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Abstract We analyze a two-node tandem queue with Brownian input. We first
derive an explicit expression for the joint distribution function of the workloads of
the first and second queue, which also allows us to calculate their exact large-buffer
asymptotics. The nature of these asymptotics depends on the model parameters,
i.e., there are different regimes. By using sample-path large-deviations (Schilder’s
theorem) these regimes can be interpreted: we explicitly characterize the most
likely way the buffers fill.

1 Introduction

Consider {B(t) —ct, t > 0}, where B(t) is a standard Brownian motion, and ¢ > 0
is a scalar. The distribution of the supremum B.. of such a Brownian motion with
drift is known: P(B. > b) = exp(—2bc). The reflection of {B(t) — ct,t > 0} at
0 could be called a Brownian queue. It can be argued (see Reich (1958)) that the
steady-state workload Q of such a Brownian queue is distributed as EC, i.e., also
exponentially with mean 1/(2c).

The case of networks of Brownian queues is considerably less studied. In Mand-
jes (2004) and Debicki et al. (2007a) a two-node tandem queue is analyzed: Mand-
jes (2004) derives the joint distribution function of the first and total queue length,
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whereas Debicki et al. (2007a) focuses on the distribution function of the second
queue. Also, several papers consider the more general case of tandem systems
with Lévy input, i.e., arrival processes with stationary, independent increments
(this class comprises, besides Brownian motion, also compound Poisson input).
We remark that the solution presented in Kella and Whitt (1992) and Degbicki et al.
(2007b) is in terms of a joint Laplace transform; no explicit expression for the joint
distribution function is given.

We note that Brownian motions also appear in the analysis of queueing mod-
els, where the input process is no Brownian motion. Multi-dimensional reflected
Brownian motions are often used to approximate the behavior of open networks,
i.e., the joint queue-length or joint workload processes, under heavy traffic condi-
tions, e.g., see Harrison and Williams (1992); Majewski (1998).

In this paper we analyze a two-node tandem queue with Brownian input. Build-
ing on the work of Mandjes (2004), we explicitly derive the joint distribution func-
tion P(Q1 > b1, Q> > by), where Q; is the steady-state workload of node i.
By setting by = ab, by = (1 — a)b, with @ € [0, 1], and letting b — o0, we
also obtain exact large-buffer asymptotics, i.e., we find a function f(-) such that
P(Q1 > ab, Q2 > (1 —a)b)/f(b) — 1 as b — oo. It turns out that the nature
of the asymptotics depends on the value of « and the service rates of both queues,
i.e., there are different regimes. These regimes can be further interpreted relying
on Schilder’s sample-path large-deviations theorem. In particular, we obtain the
so-called most probable path, i.e., the most likely way for the buffers to fill. Inter-
estingly, each regime has its own type of most likely path; either (a) queue 2 starts
to fill earlier than queue 1, but they reach b and b, at the same time, or (b) both
queues start to grow at the same time, and reach b; and b, at the same time, or
(c) both queues start to grow at the same time, but at the time queue 1 reaches by,
queue 2 is strictly larger than b;.

The remainder of the paper is organized as follows. In Sect. 2 we present a
detailed description of the two-node tandem queue, as well as a closely related
two-node parallel queue. We also give formal implicit expressions for the over-
flow probabilities, and we briefly discuss Schilder’s sample-path large-deviations
theorem. In Sect. 3 the two-node parallel queue is analyzed: we derive an exact
expression of the joint distribution function, large-buffer asymptotics, and the most
probable path. Then we argue that the two-node parallel queue is closely related
to the two-node tandem queue. Exploiting this property we obtain in Sect. 4 the
desired results for the tandem system. Finally, in Sect. 5 we further discuss our
results, and identify some open research questions.

2 Preliminaries

In this section we first describe our queueing models: the two-node parallel queue
and the two-node tandem queue. Next we by briefly discuss some large-deviations
results, which will be needed in the next sections. We conclude by presenting an
implicit expression for the joint overflow probability in each of the two models.

2.1 Queueing models

Section 3 considers a two-node parallel queue with service rate ¢y at queue I, and
cn1 at queue II. Traffic that enters the system has to be served at both queue I and
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Fig. 1 Left: Two-node parallel queue. Right: two-node tandem queue

II, which is done in parallel; see Fig. 1 for an illustration. The case c1 = ¢y being
trivial, we assume without loss of generality that cf > cr > O.

We assume that the input process is a standard Brownian motion {B(¢), t € R}.
It can be verified that I'(s, ) := Cov(B(s), B(t)) = min{|s|, |¢t|} if s,z > 0 or
s,t < 0,and I'(s, r) = 0 otherwise.

In Sect. 4 we consider a two-node tandem queue, again with standard Brownian
input. Thus, the output of the first queue is fed into the second queue; see Fig. 1.
Assume constant service rates ¢ and ¢y, respectively. To avoid the trivial situation
of the second queue remaining empty, it is assumed that c; > ¢» > 0. We note that
this model corresponds with the heavy-traffic limit of the two-node tandem queue
with Poisson arrivals, see Mandjes (2004).

2.2 Large deviations

In this subsection we recall two key large-deviations theorems, which are needed
in the analysis of Sect. 3.3 and 4.3.

Theorem 2.1 Let (X,Y) ~ Norm(0,X), for a non-degenerate 2-dimensional
covariance-matrix %. Then,

(i) —limyoo 2logP (377 X; > x) = 3x2/(Z1)%
(i) —lim, o0 3 logP (F 20 Xi=x, £ 30 Vi > y) =infys, infy=y Aa, b),
where A(a, b) := %(a HTYab)T.

