Large Deviations and Long Time Behavior of Stochastic Fluid
Queues with Generalized Fractional Brownian Motion Input
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ABSTRACT. We study the large deviation behaviors of a stochastic fluid queue with an input being
a generalized Riemann-Liouville (R-L) fractional Brownian motion (FBM), referred to as GFBM.
The GFBM is a continuous mean-zero Gaussian process with non-stationary increments, extending
the standard FBM with stationary increments. We first derive the large deviation principle for the
GFBM by using the weak convergence approach. We then obtain the large deviation principle for
the stochastic fluid queue with the GFBM as the input process as well as for an associated running
maximum process. Finally, we study the long time behavior of these two processes, in particular,
we show that a steady state distribution exists and derive the exact tail asymptotics using the
aforementioned large deviation principle together with some maximal inequality and modulus of
continuity estimates for the GFBM.

1. INTRODUCTION

Stochastic fluid queues have been used to model communication networks, in particular, the flow
of data through the network as a “fluid” continuously over time. The input of such fluid queues
is assumed to be an exogenous random process while the output is a constant rate. The fluid
queue, which is often viewed as the fluid workload process, is then modeled via the one-dimensional
reflection. See, for example, an overview of the stochastic fluid queues in [33, Chapter 5] (and an
overview of scheduling of stochastic fluid networks in [7, Chapter 12]). Such models are also used
to model the dynamics in storage or dams [30].

Although the input can be of any general continuous-time stochastic process, in the telecom-
munication literature, Gaussian processes with self-similarity and long-range dependence, such
as fractional Brownian motion (FBM), are often used to model the traffic flow into the system
[22, 23, 25, 26, 28, 34]. However, the existing studies using FBM only model stationary inputs that
have these self-similarity and long-range dependent properties. Many internet and communication
input flows exhibit nonstationarity (see, e.g., [5, 19, 31]). Therefore it is desirable to use a process
to capture all these characteristics.

Recently, Pang and Taqqu [27] have introduced a generalized fractional Brownian motion (GFBM)
as the scaling limit of power-law shot noise processes extending [29, Chapter 3.4] and [21]. The
GFBM loses the stationary increments property of the standard FBM, while exhibiting self-similarity
and long range dependence. In this paper we use a special case of GFBM, which is the generalized
Riemann-Liouville (R-L) FBM, see Equation (2.1), as the input process for fluid queues.

We particularly focus on the large deviation principles (LDPs) of the fluid queues with the GFBM
input. Large deviations of fluid queues have been well studied, see an overview in [13]. Our paper
is of similar flavor as Chang et al. [6], which studies the large deviations and moderate deviations
properties of fluid queues with an input process that can be regarded as an extension of the R-L
FBM. Specifically, the Brownian motion in the R-L. FBM is replaced by a process of stationary
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2 LARGE DEVIATIONS OF FLUID QUEUES WITH GFBM INPUT

increments that satisfies a large deviations or a moderate deviations principle. That construction
obviously differs from the GFBM. One distinction is that the mapping in that construction is
continuous from the process of stationary increments to the input process, and thus, the contraction
principle can be applied to establish the LDP for the input process. However, that is not the case for
the GFBM. We explain in detail why the contraction principle cannot be directly used to establish
the LDP for the GBM from that of the driving BM in Section 2.2.2.

Therefore we establish an LDP for the GFBM ({X¢}.>0 as defined in (2.8)) using a different
approach i.e., the weak convergence approach, see Section 2.2.3 for a brief description. This ap-
proach is commonly used in proving LDPs of processes that can be expressed as a measurable map
of a Brownian motion (X°¢ is clearly an example). We establish the LDP for {X¢}.~o by proving
Lemmas 3.1, 3.2 and Lemma 3.3 (following the procedure for LDPs according to Theorem 2.1).
The advantage of this approach lies in the fact that the LDP for {X¢}.5¢ is simply equivalent
to tightness of processes {X°¥ }.~o (defined in (3.2)), for an appropriate pre-compact family of
processes {v°}.~o and uniqueness of solutions to equation (3.2), for an appropriately specified pro-
cess v. The aforementioned tightness (which is required to prove Lemma 3.1) is derived under
the assumption that the set of parameters (a,) for the GFBM in (2.1) satisfying (2.6) (noting
that the Hurst parameter H can take values in (0,1) in this range unlike the standard FBM B
with H € (1/2,1) when v = 0). On the other hand, the rate function obtained using the weak
convergence approach is given in the form of an optimization problem (see (3.1)). In fact, even
for standard FBM, the rate function using the contraction principal in [6] is also implicitly given
via the integral mapping. Here we present an expression of the rate function for the GFBM using
Laplace transform in Lemma 3.4.

We then move on to prove the LDP for the workload process V() of a stochastic fluid queue
with the GFBM as input and with a constant service rate and the corresponding running maximum
process M(-). See (4.1) and (4.2). It is clear that the sample path LDP for V() and M(-) can be
easily obtained by applying the contraction principle by the continuity of the reflection mapping
in the Skorohod topology. However, by adapting the method in [6, Section 4 & 5|, using the LDP
result for the GFBM, we obtain the LDP for V() and M(-) at a fixed time, in which the rate
function is explicitly provided (see Theorem 2.2 and Lemma 4.1).

Finally, we analyze the long time behavior of these processes in Section 5. As it is well-known,
if the input process as stationary increments, the study of V(¢) and M (t) is equivalent (see (4.3)).
Since the GFBM has non-stationary increments, the usual approach with stationary input to derive
the steady state of the queueing process does not apply (see, e.g, tail asymptotics of fluid queues
with the R-L FBM in [9, 10, 12, 14, 15] and the reference therein).

To study the long time behavior we first establish that the laws of V(t) and M () have a weak
limit point as ¢ — oo (in fact, we show that M(¢) converges almost surely as t — oo). We first
derive an alternative representation of the GFBM in Lemma 5.1 by using It6 product formula for
which we have to use an approximation approach to avoid an ill-defined issue around time zero.
We then derive a new maximal inequality for the scaled GFBM (see Lemma 5.3), in particular,
the tail asymptotics for maxs,<s<¢ {S_H X (s)}, for some §yp > 0 and a modulus of continuity type
estimates for X (¢), when ¢ is around 0. Moreover, by using this new maximal inequality, we can
show that the tail of laws of V(¢) and M (t) at fixed ¢ is sub-exponential (Theorems 5.1 and 5.3),
from which we conclude that the laws of V(¢) have a weak limit point as ¢ — co. In addition, this
sub-exponential tail behavior also implies that expectation of the M (t) is uniformly bounded in
time, and thus conclude that M (t) converges almost surely.

Now that the existence of a steady state distribution is proved, we next study the tail asymptotics
of these steady state distributions. Due to the non-stationarity of the processes, the steady state
distribution of this process is not necessarily equal to the steady state of the queuing process
mentioned above. We derive tail asymptotics for the steady states in Theorem 5.2 and 5.4. For this
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purpose, we derive a maximal inequality (see Lemma 5.3) and a modulus of continuity estimates
(see Lemma 5.2 and 5.4) for the GFBM.

We also provide alternative proofs for certain results in Sections 4 and 5 using well known results
on the extremes of Gaussian processes. Specifically, we give proofs for Theorem 4.1 and Lemma 4.1
in Section 4.1 using Landau-Marcus-Shepp asymptotics [24, Equation (1.1)], and discuss how it
is used to prove Lemma 5.4 in Remark 5.5. We also give an alternative proof for Theorem 5.2 in
Section 5.1 using results on the tail asymptotics for locally stationary self-similar Gaussian processes
by Hiisler and Piterbarg [16]. For this we show that the GFBM is locally stationary, despite its
non-stationary increments (see Lemma A.2).

1.1. Notation. Let (Q, F, {F;}+>0,P) be the filtered probability space with F; satisfying the usual
conditions. [E denotes the expectation with respect to P. For T > 0, let Cr be the space of
continuous real-valued functions f on [0,7] such that f(0) = 0 and equipped with the uniform
topology (|| - || denotes the corresponding norm). When there is no ambiguity, we write Cr as
C. L?([0,T]) denotes the space of square integrable Lebesgue measurable functions on [0, T]. Pz
denotes the law of the random variable Z.

1.2. Organization of the paper. In Section 2, we introduce the GFBM process and give its basic
properties. In Section 2.2, we give the definitions and necessary results from the general theory
of large deviations. As mentioned already we use the approach of weak convergence in this work,
we introduce and compare this approach to other well-known approaches proving large deviation
principle. We also state important results used in this approach. In Section 3, we prove that the
GFBM process defined in (2.8) satisfies a large deviation principle. In Section 4, we establish a
large deviation principle for the workload process and the running maximum process of a stochastic
fluid queue with constant service rate and scaled GFBM as the arrival process. Finally, in Section 5
we study the long time behavior of the the running maximum process and the queuing process.

2. PRELIMINARIES

2.1. Generalized Riemann-Liouville FBM. The generalized Riemann-Liouville (R-L) FBM
{X(t) : t > 0} is introduced in [27, Remark 5.1] and further studied in [17, Section 2.2]. The
process X (t) is defined by

t
X(t) = c / (t — w)u="2dB(u), t>0, (2.1)
0
where B(t) is a standard Brownian motion and ¢ € R,
1 v 1 v
71 ) < Y 57 o 7) .
vy€[0,1), ac 53 513

The normalization constant c is such that E[X (¢)?] = t2 (it can be explicitly given as in Lemma
2.1 of [17]). The process X (¢) is a continuous self-similar Gaussian process with Hurst parameter

v 1
H=a—--+-€(0,1).
5 T35 €0:1)
It has non-stationary increments, in particular, the second moment for its increments is

E[(X(t) — X(s))Q] = 02/ (t —u)?“u"du + c* /OS((t —u)® — (s —u)")*uVdu, (2.2)
for any 0 < s < t. It has mean zero and covariance function
Cov(X(t),X(s)) = E[X(s)X ()] = ¢* /Os(t —u)*(s —u)%u du, (2.3)

for 0 < s < t. For simplicity, we refer to this process as GFBM.
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When v = 0, the process X (¢) becomes the standard R-L. FBM
t
BH (1) = c/ (t— w)*B(du), t>0. (2.4)
0

which has
E[(B"(s) — BY(1))*] = |t — s,

and the covariance function
1
Cov(X (1), X(s)) = E[B"(s)B(t)] = §c2 (2 27—t — s]2H) (2.5)

It is clear that the GFBM X loses the stationary increment property that the standard FBM B
possess.

Some sample path properties of the GFBM X have been studied. It is shown in [27, Propo-
sition 5.1] and [17, Theorems 3.1 and 4.1] that X has continuous sample paths almost surely,
and moreover, is Holder continuous with parameter H — € for € > 0; and the paths of X is
non-differentiable if v € (0,1) and (y —1)/2 < a < 1/2, and differentiable if v € (0,1) and
1/2 < a < (14+)/2, almost surely. In [32], the additional properties of the exact uniform modulus
of continuity are studied.

