof.

4.4 Tail asymptotics when Assumption 1 holds

The stationary workload of the GI/GI/1 queue with input process {T”i , U;i}neZ and
service rate ¢' is clearly a stable upper-bound for W*. The proof then follows from

the same arguments as above.

Acknowledgements I am thankful to the referee for useful suggestions and to Francois Baccelli and
Serguei Foss for initiating me to this topic.
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Appendix: Proof of Proposition 2

We consider a sequence ¢” such that ¢ > no. We suppose that ”n—n — 0 < +400. We
will show that
Wil (o, nt) —wlil (", nt)
sup — 0,
0<t<p n

which is sufficient to prove the proposition. For simplicity, we denote W,Ej I ) =
Wil (o", 1) and wi (1) = wl ™, 1).

We first assume that o < co. Let T|" be the first positive time at which queue j
becomes empty, i.e. queue j is backlogged on [0, T}']. Hence we have due to the
result on the mean service rate of Proposition 1,

W] A} " T"
lim Wi 0 _ o+ (p’ —¢JR(1))( lim —1> =0,
n— 00 n n—o0 n
from which we derive l1mn_)OO = o/(d)’R(j) — «/). Now for 0 <t < Tl"/n, we

can apply Proposition 1 and we have

er,{j}
W0 (ot — 'R 1. VE# ),

J.{J}
7Wn - (nt) — o0+ (pl _¢jR(j))t.

We have shown in the case o < oo that for all j,

{]}(nt)

sup
o<i<fo

Moreover, we see that at time Tl", the queues k € I are backlogged. Define T2 as the
first time at which one of these queues becomes empty. Using Proposition l in the
same manner, we obtain that 7' /n — o f2 7} and that

W' ) —wilany |

sup
Ogtffz(']}a

Hence in the case o < oo, the proposition follows by iterating the same kind of argu-
ments.

In the case o0 = +00, since TI” > o, we have for sufficiently large n that Tl” > np.
Hence for all k£ # j, we have with the same argument as above that

W,f’{j}(nt) — wﬁ’{j}(nt)
sup -0,
0=<r=p n
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and for k = j, we have for all r < 8,

Wi ey — 0"

; — (0 — ¢/ R()H)t.

This concludes the proof.
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