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Abstract

In this paper, we study the tail behavior of max;<n sup,. (Wi(s) + Wa(s) — fs) as N — oo, with
(W;,1 < N) ii.d. Brownian motions and Wy an independent Brownian motion. This random variable can
be seen as the maximum of N mutually dependent Brownian queues, which in turn can be interpreted as the
backlog i in a Brownian fork-join queue. In previous work, we have shown that this random variable centers
around gz log N. Here, we analyze the rare-event that this random variable reaches the value (g; +a)log N,
with @ > 0. It turns out that its probability behaves roughly as a power law with N, where the exponent
depends on a. However, there are three regimes, around a critical point a*; namely, 0 < a < a*, a = a”, and
a > a”. The latter regime exhibits a form of asymptotic independence, while the first regime reveals highly
irregular behavior with a clear dependence structure among the IV suprema, with a nontrivial transition at
a=a".
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1 Introduction

Fork-join queues are a useful modeling tool for congestion in complex networks, such as assembly systems,
communication networks, and supply chains. Such networks can be large and assembly is only possible upon
availability of all parts. Thus, the bottleneck of the system is caused by the slowest production line in the
system. This setting motivates us to investigate such delays in a stylized version of a large fork-join queueing
system. In this setting, a key quantity of interest is the behavior of the longest queue. We assume that arrival
and service processes are Brownian, as it is a standard result in queueing theory that queueing systems in heavy-
traffic can be approximated by reflected Brownian motions. Furthermore, when the arrival and service processes
are deterministic with some white noise perturbation, it is also a natural choice to model this with Brownian
motions. We analyze the steady-state behavior of this system. Hence, we can model the backlog in queue i by
QfA = sup,~o(Wi(s) + Wa(s) — Bs), where W4 is a Brownian motion term with standard deviation o4 that
reﬁresents the fluctuations in the arrival process, W; is a Brownian motion term with standard deviation o that
represents the fluctuations in the service process, and 5 > 0 represents the drift of the queue. Furthermore,
we assume that (W;,4 < N) are i.i.d. Brownian motions, and for all 4, W; and W4 are mutually independent.
These are natural choices as well, because these assumptions indicate that servers’ work speeds are mutually
independent, and independent with respect to the interarrival times.

Because the bottleneck in the system is the slowest production line, we are interested in the longest queue
length, and we investigate the random variable Q]BV = max;<n QZ’B 4- We see that this random variable is a
maximum of N dependent random variables, due to the common arrival process W4. As we try to model
systems with many servers we are typically interested in the behavior of this random variable as N — oco. In
[15], it is shown that Q) 'v is in the domain of attraction of the normal distribution:

(QB > — % logN—&—x\/logN) NﬁooP(i‘/%’;X > x), (1)



with X £ A (0,1). This means that Qf\, centers around % log N and deviates with order y/log N.
This convergence result provides a prediction of the typical delay. However, one might also be interested in
the question how likely it is that the delay will be much longer, as delays may cause large costs. Obviously, the

probability IP’(Q]BV > yn) Noge 0, when yy — % log N grows to infinity at a rate faster than y/log N, but the
question is how fast this probability converges to 0. In this study, we focus on the probability

2
IF’(QJ% > <;B +a> logN)7
with a > 0. As we show later on, the exact behavior of this tail probability depends on the choice of a, where we
can distinguish three regimes: 0 < a < a*, a = a*, and a > a*, with a* an explicitly identified constant in (0, c0).
The logarithmic asymptotics for these three regimes are given in Theorem 1, while the sharper asymptotics for
the cases a > a*, a = a*, and 0 < a < a* are given in Theorems 2, 3, and 4, respectively. It easily follows from
the proofs that when yy is of larger order than log N, the convergence behavior of P(Q]ﬁv > yy) is the same as
for the case a > a*, cf. Corollary 5.1.

Our work is related to the literature on extreme values of Gaussian processes. In this paper, we examine
exceedance probabilities of the order (% + a)log N with a > 0. More work has been done on joint suprema of
Brownian motions. For instance, [10] gives the solution of the Laplace transform of joint first passage times in
terms of the solution of a partial differential equation, where the Brownian motions are dependent. Further, [5]
analyze the tail asymptotics of the all-time suprema of two dependent Brownian motions. The joint suprema
of a finite number of Brownian motions is also studied [4], where the authors give tail asymptotics of the joint
suprema of independent Gaussian processes over a finite time interval. These are just three examples — more
results may be found in [14] and [19].

Our work also relates to the literature on fork-join queues. Exact results on fork-join queues with two service
stations can be found in [1, 6, 8, 22]. Approximations for systems with an arbitrary but fixed number of servers
can be found in [2, 9, 16]. In [21] a heavy-traffic analysis for fork-join queues is derived; see also [17] and [18].
More recent work in this direction may be found in [11, 12, 13, 20]. Our work adds to the existing literature,
as we analyze the largest of IV queues as N — oo. Literature on such extreme value results is rare. More
specifically, we derive a large deviation principle for the longest of N dependent Brownian queues as N — oo,
to obtain this, we use and extend the results obtained in [5], in which the case N = 2 is investigated.

This paper is organized as follows. In Section 2, we present our main results, which contain an interesting
phase transition in the way a large supremum occurs depending on the value of a. We explain the reason
behind this phase transition in detail. The rest of the paper is devoted to proofs. In Section 3, we give a
proof of Theorem 1, which focuses on logarithmic asymptotics. In Section 4, we present some auxiliary lemmas.
In Sections 5.1, 5.2, and 5.3, we provide the proofs of Theorems 2, 3, and 4, respectively, which deal with
asymptotic estimates that are sharper than Theorem 1.

2 Main results

In this section, we present our main results and also provide some intuition. We first introduce some additional
notation. Recall that (W;,i < N) is a sequence of i.i.d. Brownian motions with standard deviation o, W4 is a
Brownian motion with standard deviation o4, W; and W, are mutually independent for all 7, the steady-state
queue length in front of server i is given by

Q4 = sup(Wi(s) + Wa(s) — Bs), (2)

s>0

and the maximum queue length equals

AB B
Qn = Ig’ﬁf Qi a- (3)

Further, we write the supremum of a Brownian motion {W;(t) + W4 (t) — 8t,t > 0} over an interval (u,v) as

Q) 4(u,v) = sup (Wi(s) + Wals) — Bs), (4)

u<s<v

and the maximum of N of these identically distributed random variables as

Q% (u,v) = max Q4 (u,v). (5)



Also, we introduce shorthand notation that we use later on:

0.2

) = (55 +a) g, (6)

AMa)=1—-0/+/2a8 + o2, (7)
Tn(a,k) = fn(a)/B + ky/log N, (8)
TN((I) = TN(CL,O). (9)

Finally, we write

2 202 — 20+/2 2

af +20 20 ab+to if0<a<ar,

74 (10)
if a > a”*,

v(e) = 2a8 — o
0%+ 0%
4 2 —
with a* = J‘;—gﬁ + %‘ The function «y(a) appears in the limit of the logarithmic asymptotics of ]P’(Q]ﬂ\, > fn(a)).
In Figure 1, we plot —v(a) for certain choices of the parameters 0,04, 3, and a*. As can be seen, from a = a*
onwards, the function is linear. Moreover, we see that vy(a) is continuous everywhere, also for a = a*.
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Figure 1: 0 =1,04 =1,8=1,a* = 3/2

Our first result, Theorem 1, provides the logarithmic asymptotics of the tail probability of the maximum
steady-state queue length ]P’(Qﬁ, > fn(a)).

Theorem 1. Let a > 0, (W;,i < N) be i.i.d. Brownian motions with standard deviation o, W4 be a Brownian
motion with standard deviation o 4, for all i, W; and W4 are mutually independent, and Qﬁ,, ~(a), and fn(a)
are given by Equations (3), (10), and (6), respectively, then

log(P(Q > [n())) N
l](\)]gN -

—/(a). (11)

We give the proof of Theorem 1 in Section 3. To provide some intuition, the form of the function v(a)
suggests there are at least two regimes: the case where 0 < a < a*, and the case where a > a*. These two cases
reveal interesting information on the tail behavior of the maximum queue length QIBV.



Case a > a*. First of all, observe that for a > a* and N large, by using the convergence result in (11) and
the memoryless property of the exponential distribution, we have that

P<m§< s (W (5) + Wa(s) = 5s) > fN<a>)

> P smagesup (W) + W) = 55) > fv(a*) ) B (sup (W4(5) + Wa(s) = ) > (0 = ") log V)

<N 530 >0
-9 _a*
= P(g@@(iglg (Wi(s) + Wa(s) — Bs) > fN(a*)) exp <—M log N> (12)
_ _ *
~ N_'Y(a*) exp (_2/82(0/;) 1og N)
0°+ o0y
- N—(a)

To understand the lower bound in this expression, observe that due to the memoryless property of an exponen-
tially distributed random variable E, we have that P(E > x4+ y) =P(E > z)P(E >x+y | E > z) =P(E >
2)P(E > y). Then for a sequence of exponentially and identically distributed random variables (E;,i < N), we
have for all j < N that P(max,<y E; > z +y) > P(max;<y E; > 2)P(E; >z +y | E; > ) = P(max,<y E; >
x)P(E; > y). So, the fact that the tail probability of the maximum steady-state queue length in (12) is bounded
from below by the expression in (12) implies that for a > a*

N—o0

P(#{j < N: SL>118(W]-(S) + Wa(s) —Bs) > fn(a)} = I‘Q?\, > fN(a)) — 1.