For standard FBM, the Hurst parameter H not only indicates the self-similarity property, but
also dictates the short and long range dependences, that is, H € (0,1/2) and H € (1/2,1) for
short and long range dependences, respectively. The usual definition of long range dependence is
through the autocovariance functions, namely, letting 75 = Cov(Z(t), Z(t + s)) be the covariance
function of a stationary process Z(t) (noting that 7, is independent of ¢ due to stationary incre-
ments), one says the process has long range dependence if Y 32 ~s = oco. However, for processes
with non-stationary increments this definition does not apply. In [18], a concept of long-range
dependence for self-similar processes (not necessarily stationary) is introduced via the associated
Lamperti transform (which turns the nonstationary process into a stationary one). Specifically,
for a self-similar process Z(t) with Hurst parameter H and Z(0) = 0, the Lamperti transform Z
is defined by Z(t) = e H'Z(e!) for t € R, which is strictly stationary with covariance function
Y5 = E[Z(t)Z(t + s)] for any ¢, s € R. We then say that the process Z has a long range dependence
if limy oo %log |7¢| + H > 0. For standard FBM, it can be checked that this condition is equivalent
to 2H — 1 > 0, that is, H > 1/2. Tt is shown in [18, Proposition 6] that the GFBM has long range
dependence in that sense if and only if @ > 0. As a special case, when v = 0, the FBM B is long
range dependent if H = a4+ 1/2 > 1/2. Observe that, for the GFBM, when

v€(0,1), 0<a<(1+7v)/2, (2.6)

the value of the Hurst parameter H = a — /2 + 1/2 can take any value in (0,1). Specifically, for
0<a<7/2, H e (0,1/2) while for v/2 < o < (14+7)/2, H € (1/2,1). Our results below in the
large deviation of the GFBM and the fluid queue with the GFBM input assume this parameter
range in (2.6).

2.2. Large deviation principle for functionals of BM. Suppose (S,B(S)) is a Polish space
with B(S) being the Borel o-algebra of S. Consider a family of S-valued random variables {X¢}.~0,
whose corresponding family of probability measures is denoted by u®.

Definition 2.1. The family of S-valued random variables {X¢}.~0 (or the family of probability
measures {4 }e~0) is said to satisfy a large deviation principle (LDP), if there is a lower semicon-
tinuous function I : S — [0, 00] and the following is satisfied:

(1) For every A € B(S),

— inf I(z) <liminfelogpu®(A) < limsupelogu®(A) < — inf I(x),
reA° e—0 =0 TEA
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where A° and A denote the interior and closure of the measurable set A.
(2) For 1 >0, {z: I(z) <1} is a compact set in S.
We refer to I as the rate function and € as the rate.

It is well known that an equivalent way of defining the LDP is given by the result below (see [4,
Theorem 1.5 and 1.8]).

Theorem 2.1. A family of probability measures {u}e~o satisfies an LDP with rate function I and
rate € if and only if for every bounded continuous function ® : S — R,

;ii% —5log/sexp (—i@(:ﬂ)) pf(dz) = inf [I(x) + ®(x)]. (2.7)

zeS
and for every 1 >0, {x € S : I(z) <1} is compact in B(S).
The following result is used often in the sections that follow [4, Theorem 1.16].

Theorem 2.2 (Contraction principle). Suppose (S’, B(S")) is another Polish space and F : (S, B(S))
(S, B(S")) be a continuous map. If the family {u}.>0 satisfies LDP with rate function I and rate
g, then the family {v° = pfo F~1}.~o also satisfies LDP on S’ with the rate € and the rate function
I' given by
I'(y) = inf I(x).
(y) xES:I}I‘}(y):a: (Z’)
One of the main goals of this work is to prove that

X°=eX (2.8)

satisfies the LDP with appropriate rate and rate function for the GFBM X in (2.1). From the
existing literature, three common approaches can be used to arrive at the desired result. We briefly
describe these approaches and point out the difficulties or lack thereof in adopting these approaches
to our case.

2.2.1. Using Gartner-Ellis Theorem [11, Section 4.5.3]. In this approach, we study the logarithm
of moment generating function of finite dimensional distribution of X¢ and its limiting behavior
as € — 0. It is also required to prove the exponential tightness (See [11, Page 8]) of the process.
In contrast, using the weak convergence approach described briefly below, we are only required to
show tightness of some appropriate family of processes.

2.2.2. Using LDP of {eB}.>0 and Theorem 2.2. 1t is well known that the family of C- valued random
variables {eB}.~¢ satisfies LDP [11, Theorem 5.2.3 | with rate €2 and rate function Iz : C — [0, o]
given by

1 T ¢ 2 . . o
I5(€) = 5 Jo &(s)*ds, whenever £ is absolutely continuous and £(0) = 0,
o0, otherwise.

Remark 2.1. Fix b(e) such that

VE

@%0 and b(e) >0, ase—0.

Suppose an S-valued process A on [0, T] such that {eA(e7!+)}.~ satisfies an LDP with rate function
I and rate ¢ and {\/eA(e71-)}c~0 is weakly convergent to a non-trivial distribution. Then it is of
interest to study the asymptotic behavior {b(¢)\/€A(e~1-)}.~0 which is in some sense, in-between
the above behaviors. The process {b(¢)\/eA(e™!)}eso is said to satisfy a moderate deviations
principle if it satisfies an LDP with some rate function I and rate b(g)2.

Clearly, both the families {\/eB}.~o and {b(¢)B}c~o satisfy LDP with same rate function Ip
and rates £ and b(e¢)?, respectively. But the LDP of {b(¢)B} can be framed as the MDP by
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noting that the laws of {b(¢)\/zB(-c~1)} and {b(¢)B} are equal. In other words, the rate functions
corresponding to LDP and MDP are the same. It is just the rates that change accordingly. Since
GFBM X as defined in (2.1) is a linear function of Brownian motion B, similar comments can be
made for X. Hence, without loss of generality, we just consider the large deviation behavior as the
driving noise in our case is a Brownian motion.

Suppose a C-valued process defined by Y = F(eB), for a continuous function F' : C — C.
Using Theorem 2.2, we can conclude that {Y®}..q satisfies LDP with rate 2 and rate function
Iy : C — [0, 0] given by

1 .
I =— inf / s)%ds.
v(n) 2 cecmer(e) Jo &(s)
This approach was used in [6, Theorem 3.1] to prove the LDP of the standard FBM:
t
1
Ye(t) = F(eB)(t) = 5/ (t— s)H*%dB(s), for H > 5 (2.9)

0

It can be checked that F' as defined above is a continuous map from C to C. (In fact, a more general
class of processes are considered in [6] where the Brownian motion B is replaced by any process
with stationary increments satisfying an LDP.) Unfortunately, we cannot adopt this method to our
case as the map defined by

G(e)(t) = /0 (t— )5 F de(s)

fails to be continuous from C to C. This is mainly due to the presence of the term s72 in the
integral and without having strong decaying behavior of £(s) as s — 0, the above integral may
not be well-defined. Indeed, we consider the following: Fix v € (0,1) and choose £ € C such that
&(s) = s” on [0,61], with 0 < 6 < t and 0 < 8 < J. This choice is sufficient to illustrate the effect

of 37%, although ¢ with a more general form can also be considered. With the above choice of &,
we have for any 0 < § < §; < t,

t g1
/ (t —s)*s~2&(ds) > 6/ (t—s)*s 257 1ds
0 é

61
25(t—51)°‘/ s~257 ds
0

ﬂ(t — 5)04 -2+ —245
P TO (s 53

;+B<1 )
Too, as d—0.

It is easy to see that the set of all functions ¢ € C satisfying the above property form an open set in
C. Therefore, we can conclude that the map G is not well defined on at least an open set of C. In
other words, we cannot use Theorem 2.2 on the map G. However, we note that the rate function
corresponding to Y¢ is obtained from the rate function corresponding to X¢ by directly evaluating
it as v = 0. Compare [6, Theorem 3.1] and Theorem 3.1.

2.2.3. Using weak convergence approach [4, Section 3.2]. This approach can be used to study the
large deviation behavior of any C-valued family of random variables defined as {Z¢ = R(eB)}, where
R : C — C is Borel measurable. The key tool used in this approach is the following variational
representation of exponential functionals of Brownian motion B.

Theorem 2.3. [3, Theorem 3.1] For a bounded Borel measurable functional ¥ :C — R,

logE — inf E B /OTU(S)Qdep <B+/O'v(s)ds)] L (210)

exp ( - \II(B))
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Here, A is the set of Fy- progressively measurable processes v(-) such that

E [/OT U(S)st] < .

In what follows, we sometimes refer to elements of A as controls. Using the above result, we are
set to prove the LDP of Z¢ = R(eB) in the following way.

For € > 0 and any bounded continuous function ® : C — R, we first rewrite (2.10) by choosing
U(B) =& ?® o R(eB) = ¢ 2®(Z%) and defining Z=¥ = R(eB + [, v(s)ds):

—e’logE [exp <—€12<I>(Z€)>] = —’logE [exp (—e @ o R(eB))] (2.11)

T .
=c?inf E [1 / v(s)%ds + e 2® o R(eB + 8/ v(s)ds)]
veA 2 0 0

52 T
= ;IelﬁtE 2/0 v(s)2ds—|—¢’(Z€’”)}

= inf E
vEA

T
% / v(s)%ds + @(Zg’”)} . (2.12)
0
To get the final equality, we re-defined ev as v. Note that this does not change the right hand side.
To prove the LDP for {Z¢}.~¢, we now work with the expression on the left hand side above. Note
that this resembles the left hand side of (2.7) without the limit.
Using Theorem 2.1, to conclude that {Z°}.~¢ satisfies LDP, it remains to show that
(1) the expression in (2.11) has a limit;
(2) this limit is equal to

inf [I(z) + ®(2)],

for some lower semi-continuous function I : C — [0, oo] with compact level sets.

To this end, we require the following lemma [4, Page 62] which states that there are nearly
optimal controls of the right hand side in (2.11) which are almost surely finite in L?([0, 7]) norm.

Lemma 2.1. For every § > 0, there ws M < oo such that
1 1T
2 € : 2 £,0
—e“logE ——=®(Z > f E|= d I AL -9
- [exp < g2 ( )>] = vedpu [2 /o v(s)yds + 2(27) ’
for every 6 > 0. Here, Ap s is a subset of A that contains v € A such that fOTv(s)st <M, P-

a.s.

In the above, the maps F' and R are chosen to be C-valued for simplicity. They are allowed to
take values in any Polish space.

3. LDP FOR THE GENERALIZED R-L FBM
In this section, we prove the LDP result of the process {X¢}.~0 in (2.8).

Theorem 3.1. Assuming that (o, ) satisfy (2.6), {X}es0 satisfies an LDP with rate €* and rate
function Ix : C — [0,00] given by

) inf,es lfTv(s)st
1 = €270 ’ 3.1
x(®) { oo, whenever Sg = 0. (3:1)

Here S, for & € C, is the collection of all v € L*([0,T]) such that

£(t) = c/o (t —s)*s™ 2v(s)ds.



