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Abstract

We study the superposition process of a class of independent re-
newal processes with long-range dependence. It is known that under
two different scalings in time and space either fractional Brownian mo-
tion or a stable Lévy process may arise in the rescaling asymptotic
limit. It is shown here that in a third, intermediate scaling regime a
new limit process appears, which is neither Gaussian nor stable. The
new limit process is characterized by its cumulant generating function
and some of its properties are discussed.
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1 Introduction

This study is concerned with the asymptotic scaling behavior of sums of
independent random processes with long-range dependence. Specifically, the
long-range dependent process will be a renewal counting process with heavy-
tailed inter-renewal times. It is known that the superposition process of
independent copies of such processes, suitably scaled, may exhibit rescaling
limits. In fact, different limit processes may arise depending on the details
of the rescaling scheme.

To explain the framework, consider b(m;ff) S (Xh, — cT't), the sum-
mation process of m i.i.d. copies of a centered random process {X;}, where
b(m,T) is a normalization constant as m and 7" tends to infinity. Taqqu and
Levy (1986), and recently Levy and Taqqu (2000), take X; to be a renewal-
reward process and study the limit under assumptions of heavy tails of
both renewal times and rewards, hence implementing the idea of Mandel-
brot (1969) to use renewal-reward processes with a heavy-tailed distribution



of the inter-renewal times to study long-range dependence phenomena in
physics and economics. The scaling limits investigated in Willinger et al.
(1997) and Taqqu et al. (1997) refer to the case X; = fot Zsds where {Z,;} is
an on/off process with heavy-tailed distributions for on-periods, off-periods,
or both. This application is related to the nature of network traffic, with
{Z;} being a traffic rate process, and the results discussed in Willinger et
al. (1997) relate a global self-similarity property, claimed to be intrinsic for
Internet traffic, with the local property of heavy-tailed distributions of on or
off periods. The main result for both of these models is that if m tends to in-
finity first, followed by T', then the rescaled process converges to fractional
Brownian motion, whereas if the order of the limit operations is reversed
then the limit is a stable Lévy motion.

This motivates the search for a simultaneous limit regime in which one
of the parameters m or T is a function of the other, with the hope of finding
a new limiting process which would provide the “missing link” between frac-
tional Brownian motion and stable Lévy motion. This is the idea behind this
paper, as well as of Mikosch et al. (2002) for on/off-processes (also infinite
sources Poisson model) and Pipiras et al. (2002) for a class of renewal-rate
processes. It is shown by Mikosch et al. (2002) that the limit process de-
pends on the “connection rate”, i.e. on the rate of growth of the number of
users m = M(T) compared to the time scale T®~!, where « is the regular
variation exponent of the tail of the distribution of the on-periods. However,
the limiting processes are still the same as in the double-limit case. Namely,
if the connection rate is fast, meaning that M (T) grows faster than 77!,
the limit is fractional Brownian motion. If the connection rate is slow the
rescaled process converges to a stable Lévy motion. Analogous results are
reported in Pipiras et al. (2002) for the case of renewal-rate processes.

We investigate the third limiting regime corresponding to an “interme-
diate” connection rate, using standard renewal processes with heavy-tailed
inter-renewal time distribution, and derive a new non-Gaussian and non-
stable limit process. Following the introduction of the model, Section 2
contains the main convergence result. Section 3 studies various properties
of the limit process. In Section 4 we have collected results for the underly-
ing heavy-tailed renewal process required for the proof, some of which may
also be of independent interest. Finally, in Section 5 we give a proof of the
theorem based on cumulant generating functions.

1.1 A renewal-based model for the arrival process

Consider the renewal process {S,,} generated by a sequence of independent
non-negative random variables {Uy}i>1, i.e. Sp = > 5 ; Ug. The inter-
renewal times {Uy }r>2 are supposed to be identically distributed with dis-
tribution function F(t), while the distribution of the first inter-renewal time
U7 can be different. Our basic assumption is that the inter-renewal distri-
bution F'(t) has a regularly varying tail with exponent 1 4+ 3, 0 < § < 1,



i.e. there exist a slowly varying function L(t) such that
1—F@) ~tIL@1), ast— oo. (1)

Thus the variables Uy, k > 2 possess finite expectation p but the variance
is infinite. As for the distribution of the first renewal Uj, in the context
of our applications it is natural to choose it to be equal to the equilibrium
distribution

R =+ [1=Fe)as,

so that the resulting renewal point process becomes stationary. In particular,
this implies that the corresponding renewal counting process

Ny = max{n : S, <t}

has stationary increments. The usual pure renewal processes with the same
distribution F(t) for all renewal intervals also emerge as we proceed. Hence-
forth, by N; we will always denote the stationary renewal counting process,
while N, Will correspond to a pure renewal process.

Let {N } 1 =1,...,m be m independent copies of the stationary re-
newal counting process {Nt}. We are interested in the asymptotic properties
of the superposition process

m .
W(m,t) = Z Nt(z),
i=1
which counts the total number of renewal events occurring in corresponding
renewal sequences {S,(f)}, i=1...m, up to time ¢t > 0.

The summation processes discussed in the introduction have been sug-
gested as models for the total workload at a network node arising from m
independent sources sharing a common medium, such as a local area net-
work. In the light of such applications the process studied here can be
thought of as a rudimentary packet arrival model with heavy tails, which
in a sense acts as a skeleton for more detailed models designed to capture
the workload behavior in real systems. In this simple model source ¢ gen-
erates one packet at each time epoch {Sy; @ tn>1. The amount of work from

(4)

source ¢ up to time t > 0 is Nt , and W (m,t) represents the cumulative
arrival process of the system counting the accumulated work generated by
all users. We will investigate the behavior of the (rescaled) process W (m,t)
as the number of sources m grows to infinity and time is suitably rescaled,
under the assumption that the distribution of packet inter-arrival times is
heavy-tailed.

2 Convergence result

Our object of interest is the centered and rescaled process

yOm () — bi(W(m, amt) —

mamt),



where the sequence a,, governs the rescaling of time and b,, is the corre-
sponding normalization of “space”. The centering sequence ma,,t/u corre-
sponds to the expected value EW (m,t) = mt/pu.

We assume that the scaling sequence a,, is any sequence such that a,, —
00. The rate of growth of a,, relative to m determines the asymptotic
behavior of Y™ as m — oo and it is known that the choice of such growth
rate conditions results in a fundamental dichotomy in the asymptotic limit
under the rescaling scheme (2). Essentially, if a,, grows slowly compared to
m then the limit is fractional Brownian motion and if a,, grows fast relative
to m the limit is a stable Lévy process. The contribution in this work is the
derivation of a new limit process under a third, intermediate, limit regime.
Thus we will discuss the following three options:

e Fast connection rate (number of users grows faster than rescaling of
time):
mL(ay,)
B

am

— o0, (FCR)

e Slow connection rate (time is rescaled faster than the number of users
grows):
mL(ap,)
B

am

— 0, (SCR)

e Intermediate connection rate (time is rescaled proportional to the
growth of the number of users):
mL(a
mllem) .. aor)

am

The conditions (FCR) and (SCR) are equivalent to the fast- and slow-growth
conditions used in Mikosch et al. (2002), as can be verified similarly as in
their Lemma 1.