Second, we see that for a > a*, N=7(®) = N]P’(Q?A > fn(a)). Obviously, since a > 0, the union bound gives
that

2
2af-0%

P(Q > fn(a) S NP(Q], > fx(a) =N 7. (13)

The fact that the union bound is sharp when a > a* indicates that for a > a* the IV queues are asymptotically
independent; i.e.,

P e sup (W4(5) + W) ~ 55) > fila) ) = P mageoup (W4 (6) 4 Woas(s) = ) > (o) ).
1SN 5>0 i<N >0

where the arrival processes (Wa,;,7 < N) are independent Brownian motions. In Section 5.2, we see that the
boundary case a = a* does show some dependent behavior, but this dependence structure cannot be deduced
from the logarithmic asymptotics.

Case 0 < @ < a*. Finally, the case 0 < a < a* is more involved. The function v(a) involves a in a nonlinear
fashion. As we observe in Equation (13), due to the fact that the exponent of the tail probability of an
exponentially distributed random variable is linear in a, we expect that the logarithmic asymptotics would also
be linear in a. Thus the structure of v(a) shows that the dependent part Wy influences the tail asymptotics,
and contrary to the case where a > a*, we have that

1}\rfnianP’<#{j < N :sup(W;(s) + Wa(s) — Bs) > fn(a)} > 1’@?\, > fN(a)> > 0.
—>00 5>0

The reason that we see this is that in order to get that the maximum steady-state queue length Q?\, reaches the
level fy(a), the arrival process {Wa(t) — A(a)Bt,t > 0} must reach a high level around A(a)fy(a), which is a
rare event. Furthermore, one of the N service processes needs to reach a level around (1 — A(a)) fx(a); however,
this is not a rare event. Even more, the event that a finite number of service processes reaches a level around
(1 — X(a))fn(a) has a finite probability.

The function v(a) has more characteristics that can be explained from [15]. What we namely see is that
~(0) = 0, which is to be expected as we know from (1) and (6) that for z =0

P(Q% > fu(0) "5 .

We further have that log Nv(xz/+v/log N) Noge 526 > Tt thus follows that for N large,

3,2
OA

_ mj/ﬂ x252
_ 2
N 7(1/ lOgN) zN oo’ log N = exp 5 3 s
o°0%



which is the exponent of the limiting distribution given in (1).

To prove the logarithmic asymptotics in Theorem 1, it suffices to look at random variables of the type
max;< N (W;(Tn)+Wa(Ty)— BTn) instead of the random variable Q?\, = max;<n Sup,~o(Wi(s) +Wa(s)—fBs),
where the appropriate choice of Tl is Ty (a), cf. Equation (9). We show this in more detail in the proof of Lemma
1. For a > a*, the logarithmic asymptotics are relatively straightforward to derive because we see a notion of
asymptotic independence, as explained above. In the proof of Lemma 1, we show that when 0 < a < a*,

log(P(Q > fn(a)))
~ log(P(max W (Tn(a)) = (1 = Xa))BTn(a) > (1 = Aa)) fn(a))) (14)

+1og(P(Wa (T (a)) — Ma)BTn(a) > Aa) fx(a))),

when N is large, and we show that the term log(P(max;<n W; (T (a)) — (1 = X(a))BTn(a) > (1 - A(a)) fn(a)))
becomes negligible as N — oo.

We now turn to precise asymptotics, which are stated in Theorems 2, 3, and 4 below for the cases a > a*,
a=a*, and 0 < a < a*, respectively. The proofs of these theorems can be found in Sections 5.1, 5.2, and 5.3.

Theorem 2. Let a > a*, (W;,i < N) be i.i.d. Brownian motions with standard deviation o, W4 be a Brownian
motion with standard deviation o4, for all i, W; and W, are mutually independent, and Qﬁ,, ~v(a), and fn(a)
are given by Equations (3), (10), and (6), respectively, then

NTOPQY > fa(a)) =1 (15)

The theorem shows that for a > a*, the tail probability of the steady-state maximum queue length has the
same asymptotic behavior as the one for independently and identically distributed arrival processes for each
queue.

Theorem 3. Let a = a*, (W;,i < N) be i.i.d. Brownian motions with standard deviation o, Wa be a Brownian
motion with standard deviation o4, for all i, W; and W, are mutually independent, and Qﬁ,, ~(a), and fn(a)
are given by Equations (3), (10), and (6), respectively, then

NI PQE > f(ar)) =8 % (16)

To give a heuristic explanation why we have a transition point at a = a*, recall that A(a) is given in Equation
(7), W; is a Brownian motion with standard deviation o, and Wy is a Brownian motion with standard deviation
0 4. Because the all-time supremum of a Brownian motion is exponentially distributed it is easy to see that for
a=a*,

sup(Wa(s) — A(a*)Bs) £ sup(Wi(s) — (1 — A(a*))Bs) < sup(Wi(s) + Wa(s) — Bs).

s>0 s>0 s>0

Similarly, after a straightforward calculation we observe that for 0 < a < a*,
sup(Wa(s) — Aa)Bs) >st. sup(W;(s) — (1 — A(a))Bs),
5>0 s>0

and for a > a*,

sup(Wa(s) — A(a)Bs) g sup(Wi(s) — (1 — A(a))Bs).

s>0 s>0
For 0 < a < a*, large values of Q'f\, are predominantly caused by fluctuations of {Wa(t) — A(a)Bt,t > 0}; we
show this rigorously in Section 5.3. In contrast, for a > a*, fluctuations are caused by a combination of the
arrival process and one of the service processes, and therefore we see a notion of asymptotic independence.

To explain in more detail why we have a constant 1/2 at the boundary case a = a*, we first observe that, since
the all-time supremum of a Brownian motion with negative drift is exponentially distributed, P(sup,~o(Wa(s)—
AMa*)Bs) > Ma*) fn(a*)) = N=7") Moreover, if the event sup,.o(Wa(s) — A(a*)Bs) > A(a*) fn(a*) happens,
it most likely occurs at time T (a*). By using the union bound and that all suprema are the same in distribution
we may therefore write

P(QN(Tn(a*),00) > f(a”) | Wa(Tn(a*)) = Ma®)STn(a*) = Aa®) fx(a*))

_ ]P(max (Wi (Tn(a*)) — (1 — Ma*)) BT (a*) + QQA) >(1- A(a*))fN(a*))

i<N

~ NB(Wi(In(a) = (1= A@)BTx(a") + Q0 p > (1= Al"))fw(a*)

N—

) NP( sup_ (Wis) = (1= Ma"))Bs) > (1 —A(a*))fmcz*)) =y

s>Tn (a*)



If we condition on max;<n sup,~o(Wi(s) — (1 — A(a*))Bs) = (1 — A(a*)) fn(a*), we obtain the same expression
after using the same heuristic argument.
Our final result is an improvement of the logarithmic asymptotics for the case 0 < a < a*.

Theorem 4. Let 0 < a < a*, (W;,i < N) be i.i.d. Brownian motions with standard deviation o, W4 be a

Brownian motion with standard deviation o4, for all i, W; and W4 are mutually independent, and Q?\,, ~v(a),
fn(a), and Na) are given by Equations (3), (10), (6), and (7) respectively, then

AMa) o2 _
lim inf N7 (log N)™ 2% P(Q5 > fn(a)) > 0, (17)
N—oo
and
AMa) o2 _
lim sup N7 (log N) 7 23 IP’(Q]BV > fn(a)) < . (18)
N —o00

We give a proof of this result in Section 5.3. As already suggested in Theorem 1, for the case 0 < a < a* we

observe more irregular behavior, which manifests itself already in the values of y(a). In Theorem 4, we observe
A(a) o2

that the second term is not a constant, as was the case for the values a > a* and a = a*, but is (log N) 1-30e) 207
To obtain heuristic insights, we argue that

]P’(sup(WA(s) —Aa)Bs) > AMa)fn(a) + rN> =N (log N)i#a()‘”;‘f’ii7 (19)

s>0

with ry = loglog N. Furthermore, we have for all k that

oy/2aB+02
48

IP’(I&%\)[( w; (TN(a7 k:)) —(1=Xa))BTn(a,k) > (1 — X(a))fn(a) — rN> =Q(1), (20)
where zy = (1) means that liminfy_,o 2y > 0. Combining these two results we see that
P(Q} > fv(@)

> P(sup(Wa(s) = Al)s) > Aahf (o) + 7o Wilr) = (1= Ay > (1= Aa)fw(a) =7 ) (21

where 7y = inf{t > 0: Wy (t) — M(a)Bt > A(a)fn(a) + ry}. We show later on that 7 conditioned being finite,
has the form of T (a, K) with K being a random variable. Because

P(zg%;(ws) ~ A@)88) > Ala) (@) + 7o, mas Wilrw) — (1= M@)r > (1~ A@) o) - w)

= P(sup(WA(s) — Xa)Bs) > Ma)fn(a) + rN> (22)

s>0

.[P(Iig%( Wi(tn) — (L= Xa))Brn > (1= Aa))fn(a) — N

TN <OO),

we retrieve (17) after combining the results from (19)-(22). Thus, it turns out that for 0 < a < a*, ry plays
a key role. As explained in Section 5.2, in the case 0 < a < a*, {Wa(¢) — A(a)Bt,t > 0} dominates, which
explains why the tail asymptotics of the maximum queue length Q]ﬁ\, are the same as the tail asymptotics of
supy~o(Wa(s) — A(a)Bs), and the behavior of max;<y W;(Tn(a, k) — (1 — A(a))BTn(a, k) is typical.

