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SUMMARY

Today’s era of cloud computing and big data is powered by massive data centers. The
focus of my dissertation is on resource allocation problems that arise in the operation of
these large-scale data centers. Analyzing these systems exactly is usually intractable, and
a usual approach is to study them in various asymptotic regimes with heavy traffic being a
popular one. We use the drift method, which is a two-step procedure to obtain bounds that
are asymptotically tight. In the first step, one shows state-space collapse, which, intuitively,
means that one detects the bottleneck(s) of the system. In the second step, one sets to zero
the drift of a carefully chosen test function. Then, using state-space collapse, one can obtain
the desired bounds.

This dissertation focuses on exploiting the properties of the drift method and providing
conditions under which one can completely determine the asymptotic distribution of the
queue lengths. In chapter 1 we present the motivation, research background, and main
contributions.

In chapter 2 we revisit some well-known definitions and results that will be repeatedly
used in the following chapters.

In chapter 3, chapter 4 and chapter 5 we focus on load-balancing systems, also known as
supermarket checkout systems. In the load-balancing system, there are a certain number of
servers, and jobs arrive in a single stream. Once they come, they join the queue associated
with one of the servers, and they wait in line until the corresponding server processes them.

In chapter 3 we introduce the moment generating function (MGF) method. The MGF,
also known as two-sided Laplace form, is an invertible transformation of the random vari-
able’s distribution and, hence, it provides the same information as the cumulative distribu-
tion function or the density (when it exists). The MGF method is a two-step procedure to
compute the MGF of the delay in stochastic processing networks (SPNs) that satisfy the

complete resource pooling (CRP) condition. Intuitively, CRP means that the SPN has a

X1v



single bottleneck in heavy traffic.

A popular routing algorithm is power-of-d choices, under which one selects d servers
at random and routes the new arrivals to the shortest queue among those d. The power-of-d
choices algorithm has been widely studied in load-balancing systems with homogeneous
servers. However, it is not well understood when the servers are different. In chapter 4 we
study this routing policy under heterogeneous servers. Specifically, we provide necessary
and sufficient conditions on the service rates so that the load-balancing system achieves
throughput and heavy-traffic optimality. We use the MGF method to show heavy-traffic
optimality.

In chapter 5 we study the load-balancing system in the many-server heavy-traffic regime,
which means that we analyze the limit as the number of servers and the load increase to-
gether. Specifically, we are interested in studying how fast the number of servers can grow
with respect to the load if we want to observe the same probabilistic behavior of the delay
as a system with a fixed number of servers in heavy traffic. We show two approaches to
obtain the results: the MGF method and Stein’s method.

In chapter 6 we apply the MGF method to a generalized switch, which is one of the
most general single-hop SPNs with control on the service process. Many systems, such
as ad hoc wireless networks, input-queued switches, and parallel-server systems, can be
modeled as special cases of the generalized switch.

Most of the literature in SPNs (including the previous chapters of this thesis) focuses on
systems that satisfy the CRP condition in heavy traffic, i.e., systems that behave as single-
server queues in the limit. In chapter 7 we study systems that do not satisfy this condition
and, hence, may have multiple bottlenecks. We specify conditions under which the drift
method is sufficient to obtain the distribution function of the delay, and when it can only be
used to obtain information about its mean value. Our results are valid for both, the CRP and
non-CRP cases and they are immediately applicable to a variety of systems. Additionally,

we provide a mathematical proof that shows a limitation of the drift method.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

1.1 Introduction

A stochastic processing network (SPN) is a system that receives job requests and has
servers that complete them. Typically, the interarrival and processing times are random
variables (thus the name stochastic). An important example is the use of the internet. Ev-
ery time we use a smartphone app, purchase something online, or do a web search, we
request service from a data center. Given the ubiquitous use of the internet, data centers
must process a massive amount of data every second to fulfill every user’s requirement, and
minimizing response time becomes essential. Studies show that if an Amazon’s website is
five milliseconds slower than its competition, it can lose up to $4 billion per millisecond
in revenues [1]. Hence, a crucial problem in the operation of data center networks is to
minimize the delay. In this thesis, the main focus is on understanding delay from a queue
length perspective. Specifically, we analyze the behavior of the queue lengths in several
SPNs.

Exact analysis of queueing systems that arise in the study of SPNs is usually intractable,
so it is common to analyze them in various asymptotic regimes to get insights on their
behavior. A very popular regime in the literature is the heavy-traffic regime, where the
system is loaded very close to its maximum capacity. This regime is sometimes called the
classical or conventional heavy-traffic regime. One of the advantages of the heavy-traffic
limit is that many queueing systems behave as if they live in a much lower dimensional
subspace of the state space in the limit. This phenomenon is known as state space collapse
(SSCO). If the heavy-traffic limit is taken such that SSC occurs into a line, then the system is

said to satisfy the Complete Resource Pooling (CRP) condition and, intuitively, it behaves



as a single server queue in the limit [2, 3, 4].

Most of the literature on heavy-traffic analysis is on systems that satisfy the CRP con-
dition. A popular framework is the diffusion limits approach [2, 3, 5, 6, 7, 8, 9]. In this
approach, the scaled queue lengths are shown to converge to a reflected brownian motion
(RBM) process, and then the steady-state behavior of this RBM is studied using SSC. The
last step is to show interchange of limits, which is usually challenging. Under the CRP
condition, one obtains an RBM on a line, which is well understood. However, a major
challenge is in using this program for SPNs where the CRP condition is not satisfied (i.e.,
when there are multiple resources that are simultaneously in heavy traffic). In such case,
one needs to solve for the steady-state distribution of a RBM in a multidimensional subset
of R", and this is not known in general, as shown by [10].

More recently, three ‘direct methods’ have been proposed to perform heavy-traffic anal-
ysis [11]. In these approaches, there is no need to show interchange of limits, as one directly
works with the queue length process instead of working with an RBM. The methods are: (i)
The BAR approach, (ii) the drift method, and (iii) Stein’s method. We present an overview
of these methods and of the diffusion limits approach in section 1.3.

As opposed to the classical heavy-traffic regime, where the number of servers is fixed,
in the many-server heavy-traffic regime both, the load and the number of servers increase
together. A popular SPN in the many-server heavy-traffic literature is the load balancing
system, also known as supermarket checkout system. In the load balancing system there are
servers with infinite buffers, and the jobs arrive in a single stream. Upon arrival, they must
be routed to one of the servers. There are many routing algorithms, but in this thesis we
work with join the shortest queue (JSQ) and power-of-d choices (also known as JSQ(d)).
Under JSQ, the new arrivals are routed to the queue with the least number of jobs in line,
and under power-of-d choices, they are routed to the shortest queue among d servers that
are sampled uniformly at random. A formal definition of the load balancing system and

these routing algorithms is presented in chapter 3.



Depending on how fast the load increases with respect to the number of servers, the
queue lengths in a load balancing system exhibit different behaviors. In section 5.2 we
discuss some well-known results in this area.

In this thesis, we focus on heavy-traffic analysis of single-hop SPNs with control in the
arrival or the service process (not both). In particular, we study load balancing systems as
described above (control in the arrival process), and generalized switches (control in the
service process). The generalized switch is a model that was first introduced in [8], and
subsumes several SPNs that are of practical interest, such as ad hoc wireless networks,
wireless networks in presence of fading, input-queued switches, and parallel-server sys-
tems. A formal definition of the generalized switch and these specific systems is presented
in chapter 6 and chapter 7.

For systems that satisfy the CRP condition, we propose a transform method based on
drift arguments that yields the heavy-traffic distribution of the queue lengths in two steps.
Additionally, we study the essential question of throughput optimality in load balancing
systems with heterogeneous servers. We show these results in chapter 3, chapter 4 and
chapter 6.

Additionally, we study the load balancing system in the many-server heavy-traffic regime.
Our goal is to determine how fast the load has to increase with respect to the number of
servers to obtain the heavy-traffic behavior of the average queue length. In chapter 5 we
show that the answer depends on the routing policy. Additionally, we provide two proofs of
the result: one using the transform method mentioned above, and one using Stein’s method.

According to [10, 12], one of the simplest queueing systems where the CRP condition
is not satisfied is an input-queued switch, and [13] identifies it as a focus of study in the
SPN literature since it serves as a guiding example to study more general systems that
do not satisfy CRP. Recently, the drift method was used to characterize the heavy-traffic
scaled sum of queue lengths in input-queued switches [14, 15], solving a question that

remained open for over a decade. In chapter 7 we generalize this result to the generalized



switch, and we show the power and flexibility of the result in several cases of SPNs that do
not satisfy the CRP condition. Further, some of the corollaries of the main theorem solve
open questions. We additionally show a limitation of the drift method with polynomial test
functions. Specifically, we show that we can only obtain certain linear combinations of the
queue lengths.

In the next section we describe the main contributions of this thesis, and in section 1.3
we provide an overview of the methods for heavy-traffic analysis that we briefly introduced
above. We finalize this chapter establishing the notation that we use in the remainder of

this document, including the notation for a general queueing system.

1.2 Main contributions

In this section we present an overview of the main contributions of this thesis.

1.2.1 Transform method

In chapter 3 we develop the transform method in systems that satisfy the CRP condition, by
generalizing the drift method to directly study the stationary distribution (as opposed to the
moments) in heavy traffic. The MGF method is similar to the drift method in the sense that
we use the same notion of SSC, and that we set to zero the drift of a carefully chosen test
function in steady state. However, in the drift method one needs to perform an inductive
argument to compute the stationary distribution, whereas the MGF method immediately
yields the stationary distribution.

To introduce the method and highlight the main steps, we present a sketch of the MGF
method in section 2.5 in the case of a single server queue operating in discrete time. Then,
in chapter 3 we formalize the framework and we apply it to a load balancing system oper-
ating under join the shortest queue [16, 17] and power-of-2 choices [18, 19, 20].

In chapter 6 we study generalized switches [8] under the CRP condition, operating un-

der MaxWeight scheduling algorithm [21]. We also show that an ad hoc wireless networks



and an input-queued switch operating under MaxWeight scheduling algorithm satisfy our
assumptions. All these systems are assumed to satisfy the CRP condition, and they are
operated under algorithms that ensure that SSC occurs into a one-dimensional subspace.

We show that the stationary distribution of this one-dimensional component is exponential.

1.2.2  Power-of-d choices with heterogeneous servers

In the literature, most of the work on the power-of-d choices algorithm assumes homoge-
neous servers. In chapter 4 we provide necessary and sufficient conditions on the vector
of service rates that ensure that power-of-d choices is throughput optimal for the load bal-
ancing system. Specifically, we show that power-of-d choices is throughput optimal if and
only if the vector of service rates normalized by the total service rate is majorized by a
vector v where the i" element represents the probability of routing the new arrivals to
the i™ longest queue. This notion of majorization determines a polytope M%) where the
service-rate vector should lie.

Additionally, we show that the load balancing system operating under power-of-d choices
satisfies the CRP condition if the service-rate vector lies in the interior of the polytope
M@ Hence, under this condition, power-of-d choices is heavy-traffic optimal and we
show that the vector of queue lengths converges in distribution to a vector of exponential
random variables. We use the transform method introduced in chapter 3 to prove the last
result.

The third contribution of this chapter is a set of sufficient conditions to ensure through-
put optimality of any routing policy that samples a subset of servers at random, and routes

to the shortest queue from the set.

1.2.3 Load balancing system in the many-server heavy-traffic regime

In chapter 5 we focus on the many-server heavy-traffic regime of the load balancing system.

In this regime, the load and the number of servers increase together, as opposed to the



classical heavy-traffic regime, where the number of servers is fixed. The goal of this chapter
is to characterize how fast can the load grow with respect to the number of servers to
observe the classical heavy-traffic behavior, i.e., to obtain convergence in distribution of
the average queue length to an exponential random variable.

We obtain conditions on the parameters of the system for JSQ and power-of-d choices
routing. We provide two proofs of our result: one using transform method and one us-
ing Stein’s method, where we additionally obtain the rate of convergence in Wasserstein’s
distance.

These proofs are empowered by multiplicative SSC, where we obtain error bounds that
increase with the number of servers, but become negligible with respect to the average
queue length. A key component of our proof that is novel relative to prior literature, is the
use of Stein’s method in the presence of a multiplicative SSC.

To prove our result using the transform method, we generalize the framework from the
classical heavy-traffic regime to the many-server heavy-traffic regime. Additionally, we
work with both, a discrete-time and a continuous-time system. Hence, we also generalize
the transform method to be used in SPNs modeled in continuous time.

To finalize the chapter, we show the rate of convergence in mean of the average queue
length. In the previous results, we show convergence in distribution. However, convergence
in distribution does not necessarily imply convergence in expected value. We pursue this

additional step and we use the drift method in our proof.

1.2.4  Generalized switch with no complete resource pooling

In chapter 7 we study one of the most general single-hop SPNs with control in the service
process: the generalized switch. We study the heavy-traffic limit of the expected queue
lengths without assuming that the CRP condition is satisfied. Indeed, our results are valid
in the case of one-dimensional or multi-dimensional SSC.

The main contribution of chapter 7 is the characterization of the heavy-traffic scaled



mean of certain linear combinations of the queue lengths in a generalized switch. Since
the generalized switch model subsumes several SPNs, we additionally show how to apply
the main theorem to specific systems such as the input-queued switch, ad hoc wireless
networks, parallel-server systems, and the so-called N -system. Additionally, we show
that if SSC occurs into a full-dimensional subspace, the correlation between the arrival
processes does not affect the mean of the linear combination of the queue lengths. These
results are contributions on themselves, even though their proof is a simple application of
the main theorem.

In the last part of chapter 7 we present an alternate view of the drift method. Tradition-
ally, the choice of the test function plays a key role in the drift method, and it is known that
using polynomial test functions yields heavy-traffic results for the moments of the queue
lengths. We propose that, instead of searching for the right polynomial test function, we
can use all the possible monomials of a certain degree as test functions, and build a linear
system of equations by setting their drift to zero. We show that, when the CRP condition
is not satisfied, this system of equations is under-determined and, hence, one cannot solve
for the individual mean queue lengths. However, if one takes the right linear combination
of the equations, some of the variables cancel out and we obtain an explicit expression.

This system of equations explains the success of the drift method. While it is known
that it is notoriously hard to solve the stationary distribution of a multidimensional RBM,
it has been a little surprising that simple drift-based arguments give the mean of sum of the
queue lengths in several systems, such as the ones studied in [14, 15, 22]. The system of
equations shows that due to the difficulty of the underlying problem, it is not possible to get
all the mean queue lengths individually. However, because of the structure of the system of
equations, it is possible to obtain certain linear combinations. In the case of input-queued
switch and the bandwidth sharing system, the sum of the queue lengths was one of the
linear combinations that is easy to obtain.

Even though one cannot explicitly solve for the individual queue lengths, we propose



to use the under-determined system of equations as the feasible region of a linear program

to obtain bounds. We present the details of this approach and numerical results.

1.3 Diffusion limits and direct methods for heavy-traffic analysis

One of the most famous approaches for heavy-traffic analysis is diffusion limits. In this
framework, one scales time and space, and proves process level convergence to a Reflected
Brownian Motion (RBM) process in heavy traffic. Then, the stationary distribution of the
RBM is computed. The last step is to prove interchange of limits, which is challenging
in many cases because one needs to prove tightness. Kingman was the first one to use
this approach, and he computed the stationary distribution of the scaled waiting time in a
G/G/1 queue [23]. The same approach has been used in a variety of queueing systems that
satisfy the CRP condition [2, 5, 6, 7, 9, 8]. When the CRP condition is not satisfied, one
needs to solve a multi-dimensional RBM and this is a major challenge that has not been
solved [10].

More recently, three methods that do not require the interchange of limits step have
been developed. They are known as ‘direct’ methods [11], and they are the BAR method,
Stein’s method and the drift method. BAR stands for Basic Adjoint Relationship, which
is an integral equation that must be satisfied by a Markov process. The BAR method is
developed in [24] in the context of a Generalized Jackson Network. It is shown that a
sequence of one-sided Laplace transforms asymptotically satisfies the BAR equation. The
authors in [24] work with a continuous time Markov process, so one of the challenges
in their proof is to handle the jumps of the queue lengths process. They overcome this
difficulty by carefully choosing an exponential test function that helps to eliminate the
jump term associated with the BAR.

Stein’s method for analyzing SPNs was first introduced in [25], and it has now emerged
as a simple yet powerful method that can be used not only to show asymptotic convergence,

but also to bound the rate of convergence in Wasserstein’s distance. It has become a popular



approach for both, the mean-field, the classical heavy-traffic and the many-server heavy-
traffic regimes [26, 27, 28, 29, 30, 31, 32]. In [27, 28] the authors establish a three-step
framework that is inspired by the classic paper [33] and on the recent work [25]. We
present a proof using this approach in chapter 5, where we obtain the rate of convergence
in Wasserstein’s distance of the total queue length to the many-server heavy-traffic regime.

The drift method was developed in [34] in the context of queueing systems that satisfy
the CRP condition, operating in discrete time. The main idea is to set to zero the drift of
a carefully chosen test function in steady-state and, using SSC, one obtains bounds on the
moments of the queue lengths that are tight in heavy-traffic. In the process of choosing
the test function, it is essential to consider the region where SSC occurs. Since the drift
method does not involve RBMs, a new notion of SSC is required. The authors in [34]
bound the error of approximating the original queue length vector with its projection on
the region where SSC occurs, and they show that this error is negligible in the heavy-traffic
limit. Therefore, the vector of queue lengths can be well approximated by a vector in the
subspace where SSC occurs. In this document we focus on the drift method, and we present
a detailed overview of the method in section 2.4.

The drift method was first used in queueing systems that satisfy the CRP condition [34],
such as the load balancing system and ad hoc wireless networks (where the CRP condition
is imposed). Here the authors compute all the moments of the queue lengths in heavy
traffic and, therefore, they are able to draw conclusions about the distribution of the vector
of queue lengths. Later, the drift method was generalized to compute the mean of the total
queue length in an input-queued switch [14, 15], and the distribution in bandwidth sharing

networks [22].

1.4 Notation

In this section we establish the notation that we use throughout this document.



Vectors and numbers

We use R and Z to denote the set of real and integer numbers, respectively. We add a
subscript + to denote subset of nonnegative numbers and a superscript to denote vector
spaces. For example, given a nonnegative integer number n, we use R’} to denote the set
of n-dimensional vectors with nonnegative elements.

For any n € Z., we use [n] to denote the set of integers between 1 and n, both included.
For example, [4] = {1,2,3,4}.

We use bold letters to denote vectors, and nonbold letters with an integer subscript to
denote their elements. For example, the vector @ € R” has elements x; for i € [n]. We
write & = (xl, To, ..., xn) for convenience, but we treat vectors as column vectors unless
otherwise stated.

Given x,y € R", we use (x, y) to denote the dot product, and for any p € Z,, we use
|||, to denote the p-norm, i.e., [|x|? = > | [2]", where |z;| denotes the absolute value
of z;. When p = 2, we may omit the subscript if it is clear that we mean Euclidean norm
from the context.

