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Random Walk with a Heavy-Tailed Jump Distribution

J.W. Cohen
cwi
P.O. Box 94079, 1090 GB Amsterdam, The Netherlands

ABSTRACT
The classical random walk of which the one-step displacement variable u has a first finite negative moment is
considered. The R.W. possesses an unique stationary distribution; x is a random variable with this distribution.
It is assumed that the righthand and/or the lefthand tail of the distribution of u are heavy-tailed. For the type of
heavy-tailed distribution considered in this study a contraction factor A(a) exists with A(a)] 0 for a 11, and
a 11 is equivalent with E{u}1 0. It is shown that A(a)x converges in distribution for @ 11. It is the analysis
of the tail of this limiting distribution of A(a)x which is the main purpose of the present study in particular
when u is a mix of stochastic variables u;,2 = 1, ... , [N, each u; having its own heavy tail characteristics for
its right- and lefthand tails. For an important case it is shown that for the tail of the distribution of A(a)x an
asymptotic expression in the variables A(a) and ¢ for A(a)] 0 and ¢ — oo can be derived. For this asymptotic
relation the dominating term is completely determined by the heavier tail of the 21NV tails of the u;; the other
terms of the asymptotic relation show the influence of less heavier tails and, depending on ¢, the terms may
have a contribution which is not always negligible.

The study starts with the derivation of a functional equation for the L.S.-transform of the distribution of
x and that of the excess distribution of the stationary idle time distribution. For several important cases this
functional equation could be solved and thus has led to the above mentioned asymptotic result. The derivation
of it required quite some preparation, because it needed an effective description of the heavy-tailed jump vector
u. It was obtained by prescribing the heavy-tailed distributions of [u]™ = max(0, u) and [u]~ = min(0, u).

The random walk may serve as a model for the actual waiting process of a GI/G/1 queueing model; in that
case the distribution of u is that of the difference of the service time and the interarrival time. The analysis of
the present study then describes the heavy-traffic theory for the case with heavy-tailed service-and/or interarrival
time distribution.

2000 Mathematics Subject Classification: 60K25, 60J75, 90B22
Keywords and Phrases: random walk, heavy-tailed distributions, heavy-traffic theory, heavy-traffic asymptotics,
tail asymptotics.

1. INTRODUCTION
Let u,,n=0,1,2,..., be a sequence of i.i.d. stochastic variables with

u, € (—00,00) and — oo < E{u,} < 0.
The random walk {x,,n =0,1,...}, generated by the u,-sequence, is recursively defined by:
Xpi1 = [Xp +up]T forn=0,1,2,...,
Xg =z > 0;

here xg is the initial state of the random walk.
Next to the x,-sequence we introduce the y,-sequence defined by

Yo i=—[x,+uw,] ,n=0,1,2,....



Here we use the notation: for real z
[2]7 := max(0,2); [z]” := min(0, 2). (1.4)

The random walk {x,,n = 0,1,2,...} is a wellknown stochastic process. Since the first moment
of u, is negative the x,-sequence possesses a unique stationary distribution and for n — oo the
distribution of x,, converges weakly to this distribution, i.e. x,, converges in distribution for n — oo.
This implies that also y,, converges in distribution.

The present paper concerns the analysis of these limiting distributions whenever the jump vector
u has regularly varying tails at 400 and/or —oco, with an index between —1 and —2. Let x and
y be stochastic variables with distributions the limiting distribution of x,, and y,, respectively. It
will be shown that a function A of E{u,} exists which goes to zero for E{u,}1 0 and such that Ax,
and similarly Ay, converges for A | 0 in distribution. These limiting distributions are studied in the
present paper.

The random walk {x,,,n =0, 1,...} introduced above is frequently used in the modelling of stochas-
tic processes occurring in Operations Research. In particular in Queueing Theory it is used in the
analysis of the actual waiting time process. Then u,, is the difference of two nonnegative stochastic
variables T, and &,41, the service time of the nth arriving customer and the interarrival time be-
tween the nth and (n + 1)th arrival. In the context of Queueing Theory the study of the limiting
distributions of Ax and Ay for A | 0 is known as heavy-traffic analysis. In [13] it has been shown
that these heavy-traffic results lead to excellent approximations even for traffic loads which cannot be
considered to be heavy. It seems that the regularly varying right tail of the distribution of the jump
vector causes this result for the case studied in [13], which is, however, not the most general case.

The present study contains new results, next to results which are taken from previous studies of
the present author and his colleague Prof. Boxma, see the list of references.

We proceed with an overview of the following sections.

In Section 2 a functional equation is derived for E{e”#*} and E{e #*} where z is a stochastic
variable with distribution the excess distribution of that of y. This functional equation is the starting
point for all the further analysis.

In Section 3 we outline the structure of the heavy-tailed distributions with support (0, 00), as they
will be used in the present context. In Section 4 the heavy-tailed jump vector u is introduced. This is
obtained by specifying the heavy-tailed distributions of v = [u]* = max(0,u) and w = — min(0,u) =
—[u]~, and by noting that the L.S.-transform of the distribution of u is a linear combination of the
L.S.-transforms of the excess distributions of those of v and w.

Section 5 concerns the representation of the distribution of the jump vector u as a mix of N
stochastic variables u;. The introduction of such a mix serves several purposes, theoretical as well as
practical ones, see e.g. Sections 7 and 15. The distributions of the components u; of u are assumed
to depend on 7 and are generally heavy-tailed with different indices v;;, cf. (5.11).

In Section 6 we describe the solution of the functional equation and present expressions for E{e™#*}
and E{e™#?} in terms of the L.S.-transform of the distribution of u.

In Section 7 the contraction factor A(a) is introduced as a root of the contraction equation with
A(a)) 0 for a 11. Here a is a characteristic of the mix u;,i =1,... , N. Actually

N N
a= ZpiE{vi}/ZpiE{wi}, (1.5)
with

N
pi > 07 ZP@ = 17 Vi = llj, Wi = —ll;
i=1
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It is further shown in Section 7 that the functional

1— E{efrAu}

FAE{u] ,Rer =0,A = A(a), (1.6)

converges for a 11, see (7.17). Note that this limit contains only the first moments E{v;}, E{w;}, p;
and the characteristics v;; and d;; of the tails of v; and w;. Using the result of Section 7 it is shown
in Section 8 that the stochastic variables A(a)x and A(a)z both converge in distribution for a 11.

In Section 9, 10 and 11 expressions for the L.S.-transforms of the limiting distributions of A(a)x
and A(a)z for a 71 are presented. These three sections concern the cases that the tail of v is heavier
than that of w, is lighter or the tails of v and w are balanced, i.e. they have the same v-index. The
results of these sections have been obtained in earlier studies; this also holds for the asymptotics for
t — oo of the tails of the limiting distributions of A(a)x and A(a)z which are mentioned in Section
11. Characteristic for these limiting results is that they are expressed in terms of the p;, E{v;} and
E{w;} and by characteristics of the heavier tail among those of v; and w;. Of the lighter tails only the
E{v;} or the E{w;} occur cf. Section 13. This is a phenomenon which is not unknown in teletraffic
theory. Roughly it may be formulated as follows. When several traffic sources share a common facility
then the most demanding source causes a more than “proportional” hindrance (congestion) to the less
demanding ones.

Obviously the limiting distributions for a 11 or A(a)| 0 may be considered as the first term of an
asymptotic series of the distribution of A(a)x for A(a)l 0. To obtain further terms of the asymptotic
expansion we derive in Section 14 an asymptotic expansion with A(a)l 0 for the expression in (1.6),
see form. (14.5). This asymptotic expansion is used in Section 15 and 17 to obtain a second term of
the asymptotic series in A(a) for A(a)] 0 (expressions for higher order terms can be also obtained).
Section 15 concerns the case that only the v;, ¢ = 1,... N — 1 are heavy-tailed distributions, i.e.
d>; = 0. For both these cases the functional equation for the L.S. transform of the distribution of
A(a)x can be solved. From the knowledge of the L.S.-transform of A(a)x we derive the tail asymptotics
of the distribution of A(a)x. The result is an asymptotic relation in two variables i.e. A(a)l 0 and
t — oo. Formula (15.11) states here the result. The effect of the lighter tails among the v; can be
judged from this formula.

Analogous results have been obtained for the case that all w;,i = 1,... , N — 1, are heavy-tailed
and the v; are not heavy-tailed, i.e. all ds; = 0.

It remains to discuss Section 16. This section relates the present analysis with the basic model of
Queueing Theory. Here the jump vector u is the difference of two nonnegative stochastic variables T
and o. Section 16 describes the relations between the L.S.-transforms of v and w on the one hand
and those of 7 and o on the other hand. They are needed when applying the results of the preceding
sections in Queueing Theory.

