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Abstract

Consider a generic data unit of random size L that needs to be transmitted over a channel
of unit capacity. The channel availability dynamic is modeled as an independent and
identically distributed sequence {A, A;};> thatis independent of L. During each period
of time that the channel becomes available, say A;, we attempt to transmit the data
unit. If L < A;, the transmission is considered successful; otherwise, we wait for the
next available period A;4; and attempt to retransmit the data from the beginning. We
investigate the asymptotic properties of the number of retransmissions N and the total
transmission time 7" until the data is successfully transmitted. In the context of studying
the completion times in systems with failures where jobs restart from the beginning, it
was first recognized by Fiorini, Sheahan and Lipsky (2005) and Sheahan, Lipsky, Fiorini
and Asmussen (2006) that this model results in power-law and, in general, heavy-tailed
delays. The main objective of this paper is to uncover the detailed structure of this class
of heavy-tailed distributions induced by retransmissions. More precisely, we study how
the functional relationship P[L > x]I7' = oP[A > x]7) impacts the distributions
of N and T'; the approximation ‘~’ will be appropriately defined in the paper based
on the context. Depending on the growth rate of ®(-), we discover several criticality
points that separate classes of different functional behaviors of the distribution of N.
For example, we show that if log(®(n)) is slowly varying then log(1/P[N > n]) is
essentially slowly varying as well. Interestingly, if log(®(n)) grows slower than eviogn
then we have the asymptotic equivalence log(P[N > n]) ~ —log(®(n)). However,
if log(®(n)) grows faster than eviogn | this asymptotic equivalence does not hold and
admits a different functional form. Similarly, different types of distributional behavior
are shown for moderately heavy tails (Weibull distributions) where log(P[N > n]) =~
—(log & (n)1/BHD, assuming that log ®(n) ~ nf, as well as the nearly exponential
ones of the form log(P[N > n]) ~ —n/(log Vv, y > 0, when ®(-) grows faster than
two exponential scales log log(®(n)) ~ n?.
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1. Introduction

Retransmissions represent one of the most fundamental approaches in communication
networks that guarantee data delivery in the presence of channel failures. These types of
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mechanisms have been employed in all networking layers, including, for example, the automatic
repeat request (ARQ) protocol (see, e.g. Section 2.4 of [2]) in the data link layer [8] where a
packet is resent automatically in case of an error; contention-based ALOHA-type protocols
in the medium access control (MAC) layer that use random backoff and a retransmission
mechanism [7] to recover data from collisions; end-to-end acknowledgement for multi-hop
transmissions in the transport layer [9]; the HTTP downloading scheme in the application layer,
etc. For further discussions of the engineering implications of our results in communication
networks, see [7], [8], and the extended version of this paper [9].

As briefly stated in the abstract, we use the following generic channel with failures [8]
to model the preceding situations. The channel dynamic is described as an on—off process
{(A,U), (A;, U;)}i>1 with alternating periods when the channel is available, A;, and
unavailable, U;, respectively; (A, A;);>1 and (U, U;);>1 are two independent sequences of
independent and identically distributed random variables. During each period of time that the
channel becomes available, say A;, we attempt to transmit the data unit of random size L. If
L < A;, we say that the transmission is successful; otherwise, we wait for the next period
A;+1 when the channel is available and attempt to retransmit the data from the beginning.
We study the asymptotic properties of the distributions of the total transmission time 7" and
number of retransmissions N; for the precise definitions of these variables and the model, see
Subsection 1.1.

The preceding model was introduced and studied in [10] and, apart from the already
mentioned applications in communications, it represents a generic model for other situations
where jobs restart from the beginning after a failure. It was first recognized in [4] that this model
results in power-law distributions when the distributions of L and A have a matrix exponential
representation, and this result was rigorously proved and further generalized in [13]. Under
more general conditions, Jelenkovi¢ and Tan [8] discovered that the distributions of N and T
follow power laws with the same exponent « as long as logP[L > x] &~ «alogP[A > x] for
large x, which implies that power-law distributions, possibly with infinite mean (0 < o < 1)
and variance (0 < o < 2), may arise even when transmitting superexponential (e.g. Gaussian)
documents/packets. More recent results on the heavy-tailed completion times in a system with
failures are developed in [1]. In this paper, we further characterize this class of heavy-tailed
distributions that are induced by retransmissions.

From a mathematical perspective, our proofs are based on the method introduced in [8] that
uses the following key arguments. First, in exploring the distribution of N, we assume that the
functional relationship @ (-) between the probability distributions F(x)™' = ®(G(x)™"), with
F(x) :=P[L > x] and G(x) := P[A > x], is eventually monotonically nondecreasing. Then,
we use the result that F (L) is a uniform random variable on (0, 1) given that F()is absolutely
continuous (see [8] and [7]), e.g. for F x) = ((_}(x))"‘, a > 0, the key argument on the uniform
distribution of F (L) from [8] can be illustrated as

P[N > n] = E[(1 - G(L)"] ~ E[e "0®")] = E[e"F“ D] » @
Second, in contrast to [13] and [1], instead of studying the total transmission time 7" directly,
we study a simpler quantity N and then use large deviation techniques to investigate T, since T’
can be represented as a sum of L and {(A; + U;)}1<i<n; see (1) in the next subsection. Hence,
our analysis is entirely probabilistic, which differs from the work in [1] that relies on Tauberian
theorems.

We extend the results from [1] and [8] under a more unified framework, and study how the
functional relationship between the data unit characteristics and channel dynamics in the form
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P[L > x]7! ~ ®@P[A > x]7!) impacts the distribution of N, where the definition of the
approximation ‘~’ may vary according to the context.

The rest of the paper is organized as follows. After adetailed description of the channel model
in Subsection 1.1, we present our main results in Section 2: the asymptotics of the distribution
of N in Subsection 2.1 and the asymptotics of the distribution of 7 in Subsection 2.2. In
Subsection 2.1 we study three types of distinct behavior, i.e. the very heavy asymptotics in
Subsection 2.1.1, the medium heavy (Weibull) asymptotics in Subsection 2.1.2, and the nearly
exponential asymptotics in Subsection 2.1.3. Some of the technical proofs are postponed to
Section 3.

1.1. Description of the channel

In this section we formally describe our model and provide necessary definitions and notation.
Consider transmitting a generic data unit of random size L over a channel with failures. Without
loss of generality, we assume that the channel is of unit capacity. The channel dynamic is
modeled as an on—off process {(A;, U;)};>1 with alternating independent periods when the
channel is available, A;, and unavailable, U;, respectively. In each period of time that the
channel becomes available, say A;, we attempt to transmit the data unit and, if A; > L, we
say that the transmission is successful; otherwise, we wait for the next period A;; when the
channel is available and attempt to retransmit the data from the beginning. A sketch of the
model depicting the system is given in Figure 1.

Assume that {U, U;};>1 and {A, A;};>1 are two mutually independent sequences of
independent and identically distributed random variables.

Definition 1. The total number of (re)transmissions for a generic data unit of length L is defined
as

N :=inf{n: A, > L},
and the total transmission time for the data unit is defined as

N—1
T:=) (Ai+U)+L. (1)

i=1
We respectively denote the complementary cumulative distribution functions for A and L as
G(x):=P[A>x] and F(x):=P[L > x].

It was first discovered in Theorem 6 of [13] that this model leads to subexponential delay 7
under quite general conditions. The following slightly more general proposition was proven in
Lemma 1 of [8] using probabilistic arguments (see also Proposition 1.2 of [1]).

Data unit —>

L Channel with failures Recei
{(A;.U)} Yes ecerver

No

Retransmit

FIGURE 1: Data unit retransmissions over a channel with failures.
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Proposition 1. If F(x) > 0 for all x > 0, then both N and T are subexponential in the sense
that, for any ¢ > 0,

e"P[N > n] — oo asn — 00

and

e'P[T > t] - 0o ast — oo.

Clearly, Proposition 1 defines a class of subexponential distributions that are induced by
retransmissions; the proof of this proposition can be found in [8]. The main objective of
this paper is to uncover the detailed structure of this class of distributions. More precisely,
we investigate how the functional dependence of F and G (stated in the form F(x)~! ~
O (Gx)™H) impacts the tail characteristics of the distributions of both N and T'; the exact
meaning of ‘~’ will be defined according to the context.

In the paper we use the following standard notation. For any two real functions a(¢) and
b(t), we write a(t) ~ b(t) ast — oo to denote lim;_, o [a(?)/b(¢)] = 1. Similarly, we say that
a(t) 2 b(t)ast — ooiflim, , a(t)/b(t) > 1;a(t) S b(t) has a complementary definition.
In addition, we say that a(z) = o(b(¢)) ast — oo if lim;—. o a(t)/b(t) = 0. We often simply
write a(t) = o(b(t)) without explicitly stating t — oo in order to simplify the notation. Also,
we use the standard definition of a generalized inverse function f < (x) := inf{y: f(y) > x}
for a function f (x); note that the notation f(x)~! is reserved for 1/f (x).