The main approach of proving the lower and upper bounds in (17) and (18), as well as the limits in (15) and
(16), is by analyzing lower and upper bounds on the tail probability of the steady-state maximum queue length
IP(Q]BV > fn(a)). These bounds are derived by utilizing the union bound, Bonferroni’s inequality, and a careful
construction of hitting times. These hitting times are needed to estimate the time where the supremum most
likely hits the desired level, and to adequately separate the independent part W; and the dependent part W4
from each other. We also rely on some existing asymptotic estimates in the literature from extreme value theory,
and on [5], that investigates the case N = 2. Finally, we develop a number of auxiliary technical estimates
related to the asymptotic behavior of convolutions of normally and exponentially distributed random variables.

These techniques, when put together, are effective in the case a = a* and a > a* in order to obtain exact
asymptotics. In the case 0 < a < a*, we are able to improve upon Theorem 1 and characterize the asymptotic
behavior of ]P’(Qﬁ, > fn(a)) up to a constant. To derive precise asymptotics in this case seems beyond the scope
of techniques developed in this paper.



3 Proof of the logarithmic asymptotics

In this section, we give a proof of Theorem 1, establishing logarithmic asymptotics for the maximum queue
length. Our approach is to derive logarithmic lower and upper bounds of the maximum queue length by using
the heuristic idea given in (14), and show that they coincide. These bounds are presented in Lemmas 1 and 2
below.

Lemma 1. Let a > 0, (W;,i < N) be i.i.d. Brownian motions with standard deviation o, W, be a Brownian
motion with standard deviation o4, for all i, W; and W4 are mutually independent, and Q?V, ~(a), and fn(a)
are given by Equations (3), (10), and (6), respectively, then

i g 128 PQR > fx(0))
N—oo log N

Proof. Recall that A(a) = 1 —o/+/2a8 + 02 and Tn(a) = fn(a)/B. By choosing s = fn(a)/8 and splitting
—fBs into two terms, observe that

> —(a). (23)

P(maxsup (Wi(s) + Wa(s) — Bs) > fN(a)) (24)

iSN >0

> P (g W (T (@) ~ (1= A@)IT(@) > (1= X)) (@) W (T (a)) = N@)BTile) > M) (@)

= P(%%{Wi (Tn(a)) >2(1 A(“))fN(@) P(Wa(Tn(a)) > 2X(a)fn(a)). (25)
The expression in (25) is due to the fact that for all ¢, W; and Wy are independent. We now analyze the two

probabilities in (25) separately. Since W; and W, are i.i.d. for all ¢ and j, for the first probability in (25) we get
from Bonferroni’s inequality that

]P)(Iilié}s’( Wi (Tn(a)) >2(1 — /\(a))fN(a)>

> NB(W(Twl@) > 201 - Na) (@) - () BOW(T(@) > 201 - Ma) ). 26)
Furthermore, it is easy to see that
1
P(gggws) (1= A@)Bs) > (1 A(a))fm)) -+ (27)

and that
POVA(Tiv(@)) > 201 = A@) (@) < P(sup(I¥i(s) = (1= Ma))Bs) > (1 = Na)fx(a) ).
and therefore we bound the second term in (26) as

(;V ) P(Wi (T (a)) > 2(1 — M@)) (@)’ <5 P(supm»(s) — (1= Ma)fs) > (1 - A(a))fw))

s>0
. P(Wi (TN(a)) >2(1 — /\(a))fN(a))
:% P(Wi (Tn(a)) > 2(1 — A(a)) fx ().
Thus the lower bound given in (26) can be further bounded to

P(%%{Wi (TN(a)) > 2(1 — /\(a))fN(a)> > gP(Wz (TN(a)) > 2(1 — Ma))fn(a)).

As we aim to derive logarithmic asymptotics, we do so for the derived lower bound, now it is easy to see that
N
log (2 IP’(W,» (TN(a)) > 2(1— )\(a))fN(a))) ~log N + log (IP’(W, (TN(a)) > 2(1— )\(a))fN(a))>,

as N — oo, with f(z) ~ g(z) as ¢ — oo meaning that lim, o f(x)/g(z) = 1. In addition, recall that for a
normally distributed random variable X with standard deviation o, log(P(X > x)) ~ —22/(202), as z — oco.
Thus, we get that

(2(1 = A(a)) fn(a))?
20’2TN((Z)

g ( E(W(T(@) > 201 = @) (@) ) ~ - ~ log,



as N — oo, following the definitions of A(a), fnv(a), and Tnx(a). Concluding,

log (]P’(maXKN Wi(Tn(a)) — (1 — A(a))BTn(a) > (1 — )\(a))fN(a))>
lim inf

N—oo log N

> 0. (28)

For the second probability in (25) the logarithmic asymptotics can be easily computed, since W4 (fn(a)) is
normally distributed, and we obtain that

log (]P’(WA (TN(a)) > 2)\(a)fN(a))> N 2084207 — QUW
H —_ .

29
log N o4 (29)
Thus, after combining these two results in (28) and (29) with Equation (25), we have that,
.. . log (P(max;<n sup,so (Wi(s) + Wa(s) — Bs) > fn(a))) 2a8 + 202 — 20\/2af + o2
lim inf > — 3 ) (30)
N—o00 log N o4

irrespective for the choice of a. Now, observe that for a > 0,

2a8 + 202 — 20+/2af3 + o2 < 2ap3 — o

2 =52 2
o 0“4 0%

b

with equality for a = a*. This means that only for 0 < a < a*, the lower bound in (30) is sharp enough. For
a > a*, we apply the inequality in (12) to obtain for all ¢ > 0 that

P (mesup (W) + Wa(s) = 85) > fv(a* +))

SN 50

> P smagesup (Wi(o) + Wa(s) = 59 > fvla) ) exp (25230 ) . a1)

SN >0

Combining this result with the inequality in (30), we get that for all ¢ > 0,

log (P i W; W — * 2
lim inf Og( (maX <N Sups>0( (S) + A(S) 58) > fN(a + C))) > —’)/(CL*) _ BC - = _,Y(a* + C).
N-soo log N 0%+ 05
Combining the lower bounds in (30) and (31) gives the lower bound in (23). O

Lemma 2. Let a > 0, (W;,i < N) be i.i.d. Brownian motions with standard deviation o, W4 be a Brownian
motion with standard deviation o4, for all i, W; and W4 are mutually independent, and Q]’i,, v(a), and fn(a)
are given by Equations (3), (10), and (6), respectively, then
log(P(Q%
i sup BB > I (@)
N—o00 lOg N
Proof. We have by the union bound in (13) that

i sup [2EP@X > fv(@)) 208 -}
N oo log N R

< —(a). (32)

(33)

This upper bound implies the upper bound given in (32) for a > a*. Turning to the case 0 < a < a*, we
can bound the tail probability of the maximum queue length by using sub-additivity, the union bound, and by
integrating over possible values of sup,.o(Wa(s) — A(a)Bs), and we obtain that

(24 > v(0) &
< P@%{ sup (Wi(s) — (1= A(a))Bs) +sup (Wa(s) — Ma)Bs) > fN(a))
Ma)($5+a) 9\ (4 a)Bylo
< [T R Nlog NP (sup (Wi(s) ~ (1= A@)is) > fv(a) ~ ylog ¥ ) exp (- ZHEN ) g
0 0'A s>0 oy

; P(sup (Wa(s) — Aa)Bs) > A(a)fN<a>)

5>0
2L (1 (a) ~ 108 N)

/Ma)(me) 2\(a)8
0

2X\(a)Bylog N
=) N log N exp (— — ()ng> dy

0A

+2(sup (W) = A@)B9) > Aaifv(a)).

s>0



Because the function exp (fw (fn(a) —ylog N) — 2)‘(‘1)5%) with y € [0, )\(a)(% +a)] is maximized
A

_ 2aB4202 —20\/2aﬁ+a 1
a) and equals N 74 we get that

when y = A(a )(‘7—5

+
log (

fo/\ (g5 +a) 2/\(5?4)[’ log N - N exp <_2(1*;\¢ (fn(a) —ylog N) — 2)\((1)5#) dy)
h]{[njllop log N
log ( 0>\(a)(2[§ +a) exp (—2(1—;\% (fn(a) —ylog N) — W) dy)
o hj{fnj;lop log N
o 2B +20" ~20\/2f + 02 .
o4

Now we have found a logarithmic upper bound for the integral in (34), we are left with the expression
P(supgso (Wa(s) — A(a)Bs) > A(a) fn(a)) in (34). For this expression holds that

_ 2084202 —201/2aB402
P(sup (Wa(s) — Aa)Bs) > A(a)fm)) - N

s>0

Combining the upper bounds in (33) and (34) gives the logarithmic upper bound on the maximum queue length
n (32). O

4 Useful lemmas

In the previous section, we have given a proof of the logarithmic asymptotics for the maximum queue length
Qjﬁv In order to be able to prove sharper results on the tail asymptotics, we need some auxiliary results; the
goal of this section is to derive these. We begin by giving an overview of the results in this section.