2. DERIVATION OF THE BOUNDARY VALUE PROBLEM
In this section we derive a functional relation for the functions

o0
X(r,p):= > r"E{e ?*»} with |r| < 1,Re p > 0,

n=0

o)
Y(r,p) = > r"E{e”Y"} with |r| < 1,Re p < 0;
n=0

note that x,, and y,, are both nonnegative.
We start from the following identity which is easily seen to be true. For real x we have, cf. (1.4),

14e P =e #b" forld™, (2.2)



Hence from (2.2) and (1.2), (1.3),

14 e Plxatun]  — efp[xn+un]+ + e PlXatun]”
(2.3)
= e PXn+1l L @PYn
By taking expectations in (2.3) we have for n =0,1,2,... , and Re p =0,
1+ E{e7r(ntun)} — Ble=r*nt1} 4 EfefY"}. (2.4)
Let u be a stochastic variable with the same distribution as u,,. The u,,n =0,1,2,..., are indepen-

dent, and since x,, depends only on uy,...u,_1, cf. (1.2), it follows that x,, and u,, are independent.
Hence (2.4) may be rewritten as: for Re p=0and n=0,1,2,...,

E{e Pt} = E{e ""}E{e "} + 1 — E{e”"}. (2.5)
Multiplying (2.5) by r™ and then summing over n = 0,1,2,..., with |r| < 1, leads to

[1— rE{e "} X (r, p) = e + IL_r — Y (r, p). (2.6)

From the results above it follows that for fixed |r| < 1:

i X(r,p) isregular for Re p > 0, continuous and bounded for Re p < 0;

ii Y(r,p) is regular for Re p < 0, continuous and bounded for Re p < 0; 2.7)
iii for Rep =0, .

[1—rEfe #})(1 = 1) X(r, p) = (1= r)e % + 1L — (1 = )Y (1, p))-

It is evident that (2.7) formulates a Riemann Boundary Value (RBV) problem for the functions
X(r,p) and Y (r, p) with |r| < 1 and r fixed. The line of discontinuity of this RBV problem is here
the imaginary axis and (2.7)iii is the boundary condition (for details, see [1]). Since this condition
holds on the imaginary axis the Boundary Value problem is often also called a Wiener-Hopf problem,
cf. [2].

From Fluctuation Theory, cf. [3, p. 152], it is known that the condition —oo < E{u} <0, cf. (1.1),
implies that x,,, and also y,, both converge for n — oo in distribution. Let x and y be stochastic
variables with distribution the limiting distribution of x,, and of y,,, respectively, for n — oco.

We may now write: for Re p > 0,

B{e™) = lim Efe™*"} = lim(1 )X (r,p), (28)

and for Re p <0,

E{e”} = nli_}n;QE{e”""} = 17}1{111(1 —r)Yr,p). (2.9)

In (2.8) and (2.9) the first equality signs follow from Feller’s convergence theorem for L.S.-transforms
of one sided distributions, the second equality signs result by using a well-known Abel theorem for
generating functions, cf. [6].

With

X(p) :=lim(l —7r)X(r,p), Rep>0,
o (2.10)
Y(p) = 11%1(1 - ’I")Y(T‘, p)v Re P < 07
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we obtain from (2.7)iii: for Re p =0,
[1 = Efe "™}X(p) =1 =Y (p),
or
— Efe—ru — Efery
LB oy - LB}
p p

Because E{u} is finite, cf. (1.1), and Fluctuation Theory implies that x is finite with probability one,
and hence this also holds for y, it is seen by letting p — 0 in (2.11) that, cf. (1.1),

(2.11)

—oo < —E{y} = E{u} < 0. (2.12)

Hence (2.11) may be rewritten as: for Re p =0,

1—-E{e "} .
with
__ 1—Efe=}

Because y is a nonnegative stochastic variable, it is seen that Z(p) is the L.S.-transform of a
distribution with support contained in (0, 00), actually it is the excess distribution of y.

From the definition of X (p) and of Z(p) and from (2.13) it is seen that the determination of X (p)
and Z(p) leads to the following RBV-problem with Re p = 0 as the line of discontinuity.

i X(p) is regular for Re p > 0, continuous and bounded for Re p > 0, X(0) = 1;
ii Z(—p) is regular for Re p < 0, continuous and bounded for Re p < 0,Z(0) = 1,

iii for Rep=0, (2.15)
1 - Efe o
— U X(p) = Z(—p).
JE{u] (p) = Z(—p)

This Boundary Value problem has also been discussed in a slightly different setting in [7].

REMARK 2.1 We define the nonnegative stochastic variable z as a variable with distribution the excess
distribution of y. Hence

— Ee—r¥}

1
E{e™"*} = Re p > 0. o (2.16)

3. HEAVY-TAILED DISTRIBUTION ON [0, 00)
In this section we introduce a class of heavy-tailed distributions on [0, c0); this class is a subclass of
distributions of regular variation at infinity, cf. [5].

Let B(z) be a probability distribution with support [0, 00). Its L.S.-transform will be indicated by
B(p),Re p > 0, and its first moment [ is assumed to be nonzero and finite; y shall stand for the time
unit.

The class of heavy-tailed distributions which we shall consider in the present study is characterized
by their L.S.-transforms which have the following structure. For the L.S.-transform £(p) holds: for
Rep >0,

_1-B(p)

! pB

= g(vp) + (vp)" ' cL(7p), (3.1)



with
i. ¢>0is a constant,
ii. for the index — v holds 1 < v <2,
ili. g(0) =0 and there exist a 6 > 0 such that g(yp) is regular for Re p > —4,
iv. L(vp) is a regular function of p for Re p > 0, and continuous for Re p > 0,
except possibly at p = 0, further
L(yp) = b >0 for |p|= 0,Re p >0, withb=occ if v =2, and

_ L(ypz)
1 =1f > 0; .
zlJI,I[} (@) orRe p>0;p#0
REMARK 3.1 Since p can be complex we have to define p”~! in (3.1). It is so defined that it is positive
for positive p. a

Examples of heavy-tailed distributions with structure characterized by (3.1) and (3.2) have been
discussed in Section 3 of [4]. We discuss here an example.
Let B(-) be a distribution for which holds:

1—B(t) :q(g)"—FGg(t) fort >T >0, (3.3)
and with ¢ > 0,1 < v < 2 and G2(t) such that: for a § > 0,

/e_pth(t)dt

T

exists for Re p > —d.
Calculation of the L.S.-transform of B(t) yields: for Re p > 0 and T = 3,

1-8(p) _ _er v
l=——5 = x2(8p) + O l)ﬂ(ﬁp) g (3.4)
where for Re p > —4,
& 0o
= [(1—eya-BunY B, dt

wp) = [a-ema-BeG + [5G

- 0 T (3.5)
[a-ead + e L [y

0 0

Note that we have chosen T' = 3 in (3.4), this is not essential but simplifies somewhat the calculations;
further , (-) denotes here the gamma function. From (3.4) and (3.5) it is readily seen that the L.S.-
transform of B(t) has the structure as characterized by (3.1) and (3.2).

From (3.4) it is seen that for p > 0 the following asymptotic results hold:

1B e

B Wsinw—1r
From this result the asymptotic relation for 1 — B(t) with ¢ — oo can be readily obtained by applying
a theorem of [5] and from (3.1) and (3.2) with 1 < v < 2 it is seen that the heavy-tailed distributions
which are characterized by (3.1) and (3.2) are distributions with a regularly varying tail at infinity
and index —v with 1 < v < 2.

1

(Bp)" =" for pl 0. (3.6)
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4. THE HEAVY-TAILED JUMP VECTOR
The jump vector u occurring in the Boundary Value Problem (2.15) has in general a distribution with
support (—o00,00), i.e. it has a lefthand and a righthand tail of which both or one or none may be
heavy tails. In this section we given an approach to construct jump vectors with heavy tails.

It is assumed that

—00 < E{u} < 0 and E{Ju]} < cc. (4.1)
Put

v:=[u]" and w := —[u] ", (4.2)
and

" <
Note that

E{u} = E{v} — E{w}. (4.3)

We prove the following lemma concerning the L.S.-transform of the distributions of u,v and w.
LEMMA 4.1 For Re p =0,

1-Bfe™}  a 1-E{e} 1 1-E{}

pE{u}  a-1 pE{v} a—1 —pE{w} ’ (4.4)
or equivalently
_ 1-— E{e_pu} _a ~ 1— E{e—pV} B 1 _ 1-— E{epw}
! pE{u}  a- 1{1 pE{v} } a—1 [1-— JE{w] (4.5)

PrOOF. Obviously (4.5) and (4.4) are equivalent. From the identity (2.2) we have by using (4.2),
1+e P =e "V eV,
with probability one. So by taking expectations: for Re p = 0,

1+ E{e "} =E{e "V} + E{e};

and so
1-E{e""} 1-E{e "} 1-E{e’"}
p p —p
hence by using (4.2) and (4.3) the statement (4.4) follows. O

The relation (4.4) expresses the L.S.-transform of the distribution of u in terms of the L.S.-
transforms of the excess distributions of the nonnegative stochastic variables v and w. Evidently
the tail of the distribution of v determines the tail behaviour of the left tail of the distribution of u
so by specifying the tails of the distributions of v and w the right and left tail of the distribution of
u are specified.



Let v, and w, be stochastic variables with distributions the excess distribution of v and of w,
respectively. It then follows from (4.4): for Re p = 0,

1-E{e™} 1 1-E{e"™} a 1-Efe"}
pE{u} 1-a —pE{w} 1—a pE{v}
1 a
=L preme-woy - O pro-eve
T Ele p = Ble)
—+o0
1 1 a (4.6)
— —pz _ -
1_a/e d[l—aPr{ we < z} 1_aPr{ve<x}]
+0o0 -
_ / =P AU, (),
with for —oco < z < 00,
Usla) i= = Pr{ = wo <} = T Pr{ve <z} @)
o(2) := 7 Pr{—we <u} — -——Pr{ve <u}, .

if we take ue(—o00) := 0. Because v, and w, are both positive with probability one we have from (4.7)

1
Ue(CU) :mpr{—we<x} f0r$>0,
1 a
= l_a—lTaPr{ve<a:} for z > 0.

(4.8)

The heavy-tailed distributions of jump vectors which will be considered in the present study are
characterized by taking: for Re p > 0,

1= LB 0 + (i) (),
= (4.9)
1- % = g1(vp) + c1(vp)" " Li(vp),

where g;(-), ¢j,v; and L;(-),j = 1,2, have the same properties as the corresponding constants and
functions in (3.2).