2. Main results

In this section we present our main results. Here, we assume that F(x) is an absolutely
continuous function with support on [0, 00), i.e. F (x) >0forx > 0. If F (x) is lattice valued,
our results may still hold; see Remarks 4 and 7. If F (x) has only a finite support, we discuss this
situation in Section 3 of the extended version of this paper [9]; see also Example 3 in Section IV
of [8] and Section 3 of [1]. According to (1), the total transmission time 7 naturally depends
on the number of transmissions N, and, therefore, we first study the distributional properties of
the number of transmissions /N in Subsection 2.1, and then evaluate the total transmission time
T using the large deviation approach in Subsection 2.2. We use the standard notation from the
theory of regularly varying functions [3]. A function /(x): RT — R is slowly varying if, for
any A > 0,/(Ax)/I(x) — 1 as x — oo; and ®(x) = x*I(x) is called regularly varying of
index «. Furthermore, we define the dominantly regularly varying functions.

Definition 2. For an eventually nondecreasing function ®(x): Rt — R™, we say that ® (x)
is dominantly regularly varying if

— ®(ex)
lim <
X—>00 CI)(x)

0, @

where e = exp(1).

Remark 1. Note that ®(x) is eventually nondecreasing. Thus, if Timy_ o0 D (cx) /P(x) < o0
for some constant ¢ > 1, say ¢ = e, thenitholds forall ¢ > 1. Also, itis known that dominantly
regularly varying functions contain the regularly varying functions [3].

Throughout the paper, we assume that @ (x) is a positive, locally bounded on (0, co), and
eventually nondecreasing real function.
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2.1. Asymptotics of the distribution of the number of retransmissions N

In this subsection we present the asymptotic results for the number of retransmissions N
depending on the functional relationship ®(-) between F and G. Informally, we study three
scenarios, very heavy asymptotics (when log(® (n)) is slowly varying), medium heavy (Weibull)
asymptotics (when log(® (n)) is regularly varying), and nearly exponential (when log log(® (n))
is regularly varying), where within and between these subclasses we also identify critical
functional points that define different distributional behaviors of N.

Informally, the results can be briefly summarized as follows.

e If ®(n) is dominantly regularly varying, e.g. regularly varying, ®(n) = n*l(n), a > 0,
then P[N > n] ~ ®(n)~!, as stated in Proposition 3 and Theorem 1.

e If ®(n) is not dominantly regularly varying, e.g. ® (n) ! being lognormal, the preceding
tail equivalence P[N > n] =~ ® (n)_1 does not hold, as shown in Proposition 4. However,
we show in a weaker form that if log(®(n)) is slowly varying then log(P[N > n]) is
essentially slowly varying as well, as proved in Proposition 2. Interestingly, within this
class, we discover two types of distinct functional behavior of logIP[N > n] depending
on the growth rate of log(®(n)).

o If log(®(n)) grows slower than evV!°2”  then we have the asymptotic equivalence
log(P[N > n]) &~ —log(®(n)), as shown in Theorem 2 and Corollary 3, which
implies parts (1:1), (2:1) and (2:2) of Theorem 2.1 in [1] and extends Theorem 2
in [8].

o If log(®(n)) grows faster than ev'°¢” then the preceding asymptotic equivalence
does not hold, and we demonstrate a different functional form of P[N > n] in
Proposition 6.

e Iflog(®(n)) is regularly varying with index 8 > 0, then we obtain a Weibull distribution
for N, i.e. loglP[N > n] = —(log @ (n))l /B a5 presented in Theorem 3; we term
it moderately heavy (Weibull tail) asymptotics. This result implies part (1:2) of
Theorem 2.1 of [1], and provides a more precise logarithmic asymptotic instead of a
double logarithmic limit.

e When the decay of P[L > x] is much faster than P[A > x], i.e. their distributions are
roughly separated by more than two exponential scales, precisely, log log(P[L > x]~!) ~
R,(P[A > x]™1) with R,(-), ¥y > 0, being regularly varying of index y, we obtain
nearly exponential distributions for N of the form log(P[N > nl™Hrn / R;,_ (logn)
with R;_ (-) being regularly varying of index 1/y, implying that R;_ (logn) is slowly
varying; see Theorem 4.

After the preceding characterization of the different classes of distributional behaviors
for N, we study in Subsection 2.2 the total transmission time 7. As previously stated, for
studying T', we use the large deviation results since T can be represented as the sum of L and
{(A; + Ui)}i<i<n. In this context, our primary results show that (i) when ®(-) is regularly
varying, we derive the exact asymptotics for 7 in Theorem 5, (ii) when log(®(-)) is slowly
varying, we obtain the logarithmic asymptotics for 7' in Theorem 6, and (iii) when log(®(-))
is regularly varying with positive index, we derive, in a different scale than in Theorem 6, the
logarithmic asymptotics in Theorem 7. Note that the preceding three results on T correspond to
Theorems 1(i), 2, and 3 on N, respectively. Similarly, we can derive the respective statements
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on P[T > ¢] for other results on P[N > n], but we omit this to avoid lengthy expositions
and repetitions. Interestingly, we want to point out that the minimum conditions needed for
Theorem 7, as shown by Proposition 8, involve an intriguing balance between the tail decays
of P[A > x]and P[L > x].

2.1.1. Very heavy asymptotics. In this subsection we study the situation when the distribution
of the number of retransmissions N is heavier than Weibull distributions. Specifically, we
determine under what conditions PN > n] ~ ®(n)~! holds, assuming that Fx)~! ~
O (G(x)™h, meaning that the complementary cumulative distribution function of N is of the
same form (in terms of ®(-)) as the functional relationship ®(-) between Fand G.

We term this subclass very heavy distributions since if log(®(-)) is slowly varying, then
the number of retransmissions N is always heavier than any Weibull distribution; we state this
result as a proposition.

Proposition 2. [flog(®(.)) is slowly varying and

log(F(x)~ 1

I @ @) @

then, for any ¢ > 0, as n — 00,

_ log(P[N > n]™1)
lim ——— =~ —

n—o00 né

0.

The proof of this proposition will be presented in Subsection 3.1. In the remainder of this
subsection we study the detailed structure of this class of distributions that have very heavy
tails. The Weibull case will be studied in Subsection 2.1.2 on medium heavy asymptotics.

The following two propositions show that P[N > n] is tail equivalent to ®(n)~! basically
only when @ (n) is dominantly regularly varying.

Proposition 3. If ®(-) is dominantly regularly varying and, as x — 0o,
F)™' ~ oG, “
then, there exists finite ¢ > 1 such that

¢! < lim P[N > n]®(n) < lim P[N > n]®(») < c.
n— 00 n— o0

Remark 2. Note that, for Proposition 3 as well as the results in the rest of the paper, we could
have equivalently assumed that F(x) ~ ®(G(x)), where ®(-) is eventually nonincreasing and
satisfies the appropriate regularity conditions in the neighborhood of 0, e.g. condition (4) would
be restated in the neighborhood of 0. In this case, the respective statement would be in the
form P[N > n] ~ ®(n~!). We choose the current form since it has additional notational
benefits, e.g. loglog ®(n) would need to be replaced by the more cumbersome expression
log(— log(fb(n’l))) in (say) Proposition 6 below.

Proposition 4. If (4) is satisfied and

. D(cx)
lim =
x—o0o P(x)

for some ¢ > 1, then
lim P[N > n]®(n) = co.
n—0oo
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When ®(-) is regularly varying, we can compute the exact asymptotics of the distribution
of N.

Theorem 1. Assume that F(x)~! ~ ®(G(x)™"), where ®(-) is regularly varying with
index .

(1) Ifa > 0 then, asn — oo,
[(a+1)
PN ~—_—, 5
[N > n] ) %)
(1) Ifa =0, i.e. D(-) is slowly varying, then, as n — 00,

P[N > n] ~ (6)

®(n)
Remark 3. For @ > 0, Theorem 1 was proved in Theorem 4 of [8] using the method that we
further expand in this paper; alternatively, a similar result for 7 was proved using the Tauberian
method in Theorem 2.2 of [1]. We will prove the corresponding result for 7' in Theorem 5 in
Subsection 2.2.

Remark 4. (Lattice variables.) Note that if F(x) and G(x) are lattice valued, then the
distribution of N may still be tail equivalent to <I>(n)’1, as in Proposition 4, but the constant
in front of ®(n)~! may be different from I'( + 1), e.g. if P[L > n] ~ e 7", p > 0, and
P[A > n] ~e™1", g > 0, then this constant is between e ”I"(1 + p/g) and e’T'(1 + p/q).

Before turning to the proof of Theorem 1, we state two straightforward consequences of
the preceding theorems; see also Theorem 1 and Corollary 1 of [8]. The following corollary
allows F and G to have exponential-type distributions; the corresponding result for 7' was first
derived in Theorem 7 of [13].

Corollary 1. Assume that G(x) ~ e P* and F(x) ~ ax®e=%*, where b € R and a, B > 0.
Then

P[N > n] ~ ar(% + 1);3"’ 75
Proof. 1t is easy to verify that, as x — oo,
Feo)y™ ~a™' " log G~ () "GP,
and, therefore, we can choose
d(x) = a_lﬂb(logx)_bx‘s/ﬁ,
which, by using Theorem 1, completes the proof.

The following corollary specializes F and G to have normal-like distributions, i.e. much
lighter tails than exponential distributions, as shown in Corollary 1 of [8] (see also Corollary 2.2
of [1]).

