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ABSTRACT

In this paper we consider the fundamental problem of routing cus-
tomers among multiple distributed parallel queues to minimize an
objective function based on equilibrium sojourn times, which arises
inawide variety of distributed computer systems, networks and ap-
plications. We derive optimal solutions to this theoretical schedul-
ing problem under genera assumptions for the arrival and service
processes through stochastic-process limits. Our analysis extends

previous studies by providing explicit solutionsfor the optimal schedul-

ing problem and by considering general single-server queues, in-
cluding correlated arrivals, under both first-come first-serve and
processor-sharing queueing disciplines. In addition, we derive bounds
for the variance of customer waiting times and exploit these results
in order to obtain optimal solutions to the scheduling problem of
interest based on equilibrium sojourn times subject to constraints
on the waiting time variance, which have been ignored in previ-
ous studies. This collection of results allow usto cover risk factors
and incorporate risk management within the context of our opti-
mal scheduling problem. Numerical experiments with data from
areal Web server system demonstrate the potential benefits of our
theoretical results and methods in practice.

1. INTRODUCTION

The fundamental problem of scheduling a stream of customers
among a set of distributed parallel queues to achieve some perfor-
mance objective has received and continues to receive consider-
able attention in the research literature. This is motivated by the
complexity of the theoretical problem and by the importance of the
problem in practice where it arises in awide variety of distributed
computer applications and distributed computer system and com-
munication network environments. A particular instance of the
general problem ismotivated by scalable Web server systemswhere
incoming user requests are immediately routed to one of a set of
computing nodes by a high-speed, load-balancing router and each
node independently executes the requests routed to it.

We consider the theoretical problem of optimally routing cus-
tomers among multiple distributed heterogeneous single-server par-
allel queues to minimize an objective function based on equilib-

rium sojourn times. This distributed scheduling problem involves
two distinct issues: (¢) the routing of customers to the parallel
queues; and (iz) the queueing discipline for serving customers at
each queue. The second issue is addressed by considering both
first-come first-serve (FCFS) and processor sharing (PS) queue-
ing disciplines, given the importance of these disciplines in the
queueing theory literature and in the application areas motivating
our study. We therefore derive optimal solutions to the theoretical
scheduling problem of interest under general assumptions for the
arrival and service processes and under the assumption that cus-
tomers are routed to the parallel queues in a probabilistic manner.
More specifically, we derive explicit solutions for the optimal vec-
tor of probabilities that control the routing of customers upon ar-
rival among a set of heterogeneous genera single-server queues
through stochastic-process limits. Our assumption of probabilistic
routing is consistent with previous theoretical studies of this fun-
damental optimization problem, and our solutions can be used for
the parameter settings of other routing mechanisms found in prac-
tice, such as the weights of a weighted round-robin scheme. We
also derive upper bounds for the variance of customer waiting times
within this mathematical framework and exploit these resultsin or-
der to obtain optimal solutions to the scheduling problem of inter-
est based on equilibrium sojourn times subject to constraints on the
waiting time variance.

Related scheduling problems have received considerable atten-
tion in the research literature. Our scheduling problem is consis-
tent with or a generalization of the problems considered in [29, 30,
4,23, 5,9, 27, 8, 15, 25, 13] and the relevant references therein.
A number of these studies [9, 8, 15, 13] have analyzed the per-
formance of specific policies, as opposed to obtaining the optimal
solution. Borst [5] and Sethuraman and Squillante [25] consider the
problem of finding the optimal routing matrix in a multiclass vari-
ant of our scheduling problem, but under the restrictions of Pois-
son arrivals or fluid models for the individual queues. In addition,
these studies provide results on the structural properties of the opti-
mal solution, whereas we derive an explicit solution for the optimal
scheduling problem under general assumptions for the queues. Our
scheduling problem is also related to a global |oad-balancing op-
timization problem that has received considerable attention in the
literature; e.q., see [29, 30, 4, 23] and the references cited therein.
Ross and Yao [23] consider aproblem that issimilar to the problem
studied in this paper, with the addition of a dedicated independent
stream of customer arrivals to each server having non-preemptive
priority over the other customers. Bonomi and Kumar [4] consider
amodel similar to that in [23] but with additional restrictions, and
in both studies the objective is to minimize the expected response
time taken over the two sets of customers where each arrival stream
is a Poisson process. Our analysis addresses the single-class opti-



mal scheduling problem using different methods than those pro-
posed in [4, 23] and eliminating the restriction of Poisson arrivals
by focusing on general stochastic processes for arrivals. Shanthiku-
mar and Xu [27] consider a scheduling optimization problem that
is most related to our study, but they restrict their attention to inde-
pendent and identically distributed (i.i.d.) arrival and service times
and to the FCFS queueing discipline. Our analysis improves upon
the resultsin [27] for the problem instance with renewal arrival and
service processes and the FCFS discipline, extends these results to
include the PS queueing discipline, and further considers an impor-
tant form of correlated arrivals based on general regime-switching
processes.

In contrast with [29, 30, 4, 23, 5, 9, 27, 8, 15, 25, 13] and other
related studies, we also derive bounds for the customer waiting time
variance in each of the problem instances considered and then ex-
ploit these results to obtain the solution that minimizes a function
of the equilibrium sojourn times while satisfying constraints on the
waiting time variance. Thisisimportant because the potential for
high volatility in the sojourn time performance measure often ob-
served in some system environments can seriously jeopardize the
efficacy of the system if the optimum is only considered within a
first-order context. Hence, it isquite natural to include such second-
order risk factors and use them to addressissues rel ated to risk man-
agement in the formulation of the optimal scheduling problem. Fur-
thermore, as part of our derivations of these extensions and other
extensions noted above, we provide bounds to many important per-
formance measures such as the variation of the multidimensional
diffusion process and the moments of the running maximum of the
regime-switching diffusion process.