We continue with a description of the framework of Schilder’s sample-path
LDP see Bahadur and Zabell (1979), and also Theorem 1.3.27 of Deuschel and
Stroock (1989) for a more detailed treatment). Define the path space €2 as

t t
Q= lw:R - R continuous, w©=0, lim -2 — fim 2@ _ol,
t—oo | 4+ |t] t—=—oco 1+ |t]

We note that in Addie et al. (2000) it was pointed out that B(-) can be realized on 2.
Then one can construct a reproducing kernel Hilbert space R € €2, consisting of
elements that are roughly as smooth as the covariance function I' (s, -); for details,
see Adler (1990). We start from a ‘smaller’ space R*, defined by

n
R* := {a) ‘R—>R, o()= Za,-F(s,-, ), ai,si €R,n¢e N}.

i=1
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The inner product on this space R* is, for w,, wp € R*, defined as

n n n

(@a, Wp) R = <Zair(si,.>,Zb,,»r<s4,-,->> =D > aibiT(sisp); (1)
Jj=1 R

i=1 i=1 j=1

notice that this implies (I'(s, ), ['(-, £))g = TI'(s, ). This inner product has the
following useful property, which is known as the reproducing kernel property,

o) =D ail(si,1) = <Zair(s,-, SRY@ -)> = (@(), T, )&
R

i=1 i=1

From this we introduce the norm ||w||g := +/{w, w)g. The closure of R* under
this norm is defined as space R. Now we can define the rate function:

Holl} if oeR;
00 otherwise.

() = { (2)
As a side remark we mention that the above framework in fact holds for a gen-
eral and versatile class of input processes, covering a broad range of correlation
structures, viz. the class of centered Gaussian inputs (A(?), t € R) (which obvi-
ously covers standard Brownian input). In that case one should set I'(s,t) =
Cov(A(s), A(t)), s < t.Using (1) and the definition of (s, ) in case of standard
Brownian inputs (see Sect. 2.1), we find that, for w(t) = Z?: 1ail(si, 1), with
S| < e < Sy,

k—1k—1 n n
1 1 . 1 .
Sloll% = 5 2 > aiajmin{lsil, Is;l} + 5 > > aia; mins;, s}
i=1 j=1 i=k j=k
1[0 1 [
== / (@' (1)*dr + = / (/' (1))%dt,
2/ 2 Jo
where k := min{i € {1,...,n} :s; > 0} if defined, and k := n + 1 otherwise. It

turns out that (2) is equivalent to

1 oo 2 . .
I(w)=12 f—oo(w/(t)) dr if w € R;
o0 otherwise,

(3)
in case of standard Brownian inputs (see Theorem. 5.2.3 of Dembo and Zeitouni
(1998)).

Theorem 2.2 [Schilder] For standard Brownian inputs the following sample-path
large deviations principle (LDP) holds:
(a) For any closed set F C €,

lim su l10 P liBL)eF < —inf [ (w);
n%oop n g n — ' - weF ’
(b) For any open set G C L,
lim inf lloglP’(l iBi(') € G) > — inf I (w).
n—o0o n n weG

i=1
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Remark Theorem 2.2 shows that the LDP consists of an upper and lower bound,
which apply to closed and open sets, respectively. We will use Theorem 2.2 for the
open sets U, S and T, to be defined in the next subsection. It can be verified that

inf I(w) = inf I(w),
welU wel

where U is the closure of U. The way to prove this is to show that an arbitrarily
chosen path in U can be approximated by a path in U. This proof is completely
analogously to (Norros 1999) and Appendix A of Mandjes and van Uitert (2005).
The same holds for S and T'.

2.3 Joint overflow probabilities

In this subsection we present an implicit expression for the joint overflow proba-
bility in each of the two queueing models.

Let Q1 and Oy denote the steady-state workload of queue I and queue II,
respectively, in the two-node parallel queue We study the joint distribution of the
steady-state workloads of queue I and queue II:

P(Q1 > b1, Qu > bn). 4

Note that if by < by, then (due to ¢ > cy) the event {Q1 > by} automatically
implies {Qn1 > by}. Hence, we concentrate on by > by. Reich’s formula (see
Reich (1958)) states that

Q1 = sup{—B(—s) —c1s} and Qy = sup{—B(—t) — cut}. &)

s>0 t>0

Lets* and * denote an optimizing s and ¢ in (5). Now, —s* (—t*) can be interpreted
as the beginning of the busy period of queue I (queue II) containing time 0. Hence,
c1 > cp implies that s* < t*, and therefore (4) can be rewritten as P (B(-) € S),
with

S ={feQFt>0:3I5€[0,7]: —f(—s) > by + c15, — f(—t) > byy + cnt} -

(6)

In the two-node tandem queue we focus on the joint probability that the sta-

tionary workloads of the first and second queue, Q1 and Q», respectively, exceed

thresholds b1 and by, with b1, b, > 0. For any queue in which traffic leaves the first

queue as fluid, the steady-state total workload QT in the two-node tandem queue

behaves as single queue emptied at rate ¢;, see e.g. Mandjes and van Uitert (2005)
and references therein. As a consequence,

01 = sup{—B(—s) —cis) and Qr = sup(—B(—1) —cat). (7
s>0 t>0
As for the parallel system, we have that the optimizing s is not larger than the
optimizing ¢ in (7). Hence, for bt > by > 0, P(Q1 > b1, O > br) equals
P (B(-) € T), with

T ={feQFt>0:35€l0,1]: —f(=s)> by +c15, —f(—1) > by + cat} .
(®)
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Note that (6) and (8) coincide if ¢; = ¢y, ¢ = c11, b1 = by, and bt = byy. We will
exploit this property in Sect. 4. Evidently, the distribution of (Q1, OT) uniquely
determines the distribution of (Q1, Q»). Using that 0> = QT — O, we obtain
that P(Q1 > by, Q2 > by), with by, b, > 0, equals P (B(-) € U), where

U::[feQ 3>0:35€[0.1]: Vuelo,]: ;) O >biters, }

f(—u)—f(=t)>by+ct—ciu
)

3 Analysis of the two-node parallel queue

In this section we focus on the two-node parallel queue. We derive the joint dis-
tribution function of queue I and queue II, large-buffer asymptotics, and the most
probable path leading to overflow.

3.1 Joint distribution function

In this subsection we derive an exact expression for p(b) := P(Q1 > by, O >
brr), with b = (by, byy). For the sake of brevity, write x = x (b) := (b — by)/(c1 —
cn). Furthermore, let ®(-) denote the distribution function of a standard Normal
random variable, ¢ (-) := ®'(-), and W(-) := 1 — ®(-). We first present the main
theorem of this subsection.