Given a matrix A, we write AT to denote its transpose. Given two matrices of the same

size, A and B we use A o B to denote the Hadamard’s product between A and B. For

example, if
i1 Aair2 dais bl,l b1,2 bl,3
A= a1 Q22 23 and B = |by; byy bosl| >
agi1 asz Aass b3,1 53,2 b3,3
then

a1,1b1,1 a1,251,2 (11,351,3

AoB= az1ba1  az2bao  az3bas

a3,1b3,1 G3,253,2 G3,353,3

10



Let [,, be the identity matrix of n X n. We use e(®™ to denote the i™ canonical vector in R”,
i.e., a vector with a 1 in the ™ element and zeros in all other entries. With this notation, we
may write the identity matrix as I, = [e("™) ") ... e(™™]. We may omit the n if the
dimension is clear from the context.

Given a vector x € R", the notation ;) refers to the i™ smallest element of . Then,

T(1), T(2), - - -, T(n) are the elements of & ordered from smallest to largest.

n!

o1 where n! represents

We use (Z) to denote the binomial coefficient, i.e. (Z) =
the factorial. Given « € R, the symbol [z] represents the smallest integer which is greater
than or equal to x, also known as ceiling function. For two integers k£ and n, where n < k,

we write £ mod n to denote the mod function, i.e., kK mod n is the remainder after dividing

n by k. For example, 5 mod 3 = 2.

Probability and Random Processes

Given two random variables X and Y, we denote E [X] the expected value of X, Var [X]
the variance of X and Cov (X, Y) the covariance between X and Y. Given an event E, we
denote IP [E] the probability of E.

Given a random process {q(k) : k € Z. } (that will be later defined as the queue lengths

process), we use E, [] =5 [-|lg(k) = q]. We use = to denote convergence in distribution.

Functions and asymptotic notation

We use e* and exp(x) to denote the exponential function, depending on the size of the
argument.
For a function f with domain Dom(f) we denote || f|| 2 SUD,epom(y) | f ()], and we

use f’, f” and f"” for its first, second and third derivative, respectively (provided their

existence).
We say f(n) is of order o(g(n)) if lim,, f;(—zg = 0, and we say that f(n) is of order
O(g(n)) if there exists a constant C' such that lim,, ch(_z)) = C. Similarly, for the limit as

11



e 1 0, we say f(e) is of order o(g(e)) if limo % = 0, and we say that f(e€) is of order
O(g(e)) if there exists a constant C' such that lim, % =C.

1.5 A general single-hop SPN

In this thesis we mainly work with two SPNs: the load balancing system and the general-
ized switch. Even though these systems are very different, they share some characteristics
and properties that are essential to our analysis. Below we present a general queueing
model, that has both of these systems as special cases.

Consider a single-hop queueing system operating in discrete time, with n separate
servers. Each server has an infinite buffer, where jobs line up if the server is busy. For
each k € Z,, let q(k) be the vector of queue lengths at the beginning of time slot k.
Throughout this document, we use the term ‘queue length’ to talk about the number of jobs
in the queue, including the job in service (if any). Then, for i € [n], ¢;(k) is the number of
jobs (or queue length) in the i™ queue at the beginning of time slot .

Given that the vector of queue lengths in time slot & is q(k), let a; (g(k)) be the number
of arrivals to the i queue in time slot & and s; (g(k)) be the potential number of jobs that
can be served from queue 7 in time slot k. We say s; (g(k)) is potential service because, if
there are not enough jobs in line, then less than s; (q(k)) jobs are processed. For ease of
exposition, and with a slight abuse of notation, from now on we write a(k) and s(k) instead
of a (q(k)) and s (q(k)), respectively. We assume that a;(k) and s;(k) are upper bounded
by constants. Specifically, let A,,., and Sy« be finite constants such that a;(k) < Apax
and s;(k) < Spax With probability 1 for all ¢ € [n] and all k¥ € Z.. The difference between
potential and actual service is called unused service, which we denote u; (q(k)). We also
write u(k) instead of u (g(k)) from now on, for ease of exposition. In some queueing
systems, the control problem is to decide the vector a(k) in each time slot (e.g. the load
balancing system) and, in others the vector s(k) (e.g. the generalized switch). We give

more details about these selection processes in the systems that we describe in section 3.4
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and section 6.3, respectively.

In each time slot, the order of events is as follows. First, the queue lengths are observed.
Second, given the vector of queue lengths g(k), the control problem is solved. Then,
arrivals occur and, at the end of each time slot, jobs are processed by the servers. Therefore,

the dynamics of the queues are as follows

¢i(k + 1) =max {¢;(k) + a;(k) — s;(k),0} Vi€ [n], Vk € Zy. (1.1)

For each ¢ € [n] the variables a;(k) and s;(k) depend only on q(k), (or they are independent
of q(k)), then Equation 1.1 implies that the process {q(k) : k € Z. } isa DTMC.
We can also describe the dynamics of the queues using unused service instead of the

maximum, as follows

Gk +1) =q;(k) + a;(k) — si(k) +w; (k) Vie|n], Vk € Zy. (1.2)

Observe that Equation 1.2 implies

gk + Du(k) =0  Vieln], Yk e Z, (1.3)

with probability 1, because the unused service is nonzero only when the potential service
is larger than the number of jobs available to be served (queue length and arrivals), and in
this case the queue is empty in the next time slot. If ¢ # j, then we do not necessarily have
¢i(k + 1)u;(k) = 0 because the fact that queue j is empty at the end of time slot & does not
imply that queue ¢ will be empty at the beginning of time slot k£ + 1, and vice versa. It turns
out that getting a handle on the unused service plays an important role in heavy-traffic
analysis and Equation 1.3 will be an essential tool in the analysis. Equation 1.3 can be
thought of as a defining property of the queueing process and is analogous to the Skorohod

map [35].

13



In this thesis, we add a line on top of the variables and vectors to denote steady state.

= s(g) andw 2 u(q) be steady-state vectors that represent

Specifically, let q, @ = a(q),s
the queue lengths at the beginning of a time slot, and arrivals, potential service and unused
service in one time slot in steady-state, respectively. Let g* = q + a — s + u denote the
queue length at time £+ 1 in terms of the queue length, arrival and service at time £, assum-
ing the system is in steady state. The precise definition of each of these steady-state vectors

depends on the control problem, so we provide them once the specific characteristics of

each system are established.
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CHAPTER 2
PRELIMINARIES

As explained in chapter 1, heavy-traffic analysis has been focused on systems that satisfy
the CRP condition. Under this condition, one can completely determine the distribution
of the queue lengths in heavy traffic. However, if it is not satisfied, one can only partially
study the mean queue lengths (as shown in chapter 7). We start with a formal definition of

the CRP condition. We use the definition provided [8].

Definition 2.1 (CRP condition). Consider a set of queueing systems as described in sec-
tion 1.5, where the capacity region is C. Suppose that in heavy traffic, the vector of arrival
rates approaches a point v in the boundary of C. We say that the queueing system satisfies
the Complete Resource Pooling (CRP) condition if the outer normal vector to C at v is

unique up to a scalar coefficient.

In other words, the CRP condition implies that the system can be operated such that all
the servers pool together in the heavy-traffic limit [2, 3, 4]. Hence, under this condition,
the queueing system intuitively behaves as a one-dimensional queueing system (i.e., as a
single server queue) if it is operated under a ‘good’ control algorithm. Therefore, the MGF
method is essentially similar to the proof of Theorem 2.11 after one establishes SSC on a
one-dimensional subspace of the state space.

In this thesis, many of the results are proved using the drift of a function of the vector of
queue lengths. In this section, we provide essential definitions and results for our analysis.
Most of the work in this thesis is based on discrete-time models of SPNs. However, in
Chapter 5 we additionally study a continuous-time model for the load balancing system
(that we describe in detail therein). We present the definitions and preliminary results in

both cases.
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2.1 Definition of drift

Intuitively, the drift of a function Z at a state = is a random variable that measures the
amount of change in the value of Z(x). In the case of discrete-time processes, it measures
the change in one time slot, and in the case of continuous-time processes, it measures the
change in the next transition. We present both definitions below. We start with the discrete-

time version.

Definition 2.2. For an irreducible and aperiodic DTMC { X (k) : k € Z.} over a countable

state space X, suppose Z : X — R is a Lyapunov function. Define the drift of Z at x as
A
AZ((E) = [Z (X(]C + 1)) —Z (X(k’)) } ]]-{X(k):m}- (21)

The corresponding definition for continuous-time processes is presented below.

Definition 2.3. For a Continuous-Time Markov Chain (CTMC) {X(t) : t € R} with
countable state space X and transition-rate matrix G, suppose Z : X — R, is a Lya-

punov function. Define the drift of Z at x as

AzZ(x) 2 Y GFL(Z() ~ Z(x)). (2.2)
a'eX\{z}

In both cases (discrete and continuous time), we say that we set to zero the drift of Z
in steady-state when we use the property [ [AZ (7)] = ( under stationary distribution,
provided that E [Z(X)] < co. Here, X is a random variable that is limit in distribution of
the Markov chain { X (k) : k € Z. } in the discrete-time case, or the Markov chain { X (¢) :
t € Ry} in continuous time. Hence, in order to set to zero the drift of a function, the
first step is to show positive recurrence of the corresponding Markov chain. We provide a

certificate of positive recurrence for discrete and continuous-time processes in section 2.2.
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2.2 Stability criteria

We work with queueing systems in steady state and, hence, it is essential to show that
the embedded Markov chains are positive recurrent. We present a certificate of positive
recurrence for discrete-time and continuous-time processes.

In the following result, we present a certificate that a DTMC is positive recurrent. We

state the result as presented in [36, Theorem 3.3.7].

Theorem 2.4 (Foster-Lyapunov Theorem for discrete-time processes). Let {X (k) : k €
Z..} be an irreducible DTMC with countable state space X. Suppose that there exists a

function 7 : X — R, and a finite set B C X satisfying the following conditions:
(i) E[AZ(x)| X (k) = x] < —nifz € X\ Bfor somen > 0,
(ii) E[AZ(z)| X (k) = z] < D if v € B for some finite constant D.

Then, the DTMC {X (k) : k € Z.} is positive recurrent.

In the following result, we present a certificate that a DTMC is not positive recurrent,
1.e., that is either null recurrent or transient. We state the result as presented in [36, Theorem

3.3.10].

Theorem 2.5. An irreducible DTMC {X (k) : k € Z,} with countable state space X is
either transient or null recurrent if there exists a function Z : X — R, and a finite set

B C X satisfying the following conditions:
(i) E[AZ(x)| X (k) =2] > 0forallz € X\ B,
(ii) There exists some x € X \ B such that Z(x) > Z(y) for any y € B,
(iii) E[|AZ(2)||X (k) = z] < D forall x € X for some D < oc.

To end this section, we present a certificate that a continuous-time process is positive

recurrent. We present the result as stated in [37, Corollary 6.18 ].
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Theorem 2.6. Let { X (t) : t € R} be a CTMC with state space X. Suppose the functions
Z:X =Ry, f: X —=>Ryandg: X — R, satisfy:

(i) AZ(x) < —f(x) + g(x) forallx € X
(ii) There exists € > 0 such that the set {x € X : f(z) < g(x) + €} is finite
(iii) The set {x € X : Z(x) < K} is finite for any constant K.

Then, { X (t) : t € R} is positive recurrent, so it converges in distribution to a steady-state

random variable X. Further, E [ f(X)] < E [¢(X)].

2.3 Moment bounds based on drift arguments

An essential step in heavy-traffic analysis is State Space Collapse (SSC). In this work,
we show SSC by bounding the error between the actual vector of queue lengths and its
projection on the subspace where SSC occurs. To show such a result, we use moment
bounds based on drift arguments.

The following result was first established in [14, Lemma 3] for discrete-time processes,

and combines the more general results proved in [38] and [39, Theorem 1].

Lemma 2.7. For an irreducible and aperiodic DTMC {X (k) : k € Z. } over a countable
state space X, suppose Z : X — R, is a Lyapunov function and consider its drift at

AZ(x). Suppose the following conditions are satisfied.
(C1) There exists n > 0 and k < oo such that E [AZ (z) | X (k) = z] < —nforallz € X
with Z(x) > K.

(C2) There exists D < oo such that P [|AZ(x)| < D] =1forallx € X.

Further, assume that the Markov chain {X (k) : k € Z.} converges in distribution to a
random variable X as k 1 oo. Then, for any j € Z., with j > 1,
. . (D J
E[Z(X)'] < (2k) + (4D)’ (ﬂ> 7!
n
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Lemma 2.7 gives conditions on the drift of a function Z, under which the moments

of such function in steady state can be explicitly bounded. In the following result, we

additionally present a bound on the MGF of Z(X).

Lemma 2.8. Let { X (k) : k € Z, } be a DTMC as described in Lemma 2.7, and suppose it

satisfies the two conditions therein. Let § € R be such that |0| < 35 log (1 + %).Then,

E [ BZ(Y)} < O Ui '
© 1= ¥ pa—em)

The proof of Lemma 2.8 is similar to the proof of Lemma 2.10, so we omit it for brevity.

A continuous-time version of Lemma 2.7 is proved in [22, Lemma 4.1]. We state it

below.

Lemma 2.9. Let {X(t) : t € R, } be a CTMC over a countable state space X, with tran-
sition rate matrix GX. Suppose that it is irreducible, nonexplosive and positive recurrent,
and it converges in distribution to a random variable X. Consider a Lyapunov function

Z : X — Ry and suppose its drift satisfies the following conditions:
(C1) There exist constants ) > 0 and k > 0 such that AZ(x) < —n for any x € X with

Z(x) > K,

(C2) Vinax = sup {|Z(2') — Z(x)| : w,a' € X and GX, > 0} is finite,

a2

(C3) G = sup {—Gix :x € X} is finite.

Then, for any j € Z with j > 1, we have

o G U Jj+1
P[Z(X) > k+ 2Umaxj] < (ﬁ) , (2.3)

where

A
Gmax = Sup Z Gfm, xe X

' eX:Z(x)<Z(z")
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As a result, for any positive integer j, the ;™ moment of Z(X) can be bounded as follows:

(2.4)

E[Z(X)] < (26 + (4 (M)ﬂ

n

Lemma 2.10. Let {X(t) : t € Ry} be a CTMC as described in Lemma 2.9, and suppose it

<1 + Gmameax > :

Then,

X (7
]E [ QZ(X)] < e'n '
) SN+t Gmaxyma)((l — e2ymax0)

Before ending this section, we prove Lemma 2.10.

Proof of Lemma 2.10. First observe that Z(X) > 0 by assumption. Then,

HZ(X) < 02T,

We compute an upper bound for E [e'mz (Y)]. Let Fz(x) be the cumulative distribution

function of Z(X). Then,

E [eww@)}

:/ el dF, ()
0

@ [—ew'xIP’ [Z(X) > xﬂgo + 16| /OO elflvp [Z(X) > 2] da
=P [Z(X) > 0] + 0] /I.6 TP [Z2(X) > 2] dz + 10| /OO P [Z(X) > 2] da

(b) 00 K+2Vmax (i+1) o
< elflm ¢ Z/ |0]l?leP [Z2(X) > 2] da
K+2Vmax?

N'|'2Vma)c Z+1

< €|9|1‘i + Z/ ’9|e|9|$]P> [Z(7> > K+ 2Vmaxﬂ dx

K+2Vmax?

oo 2|0|vmax @
(<) elols + elols <€2|9|Vmax _ 1) ( GrmaxVmax ) Z (Gmaxl/maxe
o GmaXVmaX + /’7 i=0 GmaXI/maX + /r]
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ol

(e) Ui

T )+ GuaxVmax (1 — e2vmaxl0])’

where (a) holds integrating by parts; (b) holds because probabilities are upper bounded by
1, solving [ ell* dz, and breaking the last integral into intervals; (c) holds because f(z) =
1 — Fy(x) = P[Z(X) > z] is a nonincreasing function; (d) holds by Equation 2.3 and

solving the integral; and (e) holds after solving the geometric summation and reorganizing

2Vmax GmaxVmax

terms, because |0| < 1 log (1 + 4 ) by assumption and, hence, the geometric

sum converges. O

2.4 Overview of the drift method

The drift method is a direct approach to study the heavy-traffic behavior of the vector of
queue lengths in heavy traffic. We call the method ‘direct’ because one studies the heavy-
traffic behavior of the steady-state queue lengths directly and, hence, the interchange of
limits issue does not arise.

The drift method is based on the analysis developed in [23] for a single-server queue
with general inter-arrival and service time distributions. It has been developed in a series
of articles [34, 14, 15, 22], and can be summarized in two steps: (i) State Space Collapse
(SSC), and (i1) Asymptotically tight bounds. We describe each of these steps in subsec-

tion 2.4.1 and subsection 2.4.2.

2.4.1 State space collapse

In this step, the goal is to show that the vector of queue lengths can be a approximated by
a vector that lies in a subspace of the state space that frequently has a lower dimension.
Denote K the subspace where SSC occurs, and let g be the projection of the vector of
queue lengths g on K. Additionally, define q = q — q and observe that g, represents
the error of approximating q by q;.

The goal is to show that the moments of ||g | || are negligible in heavy traffic. To prove
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such a result, we use the lemmas stated in section 2.3. In these lemmas, one uses Lyapunov-
drift arguments to show moment bounds. Since the goal is to bound the moments of ||q | ||,
we use Z(q) = ||q || and show that the conditions are satisfied. The most challenging
condition to show is the first condition of Lemma 2.7 and Lemma 2.9, where one needs to
show negative drift outside a bounded set. We sketch the steps that are commonly followed
to show this condition.

Define

A yAN A
Wi(q) = llg.ll. V(g) = llql’, and V}(q) = |Iq; .

Then, since W, (q) = \/||q . ||? and f(x) = /x is a concave function, we have the follow-

ing inequality:

1

(AV(q) — AV|(q)) . (2.5)

Equation 2.5 was proved for discrete-time processes in [34], and we prove it for the continuous-
time process that we study in chapter 5 in subsection 5.8.3.

Then, it suffices to find an upper bound for V'(q) and a lower bound for V| (q).

2.4.2 Asymptotically tight bounds

In this step we set to zero the drift of a test function, and use SSC to compute bounds that
are tight in heavy traffic. The choice of the function plays a key role, and it should be
related to the region where SSC occurs in order to obtain meaningful bounds. A popular
function is Vj(q) = |lq;[*>. In [34, 14, 15], the authors show that if we set to zero the
drift of this test function, we obtain bounds on the total queue length. In general, if we use
polynomial test functions of degree m + 1, we can obtain bounds on the m™ moment of the
queue lengths.

In the case of systems that satisfy the CRP condition, one can explicitly obtain all the
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moments of the queue lengths in heavy traffic and, hence, prove convergence in distribution
additional mild conditions (see [40, Section 4.10] for a discussion of these conditions). For
example, in the case of a single server queue, one can inductively use ¢2, ¢%, ¢%, . .. as test
function, to obtain the expected value of q, ¢, ¢°, . .. (where g denotes the queue length).
When the CRP condition is not satisfied, one cannot obtain the moments of the queue

lengths in general. We show this result formally in section 7.8.

