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Abstract We propose an analytically tractable approach for studying the transient
behavior of multi-server queueing systems and feed-forward networks. We model
the queueing primitives via polyhedral uncertainty sets inspired by the limit laws
of probability. These uncertainty sets are characterized by variability parameters that
control the degree of conservatism of the model. Assuming the inter-arrival and service
times belong to such uncertainty sets, we obtain closed-form expressions for the worst
case transient system time in multi-server queues and feed-forward networks with
deterministic routing. These analytic formulas offer rich qualitative insights on the
dependence of the system times as a function of the variability parameters and the
fundamental quantities in the queueing system. To approximate the average behavior,
we treat the variability parameters as random variables and infer their density by using
ideas from queues in heavy traffic under reflected Brownian motion. We then average
the worst case values obtained with respect to the variability parameters. Our averaging
approach yields approximations that match the diffusion approximations for a single
queue with light-tailed primitives and allows us to extend the framework to heavy-
tailed feed-forward networks. Our methodology achieves significant computational
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tractability and provides accurate approximations for the expected system time relative
to simulated values.

Keywords Transient queueing theory - Relaxation time - Steady state - Robust
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1 Introduction

The origin of queueing theory dates back to the beginning of the twentieth century,
when [26] published his fundamental paper on congestion in telephone traffic. Over
the past century queueing theory has found many other applications, particularly in
service, manufacturing and transportation industries. In recent years, new queueing
applications have emerged, such as data centers and cloud computing, call centers and
the Internet. These industries are experiencing surging growth rates, with call centers
and cloud computing enjoying respective annual growth of 20 and 38%, according to
the 2012 Gartner and Global Industry Analysts Survey.

Many applications operate under heavy traffic conditions, yielding a slow conver-
gence to steady state, which may not be reached within the operation time window.
Analyzing such queueing systems requires an understanding of (a) the evolution of the
system time over time, and (b) the time it takes the queueing system to reach steady
state. Furthermore, queueing systems that are characterized by heavy-tailed arrivals
and/or service times never reach steady state and therefore their behavior is essentially
transient. For instance, heavy-tailed arrivals and service times have been reported for
the Internet by Crovella [24] and Leland et al. [43], for call centers by Barabasi [10],
and for data centers by Benson et al. [12] and Loboz [45]. A steady-state analysis in
these situations is not relevant.

Despite the need for an understanding of the transient behavior, the probabilis-
tic analysis of transient queues is by and large analytically intractable. For M /M /1
queues, the exact analysis of the queue length involves an infinite sum of Bessel
functions, and for M /M /m queues, Karlin and McGregor [36] obtained the transi-
tion probabilities of the Markov chain describing the queue length as functions of
Poisson—Charlier polynomials. Bailey [6,7] used double transforms with respect to
space and time to describe the transient behavior of an M /M /1 queue. This analy-
sis was further extended in a series of papers, see [2—4,22,23], to obtain additional
insights on the queue length process. These analyses also provide insights on the use-
fulness of reflected Brownian motion approximations for queues. Bertsimas et al. [15]
formulate the problem of finding the distribution of the transient waiting time as a
two-dimensional Lindley process and then transform it to a Hilbert factorization prob-
lem. They obtain the solution for GI/R/I and R/G/I queues, where R is the class
of distributions with rational Laplace transforms. Extending these results, Bertsimas
and Nakazato [16] use the “method of stages” to study MGE; /MGE)/1 queueing
systems, where M GE is the class of mixed generalized Erlang distributions, which
can approximate an arbitrary distribution. Hampshire et al. [33] and Massey [46]
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study the transient analysis problem for process sharing Markovian queues with time-
varying rates using a technique known as “uniform acceleration.” As discussed in
[51], there are multiple approximations available but a tractable theory of transient
analysis of G/G/m queues is lacking (see also [32,35,37]). Further complicating the
transient analysis is the effect of initial conditions, which gives rise to a significantly
different behaviors, as empirically investigated in [38,51]. Even numerically, the cal-
culations involve complicated integrals which do not allow sensitivity analysis, an
integral requirement for a system designer managing these systems.

Given these difficulties, a body of work has concentrated on developing approx-
imate numerical solution techniques to investigate transient behavior (for example,
[21,30,31,40,41,47,49,53,54]). Newell [50], in his work on the diffusion approx-
imation of GI/G/1 queueing systems under heavy traffic, obtains a closed-form
expression and proposes an order of magnitude estimate of the time required for the
transient effects to become negligible. Mori [48] develops a numerical technique for
estimating the transient behavior of the expected waiting time for M /M /1 and M /D /1
queueing systems on the basis of a recursive relationship involving waiting times of
successive jobs. All of these approaches have focused on improving the efficiency and
accuracy of numerical solution techniques, rather than on using their results to draw
conclusions on general attributes of transient behavior. More recently, based on earlier
work by Bertsimas and Natarajan [18], Osogami and Raymond [52] use a semidefi-
nite optimization approach to obtain qualitative insights on the transient behavior of
queues. They derive upper bounds on the tail distribution of the transient waiting time
and use them to bound the expected waiting time for GI/G1I/1 queues starting with
an empty buffer for nonheavy-tailed distributions. Xie et al. [59] use an extension of
the Stochastic Network Calculus framework to propose a temporal network calculus
approach to obtain bounds on delays in Internet networks. However, these approaches
do not tackle heavy-tailed queues and the effect of initial buffer conditions.

Motivated by these challenges, we propose an analytically tractable approach for
studying the transient behavior of multi-server queueing systems with heavy-tailed
arrival and service processes. Building upon our earlier work in [9] for queues in
steady state, we first model the queueing primitives via polyhedral uncertainty sets
indexed by two parameters which control the degree of conservatism of the correspond-
ing arrival and service processes. We then consider a robust optimization perspective
which yields closed-form formulas for the transient system time. These expressions
offer new qualitative insights on the dependence of the system time as a function
of fundamental quantities in the queueing system. We break new ground by treating
the parameters characterizing the uncertainty sets as random variables and infer their
density using ideas from queues in heavy traffic under reflected Brownian motion.
We then approximate the expected behavior via averaging the worst case values over
the variability parameters. This averaging approach achieves significant tractability by
reducing the problem of transient analysis to a low-dimensional integral. As a sanity
check, we show that our results match the diffusion approximations for a single queue
with light-tailed primitives. Furthermore, we also extend our approach to feed-forward
networks with possibly heavy-tailed arrivals and/or service times.

The motivation behind our idea stems from the rich development of optimization
as a scientific field during the second part of the twentieth century. From its early
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years ([25]), modern optimization has had the objective of solving multi-dimensional
problems efficiently from a practical point of view. Today, many commercial codes
are available which can solve truly large-scale structured (linear, mixed integer and
quadratic) optimization problems. In particular, robust optimization (RO), arguably
one of the fastest growing areas in optimization in the last decade, provides, in our opin-
ion, a natural modeling framework for stochastic systems. For a review of robust opti-
mization, we refer the reader to Ben-Tal et al. [11] and Bertsimas et al. [13]. The present
paper is part of a broader investigation to analyze stochastic systems such as market
design, information theory, finance, and other areas via robust optimization (see [8]).

1.1 Contributions and structure of the paper

We make the following contributions in this paper:

1. We provide worst case and average case analysis of multi-server queueing systems
in the presence of heavy tails, even when the queues are nonempty to begin with.

2. We extend our approach to tandem networks and feed-forward networks and
present a tractable way to analyze the worst case and average case waiting time.

These contributions extend the robust optimization approach to analyzing queueing
networks as introduced in [9,17], by focusing on the analysis of the transient regime
rather than the steady state considered in these papers.

The structure of the paper is as follows. Section 2 provides an overview of our
framework. In Sect. 3, we present our analysis for single multi-server queues with
possibly heavy-tailed arrivals and service times. In Sects. 4 and 5, we extend our
approach to analyze tandem queueing systems and more complex feed-forward net-
works. Section 6 concludes the paper.

2 Proposed framework

In this section, we present the main components of our framework and describe the
main contributions. Let T = (T, ..., T,) and X = (X1, ..., X,;) denote the inter-
arrival times and service times of n jobs, respectively. Note that in the traditional prob-
abilistic study of queues, these primitives are modeled via renewal processes. In a first-
come first-serve (FCFS) single-server queue, the waiting time W, = W, (T, X) and
the system time S, = S, (T, X) are given by the Lindley recursion ([44]) as follows:

n n
Sy = Wa o Xp = max (Sy—1 + Xp = T, Xp) = max. (Zk X; — »%1 n) (D
=, 1=

Analyzing the expected waiting and system times, given by

Wn = ]ET,X [W, (T, X)] and En = IET,X [Sn (T, X)], 2)

entails understanding of the complex relationships between the random variables asso-
ciated with the inter-arrival and service times. The high-dimensional nature of the per-
formance analysis problem makes the probabilistic analysis by and large intractable,
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especially in the transient domain. The study of multi-server queues is even more
challenging. Instead, we propose an approximation of the expected system time by

(a) using the modeling framework introduced in [9] to model the uncertainty in the
arrival and service processes via parametrized polyhedral sets,

(b) computing closed-form expressions for the worst case system time under our
assumptions, and

(c) taking advantage of the uncertainty dimensionality reduction and leveraging the
worst case values to obtain analytical expressions that approximate the average
case system behavior.

In what follows, we present an overview of our approach in this section and illustrate
our methodology through the case of a single-server queue with light-tailed arrivals
and service times. We then extend our framework to analyze the average behavior
of heavy-tailed multi-server queues (Sect. 3), tandem networks (Sect. 4), and feed-
forward networks (Sect. 5).

2.1 Uncertainty modeling

Given the structure of the Lindley recursion, Bandi et al. [9] model the uncertainty
around the partial sums of the inter-arrival and service times in Eq. (1) via uncertainty
sets inspired by the central limit theorem. In particular, Bandi et al. [9] constrain the
quantities 7; and X; to take values satisfying

S n—k 3 x, okt
) i—— =k
i=k+1 A ~_r and i=k n SFS’ Vk:l,...,n,

Jn—k - e Jn—k+1 5

for some parameters I, and Iy that we use to control the degree of conservatism.

Assumption 1 We make the following assumptions on the inter-arrival and service
times:

(a) The inter-arrival times (77, ..., T,) belong to the parametrized uncertainty set

Ut =u* (Fa)=:(Tl,--~»Tn)

n
—k
DI e Ay v05k<n],

A
i=k+1

where 1/X is the expected inter-arrival time and I, € R controls the degree of
conservatism.

(b) Forasingle-server queue, the service times (X1, ..., X,) belong to the uncertainty
set

u=u’ (1})={(X|,-~,Xn)

n
—k
Y xi-"F <k Vo<k<n }

i=k+1 s
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where 1/u is the expected service time, and Iy € R controls the degree of conser-
vatism.

Note that, in this paper, we allow I, and Iy to take both negative and positive
values. When these parameters are negative, the constraints on the inter-arrival and
service times imply

n n
—k —k
Y mEt S vk=a—1, Y Xi—— <LVa—k Vksn-1,
. A . 7
i=k+1 i=k+1

thus constraining the sums of the inter-arrival times to exceed their mean and the sums
of the service times to take values below the mean. This scenario constrains the analysis
to realizations with generally longer inter-arrival times and short service times, and
therefore the jobs enter service without waiting in the queue. When these parameters
are positive, the constraints on the partial sums of the inter-arrival and service times
allow realizations with shorter inter-arrival times and longer service times, and in these
cases jobs may need to wait in the queue before entering service.

2.2 Worst case behavior

To characterize the worst case behavior, we formulate the related performance analysis
question as a robust optimization problem. In particular, assuming inter-arrival and
service times satisfy Assumption 1, we seek the worst case waiting and system times,
defined as

W, = max W,(T,X) and S, = max S, (T,X). 4)
UtxUs UsxUs

The maximization problems in Eq. (4) yield simple nonlinear optimization problems.
Unstable queue For a light-tailed queue with p = A/ > 1, Eq. (4) gives rise to a

closed-form characterization of the worst case waiting and system times with

N - 1 o—1\" 1
Sn<r)swn(r)+<;+n)s(rﬁ+ - n) +(;+n), s)

where I = [, + I denotes the effective variability parameter and the notation
a® = max (0, a). For the case where p > 1, the worst case waiting and system times
increase linearly with the value of n.

Stable queue For a light-tailed queue with p = A/ < 1, Eq. (4) gives rise to a
closed-form characterization of the worst case waiting and system times with

@ Springer



Queueing Syst

S, () < Wo (1) + (% + n)

1— 1 A2 [+
I'/n — pn—i—(——}—]}), if n<[—]2,
A 2 41 —=p) (6)

< max
A [F+]2 1 .
-t —+T), otherwise,
4 1—-p I
where I' = I, 4+ Iy denotes the effective variability parameter and the notation

at = max (0, a). The evolution of the worst case behavior is characterized by two
distinct states: (a) a transient state where the behavior is dependent on n with the
system time in an initially empty queue increasing at an order of 4/n when I > 0;
and (b) a steady state where the behavior is independent of n. When I" < 0, jobs do
not experience any waiting time, and therefore the worst case system time is equal
to the worst case service time. The characterization of the worst case behavior bears
qualitative similarity to the bounds established by Kingman [39] and Osogami and
Raymond [52] for the transient and steady-state expected waiting and system times in
a GI/GI/1 queue, respectively;

. k2(02+02)
1 ¢Jo2 +ol2yn+ L, if n < 55%%)
E[S,] = E[W,]+ L < | 2% Tosvnts e(i-p)?
w r(0i+ad) | 1 -
e + 0 otherwise,

where e = exp(1) = 2.718. For ease of notation, we rewrite the worst case behavior
in Eq. (6) as

S () < SL(M) -1 (M) + S () - 18(I'), (7)

where the terms :Si’, and S°, respectively, denote the quantities associated with the
transient state and the steady state, i.e.,

- 1— 1
St = I'Jn— Apn+—+1}
"
N Vi ’
=+ -+
4 1—-p

and the indicator functions 1/, and 1%, respectively, reflect the condition for the system
to be in the transient state and the steady state, with

A

2(1 =
{ng(r)zL i s =0 g
13 (I') =1, otherwise.