8 LARGE DEVIATIONS OF FLUID QUEUES WITH GFBM INPUT

Remark 3.1. This result for the case where v = 0 can be obtained as a special case of [6, Theorem
3.1]. In the above theorem, we get the rate function in an implicit form. This is not a consequence

of the s~2 term in the definition of X(-), but because of the (f — s)® term. To see this, one can
take o = 0 and proceed with the same proof. The rate function in this case turns out to be

T .
Ix©) =5 [ 1éeras,

whenever ¢ is absolutely continuous on [0,7] and oo, otherwise. Note that the hypothesis of the
above theorem assumes « > 0, but this will not be an issue in adopting the same proof.

Remark 3.2. This result is used repeatedly in the sections that follow. The techniques of the proof
break down as v — 1. This is mainly because the process

t
/ (t— s)o‘s*%dB(s)
0
is not well defined, P— a.s.

Define
XV(t) ﬁg/o (t—s)a5—3d3(5)+c/0 (t—s)%s 2v(s)ds. (3.2)

This process will be used in the following two lemmas.

Lemma 3.1. For any bounded continuous function ® : C — R,
1
lim inf —¢?log E [exp (—QQJ(XE))} > inf [Ix(z) + ®(x)],
e—0 € zeC
with Ix as defined in the statement of Theorem 3.1.
Proof. Fix § > 0. From Lemma 2.1, we have

—?logE [exp (-2@(){8))] > inf E B /OTU(S)2dS+(I)(X6’v):| — 4,

UEAb M

for every 6 > 0. Recall that Ay s is a subset of A that contains v € A such that fo s)%ds <
M, P— a.s.
Now consider a J-optimal control v® € Ay ar to the above infimum, that is, v° satisfies

—e2logE [exp <—€12<I>(X5))] >E B /OT v°(s)%ds + (I)(XE’”E)] — 2.

Since f s)2ds < M, {v°}c~p is Weakly compact in L2([ TY)), i.e., there exists a subsequence &y,
and a v € LQ([O T)) such that fo v (s)u(s)ds — fo (s)u(s)ds, for every u € L%([0,T7)).

For now, let us assume that the famlly of C x L*([0,T7]) - valued random variables {(X* VT 0E) e
is tight. Let &, be the converging subsequence with (XV,v) as the corresponding weak limit and
write (X" ) as (X™,v") when there is no ambiguity. From the Skorohod representation
theorem, we have a probability space (2*, F7*,P*) in which

(X", 0") = (X¥,0), P*—as.
and the distributions of B, {X"}, {v"}, X? and v remain the same under P* and P. We have
1 e
liminf —¢2 log E {exp (—QQ(XE")>] > liminf E {2/ v"™(s)2ds + @(X”)] — 26
2 0

en—0 2 n—00

SE B /OTU(S)st + @()_{”)] Y
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UGSX'U 2
> ing Ix(z) + ®(x)] — 26.
TE

T
ZE[ inf 1/ v(s)?ds + ®(XY)| — 26
0

Here the second inequality follows from Fatou’s lemma. From the arbitrariness of §, we have the
result. The construction of (Q*, F*,P*) is necessary to characterize the limit points (XV,v).

It now remains to show that {(X*"", v%)}.so is in fact tight in C x L?([0,7]). To that end,
{v¢}e0 is precompact in L?([0,77]) under weak* topology. Indeed, since any closed ball is compact
in L2([0,T]) under weak* topology and fOT v¥(s)%ds < M. Let ¢, (denoted simply by n) be the
converging subsequence and v be the corresponding limit. Note that we have only concluded that
the laws of v™ converge weakly to the law of v. From the Skorohod representation theorem, we can
infer that

" = v, P —as.

Finally, we show that X" (written as X™) converges almost surely in C and also characterize

the limit. Note that
enB—0 inC, P*—as.
Recall that

X"(t) = 5nc/0 (t —s)*s~2 B(ds) + C/O (t — s)*s 20" (s)ds.
= XP(1) + X3(1)

and from the P*— a.s. convergence of {v"}, we know that for any v € L2([0,T]),
T T
/ u(s)v°"(s)ds —>/ u(s)v(s)ds, P*—as.
0 0
And since (¢t — s)*s~2 € L2([0,T)), for every t € [0,T], we have

T T
/ Teqo,q (t — s)as_%v‘E”(s)ds — / Tgejo,q (t — s)o‘s_%v(s)ds.
0 0
Consider the following: for 1 > h > 0, P*— a.s., we have
[ X3 (t+h) — X5(1)]

t+h .
<c / (t+h—s)%s 20"(s)ds| + ¢
t

t+h
/ s zo"(s)ds
¢
t+h T v
< ch® / s Vds / [v(s)|2ds + ¢ max {|(s + h)* — s°|} ’/ s 20" (s)ds
t 0 O<sst 0
1 T ' _a
< cho‘\/ ((t+ h)l=7 —t1=7) / |om(s)|2ds + ch® / s 2v"(s)ds
L=~ 0 0
[ 1 4 b _a
< ch®y | ——hl= / |on(s)|?ds + ch® / s~ 20"(s)ds
-y 0 0
M t
' / s~20"(s)ds
0

< cK max {ho‘, ho‘_%l} (3.3)

t
/0 [(t+h—8)*—(t—5)* s 20™(s)ds

< ch®

t
a (4 @ -2 n
+c()1‘£1?%<t{|(t+h—s) (t —s) ]}‘/0 s 20" (s)ds

y—

S Choz_T 17 + Cha
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. M by
K = sup sup — + s 2v"(s)ds
newo<t<T | || 1 —7 0

and the last inequality follows since a@ > 0 and 0 < v < 1. In the above, we have used the fact that

¢ T
/ s~2v°"(s)ds| and / |ven (s)|2ds
0 0

are uniformly bounded in n. To summarize, we have proved that X3 is a-Hoélder continuous , P*—
a.s. X3 is clearly uniformly bounded in n. Indeed, from (3.3) (note that this is valid for every
0<h<T)witht=0,

< cKh®,

where

sup |X3'(h)| < K max {TQ,TOHVT?I} i
0<hLT

Since { X7} is uniformly bounded and equicontinuous in C, P*— a.s., the Arzela-Ascoli theorem
gives us the precompactness of {X7'}, P*— a.s.
We now show that any limit point of {X§} is given by

XY(t) = C/o (t — s)*s 2v(s)ds.

In other words, {X?4} is convergent in C, P*— a.s. To show this, for ¢ € [0, 7], we have

/ (t — 5)¥s2 (v°"(s) — v(s))ds
0

— 0, asn— oo,

X5 (1) = X5 ()| = c

since v — v, P*— a.s.
We now shift our focus on to X7. Note that from [2, Theorem 1.6], for every é > 0, there is a
compact set Ks C C such that P(X € K5) > 1 —¢. For every n,
1 -9 <P(e, X €eK) <P(e, X € K).

To understand the second inequality, note that for every compact set K C C, from the Arzela-Ascoli
theorem, there are two parameters that correspond to K: C, the uniform bound in n of the ||.|s
norm and p(-), the modulus of continuity of the elements in K. Checking the following parameters
for {e,X}, we can clearly see that C' and p(-) can be used to conclude the uniform boundedness
and equicontinuity of {e,X}. Hence, {¢,X € ¢,K} C {e,X € K}. Therefore, {¢,X} is tight in C.
This completes the proof of the lemma. O

Lemma 3.2. For any bounded continuous function ® : C — R,

lim sup —e2 log E [exp <—€12<I>(X6))] < inf [Ix() + @(z)], (3.4)

e—0

where Ix is as defined in the statement of Theorem 3.1.
Proof. Choose a d-optimal z* € C of the right hand side of (3.4), i.e.,
Ix(z") 4+ ®(z") < 1I€1£ [Ix(z) + ®(x)]+6

and also choose a d-optimal v* € Sg+, i.e.,

1 T * 2 : 1 T 2
= v*(s)?ds < inf - v(s)“ds + 4.
2.Jo 0

’UESI*
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We note here that v* is non-random, from the definition of S}, as #* is non-random. Now by (2.12),
we obtain

1
limsup —clogE [exp (—<I>(X5)>]
€

e—0

1 T
= limsup inf E [2/ v(s)?ds + @(XE’”))}
0

e—0 vEA

1 [T .
<limsupE [2/ v*(s)%ds + ®(X° ))}
0

e—0

e .
< / v*(s)ds + limsup E[®(X="")] . (3.5)
2 0 e—0

To proceed further, recall the fact from the proof of Lemma 3.1 that X*?"(-) converges weakly to

00" (4) = t — §)%s™ 30 (s)ds
X0 (1) = [ (=9 E e s,

which is non-random. Since v* € S+,

2 (t) = /0 (t— )%~ 30" (s)ds = XO" ().

Thus we obtain

le 1T .
limsup —elog E [exp < >] / v*(s)%ds + lim supE[@(Xo’” )]
e—0 2 0 e—0

1 /7

g/ (s)%ds + ®(XO")
2 Jo

<Ix(z")+6+P(x")+0

< in

E-g»—-

inf [Lx (z) + ®(x)] + 23

Here the first inequality follows from the last display in (3.5) by applying the continuous mapping
theorem and the weak convergence of X" () to X%¥"(.), and the second inequality follows since
XO%v" is non-random. From the arbitrariness of ¢, we have the result. ]

Lemma 3.3. For every 1 >0, {x € C: Ix(z) <1} is compact in C.

Proof. Fix [ > 0 and consider a sequence {&, }new C {€ : Ix(§) < l}. Now, for every n € IN, there
exists v, € S, such that
1

/T (5)2ds < Ix(6n) + - < 1+ -
201)n8 S 1X(GSn N = ’I’L‘

Therefore, {v,}nen is precompact in L2([0,7]) under weak* topology. Denote the converging
subsequence again by n and the limit by .
Consider

En(t) = c/o (t — 5)*s ™ 2vp(s)ds.

From the proof of Lemma 3.1, it is clear that {&,},ew is precompact in C. Let & be a sequential
limit of {&,} along a subsequence, which we again denote by n. Also, we have

£(t) = c/o (t — )5~ 35(s)ds.

Clearly, v € S¢ and Ix(§) < %fOT v(s)%ds < I. Hence, £ € {¢: Ix(€) < 1}. This proves the desired
result. O
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Proof of Theorem 3.1. Combining Lemma 3.1, Lemma 3.2 and Lemma 3.3, it is clear that from
Theorem 2.1, we have the LDP of {X®}.~o. O

The following result gives the expression for the rate function Iy at £ explicitly in terms of &,
rather than as an optimal value to an optimization problem.

Lemma 3.4. Suppose L[f]| denotes the Laplace transform of f, whenever it is defined. Then,

(a4 1)2
2

2

T
/O S (L LI ()] (9)) ds, (3.6)

whenever & is absolutely continuous on [0,T].

Ix(§) =

Proof. To begin with, we consider & € L*([0,00)) such that sz € L%([0,00)). Now define a
continuous function £ on [0, 00) in the following way:

£(t) = /0 (t —s)*s~ 2u(s)ds .

Recall that the Laplace transform of a function f on [0, 00) is defined as

£inw = [ e p(t)ds,

0

whenever the integral is finite. Since [£(t)| < Ct'**, for some C' > 0, then L[¢] is well defined. We
are now in a position to consider the Laplace transform of £&. We have

CEp) = L] /0 (t — 5)°s Faa(s)ds] (p)

= L) (p) L[ 2 a ()] (p)

-2 D it a)e).
Therefore,
£ H a0 = e EE ).