Hence from (4.5) and 4.6) it follows that the L.S.-transform of a heavy-tailed distributed jump
vector u is represented as follows: for Re p =0,

_1-E{e ™} a
pE{u}  a-
(v9)"> " La(7p)

1

o (vP)
a (4.10)

(vp)"" ™" L1 (7p)-

1gz(w)
__a
a—1

acs
a—1

+

5. MIXING OF HEAVY-TAILED JUMP VECTORS
In this section we consider N heavy-tailed jump vectors u;,i = 1...N. With these vectors we
construct the jump vector u defined by:

u = u; with probability p;, i =1,..., N, (5.1)

with
N
0<p; <1, pi=1and E{|u|} < co.

i=1



5. Mixing of heavy-tailed jump vectors

With
v; = [w;]" and w; = —[u;]”, (5.2)
we have for Re p =0,
_1-E{e "} E{vi}, 1-E{e "}, E{wi}, 1-E{fe™)}
DT TR Blugl T pB(v] ) Blu} ' —pB{wi) (53)
and
1- ﬂ = g2i(7p) + c2i(7p)"*  Lai(7p),
pELVI) (5.4)
b % = g1i(yp) + c1i(vp)" " Lii(vp),

where the g (-),c..,v.. and the L_(yp), have the corresponding properties as the similar functions and

constants in (3.2).
From (5.1) we obtain: for Re p =0,

N
E{fe #} = piEfe 7™},

i=1

from which it readily follows that: for Re p = 0,

N

1—Efe~™} E{u;} 1 - E{e”™}
~ pE{u} Z "E{u}  pE{u;}

_ % [ptE{Vt} 1-— E{e_p"i} plE{Wz} 1-— E{ep“’i} -

& B{u}  pE{vi}  E{u} —pE{w;}
Put
_ Sl pBivi)
Eﬁil piE{w;}
and fori=1,... ,N,
qoi(a) := 7}3 {vi} and qq;(a) := —5 {wi} .
> iz PiE{v:} > imy PiE{w;}
Because

N N
E@}zZ}mwﬁ—zpmww,

it is seen from (5.5) that: for Re p =0,

1-E{e ™}  a (o LBl
1- pE{u} - a0 — 1;(]21( )[1 pE{V,}
N

1 E{er%i}
o 1;%(@)[1 - —pT{wi}]'

(5.7)

(5.8)

(5.10)
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Inserting the expressions (5.4) into (5.10) leads to: for Re p = 0,

C1-E{eM} 1
pE{u} -

N
IZ{GQQi(G)g%WP) — qi(a)gui(yp)}
i=1 (5.11)
a)cai(7p)"* ' Lai(vp) — qui(a)eri(vp)" =" Lii(vp)}-

The relation (5.11) is the one which will be used in modelling a teletraffic problem, see Section 17. In
the analysis above it has been assumed that E{v;} and E{w;},i =1,2,... N are all finite. It is here
not assumed that E{v;} < E{w;}, but when using (5.10) and (5.11) it will usually be assumed that

a<1, (5.12)

or equivalently
N
Zpi[E{Vi} —E{w;}] <1. (5.13)
i=1

6. ON THE STATIONARY DISTRIBUTION
In this section we solve the Boundary Value Problem (2.15) for the case that the jump vector u has
the following representation, cf. Section 5.

For Re p = 0,
1 — E{erm 1 )
1-— pE{{u} b — Z{alhz (vp)g2i(vp) — qri(a)gri(vp)}
1y (6.1)
+a 1 [agai(a)cai (7)™ — qui(a)eri(vp) "> 1],
i=1
with
N N
0<a=> pB{vi}/Y piB{w;} < 1. 62
i=1 i=1

The condition (6.2) implies that the x,-sequence, cf. Section 1, possesses a stationary distribution.
The functional relation of the present Boundary Value Problem reads, cf. (2.15)iii, for Re p =0,

1—-E{e "}
pE{u}

This functional relation has been studied in [7]. From (6.1) it is seen that E{u} exists and is finite
for 1 < p < min(y;5,j =1,2;i =1,...,N). Using this and (6.1) it follows from the results obtained
n [7] that the integral

X(p) = Z(~p). (6.3)

1 1By
H(p) = = / (log g} e (6.4)

with |p| < oo is well defined as a Cauchy principal value integral at infinity, and also as a singular
Cauchy integral at £ = p if Re p = 0, cf. [1]. Further the logarithm of the integral satisfies the Holder
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condition on the imaginary axis. So that the Plemelj formulas show that: for Re p =0,

1. 1-E{e—}

H (p):= lim H() =-=1 H
(p) = lim H(?) 28— Emy T (p);
Re t>0 (65)
H*(p):= lim H(t) = 110 1-Efe™"} +H(p)
pr= s —2% pE{u} P
Re t<0
and
_ 1 —E{e "4}
HY(p)—H (p) =log ———.
(0) = H(p) B
By using these relations it is readily verified that
X(p) =efl®  for Re p>0,
=" for Re p=0,
(6.6)
Z(-p) =ef)  forRe p <0,
=" (P for Re p=0,

satisfies all the conditions of the Boundary Value Problem (2.15). Because (6.2) implies that E{u} < 0
the limiting distribution of x,, for n — oo is uniquely determined, hence

E{e™”} and [1 — E{e™"}]/[pE{y }], Re p <0,

are uniquely determined and should satisfy the conditions (2.15). Hence we have

E{e™™}  =X(p), Re p>0,
1-E{e”} _ (6.7)
EGT =Z(-p), p<0,

with X (p) and Z(—p) given by (6.6).
With a view to future applications of the results above we rewrite the formulas as follows.
Replace in the formulas above p by rA with A > 0. We then obtain:

1 ico 1— E{e_nAu} r
H(rA = _— / log dn,
(rA) omi ) nAE{u} (n—r)y (6.8)
7=—100 { A } .
1 — E{e~r~u
H*(rA) = +log——o——2 + H(rA);
(7" ) og rAE{u} + (7" )7
and
E{efrAX} = eH(rA) for Re r > 0,
=l (rA) for Re r = 0,
(6.9)
1-E{e™™} pia
TE{y} =e for Re r <0,
=eH"("A)  for Re r =0,
with for Re r =0,
L-B{e™} o oaxy _ 1 E{e"Y}
T IRfeA = !
rAE{u} fe } —-rAE{y} o



12

7. LIMITING DISTRIBUTIONS
In this section we continue the analysis of the jump vector u, which has been introduced in Section
5 as a mixture of N heavy-tailed jump vectors u;, i = 1,... N, cf. (5.10) and (5.11). However, we
shall here restrict the generality of the distributions of the u; slightly.

The first restriction concerns the distributions of uy. From now on we take: for Re p = 0,

1-E{e?"v} E{vy} 1 _ E{wn} 1
pE{un}  E{un} 1+pE{vy}  E{un} 1-pE{wn} '

(7.1)

Obviously, (7.1) implies that the distribution of unx has no heavy-tails and that vy and wy are both
negative exponentially distributed. Hence in the representation (5.11) we have to take for Re p = 0,

__rE{vn} __rE{wn}
con =0 , any =0.
Again it will be assumed that (5.12), i.e.
a<l1 (7.3)
holds.
The second restriction is:
v:=min(v;, j=1,2;i=1,... N—-1)<2. (7.4)

Obviously, (7.4) implies that at least one of the vj; is less than 2.
The third restriction concerns the functions Lj;(vp). It will be assumed, cf. (3.2)iv, that: for
lp| >0, Rep>0,j=1,2;i=1,... N—1,

LJZ(’)/p) — bji with 0 < bji < 00. (75)

This restriction is introduced to guarantee that the quotient of two Lj;(-) functions has a limit and
that this limit is finite.
For some further comments concerning the assumptions see Remark 7.1 at the end of this section.
With

N-1 N-1
L(z) =Y eai(@)Las(x) + Y (—1)"e1iLi(z), = >0, (7.6)
i=1 i=1
we define the contraction coefficient A(a) to be that root of the contraction equation
" HL(z)|=1—a, x>0, (7.7)

which goes to zero for a 11.
Take for a < 1,

p =rAla), (7.8)

then we obtain from (5.11) and (7.2) for Re r =0 and A = A(a):
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—_ efrAu N
t-s rii:{u} b S () - (@ (7]
S YT 2i -
- Z;ani(a)Czi(’)/T)"%*l LZ;(}/AA)) fL((AA)f AV2i—V (79)
- L Lu(yFA) Ly(A) o,
+ ;afhi(a)cli(vf)'ﬁl Ll(i’ZA)) |L((A)f AVLi—V

We consider the relation (7.9) for a 11, so that A = A(a) | 0. To realize this limit we rewrite (5.7)
as:

N-1
pNE{vn}+ > piE{v}
i=1

o= = <1 (7.10)
pNvE{wn}+ > pE{w;}
i=1

The limit a 11 is now realized by keeping all the expectations in (7.10) constant except E{vxy} which
is considered as a variable for which holds

N—1
E{vy} 1t E{wy} + Z ;’—"[E{wi} — E{vi}]. (7.11)

To distinguish the notation for the case a < 1 and a = 1 we write:

’ﬁi = E{Vi}, ’lf)z = E{Wl}, 1= 1,2, [ ,N - 1,

N1 (7.12)
Wy = E{WN}, ON = WN + Z —[Ibl - ﬁl]

i=1 PN

We further define, cf. (5.8), fori =1,2,... ,N,

Div;

P2 = B,Irrll ®@i(a) = — — (7.13)
> pit;
i=1
Qi = B,Irrll qi(a) = ﬁil ,
> pi;
i=1
and, (cf. 7.5)for j=1,2; ¢ =1,... ,N — 1,
Lji(A)
dj; :=1i I . 7.14
= L) 1y
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To consider (7.9) for a 11, i.e. A(a)l 0, we have to investigate for a 11,

9;i(yrA)/(1—a), j=1,25i=1,...,N. (7.15)

From the conditions (3.2) together with (7.4), (7.5) and (7.7) it is readily seen that the expression
(7.15) tends to zero for a 11.
Define for j =1,2;i=1,... ,N — 1,

Eji = 1 if Vi =V, (7 16)
=0 if v;>wv. .