Note that the worst case values directly depend on the value of I". Larger values of I”
yield increasingly more conservative estimates.
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2.3 Average case behavior

We next propose to analyze the average case behavior, leveraging our worst case
analysis. Our approach is driven by the following two key observations:

1. The expected value of a random variable can be computed by “averaging” its
quantiles with appropriate weights (density).
2. Our worst case analysis provides a way to calculate these quantiles.

We next elaborate on these observations and discuss the details of our approach.

For a given value of n, suppose that the waiting time W,, = W, (T, X) is governed
by a distribution F,,, and assume that F;, is continuous. Note that this can be derived
from the joint distribution over the inter-arrival and service times by considering the
dynamics of a queue. The expected waiting time is then given by

W, :/wdF,,(w).

The inverse of F), (-) then corresponds to the quantile function Q,(-) given by

0n(p) =F, ' (p) = {q cF(g) = p} = {q P(S, <9 = p},

for some probability level p € (0, 1). By a simple variable substitution, we can view
the expected value as an “average” of quantiles, given by

1
W :/0 On(p)dp. ®)

Recall that we have obtained an analytic expression of the worst case waiting time as
a function of the variability parameter I". We can map each quantile value Q,(p) to
a corresponding worst case value W, (I'). Let G, denote the function that maps p to
I" such that Q,,(p) = W, (I'), i.e.,

p=P (W= Wo()) =F (Wa (1)) =G (D). ©)

In this context, the expected value of the waiting time in Eq. (8) can be written as an
average over the worst case values, with

W, = / W, (4G, (1) = Er [W, (D)]. (10)

Philosophically, this approach distills all the probabilistic information contained in
the random variables X; and 7; into the parameter I", hence allowing a significant
dimensionality reduction of the uncertainty. This in turn yields a tractable approxi-
mation of the expected transient waiting time by reducing the problem to solving a
low-dimensional integral.
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Note Knowledge of G, allows us to compute the expected waiting time W,, exactly;
however, this depends on knowledge of the waiting time distribution function F},. This
is feasible for simple systems, for example, analyzing the steady-state waiting time
in an M/M/I queue. For this particular example, it is well-known that the conditional
steady-state waiting time Wy, | W, > 0 is exponentially distributed with rate ¢ (1—p).
Therefore,

Feo(q) =1 — pe #1=P4 forg >0, and
0(p) = _In((1—=p)/p)

, forpe(0,1).
pu(l —p) u

In this case, we can derive an exact characterization of the function G, and obtain
1 Ak +\2
p:F(WOO(F)) = Goo(I) = 1= p-exp (= ("))

Note that the function G is a cumulative distribution function. Applying Eq. (10)
yields

/ Weo (I') dG o (I') / R S M2 ar
— - . —_ . . ex - .
00 00 by 4(1—p) ) 1Y p 4

__ P
wu(l—p)’

which matches the expression of the expected steady-state waiting time W, in an
M/M/1 queue.

2.4 Robust approximation

However, characterizing F), (and therefore G,,) is challenging for more complex queue-
ing systems and depends directly on the distributions of the inter-arrival and service
times. Instead, we propose an approximation to G, which we present next. We con-
sider an initially empty GI/GI/1 queue and employ conclusions from the theory of
diffusion approximations to obtain an approximation of the density G,. From apply-
ing diffusion approximations to queueing theory, it is known that the waiting time of
the nth job arriving at the queue at time ¢+ = n/A is well-approximated by a reflected
Brownian motion:

1 2.2 )
Wo~ RBM (n/3.0. = .3 (07 + 1%07)). (1)

where RBM (t, 0, 0'2) denotes the state of the reflected Brownian motion with drift 0
and variance o2 at time ¢, and (o, o) denote the standard deviations associated with
the inter-arrival and service times, respectively (see [1]). Therefore, the distribution
of the waiting time can be approximated by
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P(W, <w)~ @ (“‘” —6- ’“”/’\) - <_’“‘) G W”“) 20—,

o /n/A o/n/i

where @ () denotes the distribution function of a standard normal and o2 =
A (3%02 + u?o?). For heavy traffic systems, we have p — 1, i.e, A &~ pu, thus
yielding

~ Hw _ —Hw ~2. S —
]P(anw)’\’@(G n/)») q§<0 n/k) 2 d)(\/m‘/ﬁ) 1
(12)

To derive an approximation of G,, we assume p < 1 and focus on the worst case
steady-state waiting time given by

a(r)? ] 22 (r+y?

W,,(F):—4(] — orn > TSR

Conditioning on I” being positive, and applying Eq. (12), we obtain

2 J—

./Uaz—l—axzﬁ

r
<2 | —m| —1.
202 +0?

By differentiating the right-hand side of the above expression, we obtain an approxi-
mation to the conditional distribution of I", given I" > 0, as follows:

1

r

which corresponds to the conditional distribution of a normal random variable ¥ with
zero mean and standard deviation of 2\/02 4 o2, given Y > 0.

This allows us to obtain an approximation of the expected waiting and system times
as

W, ~Er [W, (I")] and S, ~ Er S, (IN], (13)

where we treat the effective variability parameter as a normally distributed random

variable with
r ~/\f<o, z,/ag+ag). (14)

Hllustration of our approach: recovering diffusion approximations We next show that
by approximating the density of I" using arguments borrowed from our worst case
steady-state analysis, Eq. (13) yields values that match the standard approximation
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obtained via diffusion theory for light-tailed queues. The following approximations
prove useful for our analysis (see [57]):

/ooml)(x)dx ~ ¢(a) and /oox2¢(x)dx ~1—®(a)+ap(a), (15)

a

where ¢ (-) and @ () denote the standard normal density and distribution functions.

(a) Proposed approach Applying the approximation in Eq. (13) and given the expres-
sion of the worst case waiting time in Eq. (7), we obtain

~ 1—p
W, ~ E [(Ff— . n> “Lreama-p)a
-~ rra ;
HPTTRS o<r<2\/ﬁ<1—p>/x}

o0
:/ <2 o2 +o02-n-x—
n

/" MoZ +0?)
+ _— .
0 I—p

- p n) ¢ (x)dx

x2¢(x)dx, (16)

where ¢ (-) and @ (-) denote the standard normal density and distribution func-
tions, and

l—p [ Mok+od) 5, Mer
n=— |———, implying n= ———~ "= —— - n°.
A Vo2+o? (1—p)? 4(1 — p)?

a7)

Using Eq. (17) and applying the approximations given in Eq. (15),

~ 1_
W~ \Jo2 + 02y ¢ o - —Ln - [1- @]

)L(Uf—i—osz) 1
Ta1—=p) [45(77) —n¢(n) — 5}
_ MoZ+o)) 1 )
=1, [5— (n +1>'[1—¢(n)]+n¢(n)}- (18)

(b) Diffusion approximation Given Eq. (11) and applying the results obtained by
Abate and Whitt [1] to analyze the transient behavior of the reflected Browni_an
motion, Osogami and Raymond [52] derive the diffusion approximation for W,
as

2
i _ Mog +07) [l

2
e +1)-[1—@<n>]+n¢<n>]

which matches our approximation given in Eq. (18).

@ Springer



Queueing Syst

Remark For unstable queues (p > 1) and large n, we approximate the expected waiting
time as

~ 1—p 1—p
W, ~ /o2 +o2J/n-¢ 1) — - [l=eml~ ———n,

where 7 is defined in Eq. (17). It is known that, for single-server queues, the expected
number of jobs in the queue is (A — @)t at any given time 7. So, on average, the nth
job will have to wait for (A — w)n/A jobs to clear the queue, which yields

— 1 1—p
Wy=RQ—p)- - == n,
" A

>

which matches our approximation.

Our approach extends beyond the simple example of single-server queues with
light-tailed arrivals and services. Sections 3, 4, 5 and 6 apply our proposed frame-
work to study multi-server heavy-tailed queueing systems and feed-forward transient
networks, for which standard approximations are not available to the best of our
knowledge.

3 Extensions to heavy-tailed queues

In this section, we extend our analysis of the worst and average case behavior to study
the performance of a single multi-server queue with possibly heavy-tailed arrivals
and services. We restrict our analysis to an FCFS scheduling policy and consider an
m-server queueing system which begins its operation with n¢ initial jobs. We show
that (a) the worst case approach yields closed-form expressions for the worst case
system time, and (b) averaging the worst case values yields a good approximation of
the expected system time.

3.1 Uncertainty modeling

To model uncertainty in the partial sums of the inter-arrival and service times, we
invoke the generalized central limit theorem reproduced below in Theorem 1.

Theorem 1 (Generalized CLT [55]) Let {Y1, Y2, ...} be a sequence of independent
and identically distributed random variables, with mean |1 and undefined variance.
Then, the normalized sum .

Zi:l Yi —nu

Canl/ot

whereY is a stable distribution with a tail coefficient o € (1, 2] and C, is anormalizing
constant.

Y, (19)

With the insight from Theorem 1, we adapt the uncertainty sets to handle possibly
heavy-tailed arrivals and service times.
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Assumption 2 We make the following assumptions on the inter-arrival and service
times:

(a) The inter-arrival times (T,,0+1 e Tn) belong to the parametrized uncertainty set

n
—k
S -t s -k, Vag<k<n

Ua(Fu)z{(Tno_,_],.‘.,Tn) Y
i=k+1

where 1/ is the expected inter-arrival time, ng is the initial buffer in the queue,
I'; € R controls the degree of conservatism, and 1 < «, < 2 is a tail coefficient
modeling possibly heavy-tailed inter-arrival times.

(b) Forasingle-server queue, the service times (X1, ..., X,) belong to the uncertainty
set

Z/{S (H)Z{(X],,Xn)

4
—k
Y xi - <nm—kVe, VOSkin},
i=k+1

where 1/u is the expected service time, I's € R controls the degree of conser-
vatism, and 1 < o < 2is atail coefficient modeling possibly heavy-tailed service
times.

(c) For an m-server queue, m > 2, we let v be a nonnegative integer such that
v = [(n — 1)/m], where n is the index corresponding to the nth arriving job.
We partition the job indices into sets K; = {k <n: [(k—1)/m]| =i}, fori =

0,...,v,1.e.,
Ko=1{1,....m},Ki={m+1,...,2m}, ...,
K,={vm+1,...,n,...,(v+ Dm}. (20)
Let k; € K; denote the index that selects a job from set K;, fori =0, ..., v. The

service times for a multi-server queue belong to the parameterized uncertainty set

1z
um<rm)={Zxki—%srm|z|l/“s, VkieKiieZc{o.....v). |
i€l

where 1/u is the expected service time, I3, € R controls the degree of conservatism,
and 1 < oy < 2 is a tail coefficient modeling possibly heavy-tailed service times.
Note that U™ C U° for the case m = 1.

We next study the worst case system time using the approach developed by Bandi et
al. [9].

3.2 Worst case behavior

Let C, denote the completion time of the nth job, i.e., the time the nth job leaves the
system (including service), and C(,) denote the time of the nth departure from the
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system. In general, the following recursions describe the dynamics in a multi-server
queue ([42]):

C, = max (An, C(n—m)) + X,
Sp = Cp — Ay = max (Cuem) — Ap. 0) + Xy, (21)

where A, = Y7, T; denotes the time of arrival of the nth job.

It is well-known that the central difficulty in analyzing multi-server queues lies in
the fact that overtaking may occur, i.e., the nth departure may not correspond to the nth
job arriving to the queue. However, as noted in [9], taking a worst case approach allows
us to overcome the challenges of multi-server queue dynamics and obtain an exact
characterization of the worst case system time for the nth job, for any T. Proposition 1
presents an exact bound on the worst case system time in an m-server queue, for all
possible realizations of the inter-arrival times.

Proposition 1 (Worst case system time in a multi-server queue) In an m-server queue
under Assumption 2(c), the worst case system time for the nth job for any realization
of T is given by

S, (T) = max S, (T,X)

Um(Iin)
< max S, (T, X)
um(p;{)
% n
< max max Xy — Z T; |, (22)
Osk=v \um(ni) i i=r(k)+1

where v = [(n — 1)/m], r(i) =n — (v — i)m and I} = max (0, I},).

The proof of Proposition 1 can be easily adapted from [9]. We next present our worst
case analysis for initially empty and nonempty heavy-tailed queues.

Initially empty queues

Given Assumption 2, we bound Eq. (22) by the following one-dimensional optimiza-
tion problem:

m( — k) n

+ 0w —k4 e — -

S, < max
0<k<v

{V_k“r‘l Fa[m(\)—k)]l/aa}~

(23)

This bound can be computed efficiently for the general case where oy # «, by solving
a simple constrained nonlinear optimization problem. Furthermore, we can obtain a
closed-form expression for the upper bound on the worst case system time for the
special case where the arrival and service tail coefficients are equal, i.e., o, = «y, as
shown in Theorem 2.
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Theorem 2 (Highest system time in an initially empty heavy-tailed queue) In an
initially empty m-server FCFS queue satisfying Assumption 2, with oy, = oy = o and
p < 1, the worst case system time is given by

F—vl/‘x—ww—k l—|—1"+ if v< A m a/(@—1)
$ (< x woom) a(1=p) ’
n(D=y 1 e pa)e-n)

1
. 1 + .
qo/(a=1) [m(1 _p)]l/(afl) +<M+Fm>’ otherwise,

(24)

wherev = |(n — 1)/m] andF:ml/“Fa+F”'l" > 0.