Now, suppose the inverse Laplace transform £~! of the right hand side above exists. Then,
at) = T(a+1)s2 L7 p M LIE ()] (1),
where L71[F(p)](t) is defined (see [8, Page 42]) as

c+ioco
L7YUF(p)](t) = L / F(p)ePtdp, for ¢ >, (3.7)

21 Jo—ioo

whenever F'(p) is analytic for $(p) > n. Since \f_ ()] < Ct'*, we have the following:
o0
IL[E](p)] < C’/ e Pt dt < 0o,  for some C7 > 0 and every p > 0.
0

From [8, Section 2.1], L[¢](p) is analytic for R(p) > 0. Therefore, |p*T1L[E](p)| < Cilp|* and
p*HLLIE](p) is analytic for R(p) > 0. Hence, taking ¢ > 0 in (3.7) gives a convergent integral. In
other words, the definition in (3.7) is well defined for ¢ > 0 and the inverse Laplace transform of
p*tLLIE](p) exists. To summarize, we have our desired result in (3.6). O
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4. LDP FOR FLUID QUEUES WITH GFBM INPUT

The main content of this section is the study of LDPs in the context of a stochastic fluid queue
with GFBM input. In particular, we focus our attention on two processes: workload process and
running maximum process which will be defined below.

We consider a stochastic fluid queue with the GFBM X in (2.1) as the arrival process, and a
deterministic service rate k > 0. In particular, the workload process V() (assuming that V(0) = 0)
is given by

V(t) = sup (X(t) — X(s) — k(t —s))
0<s<t
= X(t) — kt — inf (X(s)—ks)=F(X)(t). (4.1)
0<s<t
We also define another process that is closely related to V() viz., the running maximum process

M(t) = 03?%{15 (X(s) — ks). (4.2)
Recall that for a stationary input process X (stationary increments), the workload process V() in
(4.1) has the same distribution as the following:
d

V(t) = Joax, (=X (—s) — ks). (4.3)
This equivalent-in-distribution expression is often used to derive the stationary distribution of V'(¢)
as t — oo (we defer the analysis of steady state of V() to Section 5). It can be shown that for
an input process with stationary increments, it is also equivalent in distribution to the running
maximum process M (t). However, this approach does not apply to the queueing process with
GFBM input, since it has nonstationary increments.

In [6], as a special case of [6, Theorem 4.1], the authors have studied the LDP for the workload
process V(t) with the FBM process Y in (2.9) as the input, and proved that F (Y ')(T") satisfies an
LDP with rate 2 and an appropriate rate function. (In fact, their result applies to a more general
process for Y in (2.9) with the Brownian motion B being replaced by a stationary process satisfying
an LDP.) It is well known that the map F' : C — C (reflection mapping) is continuous (see, e.g.,
[7, Chapter 6], [33, Chapter 13.5]). Therefore, we can apply the contraction principle and obtain
the sample path LDP for the process {F(¢X)(t) : t > 0}. In the following, we study the LDP of
F(eX)(T) at a fixed time T, for which the rate function can be characterized explicitly.

Let

VE=VET)=F(eX)(T).
Theorem 4.1. Assume that (o,v) satisfy (2.6). {V¢} satisfies an LDP with rate €2 and rate
function Iy : Ry — [0, 00],

I = inf 1 . 4.4
vie) = it () (44)

Moreover, for A > 0, we have

_ 2
lim —e2log P (VE > \) = — (KT = 5) + )

4.5
e—0 025<T v (T,s) +va(T,s)’ (45)

where
vi(T,s) = ¢ /0 (T — 1) — (s — 7)) 77 Vdr, (4.6)

and

T
va(T, s) = c/ (T — 7)%*r~dr. (4.7)
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Proof. From the continuity of the map F': C — C and Theorem 2.2, we know that V¢ satisfies the
LDP with rate 2 and rate function Iy, : Ry — [0, 0o] given in (4.4).

The proof for the result in (4.5) follows exactly along the lines of the proof of [6, Theorem 4.1].
We adapt that proof for our process. From the LDP of {V¢} and Theorem 2.1, we know that for
any Borel set A C Ry,

— inf Iy(z) <liminfe?logP (Ve € A) < limsupe®loglP (Ve € A) < — inf Iy (z).
TEA° e—0 e—0 €A

For A > 0, taking A = [\, 00), we have

— inf Iy(z) <liminfe?logP (VE > \) < limsupe®logP (Ve > \) < — inf Iy (x).
z€(A,00) e—0 e—0 T€E[A,00)

To prove (4.5), it suffices to show that

) ) ) k(T — s) + \)?
f D)= inf [D@)= inf — .
xel[g\l,oo) v(®) mel(r){,oo) v(®) OglglgT vi(T,s) + va(T, s)

Since
. (k(T — 5) + \)?
0<s<T v1 (T, ) + vo(T, s)

is continuous in A, proving that

, (BT = )+ N)?
f ()= inf 4.
:Eel[g\l,oo) V(x) OglrslgT U1 (T, 8) + V9 (T, S) ( 8)

automatically implies that

) k(T — s) + \)?
f If(z) = ( :
:vel(r)},oo) Iy (@) 0<s<T v1 (T, s) + v2 (T, s)

Therefore, we only show (4.8).
The left hand side of (4.8) can be rewritten as
T e 2
inf I = inf — ds,
mel[l)-\l,oo) V<x) UIEI%%\ /0‘ U(S) y

where,

T 5 s -
Ry = u€ L?*0,T]: sup <c/ (T —71)% 2u(r)dr — c/ (s —7)*r 2u(r)dr — k(T — 3)) > Ay

0<s<T 0 0

Clearly,
Ry = Up<s<TRA(S)
with

T s
Ra(s) = {u € L?0,T) : c/o (T — 1) 2u(r)dr — c/o (s —7)*r 2u(r)dr — k(T — 5) > /\}
= {u c L*0,T) : c/os (T —7)% = (s — 7)* 7~ 2u(r)dr
T
- c/ (T —7)7 " 2u(r)dr > A+ k(T — 5)} .

Then,

. 1 T 2 . . 1 T 2

inf — [ w(s)®ds= inf inf — [ wu(s)ds.
2 Jo ()2 Jo

UER ) 0<s<T ueRy
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The infimum inside can be solved explicitly using [6, Lemma 3.3 (ii)]. We then get

_ 1T (k(T — s) + \)?
f = 2ds =
ue%lk(s) 2 /0 u(s)"ds v1(T,s) +vo(T, s)’

and the minimizer is given as follows:

k(T—s)+A _2
u(r) = Cott iy (T =) = (s =n) 73, Tel0s),
c— BTN _ (T — 1) —3 € [s, T
v1(T,s)+v2(T,s) T)T 2, T y L]
This proves the result. ]

We now prove an LDP for the running maximum process M(-). Define M€ by

M =M(T)=JEX)(T)= sup (¢X(s)—ks).
0<s<T
Lemma 4.1. Assume that (o, ) satisfy (2.6). {M¢} satisfies an LDP with rate €* and rate function
Ing - Ry — [0, 00] given by

Ly(x)=  inf  Ix(€).
V)= e sttim— O

Moreover, we have

lim —?log P(M® > \) = x(\, 1), (4.9)
e—0
where
(A+KT)? T < _AH
A\T) =4 20 ) k(1=H)? 4.10
X( ) { K27 N2(=H)  otherwise. ( )

2H2H(17H)2(1_H)

Proof. The proof for the result in (4.9) follows exactly along the lines of the proof of [6, Corollary
3.4]. We adapt that proof for our process. From the LDP of {M¢} and Theorem 2.1, we know that
for any Borel set A C Ry,

— inf Iy(z) < liminfe?logP (M? € A) <limsupe’loglP (M® € A) < — inf Iy (x).
T€A° e—0 e—0 T€EA

For A > 0, taking A = [\, 00), we have

— inf Ip(x) < liminfe?logP (M€ > )\) < limsupe’logP (M® > \) < — inf Iy(z).
z€(\,00) e—0 =0 €[N, 00)

To prove (4.9), it suffices to show that

A+ ks)?
inf D)= inf IT(z)= inf \ =x(\,T
:vel[l;\l,oo) M(x) zel(r)},oo) M(x) OSHESIST s2H X( ’ )
Since ,
.. (A+ks)
0<12£T s2H
is continuous in A, proving that
A+ ks)?
£ IT(z) = inf < 4.11
xel[r)\l,oo) (@ oglgl<T s2H (4.11)
automatically implies that
T . (>\+k3)2
mel(r)\l,foo) IM(x) o 0§1=I31£T s2H

Therefore, we only show (4.11).
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The left hand side of (4.11) can be rewritten as

1 T
inf Il,(z)= inf = / 2ds,
el U = B f, T
where
Oy = {u € L*0,T): sup (c/ (s — 7)1 zu(r)dr — ks) > /\} .
0<s<T 0
Clearly,
Q) = Up<s<7 Q0 (5)
with
Qi(s) = {u € L*0,T) : c/ (s — 1) 2u(r)dr — ks > )\}
0
S
= {u € L*0,T) : c/ (s — 7)1 2u(r)dr > A + k:s} .
0
Then,

E

il
DN | =
c\
S

=

N

jsH

)

Il

T
inf  inf / u(s)?ds.
0<s<TucQx(s) 2 Jo
The infimum inside on the right hand side can be solved explicitly using [6, Lemma 3.3 (i)]. We
then get

T 2
. A+ ks A+ ks)
f = 2ds = =
uelélA(S) 2 /o u(s) ds 2¢2 [ (s — 7)2orVdr 2s52H
and the minimizer is given as follows:

A+ ks

_x
u(t) = P (s—7)% "2, for 7 € [0, s].
0
Therefore,
2 (AHET)? CA\H
inf IT(z)= in QA+ ks)” ] Sorem g < wi=my
z€[A,00) 0<s<T  282H 2H2H(1]€—H)2<1*H) AN2(=H) - otherwise.
This proves the result. U]

4.1. Alternative proofs of Theorem 4.1 and Lemma 4.1 using Landau-Marcus-Shepp
Asymptotics. In the proofs of Theorem 4.1 and Lemma 4.1, we have used the large deviation
asymptotics of X¢ = ¢X in Theorem 3.1. Alternatively, these proofs can also be given by using
a straightforward application of the well-known Landau-Marcus-Shepp asymptotics [24, Equation
(1.1)] which is given as follows. For T' > 0, suppose {G; : 0 < ¢t < T} is a centered Gaussian
process. Then we have

1
lim —&* log P Ge>e )= 4.12
iy —<*og( sup, G > ) = 57 (412

where o2 = SUPg<s<T E[GE]

To apply (4.12) in Theorem 4.1 and Lemma 4.1 (below, we only illustrate this to prove (4.1)
using (4.12) as the other case follows exactly along the same lines), we make the following obser-
vation:

B X(T) - X(s) _
IP’<O§181£T (eX(T) —eX(s) — k(T —s)) > )\> _P(OESET)\+7€(T—$) > 1).
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Since )i(T)fx(s)

NrR(T=s) is a centered Gaussian process, from (4.12), we have

1
lim —&? 10gIP’< sup (eX(T)—eX(s)— k(T —s)) > )\> ==,
e=0 0<s<T 20

where

2 -1
7o gy g COZXON (BT )
0<s< L (A+ k(T —5))° 0<s<T vi (T, s) + v2(T) 5)

In the last equality, we have used (2.2), and v; and vy are defined in (4.6), (4.7). This gives (4.5).