From the results above it is seen that for a 11, i.e. A} 0, the lefthand side of (7.9) has a limit for
which holds: for Re r =0,

lim LG_TAU} = 1+1V2_:1[5 iq2;d ,(,Yr)uzi—1 —e1iq1:d '(77:)',“_1] (7 17)

atl rAE{u} P 2042102 L1384 ’ .
with

N

Ygi=1 for j=1,2i=1,..,N. (7.18)

i=1

The relation (7.17) is actually the most important result of the present section, it will play a central
role in the next section. However, also the relation (7.9) with A(a) > 0 is of great interest, cf. Section
15.

REMARK 7.1. We make here some remarks concerning the three assumptions used in the derivation
of (7.17).

The assumption (7.1) has been introduced to realize the limit a 1. For if vy would be heavy-tailed
then it could be that gan, can and Lan(.) depend on E{vy}; so if E{vy} is a variable then the limit
for a 11 could be difficult to establish. Actually (7.17) holds without the assumption (7.1). Take in
(7.1) wy = 0 with probability one. Let pyJ 0 and let one of the other p; increase such that a 11, then
it is readily seen that (7.17) also holds without assumption (7.1); so it also applies for N = 1.

The condition (7.4) excludes the case that all v;; = 2. This can actually better be discussed
separately, cf. [9].

The condition (7.5) is a rather strong condition at least from a theoretical viewpoint, see [4, 9] and
[14]. However, for our purpose it is useful, see Section 17. a

8. HEAVY TRAFFIC THEOREMS
In this section we consider the solution of the Boundary Value Problem (2.15), see (6.7), for the case
of a jump vector for which the limiting relation (7.17) holds. First we consider the question whether
in (6.8) with A = A(a), a < 1 as defined in the preceding section, the limit for A = A(a)| 0, i.e. a 11,
and the integration can be interchanged.

Put for N =2,3,... and Rer =0,

N-1
on(r) = > [e2iidai(yr)"* ™" = eviquidyi(yr)" ]
i=1 8.1
N-1 N-1 (8.1)

(yr)" ! ZSQi(hidm — (yr)"~! Zﬁul]udu,
i=1 i=1
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see (7.4) and (7.17). For p a complex number we define

ico

H(p)::%ﬂ_i / log {1+ ¢n(n)}

n=—ioco

dn
(m—p) n ®.2)

With pn(r), Rer = 0, as given by (8.1) it is not difficult to verify that the integral exists as a
principal value integral at infinity, that the integrand satisfies a Holder condition on Re n = 0 and
that the integral is well defined as a singular Cauchy integral whenever Re p = 0, cf. [1]. By using
the Plemelj formulas we obtain, for Re p = 0,

H (o)== lim H() =~ log {1+ pn(p)} + H(p),

t—p

Re t>0 (8 3)
. 1 - :
lim H(t) = < log {1+ o (p)} + H(p).
t—=p 2

Re t<0

Write the integral in (6.8) with A = A(a) as

H*(p) :

I 1 i 1 — E{e nAul} rdp
(rd) = 2_/ nAE{u} H —r

(8.4)

1 — E{e—nAu} r d
/ [log { { J ] 1
nAE{u} n—r 1
nEF(R

with
F(R)={n:Ren=0, || >R} and R >0.

By using (7.9) it is seen that the absolute value of the second integral in (8.4) can be made arbitrarily
small uniformly in R for R sufficiently large. Hence since the integral in (8.4) exists, it follows that
for a 11, ie. A = A(a)l 0,

H(rA) — H(r). (8.5)
The result leads to the following heavy-traffic Theorem 8.1.

THEOREM 8.1 For a jump vector u which is a mizing of N heavy-tailed stochastic variables u;, as
defined in Section 6, the stochastic variables A(a)x and A(a)z both converge in distribution for a 11.
With X and Z stochastic variables with distributions the limiting distributions of A(a)x and A(a)z we
have:

E{e—pfc} = limE{e” PA a)x} — oH( for Rep >0,

atl
= e (" for Rep=0,
A (8.6)
B = B0 = T b Rep<,

H*(0)  for Re p=0.
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PrROOF.  The proof follows immediately from (2.16), (6.9), (8.5) and Feller’s continuity theorem, cf.
[6], for the L.S.-transforms of distributions with support contained in [0, 00), note that H*(0) = 0
and that H(p) is continuous for Re p > 0 as well as for Re p < 0. O

CoROLLARY 8.1 For Rer =0 we have

1+ on()]E{e™™} = E{e). (8.7)

PRrOOF.  The relation (8.7) follows immediately from the above theorem and (2.8), (2.13), (2.16),
with p =rA(a), Rer = 0. O

The function pn(p), Re p = 0, has been defined in (8.1), and as a function of p it is a rather
complicated function; note that p*~! is defined by its principal value, i.e. it is positive for p > 0.
In our further analysis we shall distinguish three cases. Put

N-1
Bj = ZSjiqg'idji, J=12, (8.8)

i=1

then we consider the following cases separately

i B, >0, B; =0,
ii. By=0, B; >0, (89)
iii. By >0, B;>0.

Note that B» > 0, B; = 0 implies that all v;; > v, and analogously for case (8.9)ii, whereas (8.9)iii
implies that at least one vo; is equal to at least one vy;, i =1,... ,N — 1, cf. (7.4) and (7.16).

The three cases distinguished will be referred to as case I, IT and III. Actually the dichotomy of
these three cases resembles that of the queueing models M/G/1, GI/M/1 and GI/G/1.

9. RESULTS FOR CASE I
We refer to (8.9) for the specification of case L. It follows that for this case we have: for Re r = 0, cf.

(8.1),

pn(r) = ()" By, (9-1)

and so we have from (8.2): for Re p > 0,

1 vet p_dn
) =5 [ Dos{i+ G Byt L 92)
n=—ioo
The function 1+ (yn)” 1B, 1 < v < 2, is regular for Re n > 0, and for Re n > 0, continuous and
nonzero. Consequently, the integrand in (9.2) is regular for Ren > 0, continuous and nonzero for
Re n > 0, except for a single pole at 7 = p. Note that 1 < v < 2 implies that n = 0 is not a pole of
the integrand. Note further that we do not need here to define the principal value of the integrand in
(9.2) because it does not influence the value of exp H(p). We evaluate the integral in (9.2) by contour
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integration in the right semi-plane; the contour being formed by the line piece (—iR, iR) and the
semi-circle n = Re ', |w| < 37, R > 0.

By applying Cauchy’s theorem and by noting that for R sufficiently large the contribution of the
integral along the semi-circle tends to zero for R — oo we obtain from (8.6): for Re p > 0,

. - vt 1
E{e p. /'y} —e 10g(1+sz ) — W (93)

Actually (9.3) follows from the above only for Re p > 0. However, since H (p) is continuous for Re p > 0
and the last member is also continuous for Re p > 0, the relation (9.3) also holds for Re p = 0.

We next determine E{e?*} for Re p < 0. Because the righthand side of (9.3) is equal to [1+¢n(p)] !
for Re p = 0 it results from (8.7) that: for Re p =0,

E{ef?/7} =1. (9.4)

From (9.4) and the inversion theorem for characteristic functions, cf. [1], it follows that Z = 0 with
probability one. Hence the following theorem has been proved.

THEOREM 9.1 For case I, i.e. v <wvy,t=1,...,N —1, holds:
E{e "%/7} = _ Rep >0 (9.5)
1+BQPV_1 9 - Yy
Pr{z=0} = 1.

REMARK 9.1. For go; = 1 Theorem 9.1 has been derived in previous studies of the author, e.g. [9].
The interesting case is here actually that with N = 2, and dy» = 0, i.e. the jump vector u is a mix of
u; and up, with the right tail of u; the heavier one and uy has only light tails.

For the heavy-traffic case we then have

_ p101+paly P10; D202 .
l=a= = — = = — + = — = Q21 + @22
P1W1 + P22 P1U1 + pavs P1U1 + pav2

Hence ¢21 is the heavy-tailed part of @ and ¢q2 the light tailed part or the best effort traffic of a; here
we misuse slightly the term best effort traffic.
Further note that (9.5) may be rewritten as: for Re p > 0,

1

E{ exp[—p%/(ga1da1)"/""V4]} = T4t

From this expression it is seen that the distribution of X is very sensitive to the value of ¢»1, or
equivalently g2z, because 1/(v — 1) > 1 and 0 < g21 < 1. This may be also seen from the asymptotic
expression for the tail of x, see (12.8). m|

REMARK 9.2. The generalization of the case of Remark 9.1 is simple, i.e., if N > 2 and as before
di; =0, vy > 91,0 =2,...,N—1, then the only change to be made in the formulas of the preceding
remark is to replace the first formula there by
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N

lza:qui.

i=1

The formula for the L.S.-transform of X does not change.