First of all, observe that

sup(W (s) — Bs) = W(T) — BT + sup(W (s) — Bs),

s>T s>0

where {W(t),t > 0} is an independent copy of {W (t),# > 0}. From this, it follows that if we take the supremum
of a Brownian motion starting at a positive time, this is in distribution the same as adding a normally distributed
random variable to an exponentially distributed random variable. The tail asymptotics of this convolution equal
the tail asymptotics of the normally distributed part, the exponentially distributed part, or a more complicated
mixture of the two, depending on the starting time 7T, the standard deviation of W(s) and the drift 5. In
Lemma 3, these three cases are studied in more detail.

Second, our main strategy to investigate the tail asymptotics involves the use of hitting times. Observe that
we have a maximum of N mutually dependent random variables. Based on the results in Section 3, we are able
to make an educated guess where the supremum is attained. Following the proof of Lemma 1, we see that

P(max sup (Wi(s) + Wa(s) — Bs) > fN<a>) ~ P(In]@( (Wi(Tw(@)) + Wa(Tw(a)) — BTx(a)) > fN<a>).

i<N >0

So the expected hitting time, conditioned on being finite, is approximately Tn(a). Next, observe that for
0<a<ar,

P (mesup (W4(6) = (1= X@)9) > (1= Ma) () ) =1 = (1 exp (- 25 - A(a))fN<a>))N

<N s>0
:Q(l)7 (36)
and
P(i‘i% (Wa(s) — Ma)fs) > A(a)wa)) ~ exp (—”(E?B A(a)fm)) ) (37)

Since the expected conditional hitting time of a level x equals this value x divided by the drift, it is easy to see
that in both (36) and (37) the expected conditional hitting time equals Ty (a). Thus, this heuristically explains
why the processes {W;(t) — (1 — A(a))Bt,t > 0} and {Wa(t) — A(a)Bt,t > 0} are important. In Definition 1
below, we define the hitting time densities of these processes and in Lemma 4 we show that after proper scaling
these densities converge to the densities of normally distributed random variables, corrected with a constant.



Finally, we need to analyze limits of the type

lim IP( sup X;(s) > yn|tn = t) fry (®)dt

N—oo J_ o S>TN

(38)

where 7 is a hitting time and f;, its density. In Lemma 5, we show that under certain assumptions, we can
interchange the integral and the limit, when the integrand is a product of two functions, as is the case in (38).

The proof of this interchange is similar to the proof of the dominated convergence theorem.

Lemma 3 (Convolution of normal and exponential distributions). Let X LN (0,1) and E

Exzp(1) be

independent random wvariables. Let (nxy, N > 1), (xn, N > 1) be sequences with ny > 0, xxy — o0, and

TN /NN N1>°° o0o. Furthermore, let 1 > 0 and c € R. Then

N—oco

cif 7w1z/§ujfvm — ¢,
_=%
1 nne g 1 2,
P X+-FE>z ~7+762“(’“7N zN)l—i—erc,
(nN r N) Nore B ( fle))

as N — oo, and erf(c) the error function,

N—o0

-p TN — l”IN
2. if Vi T %%
2
TN
IP’( X+ips ) anﬁe N edul-2en)
— T ~———+te ,
' 1% N 2rr N
as N — oo,
TN /»”71\} N— o0 _
3. and Zfif v e o8
_ x% _ (TN_MW%V)Z
INX +-E>ay |~ - e —
w 2T N V2T TN — W}]QV
as N — oo.

Proof. We have

< 1 ( yo [ (2 o
P 77NX+E>xN> =PnyX > 2N +/ IP’(E>$N77NZ) dz.
H H V2r

— 00

The first term satisfies

nne '~

V2mx N

]P)(WNX > ZN) ~

as N — oo. Furthermore,

22

TN /NN 1 e % 1 . ) TN — /“72
P{—FE >axy — nNz> dz = 765”(”’7N*2‘”N) (erf (N) + 1) )
»/—oo (:u vV 21 2 \/inN

Observe that erf(z) — 1, as z — oo and 1 + erf(—z) ~ f , as z — 0o. The lemma follows.

Definition 1. Fora >0, r € R, and i € {1,2,..., N}, we define the random variable Ti‘f}\?T by
Ty o= nf{t >0 Wi(t) — (1= Aa))Bt > (1= Aa)) fn(a) — 7},

and the function sz};r as its density. Furthermore, we write

a,—T
T = IHIHT .
AN 2N T N

Similarly, we define the random variable %Z:TN by
Ty = f{t > 0: Wa(t) — Ma)Bt > Ma) fn(a) + 1},

and the function fi‘i”}v as its density.

10
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Lemma 4 (Convergence of hitting time density). For the density function f «.—r given in Definition 1 and
i N

Tn(a, k) given in Equation (8) we have that

o(2a3+02)%/?

62 exp (ﬁ (8a2ﬁ2r7ﬁ3k¢2a\/2aﬁ+o’2+8a67‘02+2r04) )

N+/log N fomor (T (a, k)) "=5° T (2 1 0?) (43)
Proof. The density fT:,N_r(t) satisfies
_ (A =Xa))fn(a) -7 (1= X@a))fn(a) =7+ (1= Aa)Bt)*
Frogr®) = V2mot3/2 P ( a 202t )
cf. [3, Eq. 2.0.2, p. 301]. From this, the limit in (43) follows. O

Corollary 1. For the density function f_a,—» given in Definition 1 and T (a, k) given in Equation (8) we have
i\ N
that

lim N\10g N f .o (Tn(a,k))dk = / Jim N/log N o (T (a,k)) db. (44)
0o i, N — 00 i, N

N—oco | _ —00

Proof. Observe that for N large enough such that (1 — A(a))fy(a) —r > 0,

/°° N+/log NfTZ};r (Tn(a,k))dk —NP’(Sup(Wi(s) — (1 =X@))Bs) > (1 — Aa))fn(a)— r)

—o0 s>0

sy (LMY,

0—2
and
B (8@2 B2r—pB3k%04/ 2a5+a2+8aﬁ7‘02+27‘04)

o0 62 exp ( o(2a o2 5/2 )
/ (2ap+02)*/ dk = exp 2(1 — X(a))Br .
oo VT (203 +0?) o

O

Lemma 5 (Convergence of integrals of sequences of functions). Assume we have sequences of positive integrable
functions vy (x) and wy(x) that satisfy the following:

e uy(z) — v(z),

o wy(x) — w
o There exists a constant ¢ > 0 such that wy(z) < ¢ for all x and N.

Then
N—00
/RUN(x)wN(x)dx — /Rv(a:)w(x)dx. (45)

Proof. First of all, by using Fatou’s lemma we obtain that

Jim inf /R o (@) wy (2)dz > / o(z)w(z)dz.

N —o0 R

Furthermore, observe that vy (x)c —vn(z)wn(z) > 0 for all x and N. Now, from Fatou’s lemma it follows that

l}gglof/RvN(x)cva(z)wN(x)dx2 /Rv(x)cfv(z)w(x)dx.

Because [, vy (x)cdz Noge J v(x)cdz, we get that

limsup/RvN(x)wN(x)de/v(x)w(x)dac.

N—o00 R

The lemma follows. O
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5 Proofs of the sharper asymptotics

In this section, we prove sharper asymptotics of the tail behavior of ]P’(Q]’i, > fn(a)). Recall the definition of
a,—r ~a,r . . ey
7,y and 7' given in Definition 1, and observe that

P(QR > fn(a) = PQR (N A T4y 00) LTy A4y < 00) > fi(a)). (46)

This equation is valid, because for 0 < ¢t < 70" A7)y, we see that W;(t) — (1 —X(a))8t < (1 —A(a))fn(a) -
and Wa(t) — Ma)Bt < AMa)fn(a) +r. Thus, W;(t) + Wa(t) — Bt < fn(a). Now, using (46), we obtain lower
and upper bounds of the form

max ( (Qﬂ (T o) L7 < 00) > fMa))P(Q%(ﬁ:?W ) 1(F3y < 00) > fN<a>))
<P(QR > fn(a)
<P(QR(riNT 0Ty < 00) > fn(@)) + P(QR(Fi, 017y < o0) > fv(@)),  (47)

which we can exploit. Other important inequalities that we use are the union bound and Bonferroni’s inequality.
In the case of identically distributed random variables X;, these bounds simplify to

N
NP(X; > ) — <2> P(min(X;, X;) > ) < Pmax X; > z) < NB(X, > 2),

which is the case for our problem. Debicki et al. [5] have derived the tail asymptotics of min(QiB, A Qi 4)- In

Lemma 7 we show how we use [5, Th. 2.3] on the tails of min(QZ’-@’ > Qf ) together with Bonferroni’s inequality
such that these are applicable in our proof of the case a > a*.