2.5 Transform method based on the drift method

In this section we introduce a variant of the drift method, which uses a test function moti-
vated by the moment generating function (MGF), and is a contribution of this thesis. The
key insight is that, instead of using the polynomial test functions of increasing degrees
inductively as in the drift method, all the polynomials can be combined in Taylor series
to obtain an exponential test function. For example, in the case of a single server queue,
combining ¢, ¢, ¢>, ... in Taylor series (with appropriate coefficients), we obtain €% for
some constant ¢, and E [69‘1] is the MGF of ¢q. We exemplify the method in the context of
a single server queue below, and we highlight the main steps. We present the details of the
method and an illustration of its use in the context of a load balancing system in chapter 3.
We additionally apply the method to a generalized switch in chapter 6.

We provide a proof of the well-known result that the scaled queue length of a single
server queue has an exponential distribution in heavy-traffic to illustrate the method and to
show its simplicity. We do not provide all the details of our proofs, since the single server
queue is a special case of the load balancing system (n = 1) and this system is studied in
detail in chapter 3.

Consider a single server queue operating in discrete time, i.e., a queueing system as
described in section 1.5 with n = 1. Arrivals and potential service in each time slot are
assumed to be independent sequences of i.i.d. random variables. Since they are also as-

sumed to be finite with probability 1 (as specified in section 1.5), their MGFs E [69“(1)] and
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E [e?(M] exist for all § € R.

Let \ 2 E [a(1)] and 2 E [s(1)]. Observe that A and p are the rates of arrival and
service, respectively, since they are the expected number of arrival/services in one time slot.
Then, the capacity region of the single server queue is C = {\ € R, : A < u}. To study
de heavy-traffic asymptotics, we parametrize the arrival process by € € (0, 1) as follows.
We consider a set of single server queues with a fixed service process of rate ;. and arrival
rate \(©) 2 p —e. Foreach k € Zy, let ¢'9(k), a' (k) and u(® (k) be the queue length,
number of arrivals and unused service in time slot & in the system parametrized by e.

Let @) and 5 be steady-state random variables that have the same distribution as a9 (1)
and s(1), respectively. Then, A = E [@?] and 4 = E [5]. Let (0(26))2 = Var [a'] and
o2 = Var [3].

In the rest of this section we prove Theorem 2.11. This is a well-known result and there
are proofs using diffusion limits [23] and the drift method [34] in the literature. We present
an alternate proof which is simpler than the two proofs mentioned above, and will serve as

a template for the MGF method.

Theorem 2.11. Let € € (0, 1) and consider a set of single server queues parametrized by €
as described above. Let G\ be a steady-state random variable such that {¢'9 (k) : k> 1}
converges in distribution to G as k 1 oo. Further, assume lim, 10 J,(f) = o, Then,

2 2
€ = Y as € | 0, where Y is an exponential random variable with mean %

It is well-known that for all € € (0, ), the Markov chain {¢'9 (k) : k € Z, } is positive
recurrent. A proof using Foster-Lyapunov theorem (Theorem 2.4) can be found in [36,
Theorem 3.4.2]. Then, 6(5) is well defined.

Before presenting the proof, we prove two lemmas. The first lemma is a different
version of Equation 1.3 and is key in the MGF method. For other queueing systems we
use a weaker version of this lemma, that is sufficient for the MGF method (see Step 1 in

section 3.3 for more details).
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Lemma 2.12. Consider a single server queue parametrized by € as described above. Then,

forall o, B € R and each k € 7., we have
(eaq(e)(k+1) _ 1) (e,gu(e)(k) _ 1) —0.

Proof of Lemma 2.12. 1t follows from Equation 1.3 and because e* — 1 = 0 if and only if

z = 0. O]

The next Lemma gives the first moment of the unused service in steady state, and it will

be used at the end of the proof of Theorem 2.11.

Lemma 2.13. Consider a single server queue parametrized by € € (0, 1) as described

above. Then,
E [H(E)} = €.

Proof of Lemma 2.13. 'We set to zero the drift of the linear test function V;(q) = ¢, and we

obtain

0= [(q<e>)+ _ q@}

—k [(q(f) + a(e) — 54+ ﬂ(f)) _ a(f)} ,

where the last equality holds because (Q(E)fr 2 79 + @ — 3+ u'® by definition. Rear-

ranging terms we obtain

E [E(E)} =E [5 — G(E)} =u—(u—c¢€) =e

Now we prove Theorem 2.11.
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Proof of Theorem 2.11. 1f we expand the product in Lemma 2.12 and rearrange terms we

obtain

(Oea O (k1) _ eee(q@(k)+a(6>(k)—8(k)) 1 _ o PeuI (k) (2.6)

Observe that Equation 2.6 holds for all £ € Z.. In particular, it holds in steady-state.
Also, it can be shown that E [eeeﬁ(e)] < o0 in an interval around 0. We omit the proof
because we provide a proof for the load balancing system in Lemma 3.13, and the sin-
gle server queue is a particular case of the load balancing system (n = 1). Therefore,
E [606(6(6))4—} =E [6(96@(6)]. Taking expected value with respect to the stationary distribu-

tion in Equation 2.6 we obtain
E [6066(6) (1 . 696(6(6)7§)>i| “1_-F [e_eeﬂ(€)i| .

Since @) and 5 are independent of the queue length, rearranging terms we obtain

1—FE [€_H€H<€)]
1—F [eee(a(€>—§)]

E [696@“)] _ 2.7)

Observe that Equation 2.7 gives an expression for the MGF of €g(© that is valid for all
traffic intensities. However, it does not give an explicit expression because the right-hand
side depends on the unused service, which is a function of q(f). In the rest of this section,
we take the heavy-traffic limit of Equation 2.7 and we obtain an explicit expression.

Observe that the right-hand side of Equation 2.7 yields a g form in the limit as € | 0.
Then, we take Taylor series of each term with respect to 6, around § = 0. The technical
details of why this expansion can be done are established in Lemma 3.1, which is presented

in section 3.3 For the numerator we obtain

1-E [6796@(6)} =0cE [H(E)} — (
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=0¢* + O(¢%), (2.8)

where the last equality holds by Lemma 2.13 and because [ [(E(E))2] is O(e). Details of
this argument will be provided in chapter 3 for the load balancing system (see Claim 3.11).
The main idea of the proof is that 0 < a9 <3 by definition and, hence, 79 is a bounded

random variable. For the denominator we obtain

1-E [695(6(6)_5)] = — OcE [6(6) —3] - (9;)21['3 [(E(e) —3)*] + O(é?)

2
—0e* — @ <(a((f))2 +o2+ €2> + O(€?), (2.9)

where the last step holds because £ [6(5)} = 1 — € and by definition of variance.
If we replace Equation 2.8 and Equation 2.9 in Equation 2.7, and cancel out f¢? from

numerator and denominator we obtain

Therefore, taking the heavy-traffic limit we obtain

limE [eeeq@] = T, L (2.10)

€l0 02402\
2
. . . . . . . 2 2
Since the right-hand side is the MGF of an exponential random variable with mean %,

Equation 2.10 implies that €5\ converges in distribution to such an exponential random

variable [40, Theorem 9.5 in Section 5]. O

Remark 2.14. In this thesis we introduce the transform method sketched above, and we
showcase its simplicity and flexibility in the context of a load balancing system and a gen-
eralized switch. This method is the start of a line of work that is still ongoing. In particular,

[41] uses this method to obtain the distribution of an input-queued switch where the arrival
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process is governed by a Markov chain, as opposed to the i.i.d. assumption here.

Remark 2.15. One of the reasons why the proofs using the transform method are simple,
is the fraction obtained in Equation 2.7, which corresponds to Equation 3.7 in the load
balancing system and Equation 6.5 in the generalized switch. These equations give explicit
expressions for the MGF of the scaled queue lengths and, hence, all we need to do to take
the heavy-traffic limit is bounding the terms related to the unused service.

However, this situation becomes more complex in other settings. In an input-queued
switch that does not satisfy CRP [42] and two-sided queues [43], one obtains an implicit
equation for the MGF of the queue lengths after step 1. Therefore, one needs to show

uniqueness of the solution. This last step is usually challenging.
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CHAPTER 3
HEAVY-TRAFFIC ANALYSIS OF LOAD-BALANCING SYSTEMS

Based on:
D. Hurtado-Lange and S. T. Maguluri, “Transform methods for heavy-traffic analysis,”

Stochastic Systems, vol. 10, no. 4, pp. 275-309, 2020

3.1 Introduction

The primary contribution of this chapter is the development of the MGF method, which
is a simple framework to compute the stationary distribution of the scaled vector of queue
lengths in heavy traffic. This is done by considering a load balancing system. We also
show how the MGF method can be thought of as a generalization of the drift method by
considering a richer class of test functions. This class of test functions leads to substantially
different proofs, that are much simpler than in the drift method, as will be illustrated in the
following sections. However, unlike the drift method, the MGF method does not involve
an art of picking a test function, since the test function is essentially the MGF. Even though
most of the results that we present have already been established in the literature using
diffusion limit and drift methods, the purpose of this chapter is to develop a framework
based on transform techniques and illustrate its power and simplicity.

A secondary contribution is that the load balancing system we consider is allowed to
have correlated servers. Under the CRP condition and routing algorithms that ensure SSC
to a one-dimensional subspace, we show that even under correlated services, the heavy-
traffic scaled stationary distribution continues to be exponential (see Theorem 3.5). It is
possible to allow for this generalization using other methods, but we illustrate the simplicity

of such generalizations using the MGF method.
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3.2 Related work

Moment generating functions have been used in the literature to study queueing systems
such as the classical analysis of M/G/1 queue [45]. However, here we use the MGF
to study heavy-traffic scaled queue lengths, since the queue lengths go to infinity in the
heavy-traffic limit. There has been only a little work in the literature that uses transform
methods for heavy-traffic analysis. Characteristic functions were used in [46, 47] to study
heavy-traffic queueing systems, and moment generating functions were used in [48, 49]. In
contrast, the primary focus of this work is to develop transform methods for heavy-traffic
analysis that incorporates SSC.

The single server queue was first studied in heavy-traffic in [47] using characteristic
functions and tools from complex analysis. Characteristic functions are also used in [46] to
study the single server queue. The diffusion limit method to study queueing systems was
developed by studying the single server queue [23]. The well known Kingman bound for
the expected waiting time in a single server queue was developed in the 60’s [50], and later
the second moment was computed using similar arguments [51]. These formed the basis
for the drift method, that was developed in [34]. The single server queue was also presented
as an illustrative example of the BAR method [24]. Most of these papers study the delay
in G/G/1 queue in continuous time, which evolves according to Lindley’s equation [52].
Similar to [34], in this chapter we study the queue length in discrete time. The queue
lengths process evolves from one time slot to the next according to Equation 1.2, which
is equivalent to Lindley’s equation for the waiting time of (k + 1)™ customer in a G/G/1
queue. Consequently, the results established for queue lengths in discrete time can be easily
extended to delay in continuous time.

The load balancing system (also known as the supermarket checkout model) has been
widely studied since the 70’s. It was shown that the JSQ policy minimizes the mean delay

among the class of policies that do not know the job durations [17, 53, 54]. Heavy-traffic
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optimality of the JSQ policy in a system with two servers was established in [16] using
the diffusion limit method, where they also introduced the notion of SSC. Since then, the
load balancing system has been extensively studied both to improve performance and to
decrease the complexity of the algorithms [55, 56, 26, 57, 31, 32, 58, 59, 60, 61]. One lower
complexity algorithm that has received attention is the power-of-two choices algorithm [18,
19, 20, 55]. An exhaustive survey of literature on load balancing is presented in [62]. The
most relevant work for our purposes is the study of the JSQ policy under the drift method

[34] and that of the power-of-two choices algorithm [63].

3.3 General MGF framework

In section 2.5 we proved a well-known result using the MGF method in the case of the
simplest queueing system, i.e., the single server queue. In this section we describe the
method in detail, generalizing the key steps from section 2.5 to more general queueing
systems that satisfy the CRP condition. Then, we apply it to a load balancing system in
section 3.5. Later, in section 6.3, we apply it to a generalized switch that satisfies CRP.

In order to use the MGF method, one needs to make sure that two prerequisites are

satisfied. We state them before presenting the framework.

Prerequisite 1. Positive recurrence.

Before using the MGF method, one needs to prove that the Markov chain {q®) (k) : k €
Z.} is positive recurrent for ¢ > 0. Positive recurrence is a requirement to ensure the
queue length process {q'9) (k) : k € Z_} converges in distribution to a steady-state random

vector, that we denote G(E), as k T oo.

Prerequisite 2. State Space Collapse.

To use the MGF method, one also needs to prove SSC into a one-dimensional subspace. Let

c > 0 be the direction into which SSC occurs. For simplicity, we assume ||c|| = 1. Then
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K ={yeR":y==¢c, &€ R} is the cone where the state space collapses in heavy
traffic. For any n-dimensional vector x, let x| 2 (x, c)c be the projection of x on K
andletz, 2z — . In this step it should be proved that E [||ﬁ(f)||2} is 0 (%), which is
equivalent to proving that €| [Hﬁ(f) ||2} is o(1).

The queueing systems that we study in this dissertation actually exhibit a stronger form
of SSC, where E [HG(I)HJ} is O(1) for all j € Z, with j > 1. However, a weaker form of
SSC is studied in [22, 64].

From this notion of SSC, we conclude that

li 2E H—(E)
in<e o

2
|-

ie., eHa(f) || converges to zero in the mean square sense and, therefore, in probability.
In the case of the single server queue we did not have to verify Prerequisite 2, because

the state space is already one-dimensional. Now we present the MGF method.

Step 1. Prove an equation of the form of
E |:<696<c,(6(6))+> - 1) <€—9€<C7ﬁ(€)> . 1>i| is 0(62) (31)

and compute an expression for the MGF of ¢(c,q'")).

The key in the MGF method is to handle unused service and its interaction with the queue
lengths, arrivals and potential service. In the drift method, the unused service is handled
with Equation 1.3. However, in this case we want to work with an exponential transform
of the queue lengths, so we need to write Equation 1.3 in a different way. In the case of the
single server queue, we used Lemma 2.12 which, in fact, it is much stronger than what we
actually use in the MGF method. For more general queueing systems we use Equation 3.1.

To prove an equation of the form of Equation 3.1 it is essential to use SSC. After proving

Equation 3.1, we need to obtain an expression for the MGF of ¢(c, q')) that is valid for
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all traffic. Below we sketch some algebraic steps that are useful to do it. Expanding the

product on the left-hand side of Equation 3.1 we obtain

B (el 1) (e )]
—F _695(c,(§(€))+—ﬁ(6))] ) [696(0,(6(6))+):| +1-F |:€796<C,i(5>>:| (3.2)

@E '605<c,a<6>+a<6>—§<6>>] _E [eeqc,(a(e))*)} 11_-E [e—edc,ﬁ(e))}

O [efeled 13030 _ g |l 41— [e-0lem ], (3.3)

where (a) holds by the dynamics of the queues described in Equation 1.2 and by defini-
tion of (g©)"; and (b) holds if the MGF of ¢(c,g(®)) exists in an interval around 0 (this
must be proved). In such case, by definition of steady state we have E [eeqc, (@)™ ] =
E [eedcﬁ(e))} , which is equivalent to setting the drift of the test function V(q) = €’¢% to
ZEer0.

Observe that when we first expand the product in Equation 3.2, we obtain two terms that
are related to the unused service (the first and the last term). We use the dynamics of the
queues, as described by Equation 1.2, to deal with the first one, and we write (g'*)) 70
in terms of 6(6), @'© and 39, The last term is the MGF of e(c, E(e)), and we deal with it in
the second step of the MGF method.

Using Equation 3.3 in Equation 3.1 and reorganizing terms we obtain
E [69405(5)) <1 _ 696<C,E(6)—§(6)>):| —1_F |:€—96(c,ﬁ(6)>:| + 0(62) (3.4)

From Equation 3.4 we can obtain an expression for the MGF of ¢(c, ) which is valid
for all traffic. However, the steps to obtain it depend on the properties of each queueing
system. For example, in the case of the single server queue we know that the arrival and
potential service processes are independent of the queue lengths. Then, we can separate

the product on the left-hand side and we obtain Equation 2.7.
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Step 2. Bound unused service and take heavy-traffic limit.

Observe that the MGF of ¢(c, @) and ¢(c, 5(9)) exist for all # € R, because the random
variables are bounded by assumption. Further, by definition of unused service, we have
0 <@ <35 component-wise. Then, the MGF of ¢(c, ﬁ(e)) exists for all # € R. Also, in
Step 1 (before obtaining Equation 3.3) it was proved that the MGF of ¢(c, g'“)) exists in an
interval around zero. Therefore, as € | 0, Equation 3.4 yields 0 = 0. As mentioned above,
depending on the queueing system we will use different approaches to obtain an expression
for the MGF of ¢(c, G“)) that is valid for all traffic from Equation 3.4. For example, in the
case of the single server queue we obtained Equation 2.7, which yields a % form in the limit
as € | 0. Therefore, to compute the heavy-traffic limit we take Taylor series of each term

around @ = 0, except for the MGF of ¢(c, g“)). To do that, we use the following lemma.

Lemma 3.1. Let X be a set of random variables indexed by ¢ > 0. Assume X9 is
bounded for all ¢, i.e., there exists a constant K., (that does not depend on ¢€) such that

X9 < Koy with probability 1. Define f. x(0) 2 X9 Then,

(6¢)*

E[f.x(0)] —1—0E [X] — < Cé,

E [(X(f)ﬂ

where ( is a finite constant. With a slight abuse of notation, we write the inequality above

as follows

(6¢)?

E[f.x(0)] = 1+ 0k [X] + L E [(X(f)ﬂ +O(e). (3.5)

Since we are working with a bounded random variable, the proof of Lemma 3.1 is
straightforward. However, in general, one needs an assumption on the existence of the

MGE. We present the proof below.

Proof of Lemma 3.1. Fix © > 0 and « € R. Then, from Taylor approximation of f ,(0) =
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e?s at § = 0 we have

2 0.\3
e’ <1+ fBex + @xg + %xiﬁ Vo € [-0,0], Vx € R,

where 0 is a real number between 0 and 6. Then, for all 0 < z < k we have

e <1+ fBex +

(0)> ,  (Be)®
5 x° + 3] K.

Since 6 is between 0 and 6, and |0| < © we have

(96)3 3

gss
3 " :||6/€3§

3! 3!

which is finite for every €. Then,

(06)2x2+ (@5)3 3

e’ <1+ fex + a0 K°.

Therefore,

9 2
e?C — 1 — Qex — %ﬁ < (163,

3,3 . . . . .
where (; = @3—,” is a finite constant. Now, since X (© is bounded, we know the existence

of Kmax such that X(© < k.. with probability 1. Therefore,

E "] <1+ 06E [X©] + @E (X7 +

which proves the lemma. ]

Expanding each term on the right-hand side of Equation 3.4 in Taylor series according
to Lemma 3.1 will yield terms related to the moments of the unused service. As illustrated

in the case of the single server queue, it suffices to handle the first moment. To do that, we
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set to zero the drift of the linear test function V;(q) = (c, q), i.e., we set E [(c, (6(5))+>} =
E [(c,g'9)] (which is finite because in Step 1 it was proved that the MGF of ¢(c,q'")
exists in an interval around 0). For example, see Lemma 2.13 in the case of the single
server queue, which is used in Equation 2.8.