The scheduling strategy considered in this paper is static in the
sense that the routing probabilities do not change dynamically with
time nor do they depend upon the states of the individual queues.
While dynamic scheduling policies have the potential to outper-
form static policies [34, 11, 31, 10, 18, 32, 28, 14, 16], our focus
in this paper isinstead on the classical scheduling problem consid-
ered in previous studies (some of which were noted above) where
the only information available to the routing policy concerns the
overall customer arrival process and the customer service process
a each single-server queue. In addition to its theoretical interest,
this (static) scheduling problem is motivated by distributed system
environments where the complexities and overheads of dynamic
policies tend to outweigh their potential benefits over static poli-
cies. On the other hand, the use of our optimal scheduling solution
in practice can also consist of repeated adjustments of the optimal
routing vector with changes in the system environment, such as
variations in the customer traffic.

The remainder of this paper is organized as follows. We first
present the general model and framework for our analysis of the
scheduling optimization problem. Then in Section 3 we derive the
optimal solution for this problem when customer arrivals follow a
renewal process. Section 4 extends this analysis to consider the
scheduling optimization problem under a general form of corre-
lated arrivals. The results of some numerical experiments are pre-
sented in Section 5, followed by our concluding remarks.

2. MATHEMATICAL MODEL AND FRAME-
WORK

We consider aqueueing system consisting of a high-speed router
in front of NV heterogeneous single-server parallel queues, asillus-
trated in Figure 1. Customers arrive to the system according to a
general point process A (t) where the (marginal) distribution A of
the corresponding increment process (i.e., interarrival distribution)

on IR™ has mean E[A] = A\~! and variance Var[A] = ¢%. Each
customer isrouted to one of the queuesimmediately uponitsarrival
according to a probability vector P = [p,], .,, < 5 independent of
al else; i.e., a customer arrival is independently routed to queue
n with probability p,. The router is assumed to be sufficiently
fast that customers essentially have no service demands and do not
gueue at the router. Customer servicetimesarei.i.d. following gen-
eral distributions S,, on IR™ that depend upon the queue where the
customer is served and have mean E[S,,] = p;,* and coefficient of
variation C3 ,n = 1,..., N, mutually independent of the arrival
and routing processes.
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Figure 1. Queueing Network Model of Distibuted Parallel
Queues

Each of the V single-server queues independently servesthe cus-
tomersrouted to it under either an FCFS or PS queueing discipline.
Let Z, be an independent geometrically distributed random vari-
able having mean p;, *. Then the customer arrival process for queue
n isagenera point process A, (t) with (marginal) interarrival dis-
tribution A,, given by

Zn

A, = ZX;C, @
k=1

where the sequence of random variables X;, X5, . .. follow thein-
crement process of the exogenous arrival point process A (t). Let
An = E[A,]™" be the mean arrival rate of customers to queue n,
and let p, = A\ /un bethetraffic intensity for queue n.

In order to be able to handle genera arrival and service processes
and obtain explicit solutions to the scheduling optimization prob-
lems of interest, we consider stochastic-process limits for each of
the N queues under the routing vector P as the basis of a general
mathematical framework for our analysis. The core idea of this
approach is to approximate the actual queueing processes by more
mathematically tractable limiting processes, i.e., reflected diffusion
processes in our case, each of which is exact in the limit as the
queueing system approaches its critical value. Hence, the queue-
ing analysis of our mathematical framework consists of two major
components: the verification of the approximation, and the math-
ematical analysis of the approximation process. The verification
is usually carried out through proving various types of weak con-
vergence in probability measures induced by the queueing process;
refer to Billingsley [3] and Whitt [33] for additional details. The



typical procedure consists of applying different scalings of time
and space for the queueing process, and then the stochastic-process
limits are obtained as the scaling parameters go to infinity. This
is the approach taken in Section 3 to handle our queueing sys-
tem under renewal arrival processes. When the random variables
of the interarrival and service times have r finite higher moments,
then the desired stochastic-process limit can be characterized by
a pointwise estimation of the original process and the approxima-
tion process, where the pointwise estimation improves according
to o(T/™) and converges to o(log(T")) for finite moment generat-
ing functions. The pointwise estimation is termed the strong ap-
proximation, and it can be easily shown that strong approximation
implies weak convergence; see, e.g., [6, Section 5.5.4] for details.
This is the approach taken in Section 4, where our main contribu-
tion liesin the analysis of the approximation process. More specif-
ically, we analyze areflected Markov-modulated diffusion process
that represents the stochastic-process limit for each single-server
queue under a regime-switching arrival process. While this class
of stochastic processes is important from a theoretical perspective,
our choiceis also motivated by recent studies showing this class of
regime-switching processes to accurately model the type of corre-
lated arrivals found in practice in system environments such as Web
sites[21, 22]. Using integration equation techniques, we are ableto
derive a probabilistic characterization of the running maximum of
the Markov-modulated diffusion process, which is the key ingredi-
ent in obtaining the statistics of our reflected diffusion process. In
contrast to the rich literature on convergence results, the research
literature on the analysis of diffusion proccesses as approximations
for general queueing networks is very limited with few known re-
sults except for the simplest case, which is that of the reflected
Brownian motion. Our study therefore provides an important step
forward in an areathat has many applications. Moreover, the result
is of independent interest its own right, and also can be applied in
areas such as stochastic control and mathematical finance.