Note that, for the case where I" < 0, the function in Eq. (24) is increasing in k
over the interval k € [0, v], for p = A/(mu) < 1. Itis therefore maximized at k = v,
which yields

- |
Sy =max X, < —+1T1, .
um n

In this case, the nth job does not experience a waiting time before entering service.
This is due to the fact that the condition I" < 0 involves typically long inter-arrival
times and short service times.

Initially nonempty queues

We next analyze the case where ng > 0. For a single-server queue, and given that

T, =0foralli =1, ..., ng, the system time in Eq. (1) reduces to
n
f <np: = Xi X, 25
(a) forn < ng 133202 Z i (25)

(b) forn > ng: S, =max ZX— Z T,,nong]gf”<2X— Z T)

i=ng+1 i=k+1
(26)

. n n
We note that Egs. (25) and (26) involve the terms E ) 1Xl- and E ) le- —
1= 1=

n
Z_ o T;, respectively. While the constraints in Assumption 1 allow us to obtain
i=no
upper bounds on these terms, the resulting bound is not tight, since I, and Iy bound
n n L.
all of the su.rns Zi=k+1 T; and Zi=k+1 Xi, for.all values of k. To obtain tighter
bounds, we introduce the parameters y, and y; which equal the sums

n n—no n n
> L - Z'—l Xi—
i=ng+1 2

A = o
= ad — =y @)
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where the parameters y, and y; are such that y, < I'; and y; < I. Similarly, for an
m-server queue, we introduce the parameter y,, < I},, where

Z 1
I'J X, — v+
i=0 "

(v + /e

S )/ma Vkl € Ki’ (28)

where the set K; is definedas K; = {k <n: [(k—1)/m] =i}, fori =0,...,v.

Now, for an m-server queue, let ¢ = [(no — 1)/m]. The first m jobs in the queue
are routed immediately to the servers without any delays. For n > m, and given that
T, =0foralli =1, ..., ng, we rewrite Eq. (22) as

v Vv
@MMMZMD%W@%wZM»ﬂﬁng(M

i—k
v n
max ) Xra) = D, T,
~ i=0 i=ngp+1
(b) forn > ng: S, (T) < max ; " ,
gax, (max 2 Xew = D i
==Y i=k i=r (k) +1

(30)

where r = r(0) = n —vm and v = |(n — 1)/m]. By applying Assumption 2 and
the inequalities in Eqgs. (27) and (28), we can bound Egs. (29) and (30) and obtain an
exact characterization of the worst case system time in an initially nonempty queue
with heavy tails, where, for n < ng,

~ v+1 +
s§<u +mw+wm>, (31)

and for n > ny,

v—k+1 T n—n
(7+Vm(v—k+l)l/%) - /\O+Va(n—no)1/°‘”,

m(v—k)
A

S, <max

—k+1
max (” o ke
m

d<k<v 1 [m(v_k)]l/aa>

(32)
As for initially empty queues, the optimization problem in Eq. (32) can be computed
efficiently for the general case where o, # «. Theorem 3 provides a closed-form

expression for the upper bound on the worst case system time for the special case
where o, = o.

Theorem 3 (Highest system time in an initially nonempty heavy-tailed queue) In an
m-server FCFS queue under Assumption 2 with ng € Ky, where, ¢ = |(no —1)/m],
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og = oy = aand p < 1, the worst case system time for I’ = mb/er, + F,,]L > 0is
given by

S ()

v+ 1 + n—n
( +Vm (v+1)‘/°'> -y =)',
" A
(1-p)
A

<max{ [ ro-ge-"

(- AL /m \*/@D
— —+rt), if v—
v ¢)+(u+ ) T ¢<(a<1—p>)
a—1 )Ll/(a—l).l—va/(a—l) (1 )

L+ ;
@D (I —py @D + /L—H—;" otherwise.

(33)

Note that, for the case where I < 0, the worst case system time

n—ng
A

3 v+l e ) Vew Lt
Sy (I") <max T+Vm(v+]) s - +Ya(n —ng) ', ;+I‘m

In this case, the nth job experiences a waiting time only due to the buildup effect left
by the initial jobs. For big enough n, this effect becomes negligible and the system
time eventually becomes equal to the service times, stabilizing at the value 1/ + I,

Implications and insights

In a multi-server queue, the worst case system time is characterized by two distinct
states of behavior: (a) a transient state where the system time is dependent on n,
and (b) a steady state where the system time is independent of n. Figure 1 shows
a graphical representation of the evolution of the worst case system time under our
modeling assumptions.

@ 10 10

E

=

=

£ ()

S

=

g, @ ;

) : |

2 | i

g ) |

| (1) . |
% 100 200 300 0 200 400 600 800

Jobs Jobs
(a) (b)

Fig.1 Worstcase system time for a single-server queue with p = 0.95, I, = Oand I'y = 0, 1 [respectively,
curves (1) and (2)], for a zero initial jobs, i.e., ng = 0, and b 5 initial jobs, i.e., ng = 5. The dotted lines
indicate the phase change from transient to steady state
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Table 1 Effect of traffic intensity and heavy tails on worst case behavior of multi-server queues

Worst case steady system time? Robust relaxation time?®

(F+)a/(a—1) r+ qe/e=b
O(m(l—p)1/<a—') © ’"'[m(l—p)]

Ar=mr, + 1,

In the queueing literature, the time it takes the system to reach steady state is
referred to as relaxation time. We define the robust relaxation time as the number
of jobs observed by the queue before reaching steady state in the worst case setting.
Table 1 summarizes the effect of the traffic intensity on the steady-state system time
and the robust relaxation time.

Remark Under probabilistic assumptions, heavy-tailed queues are characterized by an
infinitely long transient state as they never reach steady state (see [20]). However, in
our robust framework, we attribute a steady-state value, even for queues with heavy-
tailed arrivals/services. The concept of a worst case steady state for systems with
heavy tails stems from the assumptions of boundedness of the inter-arrival and service
times implied by Assumption 2, which involve a truncation of the tails. Specifically,
under the worst case paradigm, lower tail coefficients, and therefore heavier tails,
yield an increase in both the relaxation and steady-state system times as suggested
by Table 1. To illustrate this, we consider an instance with p = 0.95, m = 1 and
I' = 1. By incrementally decreasing the tail coefficient from o = 2 to @ = 1.75 and
from o = 1.75 to o = 1.5, the steady-state worst case system time experiences an
respective increase by 115 and 420%, and the relaxation time increases by 190 and
680%, respectively. Our averaging technique allows us to reconcile our approach with
the conclusions from probabilistic queueing theory.
For ease of notation, we express the worst case system time in Eq. (33) as

max {Ef’ Yas Vi) » SL(T) - 1L (D) + 8 () - 1, (T") } (34)

where §nb, ./S’\,f ,and $* denote the quantities associated with the system time effected
by the initial buffer n¢, the transient state and the steady state, respectively, i.e.,

- v+ 1 + n—n
S,f’=< +ym W+ DY) — - v —np)',
~ m(l — 1
S,f=F(v—¢)1/“—%(v—¢)+<;+1“nj>, ,
GRSk A (l ; r+>

/@D [m(1 — p))/eD A

and the indicator functions 1/ and 13 reflect the condition for the system to be in
the transient state and the steady state, respectively. For o, = oy = «, the indicator
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functions are such that

am(l — p)

’

@—1)/a
1My =1, if > ]

15 (I') =1, otherwise.

[ tn/m) = tno/m)

3.3 Average case behavior

To analyze the average behavior of a multi-server queue, we treat the parameters
Va, ITy), and (Vim, I;,) (correspondingly (s, Iy) for a single-server queue) as random
variables and compute the expected value of the worst case system time:

S, =E[S.].

Similarly to the case of a single-server queue with light-tailed primitives, we propose
to approximate the density of the variability parameters by invoking the limit laws of
probability and leveraging the characterization of the effective variability in Eq. (14) to
fit the analysis for multi-server queues with possibly heavy-tailed arrivals and services.

Choice of variability distribution

From Eq. (27), the parameters y, and y; can be viewed as normalized sums of the
random variables {TnO_H, e, T,,} and {X1, ..., X,,}. Specifically,

n—n n n
Z:l:no+1 T - A : Zi:l Xi- ;
Va = — Tan x—Z; and Yy = | ———— | « Z;.

(n = no) nt/e

(35)
By the limit laws of probability, y,, and y; approximately behave as a random variable
following a limiting distribution.

(a) Light tails For large enough n, y, and y; can be well-approximated as normally
distributed random variables by the central limit theorem. Specifically, y, ~
N (0, 0,) and y; ~ N (0, o), where o, and oy denote the standard deviations
associated with the inter-arrival and service processes, respectively.

(b) Heavy tails By Theorem 1, the normalized sum of heavy-tailed random variables
with tail coefficient o follows a stable distribution S, (¥, &, ¢) with a skewness
parameter ¥ = 1, a scale parameter £ = 1 and a location parameter ¢ = O.
Therefore, y, and y; as expressed in Eq. (35) are such that

Ya ~ Sa, (—1, Cau,O) and y5 ~ Sq, (1, CO,A_,O),

where C,, is a normalizing constant as introduced in Eq. (19). As a concrete example,
for Pareto distributed inter-arrivals and service times,

Co = [ (1 —a)cos (ma/2)]"%,
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where I (-) denotes the Gamma function. Note that, unlike the case of light tails, the
distributions of y, and y, are asymmetrical. More specifically, the skewness of y, is
negative since y, = —Z,, where Z, = S, (1, Co,» 0).

In a multi-server queue, and assuming without loss of generality thatn = (v+ 1)m,
we obtain

(v+1D)m v+ 1)m v v+1
Zi:l Xi = 1 “ Zi:O Xjvim =

_ Mn . ) "
” [+ Dm]'/® mws; (v + D/
1 m
= ZV’”’
j=1

where the last inequality is due to Eq. (28). We can therefore express y;, as

1
Ym =

- m(as_l)/as Vs

We next discuss how we choose the distribution of the effective parameter I". Since
the exact characterization of the density of I" is challenging, as we have observed

in Sect. 2, we propose an approximation. Recall that for a single-server queue with
light-tailed arrival and service times, we have proposed to treat I" as

r~N@@Mﬁw@. (36)

Put differently, we view I" = I, + Iy, where I, = 0y, and I'y = Oy, withf = 2. We
take a similar approach for multi-server queues and model the variability parameters
as functions of y,, ys and y,, as follows:

Vs

Fa =9ya and En =0ym ZQW,

and then inform the choice of the scaling parameter 6 via known conclusions on the
behavior of the system time (for example, the bound on the steady-state behavior by
Kingman [39]).

(a) Light tails We select 6 so that the average worst case steady-state system time
matches the bound provided by Kingman [39]. In other words, we ensure that

i Ll T e R T
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where y = y, + y,5/m'? = y, + y;/m and the expected value E [(y+)2] ~
P(y = 0) - (62 + 02/m?). By rearranging the terms in Eq. (37), we obtain
1/2
2 (02 +02/m?) N( 2 )1/2
E[(+)] P(y=0)

(b) Heavy tails The steady state in heavy-tailed queues does not exist. Instead, we
propose to extend the formula in Eq. (38). For o, = oy = «, we select the scaling

parameter as
o (@—1)/a
o~ (P(y > 0)) ’ 9

where the probability can be efficiently computed numerically. For asymmetric
tails, we propose to model the variability parameters I, = 6,y, and I, = Oy,
with

o (aa_l)/‘xa o (Q’s_l)/as
Op ~ [ —2— and Oy~ ——— . (40)
P(y >0) P(y =0)

0 = (38)

By expressing I, and I3, in terms of y, and y;, we can approximate §n by
Sn & Ey, 4,

[max {ﬁn" Var ¥5) s St Gas ¥) - L Vs ¥5) + 8° s v5) - 1, (Vas ¥5) ” :

The above double integral can be efficiently computed using numerical integration. A
key feature of our approximation approach is its computational tractability. Computing
the average system time involves computing double integrals, which we compute by
discretization of the space of y, and y;. The average runtime to compute S, for a given
value of n is of the order of milliseconds, irrespective of the system parameters: traffic
ratio (p), number of servers (m), and light or heavy-tailed nature (). We contrast the
computational requirement of our approach relative to simulations.

(a) Computational complexity When using simulation to calculate E[S,, ], it is required
to simulate all the jobs until n, requiring us to simulate O (n)—dimensional random
vectors of inter-arrival times and service times. On the other hand, in our approach,
we are required to perform only a double integration, which is significantly faster.

(b) Effect of heavy tails and heavy traffic It is well-known that the number of sample
paths required grows for heavy traffic as well as heavy-tailed systems (see [5,19,
27]). In our approach, even for heavy tails and heavy traffic, we use the same level
of discretization to calculate the double integrals.

(c) Simulation of multi-server systems A key step in simulating FCFS multi-server
queues consists of sorting the workloads at each server to assign the next job to
the first available server. This sorting process is required for each sample path. On
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the other hand, our approach provides a closed-form expression for multi-server
queues which does not involve sorting.