Theorem 3.1 For each byy > by > 0,
p(b) = =W (ki () + W (ka(B))e "1 + W (k3 (B))e 2 nen
+(1— \IJ(k4(B)))e—z(bI(CI—2CII)+bIICII)’

where
= . bitax — =bi+ay
ki (b) i= ——Z; k(b)) = ——F;
v VX
— b ] _ _b 9
k3z(b) := M; ky(B) = 1+ (cr CII)X'
NS3 JX

Proof In Mandjes (2004) an expression was derived for P(Q1 < b1, Q11 < by1) in
case of standard Brownian input. We give a short sketch of the proof. First note
that, due to time-reversibility arguments,

P(Q1 < b1, Qu < b)) =P(¥Vt > 0: B(t) < min{by + c1t, by + cut}).

Lety = y(z) := by + c1x. Hence, (x, y) is the point where by + c1t and by + et
intersect. For ¢ € [0, x] the minimum is given by by + cyt, whereas for ¢ € [y, co)
the minimum is by + cif. Now, conditioning on the value of B() ), being normally
distributed with mean 0 and variance y, one obtains that P(Qy < by, Q1 < byy)
equals

Yo «

=) P(V2 € [0, x]: B@) < by + cxt|B(x) =

/—ooﬁ(p(ﬁ) (Ve € [0, x]: B(t) < by + cit| B(x) = x)
xP(Vt = 0: B(r) <y —x + cnt)dx.
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The first probability can be expressed (after some rescaling) in terms of the
Brownian bridge:

PVt € [0,1]: B(t) <b+ct|B(1) = 0) = | — exp(—2b(b + ¢)),

whereas the second translates into the supremum of a Brownian motion: 1 —
exp(—2(y —x)crr). After substantial calculus we obtain that P(Q1 < by, On1 < bp)
equals

D (k1 (b) — D (ka(b))e P11 — D (k3 (b))e 21U 4 D (ky(b))e 2 O1(cr=2em+buen)

Furthermore, it is well known that P(Q; > b;) = e~ 2%i% i = 1, 1L The stated
follows from

p(b) =1 —P(Q1 < by) —P(Qn < bu) + P(Q1 < by, Qu < bn).

3.2 Exact large-buffer asymptotics

In this subsection we derive the exact asymptotics of the joint buffer content dis-

tribution. We write f(u) ~ g(u) when f(u)/g(u) — 1 if u — oo. Define
-1

t(x) = (\/an) exp(—x2/2). Also,

C1 . . 2cqp — €1 . . c1 — 2cnn
Q) i= —— 0 == ————(——

oy = —; = .
2c1 —cnt i 2c¢1 — 3cn

It can be verified that g < 0 < @~ < a4 < 1 if cf > 2cyp, whereas 0 < ¢ <
ay < lifcr < 2cyy. Let us first present the following useful lemma.
Lemma 3.2 Let by = ab and by = b, with o € [0, 1]. If b — 00, then

W (ki (b)) ~ ¢ (ki (D));
(o(D) ifa <ag;

W(ky(b)) ~ { 1/2 ifo=a,;
1 otherwise;
_ (ks () if @ > ao;
"Ij(kfi(b))'\’ ]/2 lfOl:Ol();
1 otherwise;
B 1 ifa < a_ and c1 > 2cy1;
1 — W(ks(b)) ~ 1 1/2 ifa =a_ and c; > 2cry;

—(ks(b))  otherwise.

Proof First determine for which values of by/by = o, k; (E), i e{l,2,3,4},is
positive or negative. Note that ki (b) is always positive, given that by > by > 0.
Also, k4(b) is always negative if c; < 2cp and by > 0. Hence, we obtain o, g

and o_ as critical values from k; (b), i = 2,3, 4, respectively. Next use the fact
that ¥ (1) ~ ¢(u) and W (—u) ~ 1 as u — oo. Observe that W (0) = 1/2. |
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_ 1 1 1 1
b) = -+ — + — — — d
o) Jzn( B kG kb k4(b)) o
- (bucr — bien)?
b) = .
v () 2(byy — by (c1 — cm)

Straightforward calculus also shows the following equalities:

N2 N2 N2
exp (— ki (2b) ): exp(— k (2b) ) exp (—2bycp =exp (— k3 () ) exp (—2byrcry)

2
ka4 (b)? _
= exp (— 4(2) )exp (=2(b1(c1—2cm) +bien) =exp (—y (b)) .

(10)

Theorem 3.3 Let by = ab and by = b, with o € [0, 1]. Suppose ¢ > 2cy1. For
b — oo,
e~ 2(br(cr=2cm)+buem) ifa €[0,a_);
%6*2(b1(01*2011)+b11611) ifo=a_;

p() ~ 1 B(B)e 7 ® ifa e (a_,oy);
%e’zblcl ifo =ag;
e 2bier ifa € (ay, 1].

Proof We only prove the first statement, as the other four statements follow in a
similar way. We have to prove that

p(b) exp(2(by(cy — 2c1) + brien)) — lasb — oo, fora € [0, o).
From Lemma 3.2 we obtain that for @ € [0, a_),

Wk () ~ ¢(ki(B)); W (ka(B)) ~ C(ka(D)); W (k3 (D)) ~ ¢ (k3(D));
1 = W(kq(b)) ~ 1 = C(ka(D)).

Now it can be checked from (10) that, as b — o0,

W(ki(B) = o (e_z(bl('31—2011)+b116n)))

and the same applies for W(ky(b))e 2211 and W(k3(b))e 2Pucn, With

1 — W(ks(D)) ~ 1, Theorem 3.1 implies the stated. m|
Theorem 3.4 Let by = ab and by = b, with o € [0, 1]. Suppose c; < 2cyy. For
b — oo,
et ifa € [0, a);
%6—2/7116117 ifoa = ap;
pb) ~ 1 BB ifa e (a0, at);
1 ,=2bicy ifo = oy,

e 2bier ifa € (ap, 1].
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Proof The proof is similar to that of Theorem 3.3. O

Remark Note that for ¢ = 2¢yp, one obtains g = 0. It can be verified that in this
special case Theorem 3.4 reduces to

e~ 2buen if ¢ = 0;
- b)e VD ifa e (0, 0y);
b ~ /8( s U+,
p®) 1 ,=2byer ifo = oy
e 2hia if o € (ay, 1].

3.3 Most probable path

In the previous subsection it was shown that the nature of the large-buffer
asymptotics strongly depends on the model parameters «, ¢y and cyy, i.e., there are
different regimes. In this subsection we will interpret and explain these regimes
by using sample-path large deviations. In particular, by using Schilder’s theorem
(Theorem 2.2) we show that in each of these regimes the system has a typical (most
likely) behavior, and we characterize this behavior for each regime.