Corollary 2. Suppose that G(x) = P[IN(0, 03)| > x] and F (x) = P[[N(0, 07)| > x], where
N(0, 02) is a Gaussian random variable with mean 0 and variance o%. Then
Da-12% logn)~ /2

P[N > n] ~T'(a +
na

; (7

where o = O'AZ/O'LZ.
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Proof. First, note that
P[IN(0, %) > x] ~ %exz/z“z,
and, therefore, recalling that @ = 042 /o2, we obtain
Fx) ~ @ D272 (—1og G)) @~V (G ().
Hence, F (x) and G (x) satisfy the assumption of Theorem 1 with
O(x)=a'?(x logx)(l_"‘)/zx“,
which implies (7).

Next, we present the proofs of Propositions 3 and 4, and Theorem 1. Note that the following
proof represents a basis for the other proofs in this paper.

Proof of Proposition 3. Note that the number of retransmissions is geometrically distributed
given the packet size L: B
PN >n | L] = (- G(L)".

Therefore, _
P[N > n] = E[(1 — G(L))"]. ®)

Since @ (x) is eventually nondecreasing, there exists xo such that, for all x > xgp, ®(x) has
an inverse function ® < (x). Condition (4) implies that, for 0 < ¢ < 1, there exists x, such
that, for x > x,,

1-eF®) ' =®Gm™H =U+e)Fx™,

and, thus, by choosing x; > xo, we obtain, for x > x,,
P ((I—e)F) ™ H <G =@ ((1+a)Fx)™). 9)

We first prove the upper bound. Recalling (8), noting that V := F(L) is a uniform random
variable on (0, 1) (see, e.g. Proposition 2.1 of [12, Chapter 10]), and using (9), we obtain, for
large n,

P[N > n] = E[(1 — G(L))"]
=E[(1 - GL)" (L > x)] + E[(1 = G(L))" (L < x)]
S E[e—n/d>‘_((l+s)V‘1)] + (1 _ G(.X:g))n

< ]P|:O < ; < 1:|
B T ((+evh T

[log(en)] . n
+ e—C P ek E E ek+l}

7e!'log(en)'|+l n ﬂog(gn)'|+1 1 _ G n
te [q)e((l L (1= G)
[log(en)]
1+¢ _k 1+e —en =
< B 1-G . 10
=30 + kE=o e YRRy +e 4 ( (xe)) (10)
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Condition (2) implies that there exist finite ny and d such that, for n > ng,
d(n)
d(n/e)

<

resulting in, for small enough ¢ and all k satisfying n/e*~! > 1/& > ny,

(n) k+1
®(n/ektl) =d™, (i

and, therefore,
CD (}’l) S q> (nd)dlog(n/nd)+l i

The preceding inequalities, in conjunction with (10), yield

o0
m PN > n]®(m) < 1+e+ Y (1+e)e " !

+ Tim (e + (1 — G (x))") D (ng)d 2"/ ")
n—oo

o0
=l4e+ Y (I+eedtt!
k=0
< 00. (12)

Let us now prove the lower bound. Recalling (9) and choosing n > x., we obtain

P[N > n] = E[(1 = G(L))"]

(o)
n n

> <1 - %) P[®((1 — &) F~1(L)) = n]

implying that

lim P[N > n]®(n) > 11120(1 - 1) 1—e)=el(1—2¢),

n—00 n
which, in conjunction with (12), proves the proposition.

Proof of Proposition 4. Recalling (9) and choosing n large enough such that {G(L) <
e/n} C {L > x.} with x, being the same as in (9), we obtain

P[N > n] = E[(1 — G(L))"]

> (1 - 5) P[G(u < 5]
n n
> (1 - 5) p[w((l —e)F\(L) > ’1}
n C
( c)" 1—c¢
>(1—-=) ——,
- n) ®n/c)
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implying that
1\"(1 —-&)®
lim PN > n]®(n) > n_m<1__) d-aom _
n—00 n—00 n d(n/c)

which completes the proof.

Proof of Theorem 1. We begin by proving (5). Without loss of generality, we can assume
that ® (x) is eventually absolutely continuous and strictly monotone since, by Proposition 1.5.8
of [3], we can always find an absolutely continuous and strictly monotone function

D*(x) =oz/ @ (s)s~ ! ds, x > X0, (13)

0
which satisfies, as x — 00,
F)'~@(G)™) ~d*(G)™.

We first prove the upper bound. Recalling (8), noting that V := F(L) is a uniform random
variable on (0, 1), and using (9), we obtain, for0 < ¢ < 1,

P[N > n] =E[(1 — G(L))"]
=E[(1 = G(L)"I(L > x:)] + E[(1 — G(L)" 1(L < x¢)]
< E[e™/® VD14 (1 — Gx))".

Then, by choosing integer ny4, asin (11), and noting that ® (n) is regularly varying, the preceding
inequality yields, for large n and x > x,

PIN > n] < E|e/® (+V"h (0 < " <
= d—((1+ev-1) =
log(n/ng)—1 n
—ek k k+1 —n/ng
P <— < o
Lo [e =P oV -° ]+ €0

+ (1 = G(x))"

(P (n)2) (1+s>n> n
E/g ¢ (CI>2(n/z) z2 da+ P c1><—((1+g)v—1)<‘8
log(n/ng)—1

_ek 1+e 1
toy e <1><n/ek+1)+0<<1><n>)’

resulting in

m

log(n/ng)—1

< d(m) P(m/z)e (1 +e)n _k P(n)
P[N > n]®n) < ‘/EA (D(n/z) CD(n/Z) 12 dz + kg;n (1+4+e)e W
n
+ (b(n)Pl:d)‘—((l oV < 8] 4+ o(1)
=L+ L+ 5L+o(l). (14)
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Since regularly varying functions are also dominantly regularly varying, the bound in (11)
implies that

log(n/ng)—1 . 00 .
L= Y (+eedt <> +eed 50 asm—oo.  (15)
k=m k=m

For I, since ®(n) is regularly varying, by the uniform convergence theorem of slowly varying
functions (see Theorem 1.2.1 of [3]), it is easy to obtain uniformly fore < z < e™, asn — oo,

LIORI
®(n/z)
and, recalling (13),
P'(n/z) _ za
d(n/z) T on’
which imply that
em
I ~/ (1 + e)ae 2% 1 dz. (16)
&

Furthermore, ®(n) being regularly varying (¢ > 0) implies that I3 — 0 as passing n — 00
and then ¢ — 0. Thus, passing n — oo in (14), recalling (15), and then passing m — oo and
& — 0, we obtain

P[N > n]®(n) < / ae % M dz =T(@+1). (17)
0

For the lower bound, the proof follows similar arguments, and the details are presented in
Subsection 3.2. The same subsection also contains the proof of the statement (ii) of the theorem.

Informally, the condition of ®(-) being dominantly varying is almost necessary in order for
P[N > n] ~ ®(n)~! to hold. As shown in Proposition 5, this tail equivalence does not hold
if ®(-) is not dominantly varying, e.g. ®(n) = e1°8™” (lognormal type). Here, we further
characterize the behavior of the lognormal-type distributions in the following proposition.

Proposition 5. If log(®(x)) = k(logx)a, 8§ > 1 and A > O, then, under condition (4), we

obtain X
log(P[N ) —log(®

lim og(P[N > n]™") — log(®(n)) — 85— 1),

N> 00 (loglogn)(logn)s—!

The proof of this proposition is presented in Subsection 3.3.

Remark 5. In Proposition 5, it can be verified that ®(-) is not dominantly regularly varying.
Therefore, by Propositions 3 and 4, we know that P[N > n]®(n) — oo asn — co. However,
Proposition 5 further characterizes how fast P[N > n]® (n) goes to infinity in the logarithmic
scale, which also implies the weaker result

log(P[N > n]fl)
m ——— =
n=oc log(®(n))

In the following theorem we extend the preceding logarithmic limit under a more general
condition on ®(-).

https://doi.org/10.1239/aap/1363354105 Published online by Cambridge University Press


https://doi.org/10.1239/aap/1363354105

Retransmissions and heavy tails 117

Theorem 2. If ®(x) = el satisfies (3), where l(x) is slowly varying with

e /1(x)
A T (18)

then
log(P[N > n]™1

im

n—00 log ®(n)
Remark 6. It can be easily verified thatif log(®(x)) = 1029’ then condition (18) holds when
0<d< % and does not hold when § > % Furthermore, if log(®(x)) = ¥ (log x), where W (x)
is regularly varying, e.g. ®(x)~! being lognormal, then condition (18) also holds; we state this
result as Corollary 3 below.

—1. (19)

Remark 7. (Lattice variables.) When L is lattice valued, it is easy to see from the proof of
Theorem 2 that, if there exists a continuous random variable L* such that log P[L* > x] ~
logP[L > x] as x — o0, or, equivalently, if there exists a continuous negative nonincreasing
function ¢ (x) such that logIP[L > x] ~ ¢(x), then Theorem 2 still holds, e.g. when L has a
geometric or Poisson distribution. To rigorously prove this claim, we can use similar arguments
as in the proof of Theorem 3.1 of [9]. Note that this remark also applies to other logarithmic
asymptotics; see, e.g. Corollary 3, Propositions 6 and 7, and Theorems 3, 4, 6, and 7.

Corollary 3. If a regularly varying function WV (-) with a nonnegative index satisfies
log F(x)~!
m ———— =
r=00 W(log G(x)~1)
and, in addition, is eventually nondecreasing when \V (-) is slowly varying, then we have
log(P[N > n]™h)
im ———— =
n—>00 W (logn)

Remark 8. Corollary 3 and, more precisely, Theorem 6 in Subsection 2.2, imply parts (1:1),
(2:1), and (2:2) of Theorem 2.1_0f [1] and_extend Theorem 2 of [8]. The latter theorem states
that if, for o > 0, lim,_, », log F(x)/log G(x) = « then lim,_, o, logP[N > n]/logn = —a.