Some further remarks are in order concerning the choice of the rescaling
scheme (2). In this paper the time scale a,, is taken to be a function of
the number of users m, and the rescaled process W(m, a,,t) is studied as
m tends to infinity. In contrast, Mikosch et al. (2002) consider the number
of users M(T') in the on/off-model and the connection intensity A(T") in
the M/G/oo model to be functions of a time parameter 7', and let 7" tend
to infinity. The latter limiting scheme is also used by Taqqu and Levy
(1986) and Pipiras et al. (2002) in the renewal-reward process setting. This
is in effect an inverse scaling as compared to (2), which in our case would
correspond to the process W (mp,Tt), where T' — oo. In the limiting scheme
(2) the sequence a,, can be regarded as an inverse function of M (7).

The term “connection rate” is used above in a descriptive sense, only
indicating the relationship between the number of sources and the time
interval over which the sources are active, and should not be thought of as
a rate in the sense of number of connected users per unit of time.



We begin by stating the limit results for Y™ under fast and slow con-
nection rate scaling. The results are in complete analogy with those found
by Mikosch et al. (2002) and by Pipiras et al. (2002) for the more complex
but related models studied in these papers, in the case when the heavy tails
are parametrized by a single parameter. In our case of simple renewal pro-
cesses the proof of convergence under fast connection rate, part A), can be
carried out by modifying selected parts of the proof of Theorem 1 below,
see section 5.5. The convergence result under slow connection rate, part B),
will be discussed in a more general framework elsewhere.

Theorem. Under assumption (1) and one of the assumptions (FCR) or
(SCR) the following limiting relations hold:

A) Under condition (FCR), as m — oo,

W (m, apt) — mdmt

11-%
m2am * L(an,)

= |8
&
~

= ,u73/205 Bp(t), 0123 - B(1—75)(2-p)

SIS

where = denotes weak convergence of processes in the space of cadlag
functions and By (t) is standard fractional Brownian motion of index
H=1-3/2.

B) Under condition (SCR), let L*(u) be a slowly varying function at in-

finity such that L(uﬁL*(u))/L*(u)Hﬁ — 1 as u — oo. Then as
m — oo,

W (m, amt) — ™4mt 4y
p_ Jdd —pGEO/AFB) A (1), (4)

(map,) 45 (mayy,)

dd . . . . . .
where fdd denotes convergence of the finite-dimensional distributions
and A (t) is a-stable Lévy motion of index o = 1 + (3, such that

Ay (t) ~ Sa(cgl/atl/a, 1,0), ¢ = (1 —a)/(I'(2 — ) cos(mr/2)).

Our main result establishes a new limit process in the asymptotic regime
between A) and B) of the above, corresponding to the condition (ICR),
where the appropriate norming sequence in (2) is seen to be simply b,, = ap,.

Theorem 1. Under assumption (1) and the intermediate growth condition
(ICR), as m — oo the weak convergence of processes

m 1 Uk i amt W(m7amt) — Ml _
Y = =S (NP, - T = R ZION )

Qa a
mo_q H m

holds, where Yg(t) is a zero mean, non-Gaussian and non-stable process with
stationary increments. The limit process is not self-similar, it is continuous
and has finite moments of all orders. The finite-dimensional distributions



of the increments of Ys(t) are characterized by the following cumulant gen-
erating function:

log E exp { Z 0; (Yg(ti) - Yﬁ(ti—l))}
i=1

1 n ti—ti—1 v
= EZG?/ / %y =P dudv
Z Z 0:0; ezk ZH@k(tk tp—1)
ﬁ

=1 j=i+1
ti—ti—1 ti—ti—1
X / dv/ eVt —ti +u+ o) Pdu,  (6)
0 0
where 0 =tg < t1 < --- < tp.

Remark. We have chosen the constant in front of the process Y(t) in (5)
to be negative since it turns out that the limit process of ¥ (") (t) has nega-
tively skewed marginal distributions. Hence Yj(t) is “positively skewed”.

3 Properties of the limit process

3.1 Elementary properties

Marginal distributions. The cumulant generating function of the mar-
ginal distributions of Yj3(t) is

92 t rv
log EBe?Yst) = — e u=P dudv. (7)
B Jo Jo

This also can be written as

log Ee?Ys(®) — 6227 M(1—3,3—3; 0t 8
g a—pe_pM1-83-0060, (8)
where
M(a,b; 2) I'(b) I'(a+k)z

I'(a) Fb—i—kk'

is the Kummer’s special function from the famlly of confluent hypergeomet-
ric functions.

Proof. The expression (7) follows from (6) with n = 1. To prove (8),
observe that for parameter values with Reb > Rea > 0 Kummer’s function
M (a,b; z) possesses the following integral representation (Abramowitz and
Stegun (1992, 13.2)):

T 1
M (a,b; z) = __L®) ut (1 — w)b" L du.
—a) Jo



On the other hand, the change of the order of integration in the double
integral (7) together with the change of variables v’ = u/t gives

//e uw P dudv = >~ 6/ "y P (1 — ) du,

and (8) follows. O

Moments. The process Y3(t) has finite moments of all orders. In partic-
ular,

EYs(t) = 0,

B0 = gipagt )

Skewness = E[Yg ) = 3VAE — A0 - ﬁ)3/2 #0/2

- EBYZ)P2 V2(3 - B) ’

L BMGOL L B0-BR2- B’
Kurtosis = W —3(1+ G_R4-5) tﬁ).
In general, for k > 1,

EYj(t) ~ (k= Dk t*=P ast — oc. (10)

Bk —1—p)(k—B)
Proof. Since the moment generating function of Yj3(t) exists for each real 6,
all moments are finite. Relation (8) yields

log EeMYs(®)  — Z L
og Fe = ﬁ _1_ BICEOLE

The cumulants of the marginal dlstrlbutlon are now obtained by differenti-
ation with respect to 6:

0Y5(t)

k
——-log Fe = (k = Dk th=>
do* oo Bk —1=B)(k~p)
In our case, since EY3(t) = C1(t) = 0, the first three moments of Yj3(t) are
equal to the cumulants. Computations for any higher moment can also be
carried out but do not lead to simple expressions. However, the moments

have the same asymptotic behavior when ¢ — oo as the cumulants, and thus
(10) follows from (11). O

Ch(t) = (11)

Covariance. The covariance function of Y3(t) equals
EY3(t)Ys(s) = o (27 +*0 — |t — s*77), (12)
where the constant 0% is defined in (3).

Proof. Since the process Yp(t) has stationary increments, the covariance
follows from (9):

EY(t)Yp(s) = %(Var[Yg(t)] + Var[Ys(s)] — Var[Ya(t — s)]). O



Regularity. The trajectories of the process Yj(t) are Holder continuous
of order ~ for any 0 < v < 1.

Proof. This property follows from the general asymptotic form (10) of the
moments by applying the Kolmogorov-Centsov criteria. [J

3.2 Relation to fractional Brownian motion

We have seen above that the first two moments of Y;3(t) coincide with the
corresponding moments of the (multiple of) fractional Brownian motion
ogBp(t) of index H =1 — (3/2, while higher order cumulants and moments
are different. For comparison with (10),

EBF(t) ~ const t*178/2)  ast — 0.