Schilder’s theorem implies that the exponential decay rate of the joint overflow
probability in the parallel system is characterized by the path in S that minimizes
the decay rate. Among all paths such that queue I exceeds by and queue II exceeds
by, this is the so-called most probable path (MPP): informally speaking, given that
this rare event occurs, with overwhelming probability (by, byy) is reached by a path
‘close to’ the MPP. The goal of this subsection is to find the MPP in S, and to relate
its form to the regimes identified in Sect. 3.2.

Consider the two-node parallel queue as described before. Now, in order to
apply ‘Schilder’, we feed this network by # i.i.d. standard Brownian sources. The
link rates and buffer thresholds are also scaled by n: ncy, ncyr, nby and nbyy, respec-
tively. Now, p, ) = P(Q1.n > nb1, Qu.n > nby) can be expressed as

1 n
}P’(— ZB,»(-) € s).
e
From ‘Schilder’ it follows that

_ 1 _
J(b) :=— lim —log p,(b) = inf I(f) =inf inf Y(s,?), (11)
n—oon fes 1]

1>0s€l0,
with
Y(s,t) ;= inf I(f) and
fesst
S i={f € Q| — f(=s) > b1 + c15, — f(—1) > by + cnt},

using the fact that the decay rate of a union of events is the minimum of the decay
rates of the individual events. As mentioned in the remark of Sect. 2.2, we can
replace ‘>’ by ‘>’ in §*, without any impact on the decay rate.
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_bu=b
(ZII

Fig. 2 The partitioning of A

We first show how, for fixed s, ¢, with 0 < s < 1, the .nﬁmum of Y(s,1t) over
S5! can be computed. Define

bys 1 by — byt
() = ———— and () =s—+———, 5s>0.
8! by + (c1 — c)s 82 I I

Note that g1 (-) is a concave function, whereas g;(-) is a linear function. Further-
more, g1(s) > g2(s) if s<y, g1(s)=g2(s) if s=yx, and otherwise g1(s) < ga(s).
Also, define

Ap={(,0D0=<s <t <gi(s)}

Ay == {(s, )0 <5 <1 < g2(s)};

Az = {(s, 0|t > max{gi(s), g2(s)}, s = O}.

Note that A := {(s,1)|0 <s <t} = A1 U Ay U A3z, for disjoint Ay, A and A3, as
illustrated in Fig. 2.

Lemma 3.5 Fort > 0, and s € [0, 1],

(1) 2= b if (s.1) € A;
Y(s.1) = | hals) := L0 if (s,1) € A;

)2 2
hs(s, 1) = EAD- 4 Cutat-boastr (s, 1) € As.
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Proof The proof is analogous to Lemma 3.4 of (Mandjes and van Uitert 2005).
First note that the values of the Brownian input at times —s and —¢ are bivariate
Normally distributed, i.e., as (—B(—s), —B(—t)). Now, by using Theorem 2.1, we

find for y,z e Randr > 0, s € [0, t],
ss\ 7! y
oo () ()

12)

Y(s,t) = inf inf  A(y,z), with A(y,z) =

y=br+crs z>b+cnt

N =

One can show that if
Yo 1= E(=B(=s)| — B(—t) = by + cnt) > by + 15,

or, equivalently, 1<g;(s), then the optimum in (12) is attained at (y*, z*) =
(yo, bt + cnt). Hence, the rate function is independent of s, and given by
A(yo, bt +cut) = hi(2).

In a similar way, if

20 := E(=B(=1)| — B(—s) = by + c15) > by + cut,

or, after rewriting, t < g»(s), then the optimum in (12) is attained at (y*, z*) =
(b1 + c18, z0). The rate function is then given by A(b; + cis, z9) = h2(s) (inde-
pendently of 7).

If yo < br + c1s and zo < by + cnit, then the optimum in (12) is attained at
(y*, z%) = (b + c1s, by + cnt). It is readily verified that this yields A3(s, t) for
1> max{gi (s), g2(5)}. o

In order to obtain J (b), it follows from (11) that we have to compute

inf Y(s,1). (13)
(s,1)EA

We will obtain (13) by first deriving

inf Y(s,t)= inf hi(t); 14
(s,1)€A] (S ) (s,1)€A] 1() ( )
inf Y(s,6)= inf ha(s); (15)
(s,1)€A, (s,t)€Ar
inf Y(s.0)= inf (s, 1), (16)
(s,1)€EA3 (s,1)€EA3

and subsequently taking the minimum of (14)—(16) (recall that A = AjUAy U A3).
We start by computing (14).

3.3.1 Area Ay

The optimization over A reduces to

inf Y(s,t)= inf hy(t)= inf h(t). (17
(s,1)eA] (s,1)eA] tel0,x]

It can be verified that & (¢) is strictly decreasing on the interval [0, by/cyr), and
strictly increasing on the interval (br/cyp, 00). Therefore, if by/cp < x then t* =

by/cyr and s* € [gl_l (t*), t*], whereas otherwise t* = s* = y.
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Lemma 3.6 Expression (17) equals

2byen  if er < 2en and by/by € [0, ool

y(®)  ifer < 2cnand by/bu € (o, 11;

y(b)  ifca > 2cn.
Proof The condition by/cyp < x is equivalent to by/byr < (2cyp — ¢1)/cn = op-
Note that o is only non-negative if ¢ < 2cy. Hence, evaluation of (17) for

t* = by /cy proves the first statement. Similarly, evaluation of (17) for t* = x
proves the second statement. O

3.3.2 Area Ay

The approach is very similar to above. We are to solve the following optimization
problem:

(s,1)eAy (s,1)€AL

inf Y(s,t) = inf hy(s) = inf hy(s). (18)
s€lx,00)

The function /> (s) has a global minimum that is attained at s = by/cy. Thus, if
br/c1 > x,thens* = by/crand t* € [s*, g2(s*)], whereas otherwise s* = t* = y.
The following lemma is proven analogously to Lemma 3.6.