Even though using (4.12) gives us a shorter proof of Theorem 4.1 and Lemma 4.1, we believe
that using the LDP (Theorem 3.1) of {eX }.~¢ is a general and robust approach. To see this, we

note that (4.12) can be obtained as a consequence of LDP of a general Gaussian process (see [1,
Pages 53 and 57]).

5. LONG TIME BEHAVIOR OF M (-) AND V(+)

In this section, we first study the existence of the steady state for the processes M and V. Upon
showing the existence, we derive the tail asymptotics of the steady state M* and V* of M(t) and
V (), respectively.

We now briefly describe the method that is adopted.

(1) We first derive a certain type of maximal inequalities and modulus of continuity estimates
for the GFBM process X (¢) in Lemma 5.3 and 5.4. Using these and exploiting the self-
similarity of X (Lemma 5.5), we establish (uniform in time) sub-exponential tail bounds of
M (t) and V(t) for each fixed ¢ > 0.

(2) We next prove the existence of a weak limit of the laws of V(¢) as ¢ — oo, and the almost
sure convergence of M(t) as t — oco. Then using the LDPs of {M*®}.5¢ and {V:}.50, we
derive the tail asymptotics of M* and V* (a weak limit point of {V'(¢)}icr. )-

Remark 5.1. In this section, for any analysis related to M (t), we assume that («a,~y) satisfy (2.6)
and for any analysis related to V(t) we assume a stronger assumption: « > 2, in which case, the
Hurst parameter H € (1/2,1).

Remark 5.2. Throughout the section, Jg is always the positive constant in Corollary A.1. We still
occasionally remind the reader of this.

We first give an alternate expression for X that is easily amenable for analysis.

Lemma 5.1. Assume that (o,7y) satisfy (2.6). Then, for t > 0, P— a.s., the GFBM X in (2.1)
can be equivalently represented as

t t
X(t) = ac/ Bu)(t —w)* 'u"2du + 726/ (t — u)*u"2 ' B(u)du. (5.1)
0 0
Proof. We begin by recalling It6’s product rule: for semi-martingales Z' and Z2, for 0 < s < t,

ZY(t)Z3(t) :Zl(s)ZQ(s)Jr/t Zl(u)dZ2(u)—|-/t Zz(u)le(u)—f—;/t d[Z, Z?)|(u),

where [Z1, Z?](-) is the cross quadratic variation of the corresponding martingale component.
Let

X,(t) = c/ (t —u)*u~2dB(u).
P

Define
ZYu) = c(t —u)®u~2, and Z%(u) = B(u).
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Even though Z'(u) depends on ¢, we drop this dependence, because t is fixed throughout. Also
observing that Z'(t) = 0. Moreover, [Z!, Z?](-) = 0. Note that we cannot apply the Ité’s product
rule with s = 0 since Z1(0) is ill-defined for v > 0. To overcome this issue, we set s = p and then
take p — 0, and therefore define the process X,(t) above. Thus applying the It6’s product rule, we
obtain

(t — p)*p 2 B(p) + X,(t) — ac/ Bu)(t —w)* a2 du — il (t —w)*u "2 ' B(u)du = 0.

P 2 Jp
(5.2)
Now, we take p — 0 (or along a subsequence). First of all, we have
lim p~ 2 B(p) = 0.
p—0
This follows from the property of Brownian motion: limsup,_,, W V2, P—
., [20, Theorem 2.9.23]. We then have

t t
I;ﬁ/ (t — w)u" 3 1B(u)du 22% 1t = /(t_u)au—l—lB(u)du, P— as.
p 0

Indeed,

———)0, as 0 <~y <1,

where the second inequality follows from Tonelli’s theorem. Similarly, one can show that

t t
Igi/(t—u)"_lu_zB(u)du LNy S /(t—u)a—lu—lB(u)du, in L'([0, T)).
P 0

Using Ito’s isometry along with similar analysis as above, we can also show that
E[|X,(t) — X()[*] -0, asp—0.
Therefore, we can find a subsequence p, — 0 along which we will have
_X
Iy —I' XTI X,(t)—X(t) and p 2B(p) =0, P-—as.
From these and (5.2), we obtain the expression of X (¢) in (5.1). O

As mentioned earlier we require a maximal inequality for X which is the content of Lemma 5.4
below. For our purposes, we only estimate the maximal inequality over 0 < s < 1. In the following,
without loss in generality, we assume dp in Corollary A.1 is less than one. In the following, B(z1, z2)
denotes the Beta function with parameters x1,x2 > 0. We also use the inequality given below, often

in what follows. For 0 < x < 1,
Vg (1/z) < K™, (5.3)

for some K, depending on > 0.
In the next two lemmas, we study the the behavior of X(¢) in two subintervals,0 < t < ¢y and
dp < t < 1. These results are used in Theorem 5.1 to ensure that if we condition that maximum
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of X (t) — kt over [0,T] is appropriately large, then the maximizer is almost surely attained in the
complement of [0, do].
Lemma 5.2. Assume that (o, ) satisfy (2.6) and I_T“’ >n > 0. Then,

Xt <ot P—as,

for 0 <t <y and
3 1
0:2(1+p)K77 <QCB(2_fy_naa)—i_’);B(z_;/_n’a—’_l)) .

Here, 6o is as in Corollary A.1.

Proof. Fix p > 0 and choose &g from the Corollary A.1 corresponding to p > 0. Then, from

Corollary A.1,
B(s) < (14 p)y/2slog(s~1), for s < dy, P —aus.
Using this, for t < §g, we have

1 1
X(t) = act® 2 / B(wt)(1 —v)* ™ 2dv + %toﬁ% / (1 —v)* 2" B(vt)dv
0 0

1
< V31 + pactE [/ Toa((l) (1 =) oo

) L RN @ T

2

1
<V2(1+ P)Knacta_;J“%_n/ (1—v)* Ly~ 3tz 14y
0

1
+ V201 +2'0)K7ﬁcto‘_g+§_"/ (1-— v)"‘v—%—%—ndv
0
H_ 3 ye, 1 v
S 2L+ p)Ept" T | acB(5 —y —ma)+ SB(G -5 —mat+l) ).
In the above, we chose 1_77 > n > 0 and used the fact in (5.3). This completes the proof. O
Lemma 5.3. Assume that (a,7) satisfy (2.6) and 1,77 >n>0. For g <t<1and K >0,
X(s) 1 /Kt —A\?,
> < —_ | — n .
P (e M2 ) o (5 (F2) ). 54
where 5
AiA((So,O&,’y,T],C):OéCB(l—Z,Ck)—i- f)ic B(*—Z—T],a—i-l), (55)
2 26377’ 2 2
and

_ ’ycﬁ(l;— p) Ky o~ 3tz

A= A((S(]v Y156 P, KT])
Here, ¢ is as in Corollary A.1.
Remark 5.3. Since

X
{w: max w <K} C {w: max X (s)(w) SK}, fort <1,
0o<s<t S So<s<t

X 1 (Kt — A\?
P max X(s) > K ) <P| max (5) >K)<exp|—=|——) 2] .
So<s<t so<s<t st 2 A

we have
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Proof. Fix t > ¢p. From Lemma 5.1, using the expression of X (¢) in (5.1), we have P— a.s.

LARGE DEVIATIONS OF FLUID QUEUES WITH GFBM INPUT

X (t) < ac max B(s

t t
a—1,—2 e a, —1-1
. gy - B
max ()/O(t u)* b /O(t W)U 3 B(w)du
ol ! 1 ol yc ol ! Y 1
< act*z [nax B(s)/ (1 —=v)*" v 2dv + 2t°‘_2/ (1 —v)*v 27 B(vt)dv
<s<t 0 0

1
< a=3 _7 Y€ a-1 e, —T—1
<t 2040012?%<tB(8)B(1 2,a)+ 5 472 i (1 —v)* 27" B(vt)dv,

(5.7)

where we have used change of variables from u to vt in the integral terms to obtain the second

inequality.

We now focus on the integral in (5.7). We observe that we cannot directly pull maxg<s<; B(s)
out of the integral as fol(l —v)avfgfldv is not well-defined. So fixing some I_TV > 1 > 0, we obtain

/1(1 — )%~ 2 ' B(vt)dv
0

%0
B 1 7 1
< max () / (1-— v)avf%r%*”dv +V2(1 + p)/ (1 —v)*" 274 Jvlog(=) dv
0 v

= So<s<t g3~

=

ﬂ;(l—v)av_g_l(vt) - B dv+/ to(l—v)av_%_lB(vt)dv

% whz Jo

S0
t

o
B ! 2
< max () / (1-— v)avf%r%*”dv +V2(1 + p)Kn/ t (1-— U)O‘v’%*%*ndv.
0

= So<s<t g3~

5o
t

Here the first inequality follows from Corollary A.1 and the second inequality uses (5.3).
Thus, by (5.7) and (5.8), we obtain for t > dy,

X(t) < act® 7 max B(s)B(1 — l,a)

0<s<t

2

1 1
Lo —— max B(s)/ (1-— v)o‘v*%Jr%*"dv

Consider the following event:

On this event,

A = s sup Blo)w) < K31}

0<s<t

X(t) < acKtH+B(1 — ;,a)

&
Loe

o)
B 1 30
7 | max 1(5)/ (1 —U)av%éndv-i-\/i(l—i-ﬂ)Kn/ t (1—0)0‘7)*%*%*%@
00<s<t 35_77 570 0

)
1 ! T
| K[ (1— ) 3 e+ V2L 4+ )RR, [ (1= )% 3
2 5%7" % " Jo
0 t
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K
< ¢+ acKB(l—l,a)—i-E( : B(§—l—n,a—i—1)
2 2 527" 2 2
0

+V2(1+ p)Kn(50‘3+5‘"t‘3+1+"))>

< ¢+ (KA + A). (5.10)

In the above, we used the fact that
% %

t 1 T 1 1 1
/ (1—v)* 272 dv < / vT2TE Iy < § 2 tE
0 0

The quantities A and A are as given in (5.5) and (5.6), and in the last inequality, we bound the
terms involving ¢ (inside the parenthesis) by 1 to make the quantity inside, uniform in ¢.
From the above inequality, we have

max ng) <t"(AK + A).

6o<s<t S8

Therefore,

p < e X(s) > (KA + A)> <P ({w : max B(s)(w) > Kt§+”})

so<s<t sH 0<s<t

<P < sup B(s) > Kté'm)

0<s<t
1
< exp <—2K2t2’7> ,

where the second inequality uses (5.9) and the last uses the maximal inequality of Brownian motion,
i.e., P (supg<scy B(s) > A) < exp (—%) . Therefore, the inequality in (5.4) holds. O

Remark 5.4. In Lemma 5.2 and equation (5.10) in the proof of Lemma 5.3, the exponents are H —n
and H + n are the consequence of behavior of Brownian motion near ¢ = 0 (see Theorem A.1) and
away from zero (the maximal inequality of Brownian motion).