We next compare the performance of the proposed approximation with simulated
values.

3.4 Computational results

We investigate the performance of our approach relative to simulation and examine the
effect of the system’s parameters (traffic intensity, initial buffer and number of servers)
on its accuracy. We run simulations for single and multi-server queues with N = 5000
job arrivals and compute the expected system time for each job using 20,000 simulation
replications. We pre-specify the arrival rate at the queue tobe A = 0.1 for all simulation
instances, while varying the traffic intensity, the variances associated with the inter-
arrival and service processes, the number of servers in the queue, and the number of
initial jobs. We further consider a host of light-tailed distributions and simulate queues
with normal, exponential, log-normal, and uniform inter-arrival and service times
(including the service times for the initial jobs at the queue). To compare the simulated
values S, with our approximation Sy, we report the average percent error, defined as

TN
Average Percent Error = — - Z 2 % 100%,
N % Sh
n=1
where ~
N = min (N, 7,), (41)

and 71, denotes the number of j obs the queue observes until our approximation reaches
steady state, i.e., 77, = min (n : S, = Seo).

We next present our results for multi-server queues with (a) light tails (o, = a5 =
2), (b) symmetric heavy tails (¢, = oy = ), and (c) asymmetric tails (o, 7# o).

Light tails Table 2 reports the average percent error between simulation and our
approximation for queues with normally distributed inter-arrival and service times.
Note that the choice of the mean and standard deviations ensures that no more than
0.6% of values are negative. Whenever we obtain a negative value, we truncated at
zero. Our approach generally yields percent errors within 10% relative to simulation.
Figure 2 compares our approximation (dotted line) with simulation (solid line) for a
single-server queue (top panels) and a 20-server queue (bottom panels) with normally
distributed primitives.

As shown by simulations and empirical studies performed by Odoni and Roth [51]
on light-tailed queueing systems, the expected transient system time has broadly four
different behaviors depending on the initial jobs. Our averaging approach is capable
of capturing these behaviors.

(a) The first behavior occurs when the system is initially empty. The average system
time function is monotonic and concave in n. This behavior is detected in Fig. 2a,
d.
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Table 2 Errors (%) relative to simulations for multi-server queues with normally distributed primitives

0 1 Server?® 10 Servers? 20 Servers®

ng=0 no=5 np=10 ng=0 np=20 nyp=50 nog=0 ng=50 no=100

o, =2.5
95 5.14 3.32 6.82 1.06 3.04 2.19 0.87 1.53 1.03
97 4.04 2.26 5.98 0.44 3.12 2.25 0.60 1.99 1.10
.99 3.54 1.54 8.77 2.35 4.98 2.73 1.27 2.89 0.62
o, =4.0
95 2.23 2.57 6.44 0.64 3.28 3.59 1.21 2.60 2.11
.97 1.75 2.16 7.65 1.49 4.14 4.85 0.59 3.33 3.39
.99 5.05 4.09 8.51 4.47 7.70 5.31 2.83 5.08 1.50

4Instances with single-server queues with (a) o, = o5 = 2.5 and (b) 04, = o5 = 4.0
bInstances with 10-server queues with (a) o, = 2.5 and o5 = 10, and (b) 0, = 4.0 and o5 = 20
“Instances with 20-server queues with (a) o, = 2.5 and o5 = 20, and (b) o, = 4.0 and o = 40
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Fig.2 Simulated (solid line) versus approximated values (dotted line) for a queue with normally distributed
primitives with 0, = 4.0 and p = 0.97. Panels a—c¢ show a single-server queue with o5 = 4.0 and
ng =0, 5, 10. Panels d—f show a 20-server queue with oy = 40 and ng = 0, 50, 100

(b) The second behavior occurs when the number of initial jobs is small, creating an
initial system time §,,0 that is below the steady-state value. The system time in this
case initially decreases and subsequently increases until reaching steady state, as
seen in Fig. 2b.

(c) The third behavior occurs when the number of initial jobs creates an initial system
time §n0 that is higher than the steady-state value. In this case, the average system
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Table 3 Errors (%) relative to simulation for queues with light-tailed primitives

Instance?® 1 Server 10 Servers 20 Servers
p=.95 p=97 p=99 p=95 p=97 pPp=99 pPp=95 pPp=97 p=.99

A? 5.18 3.10 2.26 7.48 4.78 3.99 10.2 7.80 5.91
Bb 2.64 2.06 2.62 9.06 5.46 4.10 10.9 8.76 7.04
ce 3.75 2.52 1.50 6.97 4.37 3.55 9.45 7.58 6.05

cq = 2¢s
A 8.14 4.66 2.82 3.39 2.23 2.98 5.37 2.71 2.03
B 6.21 4.36 3.44 542 1.96 2.85 6.34 3.50 1.88
C 4.70 3.14 1.17 2.11 2.52 2.97 4.25 1.72 1.87
cqa = Scg
A 4.17 3.63 1.71 5.81 2.51 2.09 6.18 3.77 1.48
B 9.17 5.87 3.33 7.80 3.88 1.95 7.33 4.65 2.08

C 0.71 0.82 1.43 3.76 1.34 1.89 4.88 2.67 1.63

4nstances with exponential arrivals and log-normal service times
PInstances with log-normal arrivals and service times
“Instances with uniform arrivals and log-normal service times

time is convex in n and decreases exponentially until reaching steady state, as
detected in Fig. 2c.

(d) The fourth behavior occurs when the initial buffer creates an initial system time
§,,0 that is substantially larger than the steady-state value. The initial decrease is
approximately linear, with jobs leaving the system at the rate of ;© — A, as seen in
Fig. 2e, f.

Table 3 reports the average percent error between simulation and our approximation
for queues with various combinations of light-tailed distributions (with A = 0.1 and
o, = 10). We consider in particular three pairs of distributions: (A) exponential
arrivals and log-normal service times, (B) log-normal arrivals and service times, and
(C) uniform arrivals and log-normal service times. We also vary the coefficients of
variation associated with the inter-arrival times (¢, = Ao,) and the service times
(cs = poy). Our approach yields errors within 10% relative to simulation. Figure 3
compares our approximation (dotted line) with simulation (solid lines) for an initially
empty (a) single-server queue, (b) 10-server queue, and (c) 20-server queue for the
various combination of distributions.

Heavy tails Table 4 reports the average percent error between simulation and our
approximation for queues with Pareto distributed inter-arrival and service times with
o, = oy = o. Our approach yields percent errors within 10% relative to simulation
for single-server queues. While errors are higher for multi-server queues, our approx-
imation still captures the heavy-tailed behavior. Figure 4 compares our approximation
(dotted line) with simulation (solid line) for a single-server queue (top panels) and a
20-server queue (bottom panels) with Pareto distributed primitives (¢, = oy = 1.6).
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Fig.3 Simulated (solid line) versus predicted values (dotted line) for a queue with p = 0.97. Panel a shows
a single-server queue with exponential arrivals and log-normal service times with ¢, = c¢y. Panel b shows
a 10-server queue with log-normal arrivals and service times with ¢, = 2¢g. Panel ¢ shows a 20-server
queue with uniform arrivals and log-normal service times with ¢, = Scy

Note that our averaging technique allows us to reconcile our conclusions with prob-
abilistic queueing theory for single-server queues and for multi-server queues in the
heavy traffic regime. In particular, it is well-known ([20,58]) that for single-server
queues under heavy-tailed service distributions, the expected steady-state waiting time
is infinite. Additionally, Foss and Korshunov [28,29] have obtained a similar result
for multi-server queues under heavy traffic. We are able to match these results. In par-
ticular, from Table 1, the average system time is proportional to E [(F +ye/ (0‘_1)] . For
heavy-tailed primitives, the effective variability parameter I” is governed by a heavy-
tailed distribution (concluded for the stable law). This implies that the moments of I”
higher than or equal to the second moment are infinite. As a result, [£ [(F+)“/ ("‘_1)]
is infinite for &« < 2. The average steady-state system time S+ and the relaxation time
are therefore infinite. However, note that for multi-server queues under low p, we are
only able to provide upper bounds.

Asymmetric tails Figure 5 compares our approximation (dotted line) with simulation
(solid lines) for a single-server queue with p = 0.97 and asymmetric tail coefficients.
In particular, we consider three instances: (a) Pareto arrivals (¢, = 1.6) and exponen-
tial service times, (b) exponential arrivals and Pareto service times («y; = 1.6), and (c)
Pareto arrivals and services (o, = 1.5, oy = 1.7).

Remark

Note that the accuracy of our approach depends on the accuracy of limit laws, which
depend on the value of n. However, in the heavy traffic transient regime, the relevant
values of n are indeed high (at least in the hundreds) and in this regime CLT is a good
approximation. In particular, as we observe in Table 4, the errors are indeed smaller
in heavy traffic, but higher (still under 10%) for a single-server queue.
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Fig.4 Simulated (solid line) versus predicted values (dotted line) for a single queue with Pareto distributed
primitives (¢; = oy = 1.6) and p = 0.97. Panels a—c correspond to an instance with m = 1 and
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Fig.5 Simulated (solid line) versus predicted values (dotted line) for an initially empty single-server queue
with p = 0.97 and a Pareto arrivals (¢, = 1.6) and exponential service times, b exponential arrivals and
Pareto service times (ag = 1.6), and ¢ Pareto arrivals and services (¢, = 1.5 and oy = 1.7). Percent errors
with respect to simulation are 6.50, 2.82, and 3.23%, respectively

4 Extensions to tandem networks

In this section, we extend our analysis of single queues to the analysis of tandem
queues. We consider a network of J queues in series and study the expected overall
system time S, given by

J

J
S, = ]E[Sn“) +-~~+S,,<f>] _ ZE[SY(IJ)] ~ Y59,
j=1 j=1
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where S,,(] ) is the system time of the nth job in the jth queue. Similarly to the analysis
of a single queue, we assume the inter-arrival and service times belong to polyhedral
sets which allow us to study the worst case system time. We then leverage the worst
case values to perform an average case analysis.

We assume that the inter-arrival times T = (71, ..., T,) to the tandem network

belong to the uncertainty set ¢/, and the service times XW =1x gj ), e, X,(,j )} at

each queue j, for j = 1, ..., J, belong to the uncertainty sets described in Assump-
tion 2. We summarize the assumptions on the service times as follows:

Assumption 3 We make the following assumptions on the service times in a tandem
queue:

(a) For a single-server queue j, the service times belong to the uncertainty set

n
i i ()
2o x —njuj <yl
A . , =
NoxP-—= <P @-pVs", vosk<t<n
i=k+1 J
B )
where the parameters y; 7, I
1 < Ols(] ) < 2 is a tail coefficient modeling possibly heavy-tailed service times.
(b) For an m-server queue j, the service times belong to the uncertainty set

€ R control the degree of conservatism, and

u

:
v _ N
X - <y o+ Viek,

v+1
ur=1(x{..ox) | =0 /

T . (
Yox Bz vk e K and ieT € (0, 0)
ieT ' Hi

where v = [(n — 1)/m], the set K; = {im +1,...,0+ l)m}, the parameters

y,,ﬁj T ,,fj ) & R control the degree of conservatism, and 1 < ots(j ) < 2is a tail

coefficient modeling possibly heavy-tailed service times.

In a single-server tandem network, the system time of the nth job at the jth queue is
given by

n n
$9 = max Z Xi(]) _ Z Ti(/) ,
O0=kj=n \ %, i=kj+1
where T¢) = (Tl(j ), e, Tn(j )> denote the inter-arrival times to queue j. Note that

T) is exactly the vector of inter-departure times DY~ from queue j — 1, which are
given by

n n n
) (=D G—=D (=D G—=D
E T, = E D, = E T, + S, =S -
i:kj+l i:kj-‘rl i:kj+l
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Recursively, the inter-arrival times to queue j can be expressed as a function of the
inter-arrival times T to the network and the service times X through XU —D,
Bandi et al. [9] show that the inter-departure times belong to the inter-arrival
uncertainty set /¢, under the assumption of adversarial servers (see Theorem 4).
Specifically, Bandi et al. [9] view each queue j from an adversarial perspective, where
the servers act so as to maximize the system time of the nth job, for all possible
sequences of inter-arrival times. In other words, the servers choose their adversarial

service times XU) = (5(\51.), R 5(\,(,1')) to achieve :S:,(lj) (T), forall T.

Theorem 4 (Passing through a queue with adversarial servers) For a multi-server
queue j with inter-arrival times TY) € U9, adversarial service times XY, and p <1,
the inter-departure times D = (D1, ..., D,) belong to the set U satisfying

n D n—k
2P
(n—k)l/aa >—Iy, VO<k<n-—1 ;. (42)

U'CU*= (D1, Da, ..., Dy)

The characterization ¢ C 1 is true for all values of 1, though its tightness improves
for increasing values of n. Consequently, Theorem 4 is only tight under steady-state
conditions and is therefore akin to Burke’s theorem. We next discuss the implications of
this result on our steady-state and transient analysis of tandem networks and illustrate
our points using a simple example of single-server queues in tandem with o, = «¢ A(,] ) =
a,forall j =1,...,J.