The final major component of our mathematical framework is
to exploit these diffusion approximations of the distributed parallel
queues to calculate the vector of optimal routing probabilities. Let
T be therandom variable denoting the equilibrium sojourn timefor
customers in the queueing system. From the law of total probabil-
itywehave E[T] = - _| E[7,,]-P[ customer served at queuen |,
where E[7,,] isthe equilibrium sojourn time of customers served at
queue n. Let h, < oo be the holding cost, or weight, per cus-
tomer per unit time at queue n. One of the scheduling optimization
problems of interest in this paper isthen given by

N
(OR1) min > h, E[T,], %))
n=1
N
st. > pa=1, P > 0. (3
n=1

This formulation is consistent with the objective function consid-
ered in [27]. An aternative optimization problem of interest is ob-
tained by replacing the objective function in (2) with
N
(OR2) min > h, E[T.] pa, Q)
n=1

which is consistent with the objective function considered in [5,
25]. In both scheduling optimization problems, the decision vari-
ables are the routing probabilities p,, n = 1,..., N. The next
two sections will determine the optimal routing probability vector
both from among all possible solutions and from among those so-
lutions whose variance satisfy certain constraints, under different

assumptions for the exogenous arrival process.

3. RENEWAL ARRIVALS

In this section we consider the case where A (t) isarenewal pro-
cess. Thus, under the independent probabilistic splitting of arrivals
in our model, the arrival process to each of the N queues is also
arenewal process with interarrival distribution as expressed in (1).
From this expression and Wald's equation [24], we have

E[Aa] = A0 = Ao,
2 —2
n 1_ n
var[A,] = ZAP +>\2( P )7
Pn
C,QAn = AQU,QAPH + 1—pn,

where C% | isthe squared coefficient of variation for theinterarrival
distribution at queue n. Each queue n is therefore a GI/GI/1 queue
with arrival and service processes having mean rates A\, and .,
and squared coefficients of variation C% = and C%,_, respectively.

3.1 FCFSqueueing discipline

Our goals are to: (7) establish the stochastic-process limit for
each GI/GI/1 FCFS queue n; (i7) analyze this diffusion process to
obtain an approximation for the corresponding equilibrium sojourn
time; and (444¢) use this diffusion approximation to cal cul ate the vec-
tor of optimal routing probabilities. Let w,, , represent the time
between the k — 1%¢ and k" customer arrivals at queue n, and let
un, i represent the service time of the k" customer arrival, k > 1.
DefineU,x = ur k4. ..+ Unk, Voo =vip+-..+onk k> 1,
NY(t) = max{€: U, < t,£>0}, NY(t) = max{l: V,, <

t,0>0},t>0.Let Cu(t) = 27 DV, , bethe cumulativein-
put process, and let X, (t) = Cr(t) — ¢ be the associated net-input
process, both for queue n, ¢ > 0. We can define the workload pro-
cessforqueuen by L, (t) = Xn(t) —inf{X(s) A0:0 < s < ¢}
and the corresponding queue length process by Q.. (t) = NY (t) —
NY (Cn(t) — Ln(t)), wherea A b = min{a, b}, t > 0.

Now let uy', and v, represent the interarrival time and the
service time of the k** customer in the m*" instance of queue n
in a sequence of instances of queue n, & > 1. The stochastic-
process limits are then obtained for scaled versions of the stochas-
tic processes associated with the m!” instance of queue n such
that the traffic intensities for the sequence of queue n instances
increase successively to the critical value of 1asm — oo. Ines-
tablishing these stochastic-process limits, we will be using the the-
ory of weak convergence of probability measures on the space D
of all right-continuous functions with finite left-limits on [0, co);
refer to Billingsley [3] and Whitt [33]. Assuming the sequence
{un'k, vnx } 1S stationary, we define a sequence of queues with
(A~ = E[upyy] and (u)~' = E[vj*;] which vary such that
P = (1—m~/?) = 1 asm — oo, where p"" isthetraffic inten-
sity for the m'" instance of queue n. Let L7 (¢) and Q7 (¢) bethe
scaled random elements of D associated with the above workload
and queue length processes defined as L7 (t) = m ™~ Y/2L7 (mt)
and Q™ (t) = m~Y/2Q™ (mt), t > 0, respectively. It then can be
shown that

L) = L, a m— oo, 5
where = denotes convergence in distribution, and L,, and Q,, are
reflected Brownian motion (RBM) processes.

The stochastic-process limit Q,, in (6) for the GI/GI/1 FCFS
gueuen can be shownto bean RBM on IR} withdrift A, — 1, < 0



and variance An(an + Cin). More specifically, suppose Q,, to
be an RBM defined in this manner and let Q. (¢) be the length of
queue n at time ¢ as defined above. Upon applying Theorem 6.16
in[6], we have
sup [Qn(t) = Qu(t)] = o(T""), aus. @
0<t<T
When A and S,, have finite moment generating functions at aneigh-
borhood of zero, this can be further improved to

sup [@Qn(t) — Qn(t)| = o(log(T)), a.s., (®
0<t<T

or equivalently
P|Qn(t) = Qu(t)||r > Cilog T+ 2] < Cae” ", (9)

where C;, i = 1, 2,3 are constants that are independent of 7" and
x,and || - ||z denotes the supremum norm for functions on [0, T7].

We know that the RBM with (negative) drift A, — u,, < 0 and
variance A, (C%, +C%, ) hasaninvariant measure, which isan ex-
ponential distribution with rate —2(A, — pn) A, ' (C3, +C3,) "
Using this diffusion approximation, the equilibrium number of cus-
tomers at queue n can be approximated by

M (CA, +CE )
2(pn —An)
and upon applying Little's Law we obtain the corresponding dif-

fusion approximation for the equilibrium sojourn time at queue n
as

EQ.] = pn + (10)

1 Ch, +CE,
1 Nodpn +1—pn+C8,

E[7.]