Proof of Corollary 3. For a regularly varying function W (-), it is easy to verify that /(x) =
W (log(x)) satisfies

lim I(x/l(x)) lim Y (logx — log ¥(log(x))) _

— 11
x—o00  [(x) x—00 W (log(x))

and, therefore, by Theorem 2, we prove the corollary.

Remark 9. Note that, in conjunction with Raemark 6, condition (18) is close to necessary
since (19) does not hold if log(® (x)) = elog )" % < 8§ < 1, as can be seen from the following
proposition.

Proposition 6. Iflog(®(x)) = e)‘(log)‘)a, % < 6 < land A > 0, then, under condition (3), we
obtain
log(log(P[N > n]™")) — log(log(® (n))) ~ —822(logn)? .

The proof of this proposition is presented in Subsection 3.4.
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Remark 10. Note that Proposition 6 implies that, for 0 < ¢ < 1 and large n,

-1
- log(P[N > n]™") - ef(lfe)aﬁ(logn)”—l

— 0,
log ®(n) -
which is not covered by the limit in (19).

Proof of Theorem 2. Since @ (x) is eventually nondecreasing, there exists xo such that, for
all x > xg, ®(x) has an inverse function ® " (x). Condition (3) implies that, for 0 < & < 1,
there exists x, > xg, such that, for x > x,,

F(x)"179 < ®(Gx) ™! < Fx)~ 149,
Thus, for x > x,, we obtain
P(F(x)"179) < G(x) ™! < @ (F(x)~UF9). (20)

We first prove the upper bound. Recalling (8), noting that V := F(L) is a uniform random
variable on (0, 1), and using (20), we obtain, for integer y and large n,

P[N > n] = E[(1 — G(L))"]
=E[(1 — GIL)" L(L > x)] + E[(1 — G(L))" 1(L < x)]
<Ee™* VD11 (1= Gx,))”

Y
—k " ~(+1) Gl
< kzoe IP’[k < gy Sk 1} +e + (1= Gxe))"

which, using the fact that P[N > n] decays slower than any exponential function (see
Proposition 1), noting that ® (x) = e/®), and choosing y = [I(n)] — 1, implies that

[l(m)]-1
P[N > n] < I; exp<—k - ml(k+ 1)) +e7!™ 4 o(P[N > n])

n

1
<[] exp(—ml( T )) +e7 '™ + o(P[N > n)). 1)

From (3), it is easy to see that /(x) increases to infinity when x — oo and, since /(x) is slowly
varying, by (18) and (21), we obtain

. logP[N > n]~!
jim 8PN =l (22)
n—00 l(n)

Let us now prove the lower bound. Recalling (20) and choosing large enough 7, we obtain

P[N > n] = E[(1 — G(L))"]

I\" T 1
n n

> (1 - 1) P[o—(F~179(L)) > n]
n

1\" 1
>(1-=-) —————,
= n) ®m)/a-o
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implying that

— logP[N > n]™! 1
lim <
n— 00 I(n) 1—¢

’

which, by passing ¢ — 0 and in conjunction with (22), proves the theorem.

2.1.2. Medium heavy (Weibull) asymptotics. In the preceding subsection, we studied the
scenario when the distribution of N is heavier than any Weibull distribution. Specifically,
we established the necessary conditions under which P[N > n] ~ &~ !(n) holds when the
separation between P[L > x] and P[A > x] can be characterized in the form of ®(x) = e/
with /(x) being slowly varying. In this subsection, we further increase the separation in the
sense that ®(x) = eR6™ with Rg(x) being regularly varying of index 8 > 0, and, under
this condition, the distribution of N is shown to be of Weibull type. In this situation, the tail
equivalence developed in the preceding subsection does not hold anymore and admits a different
form, as stated in the following theorem.

Theorem 3. If®(x) = eRp() satisfies (3), where Rg(x) = xPl(x), B > 0, isregularly varying

with [ (x) satisfying
LG/l VY

lim 1, (23)
X—>00 I(x)
then X
log(P[N > n]™) _
g — U/ B+D 4 g=B/(B+D) (24)

nLHC}O (log Q)(n))l/(ﬁ'i‘l) -
Remark 11. Theorem 3 and, more precisely, Theorem 7 in Subsection 2.2, imply part (1:2)
of Theorem 2.1 of [1], and provide a more precise logarithmic asymptotic instead of a double
logarithmic limit that was proved in [1]. Furthermore, although condition (23) appears
complicated, it is easy to check that any slowly varying function /(x) = [j(logx) satisfies
it, where [ (+) is also a slowly varying function.

Proof of Theorem 3. We first begin by proving the upper bound. Following the same
approach as in the proof of Theorem 2, we obtain, for ¢ > 0, integer y, and large enough n,

y—1
& n _y
]P’[N>n]§§e P[ksmsk—i-l]—l—e Y + o(P[N > n])

y—1
< Zexp(—k - j_gRﬂ(k:l_ 1)) +e™ 4+ o(P[N > n]). (25)
k=0

Using the same argument as in (13), we can find an absolutely continuous and strictly
increasing function Rl’g u):=p8 f:o Rg (s)s~'ds, u > ug > 0, that is a modified asymptoti-
cally equivalent version of Rg(u). The newly constructed function Rl’g (u) has the property that,
for 0 < ¢ < 1, there exists y. > uq such that (1 — s)RE(u) < Rg(u) < (1+ e)RZ(u) for
u > yg. Therefore, for 0 < x < n/ye,

n 1 r(™) > +1_8R* n
X - X -,
1+¢ b x/) 1+¢ P\ x

(Ry(w)) = puP~"1(w). (26)

and, for u > uyg,
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Choosing y = [n/y.] in (25) and using the asymptotic equivalence relationship between
Rg(-) and R;;(-), we obtain

fn/yel-1
1
P[N > n] < Z exp(—k — Rg (kn?>> +e MY 4 o(P[N > n])

k=0 ! te
[n/ye1—1
1—c¢ n
< > exp<—k - rR;; (m» + o(P[N > n]). (27)
k=0

Next, let f(x) = x + Rz} (n/x)(1 —e)/(1 + ¢), and, from (26), it is easy to check that

l—¢ a\\ n 1 —¢epnftl /n
"x)=1- Ri| — —=1- — In-).
F 1+8< ’3()c>>)c2 1 +¢&n xPtl (x)
Then, defining g(u) := uP*(u), and using the same argument as in the construction of RE ),

we can find an absolutely continuous and strictly increasing function

gw) =B+ uPluyds,  u> uo,

uo
such that (1 —e)g(u) < g*(w) < (1+¢e)g(u), u > y.; possibly for a larger y.. Therefore, for
0 <x <n/y., we obtain

lﬂ*n / __1_8E E _iﬁ*ﬁ
1—1+Szg <;><f(x)—l 1+8ng<X><l (1+g)2ng (x)7 (28)

where, as shown in the preceding inequalities, the lower and upper bounds of f’(x) are two
monotonically increasing functions for 0 < x < n/y.
Now, define

(1 — )\ /6D
X = BB BB+ () L/ B+
(1+¢)?

and
x2 = (1 + 8)1/(ﬂ+1)lg1/(5+1)n5/(ﬁ+1)1(n)1/(/3+1)_

After some straightforward calculations, by condition (23), for large enough n, we obtain
l—e B . (n 1—e\?B (n
! <1- =gl — 1-— —g|l — 0
flea) < dxe2n® <xl)< (1+8) prd e

Flo =1 — ég*(i) >1- ég<1> >0,
l1+en X2 n-o\x2

which, by (28), imply that f'(x) < Oforall0 < x < xj; and f'(x) > Oforall x; < x < n/y,.
Therefore, for all x € (0, x1]U [x2, n/y.), f(x) is bounded from below by min( f (x1), f(x2)).
Now,

and

min(f(x1), f(x2)) = inf f(x)
x€[xy,x2]
1—
o o(2)
xelxxl 14+ ¢ X

L ) (29)
- 14¢ p X2
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since R;; (u) is increasing for u > wug. Hence, using (27) and (29), and recalling that
Rg(u) < (14 s)RZ(u), we obtain

P[N > n] < [yi—‘ exp<1 —x— ﬁ[eﬁ (%)) +o(P[N > n).

resulting in

-1 3\ I/(B+D)
im log(]P)[N > n] ) > (1 - 8) ﬁl/(ﬂ"r]) + (1 + 8)_ﬂ/(ﬂ+l)_2ﬂ_ﬁ/(ﬁ+l)
oo NB/BEDI ) 1/B+D) = \ (1 + ¢)2 .