Steady-state analysis To compute the overall system time under steady state, Bandi
et al. [9] decomposed the queueing networks and obtained formulas to compute the
effective arrival rate A ; and the effective parameter 1"(1(/ ) observed at each queue j in
the network. '

For a tandem queueing network, A; = A and Fa(j) =T, forall j=1,...,J.By
Theorem 2, the worst case steady-state system time at queue j can then be expressed
as

/(=1 (H+ a/(a—1)
o _ @=D 2 (ro) (Lo 43)
0 = Laj—D (1= p)l/@=D w )
where ') = 1, + Y, forall j = 1, ..., J. For light-tailed queues, we compute

§<(>£) as in Sect. 3.2, and approximate the overall expected steady-state system time
value by

J J
L o o 1
Soo “ZZE[&%)]:Z "(‘{):Z W—p T W

M

In particular, when p; = p and as(j) = o forall j = 1,...,J, the steady-state
system time becomes
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Fig. 6 Simulated (solid line) versus approximation via network decomposition (dotted line) for initially

empty tandem networks with normally distributed primitives, p = p; = 0.96 and 0y = O's(j ) = 4.0 for all
j=1,...,J,whereaJ =10,bJ =25,and ¢ J =50

_ | A(oZ+07) 1

Soo A2 J — 45
2(1=p) jZ )

Note that this case is a special case of a feed-forward network with equal coefficient
of variation for all service times. Harrison and Williams [34] have shown that approx-
imating the behavior of such systems under heavy traffic assumptions can be done
through a reflected Brownian motion with a product-form stationary distribution. This
implies a decoupling of the queues in steady state, which is in agreement with our
findings. Given that our approximations at each station match those obtained by diffu-
sion theory, our approach yields the same conclusions of Harrison and Williams [34],
and further apply to more complex Jackson networks in steady state as shown in [9].

Transient analysis As noted earlier, the characterization of the inter-departure times in
[9] holds for transient regimes; however, it generates loose upper bounds for smaller
values of n. Consequently, decoupling the queues and taking a similar approach to the
one we took for the steady-state analysis does not generate approximations that are
close to simulated values. Figure 6 illustrates our point.

Instead of decomposing the network, we propose to use the recursive formulas
that define the dynamics in a network of queues in series to study the overall system
time. Bertsimas et al. [14] obtain an exact characterization of the system time for
single-server queues in series, with

Sp=8"+- 457

ko k3 n n
_ (1 (2) ) _ ]
TP PETED SESERED SEAED D) BT
- T i=ky i=ko i=ky i=kj+1

Given Eq. (46), we analyze the worst case system time and leverage these values to
approximate the average behavior. Our approximations are comparable with simula-
tions (see Fig. 7).
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Fig. 7 Simulated (solid line) versus our approximation (dotted line) for initially empty tandem networks

with normally distributed primitives, p = p; = 0.96 and 0, = UY( Do =4.0forall j =1,...,J, where a
J =10,b J =25, and ¢ J = 50. The average percent errors between simulation and our approx1mat10n
are a 2.49% (N = 5000), b 5.02% (N = 10,000), and ¢ 5.01% (N = 15,000)

4.1 Worst case performance

Under the worst case approach, and applying the adversarial service times at each
queue, the worst case system time of the nth job for any realization of T is given by

k>
§,, (T) = max max X; M + max Z X, 2
I<ki<-<kj<n \ U U
i=kq i=ko
n n
() ]
+ nblgx X; —.Z T |. (47)
i=ky i=ki+1

Proposition 2 provides a similar result for multi-server queues in series, under the
assumption that each queue acts in an adversarial manner to maximize its system
time, for all T.

Proposition 2 (Worst case system time in a tandem queue with multiple servers) In
a network of J multi-server queues in series satisfying Assumption 3(b), the overall
system time of the nth job for all T is given by

< _ (Y]
S, (T) = 051(1151.1?)5(1(,51; max X riy T maxz (l) + -
i=kp 2 i=ky
n n
J
+omax YO X0~ > T (48)
uy ,
i=ky i=r(k;)+1

wherer(i) =n — (v —i)m.

The proof is presented in the Appendix. By minimizing the partial sum of the inter-
arrival times, we obtain an exact characterization of the worst case system time in a
tandem queue as
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ko n
< (e)) )
S, = max max X h+...+ rnax X m1n T;
0<ki<-<ky=<v \ Uy = (i) ur 12](:] r(i) o r%:)+1
(49)
Initially empty queues in tandem
By Assumption 1, the worst case system time is bounded by
S, < max i—kj+1_kj+l+1“('/)+(k- —ki+1 )l/am
"= 0<ki<--=<ky=<v | £ 1 M m JH J
j=
m@ —k
R R TR (50)

which involves a J-dimensional nonlinear optimization problem. Theorem 5 provides
a closed-form upper bound on the worst case system time in an initially empty network
of J identical queues in tandem, with u; = --- = uy and o, = ozs(]) =...= asj =

o.

Theorem 5 (Highest system time in an initially empty tandem queue) In an initially
empty network of J multi-server queues in series satisfying Assumptions 1(a) and 3(b),

with a, =a§1) =...=ocs(J) —a, 1 =...=p5,p<land I’ =m'*I, +T,, >
0, where
7 (a=1)/a
Yoyl : (51)
j=1

the worst case system time of the nth job, withv = |(n — 1)/m], is given by

m(l . A a/(a—1)
r.opl/e_ F(1)+ i . P L ’
) ( +Z " TEama =)
J
(@—1) A/ e=1) | pa/la— 1) i .
a1 | — /@D + *+ E r,’" ), otherwise.
o [m(1 = p)] woz

Sn <

(52)

The case where I” = m'/®T}, + I, < 0 arises when I, < 0, since I}, > 0 as
defined in Eq. (51). This scenario is characterized by long inter-arrival times yielding
zero waiting times. The worst case system time therefore reduces to

Note that this scenario becomes less likely with an increased number of queues in
series.
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Initially nonempty queues in tandem

We next analyze the case where ng > 0 and let ¢ = | (ng — 1)/m]. The first m jobs in
the queue are routed immediately to the servers of the first queue without any delays.
We are interested in the behavior for ng > m. Since T; = O foralli = 1, ..., ng, we
can rewrite Eq. (49) as

(a)forn < ng :

S = (M )

Sn = 0ki < Shy <vp Igax = X’(’) a wr Xk: oo ) &9
=K1 =KJ

(b)forn > ngp :

n
W D r T SPCT) D Sl
o 051{1%251{']5” U i=k; uj i=ky u i=ng+1
S, = max 1=¢ R
2 n n
max max X((l)—i- +maxZXf(Jl)) mian Z T;

ki <--<kj< m
o<hiseshy=v\ Ut 2 Uiz i=r(ky

(54)

By Assumption 1, the worst case system time involves solving J-dimensional nonlin-
ear optimization problems. Theorem 6 provides a closed-form bound on the worst
case system time in an initially nonempty network of J queues in tandem, with
o{a_ozs(l) ...=O{§J)=OlandM]=...=/,LJ.

Theorem 6 (Highest system time in an initially nonempty tandem queue) In an ini-
tially nonempty network of J multi-server queues in series satisfying Assumptions 1(a)
and 3(b), withng > m , 41 = -+ = [y, g =ozs(1) = =oz5(J) =ao, p <1, and
I =mY*I, + I, > 0, where T, is defined in Eq. (51), the worst case system time
forn > ny is given by

l/ut

VI G
7+2Fr£l/)++1—;n")l/a7 +Vu (l’l Yl())

j=1

. af(@1)
S, <max r(u—¢>)‘/"—m(l ¢)+< +Z 1"<’>+>, if (v—¢)<[ A(IF/";)] .
(=

A

(@ — 1) A= pa/@=1) ( p ]
+ 7+§ ro+)  otherwise.
(@=1) 1/(a=1) m
a®/ @D m(1—p)]"@ ko

(55)

Note that, for the case where I' = m!/® I, + I, <0, the worst case system time
is given by
v+J / N4+ n—ng y— N+
Sp <max T—H"m . vl/o‘—f—z Fn(f) _T+Va (n—no)l/“, —+Z 1",,(,])

j=1
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In this case, the nth job experiences a waiting time only due to the buildup effect left
by the initial jobs. For big enough n, this effect becomes negligible and the system
time eventually becomes equal to the sum of the service times.

For ease of notation, we express the worst case system time in Eq. (55) as

max {ﬁn” Yar T) s SL(I) -1} (I + §(I) - 18 (IN) } (56)

where §nb, §,f , and S* denote the quantities associated with the system time effected
by the initial buffer n¢, the transient state and the steady state, respectively, and the
indicator functions 1/, and 13 reflect the condition for the system to be in the transient
state and the steady state, respectively. For ¢, = oy = «, the indicator functions are
such that

ln/m] — |no/m]

s

am(l — p) . [ ](0171)/(1

1@y=1, if I >
15 (I') =1, otherwise.

4.2 Average case behavior

To analyze the average behavior of a multi-server queue, we treat the variability param-
eters as random variables and compute the expected value of the worst case system
time:

Sy =E[S,].

Similarly to the case of a single-server queue with light-tailed primitives, we propose
to approximate the density of the variability parameters by invoking the limit laws of
probability and leveraging the characterization of the effective variability in Eq. (14)
to fit the analysis for tandem queueing networks with possibly heavy-tailed arrivals
and services.

Choice of variability distributions

For a network of J queues in series, we express the parameters

Vs( 7

Iy =6qYa, Fs(j) = QSVS(J) and Fm(J) = esyn(lj) = esm’

where y, and ys(j ) follow limiting distributions as defined in the case of a single queue,
for j = 1,...,J. More specifically, ys ~ N (0, 0,) and p/ ~ N(O, o's(])) for

light-tailed primitives, y, ~ Sa (—1, Cy. 0) and 33" ~ § (1, Cy, 0) for heavy-tailed
primitives. Note that the effective parameter I, is a function of I ,,(1] ), forj=1,...,J.
Specifically, by Eq. (51),
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Fig. 8 Sampled distribution and fitted generalized extreme value distribution for the effective service
parameter yj for the case of J = 25 queues in series withao =2, ba =1.7,andca = 1.6

(a=1)/a

J +
— (D+ya/(@—1) _ Y
I, = Zl(Fm ) =0 - T’ where
]:
7 ' (a=1)/a
= Z(VS(JH)a/(a—l) ) (57)
j=1

We next propose to approximate the distribution of ;" by fitting a generalized extreme
value distribution to the sampled distribution, with a shape parameter y/, scale param-
eter & and a location parameter ¢g. This approximation is motivated by observing that
v, is the ﬁth norm of the vector of random variables {ys(j )+}jJ=1 and by invok-
ing Theorems 2.1 to 2.4 in [56]. In [56], the authors show that the norms of vectors
of random variables X; distributed according to F' are also approximately distributed
according to F', for distributions such as Normal, Weibull, Frechet. This step, although
an approximation, allows us to reduce the computational effort to obtain S, from solv-
ing a (J + 1)-dimensional integral with respect to y, and ys(/ ) to a double integral
with respect to y, and y,".

Table 5 summarizes the parameters defining the generalized extreme value distribu-
tion for light-tailed service times with O’S(l) =...= O’S(J) = 1 and heavy-tailed queues
for J = 10, 25 and 50. Figure 8 shows that this fit provides a good approximation of
the sampled distribution for J = 25.

We next inform the choice of the scaling parameters (6,, 6;) via known conclusions

on the behavior of the system time in tandem queueing networks.

(a) Light tails We select the value of the scaling parameter 0 so that the average worst
case steady-state system time matches the steady-state bound obtained in Eq. (45).
We ensure that

i Bl )= 5 o2+ () 2] 9

j=1
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where y = 0,4 + 65,7 /m and y;" is defined in Eq. (57). We approximate the
expected value

]E[()ﬁ)z] ~P(y 20 ejajJrQZZ( 0))

By rearranging the terms in Eq. (58), we obtain

2 172 ) 12
0, ~ | ——m— d 0, ~ —— 5
“ (P(y20)> e o (P(y20)> ’ 9

where the probability P (y > 0) =P (J 12y, + vt /m > O) can be efficiently
computed numerically.

(b) Heavy tails The steady state in heavy-tailed queues does not exist. Instead, we
propose to extend the formula in Eq. (59). For o, = a5y = «, we select the scaling
parameter as

al (a=1)/a a (a=1)/a
O ~ | ———— and Oy ~ | ——-— ) (60)
Py =0) P(y =0

where the probability P (y > 0) = P (J©@D/* .y, + yF/m > 0) can be effi-
ciently computed numerically given the distributions of y, and y,".

4.3 Computational results

We investigate the performance of our approach relative to simulation and examine
the effect of the system’s parameters on its accuracy. We run simulations for tandem
queueing networks with N = 20,000 job arrivals and compute the expected system
time for each job using 20,000 simulation replications. We pre-specify the arrival rate at
the queue to be A = 0.1 for all simulation instances, while varying the traffic intensity,
the variances associated with the inter-arrival and service processes, the number of
servers in the queue, and the number of initial jobs. To compare the simulated values
S, with our approximation Sy, we report the average percent error:

N
Sn —
’; =

n

x 100%,

=)~

Average Percent Error =

where N = min (N, ) and 7, denotes the number of jobs the queue observes until
our approximation reaches steady state, i.e., 77, = min (n : §n = goo) We next present
our results for tandem networks with (a) light tails (¢, = a5 = 2), and (b) symmetric
heavy tails (o, = oy = ).