2
|

~ — + 11
Hn 2(pn — Apn) ()
Substituting thisinto (2) and (4) respectively yields (OR1-11D-FCFS):
N 2 2 2
. 1 /\aApn+1—pn+Cs]
min hn | — + I 12
,; Ltn 2(pn = Apn) 2

and (OR2-11D-FCFS):

N 2 2 2
. 1 )\UApn+1_pn+Cs:|
min hn | — + | pn; 13
n; {un 2(pn — Apn) 3
both subject to (3).
The solution for (OR1-11D-FCFS) can be obtained in closed form
by applying the L agrange method, which yields the optimal routing
probability for queue n asfollows

pn = &_425:1“"_)‘
" A A

\/hn(vag A2+ C2 )N — Nhpin
PO \/hn(A2a§, A2 4 C2 )N — Nl

We observe that the objective function in (OR2-11D-FCFS) is con-
vex in the decision variables, and thus its solution can be effi-
ciently computed using known methods in convex optimization;
see, eg., [2].

Remark: The above analysis holds for i.i.d. interarrival and ser-
vice times that follow general distributions with light-tails. While
thisincludes distributions with the so-called heavy-tailed property [1],
it does not directly include heavy-tailed distributions for the i.i.d.
interarrival and/or service times. However, our framework based
on stochastic-process limits supports an analysis of such queues.
Refer to [33, 17] for the technical details.

(14

3.2 PSqueueing discipline

Our goals in this section are the same as those of the previous
section. An identical sequence of arguments could be made to
show that the stochastic-process limit for the workload process of
the GI/GI/1 PS queue n is as expressed in (5). In fact, it can be
easily established that this result holds for the limiting workload
process of any GI/GI/1 queue under a work conserving queueing
discipline. The stochastic-process limit for the queue length pro-
cess Q,, a the GI/GI/1 PS queue n also can be shown to be an
RBM on IR, but the mean of the diffusion approximation for the
distribution of this stochastic-process limit generaly differs from
that of the GI/GI/1 FCFS queue of the previous section. For our
diffusion approximation under the PS queueing discipline, werely
on Grishechkin [12, 26]. The stochastic-processlimit Q,, in (6) for
the GI/GI/1 PS queue n can be shown to be an RBM on IR+ with
drift [(1+C3%,)/2](An — ptn) < 0 and variance A, (C%, + C3,).

We know that the RBM with (negative) drift [(1+C3 )/2](An —
pn) < 0 and variance A\, (C%, + C%, ) has an invariant measure,
which is an exponential distribution with rate —(1 + CZ_ )(An —
pn)An(C% + C3.)~". Using this diffusion approximation, the
equilibrium number of customers at queue n can be approximated
by

A(C3, +C3)
T+ CZ)(n — An)
and upon applying Little's Law we obtain the corresponding dif-

fusion approximation for the equilibrium sojourn time at queue n
as

EQ.] = pn + (15)

BT ~ & + Ci, +C3,
" o (L+CZ ) (pn — Apa)’
1 AQO'%pn +1—pn+ an

fn 0+ CZ )t — Apn)
Note that the result in (16) is identical to the corresponding FCFS

result in (11) when Cﬁn = 1. Substituting this result into (2) and
(4) respectively yields (OR1-11D-PS):

(16)

AQO’%pn +1—p, +C§~n:| )

N
1
i hn | — 1
min ) Lm T T —awn) an

and (OR2-11D-PS):

N 2 2 2
. 1 AUApn+1—pn+Cs}
min hn |— + LN 18
2 Ln (L +CZ, ) — Ap) a9

both subject to (3).
The solution for (OR1-11D-PS) can be obtained in closed form

by applying the L agrange method, which yields the optimal routing
probability for queue n as follows

N
n Dopei M — A
pp = HBo_ L= HnT A

A A
\/hn[un<Aai—1>+A<1+C§n)]
A(14+C2 )

— —. (19
27127:1 hn[#n(AUA*1)+A(1+CSn)]

A(1+c§n)

We observe that the objective function in (OR2-11D-PS) is con-
vex in the decision variables, and thus its solution can be effi-
ciently computed using known methods in convex optimization;
see, eg., [2].



3.3 Optimal routing with risk management

Both sets of solutions above minimize functions of the equilib-
rium sojourn times without any conditions beyond having the rout-
ing probabilities sum to 1. For reasons noted above, we also would
like to determine the optimal solution when side constraints on the
variance of customer waiting times are added. Specificaly, we
would like to find the optimal solution subject to some bound on
the customer waiting time variance.

Thefirst step isto derive an expression for the waiting time vari-
ance. In order to have our results apply to both sets of solutions
above (and the set of solutions provided below), we consider for
each queue n ageneric RBM R,, having drift {,, < 0 and variance
wn. We know that the marginal distribution of the steady-state dis-
tribution of this limiting stochastic process is an exponential dis-
tribution with rate —2¢, /w,. However, it is extremely difficult
to determine the correlation between different variables, which is
required for an exact calculation of the variance of the customer
waiting times. We therefore use an upper bound on the variance as

follows:
on] - effn] - (fErn)
N ZpiE R.]? - (E [Z ann} )
pnwn

N 2
. B PnWn
= 2N Z —2(,)2 <n1 —QCn)
Hence, the added condition based on the variation asarisk factor
can be surrogated by the following side constraint

N 2
DnWn
— < a.
QNZ <n_1 —2Cn> <a
The optimization problems (OR1-11D-FCFS), (OR2-11D-FCFS), (OR1-
11D-PS) and (OR2-11D-PS) are then solved as described above but
with the additional constraint given in (20).