It is hence seen that whenever u is a mixture of stochastic variables of which only the righthand
tails are heavy-tailed then the heavy-traffic limiting distribution depends on all the characteristics of
the most-heavy-tailed component and only on the traffic loads g2; of those components with the less
heavier tails.

These observations concern a limiting result for a 11. For the case 1 > 1 —a >> 0 a more refined
analysis is required for the tail analysis of the distribution of u, see herefor Section 15. a

10. RESULTS FOR CASE II
For case II we have from (8.1) and (8.9): for Re p =0,

log[1 + ¢n(p)] = log {1 — (y7)"~' B1}

1— (,yf)u—lBl (101)

= log +log {1 — wyinT}

1—wiyr
with
wy =B S 0. (10.2)

From (8.2) we have for Re p > 0,

100
- 1 N p dn
Hp) =-— [ [log{l - (vj)* B}
0 =55 [ Bos{t =Gy B
—i.oo
1 _ p dn
= — 1 1-— v —=— 10.3
s | Bos 1= Cm By LS (10.3
1 [ 1= By p dn
= — | log{—=LTT 14 1og(1— _£
o | [log { T~ } + log( wwn)]n+p ,

The function [1 — By (1) 1]/(1—wiyn) is regular for Re 7 > 0, continuous and nonzero for Re > 0.
We apply Cauchy’s theorem with a contour consisting of (—iR,iR) and Re ¢ | |¢| < %7(, with R > 0 to
the last integral in (10.3) and with integrand formed by the first term of the integrand of that integral.
This integral has no pole in Re 7 > 0 and the contribution of this integral along the semi-circle of this
contour tends to zero for R — oco. Hence this integral is zero and we have for Re p > 0:

A 1 ico p dn
H(p) = — 1 1-— _ 10.4
0= 5 [ losl1 - S (10.4)

The integrand in (10.4) has only one pole in Ren < 0, viz. 7 = —p (note n = 0 is not a pole).
Applying Cauchy’s theorem for a contour consisting of (=iR,iR) and Re¥,in < ¢ < 17, with
R > 0 leads easily to the result that for Re p > 0, R — oo,

H(p) = —log {1+ wi7p}. (10.5)
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From this and (8.6) it follows that

E{e—pﬁ/*r} -

for Re p > 0. 10.6
14+wip orner= ( )

That (10.6) also holds for Re p = 0 follows as in the preceding section.
Next we derive an expression for the L.S.-transform of the distribution of z. From (8.7) and (10.6)
we have: for Re p =0,

1— Blﬁu_l

— Efer?/v ,
[T wp { }
or
l—BlpV71 P
— W _Efe "7} Re p=0. 10.7
[ —wwp {e }, Re p (10.7)

From (10.2) it is seen that the lefthand side of (10.7) is regular for Re p > 0, continuous for Re p > 0.
Because z is a nonnegative stochastic variable, the righthand side of (10.7) is regular for Re p > 0,
continuous for Re p > 0. Consequently, analytic continuation shows that (10.7) holds for Re p > 0.
The results derived above lead to the following theorem.

THEOREM 10.1 For the case Il i.e. v < vo,i=1,... ,N — 1, holds: for Re p > 0,

. 1
Efe—r*/"y = ,
{ =1 o
v—1 v—1
E{e™"*/7} = 1-Bip"™" 1= (w1p)
1—wip 1—wip

and X/v is negative exponentially distributed with first moment w; = Bi/(yfl).

COROLLARY 10.1 For 0 < 4§ < 1 the function

1— )

—p) Re p Z 0>

L—p

is the L.S.-transform of a probability distribution with support [0, 00); also
1+ pl/n 4+t p(m—l)/"
1+ pl/n et p(nfl)/n

,Re p>0, 1<m<n,

m and n integers with g.c.d. (m,n) = 1, is the L.S.-transform of such a distribution.

PrROOF. The first statement of the corollary follows immediately from the theorem above.
To prove the second statement take 6 = m/n with m and n as specified above. Further take
x = p'/" > 0 so defined that it is positive for p > 0. Then

l_pm/n_l_mm_l_i_m_‘___._‘_xm—l
1-p 1—27 14z+---+znt’

and replacing z by p'/™ leads to the statement.
O

REMARK 10.1 The L.S.-transform mentioned in Corollary 10.1 has been discussed in [10]. There it
is shown that it is the L.S.-transform of an infinitely divisible distribution, a result which also follows
immediately from (2.16) and (6.6). m|
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11. RESULTS FOR CASE III
The case III occurs whenever By = B, cf. (8.9), i.e. when,

v=min{vey,i=1,... ,N =1} =min{vy;,i=1,... ,N — 1} (11.1)
For the present case we have, cf. (8.1), for Re p =0,

en(p) = (vp)" ' Bz — (vp)" ' Bi. (11.2)

For the case I and II discussed in the previous sections the integral in (8.2) could be evaluated, for
the present case this does not seem possible. For the present case we have in [9] the complex integrals
transformed into real integrals. In the integral (8.2) we have replaced n by is ( i the imaginary unit)
and we then obtain for Re 7 > 0,1 <v < 2,

H(r) = Fi(r) + Fs(r),

) (11.3)
H(-r) = Fi(r) — Fy(r),
with
17 A(rs)r L 1 d
rs)’— 5
F = —— t —
1(r) 71_/{arc an1+B(rs)"—1 R
9 (11.4)
_ i v—1 2(r—1) 1
Ey(r) := o /[log{l + 2B(rs) + C(rs) H 5 ds,
0
where
1
A:= (By + By)sin 5(1/ —1)m >0,
1
B := (B3 — By) cos 5(1/ — 1), (11.5)
1
C := (By — B;)? 4+ 4B, By sin® 5(y — )7 > 0.
Further it has been shown in [9] that for Re p >0,
E{e "%} = ef1(P)+F2(p)
(11.6)

E{e 72} =el(o)-F(p),

12. ASYMPTOTIC RESULTS FOR HEAVY-TRAFFIC

In [9] several calculations have been made in order to compare the results obtained for the L.S.-
transforms of the distributions of X and z for the three cases I, II, III. However, the comparison is
hampered due to the fact that the integral for case III cannot be evaluated explicitly. We, therefor,
will compare here the asymptotic expressions for the tails of the various distributions.

We first remark that a noticeable difference between the results for the distribution of x is of a
similar type as the difference between the results for the stationary waiting time distributions for the
classical queuing models M/G/1, GI/M/1 and GI/G/1. Here also explicit results are known for the
M/G/1 and the GI/M/1; for the GI/G/1 only integral expressions are available. For case II and for
GI/M/1 the distribution of X is negative exponential.

Next, we consider the asymptotic comparison.

For case I we have from Theorem 9.1:

1
— for Re p > 0. (12.1)

E{efpfc/v], - W



12. Asymptotic results for heavy-traffic 21

From (12.1) it follows: for Re p > 0,

oo 1 )

/e_pt[l —Pr{x < ~vt}]ydt = -[1—-E{e™"*}]

) P (12.2)
_ szu—Q
o 1+ ng"_l )

The righthand side of (12.2) can be continued analytically into the p-plane slitted along the negative
real axis, i.e. along —oo < p < 0.
For |Byp” 1| < 1 and |argp| < 7 we have

B2pV72 - npnt+l (n+1)(r—1)—1
n=0

The L.S.-transform (12.3) is of a type for which from the behaviour for |p|| 0 on the slitted p-plane
an asymptotic expression for the tail of the distribution of x can be obtained, see therefor [10, vol. II,
p. 159], Theorem 2; cf. also [5]. Actually, it follows by applying this theorem to (12.2), (cf. also [9])
that for t = 00,1 < v < 2, and for every M =1,2,...,

M

Prix >t} = > (1)

n=0

Byt
, (I=(n+1(r-1)

0= oDy o), (12.4)
t

Here , (-) is the gamma-function and
T
, (n+1)(v—1))sin(n+1)(v — )7’

For case II we have from Theorem 9.1 for Re p > 0,

, (1= +1¥-1) =

o'}
2

_ B1p"™" —w;
P — P tydt = 21— =1 12.
[ e = Pris < e = 22— (12:)
0

Hence for |wip| < 1, |argp| < m we have

o0 o0
/e*"t Pr{z > ~t}ydt = By Zw?p’”“’*z —
0 n=0
Applying again Theorem 2, vol. II, p. 159 of [10] yields that for t = co,1 <v < 2and M =0,1,...,

w1

: 12.6
T— (12.6)

Mool g 1
Priz >t} = m<;)’””*1 +o((H)M). (12.7)
n=0"

In [9] for the case III asymptotic relations for the tails of the distribution of X and of z have been
obtained; however, no asymptotic series but only the first term of it have been derived. We list them
here together with the first term of the asymptotic series for the cases I and II.