The Kolmogorov-Centsov criteria applied to this case yields that fractional
Brownian motion of index H is Holder continuous of order + only for 0 <
v < H. Consequently, the process Y3 is more regular than FBM.

Note also that the process Yj(t) has the same covariance function as
the (multiple of) fractional Brownian motion o3 By (t). Since this function
is self-similar in the sense of self-similarity of deterministic functions, the
process Yj(t) is second-order self-similar. However, it is not self-similar in
general. The relationship of the limit process Y3 to FBM as well as its
scaling properties are further clarified in the next result.

Corollary 1. The process Yg(t) obeys the scaling limit relation
?Ys(t)c) = o3 Bu(t), H=1-p3/2, ¢ — 00, (13)
in the sense of weak convergence of continuous processes.

Proof. This result is easily derived from (6), by observing that the cumulant
generating function of the finite-dimensional distributions of increments of
fractional Brownian motion with index H =1 — 3/2 can be written

log E exp { Z 0; (B (t:) — BH(tzel))}
i=1

= %ZZHZG] Cov <BH(tz) — BH(tz;l),BH(tj) — BH(tjfl))

i=1 j=1

1 <u & B i
252292‘%(#@-714”2 Oty — ;>0

i=1 j=1

Hti = tia?0 = i1 - tj—1!2_6>

n ti—ti—1 v
=0 Z 922/ / u™? dudv
=1 70 0



ti—ti—1 ti—tj—1
+o01 Z Z 0;0; /0 /0 (tj_1 —t;+u+ U)fﬁ dudv,

where 01 = (1 — 3)(2 — ). By comparing this representation with (6), it is
seen that under the scaling (13) all the exponential factors appearing in (6)
are wiped out leaving only the Gaussian distribution of the FBM. [J

3.3 Relation to stable Lévy motion

In order to indicate the relationship of Yp(t) to a stable Lévy motion,
consider the stable Lévy motion A, (¢) with marginal distributions totally
skewed to the right, which appears in (4). The cumulant generating function
of (Aa(t1),...,Aa(tn)) exists for (01,...,6,) such that ; <0,i=1,...,n
(Samorodnitsky and Taqqu (1994, Proposition 1.2.12)), even if it does not
characterize the distribution. Since the increments of the process A, (t) are
independent and Ay (t;) — A (ti—1) ~ Sa(cgl/a(ti — ti,l)l/o‘, 1,0), where ¢,
is introduced in (4), the same proposition yields

log F exp { Z 0; (Ao (ti) — Aa(ti—l))}
i=1

= Zn: log E exp {Gi (Aa(ti) - Aa(ti—l))}

T _

= —(cq cOs 7) ! Z(_ei)a(ti —ti-1)

i=1
1 i 9 ti—ti—1 [e%s} 0 s
=—= 0: e’y P dudv.
LA
=1

This expression may now be compared with (6).

3.4 Interpretation as packet arrival model

Recall that an application we have in mind of the summation scheme in (2)
is that W (m,t) counts the accumulated number of packets generated by m
independent users sharing a common medium, when the arrival stream from
each source is characterized by a heavy-tailed interarrival distribution. It
follows from Theorem 1, applying (ICR), that for large m

mt  am mt 1 _
W (m,t) ~ T Ys(t/am) ~ e W\/m[l(am)a}n BI2Y 4 (t ) am).

Invoking also Corollary 1 gives the coarser approximative representation

1 o
W(m, t) ~ ;mt — 111,3—[/32\/ mL(am) 3176/2@)'



This provides a verification of the model for Ethernet type traffic proposed
by Norros (1995). A more comprehensive discussion of arrival process mod-
eling with long-range dependence and further references can be found in Kaj
(2002).

4 Some properties of renewal processes

To prepare for the proof of Theorem 1 we need structure results for the
functionals E [ezzn:l@iNti] as well as the precise asymptotics of high order
moments E(N; —t/ 1)¥, and the analogous results for the pure renewal pro-
cess N;. The technical key to our proof of Theorem 1 is Proposition 1 below,
which is somewhat related to an integral equation in Kaj and Sagitov (1998,
Lemma 3), derived in a different context.

4.1 Moment generating function for the n-dimensional dis-
tributions

In this section we give two results for the multivariate moment generating
functions of general renewal processes, not necessarily subject to a tail con-
dition such as (1). It is assumed only that {N;} is a stationary renewal
process with inter-renewal times {U,},>2 with distribution function F'(t)
and finite mean value u = E(Uy,), and that the first renewal time have the
equilibrium distribution Fj(t). The notation {N;} is used for the corre-
sponding pure renewal process with all interrenewal times having the same
distribution function F'(t).

Proposition 1. Fizn > 2 and a sequence of time points 0 < t1 < -+ < t,.
The moment generating function of the finite-dimensional distributions of
the stationary renewal counting process { Ni} satisfies the recurrence relation

E[ezzlzl eiNti] — E[@E?:Q GiNti]

1—e t

+ EleXie0iNt—u] gpleNu Tin 01], (14)

where Ny is the corresponding pure renewal counting process.
Proof. We have
BleXi=10iNt] _ pledliz=2 0N ] — Bledlize OilNe (B Nu _ 1)),
By summing over all jumps in (0, ¢1] the term on the right side can be written

E[eE?:2 0: N, (691Nt1 —1)]

o0
= E[Z 1{Sjgt1}62?:2 eth,L (eelNSj _ eeleji)]
j=1

10



[oe)
- E[Z 1{5131}62’:2 0o =Ns; ) 20im 0ilVs; = 0L, 20i(efr —1)].

For any j and i > 2, on the set {S; < t1} the increment Ny, — Ng, has the
same distribution as Ny, _g;, by stationarity. Now conditional on {S; = u},
Ni_y, t > u, is the pure renewal process associated with the sequence {S,},
n > 2. It follows that

E[ezzn:ﬁiNti] — E[QE?ZQ eiNti]

0i Ny, — " 10iNg. _
Moreover,
62?:1 0iNs;—  _ (62?:1 0iNs; —62?:1 Gist_)/(ezzlzl 0; 1)

= A, (eNe D0 (eZi % 1)

and so
E[QE;L:1 9¢Nt.] _ E[QEZLZQ «9¢Nti]
Yot
eli= L
- ezz 10 _ [Zl{s <t1}E iz Oile;- ]’fS]AS ( “21:191)]
1—e B S
:WE{ (" preteat B gzt
1_6701 t1

= W E[ez:?:Q eiﬁti—u] dE(eNu Z?:l 01)
— e Zva=1" [

O

Lemma 1. The moment generating function of the finite-dimensional dis-
tributions of the process { Ny} is differentiable in the time variable and relates
to the corresponding function for the pure renewal process { N¢} as follows:

BeSiatf = M 5~ O prsi ey (15)

Proof. We will use a counterpart to the one-dimensional renewal theory in
higher dimensions developed by Hunter (1974). The author considered the
two-dimensional case, but the ideas are based on two-dimensional Laplace
transforms and convolutions, and carry over to any higher dimension. We
will prove our claim for n = 2 as well, the proof for any other n follows the
same pattern. Consider the two-dimensional convolution

A xB(s,1) = /0 /OtA(s—u,t—v) B (u, ).