The following modulus of continuity type estimate is used in establishing the uniform in ¢ subex-
ponential tail bounds of V(¢).

Lemma 5.4. Assume that o > 3. Then, we have the following:
X1)-X 2
P sup M >C(K)| <e 7, (5.11)
1-5p<s<1 |1 —s|*72
for some C = C(K) > 0 such that C(K) 1 oo as K — oo.

Proof. Consider the event:

AK) = {io: sup Blo)w) < K ).

0<v<1
We consider the following on A(K). For 1 —d§p < s <1, by (5.1),

X(1)—X(s) = ozc/ol(l —v)* ty2 (B(v) - so‘_%B(vs)) dv

1
+ (1—v)*v 27! (B(v) - Sa_%B(US)> dv.
2 Jo
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We estimate the first integral using Theorem A.1 and Corollary A.1. Choose n < 3+ % —a=1—H.
We have

1
/0 (1—v)*tv2 (B(U) - SO‘*?B(US)) dv

2

= (1 - 50‘75> /1(1 —0)* 72 B(v)dv
10
+ 5072 /0 (1—0)*'~2 (B(v) — B(vs)) dv
< (1 - sa*%> K/l(l — )Ly~ 3y
0

1
+V2(1 4 p)s® 2 (1 — séﬂ)/ (1 —v)* Ly 3tz 4y (5.12)
0

< (KCy+ Co)(1—5)*7 2,
for some Cy,Cy > 0. To get (5.12), we applied Remark A.2 to uniformly bound |B(v) — B(vs)|.

Finally, we estimate the second term in the similar way:

1
/0 (1—v)* 2! (Bl(v) - 30‘*53(1}5)) dv
= (1 - SCF%) /0 (1—v)* 27 'B(v)dv

1
g /0 (1— U)avfgfl (B(v) — B(vs)) dv, from Remark A.2

< (1 — sO‘*%) /01(1 — v)avfgle(v)dv

< (KC3+ Cy)(1—5)* 3,

In the above, to arrive at the final inequality, we bounded the first integral using (5.8), noting
that supg<,<; B(v)(w) < K on the event A(K) and used the fact that n <  + 4 — a. Cs and
Cy are appropriate constants that are independent of K and s. Defining C(K) = max{ac(KC; +
C2), T (KC3 + Cy)} gives the result. O

Remark 5.5. In the following, we observe that

is a centered Gaussian process and hence, symmetric (i.e., X and —X have the same distribution).
Therefore,

]P’( sup | X(s)| > K> :RKP< sup  X(s) > K)
1—60<s<1 1—8p<s<1

Here,
]P’({ SUP; 5, <s<1 X(s) > K} n{infi_s<s<1 X(s) < —K})

Ry =2 - =
P<Suplf§0§s§1 X(s) = K)
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and the ratio of probabilities is simply the conditional probability of the event { inf1_5,<s<1 X (s) <

—K} conditioned on the occurrence of the event { sup;_s,<s< X(s) > K}. Since the paths of X
are almost surely continuous, this probability approaches 0 as K — oo. Therefore, Rx — 2 as
K — o0.

Now by a similar argument in Section 4.1, we obtain the following:

1 = 1
lim —K,Qlog]P’< sup X(S)ZK)Z

K—o00 1—80<s<1 202’
where )
N - E[(X(1) — X 1, 1,
2o sy B - sup EEW-X@P] ni(ls) 4 u(ls)
So<s<1 So<s<1 (1—-s)*"2 so<s<t (1—s)*72

Again in the last equality, we have used (2.2), with the definitions of v; and vy in (4.6) and (4.7).
From the above, we can conclude that for every § > 0, there is Ky > 0 such that

2
]P’( sup X (s) > K) < 6_%, for K > K. (5.13)
1-§9<s<1
We remark that Lemma 5.4 is only used in the proof of Theorem 5.3. Even though the alternative
estimate in (5.13) is different from that in (5.11), it is still sufficient for the proof of Theorem 5.3.
Note that (5.11) is used in equations (5.22) and (5.23) in the proof of Theorem 5.3. Now following
the same arguments of the proof with (5.13) instead of (5.11) gives us the similar result to (5.21)
with appropriately different constants. We do not give the exact modified version of (5.21) as this
estimate is only used to prove tightness of {V'(¢) }+>¢ in Corollary 5.1 and this estimate is sufficient.

In the following, we exploit the self-similarity of X and show that the random variables M (t¢) and
V (t) at fixed time ¢t > 0, are equal in laws to respective random variables which involve C([0, 1], R)-
valued processes Z and Z which have the same law as that of X when it is defined on [0, 1]. That
is, for T =1, Z and Z are C([0,1],R) such that

7474 x
Lemma 5.5. For any fixed t > 0, we have
4 Hz\ _
M(t) = Orgggl(t Z(v) — kot) (5.14)
d H _4H _ _
V(t) = jnax (t"Z(1) = t" Z(v) — kt(1 —v)) . (5.15)

Proof. Fix t > 0. Using self-similarity of X and Lemma A.1, the following holds:

Px(t™7A) = Px o Jy(A),
where Px is the law of X and J; is as defined in (A.1). Then the equal in law relationships in
(5.14) and (5.15) follow directly. O

Remark 5.6. We stress that the statement of the above lemma only states that for every given
t > 0, the laws of M (t) and V' (t) are expressed as above. To study the sample path of M and V,
more detailed analysis is needed, which we do not pursue in this paper.

Theorem 5.1. Assume that («,7) satisfy (2.6). There exist to = to(do, k, H,n,C) and Q =
Q (00, H,C,n, k) such that the following holds:

P(M(t) > p) gxp(—;(ﬁpﬁ))

fort >tg and p > Q. Here,
6

A = Ao, H) = g
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Proof. We fix t throughout the proof after choosing it large enough. In the rest of the proof, we
suppress the dependence on w for all the random processes that follow. The method of the proof
goes as follows: We prove that the maximum

tH Z (v) — kot
Ogjgo( (v) — kot)

is almost surely less than a positive constant @ (uniformly in large t). This implies that the
maximizers for

H 7 —
Orélgécl(t Z(v) — kuvt)

conditioned on the event
: t1Z(v) — kot) > }
{w: max (17 2(0) — kvt) > Q
are greater than dp, P— a.s. Indeed, if the maximum satisfies
t"Z(v) — kot) >
(max (t72(v) — kvt) > Q,

then from the hypothesis,

H _ < H 7 —_ .
Orgriaggo(t Z(v) —kvt) <Q < Ongaggl(t Z(v) — kvt)

This implies that the maximizers on [0, 1] are strictly greater than dy.
To that end, we recall from Lemma 5.2 that P— a.s.,

Z(v) < owt=n,
for 0 < v < &y with 0 < n < 2. Thus, P—
tHZ(v) — kvt < CUH*%H — kut, for 0 <wv < 6.
The maximum of the right hand side is attained at v = min{d, (%) T }. For

CtH
ot
t>1g= 2 s

(this ensures that maximum is attained at dp), we have

H 7 H—nH
Z(v) — < —
Ogjag)go(t (v) —kovt) < Coy "t kdot

<(1-H)H™7 (C5H ”) T (kdo)TT = Q. (5.16)
It is thus clear that for

H 7 p—
[ax (t7Z(v) — kvt) > p > Q,

the maximizer cannot be in [0, dg]. Therefore, for p > @ and t > ty,
P ma (tHZ( ) — kut) >,0>

t max Z(v) — ktdo >p>

_ koot
max Z(v) > min {P‘"O}>
So<v<1 t>0 tH
. pl—H(S(l)LI
(1—H)\-HHH
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< exp <— ;(pl_Hf — A>2>,

where the last inequality follows from Remark 5.3 and A is as in the hypothesis. In the first
inequality, we used the following: For p > @, t > ¢y and v € [0, 1], from the inequality in (5.16)
and the definition of @,

Hiz(\ _ _ Hiz(\ _
Q<p< 0213%{1@ Z(v) — kvt) 652%%(1(75 Z(v) — ktv)

< t" max Z(v) — ktdy.
do<v<l1

Lemma 5.6. Assume that (o, 7) satisfy (2.6). Then,
M(o0) = lim M (t) exists P — a.s.
t—o0

Proof. Since M (t) is nondecreasing and is a submartingale with respect to its own filtration, if

sugE[M(t)] < 00, (5.17)

then from the submartingale convergence theorem ([20, Theorem 1.3.15]), we know that M (co0) =
limy_yoo M (t) exists P— a.s. From Theorem 5.1, it is easy to see that sub-exponential tail behavior
of M (t) ensures that (5.17) holds. O

We will next study the tail behavior of M* = M (c0).

Theorem 5.2. Assume that (o, 7) satisfy (2.6). Then,
where
k‘2H
o* = QP H) (5.19)

Proof. We first prove the lower bound. For A > 0,

. . ]- * . . 62(1_H) * —1
hxrglorolf 0= logP (M* > ) = h?l_}élf PUE0) logP (M* > Xe™)
2(1—H) L L )
21— H) X
> hgl_}l(glf P logP (eX(e7") —k > )
£2(1-H)
> lim inf logP (X (1) > e 1A +k)).

es0 N\2(1-H)

In the above, we used the fact that X (1) 4 e~H X(1). Since X (1) is a Gaussian random variable
with zero mean and unit variance (recall that the choice of ¢ ensures this), we have

A+ k)2
2i=m lir€n_>ié1f€2(1—H) logP (X(1) > "1 (A +k)) > —2(/\2—5_;), for every A > 0,
(A+k)?

1
= liminf ———=logP (M™* > z) > — inf = —0".

z—oo gp2(1-H) A>0 2)\2(1-H)

A simple computation gives us that the above infimum is 6* and attained at A = %k
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To prove the upper bound, we again write for A > 0,

lirri)sup - logP (M* > z) = limsup 2= Jog P (M*>e1).
T—00 e—0

Choose Ty > k(llfH). Clearly, for any € > 0,

P[M* > e

0<s<Tpe~1 0<s<Tpe~1 s>Tpe— 1L

=P ( sup  (X(s) —ks) > 51) +P < sup (X (s) —ks) <e ', sup (X(s)—ks)> 51> .

We now compute the above terms individually,

P ( sup  (X(s) —ks) > €1> =P ( sup (e'"HX(s) — ks) > 1) , from self-similarity of X.

OSSST()&_l USSSTQ
and as earlier in Lemma 4.1,

2H
F —0*.