Lemma 3.7 Expression (18) equals

y(b)  ifbi/by € [0, ay);
2byer  ifbi/bn € oy, 1]

3.3.3 Area Aj

Now we are to solve the following optimization problem:

inf Y(s,t) = mf hg(s t) = inf inf h3(s, t).
(s,1)€A3 s>0¢>max{g;(s),g2(s)}

We can divide area A3 in two parts, namely: s € [0, x] and € (g{(s), 00), and
s € (x,00)andt € (g2(s), 0o) (see Fig. 2). Let us start with the second part:

inf inf  hs(s, 1). (19)

se(x,00) te(ga(s),00)

Clearly, (19) is bounded from below by
inf inf  A(s).

S€(x,00) 1€(g2(s),00)
One can show that h3(s, t) reduces to ha(s) if t = ga(s) (s € [x, 00)). There-
fore, analogously to area A,, if by/c1 > x, then s* = by/cy and t* = go(s*) =
(2by — byy)/cn, whereas otherwise s* = t* = x. We thus obtain the following
result.

Lemma 3.8 Expression (19) equals

y(b) ifbi/bn € [0, a4);
2bier  ifbi/bn € o, 1].
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We now turn to the first part:

inf inf hi(s,t). (20)
s€[0,x]1e(g1(s),00)

First concentrate on the minimum of A3(s, t) over ¢t > 0, which is attained at

bn—0>b 2cn — ¢
P il l—i—s 1L 1

=:83(s)

c1 cn
if s € [0, x] (for s > x itis attained at t = g»(s), but this case is irrelevant here).
Note that g3(s) is linearly decreasing (increasing) if ¢y > 2cyr (c1 < 2cyy). Also,
g3(x) = x. Hence, we have to distinguish between two cases:

e First concentrate on ¢y > 2cy. Then g3(s) > g1(s) for all s € [0, x) (as g3(s)
is non-increasing and g3(x) = x). Substituting = g3(s) in (20) gives

inf blz + 2b1(c1 — 2cn1)s + 4bnens + (e — 2011)2S2

21
s€[0,x] 2s 0

This is minimized for s* = by/(cy — 2¢yp) and * = g3(s*) = (byy — 2by) /cyp if
by/(c1 — 2cy) < x, whereas otherwise s* = x = r*.

e Nextconsider c; < 2cy. Inthis case itis not clear a priori whether g3(s) > g1(s)
for all s € [0, x). For the moment assume that this is true. Then (21) is again
appropriate, and this is minimized for s* = by/(2cyp — ¢1) and t* = g3(s) =
bu/cn if by/ Qe — ¢1) < x, whereas otherwise s* = x = t*. Now, in the
former case it can be checked that g3(s*) = g1(s*) = by/c1, and in the latter
case we find g3(s*) = g1(s*) = x, i.e., the minimizers satisfy g3(s*) > g1(s*),
and hence we are done.

This reasoning leads to the following result.

Lemma 3.9 Expression (20) equals

2(br(cr — 2cn) + buen)  ifer > 2en and by /by € [0, o ];

y(b) ifcr > 2cypand by /by € (a—, 1];
2byicn if 1 < 2cqp and by/by € [0, apl;
v (D) if 1 < 2cn and by /by € (ag, 1].

3.3.4 Exponential decay rate

In order to find J(b), we have to determine the minimum of (14), (15) and (16).
This minimum can be obtained by combining Lemmas 3.6-3.9. From this, we
already see that the minimum depends on the value of b1/by; € [0, 1] and the sign
of ¢; — 2cy1. We now present an exact expression for the rate function J(b). We
start with the case ¢ > 2cyy.

Theorem 3.10 Suppose ¢y > 2cy1. Then it holds that

_ 2(br(er — 2en) + buen) i br/bu € [0, a1
J(b) =1 v(®) if br/bn € (or—, ay);
2bicy ifbr/bn € lag, 1].



288 P. Lieshout, M. Mandjes

Proof By combining Lemmas 3.6-3.9, we find that there exist two critical val-
ues of by/by € [0, 1], given that c;>2cy: @— and a4 . Recall from Sect. 3.2 that
0 <o <ay < lifer > 2cq1. Now, if by/byp € [0, a—], then it follows from
Lemmas 3.6-3.9 that J(b) = min {2(b1(c; — 2cnr) + buicn), v (b)}. Straightfor-
ward calculus shows that the first argument is smaller for these values of by/by;.
Similarly, if b/by € (a—, o), then J(b) = y(b). Finally, if by/by € [aq, 1],
then J(b) = min {2b1c1, y(z)}. Applying straightforward calculus yields that the
first argument is smaller if b1 /by € (a4, 1]. |

Schilder’s theorem says that knowledge of the MPP f* for the buffers to fill,
also implies that the exponential decay rate is known: J (b) = I (f*). Luckily, we
do not have to derive the MPPs corresponding to the three decay rates of Theo-
rem 3.10, because we have already implicitly obtained them. The values of —s*
and —t*, where s* and r* are the optimizers in Sects. 3.3.1-3.3.3 associated with
the three decay rates of Theorem 3.10, can be interpreted as the time where the
first and second queue, respectively, start to build up in the corresponding MPP.

The s* and 1* associated with the decay rate of the first regime in Theorem 3.10
are s* = by/(c; — 2cyy) and t* = (byy — 2by)/c11, see Sect. 3.3.3. Hence, in the
MPP of the first regime, queue I starts to build up at —s*, whereas queue II starts
to build up at —¢*. The MPP is given by, for r € [—¢*, 0],

[*(r) =E (B(r)| — B(—s¥) = b + c1s*, —=B(—1*) = by + cnt™).

Let (Y, Z) be (1 4 d)-variate Normally distributed (Y is 1-dimensional and Z is
d-dimensional). Now, using that the random variable (Y|Z = z), for some z € RY,
is normally distributed with mean

Cov(y, Zn\ * 21 —EZ,
E(Y|Z =z) =EY + : »! : , (22)
Cov(Y, Zg) za —EZy
where

VarZ; Cov(Z1, Zy) ... Cov(Zy1, Zyg)
Cov(Zy, Zy) VarZ, ... Cov(Zy, Zy)

Cov(Z1, Zg) Cov(Zy, Zy) ... VarZ,
it can be verified that

(f*)'(r) =2cn ifr e [—1%, —s");
(fY'(r) =2(cy —cnp) ifr € [—s*,0].