4. REGIME-SWITCHING MODEL

It has been frequently noted that many of the systems modeled
by queueing networks exhibit various correlations and fluctuations
in the arrival and service processes. One effective way to capture
these correlations and fluctuations is to assume a regime-switching
model for the processes. For the type of systems motivating our
study, such correlations structures are especialy important in the
arrival process and thus thisis our focus herein, although our anal-
ysis can be extended beyond this case. More concretely, we assume
that there is an independent continuous Markov chain §(t) taking
onvaues0,1,--- , K with atime homogeneous transition proba
bility, such that at each Markov state, the arrival rateis A;. In most
systems, a Markov chain of two state is sufficient to represent the
“peak” and “off-peak” behavior. Hence, to elucidate the exposition,
we shall assume in the sequel that the §(¢) is a continuous Markov
chain on 2 states, i.e., 0 and 1. The analysis can be carried out with
no difficulty for ageneral finite-state Markov chain.

We start with some strong approximation results for this Markov
modulated queueing system. As in the previous section, we fo-
cus on one of the single-server queues, but instead drop the queue
index n to reduce tedious notational issues. Consider a generic
single-server queue with intervarrival process A, whose mean is
1/Xs and coeffient of variation is C2 5, and service time distribu-
tion S, whose mean is 15 and coefficient of variationis CZ 5. The

Var

IN

pnwn

(20)

subscript ¢ indicates the state of the Markov chain §(¢). Strong
approximation results can be established for the queueing process.
We then derive an expression for the steady state distribution of
the approximation process, which isa Markov modulated diffusion
process. Inthe end, we can apply the analysis to obtain the optimal
routing probability for our distributed parallel system.

4.1 Strong approximation
Suppose that 4(¢) has the following generator matrix @ =

with
—Y0 70

Q= ( M oM > ’
We will show that the queue length of this §-modulated queueing
system can be approximated by a §-modulated diffusion process. It
should be noted that prior to our work, Choudhury, et al. [7] studied
asimilar system. However, their diffusion approximation result is
more restrictive in that it was obtained by forcing the Markov state
to change at the same rate. Our work is more along the lines of
Massey and Mandelbaum [19], in which the queueing process is
approximated on a pointwise basis, and the modulating process will
be the same for the approximating process.

As we showed in the previous section, the queue length process
inageneric GI/GI/1 queue can be approximated by a diffusion
process through the strong approximation. For the Markov mod-
ulated queueing system, between two consecutive time epochs in
which 6(t) changes its state, the queue process behaves like an
GI/GI/1 queue, and thus it can be approximated in a pointwise
manner by a diffusion process. More specifically, when 6(¢) = 0,
the queue length process Q°(¢) can be strongly approximated by
the following reflected Brownian motion,

X°(t) = coW°(t) + Bot + sup [—ooW’(t) — Bot]™,

0<s<t

(@i5)

where ﬁ() = 5\() — /,10 and o9 = 5\0(0;0 4 C?,O)' Moreover,
there exist constants C7, C3 and C such that
PIIQ° — X7 > C¥log T + 2] < Ce™ @37

Similarly, the limiting process for Q*(t), i.e., the queue length pro-
cesswhen §(t) = 1, isgiven by

X'(t) = oW (t) + Bit + sup [~ W' (t) —

0<s<t

ﬁlt]+7

where 81 = Ay — ju and o1 = /A1 (C2, + C2,), with

PIIQ" = X'||lz > CilogT + 2] < Ce™
Upon combining them, we have the following result.

THEOREM 4.1. Let Q°(¢) be the queue length process of a Markov-
modulated queueing process, and Z°(t) bethe following Markov
modulated diffusion process,

Z°(t) = asW°(t) + Bst + sup [—asW°(t) —

0<s<t

65t]+7

then Z° (t) is a strong approximation of Q° (¢).
PROOF. Seetheappendix. [

4.2 Analysis of Markov modulated Brownian
motion

Now we can turn our focus to the probabilistic analysis of the
reflected & (¢)-modulated diffusion process. To proceed withing the



desired optimization framework, several key quantities regarding
the reflected Markov modulated Brownian motions need to be in

place.
First, recall that the stationary average queue length is approxi-
mated by
1 [ s
= [ E[Z°(s))ds,
t 0
where
E[Z°(s)] = E[osW°(t) + Bst] + E[ sup [—osW°(t) — Bst]*].
0<s<t
(21)

The first term in Equation (21) can be found via the following
lemma. To simplify the presentation, we shall henceforth assume
that o5 = 1, noting that this assumption can of course be removed
easily when applying our analysis to any real system.

LEMMA 4.2. Let ms(t) be the mean of the diffusion process
W?(t)+Gst at timet withinitial condition that §(0) = 6 € {0,1}.
We then have

_ 7Bo+061, | y0(Bo —B) —(rot+m)t
mo(t) = Yo + B ! (Yo +71)? e )

_ yBot0Bi, | 1Bo—B1) 1 —(rotvt
mi(t) = Yo +m e (o +m)? e )

PROOF. Seethe appendix. [

The second term in Equation (21) can be derived via direct cal-
culations on distributions of the running maximum of a Markov-
modulated diffusion process. Letting M°(t) be the running maxi-
mum process with §(0) = ¢ € {0, 1}, and upon conditioning on
the time of thefirst jump 75 of the Markov chain, we then have the
following recursion for the distribution of 1% (t).