From this step we obtain an expression for the limit as € | 0 of the MGF of ¢(c, G(E)>.
This proves convergence in distribution of ¢(c,g'“) to a random variable Y, which turns

out to be exponential in the cases we study in this chapter. Then, ea‘(f) = ele,q Ve =Ye

as € | 0 because cis a fixed vector. We also know from SSC in Prerequisite 2 that eﬁ(j) — 0
in probability as € | 0. Then, by Slutsky’s theorem [40, Theorem 11.4 in Section 5], we

( )

obtain that eg'® = 66”6) + eq(l6 = Ycase 0.

Remark 3.2. In order to set & [GMC’ (6<€))+>] =E |:€05<c,6(6)>:| in Step 1, one must first prove
the existence of the MGF of €(c, G(€)> in an interval around zero. An alternative approach
(where this difficulty does not arise), is to use characteristic functions, because they always
exist. However, working with characteristic functions involves the use of complex analy-
sis. Another way to overcome this difficulty is to use one-sided Laplace transform, i.e., to
consider 0 < 0. One-sided Laplace transform of €(c, 6(5)) always exists because €, c and
q'9 are nonnegative. If one chooses to work with other transforms such as the characteris-
tic function or one-sided Laplace transform to get around the issue of the existence of the
MGE then one needs to assume that certain moments exist in a counterpart of Lemma 3.1.
For instance, Theorem 2.3.3. in [65] can be used when one is working with characteristic

functions.

3.4 Load balancing system model

Consider a system with n separate queues, as described in section 1.5. For each i € [n],

{si(k) : k € Z, } is a sequence of i.i.d. random variables with y; =) [si(1)], and let pyx 2
Z ;. We consider this system in a general setting, so we do not assume independence of
i=1
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the servers. Let X be the covariance matrix of s(1). Then, for each pair i, j € [n], we have
(8)e = Cov [si(1), 55(1).

There is a single stream of arrivals, that we model as a sequence {a(k) : k € Z,} of
i.i.d. random variables such that a(k) is the number of arrivals to the system in time slot k.
In this queueing system the control problem is to route the arrivals to one of the n queues in
each time slot. We assume the routing policy is fixed for all k£ € Z., but we do not assume
any particular policy. After routing, a;(k) is the number of arrivals routed to the i™ queue
in time slot k, for i € [n]. We assume a(k) < Apax with probability 1 for all k& € Z,,
and that the arrival process is independent of the queue length and service processes. The
dynamics of the queues are according to Equation 1.2. It is well known that the capacity
region of the load balancing systemis C = {\ € R, : A < us}. A proof can be found in

Appendix A of [34].

3.5 MGF method applied to load balancing systems

In this section we use the MGF method in the context of load balancing systems, also
known as supermarket checkout systems. The model is described in section 3.4.

To study the heavy-traffic limit of this queueing system, we parametrize the arrival
process as follows. For ¢ € (0, us) we consider a load balancing system with arrival
process {al9 (k) : k € Z,}, that satisfies E [a(?(1)] = ps,—eand Var [a\9(1)] = (aa(f))2.
In other words, the arrival rate approaches the point » = uy in the boundary of C as € |, 0.
Since the capacity region C of the load balancing system is one-dimensional, the CRP
condition (as defined in Definition 2.1) is trivially satisfied.

In the rest of this section, we state the main theorem of this section and provide some
examples. We prove the result using the MGF method as developed in section 3.3 in subsec-
tion 3.5.1. Before presenting the formal statement of the result we introduce the following

definitions.

Definition 3.3 (Throughput optimality). A routing algorithm A is throughput optimal for
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the load balancing system described in section 3.4, if the Markov chain {q(ﬁ) (k): ke Z+}

operating under A is positive recurrent for all € € (0, us).

Definition 3.4 (State Space Collapse). Consider a routing algorithm A and let
K={xeR": z;=2; Vi jenl},

ie,c = \/Lﬁl. For any vector y € R", let y| be the projection of y on K and let y 2
Yy — y|. We say that the algorithm A satisfies SSC if the load balancing system described

in section 3.4 operating under A satisfies the following property.

(e : 1
B [1a01] o (5)

where @\ is a steady-state random vector such that {q(e) (k): ke Z+} converges in dis-

tribution to G'°) if it is positive recurrent.

Observe that if an algorithm A satisfies SSC (as defined above), then SSC occurs into
the one-dimensional space K. Therefore, a load balancing system operating under such .4
behaves as a single server queue in the heavy-traffic limit.

Now we formally present the result that we will prove using the MGF method.

Theorem 3.5. Let € € (0, ux) and consider a set of load balancing systems as described

in section 3.4, parametrized by € as described above. Suppose that the routing algorithm

is throughput optimal and that it satisfies SSC. For each ¢ € (0, ux), let q' be a steady-

state random vector such that the queue length process {q9 (k) : k € 7.} converges

in distribution to g\9. Assume the MGF of € > q; exists, i.e, E [eee z;l:lqi.f)] < oo for

0 € [-O, 0] where © > 0 is a finite number, and that lim, ol = 0o Then eq'9 = T1
1

as € | 0, where Y is an exponential random variable with mean o (02 + 1T251).

Now we introduce two routing policies that are throughput optimal and satisfy SSC as

defined above. We first define the policies.
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Definition 3.6 (JSQ and Power-of-two choices). Consider a load balancing system as de-

scribed in section 3.4. Then, for each k € 7., given the vector of queue lengths q' (k), a

routing policy selects i*(k) routes the arrivals so that a'®) (k) = e *)a(k).

(a) The routing policy Join the Shortest Queue (JSQ) sends all arrivals in time slot k to

(b)

the queue with the least number of jobs, breaking ties at random. Formally, under

JSQ routing policy

i*(k) € arg min {qfe)(k‘)} )

i€[n]
breaking ties at random.

The routing policy power-of-two choices selects two queues uniformly at random, say
i1,12 € [n| and sends all arrivals in time slot k to the queue with the least number
of jobs between those two, breaking ties at random. Formally, under power-of-two

choices, if queues 1, and i, are selected, then

i*(k) € arg min {qf’(k:)},

iG{il,iQ}

breaking ties at random.

In the following two corollaries we show that these routing policies satisfy the assump-

tions of Theorem 3.5 and, therefore, the scaled vector of queue lengths in a load balanc-

ing system operating under any of these policies has an exponential distribution in heavy-

traffic.

Corollary 3.7. Consider a set of load balancing systems as described in section 3.4,

parametrized by € € (0, us) as described above. Suppose the routing algorithm is JSQ.

Then,

1
2n

qY = :fll as € | 0, where Tl is an exponential random variable with mean

(o2 +17%,1).
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A particular case of the queueing system described in Corollary 3.7 is the load balancing
system operating under JSQ with independent servers. In this case, 17341 reduces to the

sum of variances of the servers. This is one of the systems studied in [34].

Proof of Corollary 3.7. We only need to show that JSQ is throughput optimal, that it satis-
fies SSC, and that there exists © > 0 such that E [6662?:1@(6)} < oo forallf € [-0,0]. In
[34], the authors prove throughput optimality and SSC in the case of independent servers.
However, their proofs hold for correlated servers. The proof of throughput optimality can
be found in Appendix A of [34].

The SSC result proved [34] is stronger than the property presented in Definition 3.4.
In fact, they prove that E [Hq(j) || } is upper bounded by a constant for each j € Z, with
j > 1. This clearly implies that Definition 3.4 is satisfied. We provide a sketch of their
proof of SSC in subsection 3.6.1.

The existence of MGF of ezyzlqge) in an interval around O is proved in subsec-

tion 3.6.2. O

Corollary 3.8. Consider a set of load balancing systems as described in section 3.4,
parametrized by € as described above. Suppose the routing algorithm is power-of-two
choices and that all the servers are identical. Then, 66(6) — TQ]. as € | 0, where Tg is an

exponential random variable with mean % (02 + 1T251).

Proof of Corollary 3.8. Similar to the proof of Corollary 3.7, we check throughput op-
timality, SSC and existence of MGF. SSC is proved in [63, Section 4.3] in the case of
independent servers, but their proof holds true if this assumption is dropped. Their proof
is along the lines of the proof for JSQ in subsection 3.6.1, so we do not present it here.
Throughput optimality can be proved using the Foster-Lyapunov theorem (Theorem 2.4)
and the calculations developed in [63] in the proof of SSC. The proof of existence of MGF
is similar to the case of JSQ. We omit these proofs, since our goal is to introduce the MGF

method. O]
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Observe that the assumption of identical servers is essential for the power-of-two choices
algorithm to be throughput optimal. The case when the servers are not identical was stud-
ied in [55] using the diffusion limits approach. The routing policy there randomly selects
d servers in each time slot, where the probability of choosing server ¢ is proportional to
its service rate p;, for all ¢ € [n]. Then, the arrivals are sent to the server with the shortest
queue among the d selected servers. They prove that this queueing system satisfies the CRP
condition and that the distribution of the scaled vector of queue lengths is exponential. A
similar result can be obtained using the MGF method once the SSC as stated in Definition
3.4 is established. This is straightforward extension, and we do not present the details here
because the focus is on illustrating the MGF approach.

In chapter 4 we provide necessary and sufficient conditions on the vector of service
rates to ensure that power-of-d choices is throughput optimal in load balancing systems
with heterogeneous servers. We additionally show SSC under similar conditions, and we
compute the distribution of the vector of queue lengths in heavy traffic using the MGF
method.

In this subsection we presented the main theorem of this section, and two examples
where the assumptions of the theorem are satisfied. Observe that in both cases we only
needed to check that the conditions of the theorem are satisfied. In fact, if we want to
prove that the scaled vector of queue lengths of the load balancing system operating under
any other routing policy has an exponential distribution, we only need to check these three

assumptions.

3.5.1 Proof of Theorem 3.5

In the rest of this section we prove Theorem 3.5 using the MGF method. Before presenting
the proof we specify notation.
Let @' be a steady-state random variable with the same distribution as a(“(1) and

—(e) O _ ) .
let @© = a')(g) be the vector of arrivals to each queue after routing in steady-state.
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The vector w'® represents the unused service. Observe that, in this case, the vector s is
independent of g and has the same distribution as s(1), because the potential service

sequences {s;(k) : k € Z,} are i.i.d. and independent of the queue length process.

Proof of Theorem 3.5. For ease of exposition, we omit the dependence on ¢ of the variables
in this proof. We use the MGF method. Before applying the steps, we need to verify that
the prerequisites are satisfied, i.e., we need to check positive recurrence and SSC. In fact,
one of the assumptions of the theorem is that the routing policy is throughput optimal.
Therefore, for any € > 0 the Markov chain {q(f) (k): k€ Z+} is positive recurrent. Also,

SSC is satisfied by assumption. Now we go through the steps of the MGF method.

Step 1. Prove an equation of the form of Equation 3.1 and compute an expression for the

MGF of e(c, q'9).
We first prove the following lemma.

Lemma 3.9. Consider a load balancing system parametrized by € as described in Theo-
rem 3.5. Then, there exists Or,.x > 0 finite such that for any real number 0 € [—0yax, Omax)

we have

n —(€) + n —(€
E {(69621_1(% ) — 1) (6_06 L 1>} is 0(€%).

We present the proof of Lemma 3.9 in subsection 3.6.3.

1 n
Since (¢, q) = Z ¢:» proving an equation of the form of Equation 3.1 is equivalent
=1

= ﬁ
to Lemma 3.9 using \/iﬁ instead of . For ease of exposition, we work with 6 in the rest of
this proof.

Note that P[a — " |5, # 0] > 0 whenever ¢ > 0. If we expand the product in

the expression of Lemma 3.9 and we follow the steps sketched after Step 1 in Section
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section 3.3 we obtain
E [6662?:161‘ (1 - 6962?:1(6i_§i))] =1-E [6_962?:16'} + o(€?). (3.6)

Recall Z?Zl a; = a and that @, s are independent of g, by definition. Therefore,

reorganizing terms we obtain

(3.7

which gives an expression for the MGF of € ) ", g, that is valid for all traffic.

Step 2. Bound unused service and take heavy-traffic limit.

Equation 3.7 yields a % form in the limit as € | 0, just like Equation 2.7 in the case of
the single server queue. Equivalently, we can observe that Equation 3.6 yields 0 = 0 in
the limit as € | 0. Then, we take Taylor series of the numerator and the denominator of
Equation 3.7 at # = 0 to obtain the limit. To take Taylor expansion we use Lemma 3.1.

In order to bound the numerator we need to compute E [>""" | %;], so we start with a

lemma.

Lemma 3.10. Consider a load balancing system as described in section 3.4, parametrized
by € € (0, ux) as described at the beginning of section 3.5, operating under a throughput

optimal routing policy. Then,

E

i ﬂge)] =€
i=1

Proof of Lemma 3.10. We set to zero the drift of Vi(q) = (¢, q) in steady state. In this

1
case, from the definition of /C in Definition 3.4 we have ¢ = —=1. Then, we obtain

vn

0=E Vi (g") - Vi (q)]
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:%E Z@*—Z@]
| i=1 i=1

ORE > (@ +a—5+1)— i@]
=1

Li=1

n
(:)LIE _d — zn:gi + zn:ﬂi
v L i=1 i=1

where (a) holds by definition of g*; and (b) holds because @ = )", @; by definition of @

and a@;. Rearranging terms and canceling \/iﬁ, we obtain

E

n
DT
i=1

S @) o (0)
:ZE[Si] —Efa] = ZM— (ks —€) =€,
=1 =1

where (a) holds because E [a@] = us — €; and (b) holds by definition of psy. O

Now we expand the numerator and denominator of Equation 3.7 in Taylor series. We

start with the numerator, and we obtain

1-E [6_962?:1m] =1—E [fe-5r ,(0)]

=0cE iﬂ - (GE)QE -<iﬂ‘>2 + O(€%)
(2 2 7
i=1 i=1
2 n 2
—fe® — @E <Z @ | | +o(), (3.8)
i=1

where the last equality holds by Lemma 3.10. Now we need to bound the second moment

of the sum of unused services.

Claim 3.11. Consider a load balancing system as described in Theorem 3.5. Then,

(6;) E (Zaﬁ) is O(é%).

=1
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We prove the claim in subsection 3.6.4. Using the Claim 3.11 in Equation 3.8 we obtain
1—F [6—9622‘:1@} —0E2 + O(e%), (3.9)
For the denominator, we obtain

1 _ E [696(6—2?:1 EZ):|

—1-FE [fe,(afz;;la)(e)]

2
i=1 Z 2 i=1 Z
= fe? — (0% ( 0((16 + ZZCOV Siy Sir] > + O(€*), (3.10)
=1 /=1

where the last step holds because E [a] = ux — ¢, E[> ;5] = px and by definition of
covariance.
Using Equation 3.9 and Equation 3.10 in Equation 3.7, and since O(€?) is o(€?), we

obtain

E [ besT 1%] _ Oe? +0( 2)

Oe® — —(96 ( U[(;) + Z Z COV Sz: Sz ) + 0(63)

=1 i'=1

Canceling f¢* from the numerator and denominator, and noticing that > ;" | >~%_, Cov [s;, s/] =

1731, we obtain

E [6062?’:161} _ ; 12—|— o(1) |
-3 ((aff)) + 1T231> + O(e)

Therefore, taking the limit we obtain

lim E {6962?:@} _ ,
el0 1—%(024+17%,1)
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which is the MGF of an exponential random variable with mean % (02 + 1T281). Then,

ele,q)e =€ (230 ,3,)1 = T1 as e | 0, where T is an exponential random variable

with mean o= (02 + 17%,1). Therefore, we conclude that eg'?) = eqff) + g = Tlas

€ J 0. This proves Theorem 3.5. [

3.6 Details of the proofs of section 3.5

In this section we provide the details of the proofs from section 3.5.

3.6.1 Proof of SSC in the load balancing system operating under JSQ

In this section we present an insight of the proof of SSC as developed in [34]. They prove
the result for the case where the servers are independent, but it also holds in the case where

they are not. We first state the result.

Proposition 3.12. Consider a load balancing system as described in Corollary 3.7. Then,

foreach j € Z with j > 1 there exists a finite constant J; such that
E|lafI’| <,
q; > Jj

This proof is based on Lemma 2.7.

Proof of Proposition 3.12. In [34], the authors use the Lyapunov function Z(q) = ||q(f) I

and they prove that

n(maX{Amax, Smax})2 + 2n512nax
2)1¢\7||

E[AZ(q)|q(k) =q] < -0+

Y

where ¢ is a fixed constant in (0, /tmi). The proof is based on the fact that ||| = /|||,
that square root is a concave function and that JSQ sends all arrivals to the shortest queue

in each time slot. This verifies condition (C1) of Lemma 2.7.
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To verify condition (C2), they prove that for all g € R’}

|AZ(q)| S QﬁmaX{Amax7 Smax}v

using triangle inequality and boundedness of the arrival and service processes.
Also, for € > 0 the Markov Chain {q'“ (k) : k € Z,} is positive recurrent and, since
projection is nonexpansive, we have Hq(f)(k)H < |lg‘“(k)||. Hence, {q(f)(k) ck€Zy}is

positive recurrent, which proves the result. 0

3.6.2 Existence of MGF of € Y7 | @(-6) in the load balancing system operating under JSQ

We first state the result formally.

Lemma 3.13. Consider a load balancing system operating under JSQ, parametrized by
e € (0, ux) as described in Corollary 3.7. Then, there exists © > 0 (which is independent

of €) such that & [6662?:162('6)} < oo forall § € [—0, 0.

Proof of Lemma 3.13. We omit the dependence on e of the variables for ease of exposition.
First observe that if § < 0, then E [e’*>=17%] < oo trivially because g > 0 by definition
of queue length.

Oex

In the rest of this proof we assume 6 > 0. Observe that the function f(z) = € is

convex. Then, by Jensen’s inequality we have that, for all ¢ > 0
1 n
Oe n
n Zi:l qi < = Oeq;
en E e’ h.
O

Hence, it suffices to show that 2?:1 E [6‘9@] < oo for 6§ < ©. We show that the condi-
tions of the Foster-Lyapunov theorem (Theorem 2.4) are satisfied with Lyapunov function
V(g) = >, ’%. Then, one can easily obtain a finite bound on E [V (q)] [37, Proposition
6.14].

Using Lemma 2.12 for each of the n queues and rearranging terms we obtain that, for
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eachi € [n]and k € Z

69€q1'(k+1) -1 — 6—96ui(k) + eﬁe(qi(k)-l—ai(k)—si(k)).