Applying ‘Schilder’, i.e., using (3), one can verify that, as expected,
1
I(f") = 3 (Qem)?(t* = s™) + 2(cr — c)?s™*) = 2(bi(e1 — 2en) + bucn).

so f* is indeed the MPP. Note that given service rates ¢y and cyy at queue I and
queue I, respectively, with ¢ > 2cy1, the MPP yields Q1(0) = by and Q11(0) = byy.
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Also note that we have not specified the MPP outside [—¢*, 0], because outside
this interval the MPP produces traffic according to the average rate EB(1), which
equals O (we are dealing with standard Brownian input), and therefore this does not
affect 1(f*). Below we will therefore also not specify the MPPs outside [—¢*, 0]
(for different values of 7*).

The s* and t* associated with the decay rate of the second regime in Theo-
rem 3.10 are s* = ¢* = (byy — by)/(c1 — cn1) = ¥, see Sects. 3.3.1-3.3.3, i.e., in
the second regime, both queue I and queue II start to build up at —¢*. The MPP is
given by, for r € [—t*, 0],

F*(r) = E(B(r)| — B(—1%) = by + e1*). (23)

Using (22), it can be verified that that this MPP is such that traffic enters the net-
work with constant rate (by/(by — by))(c1 — ci1) + ci in the interval [—z*, 0], and
this yields Q1(0) = b1 and Qp(0) = byy. Using (3), we find

1 2 _
I(f" = 7 (bH—IbI(Cl —cn) +CI) t* =y (b),

so f* is indeed the MPP.

The s* and ¢* associated with the decay rate of the third regime in Theorem 3.10
are s* = t* = by/cy, see Sect. 3.3.2, i.e., in the third regime, both queues start to
build up at —¢*. The MPP is given by, for r € [—t*, 0],

f*(r) =E (B(r)| — B(—t*) = by + c1t¥).

Again, using (22), we find that this MPP is such that traffic is produced at con-
stant rate 2¢y in the interval [—¢*, 0], and this gives Q1(0) = by and Q(0) =
(br/c1)(2e1 — cm). Note that Qp1(0) is larger than by if by/by; € (a4, 1], so there
is indeed exceedance of by;. From (3), it follows that

1
I(f) = 5 Qe t* =2bar,

as required.
Theorem 3.11 Suppose ¢y < 2cy1. Then it holds that

N 2byen i br/bn € [0, aol;

J(b) = r®b)  ifbi/bn € (a0, a4);
2brer ifbi/bu € [ag, 1].

Proof The proof is similar to that of Theorem 3.10. O

The s* and ¢* associated with the decay rate of the first regime in Theorem 3.11
are s* = 1* = byy/cy, see Sect. 3.3.1. Hence, in the MPP corresponding to the first
regime of Theorem 3.11, both queues start to build up at —¢*. The MPP is given
by, for r € [—1*, 0],

f*(r) =E(B(r)| — B(=1") = bn +cnt”).
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Using (22), we find that traffic is generated at a constant rate 2¢yy in the interval
[—2*, 0], and this results in 01(0) = (bH/CH)(26H — 1) > by and O (0) = byy.
Applying ‘Schilder’, yields

1
1 =5 (2en)? t* = 2byiery.

The MPPs corresponding to the second and third regime are similar to the MPPs
corresponding to the second and third regime of Theorem 3.10.

3.4 Discussion

Using Theorems 3.3 and 3.4, also the logarithmic large-buffer asymptotics follow
directly. To this end, define

_ 1
J*(bg) := — lim —logP(Q1 > ab, Qu > b) with « €[0,1], b >0,
b—oco b

where by = (ab, b). With ab = by and b = byy, i.e., by = b, it is not hard to see
that J*(by) equals J(b); compare Theorems 3.10 and 3.11 with Theorems 3.3
and 3.4, respectively. Indeed, since we assumed that in the many-sources frame-
work the standard Brownian sources are i.i.d., and because a standard Brownian
motion is characterized by independent increments, J*(b,) and J (b) should match,
see for instance Example 7.4 of Ganesh et al. (2004).

In the analysis of the two-node parallel queue we assumed that the input process
was a standard Brownian motion, i.e., no drift and v(¢) = 7. We now show how
the results can be extended to general Brownian input, which have drift © > 0
and variance v(fr) = Af, A > 0. Clearly, we should have that cf > c;f > u > 0
to ensure stability. We denote the input process of a general Brownian motion by
{B*(1),t € R}. Then, analogously to (6), p(b) = P(B*(-) € S) = P(B(-) € §%),
with

b + (c1 — s

I >0:35€[0,¢]: —f(—s) > 7 )

S* = !f €Q
bn + (cn — wt

7

Hence in order to generalize the results of Sect. 3 to general Brownian input, we
have to set ¢; < (¢i — u)/~/A and b; < b; /~/A, i =1, 1L

—f(=0>

4 Analysis of the two-node tandem queue

In this section we focus on the two-node tandem queue. Exploiting the results of
the two-node parallel queue in Sect. 3, we derive similar results for the two-node
tandem queue.
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4.1 Joint distribution function

In this subsection we derive an exact expression for ¢ (b) := P(Q1 > by, Q2 > b),
with b = (b1, by). In Sect. 2.3 we argued that p(by, byy) equals ¢ (bt) :=P(Q >
b1, Ot > br), with ZT = (b1, by), given that by = by, by = by, ¢ = ¢ and
cp = c3. In a first step to obtain q(E), we derive qf(l_)T) = —aq(ET)/Bbl. With
mild abuse of notation, we also write g ¢ (ET) = P(Q1 = by, Q1 > br). Define
17 = 1(br) := (br — b1)/(c1 —c2) and T = T(b2) := b2/(c1 — c2).

Lemma 4.1 For each by > b; > 0,

- 3¢1(br) _ —
qr(br) = — ;bf ¢ (€1(bT)) + 2¢1 W (2 (br))e 2011
30 (b _
+ ;;]T)mzz(bme*”"” + 3( T)qs(z (br))e2bre
+2(c1 —2e)(1 = \M&(ET)))e—Z(”I(CI et
_ M(p(14(ET))6—2(b1(01—202)+bTC2)
b ’
where
— by +citr —b1 + 111
6 (br) = ———; bolbr) = ————
10T \/ﬁ 2 \/ﬁ
— by + (c1 — 2¢c2)Tr | —b1 + (c1 — 2c2)tT
L3(b1) = s Uy br) = .
3(br) NG (br) := NG

Proof Use Theorem 3.1, with by = by, by = br, ¢ = ¢y and c1 = 2, to obtain
q(br). Then recall that g r(b1) = —0dq(br)/0b;. We extensively use the chain
rule:

IV(f ) _ 8f(u)

- ¢ (f ).
u
Applying straightforward calculus now gives the desired result. O
Note that
_ o0
q(b) =P(Q1 > b1, Q1 > b2+ Q1) =/b P(Q1 =x, Or > by + x)dx
- 1
= / qf(x)dx, (24)
by
where X = (x, by + x). Define
— by +cit — —b) + 17T — —b1 + (c1 — 2c2)T
mi(B) = ———=—: ma(b) 1= ————; my(b) := :

7

We directly present the main theorem on tandem queues.