: 2(1-H) g 1-H — - =
llr?j(l)lpe log P (021;}21(6 X(s) —ks) > 1> < 9H2H(1 — H)20-H)

In the above, we applied Lemma 4.1, for T'= Ty and A = 1.
We now estimate
0<s<Tpe~1 s>Tpe—1

P ( sup (X (s) —ks) <e ', sup (X(s)—ks)> 8_1>

S>T08_1

<P ( sup (X(s) — ks) > 6_1)

<P sup (X (s) —ks) >e !
S>LT0€_1J
=P <Un>LToslj{ sup (X(s) — ks) > 6_1}>
n—1<s<n
< P X(s)—ks)>e ).
< 3 r( gm0 -w>e)
n=|Toe~1]+1

In the fourth line above, we partitioned (|Tpe™!], o) into sets of the form (n — 1,n], for integer
n > \_Toé‘*lJ .
In the following, we bound the individual terms. To that end, define
U(t)= sup (X(s)— ks).
t—1<s<t
We have
lim sup £20=H) Jog P (U™ > A)

e—0

= limsup 20~ Jog P ( sup (e'"HX(s) — ks) > )\>
e—0 1—e<s<1

< limsup 207 Jog P < sup (e'"HX(s) — ks) > )\)
e—=0 1-6<s<1

. (A + ks)?
== 1le$r§1fs§1 C22H (5:20)
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where 0 < § < 1. In the first equality, we used the following:
Ul = sup  (X(s) —ks)

e l-1<s<e !

4 sup (e X(s) — ks),
1—e<s<1

where we have changed s to e ~'s and applied Corollary A.1. The inequality 5.20 is obtained in the
similar way as it was done in the proof of Lemma 4.1. Taking ¢ | 0, we have

lim sup 20~ Jog P (z-:U(s_l) >N =—-(A+ k)2,

e—0

Therefore, for § > 0, there exists g9 > 0 such that for every ¢ < &g,

i P( sup  (X(s) —ks) > 5—1)

e LTOE_IJ n<s<n+1

< i P<n—1 sup (X(s)—k:s)>0>

<
nZLToeflj n<s<n+1

o0

< Z exp <—n2(1_H)(k2—|—5)>
nil_T()E*lj
<exp (= [Toe PODER46)) D exp (=00 — [Ty M) (12 4 )
n:LT08_1J

< exp (= [T~ 22 4 9)) €,

for some constant C' > 0. This gives us

lim sup 20~ log ( Z P ( sup (X (s) —ks) > 5_1> > < —T02(1_H)(k:2 +9).

<
e—0 e LT0€*1J n<s<n+l1

Putting all the terms together, we have

hgsipm logP (M* > x)
= limsup 2= 1og P (M* > 5*1)
e—0

< max { lim sup e20=H) Jog P ( sup (e X (s) — ks) > 1) ,
e—=0 0<s<1

lim sup 20 Jog ( i P ( sup (X (s) — ks) > 5—1> )}

e—0 ne |_T0€71J n<s<n+l1
< max{ — 0%, —T()Q(I_H)(/f2 + 5)} .
Now, we take Ty 1 oo (the second term goes to —c0), to get the result. ]

We now study the tail asymptotics and long time behavior of {V'(t)}scr. -

Theorem 5.3. Assume that o > 3. For every K > 0, there exist tg = to(K,do, k, o, y) and
Q = Q(K, o, k,,v) such that the following holds.

1/3p7 A — A2 2
P (V(t) > p) Sexp<—2(2pA) )+e—’§, (5.21)
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fort >ty and p > Q. Here, A is as given in Theorem 5.1.

Proof. Consider the following set:

S = S(K.8) {w: wp XD = X(5)(w)

1-60<s<1 11— s]“—%

< C(K)} . (5.22)

Here, C(K) is the same constant that appears in Lemma 5.4. On the event S, we consider the
following: We follow a similar argument as in the proof of Theorem 5.1. We fix ¢ throughout the
proof after choosing it large enough. In the rest of the proof, we suppress the dependence on w for
all the random processes that follow. We now show that on 5,

1—?32}531@]{2(1) —t1Z(v) — kt(1 —v))

is less than a positive constant @) (uniformly in large ¢). This implies that the maximizers for

Orgfécl(tHZ(l) —t1Z(v) — kt(1 — v))

conditioned on the event

{w : Olgggl(tHZ(l) —t1Z(v) — kt(1 —v)) > Q} ns

are less than 1 — dg. Indeed, if

olgaé(tHZ(l) —t"Z(v) — kt(1 —v)) > Q,

then from the hypothesis,

1ign§x<1(tHZ(1) —t"Z(w) —kt(1 —v)) <Q < Orgggl(tHZ(l) —t1Z(v) — kt(1 — v)).

This implies that the maximizers are strictly less than 1 — dg. To that end, we recall that on the
event S,

Z(1) = Z(v) < C(1 —v)*" 2, (5.23)
for 1 — 9y <wv < 1. Hence, on S,
" Z2(1) —t"Z(v) — kt(1 —v)) < CA—v)* 2t" — k(1 —v)t, for 1 =Gy <v < 1.

The maximum of the right hand side is attained at

1
kt 3—a
v = 1—min{50, <C’t1{> B }
1+3-a

.<50 c>11H
t>tg=

(this ensures that maximum is attained at 1 — &), we have

For

Tz1) -1 k(1 —v)) < C82 T 2¢H _
max_ (t12(1) —t"Z(v) — kt(1 —v)) < OFy *t" — kot

1
H H

a—2I\ 1-#@
< (- mHT (coy ) (ki) P = Q.
It is thus clear that for

Olgafl(tHZ(l) —tHZ(v) — kt(1 —v)) > p > Q,

the maximizer cannot be in [1 — dg, 1].
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Therefore, for p > Q and t > g,

P(V(t)>p) =P (Org% t"Z(1) —t"Z(v) — kt(1 —v)) > ,0>

:P({ max (tHZ(l) —t1Z(v) — kt(1 —v)) > p} ﬂS)

0<v<1

+P ({ max, (t72(1) —t72(v) = k(1 ~v)) > p} N SC)

< H — — ¢ .
<P (t o nax 60(Z(1) Z(v)) — ktdg > p> +P(S°) (5.24)
p+ koot c
< — [
<P <0<£n<a1X60 Z(v)) > v ) + P(5°)
. p+ k"Uot c
< _ L i
<P (g (200 - 200) > pip { Er™ ) + 75
P o
=P 0<gl<alX§0 —Z(v)) > (1—H)1HHH>+P(S)
pl_H5H
<P ¢ .
= <o<§ialxaoz( )>5a= H)l—HHH) P9 (5:25)
1 lpl_Hﬁ —A\? K2
< _ (22 = = _ =
_exp< 2( A >>+exp< 2). (5.26)

Above, Ais as in hypothesis of Theorem 5.1. To get (5.24), we used the following: For ¢ > to and
p > @, from the above analysis

P <{ max (tHZ(l) —t1Z(v) — kt(1 —v)) > p} N S)

0<v<1
—p ({ Jmax (t7Z(1) — 7 Z(v) — kt(1 —v)) > p} N S) .

To get (5.25), we used

— <
Ogglgalgo(Z(l) Z(v)) < 2053?1)550 Z(v)

Finally, to get (5.26), we applied Lemmas 5.3 and 5.4. O

Corollary 5.1. The laws of Ry valued random variables {V (t)} have a weak limit point ast — oco.

Proof. From Theorem 5.3, it is clear that for any ¢ > 0, there exists pg and such that for ¢ > ¢,
for some t( such that the upper bound in (5.21) is less than e. From this and Prohorov’s theorem,
we have the existence of weak limit point of the law of V() as ¢t — oo. O

In the following, without loss of generality, we assume that V (¢) converges to along every subse-
quence, almost surely to respective limit points.

Theorem 5.4. Let V* be a weak limit point of {V (t)}ier, ast — oco. Then,

2
2(1—H) * -1y _ _ (k(1—s) +1)
lim < loglP (V* >e™) 0;22101(1,3)%2(1,5)‘

Proof. We have already seen from Lemma 5.5 that for ¢ > 0,

O t max (771 Z(1) = "7 Z(v) = k(1 —v)) = V(0).



30 LARGE DEVIATIONS OF FLUID QUEUES WITH GFBM INPUT

Now we consider a sequence t, 1 oo such that V(t,) converges weakly to V*. From the above
equality of laws, V(¢,) also converges weakly to V*. From Skorohod representation theorem, we
can without loss of generality, assume that

V(t,) converges to V*, P —a.s.
Therefore, we have

V* = lim V(t) = lim ¢ max (tH_lZ(l) — 117 (v) — k(1 - v)), P-— as.

t—o00 t—oo 0<v<1
Now we replace t in V(¢) by e~! and treat t — co as ¢ — 0. In other words, we have

V* = lim V(e,!) = lim ¢, Jnax (erMZz(1) —ep T Z(v) — k(1 —v)), P-—as. (5.27)

en—0 en—0
From Theorem 4.1, we know that eV (¢7!) satisfies an LDP. From (5.27), we also know that
V¥ = V(exl = flen),

where f is a deterministic positive function such that f(z) — 0, as # — 0, P— a.s. Then, we have
|5TLV* - 5nV(5g1)‘ = 5nf(€n)'
Now we are in a position to derive the tail behavior of V*:

limsup e2= 1og P (,V* > 1) < limsup 21~ Jog P (enV(en") > 1 —enflen)) -

en—0 en—0
Similarly,
lim inf e207H) Jog P (En‘_/(f;‘;l) > 1) < liminf 2= og P (e, V* > 1 — e, f(n)) -
en—0 en—0
From Theorem 4.1, we have
. _ . _ — . _ ) k(1 —s)+1)2
lim 201 jog P *>1) = lim 20" ogP No1) = inf .
o og P (V" > 1) o ogP (enV (e, ) > 1) 0Ls<1 v1(1, 8) + v2(1, 5)

Since the right hand side of the above equation is independent of the sequence &, — 0, we can
replace g, in the above equation with . This gives us

_ 2
lim 201 jog P (V*>e)=— in (k(1—s)+1) .
e—0 0<s<1vi(1,s) 4+ va(1,s)

This completes the proof. ]

5.1. Alternative proof of Theorem 5.2 using the results of Hiisler and Piterbarg [16].
The proof of Theorem 5.2 uses the large deviation asymptotics of the processes { M¢}.~o (Lemma 4.1)
and {V¢}.50 (Theorem 4.1). But to use these results, it was necessary in the proofs to establish
the existence of the limit points of {M (¢)}+~0 and {V (¢) }+>0 which was the content of Theorem 5.1
and 5.3, respectively. Alternatively, the proof can be given as a direct application of a result by
Hiisler and Piterbarg [16]. Before we state the result in [16], we recall the following definition: A
centered self-similar Gaussian process (with Hurst parameter 0 < H < 1) with continuous sample
paths {Z(t) }+>0 is called locally stationary self-similar if for some positive K and 0 < n < 2,

i E|(Z(t)" - Z()5")]

a3 by = faf?

= K721, (5.28)

Theorem 5.5. [16, Theorem 1] Suppose that {Z(t)}+>0 is a locally stationary self-similar Gaussian
process. Then, as X\ — 00,

P(Sup (Z(t) — kt) > /\> ~ Cy(A) T2 NG (AN H),

>0
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Here, C, is a positive constant (its explicit form is given in [16]) and
H
A= K
HH(1 - H)A-H)

and W is the tail distribution function of standard normal random variable.