Passing ¢ — 0 in the preceding inequality yields

_ log(P[N > n]™") VD) o o pl (D)
)L—“;o nB/B+D] () 1/ (B+1D) = + B ) (30)

Let us now prove the lower bound. By recalling condition (20) and using 1 — u > e~ (1T
for small enough u, we obtain, for x, = o(n) > 0 and large enough n,

P[N > n] > E[(1 — G(L))" I(L > x,)]
> Ele TGN (L > x,)]

> Ele= 1OV 3y < Fx,))]

(1+4¢é)n _
[m <xn, V= F(xs)i|

e ttany

Xn

_ 1 (1+2)n
_exp(—xn—l_ER,g( X, )),

since {(1 4 &)n/d—(V~U19)) < x,} implies that {V < F(x.)} for all large enough n. Next,
choosing x, = p1/B+DpB/B+D )1/ (B+D ysing condition (23), and then passing n — 0o as
well as ¢ — 0, we obtain

> e P

— log(P[N > n]™")
lim <B
n—o0 pB/(B+D[(n)1/(B+D)

1/(B+1) _|_ﬂ—ﬁ/(ﬂ+l)_ 31

Finally, combining (30) and (31) completes the proof.

2.1.3. Nearly exponential asymptotics. In the preceding subsection, the functional separation
between P[L > x] and P[A > x] was characterized in the form of ®(x) = e®r™) with R, (x)
being regularly varying. In this subsection we investigate the situation when the separation in
terms of ®(x) is even larger than e®» ™), which leads to the nearly exponential asymptotics for
P[N > n] in the following proposition and Theorem 4 below.

Proposition 7. [flog(F(x)~') ~ e10sCG® ™ "5 5 1 then

1
log(log(P[N > n]~ ")) — logn + (logn)'/® ~ g(logn)z/s_l.
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Remark 12. Observe that § = 2 represents another critical point since (log n)>/*~! converges
toOQorocciféd > 2orl < § < 2, respectively. Furthermore, the result shows that
P[N > n] ~ exp(—n/eo2 ”)W), which means that N is nearly exponential because e!°¢ m'°
is slowly varying for § > 1 (see [3, p. 16]). In addition, informally speaking, we point out
that 6 = 1 corresponds to the Weibull case already covered by Theorem 3 in Subsection 2.1.2,
meaning that Proposition 7 describes the change in functional behavior on the boundary between
the Weibull case and the nearly exponential case.

Proof of Proposition 7. We first prove the upper bound. Following the same approach as in
the proof of Theorem 2, we obtain, for ¢ > 0,

n—1
1
P[N > n] < ZeXp<—k — me“‘)g"“’g("“))‘s) +o(P[N > n)). (32)
k=0

Then, we bound the preceding sum by estimating the minimum of

1 s
. (logn—logx)
f(x):=x+ ——=e¢ .
( ) 1 + ¢

We can check that f/(x) is an increasing function and f (x) is convex in x on (0, n]. Now, for
0 < ¢ < 1, define

n
X = ,
U= clogn—(1—e)(ogm) )17

and, for large enough n, it can be verified that f'(x;) < 0, implying that f(x)" < 0 forx < xj.
Therefore, the point x* where f(x) achieves its minimum on (0, n] satisfies

X" = Xx1. (33)
Combining (32) and (33), we obtain, for large n,
PN > n] < ne' /) 4 o(P[N > n]) < ne' ™ + oP[N > n]) < 2ne' ™,

and, therefore, for large enough n,

-1 n
log(P[N > n]™ ") > ogn—(—e)logm )17~ log(2n) — 1,
which implies that
1
log(log(P[N > n]™")) —logn + (logn)'/® > g(logn)z/ﬁ”. (34)

Let us now prove the lower bound. By using the same arguments as in the proof of the lower
bound for Theorem 3, we obtain, for large enough #,

s
log(PIN > n]™") <, + ] ! . exp((log(w>> )
_ o

(log n—(log n)'/)!/%

which, by choosing x,, = (1 + e)ne™
yields

, and passing n — oo and then ¢ — O,

1
log(log(P[N > n]™")) —logn + (logn)!/® < 5(1ogn)2/5—‘. (35)

Finally, combining (34) and (35) completes the proof.
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Theorem 4. If log(I:"(x)_l) ~ eRV(G(")fl), where Ry, () is positive, locally bounded on
[0, 00), and regularly varying with index y > 0, then

n

log P[N R —
og PN > n] R)j—(logn)

(36)

where R;(~) is the generalized inverse of R, (-).

Remark 13. Note that the functional form in (36) is different from that in (24) which describes
the Weibull case. In principle, one could study the situations where ®(-) grows faster than three
exponential scales, which would make the distributions of N even closer to the exponential one.
However, from a practical point of view, these cases will basically be indistinguishable from
the exponential distribution and, thus, we omit these derivations.

Proof of Theorem 4. We first prove the upper bound. Following the same approach as in the
proof of Theorem 2, we obtain, for0 < ¢ < land y > 0,

n/yl—1
1
PIN >n]< exp(—k - —eRv<”/<k+”>) + o(P[N > n)). (37)
1+¢
k=0
By using the same argument as in (13), we can choose R;’j x)=vy flx R, (s)s~lds, x > 1,
and observe that R;ﬁ(-) is absolutely continuous, strictly increasing with an inverse R;j“(~).
Theorem 1.5.12 of [3, p. 28] implies that R;‘j“(~) is regularly varying with index 1/y and is
also the asymptotic inverse of R, (-). Therefore, there exists y > 0 such that, for0 < x <n/y,

x + 1 eR,/(n/x) > x4 1 e(l—a)R;(n/x)_
€ 1+¢

Now, define f(x) :=x + e(l_S)R;(”/")/(l + ¢), and note that

l—¢ . n\\ n
’ -1 " (1-&)R}(n/x) R = "
Y l—i—se ’ Y\ x x2

1— £ (-)R%(n/x) YRy (n/x)

=1-_—-

14 X
<1 e YR (/)
B 1+¢ X

where the right-hand side of the above inequality is an increasing function in x on (0, n/y) for
large enough y. Next, defining

n
= Rz ((logn — (1 —&)(1 4+ 1/y)loglogn) /(1 — &)%)’

it can be verified that, for all large enough n, f’(x) is bounded from above by

| YRy (logn — (1 —&)(1 +1/y)loglogn)/(1 — £)2)(logn — (1 — &)(1 4+ 1/y) loglogn) 0
- (1 — &2)(log )=o) T+1/7) =

which implies that f(x)’ < 0for0 < x < xjandlargen. Thus, infye( ] f(x) = f(x1) > x13
observe that infy ey, n/y) f(X) > infxe(x;,n/y) X > x1, implying that

xe(ior?ﬁ/y) fx) = fx) = xp. (38)

https://doi.org/10.1239/aap/1363354105 Published online by Cambridge University Press


https://doi.org/10.1239/aap/1363354105

124 P.R. JELENKOVIC AND J. TAN

Combining (37) and (38) yields, for large enough 7,

| 2
PIN > n] < Ze! /@) 4 o(P[N > n]) < el
y y

resulting in

2

log(PIN > n]™!) > " _ 1og(_”) 1
Ry ((logn — (1 —&)(1 + 1/y)loglogn)/(1 —¢)) y

Therefore, noting that R} (-) and R (-) are asymptotically equal, and passing n — oo and

then ¢ — 0 in the preceding inequality yields
n
logP[N >n]™' > —————. 39
oeFIN = n 2 R =llogm (59)

Let us now prove the lower bound. By using the same arguments as in the proof of the lower
bound for Theorem 3, we obtain, for large enough n,

1
log(P[N > n]™Y) < x, + 1_eRy((1+S)n/xn)v
which, by choosing
_ 1+ée)n
- R ((1 —¢)logn — (1/y)loglogn)’
and noting that Ry (R, (u)) < u/(1 — &) for all large enough u, yields, for large n,

Xn

n
(1 — &)(logn)1/=e)y"

log(P[N > n]™") < x, +

The above inequality implies that
n

logP[N >n]™") S ——.
R (logn)

(40)

Finally, combining (39) and (40) completes the proof.

2.2. Asymptotics of the total transmission time 7

In this subsection we compute the asymptotics of the total transmission time 7" based on the
previous results on P[N > n] and the relationship between N and 7' described in (1). Theorem 5
and Theorem 6 below characterize the exact asymptotics and logarithmic asymptotics for the
very heavy case, respectively, and Theorem 7 below gives the result for the moderate heavy
(Weibull) case. Interestingly, we want to point out that the minimum conditions needed for
Theorem 7, as shown by Proposition 8 below, involve an intriguing balance between the tail
decays of P[A > x] and P[L > x].

Similarly, the corresponding results on 7' can be derived for the other statements on N,
e.g. Propositions 3, 4, 5, and 6, and Theorem 4. However, to avoid lengthy expositions and
repetitions, we omit these derivations. In the following, let V = max.

Theorem 5. IfE[U©@VD+9] < 0o, E[A1Y] < o0, and E[L*H] < oo for some 6 > 0, then,

under the same conditions as in Theorem 1(i), i.e. F(x)™!' ~ ®(G(x)~") with ®(x) being
regularly varying of index a > 0, we obtain, as t — 00,

(e + D(E[U + AD®
(1)

PIT > 1] (41)
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Remark 14. E[L**?] < oo is close to a minimum condition for o > 1 since E[L*?] = oo
implies that E[T*?] = oo in view of T > L, which would contradict (41).

The proof of Theorem 5 is presented in Subsection 3.5.