292 P. Lieshout, M. Mandjes

Theorem 4.2 For each by, by > 0,

a®) = W miB) + WG

-2 — o )
‘1 €2 a- \IJ(m4(b)))e—2(b1(61—£2)+b262).
cL—C2
Proof Use (24) in combination with Lemma 4.1. Note that g ¢ (X) consists of 6
terms. Let us start with the first term:

o 351()6) —
/b ¢ (x))dx = ‘I’(ﬁl(x)) = —W(m(D)). (25)

1

Similarly, for the second and third term:

| (erwieamne e+ B2 g @ me ) ax
b

1

= —W(Lp(X))e 2N :O = W(my(b))e b1t (26)

1

Proceeding with the fourth term:

o0 ¥ oo % x2
/ a63()6)¢(13(f))e_zcz(bzmdx =/ W0 L -4,
by b

ax . ox 27
_ /°° 0 g = v @) = @y @)
e x V2m - T T

here the first equality in (27) follows from the fact that exp(—¢3 (x)? /2) exp(—2c>
(by + x)) = exp(—£1(x)?/2), whereas the second equality holds due to
003(x)/0x = 0£1(x)/dx. We decompose the fifth term into two parts:

2(c) — 2¢2)(1 — W(Ly(X)))e 212 tbac2)
= 2(c1—c2)(1 =W (£4(X)))e 2X (1) +bac2)
1202 (W Ly (X)) — 1)e 21— thacr)
Now, taking the first decomposed fifth term and the sixth term:

/ 0w e —erpe 2t sien 2D

b ls(x ))6*2()5(61 02)+b262))d
by

=—(1- \p(g4(;)))e—2(X(01—02)+b2c‘2) *©
by

= (1 — W(ma(b)))e 2b1(c1—c)tbhrca) (28)

We are left with the second decomposed fifth term:

00
/ 202 (W (£4(X)) — 1)6—2(X(61—62)+b262)dx
b

1

[e®)
-2 / 2er — ex) (W(La(D) — De2Hmeathzegy
61—02 by

= W (mi (b)) —
(&)

p— (L= WmaE))e e, 29)
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here the second equality in (29) is obtained by applying integration by parts, but
requires tedious calculus. Adding up (25)—(29) yields the stated. O

Remark For by > 0 and by = 0, we find g(b1,0) = P(Q1 > b1) = exp (—2b1cy)
in Theorem 4.2, i.e., the well-known exponential distribution with mean 1/(2c¢y).
For by = 0 and b, > 0, Theorem 4.2 yields

(0. by) = P(Qy > by) = — \v( o /172)
Ccl —C

NS
Ccl — 2C2 —2bye ( (Cl - 262 ))
FA T2 e (g (L2222 /),
c1 —C) V/Cl —C 2

which is in line with Theorem 4.3 in De¢bicki et al. (2007a).

4.2 Exact large-buffer asymptotics

In this subsection we derive the exact asymptotics of the joint buffer content dis-
tribution. Define

c1 20

oy = ———; a_ = .
2c1 — ¢ 2c¢1 — 3¢

It can be verified that 0 < - < a4 < lifc; > 2¢2,and 0 < oy < 1ifc; < 2cp.

-1
Recall that ¢(x) = (\/ 2nx) exp(—x2/2). First we present the counterpart of
Lemma 3.2.

Lemma 4.3 Let by = ab and by = (1 — a)b, witha € [0, 1]. If b — oo, then

W(my (b)) ~ ¢(my(b));
c(ma(d) ifa <oy

W(my (b)) ~ {172 ifa =ay;
1 otherwise;
B 1 ifa <a_ andcy > 2cy;
1 — W(mg(b)) ~11/2 B ifa =a_ andcy > 2c2;
—¢(mg(b)) otherwise.
Proof The proof is as in Lemma 3.2. O
Define

0(b) :=

( c 1 1 c1—2c¢ 1 )
— + - — — and
Vamr \ci—cam®)  mab) 1 —c2 myb)

(bi(c1 — c2) + bacy)?
2by(c1 — ¢2) .

§(b) := (30)
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The following equalities can shown to hold true:

)2 )2
exp (—mléb) ) = exp(—mzéb) )exp (—2b1cy)

ma(b)? _
=exp\ —— exp (—2(bi(c1 — ¢2) + bacz)) = exp (—=8(b)) . (31)

The proof of the following two theorems is similar to the proof of Theorem 3.3,
but now requires Lemma 4.3 and Eqgs. (30) and (31). We omit the proofs.

Theorem 4.4 Let by = ab and by = (1 — «)b, with a € [0, 1]. Suppose that
c1 > 2¢p. For b — oo,

01—2026—2(b|(cl—cz)-‘rbzcz) ifo €0, 0 );

c|1—C2
B %%67—2@1(61—62)4-}7262) ifa=a_;
q() ~ G(b)ef‘s(b) ifa € (a—, 0y);
le—2b1c1 UCO[ — C(J,_,
e 2ben ifa € (aq, 1].

Theorem 4.5 Let by = ab and b, = (1 — «)b, with a € [0, 1]. Suppose that
c1 < 2cy. For b — oo,
(0@t P ifa [0, 0y);
qb) ~ | te et ifa =ay;
e 2hia ifa € (a4, 1].
Remark WE note that for c1 <2cpand by = 0 (x = 0) the asymptotics are not
given by 6 (b) exp(—38(b)), asitcan be verified that 6 (b) equals 0 in this special case.

-1
Therefore we have to rely here on the sharper asymptotic ( 2 u) exp(—u?/2)—

-1
W(u) ~ («/2nu3) exp(—u?/2). Using this, it can be shown Debicki et al.
(2007a) that

_ 3/2 3
c 02) 4cr Tt
by c%(cl —2¢)?