By 1

i Pr{x>n~t}~ ﬁ(f)u_l for case I,
, (2—v
B 1
ii Pr{z>~t}~ (271)(2)”_1 for case II,
, (2—v
~ max(Bl,Bg) 1 v—1 (128)
iii Pr{x>n~t}~ ﬂ(g) for case III,

in(B1,B>) ,1
min(Bi, 2)(—)”—1 for case I1I,
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here v is the time unit.
Note that

Pr{x >ty} =e Bt +>0, for casell,
(12.9)
Pr{z>t}=0 ,t >0, for case L

The relations (12.8) make a good comparison possible. The difference between the cases I and II
is fairly obvious because they concern the cases that the right tail of the jump vector is heavier than
its left tail and conversely, see also the above mentioned comparison with the M/G/1 and GI/M/1
queuing model. However, when both tails of the jump vector u are equally heavy then the difference
between I and II, so far it concerns the tail of x is determined by the maximum of B; and Bs. It
should be noted, cf. (8.8), that the B; are in some sense averages in which the traffic ratios as well as
the intensities of the tails cj; and their ratios

Lij(A)/|L(A)]

are incorporated.
Further the case III with By > Bj is rather obvious but somewhat amazing if Bs < Bj, a phe-
nomenon which has also been noticed in [11].

13. SOME FURTHER REMARKS ON THE HEAVY-TRAFFIC DISTRIBUTION

In the preceding Sections 8, ... ,12, heavy-traffic theorems have been derived. It is of great interrest
to see how the traffic characteristics of the distribution of u;, the i-th component of the jump vector
u, influences the heavy-traffic limiting distribution.

It is seen that of the characteristics of the distribution of u; only E{v;} and E{w;} always occur
in the limiting distribution; the characteristics of the tails of the distribution of u; do not occur if
vo; > v and vy; > v. Only the tail characteristics of the most heavy tail determine the tail of the
limiting distribution. These results for the limiting distributions, i.e. A(a)l 0, have been proved in
the preceding sections.

In the following sections we do not consider the limiting case A(a)l 0, but we shall analyze the
relevant distributions for 0 < A(a) < 1, i.e. we start with an asymptotic analysis for A(a)J 0.

14. APPROXIMATIONS
Can the heavy-traffic limit distribution be used as an approximation for the distribution of x whenever
a<1?

For the case of the M/G/1 queueing model with the service time distribution heavy-tailed it has
been shown in [13] that the question just posed has a surprisingly affirmative answer. The equivalent
approach of [13] may be certainly used here. The quality of such an approximation will be discussed
later. Here we shall present a derivation of an approximation which seems to generalize slightly the
one in [13] and which takes also into account the variability of the tails of the u;-variables which
compose the jump vector u.

We start here from the relation (7.9) with A = A(a) as defined via (7.7). It is assumed that a is
close to one so that A > 0 is close to zero. However,

[A(a)]" ™" with vj; >v, j=1,2;i=1,...,N -1,

may be not so close to zero since 0 < vj; —v < 1.
From (7.9) we obtain for a < 1, A = A(a) and Re r =0,
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_ efrAu N
Aemr - 1+1%Z o ()0 (47) = (7]
—1 Lai(yrd) Lai(A)

Ln(®) L))

+Zaq2z a)cai(yr)"? Avzi—v (14.1)

- L 7,(’)/1 A) LIZ(A) . —
l/ 1 1 v v
- E q 7, C l 1“ 1 A b .

From this relation we derive an asymptotic expression in A = A(a)| 0 for a 11.
From (3.2)iii it is seen that for AL 0, j=1,2;i=1,...,N,
gji(yrA) =4rO(A) for Rer > —dj;. (14.2)

From (7.5) and (7.7) we have

1—a=A""1L(A); (14.3)

and so it follows for A} 0 and Re r > §;; that:

1 —v
1—a gji(yrA) = rO(A*7Y). (14.4)

Because 1 > vj; — v > 0 for v;; # v we may write by using (7.5) and (7.15) that: for Rer = 0 and
= Ala)4 0,

=1+ Z [agoidai (yr) ">~ AYH 7Y — quidy; (v7) T AYETY] 4 rO(APTY).

i=1

1— E{e 41}
rAE{u}
(14.5)

Note that 2 — v > vj; — v since 0 < v;; < 2. Further we may replace a in the first sum of (14.5) by 1
because of (14.3), but for the present we prefer to keep a here.

The relation (14.5) is the starting point for our approximations. Actually, this relation has to be
inserted into (6.8), and if the integral can be evaluated we can obtain E{e~"4*}, Re r > 0, from (6.9).
It is this approach which we shall follow in the next section for the case that

di;=0, i=1,...,N. (14.6)

This assumption implies that the lefthand tails of all the distributions of the stochastic variable
u;,i = 1,... ;N — 1, are not heavy-tailed. It is shown that this assumption leads to an attractive
result which is conjectured to be most useful for practical purposes cf. the results obtained in [13].

15. HEAVY TRAFFIC APPROXIMATION FOR HEAVY-TAILED UPWARD JUMP

The assumption (14.6) implies that of the jump vector u only the right tail is heavy. For this case
we shall derive an asymptotic expression in A(a) for a 11 as well as in ¢ for ¢ — oo for the tail of the
stationary distribution of the random walk. We start here from the asymptotics for a 11, cf. (14.5)
and (14.6), i.e. for A = A(a)} 0, and Re p =0,



24

1 — E{e rAu} = A o
_— = ido; V2i Asz v A v , 1 ‘1
PAE{u] 1+ ;:1 ag2id2i(7p) + 7pO( ) (15.1)

with

v=min(ry, i=1,... ,N—1).

For the sake of simplicity it is assumed that

V=vg <V <...<UVsN_1. (152)

Obviously the sum in (15.1) can be continued analytically for Re p > 0, it can also be continued
analytically on the whole p-plane slitted along the negative real axis p < 0.

Put
; 1
TP = Teupa r Z Oa |30| S 57‘-’ (153)
then, since v > 1 and all vs; < 2,
N—1
W (P A) 1= Y aguidni A (yp) Tt =
i=1
N-1 (15.4)
ZGQQiinAV2i7VT'V2i71[COS(I/QZ' — 1) +1isin(ve; — 1)¢].
i=1
Hence for Re p > 0, and A(a) > 0,
L+ wn(p; A) #0, (15.5)

and this function is regular for Re p > 0, and continuous for Re p > 0.
Next we consider the function H(rA), cf. (6.8), with A = A(a), a < 1, and with the integrand
given by (15.1). So for A = A(a) > 0, cf. (6.8), and r > 0,

1ra) = o [ Bog {1+ wn(m )} + o2 ) 2
= 2%” / [log {1 +WN(77;A)}]77 i , % (15.6)

—ioco

1 yO(A*>™") . r dy
— | [log{1 -
" omi / llog {1 + 1+wN(n;A)}]n—r n

—ico
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From the properties of wy(v;A), mentioned above, see (15.5) it is seen that the second integral in
(15.6) can be evaluated by contour integration in the right half plane, cf. the evaluation of (9.2). It
is seen that for Re r > 0,

r dp
— =-1 1 s A) Y. 15.
= g {1+ un(riA) (15.7)

1 100
— [ [log{1l AN
s | Lol bt )
Next, we consider the third integral in (15.6). The expression (15.6) is obtained from (6.8) with

[1 — E{e "Au}|pAE{u} given by (15.1). It is actually a principal value integral at infinity, i.e. for
every € > 0 an R(g) > 0 exists such that, cf. (8.4), for Re r > 0, with F. := {n : |n| > R(¢), Re n =0},

mO(A*~) r

1 dn

— 1 1 — . 15.

2mi /[og{ +1+wN(n;A)}]n—r 7 | <e (15.8)
nek;

Obviously we have for Re r > 0, A = A(a)l 0,

iR(e)
1 mO(A*™Y) (o dn -
— 1 1 — =0(A=7"). 15.
57 [ el 2 S - o) (15.9)
—iR(e)
Hence from (15.6), . . . , (15.9) we obtain: for Re r > 0 and A = A(a)| 0,
H(r,A) = —log {1 + wn(r; A)} + O(A*™Y), (15.10)

and so from (6.9) and (15.10): for Rer > 0, A} 0,

1

E{e 4%} = mg +0(A*)}, (15.11)
or by using (15.5),
[E{e"4%) _ Hw;(r;m - |1fquN(7:)A)| — O(A*Y). (15.12)

REMARK 15.1. The lefthand side of (15.9) is as a function of A of order O(A%7"), as a function of r it
is regular for Re r > 0 and A sufficiently close to zero because then the argument of the logarithm is
never zero, cf. (15.5). The relation (15.12) shows that there will be no need to stress the dependence
of the order term in (15.12) on r. m|

From (15.12) it is seen by letting A} 0, i.e. a 11, that the first statement of Theorem 9.1 is again
obtained.

The relation (15.12) is used to derive an asymptotic expression for the event x/v > t for t — oo.
Herefor we start from

1 — E{e 4%} 1 wn(r;A)

_ 2—v
. T on A | = O(A%™), (15.13)
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for Re r > 0, A} 0. Note that the continuity of both terms in the lefthand side of (15.12) for Re r > 0,
implies that (15.12) also holds for Re r > 0.

The derivation of the asymptotic expression proceeds along the same lines as in Section 12; i.e. we
have to derive an asymptotic expression for the second term in (15.13) for |r|} 0, |argr| < 7 on the
r-plane slitted along r < 0 and then to use Theorem 2 of [10], vol. II, p. 159, which can be applied
here.