Theorem 6. Under the same conditions as in Theorem 2, i.e. ®(x) = /) satisfies (3), where
l(x) is slowly varying with

1(/I(0)

lim =1, (42)

x—00 I(x)
and, in addition, if E[A] < oo, P[L > x] = O(®(x)~®*tD) E[U] < o0, and xP[U > x] =
O (P (x)~ D) for some § > 0, then we obtain

log(P[T > 1171
m ——— =
t—oo  log(P(1))

Remark 15. Theorem 6 implies parts (1:1), (2:1), and (2:2) of Theorem 2.1 of [1] and extends
Theorem 2 of [8]. Furthermore, it shows that, if log P[L > I '~ logP[A > x]7 L meaning
that the hazard functions of L and A are asymptotically linear, the distribution tails of the number
of transmissions and total transmission time are essentially power laws. Thus, the system can
exhibit high variations and possible instability, e.g. when 0 < o < 2, the transmission time has
an infinite variance and, when 0 < o < 1, it does not even have a finite mean.

Remark 16. It is easy to understand that, if the data sizes (e.g. files, packets) follow heavy-
tailed distributions, the total transmission time is also heavy tailed. However, from Theorems 5
and 6, we see that even if the distributions of the channel characteristics and data are highly
concentrated, e.g. when they are asymptotically proportional on the logarithmic scale (see
Corollary 2 in Subsection 2.1.1), the heavy-tailed transmission delays can still arise.

The proof of Theorem 6 is presented in Subsection 3.6.

Theorem 7. Under the same conditions as in Theorem 3, i.e. ®(x) = eRs™) satisfies (3), where
Rg(x) = xPl(x), B > 0, is regularly varying with [ (x) satisfying

(/1))
lim —
X—00 I(x)
and, in addition, if E[A] < 0o, P[U > x] = O(exp(—(log & (x))1+D/B+Dyy for § > 0,

PIL > x] = O(e_xs), and P[A > x] = O(e_x{), where ¢ > 0, & > B/(B+ 1), and
(1 —2¢)B < &, then we obtain

L,

log(P[T > 11" pY/B+D 4 g=B/(B+D
ParS (log ® (1)) 1/(B+D - (E[A 4+ UDB/E+D -

(43)

Remark 17. Theorem 7 implies part (1:2) of Theorem 2.1 of [1], and provides a more precise
logarithmic asymptotic instead of a double logarithmic limit. Furthermore, it is easy to check
that the condition (1 — ¢)B < & holds in two special cases: (i) if ¢ > B/(8 + 1) and
&> B/(B+1),and (ii) if £ > B and ¢ = 0 (assuming no conditions for P[A > x] beyond
E[A] < o0).

The proof of Theorem 7 is presented in Subsection 3.7. Basically, the condition (1—-¢)8 < &
is needed since the following proposition shows that P[T" > ¢] could have a heavier tail than
predicted by (43) if (1 —¢)B > & (or, equivalently, £/(§ +1—¢) < B/(B+ 1) when¢ < 1).
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Proposition 8. If P[L > x] = e and P[A > x] = e~ with 0 < £, ¢ < 1, then, as

t — 00,
_2E/E+I-0)

PIT >t]Ze (44)

Proof. Itis easy to see that, for §, y > 0,

t
]P’[T>t]ZIP’|:T>t,y<Ai<(l+5)y,1§i§—,L>(l+8)yj|
y

> (Ply < A < (1 +8)yDPIL > (1+8)y],
which, by noting that P[A > x] = e with ¢ > 0, yields
P[T > 112 (F[A > y)'/PIL > (1 + 8)y] = e~ @ /75,
Choosing y = t1/€+1=9 completes the proof.
If (1 — ¢)B > & then the exponent on the right-hand side of (44) satisfies §/(§ +1 —¢) <
B/(B + 1), which would contradict (43).
3. Proofs

3.1. Proof of Proposition 2

If log(®(x)) is slowly varying then, for any 0 < § < ¢ < 1, there exists x5 > 0 such that
log(®(x)) < x% for all x > x;. By using condition (3), or, equivalently, (20), we obtain, for
large enough n,

P[N > n] =E[(1 — G(L))"]

I\ T 1
n n

z<1—1>me(F<l”@»zn]
n

1 n _,0 1—
> 1—— e n°/( 5)’
- n

where we h_ave used the fact that, for x, chosen as in (20), we can always select n large enough
such that {G(L) < 1/n} C {L > x.}. Therefore, we obtain

_ s _
0< Tm logP[N > n] < lim 14+n°/(1—¢) _
n— 00 né n— 00 né¢

0 ’
which proves the proposition.

3.2. Continuation of the proof of Theorem 1

Now, we prove the lowe[ bound. For K > 0,1 > ¢ > 0, and x, selected as in (9), choosing
Xp > xg with @ ((1 — &) F(x,)) = n/K, we obtain, for large n,

P[N > n] = E[(1 — G(L))"]
> E[(1 — G(L)" I(L > x,)]

1 " =
ZEK#—¢%«I_@V1» MV<Fawq,
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where V is a uniform random variable on (0, 1). Recall that, without loss of generality,
®(-) can be assumed to be absolutely continuous and differentiable. Thus, by letting z =
n/®< (1 —e)u~"), we obtain

F(xn) 1 "
PIN > n]®(n) > <I>(”)/O (1 - m> .
K n !
> / <1 - 5) ow) S Ly, (45)
i n) ®m/z) (/) 22

From (45), following the same approach as used to derive (16), we obtain, as n — 00,
P[N > n]®(n) ~ /K(l — e)ae 7% dz,
&
which, passing K — oo and ¢ — 0, yields
P[N > n]®(n) > /Oooae‘zz"“l dz=T(a+1). (46)

Combining (17) and (46) completes the proof of (5).
We now proceed to the proof of (6). We begin by proving the lower bound. Recalling (9),
for large enough n and ¢ > 0, we obtain

P[N > n] = E[(1 — G(L))"]

> (1 - —)HP[(';(L) < Z]

- (1 _ ) [P|:q><—((1 _oF L) = ﬂ
> (11— s
- d(n/e)

nli_rr;OP[N > n]®(n) > IL_rr;o<1 - %) % = (1 —eg)e?,

™

N

S|o» I | »

implying that

which, by passing ¢ — 0, yields
lim P[N > n]®(n) > 1. “n

n—od
Let us now prove the upper bound. Following an approach similar to that used to derive
(10), we obtain

PIN > n] < E[e™/® W4V 4 (1 — G(x,))"

<]P’[O< _n <e’”:|
i R R (TS Y A

[log(en)] . n 1
+ efe P ek < < ek+1j| +0< )
];1 [ (1 +e)V—h ®(n)
[log(en)]
1+¢ _k 1+4e 1
P - - _
<swent 2 ¢ e +0<<I>(n)>’

k=m
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resulting in
(+oom & i +edm
— 4 Y e

RO = Ty e B/t

+o(1). (48)
k=m

Note that the second term on the right-hand side of (48) is always finite because of (11) and,
by passing n — oo and then m — oo in (48), we obtain

@OP[N >n]dn) < 1. (49)

Combining (47) and (49) completes the proof of (6).
3.3. Proof of Proposition 5

We first prove the lower bound. By recalling condition (4), or, equivalently, (9), and using
1 —x > e~ U+9% for small enough x, we obtain, for large enough n and x, = o(n) > 0,

P[N > n] > E[(1 — G(L))" I(L > x)]
> EleHOGWn (L > x,)]
> Ele~ (/T -0V ™D 1y < F(x,))]

> e‘x"IP’[ (+em <xp, V<= F(xg)}
d((1—¢e)V-1
-1
=e (] —s)¢<m>

= (1 — g)e—n—*(logn—log(xa/(1+¢))°

Using the preceding inequality and setting x, = A8(logn)®~! yields, for large enough n,

logP[N > n]_1 — A(logn)5 < A(logn — log(lx—_:g>)8 — A(logn)‘g + x, — log(1 —¢)
< —(1 —&)A8(logn)’ ' log(As(logn)’~1) + A8 (logn)®~!,
which, by passing n — oo and then ¢ — 0, results in
logP[N > n]~! — A(logn)? < —18(8 — 1)(loglogn)(logn)®~!. (50)

Let us now prove the upper bound. Following the same approach as used in the proof of
Theorem 2, we obtain, for large n and y, = A(logn)® — 18(8 — 1) loglogn(logn)®~!,

yn_l
n
P[N > n] < ek]P’kf—Sk—}—lj|+ey"+oIP’N>n
=l ,; [ o (1T +eVT1) (FIN =D
yll_l
< (I+e) Y e krrlogn=loett )’ 4 e=vn 4 o(P[N > n]). (51)
k=0

For f(x) = x + A(logn —log x)?, it is easy to check that f'(x) = 1 — A8(logn —logx)*~!/x
is monotonically increasing in x on (0, n). Then, by defining

x1 = A8(logn)® = — (1 — &)A8(8 — 1)*>(loglogn)(logn)°~2, g >0,
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we obtain, after some calculations, for large n,

(logn)?=1 — (1 — £/2)(8 — 1)>(loglog n)(log n)*—2
(logn)=1 — (1 — &)(§ — 1)2(loglog n)(logn)?—2

flex)>1- > 0,

which implies that f’(x) > 0 for x > x; and, therefore, infye[y, »y > f(x1). In addition,
fx1) = infocy<y, f(x) > A(logn — logxl)‘s. Hence, by (51) we obtain

PIN > n] < (1 + &) ye! ~M0gn—logx1)’ L o=y 4 H(P[N > n]),
which, by recalling the definitions of y, and x, results in
logP[N > n]~! — A(logn)® > —(1 + &)A8(8 — 1)(loglog n)(logn)° . (52)

Finally, passing ¢ — 0 in (52) and combining it with (50), we complete the proof.