1>

Then, using the notation E, [-] = E[- | g(k) = q], we obtain

Eq [V (q(k+1)) =V (q(k))]

_ ZE 06qL k+1) 96qi(k’)}
_ Z (1 —E, [e—aeuz'(k)}) + Z ededi (]Eq [ege(ai(k)_Si(k))] _ 1) )
i=1

=1

Since Eq [e~(*)] > 0, we have

Then, it suffices to show that for some © and some 7 > 0, we have

ZeﬁeqI 96 (ai(k )_Sz(k))] _ 1) S —ﬁz 696qi Vo € (0,@]

Given g(k) = g, let i* € arg min;cp,) {¢;(k)} be the queue where arrivals in time slot &

are routed. Then,

2696(12 06 (a;(k)—s;(k ))} _ 1)
_ e@eqi* (E [696(0,(]{/‘)78 Z 696(]2 feesi(k)] _ 1)

z;éz
0 9
= e €q;* a - _|_ €q; M—Sz
7

i

where we used the notation Mx(0) = E [e(’EX ] — 1. Next we take the truncated Taylor
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series around 0. Then, for some ¢; € (0, 6) for each i € [n], we have

n

Z 696% (Eq [egs(ai(k)_si(k))} _ ]_)

=1

o 6 - 0
(:) e@eqi* <9€<>\ . M'L’*) + 5 MC/L/ s*(&*)) + Z 696!11' <_6€Nz‘ + ?Méi(&))

i=1
i£i*
(b)

< efleair Oe(N — pu+) Z 696%96/12 (A?nax + anax Ohs Amax Z 696%, (3.11)
1757,
where (a) holds by definition of i* and the routing algorithm; and () holds after bounding

the second derivatives as follows. Since € < puyx by definition, we have

M(;/—si* (9) =E [62(0' — Six )2 Pelazs: *)} <e (A2 + 52 ) Orm Amax

max max

Mﬁsz(é) =FE [6283 9681} <282 <e (A2 + 62

) QH/EAmax'
For each i € [n], define \; = pi — <, and observe \ = >, Ai. Then, we obtain
FEquation 3.11

= Oe Z eaﬁqz Ai — 1) 9 (Afnax + 82 e s Amax Z et 4 Pe Z )\ eleair 696‘”)

(a)
< €’ <_l + G(Afnax +52.0) WEAm) Z e,

n

where (a) holds because ¢;« < ¢; for all i € [n] by definition of i*, because \; — p; = —<

and reorganizing terms. Therefore, it suffices to show the existence of © > 0 such that

1 6 1
T (A% 482 efrmdmax < — 0 yYh < @,
n 2( max max) —_ 2n —_
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Solving the inequality yields

1

A
0= Wo (rpineesis— )
MEAmaX O n(A?naxJ'_SrQnax) !

where W (- ) is the principal branch of the Lambert W function, which has been studied

in [66] among others. Observe that © is independent of €. This completes the proof. [

3.6.3 Proof of Lemma 3.9

To prove Lemma 3.9 we use the following result.

Lemma 3.14. Consider the load balancing system indexed by € described in Theorem 3.5.

Then, for any o € R and for all k € 7., we have

n

S (k) (5 T80 1) = 37 Ok (emealien 1),
=1

i=1
where q(fz)(k) is the i'™ element of q(f)(k:), foreachi € [n].

Proof of Lemma 3.14. 1If a = 0, the equation trivially holds. So now assume « # 0. Since

qi(k + 1)u;(k) = 0 for all i € [n], we have
wy(k)(e @4+ _ 1y =0 Vi€ [n].
Then, summing over ¢ € [n] we obtain
S uik) (=40 _ 1) =,
i=1
By definition of g (k) and g, (k) we have q(k) = q|(k) + q, (k), so

Zui(k)(e*a(qHz‘(k+1)+QJ_i(k+1)) —1)=0.
i=1
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But g (k+1) = <% > gk + 1)) 1soqp(k+1) = qpu(k+1)foralli € [n]. Then,

reorganizing terms we obtain

Z ui(k‘)e_aq“(k—’—l) — 606‘1\\1(]9'*‘1) Z uz(k;)
i=1 i=1

By definition of g (k) we obtain
Z ui(k)e—aqn(k-ﬂ) — en 2j=19(k+1) Z wi (k).
i=1 i=1
Finally, subtracting >, u;(k) in both sides we obtain

n n

3 i) (e% Sy a(e) _ 1) =5 wi(k) (e 1)

i=1 =1

In the proof of Lemma 3.9 we use Lemma 3.14 and the following facts:

(i) The function g(x) = ezx_—1 is nonnegative and nondecreasing for all x € R

Oy 1
(ii) Suppose 0 < z < y. Then, for all § € R we have ¢’” — 1 < (0x) (e 7 )
Yy

T
e’ —1 .

(iii) Forallz € R, <e

All these facts can be shown using calculus techniques, so we omit the proof. Now we

prove Lemma 3.9.

Proof of Lemma 3.9. First observe that if § = 0 the statement trivially holds. If 6 # 0, by

properties of expectation and absolute value we obtain

O G|

o [
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9\0)eE

Lse, uwm}]

Be g 1 —952?7151'_1
Zu ( Z_><_9€Zzlul>
®) €|9\ensmax 1 [|
D (L5 Y |5, (s )
<! |6( |0]€n.Smax ) Zu
g

LI i=1
g |’
§ :}6_96"‘1“ — j,l

(C) 9 ele‘EnSmax _ 1 E n 0 7 1
< - @ 7 e V€L
S ( 015 ) ;“ € |
i=1

(d) ele‘ESmax —

<lble | ——

<l ‘6( |0]€ Smax ) Z
(¢) 1=t elfleSmax ] P T i
S‘e‘gl—"—j Smjax (W) E Z |e 0 91 1‘]*1

=1

—022t Sgn elfleSmax _ | zn:E
— max —|9|65max :

i=1

Jj—1

i J
Jj—1
|QJ_’L| :H-{qlﬁﬁO}] ) y

(3.12)

e—@en@_i -1

where j € Z, satisfies j > 1. Here (a) holds because if Y- | %; = 0 then e 0¢Xim1 ™ —1 =
0, and by multiplying and dividing everything by |6e >, @;|; (b) holds by the fact item (i)
stated above, because U; < Syay for all 7 € [n] and because 0 < 1 (>0 w0} < 1; (e
holds by triangle inequality and Lemma 3.14; (d) holds by Holder’s inequality; and (e)
holds because u; < Spax for all ¢ € [n], because > | E [@;] = € and because 7 is an

increasing function for x > 0.

By L'Hospital’s rule we have

. €‘6|€nsmax _ 1
llm —_— = 1
el0 ‘densmax

Then, the last step is to prove that the last expression in Equation 3.12 is O(1). To do

that we show the following claim at the end of this section.

Claim 3.15. Consider a load balancing system as described in Lemma 3.9. Then, there
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exists Omax > 0 finite such that for all |0| < Oy we have

i—1
J

—Oeng | ; _ 1 Jjj ] j
e i _
e |QM\’1]1{qméo}]) is O(1).

An expression for Oy, is provided in Equation 3.13.

Therefore,

E [(6962?:163— — 1) <e_952?:1m’ — 1)} is o(e?.

Now we prove the claim.

Proof of Claim 3.15. By Holder’s inequality, for each i € [n]

—feq,; _ 1 JJTl ;
e _ i
E ——Heﬁi |qLi|]_1 H{QJ_HéO}]
GG T
—Oeq; _ 1 7 j’]—l ! N1
e _ N7
<E —_eeqli Lz, .20 E [|CIL¢|(J’1)] ] n

where j' € Z, satisfies 7/ > 1. On one hand, we can choose j large so that ]ng ~ 1, and
] 7
> 1 such that (Jﬂj) ' = 2. Then, E [@iy(ﬁ?ﬁ } 7 is O(1) by SSC.
Also, by SSC we know that €|q ;| converges to zero in the mean-square sense and,

therefore, in distribution. Then, by the continuous mapping theorem [40, Theorem 10.4 in

Section 5] we have that
(€9€|QM _ 1) (22) ()
—0elq ;|

=0l 41 1

It remains to prove that E [e O] } is finite to conclude that its expected value also
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converges to 1. In fact, we have
—0elq | < [0lefq.,] < [Olellg .|

and |f|e|[g || > 0. Then, by the facts item (i) and item (iii) stated above we obtain

efelal _ 1 Cloleliall — q

0<—_1* (0 S—_ﬂ’
—Oelg ] Y= ol

20y < ele\ellmllﬂ{qlﬁéo} < elolela.ll

Therefore,

-/

E (%)&_1)(]/4) ﬂ{alﬁ,go} SE _elg(jjl)<j’jl1)e||qj'||:|

—0e|q

[ o

e 45 )mra]

where (a) holds because projection is nonexpansive; (b) holds because norm-1 is greater

than Euclidean norm; and (c) holds by assumption of Theorem 3.5, choosing

(5 () =

Then, the claim holds with

v 1
emax =0 (J 9 ) s (313)

where we used that (ﬁ) j" = 2. This completes the proof. [
J
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3.6.4 Proof of Claim 3.11

Proof of Claim 3.11. We have
(96)2 = i (a) 2 nsmaxe2
0< 5 E ;1 u; <e (T) E

)3 NSmaxd?
N 2

where (a) holds because, by definition of unused service, we have u; < 5; < Sy, and all

terms are nonnegative; and (b) holds by Lemma 3.10.

Therefore,

<9;)]E (Za) is O(e%).

3.7 Conclusion and future work

In this chapter we introduced transform methods to compute the steady-state distribution
of the scaled queue lengths in heavy traffic. We focused on two-sided Laplace transform,
which is also known as MGF. We motivated the method with a single server queue in
section 2.5 and we applied it in the load balancing system under the CRP condition. In
chapter 6 we also apply it to the generalized switch. The main idea in the MGF method is
to set the drift on an exponential test function to zero. The key step is in getting a handle
on the unused service, and the paper illustrates how the unused service is handled in two
different types of queueing systems.

We discuss future work directions at the end of chapter 6 (see section 6.6).
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CHAPTER 4
POWER-OF-D CHOICES UNDER HETEROGENEOUS SERVERS

Based on:
D. Hurtado-Lange and S. T. Maguluri, “Throughput and delay optimality of power-of-d

choices in inhomogeneous load balancing systems,” Operations Research Letters, 2021

4.1 Introduction

Two popular routing algorithms for the load balancing system are join the shortest queue
(JSQ) and power-of-d choices. Under JSQ, the arrivals of each time slot are routed to the
server with the shortest queue among all. A disadvantage of JSQ is that, if the number of
servers is high, finding the shortest queue among all may take considerable time. How-
ever, JSQ only uses the state of the system (queue length vector) and does not require any
information about the parameters of the system, such as the service rates.

Under power-of-d choices, one samples d queues uniformly at random, and routes the
arrivals to the shortest queue among these d. In this case, we also do not use information
about the service rates, but if the servers are not equal, the queue length vector may not be
stable. In other words, if the servers are heterogeneous we may have infinite queue lengths
in steady state, even when the arrival rate is strictly less than the total service rate. Hence,
under heterogeneous servers, power-of-d choices may not be throughput optimal.

The primary contribution of this chapter is the computation of necessary and sufficient
conditions for throughput optimality of power-of-d choices, that only depend on the mean
service rate vector. Specifically, we characterize a polytope where the service rate vectors
should lie. In particular, if the servers are identical our conditions are satisfied. Our result
formalizes the idea that, in order to have throughput optimality, all the queues need to be

sampled frequently enough. Then, given that power-of-d selects d queues uniformly at
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random, our result implies that the service rates of different servers should be close to each
other; but not necessarily equal.

The second contribution of this chapter is the computation of the distribution of the
scaled vector of queue lengths in heavy traffic. We show that, if the heterogeneous service
rates lie in the interior of the polytope proposed for throughput optimality, the load bal-
ancing system operating under power-of-d choices has the same limiting distribution as a
load balancing system operating under JSQ. Therefore, our results imply that power-of-d
choices is heavy-traffic optimal.

The third contribution of this chapter is a sufficient condition for throughput optimality
under a larger class of routing policies. Specifically, we consider the following generaliza-
tion of power-of-d choices. In power-of-d choices, only sets of size d are sampled, and all
of them are observed with the same probability. In the last part of this chapter, we consider
a routing policy that selects any subset of servers with certain probability, and routes the
arrivals to the server with the shortest queue in the set. Then, we prove sufficient conditions

on the sampling probabilities for throughput optimality.

4.2 Related work

Throughput and delay optimality of the power-of-d choices routing algorithm have been
proved only when the servers are identical. If the service rates are different, there are
known counterexamples for throughput optimality [68]. In other words, if the servers are
different, power-of-d may reduce the stability region of the load balancing system. If the
dispatcher knows the service rates, throughput and delay optimality of a modified version
of power-of-d choices have been proved in [55, 69]. In this adaptation, the probability of
sampling each server is proportional to its mean service rate. However, we are interested
in studying the cases when service rates may be unknown to the dispatcher.

In [70] the authors address a similar question. They study stability of a general load

balancing system, and they obtain sufficient conditions for throughput optimality. However,
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they approach the problem from a different perspective, and they provide conditions that
depend on the queue length processes. In this chapter, we provide conditions that only
depend on the service rates and the sampling scheme. Hence, our conditions are easier to
check.

Heavy-traffic analysis of the load balancing system operating under power-of-d choices
has been done in the literature, but only under the assumption of identical and independent
servers [63]. To the best of our knowledge, we are the first ones to obtain the heavy-traffic
behavior of this queueing system with heterogeneous servers, and without modifying the

probability of sampling each server.

4.3 Throughput optimality of power-of-d choices

The goal of this chapter is to provide necessary and sufficient conditions on the vector of
service rates such that the load balancing system operating under the power-of-d choices
routing algorithm (see Definition 4.1) is throughput and heavy-traffic optimal. Before pre-
senting the result, we establish the details of the model.

We consider a load balancing system as described in section 3.4 but, instead of assum-
ing that the arrivals and potential service per time slot are bounded, we only assume finite
second moment. Let A 2 E la(1)], p 2R [s(1)] and px 2 >, wi- Without loss of gen-
erality, we assume the vector p is ordered from minimum to maximum, i.e., p; = fi(;) for
alli € [n]. Let o2 2 Var [a(1)] be the variance of the arrival process and ¥ the covariance
matrix of s(1). For each i € [n], define o7, 2 (3s)ii- It is well known that the capacity

region of the load balancing system is
A
C={reRy o< ps}, @.1)

i.e., for each A\ € Int(C), there exists a routing algorithm such that {g(k) : k € Z,} is

positive recurrent, and if A ¢ C, then {q(k) : k € Z,} is not positive recurrent for any
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routing algorithm. A proof of this statement is presented in [34].
In this chapter we work with the power-of-d choices routing algorithm, also known as

JSQ(d). We define it below.

Definition 4.1. Fix d € [n]. In each time slot, the power-of-d choices algorithm selects d
queues uniformly at random, and then routes the arrivals to the shortest of these. Ties are
broken at random. Formally, if queues i1, . . . , 14 are selected uniformly at random, then the

arrivals in time slot k are routed to the i*™ queue, where i* € arg mineg,,.i3 16 (k) }.

Observe that the power-of-d choices algorithm does not require any information about
arrival or service rates. It just requires observing the number of jobs at d of the queues in
each time slot.

Before presenting the result we formally define throughput optimality.

Definition 4.2. A routing algorithm A is throughput optimal if the queue length process
{q(k) : k € Z. } of the load balancing system operating under A is positive recurrent for

all A € Int (C), where C is defined in Equation 4.1.

Now we present the main theorem of this chapter. Recall that for a vector x € R" we
use x(; for its i"™ smallest element. Then, Ty = MiNepy, 7; and T(,) = Mmaxcp,) T4, for

example.

Theorem 4.3. For any d € [n — 1], define

e ¢
M(d)é{yem;%z%wgégn—l}, 4.2)
> d

where yx, 2 > iy Yi- Then, the power-of-d choices algorithm is throughput optimal for the

load balancing system described above if and only if p € M@,

Before presenting the proof of Theorem 4.3 we present some remarks that will help

interpreting the result.
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Remark 4.4. Observe that we can equivalently define M'? for all d € [n] as follows

¢ ¢
MDE Ly e R 2z Y0 > () Ve e n]y,
oo @)

where we use the convention (2) = 01if ¢ < d. Here we only added redundant constraints

to MY, so we use the definition in Equation 4.2 to avoid confusion.

Remark 4.5. An interpretation of Theorem 4.3 is the following. In order for power-of-d
choices algorithm to be throughput optimal, faster servers should be sampled sufficiently
often. If this does not happen, it leads to the counter example in [68]. Equation 4.2 charac-
terizes the amount of imbalance between service rates that power-of-d choices can tolerate.
Note that, when the number of servers is fixed, as d increases, power-of-d choices can toler-
ate more imbalance because the right-hand side of Equation 4.2 becomes smaller. If d = 1,
which corresponds to random routing, the set MY is exactly the set of vectors where all
the service rates are equal. In the other extreme case, when d = n, all the inequalities in
Equation 4.2 are redundant, and MY is the set of all nonnegative vectors. This fact is

consistent with the throughput optimality of JSQ for any vector of service rates.

Remark 4.6. For i € [n], define

0 Jifl<i<d-—1

Jifd <1 < n.

and let v be a vector with elements v;. An equivalent characterization of MY is the set
of all nonnegative vectors p such that u%: is majorized by v. Majorization captures the
notion of imbalance, and several equivalent characterizations can be found in [71]. This
notion has been used in the study of balls and bins models in [72], and to prove optimality
of routing and servicing algorithms in [73]. This notion also shows that for fixed d and n,

the vector . = v is on the boundary of M.
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Remark 4.7. Theorem 4.3 establishes that if p ¢ MY, then the power-of-d choices is not
throughput optimal. In other words, if p ¢ MY there are some values of X € Int (C) for
which {q(k) : k € Z} is not positive recurrent. In fact, if @ ¢ MY, the queue length

process is positive recurrent only if A € Int (E), where

n [
Eé{xe]&:xg@ Lbi Vd—lgégn—l}.
(d) i=1

Observe thatC C Cifu ¢ MY, and C = C if u € M'D. We omit the proof of this remark,

since it easily follows from the proof of Theorem 4.3.

In the proof of Theorem 4.3 we use the Foster-Lyapunov theorem (Theorem 2.4) and a
certificate that a DTMC is not positive recurrent (Theorem 2.5). Both of them are stated in

section 2.2.

Proof of Theorem 4.3. Let € 2 is, — A, and observe that A € Int(C) if and only if € €
(0, p1x). We first prove that if g € M D, then the power-of-d choices algorithm is through-
put optimal. To do that, we use the Foster-Lyapunov theorem (Theorem 2.4) with Lyapunov

function Z(q) = ||q||*. We have

E, [AZ(q(k)
Eq [llg(k+ DI* — (k)]

DR, [Jlg(k +1) — w(B)|? + fulk)|* + 2qlk + 1) - u(k), u(k) - qk)]?]

E, [lla(k) — s(B)” — u(k)|? ~ (k)]

E, [lla(h) + a(k) — s> — (k)]

Oy [lla(k) - s(k)[*] + 2Eq [(, a(k) — s(k))], 43)

1=

®

—

where (a) holds after adding and subtracting w (k) to the first term, and expanding the

square; (b) holds after usingthe dynamics of the queues presented in Equation 1.2 and the
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key property of the unused service presented in Equation 1.3, and reorganizing terms; (c¢)
holds because ||u(k)||> > 0; and (d) holds after expanding the first square and reorganizing
terms.