LEMMA 4.3.

PIMO(t) > ] =

P[Mo(t) > z]P[1o > ]

+ /OP[MO(S)Zx]FTO(ds)

[ pure-szo-u s

P[Mo(s) < z|Xo(s) € dy] x
FXo(dy)FTo(dS)

Jr

(22
and
P[M (t) > ]

P[M1(t) >

+ [P0 > e

+ /Ot/_;P[MO(t—s)Zx—y]x

P[M1(s) < z|X1(s) € dy] x
Fx, (dy)Fr, (ds), (23

where M;(t) denotes the running maximum of a Brownian mo-
tion X5 with drift 85 and variance o5, Fr; (ds) denotesthe density
function of the duration of the Markov chain §(t) at stated = 0, 1,
and Fx, (dy) denotes the density function of the value of the diffu-
sion process X (6)(t).

z)P[r1 > t]

Furthermore, upon taking the Laplace transform on both sides of
the equation in the above lemma and expressing

/ PO

> z)e tdt = G°(z,0), 6 >0,

we obtain

THEOREM 4.4.

G~0

él

where

Ly
L3

K3

D,

D3

Ch

Cs

Fl(l’,g) ==
FQ(&’,@) ==
Fl(l’,g) ==

FQ(J?, 9) =

4 oo
(z,0) = Hy(z,0) + Z/ CiG (y,0)e"Vdy
0

7ydy

(z,0) = Hy(z,0) + Z /OOO DG (y,0)e"

Hl(l‘,g) :F1($,9)+F2(1‘,9

S (U
+A1(A1—MO)/()
. [T&
AQ(A2_50)/0 F(z,0)dz
. [TR
Az(Az—ﬁo)/O Fi(z,0)dz

Y0 * A
+A1(A1 —50)/0 F>(z,0)dz,
:Fl(x79)+F2(x79)

_m (7
T4 @A ) /0 File, 0z
[T

Wy /o Fs(z,0)dz
[T

oA — 5 /o Fi(z,0)dz

ge! ~
4 Fy(2,0)dz,
A1 (A1 = ph) /0 (2,0)dz

)
Fi(z,0)dz

HQ(JJ,@)

/ P(ro > )P(Mo(t) > z)e *'dt,

/ / P(Moy(t) > z)yoe 7°° _etdt

/ P(n > )P(My(t) > z)e *'dt,

/ / P(Mi(t) > z)y1e” "° e %at

— A, Ly =51 —
— Ao, Ly =
+fo— A1, K2 =

— Ay, Ky =

—(
—( —(Bo + A2) + (1
—( Bo — A1
— (B
Y170
A1A1 (A1 = Bo)’
Yov1

__ om0
A1Az(Az — 50)’

oY1

— (Bo + Az),
— A
— (B + A2),
—(B1 + Az) + B0 — Ag;

(24

(29)

— _ _ ,Dy =

A2A1(242 + A1 — (o) A2 A2(24A2 + Ao
Y170 _ Y071
A1A1 (AL - Br)’ A1Az(Az — Br)’
YoY1

~Bo)’

Cy =

o1 _ _
51) ’ A2A2(2A2 + Ao

AR AL (245 + Ay —
\/20 + 270 + B2, A2 = /20 + 270 + 263,

/20 + 2v1 4 B2, As = 1/20 4 271 + 263

—51);



PROOF. Seethe appendix. [

Observe that Equations (24) and (25) are standard integral equa-
tions of the second type, whose solutions take the following form
(eg., see[20])

G°(z,0) =

o 4
+[TYcH@oe @
0 =1

Thus, we obtain the Laplace transform of the distribution of the
running maximum process with respect to time ¢. Various ago-
rithms can be employed to obtain the inverse of the transform. Our
interest is to compute the steady state distribution of the reflected
diffusion process, for which we observe

f 51750770771) (27)
lim —/ mo(s) — M°(s)ds

t—oo

Jim / mals
; mo(s) [/000 e"P[M°(s) > z]dx]ds

The Laplace transform with respect to ¢ for the function

/Ot /000 e PIM°(s) > z|dx

is %é(ﬂ, 0). Hence, following Karamata's Tauberian theorem and
Equation (27), we conclude that

f(ﬁmﬁh%)/ﬂ)

= mo(0) — lir%éir%
7—06—0 J,

oo 4
+ [T cnoe"
0 =1

where 1 () denotes the Laplace transform of my (¢) with respect
totimet.

Finally, given the parameters for the particular Markov modu-
lated queueing system of interest, the optimal routing probabilities
can be obtained by solving the following optimization problem

/ P[M°(s) > x]dz]ds

= lim hm
t—oo n—0

- " [H(z,0)

Y dyldx (28)

N
min Z hnf(pnAo - llzn,pn)\l

n=1

_/’Ln7’yo7’yl)’ (29)

N
s.t. an = 17 Pn > 0

where Ao = moA and A1 = m A denote the arrival rate when 46(¢)
takes on the value of 0 and 1, respectively, 7 isthe invariant prob-
ability vector of @, and the function f isgivenin (28).

5. NUMERICAL EXPERIMENTS

We conducted many experiments to further investigate the opti-
mal routing problem and our solution. In this section we present
two sets of such results. The first set of experiments exploit our
closed-form results in previous sections. We compare the different
output of systems under FCFS or PS discipline, and also observe
the impact of the variance of the arrival and service process upon
the optimal routing probability. The second set of experiments are
based on a comparison between the system performance obtained

by simulating the access|ogs of acommercial Web site with aload-
balancing router and the corresponding performance obtained by
simulating the same access logs under our optimal routing solution.