3.4. Proof of Proposition 6

We first prove the lower bound. Applying the same arguments as used in the proof of the
lower bound for Theorem 3, we obtain, for 0 < ¢ < 1, x,, > 0, and large enough n,

1 1 1
log(P[N > n]—l) <x, + ——log| ® ﬂ =x, + _e/\(IOg((Hs)n/xn))a.
1—¢ Xn 1—¢

Setting x, = e

A(ogn)® (1-b(logn)’~1) 1 <8 <1, in the preceding inequality yields

log(P[N > n]™") < erogn)’(1=dr(logn)’~1) Le)»(lognflogx,,+10g(l+e))5’

1—¢
which, by noting that A(logn — log x, + log(1 + ¢))® < A(logn)®(1 — (1 — &)sr(logn)®~1)

for all large enough n, implies that, for large enough n,

1
log(log P[N > n]™!) < 10g<1 + 1—> + Aogn)’(1 — (1 — &)sr(logn)’ ™).
— &
Passing ¢ — 0 in the preceding inequality results in
log(log P[N > n]™") — A(logn)? < —82%(logn)? . (53)

Let us now prove the upper bound. Following the same approach as used in the proof of
Theorem 2, we obtain

Yn_l

1 5 ,

P[N > n] < Z exp(—k — mek(logn_logk)é) +e ™ + o(P[N > n)). (54)
k=0

Choose y, = e*logn’(1=(1+6)820ogm®™) " and let f(x) = x + e*oen—1og™)’ /(] 4 ¢)  Since

f'(x) is an increasing function in x on (0, n), it is can be shown that f'(x) < f'(y,) < 0 for
all 0 < x < y, and large enough n. Therefore, for 0 < k < y,, we obtain

1 1
exp(—k _ mCA(logn—logkﬁ) < exp(—yn _ mek(logn—logynﬁ)’
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which, by (54), yields

_ _1 eA(logn—logyn)5 +e " +o(P[N > n))
1+¢

< (n + De™" +o(PIN > nl),

P[N > n] <y, exp(—yn

implying that
log(log P[N > n]™") — Alogn)? > —(1 + &)dA>(logn)?*~ . (55)
Finally, by passing ¢ — 0 in (55) and combining it with (53), we complete the proof.

3.5. Proof of Theorem 5
The proof is based on large deviation results developed by Nagaev in [11]; specifically, we
summarize Corollary 1.6 and Corollary 1.8 of [11] in the following lemma.

Lemma 1. Let X1, X2, ..., Xy, and X be independent and identically distributed random
variables with fu>0 uwdP[X <u]l] <oocand EX =0.

o If1 < s <2 then there exist finite ys, c > 0 such that, forx >y > ys,

" en \*¥
IP’[Z X; > xi| <nP[X > y]+ <xy7> . (56)

i=1

o Ifs > 2 then there exists finite c > 0 such that

n 2
cn —X
P E Xi>x|<— — . 57

i=1
We are now ready to prove Theorem 5.

Proof of Theorem 5. We first establish the upper bound. By recalling Definition 1, for any

% > § > 0, we obtain
N-—1
PIT > t] :IP’[Z(U[ +A)+L > ti|
i=1
N

N
< P[Z(A,- AL+ E[U]D > (1 - 28)ti| +P|:Z(Ui —E[U)]) > 8ti|

i=1 i=1

+ P[L > 6t]
=1+ h+ 5. (58)

The condition E[L%*?] < oo implies that

E[Lot+0] 1

Let us consider I,. Suppose that o > 1, i.e. when E[N] < oo. Since N is independent of
{U;}, by defining X; := U; — E[U;], we obtain

L = iP[N = n]P[Xn:X,‘ > 5ti|.
n=1 i=1
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To evaluate P[], X; > §r] in the preceding equality, we need to apply Lemma 1, which
results in two situations. If 1 < s := o + 6 < 2, using (56) with y = §z/2, we obtain, for all
n=l1,

z [ st] 27 len

P[in > 5;] <P Xy > |4 =
i=1 - -

, (60)

implying that

8518

> i st1 28 lenm
L < PIN = Pl X —
2_’;:1 [ n](n ] 1> 2_+ )

< ]E[N]P[X] ) o

1

Otherwise, if s = o + 6 > 2, by (57), we obtain, for 0 < y < «d/(1 + §),

at} 25~1CE[N]

I_[1+6J

b < P[ Z X; > 8t:| +P[N > 1'19]
i=1

UH‘SJ

n 1
= Z P[N = n]]P’[Z X; > SI} + 0(,(1+3)(ay)>

n=1 i=1

_ <EIN] 82¢1-9 o 1
= Gnere TP\ T )T O iy )

which implies that, for some v > 0,
1
L =0 praerl £ (62)

We now suppose that ) <@ < 1. For1 <s:=1+6 <2, 6 > 0, recalling (60) and noting

that Z,ijl nP[N =n] < Ht!=**) fora > 0 >0 > 0,0+ 1)/(c +1) > ¢ > 1, and
large enough H, we obtain, for some v > 0,

L4

St 251
L=Y PIN= n](nIP’[Xl > 3] + 8Stf"> F PN > 4]

n=1
E[X%Jre] 2s—1p
(5t/2)1+0 §stl+0

S Ht§(1701+(7) (

1
= 0 tot+v ’

which, together with (61) and (62), yields, for some v > 0,
1
L =0 v )" (63)
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Let us now consider /;. It is easy to obtain, for ¢ > 0,

(1=28)1 /E[A+U(145)
I §]P’|: Z (A; A (et) + E[U)) > (1—28)t:|
i=1
(1 —26)t
E[A + U] + 8)
=: 111+ Iip + I13. (64)

+]P’|:N> ]+IP’[L>£t]

By recalling Theorem 1, we know that

P[N o (=30 } _ T(@+ D(E[U + A](1 +8)"
E[A 4+ U] +9) D)1 —38)*

The same argument as that used in (59) implies that

1
I3 = O(I‘)‘JrG). (66)

Furthermore, /1 is upper bounded by

(65)

(1=38)t /E[A+U1(1+8)

P[ Z (A;i A (et) +E[U] — (1 +8)E[A + U]
i=1

(1 —38)t ]
AR ¥
E[A + UI(1 +6)

n
< P[sup{Z(Ai A (et) + E[U]D —n(1 +0)E[A + U]} > St], (67)
"otz

where in the above probability, sup, {d>_/_, (A; A (e1) + E[U]) — n(1 + §)E[A + U]} is equal
in distribution to the stationary workload in a D/GI/1 queue with truncated service times with
the stability condition E[(A A (ef) + E[U])] < (1 + §)E[A + U]. Therefore, applying similar
arguments to those used in the proof of Lemma 3.2 of [5], for any fixed 8 > 0, we can choose
& > 0 small enough in (67) such that, as t — oo,

I — 1
“_ot_ﬁ’

which, together with (58), (59), (63), (64), (65), and (66), yields, by passing €, § — 0 in (65),
r D (E[U + AD®
PT > 1 < L@t DEW+ADT (68)
D(1)

We now prove the lower bound. It is easy to obtain, for § > 0,

~-N—1
PIT >t]=P Z(Ui+Ai)+L>t}
-i=1
~N—1
t(1+498)

ZP_E(U1+A1)>LNZm+1]
>P-N>M+1]_P[AIX:](U.+A~)<t N>M+1]
| T EU+A4] pr A O /Y
=1 —D. (69)
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For I, by defining Y; := E[U + A] — U; — A;, we obtain
L 51@[ > (Ui + Ap) 5:} :IP[ > Yi zaz}
i <t(148) /E[U+A] i<t (146)/E[U+A]
with ¥; < E[U + A] < oo. By Chernoft’s bound, there exist 4, n > 0 such that
I < O(he™), (70)
which, by Theorem 1, (69), and passing 6 — 0, yields

BT > 11> T(o+ 1);1E(g/ +AD* o

Combining (68) and (71) completes the proof.

3.6. Proof of Theorem 6
We first prove the upper bound. It is easy to see that

N—1
PIT > t] = P[Z((Ai ALY+ U)+L > t:|

i=1

[1/16] . f1/10)] ) .
<P AiAL) > = | +P Ui>=|+P|N>|—|+1
_|:§(1 )>3}+[§ l>3]+[ >L(t)1+}

t
PIL> -
o]
=hLh+bL+5:+ 1L (72)
Now, since /() is slowly varying and P[L > x] = O (P (x)~ D), we obtain
t
Iy = IP’|:L > 5} = o(®(t)™ 1. (73)
By Theorem 2 we obtain

log@PIN > [t/l]+ 1171 _

lim 1,
=00 log ®(¢/1(1))
which, by (42), yields
-1
o Jog®IN > 11+ 1) o
—o00 log(® (1))

To evaluate I, we will use the decomposition

[t/1()] :|

b =IE”|: Y U %
i=1
[t/1(t)]
t t t t
=it o= ) vl 2 i =3

=: I + 1. (75)
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For 0 < § < 1 and large ¢, owing to condition (42), we obtain [(¢/I(t)) > (1 —6/2)I(¢t), which
yields
by < 0@~ IO < 0= 1+DA=3/210) — (1)~ 1), (76)

Then, by using Chernoff’s bound, for 2z > 0, we obtain
[t/1(O /
_ oAb ht/3
I = ]P’[exp(h( IZ_; U; A l(t))) >e ]
< e MBE[Uint /IOy /10+1

which, by selecting 7 = 6[(t)/t, using e* < 1 + xe6/6 for 0 < x < 6, and noting that
E[U] < oo, implies that

Gl(t) ¢ t/1(t)+1
Iy <e20(E|1+4 S Uy A ——
2»=¢ + ; [IAN 6)

6[ ¢ t/1(t)+1
< e—2’<’>(1 + 2 )E[U1]>

1

Combining (75), (76), and (77) yields

1

To evaluate /1, we will use the decomposition

3

[1/1(1)] ¢ : ¢
< T (4n75) = 5]+ 7>

i=1

[t/1() ,
I :]P’[ > AiAL) > -}
i=1

=: 111+ .