We analyze each of the terms in Equation 4.3 separately. For the first term, we have

E, [la(k) - s(h)[2] € B, [la(®)|?] +E [|s(t)]?]
® E [a(k)ﬂ + ZE [sl(k)ﬂ

DN 402+ (12 +02),
1=1

where (a) holds after expanding the square, noticing that (a(k), s(k)) > 0 and because the
potential service vector is independent of the queue lengths; (b) holds because all the ar-
rivals in one time slot are routed to the same queue; and (c¢) holds by definition of variance.

Define (; 224 o2+ >, (47 +02), and observe (; is a finite constant. Then,
Eq [la(k) = s(k)[*] < ¢ (44)

Observe that the computation of the bound in Equation 4.4 does not use any properties
of the routing algorithm. In other words, the Equation 4.4 is valid for the load balancing
system under any routing algorithm.

To compute the second term of Equation 4.3, we first compute E, [(g, a(k))]. Recall
that under power-of-d choices, d queues are chosen uniformly at random, and then the

arrivals are sent to the shortest among them. Then, we have

n—d+1 (nfz)

By [{g, a(k)] =\ D 407

4.5)

@

n—i

because there are ()

) ways pf sampling d queues, and make sure that q(;) is the shortest;

and there are (”

d) ways of sampling d queues uniformly at random. If there are ties on
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the queue lengths, power-of-d breaks them at random. Hence, the result in Equation 4.5
remains valid.
Let ¢(4) be the index of the i shortest queue given q(k) = q. Then, since the potential

service is independent of the queue lengths, the second term of Equation 4.3 is

Eq[{g, a(k) — s(k))] = Eq (g, a(k))] — (g, 1)

n—d+1 n z) n
= Z ) ( d)(i)) - Z (i) He(i)- (4.6)

i=n—d+2
Define
)\ n—i
N %f)—uw),ﬁlgign—d+1
02l (3) @4.7)
— (i) Jfn—d+1<i<n.

Claim 4.8. The parameters «; defined in Equation 4.7 satisfy

1. Oy, S —H1-
2. Zai = —¢
i=1

3. For any ( € 7, satisfying 2 < ¢ < n — 1, we have Zai < —(o, where (5 2

i=/
i o .

We prove Claim 4.8 at the end of this section. Now we compute an upper bound for

Equation 4.6. We obtain

Eq [{q,a(k) — s(k))] = Z [0



—~
=
=

= q) (& — €) — Gam

—~
o
N2

< —Q2q(n), (4.8)

where (a) holds by the first two properties of Claim 4.8; (b) holds after solving the tele-

€

scopic sum and rearranging terms; and (c¢) holds because (; < @] by definition, and
d

(3) > 1. Using Equation 4.4 and Equation 4.8 in Equation 4.3 we obtain

Eq [AZ(q(k))] < (1 — 2Gqm).-

Let n > 0. Then, defining

D2¢ and B2 {q € RY :maxg; < Cl;g;”},
both of the conditions of Theorem 2.4 are satisfied. Therefore, if u € M@ then the
power-of-d choices algorithm is throughput optimal.
Now we prove that if g ¢ M9, then the power-of-d choices algorithm is not through-
put optimal. In other words, we prove that if p ¢ M@, there exists A € Int (C) such that
{q(k) : k € Z, } is not positive recurrent.

First observe that if g ¢ M(?, there exists ¢ € Z, such that d < ¢ < n — 1 and

4
Z%—;“ < % Let /* be the smallest ¢ satisfying this condition, and - > 0 satisfy
d
I I
Tiati g, - ) 49)
Hx (d)

0*

We use Theorem 2.5 with function Vj+(q) = > ,_, ¢;. We have

Eq [Ve-(q(k + 1)) = Vi (q(k))]

_ Z Eq [ai(k) — si(k) + ui(k)]
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<§§:EA%wﬂ—§:m

®) 7+ 0*

> §Eq [a(z;(i)(k)} — Zlﬂi

© E* )\(3:11) s (@ —&*)
20 =\

(d) ()

= pslp — €0,
(3)

where (a) holds because E [s;(k)] = p; and E [u;(k)] > 0 for all i € [n]; (b) holds by
letting gg(z) be the index of the i™ longest element of g, and because under power-of-d
choices the arrivals are routed to the shortest queue among the d selected; (c¢) holds by

Equation 4.9, and because the arrivals are routed to the i longest queue only if the other

d—1

d — 1 selected queues are larger, and this happens with probability % if ¢ > d and

d

with probability O otherwise (similarly to the computation of Equation 4.5); and (d) holds
because Zf*:d (;:11) = (é;) and A = uy — €.

This proves conditions the first two conditions for € > 0 satisfying

(@}

(a)

e < puy min {1, Op+
To prove the third condition, observe

Eq [Ve-(g(k + 1)) = Vi-(q(k))]
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where (a) holds because u;(k) < s;(k) with probability 1, by definition of unused ser-
vice; (b) holds because arrivals to each queue are a nonnegative random variable; and (c)
holds because a(k) = > ., a;(k) and A = E[a(k)]. Since A < oo, this proves the third

condition. This completes the proof of the theorem. 0
We now present the proof of Claim 4.8.

Proof of Claim 4.8. We prove each of the three properties. We obtain:
1. If © = n we have o, = — gy < —p1, because py = mingep,) ;.

2. The total sum of «;’s satisfies

where (a) holds because 31— ("~1) = (7).

3. If 2 < ¢ < n —d+ 1 we have that the tail sums are

®) (n—i—i—ﬁ) n
=(ps — )5 =) g
(d) i=0
( )n+1f€ n+1—2¢ n
<> mi- ( 4 )E—Zw(z)
i=1 (d> i={
(i) €

where (a) holds because S 7~ (") = (n%*e); (b) holds by definition of «;
(c) holds because € M@; and (d) holds because (”J“;_z) > 1, and because

S s = S gy < 0, since 30 s the sum of the n + ¢ — 1 smallest
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elements of g, and D", f14(;) is the sum of n + ¢ — 1 of the elements of p which are

not necessarily the smallest.

Ifn—d+1<¥¢<n-—1wehave

Zai = - Z,%(i) < —p.
i=( i=(

where the inequality holds because y; = min;ep,) p4;. Then, forall 2 < £ <n —1 we

have

4.4 Heavy-traffic optimality

In this section we perform heavy-traffic analysis of a heterogeneous load balancing system
operating under power-of-d choices. Specifically, we prove that in the heavy-traffic limit,
the load balancing system operating under power-of-d choices behaves as a single server
queue and show that the scaled vector of queue lengths converges to a vector of exponential
random variables. This result is similar to Corollary 3.7 and Corollary 3.8. The main
difference is that in Corollary 3.7 we used the JSQ routing policy, and in Corollary 3.8 we
studied power-of-2 choices under homogeneous servers. Here we show that the same result
can be proved for power-of-d choices with heterogeneous servers, under similar conditions
to Theorem 4.3.

We parametrize the system similarly to section 3.5. Specifically, we fix a sequence of
service rate vectors {s(k) : k € Z,} and take ¢ € (0, uy). The arrival process to the
system parametrized by ¢ is an i.i.d. sequence {a((k) : k € Z,} that satisfies \(©) 2

E [a9(1)] = ps, — €. Then, the heavy-traffic limit is obtained by taking € | 0. We add a
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superscript (¢) to the queue length, arrival and unused service variables when we refer to
the load balancing system parametrized by e.

In the next proposition we show SSC to the cone K = {xeRY :z; =2, Vi, l € [n]}.
For any vector x € R", define

z =1 (Z—lx) R TT (4.10)

n

Then, x| is the projection of & on K and x is the error of approximating x by . Now

we present the result.

Proposition 4.9. Given a sequence {s(k) : k € Z.} of i.i.d. random vectors, and ¢ €
(0, p:), consider a load balancing system operating under power-of-d choices, parametrized
by € as described above. Suppose d > 2, and that the number of arrivals and the potential
service in each time slot are bounded. Let p € Int (/\/l(d)) and let G be a steady-state
vector such that {q') (k) : k € Z.} converges in distribution to ¢\ as k 1 oc. Let § > 0
be such that for all { € 7, satisfying d < { < n — 1 we have

Ze:_l/i _5> @ 4.11)

-

K B (d)

If e < Ouy, then E [||§(f)||j} < J, foreach j € Z with j > 1, where J; is a finite constant

(independent of €).

Proposition 4.9 says that the error of approximating gl by 6‘(‘6) is negligible in heavy

traffic because, as € gets smaller, the arrival rate to the system increases and, therefore, the

vector of queue lengths ' becomes larger. Then, the projection E‘(‘E) also becomes larger.

However, the error of approximating g by Gl(f), denoted as G(f), has bounded moments.
Then, as € goes to zero it becomes negligible.
Observe that the vector 6(6) is well defined, because p € Int (./\/l(d)) C M@, Then,

from Theorem 4.3 we know that the DTMC {q'“ (k) : k € Z, } is positive recurrent for all
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€ c (0, Mg)

Proof of 4.9. For ease of exposition, we omit the dependence on ¢ of the variables. Define

yAN yAN A
Vig) = llal”, Vi@ = llgl*, Wiq) =lla.|.-

We use Lemma 2.7 with Z(q) = W, (q). We start with a fact first used in [34]. Observe
that ||g, || = +/||q_||? by definition of square root, and f(x) = \/x is a concave function.

Then, by definition of concavity and the Pythagoras theorem,

1

S 3qu V@~ AYi(a). (4.12)

Then, to prove condition (C1), it suffices to upper bound E, [AV(g)] and lower bound
Eq [AV)(q)]. We start with E, [AV(g)]. From the proof of Theorem 4.3, we know Equa-

tion 4.4 is satisfied, i.e.,
Eq [AV(q(k))] < G+ 2Eq [(g, a(k) — s(k))].

We analyze the last term differently here. Defining ¢(7) as in the proof of Theorem 4.3, we

have

where (a) holds by adding and subtracting < (3" | ¢;), and reorganizing terms; and (b)
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holds defining for each i € [n]

(d;1))\+£_u¢(i) ,ifl<i<n—d+1
() n (4.13)

E—,u(b(i) ,ifn—d+1<i<n
n

Bi

Observe 3; = a; + £ for each i € [n], where q; is defined in Equation 4.7.

Claim 4.10. The parameters [3; defined in Equation 4.13 satisfy
L B < —pay + 5
2.y Bi=0.
i=1
3. Forany ( € Z, satisfying2 < { <n —1wehavey ;. ,0; < —dus + €

We prove Claim 4.10 in subsection 4.6.1. Observe that if d = 1, the second property is

not satisfied. Using Claim 4.10 we obtain

SUITEE SRS 91 0 91} IR

< (=0ps +€) (g — q) - (4.14)

Observe that, by definition of q | , we have

= PR ANC)
HqLH2:Z <qz'— nl j) < n (qm) — q)) »

where (a) holds because g; < () forall i € [n] and + >~ | g, > g(1) by definition of g

and q(y,). Using this result in Equation 4.14 we obtain that

) € —0 €
Zq = (T2 Y o) < (FE )
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for any ¢, € (0, 0uy). Therefore,

Eq [AV(q(k))] < ¢ — 2¢ <¥) +2 (%) g .|l (4.15)

To lower bound E, [AVH (q)] we only use properties of the norm and the unused ser-

vice. We obtain

n

Eq [AV](q(k))] > —2¢ <&) — (s, (4.16)

where (3 2 ons?

max?

and Sp,ax 1S a finite constant such that s;(1) < Sy for all i € [n]

with probability 1. Using Equation 4.15 and Equation 4.16 in Equation 4.12 we obtain

G+ —dpix + €o
B A ali) g+ (2.

which satisfies condition (C1) for n > 0 and

. (C1+C3> (_ +5M2—€0>_1
fr— 2 77 —\/ﬁ .

Condition (C2) is trivially satisfied because potential service and arrivals in one time

slot are bounded random variables. ]

Using SSC, we can completely determine the behavior of the vector of queue lengths

in heavy traffic. In the next proposition we provide this result.
Theorem 4.11. Consider a set of load balancing systems operating under power-of-d as
described in Proposition 4.9. Let o\ be the standard deviation of a\9(1) and assume

o, = limg o o9, Then, €q'9 = Y1 as € | 0, where Y is an exponential random variable

with mean % (02 + 1T251).

Remark 4.12. In Proposition 4.9 and Theorem 4.11 we assume that the set MY has

nonempty interior. This can be proved by observing that, for d > 2, a vector of homoge-
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neous service rates p = 1 (with € > 0) satisfies all the inequalities in Equation 4.2, and
none of them is tight. Then, such p = &1 € Int (/\/l(d)). On the other hand, when d = 1,
the set MY only contains the homogeneous service rate vectors, which has an empty inte-
rior. Then, our heavy-traffic results are not applicable. This is consistent with the fact that

random routing is not heavy-traffic optimal.

Proof of Theorem 4.11. We use the MGF method introduced in section 3.3. In fact, our
theorem is a corollary of Theorem 3.5. We only verify that three conditions are satisfied.
We first verify that the routing algorithm is throughput optimal, which holds from The-
orem 4.3 because we assume g € MY, The second condition is SSC to a one-dimensional
subspace, which is satisfied by Proposition 4.9. In fact, in Theorem 3.5 we require a weaker
notion of SSC, which is trivially satisfied after proving Proposition 4.9. The last condition
is existence of the MGF of ¢ )" | g;, which we formalize in Claim 4.13. We omit the

proof, since it is equivalent to the proof of Lemma 3.13.

Claim 4.13. For the load balancing system described in Theorem 4.11, there exists © > 0

such that E [eGEZ?ﬁ 656)} is finite for all § € [—©, O)].

4.5 Generalization to other routing policies

In this section we generalize the sufficient conditions in Theorem 4.3 to a larger class of
routing policies. Instead of using power-of-d choices, suppose the router randomly selects
an arbitrary subset of servers, and then the arrivals are routed to the server with the shortest
queue among these. Let 7 : 2" — [0, 1] be the probability mass function that governs the
set of servers that are randomly selected in each time slot. We call R™ the routing algorithm

described above.

Theorem 4.14. Given 7 : 2"l — [0, 1], consider a load balancing system as described in

section 3.4, operating under R™. For each subset S C [n], let w(S) be the probability of
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sampling the servers in the set S. Let P ([n]) be the set of permutations of the elements of

the set [n], and for each T € P(|n|) define

MTé{yem- it <ZZ WEn—u}

i=1 Se8&T

where
—{SC[] Tn—i+1)eSt0)¢S Y<n—i+1}.

Then, the routing algorithm R™ is throughput optimal if p € M. for all T € P ([n)).
The proof is similar to the proof of Theorem 4.3, and we present a sketch below.

Proof sketch of Theorem 4.14. The proof is very similar to Theorem 4.3. In fact, the only
difference is the computation of E, [(g, a(k))]. Since the sampling scheme in power-of-d
choices is symmetric, in Theorem 4.3 we obtain the simple expression presented in Equa-

tion 4.5. In this case, we obtain

Eq [(q,a(k))] = Z Q(i))\< Z W(S)) )

SCln]:
$(i)€arg minses g

We omit the rest of the proof for brevity. [

4.6 Details of the proofs in section 4.4

4.6.1 Proof of Claim 4.10

Proof of Claim 4.10. We prove each of the three properties. We have:
1. If 2 = n we have
Bn:an_’__ < _,u(l)_’__a
n
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where we used property item 1 from Claim 4.8.

. The total sum of 3;’s satisfies

Y Bi=) aite=0,
1=1 1=1

where we used property item 2 from Claim 4.8.

. To prove this property we divide in 2 cases. If / < n — d + 1 we have

n—d+1 (nfi)

EH:BFA ) ﬁ+i(§—ﬂ¢m)
i=0 i=t d i=L
= (us —€) (nzflb)_e) + (n_f;Jr 1) G—g%m

d
(a) n+1—¢ n—_{+1
< ( Z )Mz+6— Z (i)
(2) sy
(b)
<e—dus

where (a) holds because e > 0, =21 < 1 and because S, is the sum of the

=1

smallest (n — ¢ + 1) elements of u; and (b) holds by Equation 4.11 and reorganizing

terms.

If ¢ >n —d+ 1 we have
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where (a) holds because Zf:_f 1 11; is the sum of the smallest (n — £+ 1) elements of
v )

(2)

p; (b) holds because =t < 1 and by Equation 4.11; and (c) because

]

4.7 Conclusion and future work

In this chapter we study performance of power-of-d choices in inhomogeneous load balanc-
ing systems. We find necessary and sufficient conditions for throughput optimality and we
show that almost under the same conditions, we have heavy-traffic optimality. The condi-
tions we obtain formalize the intuition that power-of-d choices is a good routing algorithm
when the service rates are not too imbalanced. However, they do not need to be equal.
Future work is to explore routing policies as described in section 4.5 and obtain heavy-

traffic results for them.
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CHAPTER §
LOAD BALANCING UNDER MANY-SERVER HEAVY-TRAFFIC REGIME

Based on:
D. Hurtado-Lange and S. T. Maguluri, “Load balancing system under join the shortest

queue: Many-server-heavy-traffic asymptotics,” arXiv preprint arXiv:2004.04826v2, 2020

5.1 Introduction

So far, we have been studying the heavy-traffic asymptotics of the load balancing system. In
this regime, we keep the number of jobs constant and we increase the load to the maximum
capacity. In this chapter we work in the many-server heavy-traffic regime, where both, the
load and the number of servers, increase together. Specifically, we let n be the number of
servers and we parametrize the arrival process so that the mean arrival rate per server is
1 —n~%, where a > 0. Then, the fotal arrival rate to the system is n(1 — n~%). In the
many-server heavy-traffic regime, there are different phases depending on the value of a.
As a | 0, we approximately approach the mean-field regime, o = % represents the Halfin-
Whitt regime [75], o = 1 represents the nondegenerate-slowdown regime (NDS) [76], and
a — oo can be thought of as the classical heavy-traffic regime. In this chapter, we look
at all super-NDS regimes, i.e., the regimes with & > 1 and, hence, that are more heavily

loaded than NDS. The main contributions of this chapter are summarized below:

(i) We show that the total queue length scaled by n=* (or, equivalently, the average
queue length scaled by n'~®) converges in distribution to an exponential random
variable if the load grows ‘fast enough’ with respect to the number of servers. In
particular, under power-of-d choices with constant d, we show that this result is valid

if & > 3 (see Corollary 5.11); and under JSQ the same result holds for o > 2 (see
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(ii)

(111)

(iv)

v)

Corollary 5.12). Further, we show the condition that o must satisfy under power-of-
d choices when d is a function of the number of servers. Specifically, we show that
if d £ en® for some ¢ > 0 and f > 0 such that d € [n], the convergence to the
exponential random variable is valid if o + 3 > 3 (see Theorem 5.10). We provide

two proofs to our result, which we explain in the next two contributions.