5.1 Comparison of Different Disciplines and
the Impact of Variance

Consider a system that consists of an arrival stream with unit
arrival rate, two servers with mean service time 0.4 and 0.5. The
holding costs, or weights, for the two queuesare hy = 2 and hy =
3. In the first experiment, we set the coefficient of variation (CV)
for the two service time distributions to be 2 and 1.5, respectively,
and then we vary the CV for the interarrival distribution from 0.6
to 1.5. In the second experiment, we fix the CV for the interarrival
distribution and that of the service time at the first server, and then
we vary the CV of the service time at the second server from 0.6
to 1.5. The optimal routing probabilities for the queues with FCFS
and PSdisciplines are calculated for both experiments. In Figure 2,
the optimal routing probability is plotted. We can observe that the
differences between thetwo disciplinesare quitevisible. The FCFS
gueues are more sensitive to changes in variance. Moreover, such
changes in variance can yield trends in opposite directions for the
FCFS and PS queues.

Comparison of FCFS and PS Queues, Impact of Variance
0.465 T T T T T T T T

FCFS(1) —+—

0.46 |

0.455

Optimal Routing Probability

0.445 e
*

%ﬁ ]

0.44 I I I I I I I I
0.6 0.7 0.8 0.9 1 11 12 13 14 15

Coefficient of Variation

Figure2: Impact of Variance on Optimal Solution under FCFS
and PS Disciplines

5.2 Comparison with Web Site Data

Whilethe main contribution of this paper isthe foregoing collec-
tion of mathematical results, in this section we briefly consider the
potential benefits of our optimal solution based on data from areal
Web site. Specifically, we use the access |og datafrom alarge-scale
international commercial Web site that consists of 3 complexes of
servers at different locations, among which the overall offered traf-
fic is geographically partitioned. That is, traffic originating from
any given geographical area is directly routed to an assigned (pri-
mary) server-complex location (unless major portions of a server-
complex location are taken off-line for some reason, in which case
the other 2 locations will take over and serve this traffic). Each
server-complex location consists of 4 server nodes to which in-
coming requests are routed by a front-end, high-speed router. This
router attempts to balance the per-location load across the set of
server nodes within a server-complex location, where each server
node directly serves the client requests routed to it and operates
independently of the other nodes.



Every server node comprising the Web site maintains its own
access log of all client requests that are served by the node. Severa
months worth of data from 2003 was available to us. During this
time period, the Web site as awhol e served more than 200 requests
per second on average, with a maximum of more than 700 requests
per second during peak traffic intervals. Two stationary intervals
of the access logs were used in our study, one being representative
of stationary peak-traffic intervals and one being representative of
stationary off-peak traffic intervals. Both intervals consist of afew
hours worth of traffic at the Web site. For our purposes here, we
are most interested in the arrival time and service time of the client
requests served by each of the server nodes at all 3 locations. The
access log contains the arrival time of each client request and the
number of bytes comprising the request. We use a simple function
of the byte size of each request (which has been validated against
system measurements) to obtain the corresponding service time,
although it isimportant to point out that changing the service time
distribution did not change the trends of our results. By simulating
each of these server nodes as a G/G/1 queue under the PS queueing
discipline that is fed as input the sequence of arrival and service
times from the corresponding access logs, we obtain an estimate of
the performance exhibited at the Web site under the existing per-
location routers. For comparison with our approach, we first used
the access log data to compute the parameters of our results for the
corresponding PS queue in Sections 3 and 4, and then we used our
optimal solution for (OR2) with hy = ... = hy = 1 (and no side
constraints) to obtain the optimal vector of routing probabilities.
These probabilities were directly used as the weights of a weighted
round-robin policy that was applied to the aggregate access log for
each location in order to obtain the per-node traces for each of the
4 corresponding server nodes. We then used the same approach to
simulate each server node as a G/G/1 PS queue, but instead with
these per-node traces as input, in order to obtain an estimate of the
performance under our optimal routing solution.

Table 1 provides the corresponding equilibrium sojourn time re-
sults for both peak and off-peak traffic intervals. In particular, we
illustrate the performance of the 12 server nodes under our opti-
mal routing solution relative to the performance under the routing
policy employed at the existing Web site. Negative values imply
that our optimal policy provides lower equilibrium sojourn times
than those obtained under the existing-system routing policy and
quantify such performance improvements, whereas positive values
indicate improvements in the equilibrium sojourn time under the
existing per-location load-balancing routers.

Off-Peak Traffic | Peak Traffic
Node 1 -0.2219 0.0913
Node 2 -0.2972 0.7288
Node 3 -0.0535 -0.4046
Node 4 0.0177 -0.6385
Node 5 -0.2989 -0.9643
Node 6 -0.6589 -0.9460
Node 7 -0.8401 -0.9441
Node 8 -0.6710 -0.9673
Node 9 -0.0762 -0.2328
Node 10 -0.3178 -0.1804
Node 11 -0.0698 0.1984
Node 12 0.0119 -0.6373

Table 1: Relative per-node equilibrium sojourn time measures
under optimal and existing-system routing policies.

The results for each server node in Table 1 show that, for the
off-peak traffic intervals, the optimal routing solution always pro-

vides better equilibrium sojourn times than the per-location load-
balancing router employed in the existing system. The only excep-
tions to this are node 4 and node 12, but the difference in each case
is less than 2%. For the peak traffic intervals, we find even more
significant improvements in performance under the optimal rout-
ing policy. The only exceptionsto thisare nodes 1, 2 and 11, but in
these casesthere are relatively larger performance improvements at
other server nodes in the same location. We also observe that the
optimal routing policy tends to provide fairly consistent equilib-
rium sojourn times at each of the server nodes of a given location,
but this is not always the case under the existing system policy as
illustrated in Table 1. Most importantly, the overall equilibrium so-
journ time across all 3 locations (i.e., the objective function used
in this set of experiments) is always better under our optimal rout-
ing solution than under the per-location |oad-balancing router em-
ployed in the existing system.