Now that we can write upper and lower bounds in which hitting times play a role, we condition on the
hitting times and get sequences of the form as given in (38). By using Fatou’s lemma we know that

liminf/ ]P’( sup X;(s) > yN‘TN = t) fry (B)dt > / hmlnf]P( sup X;(s) > yN’TN = t) fry (B)dt,

N—oo J_ o S>TN oo N—oo S>TN

and by using Lemma 5, we obtain that

oo o0
lim IP( sup X;(s) > yN‘TN = t) fry (@)dt = / lim IP’( sup X;(s) > yN‘TN = t) fry (@)dt
N—o0 s>TN N—=oo \s>7y

— 00 — 00

To obtain limits of the form as given in (38) we use Lemmas 3 and 4.

5.1 The case a > a*
In this section, we prove Theorem 2 on exact asymptotics of the maximum queue length when a > a*. As is
stated in (15), IP)(Q’]BV > fn(a)) ~ N~7(@) as N — oo, when a > a*. Since the union bound in (13) gives us
that N7(@) ]P’(Q?V > fn(a)) <1, we only need to show that
lim inf NTOPQE > fy(a)) > 1
— 00

*

In order to prove the liminf, we first observe that va > Q'?V(TZ]*\;O, oo)]l(T/'iJ’vO < 00), and we know by using
Bonferroni’s inequality that

*

PQR (73", 00)L(r i < 00) > fn(a))

)

> NP(QL4(r o) (7 y° < ) > fx(a))

~ (;V ) P(min(@) 4 (7%, 00)L(rx° < 00), @14 (13", 00) 17 < o0)) > f(a) ). (48)

where 7; 1\} and T A’,O are hitting times defined in Lemma 4. In Lemma 7, we show that the first term is leading,
and the second order term is of smaller order. In order to prove this, we first give a convenient upper bound for

PED (min(Q)4 (713", 00), Q) A(7°,00)) > fu(a))

12



in Lemma 6, with

P¢+<D(4) =P (4

W = Twla® k) < 7050 = T(a, D). (49)
From now on, let W be an independent copy of the Brownian motion W, and Qf 4(s,t) an independent copy
of QfA(u, v).

Lemma 6. Let a > a*, (W;,i < N) be i.i.d. Brownian motions with standard deviation o, W be a Brownian
motion with standard deviation o a, for all i, W; and Wy are mutually independent, and Q A(w,v), y(a),

fn(a), and PF<D(A) are given by Equations (5), (10), (6), and (49) respectively. Furthermore, T NO is given

in Definition 1 and QfA is an independent copy of QEA. Then for all 6 > 0 there exists an Ng > 0 such that
for all N > Njs

pk<D (min(QﬁA(Tz;\}O, 00), Q?,A(T;l,;\}ov 00)) > fN(a))
< 4p<h <(1 + O Wa(r! ") +min(Q) 4, Q) 4) > fa(a) — (1= Aa*)) fn(a*) + )‘(a*)ﬁTz;\;O)'

Proof. First of all, we have that

PO (min(@Q) 4 (723", 000, Q) (5" ) > ()
< pk<D (Q A ;‘;\;O, TN ) > fn(a )) + pk<t) (min(Qiﬂ,A( a*,o 00), Q neG jaN ,00)) > fN(a>)7 (50)

becausemln(Q AT ZN ,00), Q (JN7 00)) <maX(Q nG aNO,TJ“NO) mln(Q ( *’ 00), Q (]N ,00))) when

a*

T, N < T] N < 0o. Now, recall from Definition 1 that

*0 0
G

= sup (Wi(s)+ Wals) = Bs) = (1= (@) fn(a*) + Wa(riy®) = Ma*) By + Q74 (0,73 = 7iy°)-
TEN <s<‘r“ 0

Thus, for the first term in (50) we have

p<b (QEA(TZ%*’Oa Tj,N ) > f(a ))
= D (152 >+Q1A<O,TJN ) > () - (fA(a*))fzv(a*HA(a*)ﬁTZ;v’O)

< PED (Wa(riy®) + [ Wi = min”) + Walry® = 730 > f(@) = (1= Ma") fv(a”) + Ma")Br3°).
(51)

For any x and y, it holds that  + |y| < max(z + y,x — y). Therefore, by the union bound we can bound the
probability in (51) as

PO (Wa () \W (i —nN>+WA<r@*’°—Tf“O> > fna) = (1= A(@) fn (@) + Aa") By
< 2p*<Y (WA< )+ W( T = )+ WA = 730 > fvla) = (1= A@) fv(a®) + A(@)BrR°)
< 2PED (L4 aWa (i) > fvla) = (1= Ma") f(a*) + A@")Br°) (52)
< 2P<k<l>( (14 8)Wa(r ) +min(QF 4, Q7 4) > fn(a) = (1 = Aa*)) fu(a*) + A(a*mﬁf}v”), (53)

for § > 0 and N > Ns. The upper bound in (52) holds since TZ;\}O = Q(log N), and Tﬁ;\}o - 7'5]*\}0 = O(/log N).
The upper bound in (53) holds because we add a positive random variable. For the second term in (50) first

observe that P(min(X,Y) > z) = P(X > z,Y > z). Second, under the assumption that 7" N <7y N < 00, wWe
can write

QF A (T 00) = (1=A(a)) fv (@*) + Wi (7 0 =75 = (1= M@ ) B 0 =T+ Wa () = Aa*) B8+ Q1 4.

13



Thus, by applying similar techniques as for the analysis of the first term in (50) we obtain that
PO (min(Q) 4 (73", 00), @) (73", ) > fv(a))
= P (War25) 4 Wirf = 725 - (1 Na >>6<T;T*N’° — TN+ Qla
> f(a) = (1= Ma")) fi(a*) + Ma*)Bri Y,
WA + @y > fvla) = (1= M) (a?) + Ao

snm<‘“<”<WA<T;’,§v*°>+Wi<f;‘f — 7N + Q> fv(a) = (1= Ma*) fx(a) + A(a*) By,
Wa(r ") + Q4 > fn(a) = (1= Ma*)) fu(a®) + A(a*)ﬁn“,}f)

< B (WA 4 a5 = 7250000 4 min(Q4, Q) > fv(a) = (1= M) w(a”) 4 Ao

< 2800 (W) + Walr? = 7850) + min Q40 Q) > fvla) = (1= A vla) + X))

< opth<d) <(1 +O)Wa(ri ) +min(Q) 4, Q) 1) > fv(a) — (1= A(a*)) fv(a*) + A(a*)ﬂn‘?}v’“)

Combining this bound with the bound in (53) completes the proof of the lemma. O

Lemma 7. Let a > a* (W;,i < N) be i.i.d. Brownian motions with standard deviation o, W4 be a Brownian
motion with standard deviation o4, for all i, W; and W4 are mutually independent, and Q?\,, ~(a), and fn(a)
are given by Equations (3), (10), and (6), respectively, then

lim inf N7 P(QR > fi(a) > 1

The general idea of the proof of Lemma 7 is to make rigorous that the lower bound on the maximum queue
length QN given in (48) is approximately the same as NIP’(Q A4l fNO,oo)]l(TZ;\;O < 00) > fn(a)) when N is
large. Thus the last term in (48) is asymptotically negligible. "We use the result from Lemma 6 to establish
this. Observe now that, following Definition 1,

Q7 a(iN" 00) = Wilrfy®) + Wa(riy®) = By + Q74 = (1= M) S (@) + Wa(r{y) = Ma*) 87y + Q7 4
Furthermore, observe that due to Equation (27), P(TZ—(J:;\}O < 00) = 1/N. From this it follows that

NP(Q] A (13", 00)1(ry° < 00) > fv(a)) = P(Q) (173", 00) > fv(a) | 780 < 0).

Therefore, in order to prove a sharp lower bound on the tail asymptotics of the maximum queue length, we
prove by using Fatou’s lemma that

lim inf N7 P(Wa(r{ ) = Ma") 873" + Q74 > fn(a) = (1= Ma*))fv(a*) | 715" < 00) > 1.
—00 ) ) )

In order to prove this, we show that QﬁA is most likely to hit a level gn(a,z, k), and Wa(r; o 0) /\(a*)BTaNO
is most likely to hit the level fy(a) — (1 — A(a*))fn(a*) — gn(a, x, k).