Light tails Table 6 reports the average percent error between simulation and our approx-
imation for tandem queues with normally distributed inter-arrival and service times.
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Table 6 Errors for multi-server tandem queues with normally distributed primitives

0 10 Queues? 25 Queues? 50 Queues®
ng=20 ng =20 ng =50 ng=20 ng =50 ng=20 ng = 100

og =05 =25

090 4.44 2.85 5.61 0.76 1.61 0.85 2.39
092 485 2.82 5.58 0.81 1.96 0.82 2.41
094  4.67 3.07 5.77 1.05 2.02 0.81 2.33
096  5.04 3.42 4.59 1.41 3.20 0.77 2.26
oq =05 =4.0
090 1.23 2.38 7.65 1.74 2.64 1.77 2.62
092 202 1.65 5.91 2.28 3.14 1.73 2.32
094 295 2.86 3.93 245 4.37 1.80 223
096  3.12 3.81 3.07 2.46 4.74 4.39 5.74

4m = 1 for 10 tandem queues
b = 10 for 25 tandem queues
¢m = 20 for 50 tandem queues

Our approach generally yields percent errors within 10% relative to simulation. Fig-
ure 9a—d compare our approximation (dotted line) with simulation (solid line) for
tandem networks of queues with normally distributed primitives. Note that, forng > 0,
the system exhibits slower recovery from the initial perturbation than for a single queue.

Heavy tails Table 7 reports the average percent error between simulation and our
approximation for tandem queues with Pareto distributed inter-arrival and service
times. Our approach generally yields percent errors within 10% relative to simulation,
with occasional outliers. Figure 9e—f compare our approximation (dotted line) with
simulation (solid line) for tandem networks of queues with Pareto distributed primi-
tives. Note that, since the effective variability parameter I” is heavy-tailed distributed,
E [(F +ye/ (""])] is infinite for o < 2, suggesting that heavy-tailed tandem queueing
systems never reach steady state (Fig. 9f).

Note Simulating the expected overall system time of the nth job in a tandem queue
requires simulating each queue in the system for all n jobs, yielding run-times which
highly depend on the number of queues J in the system. Our approach, on the other
hand, involves (a) running a simulation to fit a generalized extreme value distribution
to y," as defined in Eq. (57) for a given «, and (b) computing double integrals with
respect to y, and y,. Both steps can be computed efficiently for both single and multi-
server tandem queues irrespective of the magnitude of J, with similar run-times to
those observed for a single queue.

5 Extensions to feed-forward networks

In this section, we extend our approach to analyze open feed-forward queueing net-
works with no feedback. In feed-forward queueing networks, a job can visit a queue
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Fig. 9 Simulated (solid line) versus predicted values (dotted line). Panels a—d correspond to normally
distributed queues in series with o6, = 2.5 and p = 0.90 with J = 10, m = 1, and ng = 0, 20 (panels
a and b, respectively) and J = 25, m = 10, and ng = 0, 50 (panels ¢ and d, respectively). Panels e and
f correspond to a tandem network with J = 50 single-server queues with Pareto distributed primitives
(g = a5 = 1.7), p = 0.90, and ng = 0 and ny = 5000, respectively

Table 7 Errors for single-server tandem queues with Pareto distributed primitives

P 10 Queues 25 Queues 50 Queues
ng=20 ng = 2000 ng=20 ng = 3500 ng=0 ng = 5000

g =0 =16

0.90 9.80 5.11 2.89 2.31 4.88 4.77
0.92 4.30 3.52 7.88 1.82 3.13 1.81
0.94 2.40 2.10 7.94 2.95 16.6 7.84
0.96 2.82 2.54 14.7 5.22 16.5 6.71
g =og = 1.7
0.90 243 7.79 5.61 2.17 5.31 3.93
0.92 15.8 6.69 2.85 1.04 10.0 2.82
0.94 11.6 4.72 3.45 2.77 12.6 591
0.96 6.34 3.92 5.67 3.55 11.6 5.92

at most once before exiting the network. We consider a feed-forward network with a
set of queueing nodes 7 with

(a) external arrival processes with parameters (A, a,) that arrive at queue j € 7,

(b) service processes with parameters (i, oz;j )) with the number of servers m ; at
queue j € J,
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Fig. 10 Feed-forward network with deterministic routing

(c) arouting matrix F = [fi;],i, j € J, where f;; denotes the fraction of the jobs
passing through queue i which are routed to queue j. The fraction of jobs leaving

queueiis 1 —3; fij.

We study the expected overall system time of the nth job passing through the network.
Let P be the set of all possible paths that job n may take and fp denote the probability
that a job n takes a particular path P € ‘P. The expected overall system time can be
expressed as

So= feE[ST] =Y fe5,

PeP PeP

where S,{J denotes the system time of the nth job when traversing the network through
path P. Since it is challenging to analyze the expected system time using traditional
probabilistic approaches, we propose a similar approach to the one undertaken for
single and tandem queues.

To make the exposition clear, we assume that the network starts operation without
any initial jobs, i.e., ng = 0 at all queues. We let £; denote the set of jobs departing
from queue 7, and &;; the set of jobs routed from queue i to queue j (see Fig. 10 for an
illustration). Under a probabilistic routing scheme, these sets are not known until after
an instance of the network is realized. For the purpose of our analysis, we propose to
approximate the dynamics of a probabilistic feed-forward network as follows:

(a) Deterministic routing We consider a deterministic approximation of probabilistic
routing. Suppose that f;; and fj; denote the fraction of the jobs leaving from
queue i that are routed to queues j and k, respectively, while the remaining jobs
exit the system. We assume that the fractions f;; and fj; are rational and given
by

fij=& and fikzﬂ,

qi qi

where p;;, pix > 0and g; > 0 are integers, with p;; + p;ix < g;. This assumption
of rationality is not restrictive, since any irrational number can be arbitrarily closely
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approximated by a rational number. Under deterministic routing, the jobs are
routed as follows. We divide the set of jobs £; departing queue i into g; sets of
jobs

Bi={t,t+qi, t+2q,...}, Ye=1,....q,

and then route jobs from the jobs in sets &;; and & to queues j and k, respectively,
where

&j=BjU---UB, and Ex =B}, . U---UB,, .
Note that, with this deterministic routing scheme, for a large number of jobs,
approximately a fraction f;; and fi; of jobs are routed to queues j and k,
respectively. To illustrate, consider queue 2 in Fig. 10, and suppose Lo =
{2,3,5,7,10, 11,14, 15}, fos = 1/3 and fo5 = 2/3. Then, by our routing
scheme,

Eu = 1{2,7,14} and &s = (3,5, 10, 11, 15}.

(b) External arrivals We assume that the external arrivals emanate from a single
node ag. In other words, we assume jobs enter the network at node ap with rate
A=) jeg Aj and tail coefficient o, The arrivals are then routed to the nodes
Jj € J such that

A

i=—,VjeJ.
fO/ 2 jeJd

Note The number of jobs passing through some queue j € J is a subset of all the
jobs that are routed through the network. We let ¢; denote the fraction of jobs passing
through queue j, which is computed recursively, using the routing matrix F, as

b= ¢ifij. (61)
ieJ

Furthermore, under steady state, the traffic intensity observed by queue j is equal to
the ratio of the arrival rate it experiences and its service rate. Given the fraction of jobs
¢ that pass by queue j, the traffic intensity observed is

gy = b .

Hj Hj
We further assume that the inter-arrival times T to node ag belong to the uncertainty
set U as defined in Assumption 1(a) and that the service times X/) at node j belong
to U in the case of a single-server (L{;” in the case of multiple servers) as defined in
Assumption 1, forall j € J.
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Steady-state analysis Bandi et al. [9] have studied this network’s steady-state behavior
using the robust framework. In particular, Bandi et al. [9] show that the inter-departure
times belong to the inter-arrival uncertainty set ¢/“. This characterization is akin to
Burke’s theorem and is particularly tight under steady-state conditions. This allows
Bandi et al. [9] to study the phenomena of merging and splitting with a queueing
network. Specifically, the effective inter-arrival times T/) to some queue j belong to
the uncertainty set

=)

whereA; = A-¢;and I, 0 =1, /qb]/ % forall j € J.By this network decomposition,
the worst case steady-state system tlme of a job passing by queue j can be expressed
as

Z T(J) n—k s I—v(])(n k)]/aa, VOSkSn},
i=k+1

1/(@=1) )+ af(a—1)
s _ = A (V) + <L N p(j>+> 63)
o = @D (a=D ) s ,
« (1-0)) i

where oy = o) = wand 'V = I,/¢;/* + I, forall j € J. For light-tailed

queues, obtaining Ss, 59 asin Sect. 3.2, we approximate the overall expected steady-state
system time value by

PeP jEP

prz[2(1¢ B [03/¢,-+( ) /’”]
PeP jeP

+ Mi/ +E [Fnﬁj”ﬂ . (64)

Transient analysis While the characterization of the inter-departure times in [9] holds
for transient regimes, it, however, provides loose bounds. Obtaining an exact transient
characterization of the inter-departure process is challenging. Instead of decomposing
the network, we propose to obtain a recursive formula that defines the dynamics in
a feed-forward network similarly to the one obtained for tandem queues in Eq. (46).
To make the exposition clear, we consider the case of a feed-forward network with
single-server queues. To illustrate how we derive a characterization of the system time
for the nth job in a feed-forward network with deterministic routing, we consider the
network instance depicted in Fig. 10. Suppose that job n exits the system at node 6
after passing through queue 1 and queue 4, i.e., n € &6 and n € E14. The overall
system time of the nth job is given by

Sp= S+ 8P+ 50
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The system time of the nth job at queue 6 is given by

n n

©) _ § : 6) _ § : (6)
Sn - 12}(2;(” ' Xi ' Tt ’
i=ke i=keg+1
ielq ielq

where T ® denotes the inter-arrival times of jobs entering queue 6. Job kg could have
either come from queue 4, i.e., kg € 46, or from queue 5, i.e., kg € Esq.

(a) If kg € 46, and given that n € E46, the time between the arrivals of jobs kg and n
to queue 6 is the same as the time between the departures of jobs kg and n from
queue 4, i.e.,

n

n n
(6) (4) 4) 4 4)
)DELED SEUAE AR

i=ke+1 i=ke+1 i=ke+1
icle iely iely

where D™ denotes the inter-departure times from queue 4. Similarly to a tandem
queue, the system time spent by the nth job at queues 4 and 6 is given by

ke n n
SOLSO = max | xOL T xO - Y 1@

I1<ks<ke=n | : : .
i=ky i=keg i=kq+1
icly iclg icly

(1) If k4 € 14, and since n € &4, the overall system time is given by

ky ke n n
b} 4) (6) (1)
Sy, = max x! + X+ X - T.
AT W DIL D BE AP DL DR
i=kj i=ky i=kg i=ki+1
ieLly €Ly ieLg i€l

(2) If kg € &4, then the time between the arrivals of jobs k4 and n to queue 4 is
equal to the time between the departures of jobs k4 and n from queues 2 and
1, respectively, i.e.,

n n ka n ka

4) 1 2) (D) 1 .(2) )
DI SYLID 3PS b SPALRRTY I PR,
i=ks+1 i=l i=l i=l i=l
€Ly iely iely iely inly

Under this scenario, the overall system time of the nth job becomes

ka ke n n k2
@ Z ) 2 : (©) E : M § @
_ 2 : x ! X! X = T. T.
Sn 1 <ka 2k kg <n it o ' pril ! peri

i=ky i=ky i=ke ] |
€Ly i€Ly i€Lg iel €Ly
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(b) If kg € Es6, and by similar arguments to those presented in part (a),
(1) If ks € &5, then S, = max

1<k <ks<ke<n

ks ke n n ko
IR IAED BE A SECCID SPALII PN |
i=1 i=1

i=ky i=ks i=ke = —
iely iels iels i€l i€l
(2) If k5 € &35, then S, = max

1<k3<ks<ke=<n

ks ke n n k3

3 5 6 1 3
DAL K- 3
i=k3 i=ks i=kg i=1 i=1
iels iels ieLls iely iels

Note that the arrival times of jobs to queues 1, 2, and 3 is equal to the time of arrival
at node ay, since there is no service delay at node ag, which yields

ke 19}

Z Ti(e) = Z T;, for all jobs k¢ arriving at queue £ = 1,2, 3.
i=] i=1
iely

Consequently, for job n € L¢ leaving the system at queue 6, combining parts (a) and
(b) gives us the following characterization of the overall system time:

kaz n n
6)
Sp (Pg) = max max X@ Loy x© _ T |,
n (Pe) PePs | 1<kq <--<ke¢=n Z ! Z ! Z '
k c& l:kal {:k() l:kzzl
aji € Cajajy ieLy, ieLs

(65)

where Ps = {(1,4,6),(2,4,6),(2,5,6),(3,5,6)} is the set of all the paths
P = (ap, a1, az, ..., L) that leave the network at queue 6. Proposition 3 presents
the characterization of the overall system time of the nth job in a generalized feed-
forward network with deterministic routing.

Proposition 3 (System time in feed-forward networks with deterministic routing) In
a feed-forward network composed of single-server queues with service times X/,
Jj € J, and external inter-arrivals T, the overall system time of the nth job exiting at
node ¢ is given by
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a3

Sy (Py) = max max Z X(al) + Z X(”Z) 4
PePy 1<kq) <kay<--<ke=<n i i
a a
kaj i1 €Eajaj ieﬁall iEﬁaz

n

Py ooy nll <66>

i=kq i=kq; +1
iely
where Py denotes the set of all paths P = (ay, a1, az, ..., L) that leave the network

at node £.

A detailed proof of Proposition 3 is provided in the Appendix. Similarly to the analysis
of a single and tandem queue, we propose an analysis of the worst case overall system
time in a feed-forward network. We then leverage the analytic expressions of the
worst case system time to understand the behavior of feed-forward networks with
deterministic routing.