11



It is commutative with respect to A(s,t) and B(s,t) and, if A(s,t) is differ-
entiable almost everywhere, then

0
s (A **B)( t) =

Proceeding with the proof, we have

((;95 ) xxB(s,t) + A(0,-) xxB(s, ). (16)

el Net2Ny _ Z Z et p(N, = p, N, = m) (17)

n=0m=0

and the same holds of course for the process {Nt} We will prove that the
probability P(Ng = n, Ny = m) is differentiable in both s and ¢, and

%P(NS =n,Ny=m)+ %P(NS =n,Ny =m)
,u_l(P(]vs =n—1,N,=m-—1)
= —P(Ny=n,Ny=m)) ifn>1m>1, (18)
—p tP(Ng = n, Ny = m), ifn=0o0rm=0.

In view of these relations, the claim of the lemma will follow by differenti-
ating both sides of (17).
Introduce the bivariate renewal distribution

G(s,t) =PU, <s,U, <t)=P(U, <sNAt)=F(sAt).

By Corollary 3.1.1 of Hunter (1974), for n,m > 0,

P(Ns = n’ﬁt =m) = Hpp **G**n/\m(S,t)» (19)
where
— G(s,t) — G(s,t) + G(s,1), if n =m,
Gnom(5,t) — Gnmi1(s,1)
Hpm(s,t) = ~Gpom-1 **G(8,t) + Gppm xxG(s,1), if n >m,

C_r'm_@(s t) — Gon—nt (s, t)
—Gmn—1**%G(8,1) + Gu_n #*%G(s,t), ifn <m,

with the notation Ag(s,t) = A™F(s,t), A(s,t) = A(s,00), and A(s,t) =
A(oo,t) for any function A(s,t). Observe that Gy(s,t) = G**(s, 00).
In the stationary case the same argument with slight modifications gives
forn>1,m>1,
P(Ns =n, Ny = m) = Hpp %K +xG™""" "1 (5 t), (20)

where K (s,t) = Fi(s At). Cases where n =0 or m = 0 are special:

P(Ns=n,N;=m) =

12



1—K(s,t) — K(s,t)+ K(s,t) if n=m=0,
Lp_1(s,t) — Ly(s,t)
= —Gpo1 #xK(s,t) + Gy xxK(s,t)  ifn>1,m=0, (21

Lin—1(s,t) = Lin(s,t)
—Gp—1 %K (5,t) + Gy %K (s,t) if n=0,m > 1,

where Li(s,t) = K *xGy/(s,t).

To prove (18) for m,m > 1, consider the probability in (20). Since
F(t) is differentiable, so is the function K (s,t) for s # ¢t and %K(s,t) =
F{(s)1{s<s. In particular, for s # t,

0

%K(s,t) + %K(s,t) = F/(sAt) = (1—G(s,t))/p.

Consequently, the convolution (20) is also differentiable and an application
of (16) with A = K and B = H,,,, »*G™*""™~! yields

0 0
&P(NS :TL,Nt :m)+ aP(NS :’I’L,Nt :m)
= Hou (- ) #eG™ 1 (5,1
+H,,, **(%K) sex GV (g 1)
= u H,yy #5(1 — G) 5GP (501, (22)

The function Hy,,(s,t) depends only on the difference |n — m|, so that
Hpm(s,t) = Hyp—1m—1(s,t). Hence combining (22) and (19) we get the first
part of (18).

In the case when n = m = 0, observe that K (s,t) = F(s), which implies

%R’(s,t) + %R’(s,t) — Fl(s) = (1— G(s,1)) /. (23)

Thus, differentiating (21) in this case yields

0 0

%P(NS :Oth :0)+§_(NS :07Nt:0)
=—p 1 (1=G(s,t) — G(s,t) + G(s,1))
- _:uilHOO(S?t)?

which gives (18) for n = m = 0 in view of (19).

It remains to prove (18) in the case when only one of n and m is equal to
zero. As earlier, since the function K (s, t) is differentiable almost everythere,
so is the convolution (G **K)(s,t) and due to (16),

%(Gk wx K ) (s,1) + %(G’k #xK ) (s,t)
=Gy **(%K)(s,t) + G **(%K)(s,t)

13



= LGy ##(1 = G)(s,1). (24)
Further, since L(s,t) = K xxGy(s,t) is differentiable, we can interchange
the limits:

O sty = L (lim (K +xGy) (s5,0)) = lim 2 (K ##G) (5.1).

0s 0s \t—oo t—o0 s

Hence

2f/k(s,t) + gik(s,t) = (QK) *xxG (s, 00) + (%K) x*xG (s, 00)

Os ot 0s
— 41— G) Gi(s, 0)
= (Gr(s,t) — Grpa(s,t)). (25)

In such a way, differentiatiation of (21) in view of (24) and (25) yields

0 0
&P(Ns =n,Ny =m) + aP(NS =n,Ny =m)
Gn(s’t) - GnJrl(S’t)
1 ~Ghpo1 #*%G(s,t) + Gy xxG(s,t), ifn>1,m=0,

T Gulst) = G (s,1)

~Gm1 #*%G(s,t) + Gy xxG(s,1), ifn=0m > 1,

The right-hand side is the function —u~'H,,,, where one of n or m is equal
to zero. But in this case the right-hand side of (19) is equal to H,,,, and
the second part of (18) follows. O

4.2 Moments of the renewal counting process

As we shall see, the limit of the one-dimensional distributions is determined
by the asymptotic behavior of the moments EN} of the counting process.
Introduce as usual the renewal function U(t) = Y ° | F*"(t). Observe that
for a pure renewal process EN;, = U (t), while in the stationary case we have
ENy = Fy(t) + F1 «U(t) = t/p. The known result by Teugels (1968) states
that if the renewal distribution F'(t) has a regularly varying tail with index
a, 1 < a < 2, then for the pure renewal process, as t — oo,

U —tjp~ — T (26)
@-DE-a) &2
and 5
Var Ny ~ 2 r L(t).

2-a)B-a) /&

A well-known fact is that all moments of the renewal counting process exist
and are finite (Asmussen (1987)). The following proposition extends (26) to
cover arbitrary moments ENtk and stationary renewal processes.

14



Proposition 2. If the renewal distribution F(t) has a regularly varying tail
with index o, 1 < a < 2, then for any integer k > 1, as t — o

a) for the pure renewal process

E-kIT(2—a) thtl-e
(a—1)T(k+2—a) pktl
(—l)kk‘ tk-i—l—a

L(t),  (27)

ENf = (t/n)"

> Sk
E(N,— EN;)" ~ il _a) A L(t). (28)
b) for the stationary renewal process
kE—1)-kIT(2 - a) thtl-o
ENF— (t/p)f ~ 4 L(t 2

(_1)k(k _ 1)k thtl-a
(a=1)(k—a)(k+1—q) pkt!