We now turn to a formal proof of Lemma 7.

Proof. For abbreviation, we write
Pyjon = P(min(Q) 4 (r3 00) (" < 50), Q) 473", 00) 17" < 00)) > fu(a))-

Thus, the inequality in (48) simplifies to

*

_ " N
P(QR (73, 00) (70 3 < 00) > fn(a)) > NPy — (2>Pi7j,N~ (54)
For abbreviation, we also write

Qi (1) = P(min(Q) 4 (71", 00), Q74 (7 <)) > fv(a)

T = T k), 7 = T (a”,0)).
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*

Now, before we analyze (54) in more detail, observe that we can express ]P’(Tf ]\}0 < 00, Tﬁ ;\}0 < 00) as
o* 1
P(r/ lN <OO,T]N < o0) / / fa*o Tn(a* k))f *o(TN(a l))logNdkdl:ﬁ.

Then,
NPiJ}N =N / f_l_fz,jv,o (TN(Q*, k)) \ 10g NQi,i,N (k, k)dk
:/ / fT;ﬁ;\;o (TN((I*,]C))fT;;\;o (TN(G*,Z))NQ logNQi7i,N(k,k)dkdl.

Also, observe that (g) < N?/2, and that

2 2
NTPMN N—/ / Frot o (T (0% B)) frat 0 (T (@, 1) log NQi v (k, D k.

In conclusion, we can write the inequality in (54) as
P(QR iy’ 00) (7} i < 00) > fx(a))
1
/ / f * 0 TN Cl k‘))f a* 0( ( * l))N2 logN (sz N(k} k) 2Qi,j7N(k7l)> dkdl

_ / / fTZ;V,o(TN(a*,k)) froro (Tw(a*, 1)) N?log N (Qi,i,N(k, k) — ;Qi,j,N(kJ)) dkdl

+ /Oo /loo fTZ;,O (Tn(a*, k))f%o (Tn(a*,1))N?log N (Qi,i,N(l@ k) — %QLLN(/{, 1)) dkdl.

(55)

(56)

Since we want to prove a sharp lower bound on the tail asymptotics of the maximum queue length Q]B\, we can
use the expression in (56). We want to prove convergence of a lower bound of this integral by using Fatou’s
lemma. Therefore, we focus on the integrand first and prove convergence for the integrand as N — co. Assume

that k& <, then, following Lemma 6,

Quyn (k,1) < 411»((1 ) Wa(Tn(a*, K) + min(QF 4, Q%) > fiv(a) — (1 — A(@*)) fr(a*) + A(a")8Tw (a*, k)),

for all 6 > 0 for N > Njs. Observe that Q;; n(k, k) — Qi jn(k,1)/2 > 0. Thus,

1 1 +
Qi (k, k) = 5Qijn (k1) = (Qi,i,N(h k) = 5Qijn (K, l)) :
The density of W4 (Tn(a*,k)) equals

exp (—x2/(2aiTN(a*, k))) .

\/ﬂO’A\/TN(a*,k)

We write a = a* + €, with € > 0. Let
* * * * 0124 (02 + 0124)
gn(a,z,k) = fn(a) = (1= Ma")) fn(a) + Aa”) BTN (o™, k) — Tlogl\f —ay/log N.
Observe that
2

o 2
gn(a,x, k) + A(ﬂQ) log N + z+/log N = = AMa")fn(a*) + Xa*) BTN (a*, k).

Furthermore,
NY Qi n(k, k)

A 0?4 (02 + 0124)
_ NV(“)P(WA (Tn(a*,k)) +QF 4 > gn(a, 2, k) + ~2— 5~ log N + z1/log N)
) o

Bo?
- 2
(Ui«::%z)logl\fﬁm/logN)
Vieg Nexp | — 205 T (a* k)
N(e B> a,x,k dx.
/ P a > onl ) V2noa/Tn(a*, k)
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We can simplify this expression further and get that

B

Vieg Nexp | — 307 T (@ %)
V2moa\/Tn(a*, k)

Al e3) :

TlogN—&-m\/logiN

Viog Nexp | — 203 Tn (a* k)

V210 a\/Tn (a*, k)

ai(cﬂ#»ai) 2
— 5 log N+x+/log N

N’Y(a) P(Qiﬁ,A > gN(a7 €, k))

2
— N(a) exp <— = fJQ gn(a,x, k))
A

Bo exp <3202(1(:2+Ui)2—2fk03)2)
G'A(0'2+(TA)

Vroa (024 0?)

Furthermore, following Lemma 4, we have that

5 e (~gtstor) o (- o)
w0 (T (a*, k) faw0 (T (0%, 1)) N log N 250 2atPe 2atfto
Froso (TN (@™ ) foao (T (0, D) N log N = —— e o A 4 09)

Let 0 < 6 < —27¢ . and let

2(7A((7 +o 124)

hav(a, 2, k) = fa(a) — (1 = A(@)) fa(a®) + Aa*)BTx (a*, k) — (1 + 6) <‘w log N + z1/Tog N) .

From Debicki et al. [5, Th. 2.3|, we know that

. N 2
P(min(QfA, QiA) > CL‘) exp <02/2i0124$> — 0, (57)

as x — 0o. We have that

% (o2 +73) 2
—————"% log N+z+/log N

Bo2
Viog Nexp | — 5T T (@ %)
Qﬂ N —o0o
N7(@) ex (h a,:z:,k) — 0.
P 02/2+ 0% N ) V2o a/Tn(a*, k)

Thus, when k <[, then
1 +
lim inf NV f oo (T (a*, k)) far 0 (T (a*, 1)) N? log N (Qi,i,wa k) = 5Qign(k, l))
— 00 i, N N

ﬁ262(1(62+di)72ﬁk63)2
4k2 4[2 _
5o (~gtptay) 8o (~aatgior) 606@( G

VT (208 + 0?) VT (203 + 0?) Vo (o? +0%) '

The case k > [ can be treated analogously. Finally, we have

8252 (m(02+02 )—251«7/24)2
8 9 8412 o A s
/ / /°° 7 exp (~@fiton) & oxp (~@fsion) 70 ( 7 (P +03) P
V7 (2a* B + 02) V7 (2a* B + 02) Vo (0% +0%) '
By applying Fatou’s lemma, Lemma 7 follows. O

Corollary 2. Let (yn,N > 1) be a sequence such that liminfy_, yn/logN = oo, (W;,i < N) be ii.d.
Brownian motions with standard deviation o, W be a Brownian motion with standard deviation o4, for all i,
W; and W4 are mutually independent, and Qlﬁv, v(a), and fn(a) are given by Equations (3), (10), and (6),
respectively. Then the tail probability of the steady-state maximum queue length satisfies

P(QR > yn) ~ NP(Q] 4 > yn),

as N — occ.
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Proof. By using the union bound, we have that IP’(QIBV > yy) < N]P’(QEA > yn). Furthermore, by using

Bonferroni’s inequality we obtain that }P’(Q]BV >yn) > N]P’(QgA >yn) — N?/2 ]P’(Q?A > YN, Q?A > yn). Now,
using the limit in (57), we see that

28
. N2/2P(QEA>yN7QJIBA>yN) . 1Nexp(_02/2+ain)
lim sup . 5 : < lim sup 3 =0.
Nmroo NB(Q; 4> yn) N=veo exp (* aTiﬂai yN)
The corollary follows. O

5.2 The case a = a*

In Section 3, we showed that we have at least two regimes, namely 0 < a < a¢*, and a > a*. It turns out,
that when we investigate sharper asymptotics, that the case a = a* deserves special attention. In the present
section, we establish that in the case a = a*, }P’(Qﬁ, > fa(a*)) ~ %N‘V(a*), thus the prefactor is 1/2 instead of
1 as in the case a > a*. To make the heuristics given in Section 2 rigorous, we proceed by deriving asymptotic
lower and upper bounds, in two separate lemmas. As in Section 5.1, we prove that the lim inf converges to the
desired limit. We do this in Lemma 8. The proof of this Lemma is similar to the proof of Lemma 7. However,
the simple union bound N]P’(QEA > fn(a*)) ~ N=7(") is not tight for a = a*. Thus, we also need to prove
that the limsup is tight. We prdvide this proof in Lemma 9.

Lemma 8. Let a = a*, (W;,i < N) be i.i.d. Brownian motions with standard deviation o, W be a Brownian

motion with standard deviation o4, for all i, W; and W, are mutually independent, and Qﬁ,, ~v(a), and fn(a)
are given by Equations (3), (10), and (6), respectively, then

lim inf NI PQE > fa(a*)) >

N |

Proof. First of all, we have the lower bound

P(QY > fn(a*) > P(QR(riy", 00)1(78 i < 00) > fn(a*)).