We first show the result using one-sided Laplace transform (see section 5.3 and sec-
tion 5.7). Specifically, we generalize the transform method introduced in chapter 3
for discrete-time systems in heavy traffic. In subsection 5.3.2 we generalize it to the
many-server heavy-traffic asymptotics, and in section 5.9 we further generalize it to

continuous-time model.

We compute the rate of convergence of the scaled total queue length to the exponen-
tial random variable in Wasserstein’s distance (see Theorem 5.6 and Theorem 5.19).
These are stronger versions of Theorem 5.10 and Theorem 5.1, respectively, where
we actually obtain the convergence in distribution as a consequence of the error

bound. To show this result we use Stein’s method (see section 5.10).

All these proofs are powered by multiplicative SSC results that we show in Proposi-
tion 5.3 and Proposition 5.14. We show SSC to the line generated by the vector 1,
i.e., we show that all the queue lengths are similar. Specifically, we compute bounds
for the moments of the norm of the difference between the queue length vector and its
projection on the line generated by the vector 1. Further, we compute a bound for the
MGEF of its norm. These bounds grow to infinity as the number of servers increase.
However, after scaling the total queue length by n=* they become negligible, hence

the name multiplicative.

We compute the rate of convergence in expected value of the total average queue
length scaled by n=. Specifically, we show that the rate of convergence is of order

log(n)n3~#. As a consequence, we prove the convergence of the expectation under
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the same conditions established in Theorem 5.10 (see Theorem 5.21). Similarly to
Theorem 5.10, we explicitly show that the power-of-d choices algorithm with con-
stant d and the JSQ algorithm are immediate consequences of Theorem 5.21. To

prove this result we use the drift method.

5.2 Related work

In previous chapters, we have focused on heavy-traffic analysis, where the number of
servers is kept constant and the load is increased to maximum capacity. Another popu-
lar regime is mean-field , where we keep the load constant and we increase the number of
Servers.

The mean-field regime has become popular after it was used to show that the power-of-
2 choices algorithm yields queue lengths that are considerably smaller than random routing
[18, 19, 20]. It was later proved that the JSQ system behaves as an M /M /oo system in
the mean-field regime [77]. In [78], it was shown that under power-of-d choices with d
growing with n, the fluid limit does not depend on the growth rate and, hence, power-of-d
and JSQ have the same fluid limit. More recently, it has been shown that, in this regime,
there must always be a proportion of empty queues and, hence, any routing policy that
prioritizes empty queues yields queue lengths of at most one job [79]. Under the same
logic, the join the idle queue (JIQ) policy has become popular. It was proposed in [59]
and the idea is that, whenever a server idles, it communicates its status to the dispatcher.
Then, the arrivals are routed randomly to one of the empty queues. If none of the queues
is empty, then a server is selected uniformly at random. This policy has been rigorously
analyzed in [60] under exponential job sizes, and in [80] for general job-size distributions.
In both cases, the authors show that the steady-state probability that an arriving job waits
in line vanishes as the number of servers grows to infinity.

Among the many-server heavy-traffic regimes (where the number of servers and the

load increase together), one of the most popular is the Halfin-Whit regime, where the dif-
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ference between the service and arrival rate per server is nY2 je.,a = % This regime
was introduced in [75], where the authors present the classical analysis of the M /M /n
queue. More recently, [58] shows that the number of empty queues and the number of
queues with one customer in line are of order O(+/n). The authors use the diffusion limits
approach, but interchange of limits is not proved. This step is completed in [26]. In [81, 82]
the work of [58] is continued. Specifically, in [81] the authors study tail asymptotics of the
stationary distribution, and in [82] they study the moments of the stationary distribution. In
[83], the authors show that JIQ routing yields diffusion-level optimality in the Halfin-Whitt
regime.

In [29], load balancing systems under several routing policies in the sub-Halfin-Whitt
regime are studied, and in [84] the analysis is extended to the super-Halfin-Whitt regime,
i.e., when o € [%, 1). In [85], the authors also focus on the super-Halfin-Whitt regime, and
they compute the asymptotic distribution of the (centered and scaled) queue lengths. In
[86] a load balancing system operating under power-of-d, where jobs are batches of tasks,
is analyzed. Specifically, the authors find conditions on the value of d (as a function of the
number of servers, the load and the number of tasks per job) such that power-of-d choices
achieves zero delay in sub-Halfin-Whitt regime.

The NDS regime was introduced in [76] in the context of an M /M /n queue, and the
author shows that the regime yields new diffusion processes. More recently, it has been
used to compare routing policies in the load balancing system [79]. Specifically, the authors
in [79] characterize the diffusion approximation of JSQ and propose a new policy with less
communication overhead, and that achieves JSQ optimality. This policy is called idle-one-
first, and prioritizes routing to servers that are idling or have one job.

Multiplicative SSC has been used in a variety of contexts in the literature [87, 88, 89,
90, 64, 22, 9]. The most relevant work in our context are the results in [88, 22]. In [88]
the authors study a parallel-server system in the Halfin-Whitt regime, and they propose a

framework for establishing SSC in queueing systems with multiple server pools in parallel
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Table 5.1: Literature review for asymptotic regimes depending on the value of «.

Value of « Regime References
a | 0 (intuitively) Mean-field [77, 80, 19, 20, 78, 60, 18]
ae (0,3) Sub-Halfin-Whitt [29, 86]
a=3 Halfin-Whitt [81, 82, 26, 58, 75, 83]
o € ( %, 1) Super-Halfin-Whitt [84, 85]

_ Nondegenerate Slow-
o=l down (NDS) [76,79]
a € (1,2] Super-NDS Open question
a € (2,00) Super-NDS This chapter

o . [6,7,09,3,2,8,5, 4, 44, 16,

a — oo (intuitively) | Classical heavy-traffic 34,63, 67,91, 24]

and different customer classes. They use the fluid dynamics to establish their result. In
[22] the multiplicative SSC result is used in the context of the heavy-traffic analysis of a
bandwidth sharing network, and they use the drift method to analyze it. Their proof is
based on bounding the drift of the error of approximating the actual vector of flows by
its projection on the subspace where SSC occurs, which is traditional in the drift method
[34, 15, 14]. In the traditional drift method technique, the SSC bounds are independent
of the heavy-traffic parameter. However, in [22], the bounds depend on the heavy-traffic
parameter and the authors show that they become negligible after scaling. In this chapter,
we adopt their technique to show SSC and we use it in the context of a load balancing
system in the many-server heavy-traffic regime.

In Table 5.1 we show a summary of the related work presented above, classified accord-
ing to the value of . We also include the literature on heavy-traffic analysis introduced in

previous chapters.

5.3 Load balancing under JSQ

Consider the load balancing model introduced in chapter 3. We start introducing the details

of the many-server heavy-traffic parametrization. For each i € [n], assume E [s;(1)] = 1
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and Var [s;(1)] = o2. We are interested in the many-server heavy-traffic limit, so we

parametrize the system by the number of servers n in the following way. We add a su-
perscript (n) to the variables when we refer to the parametrized system. Let \(™ 2
E [a™(1)] =n(1—n"%), where @ > 0 and Var [a(™(1)] = no?2. Observe that the mean
and variance of the arrival rate increases linearly with n. Hence, the upper bound A, also
needs to be a function of n. Let flmaX > (0 be a finite constant such that a(”)(l) < nflmax

with probability 1 for each n.

Note that

which is positive. Therefore, the Markov Chain {q"" (k) : k € Z, } is positive recurrent
[34, Lemma2]. Assume P [a(k) — s;(k) = 0] > O forsome i € [n]. Then, {q™ (k) : k € Z }
is also aperiodic because P [g(k) = q(k + 1)] > 0. Then, the vector of queue lengths con-
verges in distribution to a steady-state random vector, that we denote g. Let @™ be a
steady-state random variable with the same distribution as a(™ (1) and 5 be a steady-state
random vector with the same distribution as s(1). Let @™ be the vector of arrivals after
routing in steady state, given that the queue lengths are g™ and @™ jobs arrive to the sys-
tem, and let @™ be the vector of unused service in steady-state, given ﬁ(”), a™ and 3",
Define (G(”)) = g™ +a™ — 35+ @™ as the vector of queue lengths one time slot after

+
q@™ is observed, given @™ and 5. Then, we have (QE")> "

= 0 with probability 1 for
all i € [n].

In the next subsections we prove Theorem 5.1, using two different approaches.

Theorem 5.1. Consider a sequence of load balancing systems operating under JSQ, parametrized

by n as described above. If o« > 4, then n™® > | qf.") = T asn — oo, where T is an

2 2
exponential random variable with mean %

Similarly to the classical heavy-traffic regime, proving SSC and bounding the unused
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service are essential in the proof of Theorem 5.1. Further computing the expected total un-
used service in steady state is essential in the proof of SSC and in the proof of Theorem 5.1.

We state the result below, as it will be repeatedly in the rest of this section.

Lemma 5.2. Consider a load balancing system operating under JSQ, parametrized by n

as described above. Then,

E

. _(n) :nl—a‘
>

Proof of Lemma 5.2. In this proof we omit the dependence on n of the variables for ease
of exposition. We set to zero the drift of V;(q) = >, ¢;. Before doing it, we should show
that IE [V;(q)] < oo. This result is a direct consequence of [34, Proposition 3], so we omit

the proof. Setting the drift to zero we obtain

I

where (a) holds by the dynamics of the queues presented in Equation 1.2 and by definition

of g". Rearranging terms we obtain

i=1 i=1
23 El]-Ef[
1=1
— nl—oa7
where (@) holds because @ = > ", @; by definition. O

Observe that in the proof of Lemma 5.2 we do not specifically use that the routing
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policy is JSQ. In fact, all we need is a routing policy such that E [Z?:l qﬁ”)} < 00, and

this condition is usually satisfied by throughput optimal policies. For example, power-of-d

choices satisfies this condition as well.

5.3.1 State space collapse

The goal of this section is to show that when o« > 4, the average queue length in the
load balancing system in the many-server heavy-traffic limit behaves similarly to the clas-
sical heavy-traffic regime. It is known that the load balancing system operating under JSQ
exhibits one-dimensional SSC in classical heavy traffic, i.e., in the limit it behaves as a
single-server queue. In [34], SSC is proved by showing that the error of approximating the
actual vector of queue lengths by its projection on the line where SSC occurs is bounded,
and the bound does not depend on the traffic intensity. Therefore, as the traffic intensity
increases, this error becomes negligible. In this case, the traffic intensity depends on the
number of servers, so we need to show that the bound becomes negligible as n increases.

Before stating the result we introduce notation. Given a vector € R", let

Z| é (Z %) 1 and T é:c—a:H. (5.1)

i=1

Then, x| is the projection of x on the line generated by the vector 1, and x is the error of

approximating x by . In this section we prove the following proposition.

Proposition 5.3. Consider a load balancing system operating under JSQ, parametrized by
n as described above. Let § € (0,1) and ng € Z. be such that 6 < 1 —n~* for all n > ny,.

Then, there exists a finite constant C' such that for any j € 7., with j > 1, we have

1

E U(a‘ﬁ ]} <ot (5.2)
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3
2

Additionally, if 6 < +7u log (1 + 2 ) we have

max™ 2 maxT

B [exp (smf])] < Jop ()

. 5.3
0+ 4Amaxn% (1 — exp (40Amaxn%*"‘)) ©3)

In the proof of Proposition 5.3 we use the moment and exponential bounds based on

drift arguments presented in Lemma 2.7 and Lemma 2.8.

5.3.2  Proof of Theorem 5.1 using transform method

In this section we prove Theorem 5.1 using the Transform method introduced in chapter 3.

We use one-sided Laplace transform.

Proof of Theorem 5.1. For ease of exposition, in this proof we omit the dependence on n
of the variables. The first step is to prove an ‘exponential version’ of the key property of
the unused service presented in Equation 1.3. We state the result below, and we prove it in

subsection 5.6.1.

Lemma 5.4. Consider a load balancing system operating under JSQ, parametrized by n
as described in Theorem 5.1, and suppose o > 4. Let 20 (#), where < 0 is a

finite parameter. Then, there exists © > 0 such that for all ]é[ < © we have

B[ (exp (ino s, (1)) = 1) exp (ono i, w) = 1) | s (n'722),

where Gy, represents the total queue length one time slot after observing .

Rearranging terms in the expression of Lemma 5.4 we obtain

E [exp (bn—oxr 37 )] — E[exp (bn—oxr ,g,)| E [exp (én—a(a—zg;lgi))]

=1—El[exp (-dnoxr @) + o0 (n' ),
where we used the dynamics of the queues presented in Equation 1.2, the fact that a =

84



> i, a;, and that the arrival process to the system and the potential service processes are
independent of the queue lengths.

Since # < 0, we know E lexp (dn—=x7,7,)] < 1 < oco. Then, we can set its drift to
zero, i.e., we set E[exp (¢n—>x7,7,)] = Elexp (dn—oxr,5)]. Using this property and

rearranging terms we obtain

1 —Efexp (~on-o¥7 )] + o (n'72%)

54
1 —E [exp (n-e(a-2r,5))] G4

E[exp (bn 50, 3,)] =

Our goal is to take the limit as n — co. Observe that the right-hand side of Equation 5.4
yields a % form in the limit. Then, we take the Taylor expansion with respect to f of the

numerator and denominator. For the numerator we obtain

~

1 —El[exp (—on—=7 )] = On—°F 4 0( 1— 2@) — Onl=2 1, (n1_2a) ’

>

=1

where the last equality holds by Lemma 5.2. The o (n!™2%) term arises because for all

J > 2 we have
9] ja 9] JOé -t n
el (Sa) || @ e | (Sa) (S0a)
=1
g f)75i-1 &
< | | 'max jl a)— 1E Zﬂ’L]
j' =1
© IPSIRE s
4!

where (a) holds because @; > 0 with probability 1 for all i € [n] by definition of unused
service; (b) holds because 0 < u; < 5; < Spax; and (¢) holds by Lemma 5.2. Also,
j—a(j+1)—(1—-2a) = (j —1)(1 — «), which is negative for all & > 1. Then, it is

negative for a > 4.
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For the denominator we obtain

1 — E [exp (in-= (-2, 5))]

~ 2
= —0n"°E |a - znjg- e | (- ZR:E- +o0(n'72)
i=1 Z 2 i=1 Z
@ A 1_9 §2nl—2a ) ) §2p 2o -
= 0On % — 5 (02 +02) — 5 +o(n'7?),
where (a) holds by definition of variance and because E[Y " | 5; —a] = n'"®. The
o (n'~2%) arises similarly to the case of the numerator. We omit the details for brevity.

Putting everything together and canceling On'—2* from the numerator and the denomi-

nator we obtain

R 1+ o(1
E [exp (Onfo‘ Dy @)] = - 2 + 0(_2)

1-46 ( < s) +o(1)
~ 1+o0(1)
1-0+0(1)

where the last equality holds because = 021902. Therefore,

lim E[exp (bnoxr,q,)] = —

n—00 1-6’

which is the one-sided Laplace transform of an exponential random variable with mean 1.

This completes the proof. ]

5.4 Rate of convergence in Wasserstein’s distance

A different approach to show Theorem 5.1 is using Stein’s method, where one additionally
obtains the rate of convergence in Wasserstein’s distance. We present a definition of this

metric and the result below.
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Definition 5.5. For two probability measures vy and v,, the Wasserstein’s distance between

them is

A
dw(vi,v9) = sup

heLip(1)

Y

/ h(z) dn (z) — / h(x) dvs(x)

where Lip(1) = {h: R — R such that |h(z) — h(y)| < |x — y|} is the set of Lipschitz

functions with constant 1.

For random variables X and Y with laws v and v, respectively, we write dy (X,Y)

instead of dy (v1, 1»), and when the measures are clear from the context we write

dw(X,Y) = sup [E[h(X)] -~ E[A(Y)]. (5.5)

heLip(l)

Theorem 5.6. Consider a load balancing system operating under JSQ, parametrized by n
as described in Section 5.3. Let Z be an exponential random variable with mean 1. Then,
we have

d p —_(n)
TP PR

i=1

1 —
= 2 + 2 <5Smaxn1_a + nl_Qa + O»S’max(a - 1)n4_a I_log (n)-l n Hogl(n)]
O, (O
4n2—30¢ 5
Amax 2‘S*Ina‘x .
+3(03 + 02) ( + ) )

— A . ..
where C = C’SmaxeiJrl and C'is the constant from Proposition 5.3.

It is known that convergence to zero of the Wasserstein’s distance implies convergence
in distribution [92, Theorem 2]. Hence, Theorem 5.1 is an immediate consequence of
Theorem 5.6.

We omit the proof of Theorem 5.6, since it is very similar to the proof of Theorem 5.19.
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5.5 Load balancing under power-of-d choices

As mentioned in chapter 4, JSQ is a special case of the power-of-d choices routing algo-
rithm. In this section, we present the many-server heavy-traffic asymptotics of the average
queue length in a load balancing system operating under this routing algorithm. We omit

the proof, since it is similar to the proofs in chapter 4 and section 5.3.

Theorem 5.7. Consider a sequence of load balancing systems operating under power-of-d
choices, parametrized by n as described in section 5.3. Let d = cn®, where ¢, 3 > 0 are
constants. If « + 3 > 1—21, thenn™>> " GE") = T asn — oo, where { is an exponential

; : oato?
random variable with mean o

Below we state the SSC result that we use in the proof of Theorem 5.7.

Proposition 5.8. Consider a load balancing system operating under power-of-d choices,
parametrized by n as described above. Let 6 € (0,1) andny € Z, be suchthatd < 1—n=°

for all n > ny. Then, there exists a finite constant C' such that for any j € Z with j > 1,

41 .9
_(n VA n?2
)] <c ().

Additionally, if 6 < ﬁ log (1 + 9 ) we have

4Amaxn®

we have

4Amaxn 2

) (1= 0)(d = 1yexp (gt 7))
< e .
T (1=6)(d—1)+4A.n° (1 — exp (49&,]&,(71%—&))

7™

E [exp <0n1*a‘ i

Recall that if we set d = n, power-of-d choices is equivalent to JSQ. However, if we use
d = n in Theorem 5.7 and Proposition 5.8, we do not recover the results from section 5.3.

Exploring this gap is future work.
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5.6 Details of the proofs of section 5.3

5.6.1 Proof of Lemma 5.4

We use the following lemma, which was proved in chapter 3 (see Lemma 3.14). We state

it here for completeness.

Lemma 5.9. Consider a load balancing system operating under JSQ, parametrized by n

as described in section 5.3. Then, for any ( € R and k € Z, we have
Z u; exp Z;"zlqj(.")(kJrl — 1 Z u; (exp (—¢g™ (k+1)) — 1),

where ¢\") (k + 1) is the i" element of ¢\ (k + 1).
Now we prove Lemma 5.4.