E(N; —t/p)* ~ L(t). (30)

In the proof we need some properties of the class R, of regularly varying
functions with index p. The following are stated in Bingham et al. (1987,
Proposition 1.5.7):

(i) If f € Ry, then f* € Rq,.
(ii) If fi € Ry, i = 1,2, then f1 + fo € R,, where p = max{p1, p2}.
Lemma 2. Further properties of regqularly varying functions are:

(i) If fi € Rp,, @ = 1,...,n, p; # p;j for i # j, and ¢; € R, then
Yo cifi(z) ~ epfr(x), as x — oo, where k is the index of the largest
Pi, i:1,...,n.

(iv) If fi(x) ~ a;z?L(x), as x — oo, with a; € R, L(x) slowly varying and
¢ € R, then Y7 ¢ifi(x) ~ Y1 ciayzPL(x), © — .

Proof. (iii): Property (ii) yields that >, ¢;fi(z) € R,,, where p, =
max{p1,...,pn} and hence Z?Zl cifi(xz) ~ ckfk(x)f(x), for some slowly
varying Z(m) We claim that if p; # p; for i # j, even more is true:
L(z) = 1. This follows trivially from the representation 37 ¢;fi(x) =
o ciafiLi(z) by dividing with ¢ fi(x) = cgaP* Li(z) and taking  — oo.

U

The idea of the proof of Proposition 2 is that arbitrary moments EN[ can
be expressed as “polynomials” with respect to convolutions of the renewal
function, hence the asymptotics for them can be obtained from Teugels’
result (26). Standard techniques when dealing with convolutions involve
Laplace-Stieltjes (LS) transforms and Karamata’s Tauberian theorem (Bing-
ham et al. (1987, Theorem 1.7.1)), which states that the behavior of a func-
tion at infinity is determined by the behavior of its LS-transform at zero.

15



Denote Vi (t) = ENf, where, to start with, no assumptions are made
about the distribution of the first renewal. Note that the LS-transforms of
Vi(t) and U (),

vg(s) = /000 et dVi(t), u(s) = /000 e StdU(t),

exist and are finite. We proceed with some supplementary lemmas.

Lemma 3. The LS-transforms vi(s) of Vi(t), k > 1, satisfy the recurrence
relation

k—1

k .

) = () Y (5) D)+ (0P ), k2 )
i=1

Proof. For k > 0 consider the generalized renewal measure

Zy(t) = i nFFy s F7L(1).

n=1

Observe that Zy(t) = Vi(t) and for k > 1,

Vi(t) = Y _n"P(N(t)=n)=> nF(Fy « F*""!(t) = Fy « F*"(t))
n=1 n=1
= Z(t) — Zr * F(t).
In such a way, Vi(t) is the coefficient of the renewal equation

Zi(t) = Vi(t) + Zi = F (1), (32)

which involves the function Zi(t). By the classical renewal theorem (As-
mussen (1987)), the unique solution of (32) is given by

Zi(t) = Vi(t) + Vi x U(t). (33)

On the other hand, the relation n¥—(n—1)¥ = — Z;:OI (l:) n*(—1)F=% inserted
into Vi (t) yields

3
|

(n* = (n =" F = F(1)

NE

Vi(t) =

S

Il

—
ey

‘1 <k> Rt (—1)F) Fy o« (g

7

I
(e

T
= =
~
Il
o

7

_ <k> (=) 1 Z,(8). (34)

[e=]

.
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Hence by (33)

= k k—i+1 k+1
vk<t>=§j<.><—1> (Vilt) + Vix U() + (- A0, (35)

, 7
=1

and the recurrence property (31) is just the LS transform counterpart of

(35). O

Lemma 4. For any integer k > 1, the LS-transform vy(s) can be expressed
in terms of the LS-transform u(s) as follows:

vi(s) = vi(s) > erjuls)’ (36)
j=1

where c; = j! {I;} = ZLO (Ji‘)(—l)j*iik, j=1,...,k and {’;} is the Stirling
number of the second kind.

Proof. The existence of constants cij, j = 1,...,k such that (36) holds
follows from the recurrence property (31) for vi(s) by a standard induction
argument. Indeed, assuming that (36) is true for v;(s), i < k — 1, we have

k-1 E A % ‘
ve(s) = (1 +u(s)) Z (Z) (—1)k=i+1y, () Z ciju(s)y =t + (—1)F vy (s)
i=1 j=1

=1
+v1<s>j2k; (kZl (5) i+ kal (7)o Jutsy

+v1(s)kcg—_1 k_lu(s)kfl

so that (36) is true for vi(s) as well, with the constants
St ) (—DF ey + (—F =1,
i (=Dt

+Zf;j1_1 (l:)(_l)k_i—i_lcijfl 2<j<k—-1,

ij =
kek—1k—1 j=k.
Now c11 = 1 yields ¢x1 = 1 and ¢ = k! for all £ > 1. Also, for k > 2,

crj = jlek—1j+ ck—1j-1), Jj=2,...,k—1

Thus if we define the triangular sequence ay; = c]i,], forj=1,....k k>1,
it will satisfy agp, = 1, kK > 1, and

akj = jak—1; + ag-1j-1, Jj=2,....k—1

17



This recurrence relation defines the sequence {I;} of Stirling numbers of the
second kind (see e.g. Rosen et al. (2000)), which gives us the claim of the
lemma. (Il

Lemma 5. If the renewal distribution F(t) has a regularly varying tail with
inder a, 1 < a < 2, then for any integer j > 1

A . T2 -« 1 _
sy = (us) T~ TR i, wsl0 (D

Proof. By binomial expansion,

J . )
sy = (e =3 (7))~ ) () (59)

r=1 pss RS

Karamata’s Tauberian theorem applied to Teugels’ estimate (26) gives

re2—a) 1
o—

u(s) — (us) ™t ~ 5 aL(s*I), as s | 0.

a—1 ps

In particular, u(1/s) — s/u € Ra_o and property (i) implies (u(1/s) —
s/,u)r(s/u)j*’“ € R,(2-a)4j—r- Property (iii) of Lemma 2 now shows that

the dominating term in the expansion (38) is ({) (u(s) — 2 )(i)jfl, corre-

ns/) \ps
sponding to the regular variation index
i+1—a= 2 — j— 1}
jtl-a=max{r2—a)+j-r}
Thus, as s | 0
i) o~ (7 Ay i
W =)~ (7)) -0 ()
TI2-—a) 1 IRV A
~J T LT (=)
a—1 p=s us
and the claim of the lemma follows. O

To prove parts (27) and (29) of Proposition 2, we will use Lemma 4 to
express the function vg(s) in terms of the function u(s) and then employ
Lemma 5, which describes the behavior of the terms of the expansion at zero.
Indeed, for a pure renewal process we have 01(s) = u(s) and by Lemma 4,

Uk (s) = Z crju(s),

J=1

hence

k-1
Or(s) — crr(ps) ™ = cpp (u(s)]C — (,us)_k) + Z crju(s)’. (39)
j=1

18



Lemma 5 yields u(1/s)F — (s/u)lC € Rigi1-o- Moreover, u(l/s)? € R;.
Hence, again by property (iii), the dominating term in (39) as s | 0 is
k!(u(s)" — (us)™) with the regular variation index