5.1 Worst case behavior

To analyze the worst case behavior of the system time in the feed-forward network, we
apply the bounds on the inter-arrival and service times presented in Assumptions 1(a)
and 3(a) and obtain

k
ay
S, (Py) = max max max x@ 4.
" ( E) PePy 1<k111< -<ky<n Z/{S Z !
€&ararniCL ik
kaji1€Eajajyy Shajiy ieLy,
+ max Z X(e) m1n Z , 67)
[ i= kal +1
leﬁg
where P, denotes the set of all paths P = (ag, a1, az, . .., £) that leave the network at

node £. By Assumptions 1, Eq. (67) involves solving a | P|-dimensional optimization
problem for every path P € P,, which can be computed efficiently. Theorem 7 pro-
vides a closed-form upper bound for the worst case system time of the nth job exiting

the network at node £ in a feed-forward network with o, = o{(] ) = =qa,forall j € J.

Theorem 7 (Highest system time in a feed-forward network) In a feed-forward net-

work composed of single-server queues satisfying Assumptions 1(a) and 3(a) with

oy = 055(]) =, forall j € J, the set Py containing all paths P = (ag, a1, az, ..., Y)

that leave from node ¢, and
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(@=D/a

; a/(a—1)
and Tp =T, + Z (FS(J)+ . ¢}/a) -0,

. A
min i /] iep
(68)
the overall system time of the nth job exiting the network at node £ is bounded by

S (Pp)

I'p-n

a/(a—1)
+F(J)+ z'fns[ AMp ] ’
a(l—pp)

jeP
< max

Pep _qy al@=D pe/le= 1) 1 )
¢ (:/(aii) . I/IZafl) + Z f+FS<])+ , otherwise.
« 1= pp) iep \Mi

(69)

The bound presented in Theorem 7 is particularly tight for the special case where
pj =pGe,u; =xr-¢;/p)forall j € J for some value p. This yields pp = p
for all P € P,. For this case, a higher value of the effective parameter ['p results in
higher system and relaxation times, as suggested by Eq. (69). The worst case system
time §n (Py) therefore corresponds to

I' (P¢) = max I'p.
PePy

Theorem 8 provides the analytic expression of the worst case system time of the nth

job exiting the network at node £ in a feed-forward network with o, = as(/ ) = @ and

pj=pforall j € J.

Theorem 8 (Highest system time in a feed-forward network for fixed traffic rate) In a

feed-forward network composed of single-server queues satisfying Assumptions 1(a)

and 3(a) with a, = as(” =o,and pj = p (ie, uj =Ar-¢;/p)forall j € J, and

given the set Py containing all paths P = (ag, ay, ..., £) that leave the network at
node £, and
(@—1)/a
; /(a—1)
F(P) =T+ (Py =L+ max | Y- (RO -9))"" -0,
¢ JjeP
(70)

the overall system time of the nth job exiting the network at node £ is given by

Sy (Po)

I (Pe)-n'/*—

a/(@—1)
”+Z Z( -‘rF(’H) if nf[AF(P[)jI s

PePy jeP (x(l —p)

(Ol _ 1) )Ll/(a 1), r (7) )O(/(Ot 1) 1 (it )
i A py/@-D + Z Z —+ I ., otherwise.

pep, jer M

(71)
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The case where I (Py) < Oarises when I'; < 0. This scenario is characterized by long
inter-arrival times yielding zero waiting times. The worst case system time therefore
reduces to

S (Pp) < fr’nea)z Z <Mj + F(J)+) Z Z( +F(/)+>

PeP, jEP

We next extend our averaging approach to analyze feed-forward queueing networks
with oy = oz(]) =aandp; =p@e,uj=r-¢;/p)foral je J.

5.2 Average case behavior

The expected system time spent by the nth job in the feed-forward network can be
computed as

Sao=)_fr-S, =) pe-S.(Po, (72)

PeP teJ
where P denotes the set of all possible paths that can be taken by jobs passing through
the network, fp denotes the probability of taking a certain path P, gnp denotes the
expected system time of the nth job that is routed through the network via path P,
Sy (Pe) denotes the expected system time of the nth job that leaves from node £ (i.e.,

job n takes any path P € P;), and p, denotes the probability of a job exiting the
network at node ¢, i.e.,

=¢c- 1= fij

jed

Instead of taking the expectation of the system time over the random variables T and X
to obtain S,, (P), for all paths P € P, or S, (Py), foralll € T, we propose to compute
the expected value of the worst case system time with respect to the parameters I,
and Iy (Py), which we treat as random variables. Mathematically, we compute

Si=3_pe-Si Py =y pe-E[S,(Po].
teJ teJ

Given Theorem 8, we can express §n (Py) as a function of I';, and I'y (P;) as follows:

a/(a—1)
R : AL, + Ty (Pe)™
s ASia . 1fn<[ L ] oy
S5 (Iy, Ty (Pe)), otherwise,

where I (Py) is defined in Eq. (70) in terms of F,flj ), for j € J,and TS‘\n’ ,and S¥ denote
the quantities associated with the transient state and the steady state, respectively. We
rewrite Eq. (73) as
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St (I, Ty (Py)) - 1) (T, Ty (Po) 4 S* (I, Ty (Py)) - 13 (I, T (Py))

where the indicator functions 1/, and 13 reflect the condition for the system to be in
the transient state and the steady state, respectively, with

1 —
MWJWW=Lﬂn+mm>ﬂTQMHW
18 (I'y, Iy (Py)) = 1, otherwise.

By positing some assumptions on the distributions of I, and Iy (Pg), we express S
as

Sy =E[S}, (N, Iy (P) - 1) (T, T (P) + §° (T, Ty (Pe) - 1, (T, T (P))]

which can be efficiently computed via numerical integration. We next discuss our
choice of the parameter distributions.

Choice of variability distributions

We propose to express the parameters I, = 6,y, and I W = = b y(J ), where ¥, and

(J ) follow limiting distributions for all j € J. More specifically, y, ~ N (0, o,)

and v~ N (0, ol )) for light-tailed primitives, y, ~ Sy (—1,Cy,0) and
ys(j )~ S (1, Cq, 0) for heavy-tailed primitives. Note that the effective service param-
eter Iy (Py) is a function of I}(J ), for j € J. Specifically, by Eq. (70),

Iy (Po) =6y, (Pe),
(a—=1)/a

/(@=1)
1/a)°‘ o (74)

where ¥y (Py) = max ( DF pl
7" (Po) = max ;7& ¢;

Similarly to our approach for tandem queues, we propose an approximation of the
distribution of ys” by fitting a generalized extreme value distribution to the sampled
distribution.

For light-tailed queues, by Theorem 8, the expected value of the overall worst case
steady-state system time for a feed-forward network is given by

Seo=_ PeSoc (P0)
teJ

=ZP2'4(1A_p [(J/(Pe) ] ZPeZZ(

+E[F(n+])
teJ PePy; jeP Hj

=7 4(1 E[(r P0) ]Zf;»Z( +E[F(”+]>, (75)

PeP jepP J
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where y (Pg) = 0ava + 0sy," (Pe) and y," (Py) is defined in Eq. (74). The expected
value in Eq. (75)

E[(y P0*) |~ Py (P 2 0)-E [y (P?]
=Py (P) 2 0)- (0207 + 02 |1 (P0?]).

Similarly to the case of a single light-tailed queue, we select the parameters ¢, and
6, to ensure Soo = Soo. Finding Soo in a general feed-forward network is, however,
challenging. Instead, we ensure that the expression in Eq. (75) matches the approxi-
mation of the expected steady-state system time obtained via network decomposition,
presented in Eq. (64). We then choose 6, and 6; as

- 172
2 fp-|P|
0, ~ ZPEP and
Y Py (P =0)
| teTJ
Z Z ) 1/2
fP ] < )
6, ~ i = (76)
_Z;dmowm)zm~ﬁhgﬂw]
Note We introduce the parameter I'* = 6,y, + 6, yf+, where
(a—1)/a
o/(a—1)
yS@Jr Z Z ( (/)+ l/a) . (77)

PePy jeP

Notice that y** >y (Py), and therefore the parameter I'* > I' (Py), forall £ € J.
Since a higher parameter value yields higher system and relaxation times, we can
bound S, (Pr) = Sn (I" (Py)) by Sy, (FZ), and hence we can bound S, by

§H=sz-§n(73e)5Zmﬁn(ﬂ)zZPK'E[/S\”(#)]'

e teJ teJ

We next show that the choice of the parameters 8, and 6, for the above approximation
allows for simpler computations.

(a) Light-tailed primitives By using the upper bound §n (F ‘Z) introduced above, the
expected value of the overall worst case steady-state system time in Eq. (75) can
be bounded by
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Soo < Z pe - ﬁ E [(J/@+)2] + Z fp Z (Mi +E[Fn(zj)+]> ;
teJ

pep  jep M

(78)

where y; = 0,4 + 05y T and y* is defined in Eq. (77). The expected value in
Eq. (78),

E[(r) | *Pre =0 E[y?| =P =0 (9202 +67E [( H)z] ) ,

where the second moment of yH can be expressed as

RICRNRPIUE (Gl

PePy jeP

( 0 >0) DL <q§j))2.

PePy jeP

We proceed by performing an additional bounding procedure to help simplify the
computations. Specifically, we propose to bound the expression

S Pz Y Y g (o (”)

teJ PPy jeP
=Y Pez0-Y Y Y4 (o (”) ,
teJ teJ PePy jeP
=Y Prz0-Y > ¢ (o ‘”) . (79)
legJ PeP jeP

To match the approximation of the expected steady-state system time obtained
via network decomposition presented in Eq. (64) and the resulting upper bound
on S« from combining Eqgs. (78) and (79), we choose 6, and 65 as

1/2
2 fp-|P|
0, ~ ZPEP and
> Bz 0
172
2
0, ~ : (80)

¥, Forz0 P62

The above expressions reduce to Eq. (59) for the case of a tandem queue, where
= (ao, - .., |J|). Note that, given that yv(l) is a normally distributed random
variable centered around the origin, we have P ( M > O) = 1/2. Also,
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P(re 2 0) = P (6ya + 6,7+ 2 0)

2 _
=IP’({ St 1P v+ PO = 072yt 20),

PeP

which can be efficiently computed numerically.
(b) Heavy-tailed queues Since the steady state does not exist for heavy-tailed queues,
we propose to extend the formulas for 6, and 6; and obtain

(@a—1)/a
a fp 1P|
0, ~ ZPeP and
Do Bz 0)
(a=1)/a
6, ~ ’ : 81)

wherey = 0,74+t /mand y;" is defined in Eq. (77) . Note that the probability
P (ys(l) > O) and

(a=1)/a
Piy>0=P { Z fp- |P|} Va +[p>(ys(1) > O)—(Ol—l)/ﬂl . yf+ >0
PeP

can be efficiently computed numerically given the distributions of y, and yf*.

Insights and computational tractability

The insights we draw from our analysis of light-tailed and heavy-tailed feed-forward
queueing networks queues are similar to the ones obtained for single and tandem
queues. Furthermore, simulating the expected overall system time of the nth job in a
feed-forward network requires simulating all queues in every path P € P in the system
for all n jobs. Our approach, on the other hand, involves (a) running a simulation to
fit the distribution of yS“ as defined in Eq. (77), and (b) computing double integrals
with respect to y, and )/f“‘, for all nodes £ € J. Note that extending the results to
multi-server feed-forward networks does not affect the efficiency of our approach.

6 Concluding remarks: limitations and future directions

In this paper, we studied the problem of analyzing the transient system time in multi-
server queueing systems and feed-forward networks. For such queueing systems,
we presented an analytically tractable approach to analyzing the transient behavior
with general, possibly heavy-tailed, arrival and service processes. This is achieved
by modeling the system’s inter-arrival and service times via polyhedral sets which
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are characterized by parameters that control the degree of conservatism. We obtain
closed-form expressions for the worst case system time revealing qualitative insights
on the dependence of the system time on the traffic intensity and the tail behavior
of the inter-arrival and service times. We propose a novel algorithm to approximate
the expected system time by averaging the worst case system times by treating the
parameters characterizing the uncertainty sets as random variables. This proposed
methodology provides a novel framework to study stochastic systems that combines
the computational tractability of optimization and the notion of dimensional reduction
of uncertainty.

As observed from the numerical results, this methodology yields accurate pre-
dictions with low errors relative to simulation, especially for queueing systems with
general light-tailed primitives. However, the approximation errors are higher for the
following systems which also leads us to suggest future directions:

— Exploring alternate approximations for multi-server queueing systems with heavy-
tailed services or arrivals Our approach currently suggests that the expected
waiting time for multi-server queues with heavy-tailed primitives is infinite, which
is not true for all multi-server systems.

— Exploring alternate ways to analyze early transient behavior Our approach, which
is based on limit laws, leads to relatively higher errors when analyzing the early
transient regime of multi-server queueing systems.

— Obtain performance bounds on the tail probability of the performance measure of
interest Our approach allows us to analyze quantiles and expected values of the
waiting times, but does not provide a direct way to calculate tail probabilities. Our
approach could potentially be used for this purpose by constructing constraints
implied by bounds on the tail probabilities of the underlying stochastic processes.

— Analyze queueing systems with feedback In this paper, we analyzed queueing net-
works with feed-forward structure. A natural extension would be to also consider
queueing networks where some of the customers are fed back into the system.

Overall, we believe that we are just beginning to understand the application of robust
optimization-based approaches to analyze the expected behavior of stochastic systems
and we certainly expect that our approach can be strengthened and extended in various
directions as discussed above.

Acknowledgements We would like to thank the associate editor and the reviewers of our paper for their
comments that improved the paper.