Applying the same argument as used in the derivation of (77) and the fact that E[A] < oo, we can
prove that 117 = o(1/®(¢)), which, by noting that condition (42) implies that /1o = o(1/® (1)),

yields
1
L = 0<_d>(t))' (79)

Combining (72), (73), (74), (78), and (79) yields

— logP[T > 1]

im <-1. (80)
=00 log(® (1))
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Let us now prove the lower bound. Observe that

N-1 N-1

21
P A; + U; L>t|>P AN t, N - 1
[;¥’+ ot >}“[;;’A )= >[MAAUW+]
12t /E[AAI]]

2t
ZP[N>’VM—‘+1:|—P|: Z (Ai/\l)ft]a

i=1

and, by applying the same arguments as used in the derivation of (70), it is easy to prove that
the second probability on the right-hand side of the above inequality is exponentially bounded.
Therefore, using Theorem 2 and the preceding exponential bound yields

log P[T >
lim 2T >

oo ®(logr) ®D

Combining (80) and (81) completes the proof.

3.7. Proof of Theorem 7
We first prove the upper bound. Itis easy to see that, forn := E[U]/E[A+U]and0 < ¢ < 1,
N-1
P[T > (1+e)]= ]P’[Z((Ai ALY+ U)+L >+ 8)t:|

i=1
Ld—e)t/E[A+U]] L(—e)t/E[A+U]]

51}»[ Z (A AL) > (1 —n)ti| +IP’|: Z U; > nt}

i=1 i=1

(1 —e)t

=Lh+h+5+1L (82)
The condition on L implies that
I4 = PIL > e1] = o(e~Uog @70y (83)

and, by Theorem 3, we obtain

BY/B+D 4 g=B/(B+D)
(E[A + UB/B+D

. log(P[N > |(1 —&)t/E[A+ U1JI™YH
lim

= (1 — g)B/B+D
=00 (log ®(¢))1/(B+D =1-e

(84)

Now, we evaluate /. By applying the large deviation result proved in Theorem 3.2(ii) of
[5], and noting that P[U > x] < o(e_x(|+8/2)ﬂ/(ﬁ+l)
and C > 0 such that

), we can prove that there exist 1 > y > 0

L(1—e)t/E[A+U1]
]P’[ Z U; Ayent) —n(1 —e)t > snt] <C(e

i=1

—(ent)IHS/DB/(B+D)

)

— o(e—(og @@y (85)
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Thus, we obtain
(1 — ey L(1—&)t/E[A+U)
L < LMJPM > (yemit] + IP’[ Z (Ui Nyent) > nt},
i=1
which, by (85) and the assumption on U, yields
I = o(e~ (g @@y (86)

For 11, we begin by proving the case in which { = 0 and £ > f, i.e. assuming no conditions
on P[A > x] beyond E[A] < oco. Itis easy to obtain, for 0 < ¢ < 1/(8 + 1),
L(1—e)t/E[A+U]]

I :]P’[ Z (A AL) > (1 —n)t:|
i=1
L(1—e)t/E[A+U]]
<P[L > ¢!/FFTD=e] 4 P[ DN e T (e n)t]

i=1

= I+ 1.
The condition & > B implies that, for0 < ¢ < (1 — 8/&)/(B + 1),
I < O(C_t(l/(ﬁ+l)—8)$) _ 0(6_(10g q>(t))1/(ﬁ+1)). (87)

Using Chernoff’s bound, for 2 > 0, we obtain

L(A=&)t/E[A+U]]
Iy = P[exp(h( Z (Ai A tl/(ﬂ+1)—e)>> > eh(l—n)zi|
i=1
< e*h(] —n)t (E[eh(Al Al(l/(ﬂ+1)*€))]) L(1—¢)t/E[A+U]] 7

which, with 7 = /u_(l/(ﬂH)_g), w>0,"*—-1)/u<1+¢e/2, and using e* < 1 +
(e? — 1)x/b for 0 < x < b, yields

E[eh(Al/\t(l/(‘””*E))] <14+ S hE[(A; A t(l/(ﬁ+l)—8))]

IA

1+ (1 + %)ut_(l/(ﬁ“)_g)E[Al].

Then, the preceding inequalities, using 1 + x < e*, imply that

I < e_ﬂ(l—n)tﬂ/(ﬂ+”+£ (1 + <1 + %)Mt_(l/(ﬁ-i-l)—a)E[Al]

< o~ HU=mtP/BFEDFE (e /2)p(1—n)(1—e)rP/ P HDT

)(l—s)t/E[A+U]

— e~ H(I=m((+e)e/2iP/FFDFe

— o(e~1os @@y (88)

Combining (87) and (88) yields I; = o(e~108 """y o+ — 0 and & > B.
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Now, in order to prove the { > 0 case when P[A > x] is bounded by a Weibull distribution,
we need to use the following lemma, which is based on a minor modification of Theorem 3.2(ii)
of [5] (or Lemma 2 of [6]) and can be proved by selecting s = vQ(u)/u, 0 < v < 1, in
Equation (5.18) of [5], where Q(u) is defined in [5].

Lemma 2. I[fP[A > x] < He’xK, H>0and1 > ¢ > 0, then, for x’ <u < ex,e > 0,
1>0>0,andn < Hx, there exist C > 0and 1 > § > 0 such that

n
P[Z A;j Au—nE[A] > x] < ey,
i=1
Note that the case ¢ > 1 is trivial since in this situation /1 is exponentially bounded using
Chernoff’s bound. Therefore, we need to only consider the 0 < ¢ < 1 case. Using the union
bound and the independence of {A;} and L, it is easy to obtain, for0 < e < 1/(8 + 1),
L(1—&)t/E[A+U]]

I =IP>[ > (Aj AL) > (l—n)t:|
i=1
L(1—&)1 /E[A+U1)
<P[L > et] + IP[ Z (Aj AtV BFD=ey S () — n)ti|
i=1
L(1—e)t/E[A+U])

et
* /tl/(ﬂJrl)fs P[ Z (Ai nu) > (1 — n)t} dP[L < u]

i=1

=:I11 + Ix + I13.
From (83) and (88), we obtain
Iy + Iy = o(e~ (e @Oy, (89)

Applying Lemma 2 yields, for t1/F+D=¢ <y < g1,

[(1—e)t/E[A+U]]

IP[ Z (A Au) > (1 — n)z}

i=1
L(1—e)t/E[A+U]]

(1—e)
< ]P’[ ; (A; Au) — {MJE[A] > e(l — r))t:|

~1
< Ce—Be(l—n)u( t’

resulting in
st ol
L3 < / Ce= U=t qpL <y
(1/(B+1)—e

_ _ -1 1/(B+1)—e
< Ce =ML > )L,

et
+ /1/(/3+1> He_us Ce—és(l—n);u§—1 (1—-1¢)de(l — 7’))t1,¢§—2 du
t —&

&t
< swp {Ce_“s_‘sg(l_"”““}<1 +o(1) b2 du).

T B —e <y<er /(B+D—e
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Since the function f(u) := Ce—uf—se(—nf~! g absolutely continuous on [¢1/(B+D=¢ ¢f]
the supremum is obtained either at the two endpoints or when f’(u) = 0. Straightforward
calculatlons show that there is only one point u* where f'(u*) = 0, and f(u*) =

e/t P for some & > 0. Furthermore, for some & > 0, we can verify that f(u) =
O(e g SIS g)é) when u = t"/B+D=¢ and f(u) = O(e’h’ ) when u = &t. Therefore,
by our assumptions ? > B/(B+1)and (1 — ¢)B < &, these preceding bounds imply that
113 = o(e~log @t NHEED ), which, together with (89) and the proof of the { = 0 case, implies
that, forall ¢ > 0,

Iy = o(e~(oe @Yy (90)
Thus, combining (82), (83), (84), (86), and (90), and passing ¢ — 0 yields

logP[T > 117" pYB+D 4 g=P/(B+D
>
o (log @ (1))!/B+D) = (E[A + U])A/B+D

oD

Let us now prove the lower bound. Applying the same argument as used to derive (69) in
the proof of the lower bound for Theorem 3, it is easy to obtain, for § > 0,

t(1+9) 1(1+9)
T2 BN gt ] - [Z(U’+A)<IN—M“}’

where the second probability on the right-hand side is exponentially bounded (see (70)).
Therefore, using Theorem 3 and passing § — 0 yields
_ IOgIP[T - t]_l ﬂl/(ﬂ-l-l) _|_‘3—/3/(/3+1)
% Tog d () FD = (B[A + UDPIPTD

92)
Combining (91) and (92) completes the proof.
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