E+1—a=max{l,...,k—1,k+1—a},

so that

k(2 —« 1
: ) k+18k+17aL(5 H.
(10)
To finish the proof of (27), it remains to apply Karamata’s Tauberian the-
orem to (40) (note that the LS transform of t* is equal to k!s=%).
The proof of (29) is completely analogous, we have only to take into
account that vi(s) = 1/(us). Again, Lemma 4 implies

Op(s) — k! (us) ™% ~ k!(u(s)k - (,us)_k) ~ k! p——

1< :
v(s) = — ) egjuls) ™,
Hs <
7j=1
and consequently
1 1 k—1
vi(s) = crn(ps) ™ = cpe— (u(s)* " = (us)" D)+ = "¢,
S ,us =

By an analogous argument as in the pure renewal case,

on(s) — K(s) ™ ~ K1 (u(s)*! — (us)~*D)

ws
1 (k—1DI'(2-— 1
SO ) | kD N S (41)
1S a—1 ik gh—e

which is equivalent to (29) by Karamata’s Tauberian theorem.
To prove (28), we first consider the shifted moment E(]vt - t/u)k. Ex-
ploiting the relation Z?:o (l;) (=17 =0, we get

k

vl k_ k S ke
B =t/ =3 (") emi
k
=D (?) (EN] = (t/p)7) (=t/ )" (42)
=0

By (27), just proved, for any j =0,...,k, we have

(—1)k=75. 4102 — @) thtl-a
(@—DI(j+2—a) pl

(EN] — (t/n)?) (—t/p)"
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Thus property (iv) applied to (42) yields

k k —J; 12 — )tk—l—l—a
J:)
E(N;, —t/u)" ; <> e T e a) e L)

k( 1) thrlfa
= L(t). 43
F-a)E+1—a) gt 0 “3)
But due to property (iii), the expansion
- — o Nk
E(Ny—ENy)" =) (j)E(Nt —t/u) (= (BN, —t/u))
=0
now gives
E(N, — EN,))" ~ BE(N, — t/u)",
hence (28). The proof of (30) is analogous to that of (43). O

5 Proof of the theorem

Consider

Z0(1) = —uy ™ (1) = — L (W (m, amt) -

am, I

/
Tomly, >0, (44)

It will be proved that the process {Z(™(t)} converges weakly in the scal-
ing regime (ICR) to a process {Y3(t)} with finite-dimensional distributions
characterized by (6). For convenience, we write a,, = a in this section.

5.1 Convergence of one-dimensional distributions

The proof is based on the method of moments. We will prove that all
cumulants of the marginal distributions of Z (™ (t) defined in (44) converge
to those of the limit process Yjs(t), from which convergence of the one-
dimensional distributions follow.

Indeed, due to independence, for the cumulant generating function of
ZM)(t) we have

logEexp{OZ(m)( t)} = mlog E exp{—0u(Ny — at/u)/a}.
The kth order cumulants of Z (™) (t),
dk

() = m

(log Ee (Nat*at/#)/a) k> 1,

0=0

are hence determined by the cumulants of the process —u(Ng — at/p)/a,
which is a rescaled and centered renewal counting process up to a constant.
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It is well-known that such cumulants can be expressed as polynomials with

respect to the moments, i.e. there exist constants ayj, 7 = 0,...,k, such
that
CI () =m Y g (—1Y W E(Nat — at /)’ fa. (45)
=0

Moreover, it can be proved that «y, = 1 for all k. Since a — oo as m — o0,
by Proposition 2 we have

(=DF(k =Dk (at)*"
Blk—=1=pB)(k—pB) pkt!

Hence the terms of expansion (45) are regularly varying and property (iii)
from Lemma 2 yields

B(Nu — at/u)F ~

L(a), asm — oo.

()~ apem (=) pFB(Ny — at/p)* fa®
(k—1)k th=5
Blk—1-B)(k—F)

But ma~"L(a) — p by assumption (ICR), thus

~ ma PL(a)

(m) (k—1)k _
O e e R

where the limit expressions are the cumulants of Yj(t) by formula (11).
Hence Z(™(t) converges in distribution to a random variable Yj(t), where
Yp(t) satisfies (7).

5.2 Convergence of n-dimensional distributions

Here we use the asymptotic relation

log F exp { Zn:HiZ(m)(ti)} = mlog E exp { - Zn:ﬁiu(Nati — ati/,u)/a}
i=1 i=1

~ mE [ei ZZL:I ellu‘(NatZia’t’L//J‘)/a _ 1] + O(T)’ as m — oQ. (46)
a

Forn>1and 1<k <n, put

ek,n: (Hka---79n)7 t_k,n: (tka"'vtn)7
where 0 =t < t1 <--- <t, and let
q)n(él,n§ Z?1,71) = E[ezzl:1 ei(Ntiiti/‘u)]

be the multi-variate moment generating function for the centered renewal
process { Ny —t/u}i>0. Similarly, let ®,,(0; ; t1,,) denote the corresponding

function for the pure renewal process { Ny —t/u}s>0. By Proposition 1,

1—e %

1—e™ E?:l 0; (47)

q)n(élﬂﬁ Z?1,71) = q)n—l(éln; Z?2,71)‘3_61t1/u +
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tl ~ —_ — n n
« / 6*91(251*“)/#(1)1171(927”; tom — u)e " i1 0i/n dE[eN“ 2ict 92‘].
0

Here and in the sequel the subtraction ¢y, —u = (tx — u,...,t, — u) is
interpreted component-wise.

For m > 1 and the given scaling sequence a = a,,, consider the scaled
functions

Aglm) (él,n§ fl,n) m(q)n(_ﬂél,n/a; afl,n) - 1)

mE[e” >iey Oip(Nag; —ati/p)/a 1],

and, analogously,

Aglm) (él,n§ fl,n) = m((in(_ﬂél,n/a; afl,n) - 1)
According to (46) it is the limit functions of AL (01.n; t1.n) as m — oo that
determine the CGF of Yj.

Lemma 6. The limit functions

An(él,n; Z?1,71) = lim Agm)(él,n; Z?1,71)7 n>1,

m—00

exist and satisfy the system of recursive integral equations
A (0103 Trn) = A1 (0205 Ton — 1) + Ar(300 055 t1)

t1
—(L—=01/3712,0:) / eel(tlfu)d/\l(zyﬂ 0i; u)
0
t1 _
—(1 + 91/2?:2 (92) / eel(tlfu) dAn_l(HZn; fg,n — u),
0

where in the case n = 1 we put A,,_1 = 0.