As in (54) we can bound this further by Bonferroni’s inequality to
NB(QF 4300 (7 < 00) > fiv(a"))

N . a*,r a*,r a*,r a*,r *
_ <2) ]P’(mln(Q?’A(Ti’N’ ,oo)]l(T“\} < OO),Q?A(TJ-’N ,oo)]l(ijN < o0)) > fn(a ))
2
> (N— N
B 2

The last step is true because for independent X and Y, P(min(X,Y1(Y < o)) > 2) < P(Y < 00) P(X > 2).
Since P(7}' 5" < 00) = exp(—2(1 — A(a*))Br/o?)/N, we can simplify the expression in (58) to

P(TJ%;\}T < OO)) P(QQA(TSEV”, OO)H(TZ;\}T < 00) > fN(a*)). (58)

exp (20220 050)

1- 5 NP(QL4(r N )Ty < 00) > fu(a")) (59)

Following the proof of Lemma 7 we have that

% (2 403%) 2
Gz log N+x+/log N

Vieg Nexp | — 5% T (@ %)
NI PGP, > a*,x, k) —r
(@4 > an(a k) = 1) S TE
,8202(;8(02+a'124)—2,8k0124)2>
oexp | —
Nio)o s p( 0124(02%»0124)4 ox 2p3r
VToa (02 +03) P o24+0% )’

when z < 04 8k/(0? + %), and 0 otherwise. Thus, by combining this result with the result from Lemma 4, for

17



x < o4Bk/(0” + %),

2 (52442 2
(%ﬂlogN—i-x\/logN)

B

Viog Nexp | — 52 T (@ )
oo (T (a*, k))N/Iog NN P(QP > gn(a*, 2, k) — 7
frarr (Tn(a* k) N/ log (@24 > g(a®z k) =) o T T
B20? exp <_ﬂ(53k204+2l(02+gi)3)> Bo exp <_ B2a? (2o +0 ) ~26k03 )"

(02_,_0%)4 ‘7124(‘72""‘7124)4 > ( 20r )
exp | 50— | -
V7 (0% +02)° VToa (0% +0?%) 0%+ 0%

N—00
—

Observe that the integral

o2 Bk 620'2 exp (_ B(ﬂ3k204+27"(02+ai)3) > Boexp (_ 8202 (I(U2+Ui)*25kafq)2

o0 o2+0% (02-1—03)4 ai(oz-‘raiy > Qﬁ'r‘ _ 1
5 5 5 exp | — 5 | dedk = ~.
—00 J —00 \/7?(0’24-0124) ﬁUA (U +UA) o +UA 2

Now, by applying Fatou’s lemma,
liminf NN P(QF, (7Y, 0017y < 00) > fn(a”)) =

and thus by applying this on the expression in (59), we get that

1 - exp (_ 2(1*2(;1 ))ﬁr) - 1
2 2 2

lim inf NI PQY > fa(a*)) >

O

Lemma 9. Let a = a*, (W;,i < N) be i.i.d. Brownian motions with standard deviation o, W be a Brownian
motion with standard deviation o4, for all i, W; and W4 are mutually independent, and Q?\n ~(a), and fn(a)
are given by Equations (3), (10), and (6), respectively, then

lim sup N P(QY, > fi(a*)) <

N—o00

N =

Proof. Let %{ZT}\? =inf{t: Wa(t) — Ma*)Bt > A(a*) fn(a*) + r}. Following Equation (46) and the upper bound
in (47), we have that

P(Q% > fn(a*)) < PQR(FS 7, 00)L(7S 3 < 00) > fiv(a*)) + P(Q (riy ", 00) L(re i7" < 00) > f(a)).

(60)
Observe that we can bound the first term in (60) as
~ x . . . 2\ (a*
P(Qn (74 00)L(F) § < 00) > fiv(a")) S P(F) § < 00) = N7 exp (_W) ’ (61)
: : : o2

and the second term in (60) as

N PQR (ry T o) LT T < 00) > fv(a¥))

< N7<a*>NP(Q§A(Tg;f’",oo)n(rffjvv—r < o0) > fN(a*))

K3
TN = TN R) £ (Tw(a® K)o Nak. (62)
’ i, N

oo
:/ Nl )NP(Q?’A(TZA}_T,OO) > fn(a®)
— 00
Now, we examine the parts of the integrand of this integral separately. First, note that, following Definition 1,

P(Q) (0N "000) > S (a)|riy ™ = Twla", k)

= IP(WA(TZ;\}_T) + QQA > ANa®) fv(a®) +7+ /\(a*)ﬁTﬁ;\}_T 79;\/’_’“ =Ty(a*, k;)),

Z7
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We can analyze this probability using Lemma 3 by taking zny = 2A(a*) fn(a*) + A(a*)BkIog N + 7, nn =
oa\/Tn(a* k), and p = 28/(0* + 0%). Write

TN — _QA(G*)fN(a*) + A(a*)Bky/1og N + 1 — %UiTN(a*, k)

V2N V2\/0% Ty (a*, k)
r—= Aa*)Bk+/log N Nogo V233ko a0?
o2 Ty (a*, k) (02 +02%)°

The first term in (39) of Lemma 3 satisfies

B<B3k20102+2r(o’2+ai)3)
7P T (2+0%)" N

2\/mo A Viog N’

and the second term satisfies
1 2 263k 2 1 2 263k 2 .
1 tu(unt—20x) (1 +erf< _ W)) L <25?"2) (1 N erf( _ W)) N,
2 (0% + 02) 2 o2+ 0y (0% +0%)

as N — oo. So, we can conclude that

* 1 2 233 2 x
7'5]\/1_7. = TN(a*’]f)) ~ 5exp <_5T> (1 + erf( _ W))N’Y(a )7

P(QQA(TZJ\}_T’ o0) > fn(a”) o2+ o2 (02 +02)°
A

as N — oco. Second, following Lemma 4, the density of the hitting time T.‘f;\;ﬂ appears in the integrand in (62),

1
and satisfies

9 B(Sa*252r733k20 2a*,3+0'2+8a*ﬁr02+2r04)
B exp U(2a*ﬁ+02)5/2

« N—oc0
Nfor e (Tw(a”, k) VIog N =3 V7 (2B +0?)

o Ry
o~ ex

(0'2+U§‘)4

V7 (0 +03)’

Thus, for the integrand in (62) we have that

NN B(Q Ay T00) > f(@)|rly ™" = T, 1)) £, (T (@, ) v/ Iog N
3202 <1 n erf< 7 \/ﬁ,ﬁ’gkaA02>) exp <ﬁ(2r(62+ai)3_ﬁ3k2g4) o )

(02+Ui)3 (02—&-0124)4 o2 to}

2
2y7 (02 4+ 0%)

N—oc0
—

When we integrate this result we get

N ﬁQUZ (1 L erf( B \/§B3kaAo—2)> exp (5(27'(0’2+Ui)3—ﬂ3k204) g )
dk =

(‘72""73\)3 (02+Uj)4 o2+03

/-oo 27 (02 + 0%)* 2

Now, because

*

N P(QF (" 00) > fula)|riy ™ = T (e, )

< N ]P’<§1>113 (Wa(s) = A(a®)Bs) > A(a”) fn(a®) + 7“)

_ N6 e (‘WW ) fwla) + r)) = exp (—Mff%w) /

and

lim / Nf ar,—r(Tn(a*, k))\/log Ndk :/ lim Nf o, (Tn(a*, k))\/log Ndk,
— 0o Ti,N oo N—oo Ti,N

N —o0
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we can use Lemma 5 to conclude that

* * * 1
lim sup N7 >N1P>(QEA(T;1N—T,OO)1(T;N—T < 00) > fN(a*)) <3 (63)
N—o0 e ’
Now, after combining the bounds in (61) and (63),
* — ]. 2>\ * I x ]-
lim sup N7(@ )P(Qjﬁv > fn(a®)) < = +exp <— (a2)5r> =% .
N—oo 2 o5 2
O

5.3 The case 0 < a < a*

As we have proven the exact asymptotics for the cases a > a* and a = a* in Theorems 2 and 3, respectively,

2 202 —-20+/2 2
— 208+20 7 abto , thus

9A

we now turn to the proof of Theorem 4. In Theorem 1 we have shown that v(a)

we expect highly dependent behavior because this indicates that the union upper bound ]P’(Qﬁ, > fn(a)) <
N]P’(Q?A > fn(a)) is not sharp when 0 < a < a*, as is explained in the proof of Lemma 2.