From (15.4) we have: for Re r > 0, |r|} 0,

1

;w(T;A) =0((yr)"™?), (15.14)

1 w(r;A) 1 1, s

-_ - = - A _ A v

P TraGd) — A et a) + 00T,

with

1 N

HW(T; A) = agordar (1) + ZGQQiin(W)"2“2A"2i*"_ (15.15)
i=2

From (15.13) and (15.15) we have for Re r > 0, |r|{ 0,

1— E{efrAx}

e "' Pr{x/y>t}dt = 1W(T/% A)
” r

Il
—y

= | e

w(r/y; A) + 0" ™%) + O(A*™) (15.16)

N
= agordar’ 7 + Z agoidor’? TEAVETY 4 O(Tyiz) + O(A2iy).
=2

We may apply Theorem 2 of [10, p. 159] to derive from (15.16) an asymptotic expression, since it is
readily seen that the conditions to hold in order to apply this theorem actually do hold, cf. [9]. To
apply this theorem note that the term r* in the L-transform for |r|| 0 yields a term ¢t=*~!/, (=) in
the asymptotic representation for ¢ — oo of the original function; whenever ) is a nonnegative integer
then , =1(=)) := 0.

We obtain from (15.16); for ¢ — oo, A} 0, or a 11,

t*(l/*l) N—1 t*(‘/2i*1) '7 o
Pr{Ax/y >t} = afhl@lm + Z a@idzimAWl Y+ 0@t")
’ =2 ’ v

i {1+ = @il (2-) (15.17)
— uda (2 vai)

+0(A?7Y) = ago1da m

t*(l/zi*V)AVzi*V + O(tlfu))} + O(A27l/)_

It should be noted that all terms in the righthand side of (15.17) are positive, and hence it is seen that
for a 11 the heavy-traffic Theorem 9.1 underestimates the probability in (15.17). However, (15.17)
over estimates this probability. This may be seen by using the second relation of (15.14) in (15.13)
and then proceeding as above to obtain the asymptotic relation for ¢ — oo. We shall not give here the
expression for this more detailed asymptotic relation but do note the ‘—’ sign in the second relation
of (15.14).
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In the expression for the heavy-traffic distribution of %X/ only the index v of the most heavy tail
of the distribution of the u;, i =1,... , N — 1, occurs. In the asymptotic expression (15.17) with a 11
or A(a)l 0 all the indices of the righthand tails of the u; occur, and so (15.17) may be used to assess
the influence of the less heavy tails. For instance if vy5 is only slightly larger than v then A¥227" for
0 < A < 1 may still be not so small, i.e. close to one, and the same applies for r—(*22=%) even for ¢
not so large, i.e. the second term of the expression in curled brackets in the righthand side of (15.17)
may not be small as compared to one, in particular if also gaadas > go1do1.

The relation (15.17) is actually an important result of the present study. In [13] an analogous
relation has been derived, and it turned out that it was most useful as an approximation even for a
not so close to one. It is conjectured that this also applies here. However, its verification requires the
numerical inversion of the expression for H(r), cf. (6.4) and (6.6), see therefor [15].

16. THE TRAFFIC MODEL

The random walk x,, n = 0,1,..., introduced in Section 1 is used to model the actual waiting time
of the nth arriving customer in a GI/G/1 queueing model with 7, the service time of this customer
and 0,41 the interarrival time between the nth and (n 4+ 1)th arriving customer. In the recurrence
relation (1.2) we then have u, = 7, — o p41-

The 7,, n = 0,1,..., and the o,, n = 0,1,..., are both sequences of i.i.d. stochastic variables,
moreover, these sequences are assumed to be independent sequences. Let 7 and o be independent
variables with distributions B(-) and A(-), respectively, where B(-) is the distribution of r,, and A(:)
that of o,. Then u in (2.5) may be written as

u=T1-o. (16.1)

We also have, cf. (4.2),

u=v-—w. (16.2)

In order to be able to apply the results of the analysis of the preceding section we first need the
relations which express the distribution of v in that of 7 and o, and similarly for w. Concerning
these relations we formulate the following

LEMMA 16.1 For 0 < E{7} < E{c} holds:

Pr{v>ov}=Pr{r > U}/lzf(ig(-:}—)a) dA(o), v >0, (16.3)
0

Pr{wa}:Pr{TZw}/IIf(iZ)(;_)ﬂ dB(t), w >0,

E{v} =E{r}Pr{7 > o}, (16.4)

E{w} =E{o}Pr{6 > 1};

here 7 and & have the excess distribution of that of 7 and o, respectively; further,
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E{v} -E{r} =E{w} -E{o} <.

PRrOOF. The first relation of (16.3) follows immediately from

v>v<— max(0,7 — o) >v, v>0,

and analogously for the second relation.
The relations in (16.4) follow from those in (16.3) by using

oo

B(v) = [ Pr{v> v},

0

and

Pr{7 < 7}:= / y)|dy,

(16.5)

and the analogous expressions for w and o. Finally, (16.5) follows from (16.1), (16.2) and (16.4). O

Put, cf. (16.5),

E{v} _ E{r}
E{u} < an a E{O'} <1
then from (16.4),
P
- Pr{r >0} <1,
“Pr Pr{c >}
and from (16.5),
1-— 1—-a
I—Z_ Pr{d >7} and gl—z = Pr{F >0}

Note that a simple calculation shows that

ProzT)= 1 }/{1 )1 - B()}do,

Pri72o)= 1- o }/{1 )}1 - B(o)}do,

and

(16.6)

(16.7)

(16.8)

(16.9)
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a<a, afl<atl, a=1l<a=1. (16.10)

The formulas (16.6), . . . , (16.10) describe some relations between a and a.
Next we derive the relations between the distributions of v and 7, in particular those between

Pr{v>wv} and Pr{r>v} for v — oo,

for the case that the distribution B(-) of 7 has a heavy tail, cf. (3.1); analogous relations for w and
o are then obtained.
From Lemma 4.1 we obtain by contour integration in the right semi-plane for Re p > 0,

a 1—-E{e "} B __1 ico 1—E{e ™} dy
a—1  pE{v} = 2mi s nE{u} n-p (16.11)
The following identity is readily verified: for Re p = 0,
1-E{e"}  1-E{e*T}E{er?}
pE{u} pE{u}
. E{T} 1-— E{efp'r} B E{U‘} 1— E{epo'}
- E{u}  pE{r} E{u} —pE{o} (16.12)
o, BATIEe) 1-BeT) 1o 5]
E{r} —E{o}  pE{r} —pE{o}

From (16.11) and (16.12) we can eliminate the expression in the righthand side of (16.11) by using
again contour integration in the right semi-plane. We obtain by using (16.8): for Re p > 0,

a 1-E{e”} a 1-E{e T} N a
a—1 pE{v}  a-1 pE{r} a—

- 1(p), (16.13)

1 [1-E{e"T} 1-E{e"®}

I(p) == — dn. (16.14)
(®) 2mi nE{r} -nE{e} n-p
Analogously, we have: for Re p > 0,
1 1-Ef{e "} 1 1-E{e "7} i
= — I(—p). 16.15
a—1 pE{w} a—1 pE{o} a—1 (=0) ( )

The first two terms in (16.13) are continuous for Re p > 0, so by letting pJ 0, we obtain,

a l—a
- ——{1+lmI/ =1
- 1l +lim (p)} ;
. (16.16)

a
1—alimI(— =1
a{ alim (—p)}
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From (16.13), . . . , (16.16), we obtain for Re p > 0,
1—E{e "} al-—a 1—E{e’T} I(0+) — I(p)
1-— = - 1-— 16.1
pE{v} al—a { pE{T} P 1+ 1(0+) (16.17)
1 —E{e "% 1-— 1 —-E{e=*9 I1(0—) —I(—
pE{w} 1-a pE{o} 1+al(0—-)
Replace in the integrand of (16.14),
I T
n—p n—p
it is then seen that: for Re p > 0, and |p|{ 0,
1(0+) = I(p) = O(p), (16.18)

The relations (16.17) express the L.S.-transforms of the distribution of v and of that of w in
terms of the L.S.-transforms of the distribution of the service — and of the interarrival time 7 and o,
respectively.

17. HEAVY-TAILED SERVICE- AND INTERARRIVAL TIME DISTRIBUTION
In this section it is assumed that both the service time— and the interarrival time distribution are
heavy-tailed, i.e. for Re p > 0,

1- %{;ﬁ} = Go(p) + &2(vp) ™ La(7p), (17.1)
1_% = Gi(vp) + & (v0) " La(yp),

with the symbols in the righthand side of (17.1) defined as the corresponding ones in (3.2); however,
we exclude here the case v = 2, so that

1<im<2, 1<y <2 (17.2)

From (16.17) and (17.1) we obtain: for Re p > 0,

1—Efe~"} al—a . al—a_, G .- 1(0+) — I(p)
1-— T{V} a m 92(7p) + a 1-a 02(7p) L2(7p) + 1+ I(0+) ’ (17 3)
. I1-E{e™"™}  1-a _ l1—a _ Gi—17 _1(0-) = I(=p) .
ii. 11— W = 1-a gi1(vp) + 1—a é1(vp) Li(yp) + a 1+al(0-)
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By writing in (16.14):

B/ S

n—p n—p’
it is seen that: for Re p > 0, |p|{ 0,

1(0+) = I(p)

T I = 0w, (17.4)

and hence this term is of the same order as the first term in the righthand side of (17.3) and of smaller
order than the second term in the righthand side of (17.3) since 1 < 92 < 2, cf. (17.3). However, with
the information so far obtained it is not yet possible to decide whether the lefthand side of (17.3) can
be characterized as in (4.10), i.e. with g2(-), ca, Lo(+) satisfying the conditions (3.2). This is due to
the term (17.4) in (17.3). For ¢ and Lo(+) there is no problem. The problem is that in general the
term in (17.4) is not necessarily regular for Re p > —¢ for a 6 > 0. Similar remarks apply for the
second expression in (17.3).