Proof. The proof is by induction on n. The relation (7), established in the
previous subsection, provides the existence of a limit function A;(6; t) for
the case n = 1. The integral equation for n = 1 is trivial. Fix n > 2 and
assume that A,/ (0 ,; £ ,) exist for n” < n—1. It follows in particular that

the limit functions An—k—l—l(ék,n; thn) exist for 2 <k < n.
To study the asymptotic behavior of A,(lm) (01.n; t1,n) as m — 00 we apply

the defining scaling relation to equation (47). This gives
A1(1m) (él,m 7?l,n) = A(m) (9_2,11; 52,11) 691151 + Ifm) + 12(m) + Iém), (48)

n—1

where

n—1

)_ @ " NCYTE
I}m = ——(eM0r/e _17) / ef1(t—u) A (m) (O2.n; tay — u)du,
K 0
(m) _ G, up " L) g 7
B = =@l 1) 7 1 R (B B — ) HO ),
H 0 m

22



a(erfr/e 1)

(m) _ .
I —m(l o,

) (691t1 - 1)7

(m)

and the integration in I5 ~ is with respect to the signed measure

uy i 0
(m) — pe —pNaw 325y bi/ay _
HY™ (du) = m(a(1 B S dE|e i/ du).

Since

I?(,m) = (’)(T), as m — oo,
a

(m)

we need only to investigate the terms [ fm) and I,

To evaluate I fm) we apply Lemma 1, which implies

E[ezglgiﬁti*u] = ,u d

- - @ E Z?ZleiNtifu .
BE’L 1 1 — 1 du [ ]

Hence
d n g I
%E[eziﬂgzu\fﬁru :L(tz U))]
_ LT ) pleSi 6 Fmu )

,u
+- ZZ ) 0 ez Nty

which can be written

D (O1,n; tin —u) = 227(1) (v Frm — 1)
e

H d -

e gt B ),

Under the given rescaling scheme the same relation takes the form

Km) g Ty py i b m) (G, .7 _
An (Hl,nv tl,n u) a(l _ e_ﬂz?:1 Gi/a)An (al,na tl,n U)
- a iA(m) (91 ns t_l n — u)

(6 H’Z'L 10/&_1)d ’

MZi:l 4 . 1>
a(l — e_“z?:lei/a) .

on

If we apply the preceeding identity with the choice of index n — 1, then the
induction hypothesis allows us to replace the coefficients with their asymp-
totic limits, adding a remainder term, thus

K,({E)l (9_2,11; 7?2,n - u) = A,(1 ™) (92 n; 2,n - u)

d
+ A (o Tom =) + O().

1
Yoo
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It follows that

t1 _
Ifm) =—bh / ft A(m) (92 ns _2,n - u) du

=) gA™) (G, s B — .
129 (2,na 2,n U)+O(a)

Moreover, the integration by parts
t1 _ _ _ _
01 A eel(tl_u) Agﬁ)l (92,71; ton — U) du = 601151 Agﬁ)l (92,71; t2,n)

_ _ t1 _ _
—Agﬁ)l (92,71; ton — tl) + / eel(tl_u) dAglni)l(GZ,rﬁ ton — u)
0

gives us
( ) A1(1m)1(92 ns t: 2n — tl) Gltl Aglm,)l(a_ln; 52 n)

t1
T4 5 )/ ) AN, B T — )+ O,
0

(m)

Turning to I, ", this integral is evaluated with respect to the measure

UZ% 0
(m) — pe ' —pNaw 37y 0i/a) _
H™ (du) m(a(l ey 1Bl 10/ du)

Nau—au/p ~n
a Ez

=% _ 1))
Nau;au/l»" E?:l 0; o 1] d'U, 4 O(%)

1
—<=n g d(mEle™
> i1 bi

+mEe *

1 m n m n m
=~ A (0 0 ) + AV (S5 5 w) du+ O(0)
1=1"

Since
t1
o0 [ A S i)

t1
= A 655 1) + / =) A (635 ),

0

by a partial integration, it follows that
1" =AY (S 65 1)
"o (m) m
(1= 01/, 00 [ MO AN (S, s )+ O
Summarizing,
AT (0103 t10) = A(m) L (Oo,; ton — 11) + A(m)(Z?:1 0s; t1)
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t1 B 3
(4 0/50,6) / 160 A (B, Ty — )
0

t1 m . m
(1= 00/Ty0) [ O (T, 5 )+ O

Now take m — oo and apply the induction hypothesis to conclude that
the limit function A, (01 ,; t1,,) exists and satisfies the equation

A (0105 trn) = M1 (2,3 To —t1) + A (X0, 0is t1)

t1 _ 3
—(1+61/3 1 50:) / efrlti—u) dAp—1(02,n; tan —u)
0

t1
(- 0/, 6) /0 SN (Y 65 ).

This completes the proof of the lemma and the proof of convergence of the
finite-dimensional distributions. O

5.3 Cumulant generating function for the increment process

The logarithmic moment generating function for the increments of the limit
process Yj is given by

n
L (01n,t1,n) = log E exp { > 6i(Va(ti) — Yﬁ(tifl))}-
i=1
In particular,
Fn(él,na 7?l,n) = An((el - 02a ce. 70n71 - Gna Hn)a El,n)-
Lemma 6 shows that these functions satisfy the recursive system

(0103 tin) = Tno1(02,0; ton — t1) + A1(015 t1)

t1
—|—z—j 6(01+92)udA1(91; t] — u)
0
01 [ (01+62)u ) y
+9—2 VTN AL 1 (02,05 ton — t1 + )
0
=11+ I+ I3+ 1. (49)

Note that in the integral terms of Lemma 6 we also made the change of
variable © — t1 — u.

To complete the proof of the characterization of the limit process Y3
it remains to verify that the functions given in (6) are the solutions of the
integral equation stated above. To this end, assume that Fn,l(égm; ton—1t1)
is given by the representation (6). Then by (49)

_ _ 1 n ti—ti—1 v
Lrn(O1n; tin) = > 2912/ / e P dudv
B o 0
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BZ Z 99 eEk z+19k(tk tk—1)

1=2 j=i+1

ti—1 ptj—tj—1
X / / ety —t; 4+ u+v) P dudv
0 0
+[3 + [47

and it remains to establish that

1< j—
I3 —|— I4 = B Z 919.]62{“:2 ek(tkftkfl)
j=2

t1 ti—tj—1
X / / ety —t) +utv) Pdudv.  (50)
0o Jo

But by the induction hypothesis, changing the order of integration, and with
the change of variable v/ = t; +v — u,

L= — 9192 —(01—02) (u tl)/“ v B dv du

= 9192/ / e~ (O1=02)(u—v—t1) g, 020, =B o,
_ 0o /tl/t1 (Or1=02)u gy 0200~ @y

= 91;2 el01—62)u / v P dv du.
0 0
Further, since
d _ 3 92 to—t1+w
%anl(agvn, n—ti+w) = B / 2%y P do
0

1< j—1
+B Z 929]-62?6:3 O (tx—t—1)

ti—tj—1
X / eliveP2 (=t w) (g — by w4 v) ™ d,
0
we get

I4 9102 (91*92)114 /t2_t1+u 6921}’(}7’3 d’l}du
ﬁ 0 0

ﬁ Zglg e Ot —tk—1)
t1 ti—ti—1
X / (01 =02)u gba(t2—t1+u) / eefv(tj,l —t1+u+ v)fﬁ dvdu
0 0

and (50) follows. O
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5.4 Tightness

To finish the proof of the convergence result in Theorem 1, it remains to
establish tightness as the sequence of laws of Y (™) converges to the law of
—,u_lyﬁ. As usual the trajectories of Y (™ are considered to be elements
in the Skorokhod space D(0,T) of cadldg functions on a real interval [0, T,
equipped with the Skorokhod topology. To prove tightness in D(0,7T") for
any fixed T, fix 0 < 8 < 1 and consider time points 0 < 1 <t <ty < T.
By stationarity of ¥ (™),

E([Y ™ (&) = Y™ ()] [V ™ (tg) = Y™ (1))
< Var(Y™ (t — ¢1))/2 Var (Y™ (¢, — t))1/?