In Lemma A.2, we show that the GFBM X (-) is locally stationary. Hence, from Theorem 5.5,
we have the following: In this case, with A = v/26*,

: 1 _ : 1 * 1—H _ *

In the last equality, we used the tail behavior of a standard normal random variable (¥ is its tail
distribution function). This shows that [16, Theorem 1] can be applied to prove Theorem 5.2.
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APPENDIX A. AUXILIARY RESULTS

In the following, we present a few results that used in the Section 5. Define a following continuous
map from Cr to Cy:

Jr s €() > ET). (A1)
Lemma A.1. For the GFBM X in (2.1), and for any T > 0,

Px o () = Px(T 1),
where Px is the law of X.

Proof. For a given n € IN, consider 0 < u; < ug < ug < ... <u, < 1. Now from the self-similarity
of X [27, Proposition 5.1], it is clear that for n = 1,

Z(Tuy) 4 TH Z(uy).
In other words,
PxoJ; ! (E(w) € ) = Px(§(w) € T~1).
For n > 1, assume that
(Z(Tu1), Z(Tug),...,Z(Tup—1)) € A) 4 ((Z(w1), Z(u2), ..., Z(up—1)) € T A), (A.2)
for any A C B(R"~!). Now consider the Borel set B € B(R). Then, we have
((Z(Tu1), Z(Tug), ..., Z(Tun, Z(Tu,))) € A x B)

L ((Z(w), Z(ug), ..., Z(un 1)) e THAX T HB).

Since the sets of the form A x B generate all the Borel sets of R™, the self-similarity property (A.2)
holds for n and therefore by induction, all finite dimensional distributions. It is trivial to see
that the finite dimensional distributions of Px o J 1 and Px are consistent families of measures.
Therefore, using the Kolmogorov consistency theorem, we get the desired result. O

Remark A.1. The above statement and proof can be generalized to processes with RCLL (right
continuous with left limits) paths. Indeed, we construct a similar map Jp on Dp to Dy (here, Dp
is space of functions that right continuous with left limits equipped with the Skorohod topology).
We can then proceed exactly as above.
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Theorem A.1. [20, Theorem 9.25] For a standard Brownian motion B on [0, 1],

1
P limsupilogli)il |B(t) — B(s)|=1] =1.
o0 /2010g(5) 55

Remark A.2. Clearly, for every p > 0, there is 1 > g > 0 such that for every § < &g, we have

1
0;122)%1 |B(r) — B(s)| < (1+p) 2510g(5), P—a.s.

Corollary A.1. For p > 0, there is 1 > §g = do(p) > 0 such that whenever t > dy,

B 1
sup _ Bl < max { V2(1 4 p), ——— sup B(s) p, P—a.s.

0<s<t , /g log(%) 5o log(%) 0<s<t

Otherwise,

sup _ Bl <V2(1+p), P-as.

0<s<t . /g log(%)

Proof. From Theorem A.1, as seen already for every p > 0, there is a 1 > Jy > 0, such that for
every § < dg, we have

1
max |B(r) — B(s)| < (14 p)4/20log(<), P—as.
= ’

In particular,

B(r)— B(0) =B(r) < (1+p) 25log(%), for every r < 4§, P —a.s.

This implies that we have

1
< (1 +p)\/25log(5), for every r =9 < dg, P—as

Assuming that t > §p, we have

sup _B(s)

0<s<t . /g log(é

x < V2(1 + p),

<m {\/il—s—p

It is easy to see that for ¢ < g,

sup B(s)

1
\/ 00 log () doss<t

sup B(s) p, P-—as.

1
/50 log( ) 0<s<t

B
sup _ B <V2(1+p), P-—as.
0<s<t slog(%)
Hence, the proof is complete. ]

Using the technique similar to Theorem 5.4, we have the following.
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Alternate proof of Theorem 5.2. We follow the argument almost exactly as in Theorem 5.4. We
have already seen from Lemma 5.5 that for ¢ > 0,

M) < t max (t71Z(v) — kv) = M(2).

And from Lemma 5.6, we know that M (¢) P— a.s. converges to M* as t — oc.
Therefore, we have

M* = lim M(t) = lim ¢ max (tH_lZ(v) —kv), P-—as.

t—o00 t—oo 0<v<l

Now we replace t in M (¢) by e~! and treat ¢t — oo as € — 0. In other words, we have

M* =lim M(e™") = lime ™! max (517HZ(U) —kv), P—as. (A.3)
e—0 e—0 0<v<1
a1y _ —1 1-H _
ME")=¢ ax, (e Z(v) = kv) .

From Lemma 4.1, we know that eM (¢7!) satisfies an LDP. From (A.3), we also know that
[M* = M(e7)] = g(e),
where g is a deterministic positive function such that g(z) — 0 as * — 0, P— a.s. Then, we have
leM* — eM(e71)| = eg(e).
Now we are in a position to derive the tail behavior of M*:

lim sup e2~ ) Jog P (e M* > 1) < limsup 20~ Jog P (eM(e) > 1—¢g(e)) .

e—0 e—0

Similarly,
liminf 2~ log P (M (e71) > 1) < liminf 2 log P (eM* > 1 — £g(e)) .
e—0 e—0

From Lemma 4.1 with T' = 1, we have

. _2(1-H) * — Yo 22(1—H) (1

il—%g logP (eM* > 1) il_r%s logP (eM(e™") >1).
We now notice that

lim e20~ ) Jog P (e M* > 1) = A2H=D 1im 220-H) og P (2M* > N), (A.4)

e—0 £—0

by changing € to A~'&. With the same argument as above, for A > 0, we have the following
A2H=D i 2200 109 P (EM* > A) = A2H D 1im 20 Jog P (e (e71) > N)
E—0 e—0

. {—‘) y 1< ey,
_2H2H(1]€—H)2(1*H) A2(0=H) © otherwise.
Therefore, choosing A > @, from (A.4), we have
lim 20~ Jog P (M*>e ) =— i
£50 2H2H(1 _ H)Q(l—H) '
This completes the proof. O

Remark A.3. The intuition for the choice A > @ in the end of the proof is that (A.4) suggests

us a scale invariance of the tail of M*. Therefore, the decay rate of tail asymptotics is always one
of the two cases in (4.10) which scales in X as A20=H). This case happens when \ > W

The next lemma concerns the locally stationary property of the GEFBM process and is used in the
proof in Section 5.1. Recall the definition of local stationarity for a self-similar Gaussian process
in (5.28).
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Lemma A.2. The GFBM X(-) defined in (2.1) is locally stationary.
Proof. For 0 < s <t,
EltX(t) — s X (s)P"] = tE[IX (1) - X(5)]] = (¢ — sT)?E[ X (5)]7]
+27 (T = sTIE[(X () — X(5)) X (s)]
=t HE[X(1) — X (s)[*] = (ts) 27 (1" — s™)?E[| X (s5) ]
4 2t 2~ H(H _tMR[(X (1) — X (5)) X (5)] (A.5)
To check that

L EIEX @) — s X (s)P)

_ ¢)\2H
Fac (t=s)

exists, (A.6)

it suffices to prove that the corresponding limits exist for the three terms on the right hand side
of (A.5). Before we proceed to do that, using (2.2) and (2.3), we rewrite E[|X (t) — X (s)|?] and
E[(X(t) — X(s))X(s)] by making the following change of variables: u = s — (t — s)v and v = zw
with 2 = ;- for integrals over [0, s] and u = s + (¢ — s)v for integrals over [s,?]. We have

B[ X (t) — X (s)[2] = & / (t — u)2u~du + 2 /OS((t |

s

L R (R

1
- zw)® — xwo‘le_vw .
+/0<1—w> (14 2w)* — (2w)?) d), (A7)

It is clear that

/01(1 _y)2e (u n %)”du < /01(1 — )2y = B(1+ 20,1 —7) < oo, (A.9)
Recall that B(a,b) is the Beta function for a,b > 0. Since —% +3<a< HTV, we have

sg%) { /01(1 —w) (1 4 yw)® — (yw)a)ka”dw} < KB(1 —,v) < o0, for some K > 0. (A.10)
y
Indeed, we have

o { [0= ) (0 0y = )y )

y>0

1
< (supal))” [ (1= w) 7w

y>0

< (21;189(9))2]3(1 =77

Here,

g(y) = (1 + ) — (1)*)y?~? for y € (0, 00).
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Now showing that sup,-og(y) < oo, we are done. To that end, we show that lim, o g(y) and
lim, o g(y) both exist and are finite. Then from continuity of g(-) in (0, c0), we know that g(y) is
finite for every y € (0,00) and it will then imply that sup,~( g(y) < co. Consider

lim g(y) = lim ((1+y)°y3 7% —y>7373) =0,

y—0 y—0

where we used % —3>0and o> —% + 3. Now consider

(1+y H>—1 H —a(l 4y H)aly2

lim

lim g(y) = lim

y—00 y—r00 y—a—%-l-% y—00 (_a _ % + %)y—a—%—i—%—l
ey ey
= lim >
vree (ma—g5+3)
=0.

In the above, Z denotes that we used L’Hopital’s rule, as the we have a % form (recall that
o+ 3 — 2 >0). To get the final equality, we used the fact that o < 3 + 3.
Now consider (observe that it is (t — s), instead of (t — s)2),

(t— )" /O (1= w) (1 4+ 2w)° — (ow)) ()" )

1
< s sup {y_HJFO‘_V'H (14y)* - yo‘)} / (1 —w) "w tdw
0

y>0
1
< s"B(1—1,7)sup {yéfg((l +y)* — ya)}, since H = o — % + 3
y>0
< s"B(1 —v,7)sup {y%*%“‘((l +y hH - 1)} < 0. (A.11)

y>0
The finiteness of )
ot F (-0

y>0
can be proved in the similar way as done for ¢g(y). From (A.9) and (A.10) ( (A.11), respectively.),
we can conclude that quantity in parenthesis of (A.7) ((A.8), respectively) is continuous in (s, t)
when § < s <t, for every § > 0.

We are finally in a position to prove local stationarity of X(:). For the first term in (A.5),
from (A.7) and continuity of the term in the parenthesis, we know that

lim t—QHE“X(t) - X(3)|2]

_ o)2H
o (t=s)

exists uniformly for ty > §, for any § > 0. To see that the corresponding limit of the second term
in (A.5) exists uniformly for to > d, for any 6 > 0, we write

872H H_SHZ $)|2 H—SH
}LI% (t ) (t (t_S)QHEHX( )| ] — thjf(l) (IEt_S)H)Q(tS)—QHEHX(S”Q]

and from H-Hblder continuity of function f(¢) = t¥, we can conclude the existence of the above
limit.

Now, to see that the corresponding limit of the third term in (A.5) exists uniformly for ¢y > ¢,
for any § > 0, we write

o 2 — B[ (1) = X)X ()] _ (o 47257 (s — #H) E(X (1) = X(5)X(3)]

) (t —s)2H o (t—s)H (t—s)H
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From the H-Holder continuity of function f(t) = t*, we obtain
. t_2HS_H(5H _ tH) .
lim exists
t—tg (t — s)H

s—to

uniformly for tg > J, for any § > 0 and from (A.8) and continuity of the quantity inside the
parenthesis, we know that

E[(X(t) — X(s)) X ()]

flirg DL exists.
s—to
Thus, we have proved that (A.6) holds. This proves the result. u
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