Proof of Theorem /. First of all, we prove Equation (17). We write ry = Uiﬂzﬁﬂﬂr? loglog N. Let %XTJ’\J,V =
inf{t > 0: Wa(t) — Ma)Bt > Aa) fn(a) + rn}. Let frary be its density. Observe that
P(Q% > fn(a))
> PN (7AW TARLER < 00) > fx(a)
o0
= / P(%&Ki{ Wi(Tn(a,k)) — (1 = Xa)BTn(a, k) > (1= A(a)) fn(a) — TN)f;_j‘;ﬂ]"vN (Tn(a,k))+/log Ndk.
(64)

As in the proof of Lemma 9, we analyze the components of the integrand of (64) separately. Following a similar
derivation as in Lemma 4, we see that the term fo.ry (Tn(a,k))y/log N in (64) satisfies

A(a) o2

NY@ (log N) '@ qf%Z’?vN (Tn(a, k) Vieg N
B4k?(oc—+/2aB8+02 2
32 (U (U - \/W) + 2a6) exp (— a%(zﬁ) )
65
VTo A (2@54—02)3/2 (©3)

Moreover, a result in extreme value theory states that when by = v/2log N — log(4mlog N)/(2v/2log N), then

b (maxiSN Wi(dlog N)
N o+/dlog N

with G 2 Gumbel, as N — oo, cf. [7, p. 11, Ex. 1.1.7] for a proof. From this it follows that the term
P(max;<y W;(Tn(a, k) — (1 — Xa))BTn(a,k) > (1 — A(a)) fx(a) — rn) in (64) satisfies

N—oc0
—

—bN> NYe)

IP(I%%\)I( w; (TN(a, k:)) —(1=Xa))BTn(a,k) > (1 — Aa))fn(a) — ’I“N)

41.2
N oXp ( B (QG%fUQ)Q)
—1—exp | — . (66)

v

Thus, the product of the limits in (65) and (66) gives the tail asymptotics of the integrand in (64). Now, by
applying Fatou’s lemma, we obtain a sharper than logarithmic lower bound on the asymptotics for the maximum
queue length, and is given in (17).

In order to prove (18), we use the upper bound given in (47) and observe that

P(QR > fn(a) SPQR(FLN, 00)L(F{RY < 00) > fu(a)) (67)
P(QR (™, 00) L™ < 00) > fn(a)). (68)
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We can bound the expression in (67) as follows:

_ _XMa) o2
P(QY(FIW, 00) L(FLY < 00) > fn(a)) < P(FYR < o00) = NV @ (log N) T3 2% (69)
Therefore,
A(a) 02
limsup N7 (log N) 7 2% P(QR, (F4y, 00) (74 < 00) > f(a)) < 1.

N—o00
Thus, because of the bounds given in (67) and (68), to prove that (18) holds, it is left to show that

A(a) a2

limsup N7 (log N) " 275 P(Q5 (7 TN Y 00)L(Ta NN < 00) > f(a)) < oo

N—oc0

To prove this, observe that, by using the union bound and by conditioning on the hitting time TZ}\?TN the
expression in (68) satisfies

P(QR (i ™, 00)L(rio ™ < 00) > fn(a))
< NIP(Q AT ™ 00) (™ < 00) > fn(a))

,

/ NB(QJ 475 "™ 100) > () | 75" = Tla, k) f oy (T, ) Viog Nk (70)

Now, we can use Lemma 5 to show convergence of the integral in (70). Following a similar analysis as in Lemma
4, we have that

2 B*K?
Voo B 00 (~ Gy )

o V108 N o (Dlen ) =5 — s

Furthermore,

ﬂ4k2

N [
—dk = logeNf « —N T k) dk =
o VFRaB T oY) Vi V08 N o (Tv(a, )

Thus, the first and second condition in Lemma 5 hold. Thus, we now only need to analyze

P(Q] (TN "™ 00) > fx(a) | 7™ = Tn(a, k)
= PWa(r{y"™) + Q)4 > Ma)fn(a) + v + Ma)Bri'y " | 75 "™ = Tw(a,k)), (71)

which is a component in the integrand in (70). We show that this expression satisfies the third and fourth
condition of Lemma 5, by proving pointwise convergence and by proving that this probability is uniformly
bounded by a constant. To do this, first observe that the random variable in (71) has the form of the sum of
a normally distributed random variable and an exponentially distributed random variable, hence we can follow
the framework of Lemma 3 in order to analyze this probability, we take xn = 2\(a) fn(a) + A(a)Bkv/1og N + 1y,
ny = oa\/Tn(a, k), and u = 28/(0% + %). Now, the expression in (71) can be written in the form of Equation
(42). Furthermore, observe that

TN — N :2)‘(a)fN( a) + Na)BkvI0g N + 1y — 2z oi T (a, k) Noso

Veny V2y/c%4 Ty (a, k)

Thus, for 0 < a < a*, we are in the third situation of Lemma 3. The first term in (41) satisfies

2
2, oaexp | — BAK? (0'7\/ 2aﬁ+a2)
e 2% A 0% (2ap+02)? A(a)
NN ~ 1ogN T—X(a) 20' N ~v(a)

Vary 2/7 (V2aB 1 02— o) W

as N — oco. Furthermore, we have for all ¢ > 0 that

P(Wa(t) = Aa)Bt > ) <P(Wa(z/(Aa)B)) > 2).
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From this it follows that the first part in (42) satisfies
]P)(UNX > (L’N)

= P(WA(Ticf}VTN) > MNa)fn(a) +ry + )\(a)ﬂTi‘f}\?T Tg}\?w =Tn(a, k))

< P(Wm‘f;v’w) > Ma)fv(a) +rx + Ma) Briy " |rin ™ = fNﬁ(a) " /\:CJL\;B)

o 2
Aa) o 1

1 Nimﬁ]v—'y(a)
o8 ! VIog N’

oA
" ayr(VaaB+ o - o)

as N — o0o. So there exists an € > 0 and an N, such that for N > N, and all k¥ > —fn(a)/(5v1og N),

Aa) o2

(log N) 7A@ 2o N(@) /logNIP’(WA(TZ’NTN) > MNa)fn(a) +ry + /\(a)BTZ}\?TN

Ti?}\?rN = TN([I, k))

< oA e (12)

gﬁ(m_a)

The second term in (41) satisfies

2
)

L u(und—2 nve R
_ en(pmi—2en)INE N
V2 TN — iy
9 9 284k2 (0'2 (\/2a,6’+o’2—0)+a,8(w/2a,@+a2—20))
JA (U + UA) eXp | — o2 (2(1B+0’2)5/2 Aa) o2 1
A T TI=X(a) 262 pT—(a)
~ log N AN (73)

270 (o (0= V2aB+0%) +03) Viog N’

as N — oo. In this case first observe that in Equation (42) the exact expression of the convolution term equals

2

TN /NN 1 e—% 1 TN — /“72 N 5
P —FE >xn — nNz) dz = = (erf <N> + 1) e3r(pni—2an)
/—oo (:u V2r 2 \/inN

Second, observe that this can be further rewritten into

2
1 (erf (xN - wm) n 1) R )
2 V2nn

a,—T 2 a,—T a,—1
= P(WA(TL}V Ny > ﬂiﬂﬁaig,}v N = Ma)fn(a) —ry — Ma)Briy ™
A

Ticf}\?TN = TN((I, k))

1 28 28,
- exp (202 ) (02 0% ocaTn(a, k) —2X(a) fn(a) — 2X\(a) BTN (a, k) — ZTN)) )
Thus, the expression that we are investigating is a product of a tail probability of a Gaussian random variable
and an exponential function. With an analogous derivation as for the first term in (41), due to the expression
in (73) we can bound for all t > 0

(log N)—lf(;(‘)a) 2% N(@) | /logNP’(WA(t) > 023_750_20% —Ma)fn(a) —rNn — )\(a)ﬁt)
A
1 2 2
- exp (202 fUi <02 _’_’80124 o4t —2X(a) fn(a) — 2X(a)Bt — 27"N>) )

Hence, due to this and the upper bound given in (72), we have that the third and fourth condition of Lemma
5 are satisfied. Thus, in the end we know that

A(a) o

2
(log N) ™= % NN P(Q] 4 (5™, 00) > [ (a)

TEHT = T(a, k)) freon (T (a, ) log N

41,2 2
S (20—\/2@;3;52) (07 +02) 22 (o2 (V2aB+o? o) +ap (y/2ahTo?20))
0% (2aB+02) oA (0 04)€Xp 3 21572
Ni;o n 0% (2ap+02)
2\/E<\/W—a) 2/70 (a (a— «/>2aﬁ—|—02) +ajg)
B4k2
526_ (2a8+02)2
V7 (208 + 02)’
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and we apply Lemma 5 to conclude that (18) holds. O

Remark 1. We have stated in Theorem 4 that we can prove a lower and upper bound which are sharper than
logarithmic, however we do not specify these bounds, but from the proof of Theorem 4 it becomes clear that

Aa) o2

lim inf N7 (log ) 7= 2% P(Q% > fn(a))
— 00

N 32 (a (a —+/2a8 + 02) + QaB) exp (—B kggr(;aﬂia(i?f) )
>
=/ Vo4 (208 + o)

47,2
xp < - <2afa+ka2>2)
1-— — dk
eXPp 2,/m ’
and

2

Aa) o2 _
lim sup NV(“)(log N) M@ 2 HD(QJBV > fn(a))

N—oo
o [ (o asTR)” . 25482 (o (/203707 o) 48 (/205720
A €Xp o2 (2aBto2)2 oA (O’ —|—O'A) exp | — o2 (2aB+02)5/2
</ "
—oo 2y/m (\/2a6+02 —0) 2\ /o (0 (07 \/2a[3+02> +0§1)
S ,
2 (2aB8+02)

L T gkt

V7 @aB 1 %)
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