By (45),
m

Var(Y ™ (1)) = C5™ (1) = 5 E(Nuy — at/p)*.

As proved in Proposition 2, the function E(N; — t/u)? is regularly varying
and

E(Ny —t/p)? ~ > PL@), ast—oo.  (51)

2
B —B)2 - B
The Potter bounds for a regularly varying function (Bingham et al. (1987,
Theorem 1.5.6)) yield that for any e > 0 there exists mg such that

E(Nut — at/p)?
E(N, — a/p)?

Hence, for m > my,

< (14 €) max{t> Pt 757} as m > my.

E(Y"(t) = Y™ ()] [V (t2) = Y (1))

< %(E a(t—tr) — alt = t2) /1)) 2 (B[ Nogry -y — alts — ) /u]?) "
< U+ OB(Na = a/p)? Cltr, ),
where
Cltrt,ty) = max{[(t—t1)(t2 — £)]' OV [(t — t1)(ta — 1))~ (F+9/2}

< max{(ta — t1)>77F€, (t — t1)27P€L

Since (51) and the condition (ICR) implies that % E(N, — a/p)?* — O'%M_Q,
we have that for any 6 > 0 there exists m1 such that

E(Y U™ () = Y (1) [V 0 (k) = Y (1))
< (14 e)(o3u? + &) max{(tz — t1)* 7T, (2 — t1)* P~}

for m > my. Take ¢ < 1 — 3. Then the desired tightness property follows
from Billingsley (1968, Theorem 15.6).
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5.5 Proof of the convergence of Y™ under condition (FCR)

Selected parts of the proof of Theorem 1 can be modified to provide the
limit result (3) for the process Y (™ (t) under condition (FCR) with the
normalizing sequence
b = (ma?{ﬁL(am))%. (52)

Since in this case the limit process is Gaussian, it is enough to show that
the marginal distributions of Y (™ (t) converge to Gaussian distributions and
that the covariance function converges to that of the multiple of FBM.

The convergence of the marginal distributions of ¥ ") (¢) under new scal-
ing b,, = b can be obtained by the method of moments along the same lines
as for the marginals of Z(™(t) in Section 5.1. Now the cumulants of Y (™) (¢)
read as follows:

k
D™ (1) = m- o (1o el et/

k
= mZakjE(Nat —at/p)’ /v,
0=0 =0

Continuing as earlier, due to Proposition 2 we have
DI (t) ~ apmE(Nu — at/p)* /6"
ma*PL(a) (-1)F(k—1)k thP
Bk 1- )k B) g
Observe that (52) and condition (FCR) yield
ma*PL(a) { 1, if k=2,

bk (mafﬁL(a))lfk/2 —0, ifk>2.

Hence,
82278 if k=2
(m) I O'ﬁt , 1 ,
D = { 0 if k> 2. (53)

and since Dim) (t) = 0, it follows that the cumulants of the random variable
Y ™) (t) converge to those of a Gaussian random variable with the same
distribution as p~%/205 By (t).

It remains to prove that the covariance function of the process ¥ (™) (t)
converges to that of 4 ~3/205By(t). But the process Y (™) (t) has stationary
increments, whence

ElY ™ ()Y (™) (5)] = %( Var[Y (™ (#)] + Var[Y (™ (s)] — Var[y (™ (t — s)]),

and the convergence follows from (53).

Acknowledgement

We are grateful to A. Martin-Lof, S. Sagitov, and M.S. Taqgqu for discussions
and many useful comments on earlier versions of the manuscript. We also
wish to express our thanks to the referees for their detailed suggestions which
helped to improve both the presentation and the proofs.

28



References

M. Abramowitz and I. A. Stegun, eds. (1992) Handbook of mathematical
functions with formulas, graphs, and mathematical tables. Reprint of the
1972 edition. New York: Dover Publications.

S. Asmussen (1987) Applied probability and queues. Chichester: John Wiley
and Sons.

P. Billingsley (1968) Convergence of probability measures. New York: John
Wiley and Sons.

N. H. Bingham, C. M. Goldie and J. L. Teugels (1987) Regular variation.
Cambridge: Cambridge University Press.

J. J. Hunter (1974) Renewal theory in two dimensions: basic results. Adyv.
Appl. Prob., 6, 376-391.

I. Kaj and S. Sagitov (1998) Limit processes for age-dependent branching
particle systems. J. Theoretical Prob., 11, 225-257.

I. Kaj (2002) Stochastic modeling in broadband communications systems.
To appear in SIAM Monographs in Mathematical Modeling and Compu-
tation.

J. B. Levy and M. S. Taqqu (2000) Renewal reward processes with heavy-
tailed inter-renewal times and heavy-tailed rewards. Bernoulli, 6(1), 23-44.

B. B. Mandelbrot (1969) Long-run linearity, locally Gaussian processes, H-
spectra and infinite variances. International Economic Review, 10, 82-113.

Th. Mikosch, S. Resnick, H. Rootzén, A. Stegeman (2002) Is network traffic
approximated by stable Lévy motion or fractional Brownian motion? Ann.
Appl. Probab., 12(1), 23-68.

I. Norros (1995) On the use of fractional Brownian motion in the theory of
connectionless networks. IEEE J. Select. Areas Commun., 13, 953-962.

V. Pipiras, M. S. Taqqu and J. B. Levy (2002) Slow, fast and arbitrary
growth conditions for renewal reward processes when the renewals and
the rewards are heavy-tailed. Boston University, preprint.

K. H. Rosen, J. G. Michaels, J. L. Gross, J. W. Grossman, D. R. Shier,
eds. (2000) Handbook of discrete and combinatorial mathematics. Boca
Raton: CRC Press.

G. Samorodnitsky and M. S. Taqqu (1994) Stable non-Gaussian random
processes. Stochastic models with infinite variance. New York: Chapman
and Hall.

29



M. S. Taqqu and J. Levy (1986) Using renewal processes to generate long-
range dependence and high variability. In: E. Eberlein and M. S. Taqqu,
eds. Dependence in Probability and Statistics. Boston: Birkhauser, 73-89.

M. S. Taqqu, W. Willinger and R. Sherman (1997) Proof of a fundamental
result in self-similar traffic modeling. Computer Communications Review,
27(2), 5-23.

J. L. Teugels (1968) Renewal theorems when the first and the second moment
is infinite. Ann. Math. Statist., 39, 1210-1219.

W. Willinger, M. S. Taqqu, R. Sherman, D. V. Wilson (1997) Self-similarity
through high-variability: statistical analysis of Ethernet LAN traffic at
the source level. IEEE/ACM Transactions on Networking, 5(1), 71-86.

30