Actually, for our asymptotic analysis this lack of regularity at p = 0 does not prevent an asymptotic
analysis as shown in Section 7. There we needed of go;(+) only that it is of O(p) at p = 0. The last
term in (17.3)i, as well as that in (17.3)ii has this property, and similar as the go;(+), g1:(-), they do
not contribute to the ultimate limiting results, see herefor the next section.

18. COMPARISON OF LIMITS
In this section we shall compare the limiting behaviour of the jump vector u when starting from the
heavy-tail representation of v and w to that obtained by starting from a heavy-tail description of T
and o.

We start with the heavy-tail description of the distribution of v and w, as given by (4.6), so that
we have, cf. (4.10): for a < 1 and Re p =0,

1 —E{e™ a 1 _
1- E{{u} L. ] 92(70)—m91(70)
P (18.1)
acz vo—1 1 ~\v1—1 —
a2 Lo(yp) — =2 =1L (vp).
+ —— () 2(7p) = —— (7p) 1(7p)
Put
L(z) :== acaLa(x) + (—1)"c1 L1 (x),2 > 0, (18.2)
where
v :=min(vy, va). (18.3)
Let A(a) be that zero of
7 HL(z)=1—a, x>0, (18.4)

which tends to zero for a 11.
Put
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p =rA(a), (18.5)
then with A = A(a): for Re r =0,

_ efrAu
LB ™ L (A — g (97A)]

1 rAE{u} a—1

18.6
Ly(yrA) 180

IL(A)]

L1 (’yfA)
IL(A)]

_ aCQ(’)/r)Uz—lAuz—u + cl(,w;)ul—lAul_y

From g¢2(0) and the regularity of g2(p) at p = 0 follows by using (18.5) that: for Re r =0,

g2(rAd) A 2
1 —O(yrl_a)—O(yrA ) for ALDQ,

and similarly for g (y7A); note that L(A) # 0 for A} 0, cf. (3.2)iv. By letting a 11 or equivalently,
Al 0, we obtain: for Re r =0,

1— E{efrAu}

lim {1 — =1+ea ey di (yr) Tt 18.
algl{ FAE{u) }=1+end(yr) e1,d1(77) (18.7)
where,
goy =1 if v=uw, e, =1 if v=u,
(18.8)
=0 if v #uws, =0 if v#u,
and
. La(yrA) . Li(r7A)
dy == colim ———=, dj :=clim —————= .
T A L)) T T Taw (L)
Next we start from the heavy-traffic representation (17.1) for 7 and o with
172 = V3 and 171 =U. (189)

From (17.1) we have derived the expressions (17.3) for the heavy-traffic representations of the distri-
butions of v and w in terms of those of 7 and o. We substitute these expressions (17.3) into (4.5).
This leads to: for Re p = 0,

LR 8 - —— i)

1— =
pE{u} a—1 a—1

a ~ Vo — T ~ \V1— T =
+ =7 &) La(vp) & (vp)" " Li(vp) (18.10)

Ca-1

Lo 10H)-Ip) __a 1(0-)-1(p)
a—1 1+1I(0+) a—1 1+1I(0+)
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Put

L(z) = aéaLo(z) + (—1)"é1 Ly (x), = >0. (18.11)

Let A(a) be that zero of

7 No(z)|=1-a, x>0, (18.12)
which tends to zero for a 1 1.
Because §2(7p), gi(vp) are both of O(p) for Re p > 0 and |p| — 0, and also I(0+) — I(p), and
I(0—) — I(p) are both of O(p) for Re p > 0, and |p| — 0, it follows with
p=rA(@), Rer=0,

that for Rer =0,

1 _ E{e—’l"Au}

lim {1 — _ } =14 e0,dy(yr)2 7t —e1,dy (v7) 7L, (18.13)
atl rAu
where
dg = 52 1}1’11 M y Cil = 51 l}m M .
A |LA)] A |LA)]

We next compare the results (18.7) to (18.13). Take ¢; = &;, L;(-) = L;(-), j = 1,2, and g;(-) =
gi(+), 7 = 1,2, but instead of (3.2)iii, it is assumed that §;(p) is regular for Re p > 0, continuous
for Re p > 0 and O(p) for |p| — 0. It is then readily verified that the results (18.13) and (18.7) are
equivalent, because of (16.8), . . . , (16.10) and the fact that

A(a)/A(@) =1 for atl.

In traffic modelling the distributions of the service time and of the interarrival time are usually the
input data. From the results of the present section it is seen that an analysis based on v = max(0, 7—0)
and w = —min(0, 7 — o) leads to equivalent heavy-traffic results as it could be expected but also to
a somewhat simpler analysis, in particular if one is interested in asymptotic heavy-traffic results for
mixed traffic cf. Section 5.

19. HEAVY TRAFFIC APPROXIMATION FOR HEAVY-TAILED DOWNWARD JUMP
In this section it is assumed that the jump vector does not have a heavy upward tail. This means
that we have to take

dyi=0,i=1,...,N—1. (19.1)

This implies that (14.5) can be rewritten as: for Rer =0 and A = A(a)] 0,

1 - EferAu} =
_— - =1 E oy ()Tt A Y A2V, 19.2
rAE{u} i=1 2chi (77) +rO( ) (19.2)
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For the sake of simplicity we take N = 3 and v1; < vy2. From the result to be obtained it is easily
seen how the result for general N =4,5,... , will read, cf. Remark 19.1.
Put, cf. (8.8),

Bi1:=quidi1, B2 := qiz2dia,

) (19.3)
v = min(un,l/12) =11 <12 and wig = Bll/(yil).
Next we consider the function H(rA), cf. (6.8), with A = A(a),a < 1 and with the integrand given
by (19.2). Hence for Re r > 0 and A(a)l 0,

ico

1 r d
H(yrA) == [ flog{l—Bui" ' — Buai* 'A%~ 4+ ynO(A% ")} ——
2mi n—rmn
- (19.4)
1 r_dn
= — [ [log{l — By1p”~! — Bianp" 2 tAV27Y L O (A% —.
o / [log { 117 127 +y10( )}]77+7“ 7
Note that
1 _ Blln’/71 _ B12771/1271A1/127V’
is regular for Re n > 0. For A = A(a) > 0 but sufficiently small it is seen that
Byn’ ' =1— Ban”2 tA"27" Ren > 0, (19.5)

has only one zero in Re 7 > 0, note that v > v12 and apply Rouché’s theorem to a contour consisting
of the interval (—iR,iR) and the semi circle in the right half plane with center the origin and radius
R with R — oc.

Denote this zero by 19, note that n9 > 0, and so

1
o= w_n[l — Buoy 2 A2
1 B 1
= [ T AT (A )
w11 v—1 w11
) B ) (19.6)
= —[1— iAVw—V _ = \viz—1 1 O(AV12—V
(1 - A () (L O )]
1 Bl2 1 vig—1 _ o
= —01— S v AN = AV1z—VY
1 - () T A oA )
We next rewrite (19.1): for Rer > 0, A = A(a)] 0,
]. o ]. — Bll’l’]l’_l — B1277V12_1AV12_V T d’l’]
H(yrA) = — lo +lo — —
(r8) = 5 [ los — )+ gl = m)] =]
1 ico q 1 i
r n n
=5~ | log(n—mo) — = 5— [ log(n—mo)dlog
i, n+rn 27, r+mn (19.7)
—ioco —ico .
n tico _ L n_ dp
=l 1 — 10— log ——]——
[ognw og(n —m0)] i — 5~ | [ognw]n_770
1
= log o - log

no+7 1+7r/n0
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In (19.7) the first equality sign follows immediately from (6.8) and (19.2). To motivate the second
equality sign in (19.7) note that the first logarithm of the integrand is regular for Re n > 0, and so
since Re r > 0 its contribution to the integral is zero, as it is readily seen by contour integration in
the right half plane. The third equality sign follows by differentiation of log {n/(r + n)}. The fourth
equality sign stems from partial integration. Here the limits of the term between square brackets for
1 — £ioo are zero. Since log {n/(n + r)},Re r > 0, is regular for Re n > 0, the last integral in (19.5)
can be evaluated by contour integration in the right half plane and this leads to the fifth equality sign,
and the last equality sign is trivial.
As in Section 10 we obtain from (6.9), for Re r > 0,A = A(a)} 0

E{e "4%/7} = T% (19.8)
with, cf. (19.6), 1/no given by: for A | 0,
1 =wi[l+ L312(i)("lz—l)/(V—l)AWz—"] + o(AV127Y), (19.9)
No v—1 By
whenever

Vv=r11 <Vi2< - --<VIN-1-
The relation implies that Ax /v is negative exponentially distributed with first moment 1/7q.
REMARK 19.1 The derivation above can be repeated for general N, and it is seen that the result

(19.8) is again obtained with 1/n given by

N
1 1 1
i 1 - B - (l/lifl)/(Vfl)Al/lifV AVi2—VY
770 wii[ +V_1i2:; 12(311) ]+ of )
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