1
0, by) ~
q(0, by) \/E(

4.3 Most probable path

Similar to the parallel system, the large-buffer asymptotics now depend on the
model parameters o, c1 and c>. Again, we will interpret the corresponding regimes
by determining the structure of the MPPs.

We feed 7 i.i.d. standard Brownian sources into the tandem system, and also
scale the link rates and buffer thresholds by n: ncy, nca, nby and nb; respectively.
By using (9), we can write

_ 1<
Gn(0) == P(Q1.4 > nb1, Qo > nb2) = P(— > Bi() e U).
n i=1
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Clearly, U C U* C V, with

U*={feQ|Ft>0:3s€[0,t]: — f(=s)>b1+c15, f(=s)— f(=1)>br+cat—c1s};
Vi={feQF>0:35€[0,t]: —f(—s)>by +c15, —f(—t) > by + by + c»t}.

Hence, ‘Schilder’ gives
_ 1 _
K(b) := — lim —logg,(b) = inf I(f) > inf I(f). (32)
n—oon feUu fev

Let the MPP in set V be denoted by f*. If f* € U, then there is clearly equality
in (32).

Theorem 4.6 Suppose c1 > 2ca. Then it holds that

_ 2(bi(c1 = c2) +baca)  if b1 /(b1 +b2) € [0, a_];
K(b) = 1 4(b) ifb1/(b1 +b2) € (-, ay);
2bicy ifb1/(by + b) € [ay, 1].

Proof Consider Theorem 3.10 with c; = ¢y, ci1 = ¢2, by = by and byy = by + b»,
i.e., we have U € V = S. The MPPs (in S = V) corresponding to each of the
regimes of Theorem 3.10 were derived in Sect. 3.3. It can easily be checked that
these MPPs are also contained in U, and consequently they are the MPPs in U.
This implies that K (b) is given by Theorem 3.10. O

Theorem 4.7 Suppose ci < 2c;. Then it holds that

K@) = | 8B ibi/(br+b) €10, a1);
| 2bicr ifb1/(b1 + b2) € [y, 1].

Proof Consider Theorem 3.11 with cf = ¢y, ¢y = ¢, by = by and by = by + bs.
Again, the MPPs corresponding to the second and third regime of Theorem 3.11,
are also contained in set U, so K (b) is given by Theorem 3.11 for by /(b + by) €
(g, 1]. However, the MPP corresponding to the first regime, i.e., b1 /(b1 + by) €
[0, p], is not contained in U, so we need a different approach here. In order to
obtain a workload in queue 2 at least as large as b; at time 0, queue 2 needs to start

building up at —t = —b>/(c1 — ¢7) at the latest. Set U can now be rewritten as
: : . —f(=s) > b1 +cys,
[fesz d>1t:35€[0,7] :Yu € [0,1] : Fl=tt) — f(=1) > by +cat —cru |7

which is contained in
{feQFAt>1:35€[0,t]: —f(—=s)>b1+c1s, —f(—t)>by + by + ot} =1 W.

Using the results of Sect. 3.3, with by = by, byy = by + by, c; = ¢1 and ¢cp1 = ¢,
one can show that if by /(b1 + b2) € [0, «4) and ¢ < 2c¢3, then the MPP in W is
given by (23). As (23) is contained in U, it is also the MPP in U, implying that
K(b) = §(b). o
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Fig. 3 The most probable storage path in {Q; > b1, Q2 > by} corresponding to each of the
regimes of Theorem 4.6. The most probable storage path corresponding to each of the two
regimes of Theorem 4.7, is also given by the most probable storage paths of the last two regimes
of Theorem 4.6

Figure 3 depicts for each of the regimes of Theorem 4.6 the most likely way
the buffers fill. Clearly, the most likely way the buffers fill for each of the two
regimes of Theorem 4.7, coincides with the most probable storage paths of the last
two regimes of Theorem 4.6. Interestingly, three types of MPPs are possible. In
the first type queue 2 starts to build up earlier than queue 1, but they reach b; and
by at the same time. In the second type both queues start to grow at the same time,
and reach b and b; at the same time, whereas in the third type both queues start
to build up at the same time, but at the time queue 1 reaches b1, queue 2 is strictly
larger than b;.

Remark 1f we set by > 0 and b, = 0, then Theorems 4.6 and 4.7 give K () =
2b1c1, which indeed is the exponential decay rate of the overflow probability in
single queue with standard Brownian input, emptied at rate ¢;. For by = 0 and
by > 0, Theorems 4.6 and 4.7 yield

5 2brcr if 1 > 2¢5;
K(b) = 2 '
ﬁbz otherwise,

which is in line with Sect. 4.1 in Mandjes and van Uitert (2005).

4.4 Discussion

As in the two-node parallel queue, we can derive the logarithmic large-buffer as-
ymptotics by using Theorems 4.4 and 4.5. That is,

1 _
—blim Elog]P’(Q] >ab, 07 > (1 —a)b)=:K*(by) with a €[0,1], b >0,
—00
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where by = (ab, (1 — a)b). With by = ab and by = (1 — )b, i.e., by = b, it
is not hard to see that K*(b,) and K (b) coincide; compare Theorems 4.6 and 4.7
with Theorems 4.4 and 4.5, respectively.

Again the results can also be generalized immediately to general Brownian

input. Assuming that ¢c; > ¢, > p > 0, this is done by setting ¢; < (¢; — i)/~
and b; < bj /A, i =1,2.

5 Conclusions

In this paper we analyzed a two-node tandem queue with Brownian input. We
obtained the joint distribution function of the workload of the first and second
queue, large-buffer asymptotics, and the most probable path leading to overflow.
These results were derived by first considering the closely related two-node parallel
queue, for which similar results were obtained.

Future research directions include: (1) Analysis of the joint overflow proba-
bility in a two-class generalized processor sharing (GPS) system with Brownian
inputs. (2) Extending the results obtained in this paper to other input processes.
The main approach used in this paper relies on the fact that Brownian motions are
characterized by independent increments. Therefore, we expect our approach to
be also valid for other input processes that have independent increments (and an
LDP), e.g., light-tailed Lévy processes.

Acknowledgment The authors wish to thank two anonymous referees for providing helpful
comments.
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