6. CONCLUSIONS

In this paper we studied the theoretical problem of optimally
routing customers among multiple distributed heterogeneous single-
server parallel queues to minimize an objective function based on
equilibrium sojourn times. Our study makes the following contri-
butions:

o We derived explicit solutions to the optimal routing problem
under GI/GI/1 FCFS queues and different objective func-
tions, extending and improving the resultsin [27];

We derived explicit solutions to the optimal routing problem
under GI/GI/1 PS queues and different objective functions;

e We derived a strong approximation for a reflected diffusion
process, including a probabilistic characterization of the run-
ning maximum of the regime-switching diffusion process;

e We derived explicit solutions to the optimal routing problem
under G/GI/1 queues with correlated arrivals and different
objective functions, where the correlated arrivals are charac-
terized by the general class of regime-switching processes;

We derived upper bounds for the variance of waiting times
that are used as side constraints for each of the stochastic
routing optimization problems.
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APPENDIX
A. APPENDIX

A.1 Proof Theorem 4.1

We define the random variable N (¢) to be the number of jumps
that occur between time 0 and ¢. It then is clear that for each «,
there exists an M > 0 such that P[N(T) > M] < Che™ 937,
Thus,

P[ sup |Q5(t) - Z‘;(t)| > CilogT + z]
T

0<t<
M

< > Plsup |Q°(t) = Z°(t) > Cilog T + x, N(T) = k]
=y O<t<T
+P[N(T) > M]
M
0 ~0 CilogT + x _
< 2 {riaw, 100 - 201> BT N =
=Pl sup [Q'(0) - 2'(0) > CHETEE ey < g}
0<t<T
+P[N(T) > M]

M
< ) 2Che” BTPIN(T) = k] + P[N(T) > M] < 3Cpe” "
k=0
The Theorem is now immediate by the equivalence property of
strong approximations.

A.2 Proof of Lemma4.2

Starting from time 0, suppose we are in state 0. Then between
time 0 and At, we either see at least one jJump from state 0 to 1,
with probability 1 — e~704*, or we stay in state 0, with probabil-
ity e~704% and the process starts again afresh, as a result of the



memoryless property of the exponentia function. Since fot dt =
[2%dt + [1, dt, wehave

t
E/(; /85(8)d8{1(jumps) + 1(nojump5)}
P{nojump}AtBo + mo(t — A)

3
o
—

o+
~

+  P{jumps}(1 — e 02 )mg(t + At n)
+ o((An?) gl <1
= (1 — Atyo)BoAt + mo(t) — Atmg(t)
+  yoAtmi(t) + O((At)?).
A Taylor's series expansion yields
mo(t) +vomo(t) —yoma(t) = fo,
mi(t) +yma(t) —yimo(t) = i,
and after some simple calculations, we obtain
mg (t) + (Yo +71)mo(t) = 7180 + 001,
mo(0) = 0,my(0) = Bo,
mi(t) + (yo +y1)mi(t) = 7161+ 7000,
m1(0) = 0,m}(0) e

Solving this second-order equation with different initial conditions
then yields (2.25), (2.26). O

A.3 Derivation of Theorem 4.4
First note that

LEMMA Al Let X(t)
thenfor x > y

= Bt+ B(t), M(t) = sup,<, X(s),

P(M(s) <z, X(s) €dy)

1 —(Bs —y)*
= ex
21s (exp 2s

B%s  (2z—y)®
2 2s

—exp(By —

Upon taking the Laplace transform on both sides of Equation (22),
we see that the left-hand side becomes

/ PO

> z)e tdt = G°(x,0), 6> 0.

Meanwhile, the last term on the right-hand side is given by

/ / / P(M'(t—s) >z~ y)e‘9(i—8)e—es

(exp —(Bos — )

21s 2s
Yoe  7°*dydsdt

= / / / P(M'(t — s) —y)e 79

—(Bos —y)*

2rs 2s

ey = 5 = g

—0s — v08)

— /OOO ’ P(M'(t) >z —y)e

0 (Bo—A)y _ 0 ﬁoy Az (2z—y) dtd
A, ¢ A, ° )dty,

which is obtained with the help of

/ eXp(—a82+__Qb)dS = /4l exp(—Q\/%), Rea > 0,Reb > 0.
0 S a

Now, with a change of variable x — y = z, then the Laplace
transform of Equation (22) becomes

x(

@O(x,ﬁ) _ /0OQ 70@1 (z’g)(eXP((ﬁO —ﬁl)(x —2))
_eXP((ﬁO — Az)x — (Bo + A2)z)
e )dz
+Fi(z,0) + Fa(z,0). (30)
Similarly,
I A
_exp((B1 — A2)§ — (B + A2)y) Yy +
Fi(2,0) + Fx(z,0). (32)
Upon combining Equations (30) and (31), we have
G%(z,0)
= 0 [ ([T ey A=)
_exp((BL — A2)z — (1 + A2)y) )y

Az
+F1 (Z, 9) + FQ(Z, 9))

Bis  (2z—y

exp((fo — A2)z — (Bo + A2)2)

exp((fo — A1)(z — 2))
x { A - A

—‘rFl(l’,@) + FQ(Z‘,@).

Notice that z — y = z, and thus one can continue the calculation
without much trouble from which Theorem 4.4 follows.