Appendix: All proofs

Proof of Theorem 2. Since (v — k + 1)1/"‘ < (- k)l/“ + 1, and given F,;f > 0, we
bound Eq. (23) by

mv — k)
A

T 0<k<v

~ —k
S, < max {v—+r,;j(v—k)1/“—
"

+ Iy [m (v —k)]V/e } + (% + Fm+> .
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By making the transformation x = v —k, where x € N, we can represent this problem
as
. 1/a_5.) < ( . l/a_5.> 82
g (peat—ox) = max (gt -sx). 62
where g = m'/*r, + IFand § = m(1 — p)/A > 0, given p < 1L.IfB <0, the
function h(x) = B - x'/* — § - x < 0 for all values of x, implying S, = 1/u + r.
For B > 0, the function 4 is concave in x with an unconstrained maximizer

(83)

. B a/(a—1) B ATy +m1/ara) af(a—1)
* ad - am(l — p) '

Maximizing the function %(-) over the interval [0, v] involves a constrained one-
dimensional concave maximization problem whose solution gives rise to closed-form
solutions.

(a) If x* € [0, v], then x* is the maximizer of the function % over the interval [0, v],
leading to an expression that is independent of v:

~ B 1/(a=1) B a/(a—1) 1 .
S — S 2.r

@-1 ped 1,
wl@ D @D T\ + I, ) (84)

IA

(b) If x* > v, the function & is nondecreasing over the interval [0, v], with h(v) >
h(x) for all x € [0, v], leading to an expression that is dependent on v:

§n=ﬁ(V)l/“—5(V)+<l+an>. (85)
7

We obtain Eq. (24) by substituting for 8 and § expressions in parts (a) and (b). O

Proof of Theorem 3. Tobound the maximization problem in Eq. (32), we take a similar
approach to that presented in the proof of Theorem 2 and cast the problem in the form

max (,3~x1/°‘—8~x>

0<x<v—¢,xeR
Brv—p)e—s.-0w-9) ifv-9¢=(%
(@—1) peh
a@/@=1 " §l/@=1)"

)0{/(0{71)

’

otherwise,

where g = m'/*r, + I;F and § = m(1 — p)/A. Substituting for the terms B and ¢
their respective values in the above expression yields the desired result. O
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Proof of Theorem 5. From Eq. (50), we have that the worst case system time is given
by

- T
S, ==

(17 G =k DV o T @ = kg 11
+ max 1—
0<kj<--<kj=<v + I [m (v —k]Ve = M (v —kp)

Furthermore, since (k41 — kj + 1)1/a < (kjq1 — kj)]/a + 1, forallj=1,..., J,
we obtain

I &G
Si<=+>. "
noo=
jf
(1% G = k) Ve - 1% 0 = k)]
+ max 1—
stz |y m o — ki - T2 k)

We will isolate the problem of maximizing [F,flm_ (ky — kD" + ... 4T, ,SlJH_

w—kpnY “] for fixed values of ki, v, and make the transformations x; = kp —
ki,...,xy =v—ky,wherex; € N,forall j =1, ..., J. With these transformations,
the optimization problem simplifies to

1 —
max | mVer, w—kpte — P
0<k<v,k;eN A

max [F,,Sl)+x1]/a +oo Fn(lj)er}/a]
+ S.t. X1+~-~+XJ=U—]<] . (86)
X eNVj=2,...,J

The optimal solution to the inner optimization problem satisfies

[+ Vel = pOF /el — . PO+ 51/,

by the first-order optimality conditions. Using the additional condition that 211:1 x}‘.‘ =
v — ki, the optimal solution can be found analytically as

(D) +va/(@—1)
T
ES Y =k, Vi=1,2...,J,

i J .
(D+ya/(@—1)
DI
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leading to an optimal value of

7 (@=D)/a

LTV 4o LT = @ =k | Do /D
j=1

(87)

Substituting the optimal solution of the inner problem in Eq. (86), the performance
analysis reduces to solving the following one-dimensional optimization problem:

7 (a—=1)/a
max ml/anl+|:2(1~n(1j)+)a/(a—1)j| ek e ( —p) w—in .

05](1 <v j:l
(88)
which can be cast in the form of the optimization problem in Eq. (82), with
(@=1)/a
S m(1— p)
B=m""r, + Z(r,,(,f”)“/(“—l) and § = ————
j=1
Referring to the proof of Theorem 2, the solution to Eq. (88) is
a/(a—1)
vl —5.v, ifvg(%) ,
OT’?EV Bratlt=8:x= (@—1) . pere? otherwise
o®/(@=1)  §l/(@=1)" '
We obtain the desired result by substituting for 8 and § their respective values. O

Proof of Theorem 6. We maximize both terms in Eq. (54) separately as follows:

(a) By Assumption 1, and applying similar arguments to those presented in the proof
of Theorem 5, the first term in Eq. (54) is bounded by

max [F”(ll)erll/a +ee 4t F,,(,J)+x}/a]

V—kl
OSH](lla;(q)Y N S.t. xl—{—..._}_.xJ:v_kl
k1eN )CjGN,VJZZ,...,]
n_
+ + ZFUH RN L = gy, )

The optimal objective function of the inner optimization problem in Eq. (89) is
given by Eq. (87). Hence, the bound on the first term in Eq. (54) becomes
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—k
max <v ! +Fm.(v—k1)1/0t>+
O<ki=p \ n

J
; n—no
+er§z])+ T + Va(n — no)l/a

where [, is defined in Eq. (51). Since I, > 0, the term x/u + Tpxl/® s
increasing in x, yielding

—k
max (U ! —I—]"m.(v—kl)]/“) =K+Fm.u1/a.
0<k1<¢ M n

(b) To bound the second term in Eq. (54), we take a similar approach to that presented
in the proof of Theorem 5 and cast the problem in the form

max (ﬁ-xl/"‘—S-x)
0<x<v—¢,xeR
' _ 5 \&/ @D
Bro—p)e—s-w—y), iftv-9=(5) .
(@—1) p/eb
q/@=1) " §l/@=1)"

otherwise.

Substituting g = m'/®I, 4+ I, and § = m(1 — p)/A yields the desired result.
O

Proof of Theorem 7. The desired result is obtained by maximizing the system time for
each path P € P,. Inorder to apply the bounds on the system times from Assumption 1
to the quantity in Eq. (67), we need to account for the number of jobs that pass through
node a; between the arrivals of job &, i which belongs to 5 _iaj S L',a ,and job kaj i

which belongs t0 &qa;,, S La;- Mathematically, we let A ; denote thlS number, i.e.,

Agy = |1k kaj <k <kap, k€ Lo} |- (90)

a/'+1 ’
By Eg. (61), the fraction of jobs passing through queue a; is ¢4, yielding
Aaj = ¢a; - (ka./+| —ka; + 1).

By Assumption 1, and given that fs(j ) < I;x(j )+, for all j € J, we bound the service
times by

7+1
maX Z X(llj) + F(“1)+ A};fa = ¢aj i (kajﬂ _k“j + 1)
"/ i k,, Ha;

+ FS(aj)Jr ’ [¢aj ’ (kﬂj+1 - kﬂ./‘ + 1)]1/a :
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By applying Assumption 1, Eq. (67) becomes

| R kay — k 8
max Z <~— n FS(J)Jr) max {u O (kg — kay)'®

PePy jeP ij ]Skal <--<k¢<n Mal

n—k ~ n—k
+-~-+ﬂ—f+n(">+-<n—ke>”“—T“‘+ra<n—kal>”“} ,
4

oD

1/a

where j = wj/¢; and fS(J) _ Fs(/) ¢!

,forall j € J. Welet iup =

min {ﬂa/., aj € P}, pp = A/ [ip. By making the change of variable Xa; = kajJrl —kaj,
forall a; € P, we bound the maximization problem in Eq. (91) by
e zer
e, (7o) = S5 k)
~ 1 (L 1
+ max [FS(alH_ : xcn/a +ee Tt Fs( " xaja:l . (92)
St Xg 4+ X =n—kg

The optimal objective function for the inner optimization problem is given in Eq. (87).
The performance analysis reduces to solving the following one-dimensional optimiza-
tion problem:

(@-1)/a
~(: a/(a—1) 1
P i
J
1_
_ k”P (n—ka) } (93)

which can be cast in the form of the optimization problem in Eq. (82), with

(a—1)/a
<o/ (@=1) 1 —
B=T,+ Z (FS(])"L) and § = )Lpp.
jeP
Referring to the proof of Theorem 2, the solution to Eq. (93) is
Bonlle —5.n, ifn < (a%)“/(“_l),
max B-n'/%—§.n=
0<x<n (Ol _ 1) ﬂa/(oc—l)
otherwise.

/=1 " §l/@=1)"
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We obtain the desired result by substituting for 8 and § their respective values. O

Proof of Proposition 2. We prove the result using the technique of mathematical
induction.

(a) Initial step As presented in [9], the system time in an m-server queue,

< _ o _ @O ,
BD=STM = | gy, 260 2 T
mi=ky i=r(k)+1

and therefore the result holds for J = 1.

(b) Inductive step We now suppose that the result holds for J — 1 queues in series,
which expresses the system time across queues 2 through J as

SAM 4+ 5

k3 n n
2) ) 2)
= max max XN+ + maXZX. — Z T.
S r(i) s r(i) i ’
A = S Ry i=r(kp)+1
(94)
where T® = [Tl(z), e Tn(z)} denotes the sequence of inter-arrival times to the

second queue. Note that the arrival to the second queue is simply the departure from
the first queue, and therefore, denoting the inter-departure times from the first queue

by DIV = {Dil), o D,gl)}, we have
n
2 1 o < (1
S 1P- ¥ o= ¥ nafhm-shm. o
i=r(ky)+1 i=r(ky)+1 i=(kp)+1

where the last equality is due to the fact that no overtaking occurs at the first queue in
the worst case approach. Combining Eqs. (94)—(95), we obtain

’gn (T) = @11) (T) + ’§r(12) T+ -+ :ST’(IJ) (T)

k3 n
(2) )
= max max X -+« + max X0
Oshos-skrv \ U S r T us l_;k! r®
n
2 , dM
- 2 TP HS M. 96)

i=r(k2)+1
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Since no overtaking occurs in the first queue, and given that |r (ko) /m| = ko, the
system time of the r (k2)th job can be expressed as

r(k2)
sD Ty = max max X! T
r(kz)( )= 0<k; <k Zk:l r(l) i= r(Zkl:)-i-1 l

Substituting the above expression in Eq. (96), the overall system time becomes

k3 n
_ @) ) ,
R P 7 Koy Tt % Z X~ > T
i=ka i=ky i=r(ky)+1
ka o r(k2)
X T,
fol T e 2 T
i=ki i=r(ky)+1

Rearranging the terms in the above expression proves the inductive result. This con-
cludes the inductive step, and by mathematical induction, we have the desired result.
(]

Proof of Proposition 3. We use the principle of mathematical induction to prove this
result. Specifically, we assume that the result is true for any job j < n — 1 passing
by some node g from the feed-forward network (disregarding where the jth job goes
next in the network after ¢), i.e.,

k(lz ka3
S; (Py) = max max E Xl.(’“) + E X 4.
PEPq 1<ka1 <kc12< <k <J . .
£ I:kb1 z:ku2
ki1 €804 iely, i€La,

J J
+ > x7- Y n|t, O7)

i=k, i=kq +1
iely

where P, denotes the set of all paths P = (ap, ai, .. ., q) that pass by g (disregarding
the network after ¢). We next proceed to show that the result holds for job n exiting
the network at queue £.

The system time of the nth job at queue ¢ can be expressed as

n n
© _ (© ©)
S, 12?)2;1 E X, = E T . 98)
i=ky i=kg+1
keeLe ieﬁfg ieyﬁg
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Suppose k¢ € £y, ie., job k¢ enters queue £ from queue g, and without loss of
generality, suppose that job n enters queue £ from queue r, i.e., n € &.¢. Then,

n n ke
Z 70 = (Z T, + S, (7%)) - ZTi + Sk (Pg) | - 9)

i=ke+1 i=1 i=1
iely

Combining Egs. (98) and (99), we obtain

n

) _ (O
S, +S"(Pr)_12}c?§n E X; +Sk@ E T—i—g T;
kgef,g f:kl
leﬁg

n

n

_ (0) _ )

=, | 2 XSk (Pa) = 2 T

keely i=ky i=ke+1
iely

By the induction hypothesis, we substitute the value of S, (Pq) in the above equation
and obtain

k
(12
SO 485, (P,) =S, (Pry) = max x4
n( r) ( rE) PPy 1<ka1< <k <kp<n Zk
i=kq
H—Iegatal_H lE,call

n

+Zx(’”+ZX“) > Tt
i=ky i=kp, +1
zeﬁ ieLy

where P,¢ and P, are the sets of paths that end at node r and g, respectively, and then
feed in to node ¢ (disregarding what comes next in the network). Given that ¢ and r
were chosen arbitrarily, the result holds for any nodes ¢ and r that feed into queue £,
i.e., for all ¢, r € P,. Hence,

ka,
S, (P¢) = max max Z X(al)
Pe'Pg 1<kal< <kq<k(<n
i=k
’+1€g‘ll di41 ieﬁzll

ke n n
I SECED SE LD DI | B
i=ky i=ky i=kq, +1

iely ieLy
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This concludes the inductive step and proves the result for job n. Next considering
the base case of n = 1, it is trivial to check the validity of the inductive hypothesis.

Therefore, the result follows from induction. This concludes the proof. O
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