Proof of Lemma 5.4. We have

[E [(exp (0n=o sityg) — 1) (exp (~on T, m) — D]

< E[|(exp (dn—xr,af) — 1) (exp (~no s, w) — 1)]]

L ) exp (~bn—oyr w) — 1
;| lexp (dn—o s, q) — 1 - Lese &
®) [ exXP (~fn*Smax) — 1 i _ A
< |0[n < ( ) | )]E Zuz |exp (én—e x5, 7f) — 1
—0n=*Shhax =

© ~ exp (=onSmax) — 1) [ &
< |fIn™“ - E u; |exp (=nt=og,,) — 1
e (SR Z o (o, 1

s o [ €XD (=00 Simax) — 1)
< fjn A E exp (<ni-og,,) — 1|77
<o (L) Z D b (cint-ea) — 17

@ R

j—1

J

(5.6)

where j > 1 is an integer number. Here (a) holds after multiplying and dividing by

Q=S W;, because if Y7, W = 0 then exp (dn—xr,m) — 1 = 0, and because
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et—1
T

er—1
T

is

the function f(z) = is nonnegative; (b) holds because the function f(z) =
nonnegative and increasing, and because 0 < u; < S,.x with probability 1 for all i € [n];
(c) holds by Lemma 5.9 and the triangle inequality; and (d) holds by Holder’s inequality.

We analyze each expression in Equation 5.6 separately. First observe that

exXp (—0n=“Smax) — 1

—0n=25 1k

lim

n—oo

1.
The unused service is nonnegative by definition, then

@ .
< St E

max

0<E

n
77
2T
i=1

i=1

where (a) holds because @; < Spax With probability 1 for all i € [n]; and (b) holds by
Lemma 5.2.
For the last term we use Holder’s inequality again. Let j/ > 1 be an integer number.

Then, for each i € [n| we have

E ||exp (—fn'=og,;) — 1|JjTl

exp (—bnl=og,,) —

—Ont=oq,;

= |75 R

1)\’ j
|qj_i‘j_1 ]1{51_@'750}

7
- 2

1

exp (~inioq.,,) —

———
—Ont=oq,,

(i)

l{ﬁuﬂ)}

where j’ > 1 is an integer number. Here, (a) holds by Holder’s inequality. We bound each
of these terms.

Using Proposition 5.3 for the last term we obtain

j—1

7<Cn3

i Q (a)
0<E g™ <E

.17 | 57)

90

[~

J

Y



where (a) holds if ]Jj j' > 2, by the inequalities between norms.

On the other hand, since £=L < ¢l*l, we obtain

€
T

Jj -1

exp (—én'=og,,) — 1

Lz, 0}

_infaqj_i

i

< (& [exp (m = (22) (590m)|) 7 (5.8)

and the last term can be bounded similarly to Equation 5.7, using Lemma 2.8 for

A -1 ) — 1 1 )
0] <j m ) (] . ) < — log <1 + —3) )
J J 4A a2 ¢ 4A a2

Observe that the right-hand side grows to infinity as n — oo. Then, there exists n; € Z.

such that the lemma is satisfied with

(:)é<,‘7 )(‘7 ) ! = log 1—1—L )
J'=1) \J =1/ \4Amax(ng)2 ™ 4Amax(nf)

Further, the upper bound in Equation 5.8 converges to a constant as n — oo. We omit the

N|w

details for brevity.

Putting everything together in Equation 5.6 we obtain
_oqtl=a
|E [(exp (dn= 5oy a7) — 1) (exp (<on=o 5 m) — D)]| < L(n) n* 57,

where L(n) is of order O(1). Finally, observe that 4 — 2a + 1;—"‘ < 1 — 2« if and only if
a > 37 + 1, and j can be taken as close to one as desired. Therefore, the lemma holds for

all a > 4. U
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5.7 Load balancing in continuous time model and asymptotic result

In the load balancing model that we studied in the previous sections of this chapter, we have
that the expected number of arrivals per time slot is n(1 —n~%), and all the arrivals of each
time slot are routed to the same server. Then, as n grows, the number of jobs that are routed
in each time slot tends to grow and the number of jobs in the server that receives the new
arrivals dramatically grows. Hence, the SSC result that we proved is weak. Even if we have
q™ (k) = q‘(‘")(k) for a certain k € Z, (i.e., perfect SSC), we will have a large q(f)(k +1)
if n is large. Intuitively, if we were able to route the jobs one by one, we would obtain a
better SSC result and, hence, we would obtain that the average queue lengths behaves as
in the classical heavy-traffic regime for smaller values of . In this section, we propose to
work with a continuous-time model, and we observe that the value of « indeed improves
and, additionally, we no longer have the gap between power-of-d choices with d = n and
JSQ. We start specifying the model.

Consider a load balancing system operating in continuous time, that is, a queueing sys-
tem with n parallel servers, each of them with an infinite buffer. Arrivals to the system
occur according to a Poisson process at rate An, where A € (0,1). Upon arrival, a dis-
patcher immediately routes the new job to one of the servers, where they wait in line until
the server can process them. All the servers are identical, and all the arriving jobs have
exponential size with mean 1. Routing occurs according to power-of-d choices, where
d € Z, is of the form d 2 ¢nf for constants ¢ > 0 and 8 € [0,1] such that d € [n].
Specifically, upon arrival, d servers are sampled uniformly at random and the new job is
routed to the server with the shortest queue among those d. Ties are broken uniformly at
random. Observe that if c = § = 1, then d = n and power-of-d choices is equivalent to
JSQ.

For each ¢t € R, and each i € [n], let ¢;(t) be the number of jobs in queue i at time

t, including the job in service (if any). Then, the queue length process {q(t) : t € R, } is
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a continuous-time Markov chain (CTMC) with the generator matrix G defined in Equa-
tion 5.9. Let g € Z", and for each i € [n] let 1,(i) be the index of the i smallest element

of g. Then, for any ¢’ € Z”, we have that the transition rate from state q to state g’ is

(

— (M + Y Tgse) ifg=4¢,

NE ifg; >0and ¢’ = q — e, with i € [n],
G ;) = n—1 59
e ) if g — (q(0)) 2
An—— if g = q+ e'¥a\"),
(%)

0 otherwise.

The first case is the additive inverse of the sum of the other cases; the second case corre-
sponds to a departure from queue ¢, which occurs at rate 1 and it can only happen if the
queue is nonempty; and the third case corresponds to an arrival to the i shortest queue,
and the rate holds because of the following reason. Arrivals occur at rate An, and the new
arrival is routed to the i™ shortest queue (which has index v,(4)) if it is the shortest among
the d randomly selected queues. There are (Z) ways to select d queues uniformly at random
and, out of those selections, only (Z:i) would result in routing to the i shortest queue.

We are interested in the steady-state analysis of the load balancing system described
above. First observe that the Markov chain is irreducible and nonexplosive. Additionally,
the total arrival rate to the system (An) is strictly smaller than the total service rate (n) for
any A € (0,1). Then, the queue length process is also positive recurrent. Hence, stationary
distribution exists and it is unique [37, Proposition 6.9b]. Let g be a steady-state random
vector which is limit in distribution of {q(t) : ¢t € R, }, and define gy, 2 > G

We parametrize the load balancing system as follows. Consider o > 0 and let A 2
1 —n~? be the arrival rate per server to the system. Then, the total arrival rate is A\(™n. Let
{q™(t) : t € R} } be the queue length process of the n'" system and g™ a steady-state
random vector which is limit in distribution of {q(") (t):te Ry } In the next theorem we

present the main result of this chapter.
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Theorem 5.10. Consider a sequence of load balancing systems operating under power-of-
d, parametrized by n as described above. If o + [ > 3, then n—aq(; )= Yasn — oo,

where Y is an exponential random variable with mean 1.

Immediate corollaries of Theorem 5.10 are the cases of power-of-d with constant d, and

JSQ. We formally present these results below.

Corollary 5.11. Consider a sequence of load balancing systems operating under power-
of-d choices, parametrized by n as described Theorem 5.10. Suppose d = ¢, where c € 7.,
(n

is a fixed parameter. If o > 3, then n‘aﬁz) = T as n — oo, where ( is an exponential

random variable with mean 1.

The proof of Corollary 5.11 holds easily after setting # = 0. Now we present a result

for the load balancing system under JSQ.

Corollary 5.12. Consider a sequence of load balancing systems operating under JSQ,
(n

parametrized by n as described in Theorem 5.10. If o > 2, then n™ @y, )= Yasn — oo,

where ( is an exponential random variable with mean 1.
The proof of Corollary 5.12 holds after letting ¢ = 8 = 1 in Theorem 5.10.

Remark 5.13. In the classical heavy-traffic regime, one defines the heavy-traffic parameter
ase 2 ls, — As, where Ly, is the total service rate (the sum of the mean service rate of each
server) and Xy, is the total arrival rate. Then, one parametrizes the vector of queue lengths
by € and can show that e% Yo @EE) = Y, where Y is an exponential random variable
whose mean depends on the variance of the arrival and service processes. Further, one
can show that g9 = 1Y. We presented the details of this analysis in chapter 3.

In this chapter, we study the many-server heavy-traffic regime, and our goal is to find
the value of o such that the scaled average queue length converges in distribution to an
exponential random variable. In Theorem 5.10 we show convergence in distribution of the

[0}

total queue length scaled by n=“, which is equivalent to the average queue length scaled

94



by n'=“. Additionally, observe that the difference between the total service and arrival rate
in this chapter is n*~?. In other words, in the many-server heavy-traffic regime, n*=% plays
the role of the heavy-traffic parameter €. Further, in the classical heavy-traffic regime there
is an analogous result to Lemma 5.15 (proved in subsection 5.8.1), which is key to bound

the unused service.

5.8 Multiplicative state space collapse

Before stating the result formally, we introduce some notation. Given a vector € R},

define
x| 21 (M) , and wLéw—wH. (5.10)
n
Then, x| is the projection of x on the line generated by 1, and @ represents the error of

approximating x by x. Now we introduce the result.

Proposition 5.14. Consider a load balancing system operating under power-of-d choices,
as described in section 5.7, and let \y € (0,1). If c and 3 are such that d = cn® > 2, then

forany X € (X, 1):

1. There exists a finite constant C, which is independent of \, 3 and n, such that for any

positive integer j we have

2 J
E |l | <c(——) 7 (5.11)
- enf —1

2. Let ¢ be Euler’s constant and C = C exp (L£). Then, for any positive integer j we

have

S

. _ 2
= [HGJ_H]} <Cj (m;_ 1) : (5.12)
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3. Let 0 € R be such that |6*| < §log (1 + %j_l)). Then,

dolen® = Dewp ()
lexp (07117, 11)] < Ao(enf — 1) 4 2n (1 — exp (46%))

(5.13)

In Proposition 5.14 we give an upper bound for the j™ moment, the j™ norm and the
MGEF of ||q  ||. Observe that these upper bounds are independent of A, but they depend on
n and d. Our SSC result is multiplicative because the bounds grow to infinity as n — oo.
However, after scaling, they become negligible.

Before presenting the proof of Proposition 5.14 we present a preliminary result that will

be repeatedly used in the rest of this section.

5.8.1 Preliminary result

A key challenge when studying the load balancing system described in section 5.7 is to
handle the indicator function that arises from the second case in Equation 5.9. Specifically,
when one computes the drift of any function, we get a term of the form 1y, for each
i € [n]. This term represents that service cannot occur at empty queues and, therefore, the
queue lengths cannot be negative. In this chapter, we handle this indicator function using
the property 1(4~01 = 1 — ly4—0) for every i € [n] and the following lemma. In fact,
Lemma 5.15 is repeatedly used in the proof of SSC, in the two proofs that we provide for

Theorem 5.10 and in the proof of Theorem 5.21.

Lemma 5.15. Consider a load balancing system as described above, where the routing
policy is throughput optimal. Let A € (0,1) be the arrival rate per server, and let q be
a steady-state random vector which is limit in distribution of {q(t) : t € R, }. Then, if

E [Gs] < oo we have

E

Z ﬂ{qi=0}] =n(l—A).
=1
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Note that if we use A" in this lemma, we obtain

E

_ 1«
iz:; :H'{qgn)z()}] =n .

Now we prove the result.

Proof of 5.15. We consider the test function V,(q) = >, ¢;. Since E [g5] < oo, we can
set to zero the drift of V;(q) in steady state. Note that we use the definition of drift in

continuous time, provided in Definition 2.3. We obtain

=\n—n + Z ]l{%',:(]}'

i=1

Taking expected value with respect to the stationary distribution, and reorganizing terms

we obtain the result. O]

Observe that in Lemma 5.15 we do not need to assume that routing occurs according
to power-of-d choices. In fact, this proof has only two steps: (i) Determine the drift of the
function V;(q); and (ii) Set the drift to zero in steady state. In the first step, we do not use
the details of the generator matrix. We only use that, if there is an arrival, the total queue
length increases by 1 and, if there is a departure (provided that the system is not empty),
the total queue length decreases by 1. In the second step we need E [G5,] < oo because,
otherwise, we cannot set the drift to zero. The last property can be frequently concluded
from the proof of throughput optimality. We prove that the load balancing system operating

under power-of-d choices satisfies this condition below.

Proposition 5.16. Consider a load balancing system operating under power-of-d choices,

parametrized by n as described in section 5.7. Then, E [q(; )} < 00.

Proof of Proposition 5.16. We use Theorem 2.6 with Z(q) = ||q||* = >__, ¢7. Using the
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definition of drift, we obtain

n

(H e O ql?) + 3 (1~ 1) (la — e - llal?)

=1

) =An Z
—\n Z
()\—i-l +2Zq()<)\n(% i) - ) Zﬂ{‘b =0}

1) +2iqu) (A” (%Z)D - 1) 7

where (a) holds because 1;,,—0yq; = 0 for all i € [n]; and (b) holds because 14—} > 0

(i) +Z — Lg—o0y) (1 — 2¢5)

for all i € [n].

Now we bound the last term. For each ¢ € [n] define

Observing the analogy of 7, and the parameters «; defined in Equation 4.7. Note that:
(i) 7;, =—1foralli >n—d+1,

(i) The total sum satisfies:

(iii) For every ¢ € [n], the partial sums satisfy

271 S _gla
=0

where (4 2 min {d —1, (ln)a }

d
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Using these three facts we obtain

Z%(J(i) = q(1) Z% + Z ( _Z-) (Q(e) - Q(e—l))
i=1 =

i=1 (=2

where (a) holds because n'=® > (; by definition of (;. Therefore, we obtain
AZ(q) < n(A+1) = 2Giqm)-
Hence, conditions 1 and 2 from Theorem 2.6 are satisfied with
f(@) =2Cqw), and g(q) =n(A+1).

Condition 3 is trivially satisfied. Therefore, we obtain

_ n(A+1)
E [Q(n)} < 261 )
. A .
and since q(,) = max;c|, ¢; We obtain
_ n*(A+1)
which is finite for every n € Z, . 0

5.8.2  Proof of Proposition 5.14

In the proof of Proposition 5.14 we use the moment bounds from Lemma 2.9 and the bound

on the MGF from Lemma 2.10.
Proof of Proposition 5.14. We prove the proposition using d instead of cn®, for ease of
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exposition. Before providing the proof recall the following notation. Given a vector q €

71, let

AN A 2 YAN
Vig) = llall*, Vi(a) = ||qy]|”. and Wi(q) = |lq.||- (5.14)

We verify the conditions of Lemma 2.9 with Z(q) = W, (q). Then, Equation 2.4 and
Stirling’s approximation yield Equation 5.11. Equation 5.12 is a direct consequence of
Equation 5.11, and Equation 5.13 is a consequence of Lemma 2.10.

To verify the first condition, observe that for any q € Z'} we have

1
2|lq.l

AW, (q) < (AV(q) — AVi(q)) . (5.15)

The proof of Equation 5.15 holds by concavity of the function g(z) = \/x, and is presented
in subsection 5.8.3. Therefore, it suffices to compute an upper bound for AV (q) and a

lower bound for AVj(g). We first find an upper bound for AV (q). We have

n (n—i n

=} C@;) (Ila+ e " = llgl*) + >~ (1= 1pen) (la = e~ I1alF)

=1

S (?}) (14 209) + (1~ Lggooy) (1 - 200

i=1 d) =1

n(A+1)—2(1 -\ qu+2)\z<

1) i) (5.16)

where (a) holds because Ly,—0yq; = O for all i € [n], because Y " | Ig,—0y > 0 and
reorganizing terms.

We compute an upper bound for the last term of Equation 5.16. For each i € [n] define

(5.17)
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and observe that v, = 0 for i > n — d + 1. Then,

En) (n((%l) - 1) qG) = zn: (vi — 1) q).-

i=1 d
Observe that v; = d. Then,

n

> (vi—Day

=1

=(d—-1Dgay+ > (vw—1)qu

=2

) (d; 1> i (a0) — @) Z ( n——d+1) q) — (d = Dqq)

=1

—
S]
N

b d—1
-2 - 5.18
0 HQJ_H> ( )

IN

where (a) holds after reorganizing terms; and (b) holds by the claim below.

Claim 5.17. Consider a load balancing system as described in Proposition 5.14, and let ;

be as defined in Equation 5.17 for each i € |n|. Then,

(d;l)z +Z(% =0 g - = oy < - () .

i=1

We prove Claim 5.17 in subsection 5.12.1. Using Equation 5.18 in Equation 5.16 we

obtain
- d—
AV(g) Sn(A+1)=2(1=A)> g — 2\ ( - ) g, |- (5.19)

i=1

Now we compute a lower bound for AVj(q). We obtain




+z (0= 1e0) ([ ta =), - )
@ Azn: (%;i) (1 - 226%) + %zn: (1 TLgg=0y) (1 —2 Zn:%) (5.20)

=A—-2(1-2X) ZQi + %Z (1 — Lygmoy) + % (Z ﬂ{qi:0}> (Z %)
i=1 i=1 i=1

i=1

(®) "
> =2(1-X)) g (5.21)
=1

where (a) holds by the definition of @ given a vector « in Equation 5.10, and com-
puting the norms; and (b) holds because A > 0, 1 — Iy4,—oy > O for all i € [n], and
(>0 Tqgimoy) (OCi, @) > 0 since every term is nonnegative. Using Equation 5.19 and

Equation 5.21 in Equation 5.15, and reorganizing terms we obtain

n(A+1)  Ad-1)
2|lq.| n
) n _ )\0(d — 1)
gl n

AW, (q)

IN

INE

)

where (a) holds because A\ € (Ao, 1). Therefore, the first condition of Lemma 2.9 is satis-

fied with

/\Q(d— 1) n2

Now we verify the second condition. From Equation 5.9 observe that if q, ¢’ € Z} are
such that G o > 0, then there are only two options: either ¢ = g + e or ¢’ = q — e

for some ¢ € [n]. Then, by definition of g |, we have, ¢/, = q, + (e(i) — %1) Hence,

Vimax < 2. (5.23)
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To verify the third condition we observe from Equation 5.9 that
G=n(\+1), (5.24)

where the maximum is attained when none of the queues is empty. Finally, observe that

Goax < G by definition, and the upper bound is indeed attained when q = q Therefore,
Gmax =n(A+1). (5.25)

We verified that all the conditions are satisfied. Then, using Equation 5.22, Equa-
tion 5.23 and Equation 5.25 in Equation 2.4 from Lemma 2.9, we obtain that for any posi-

tive integer j

(10 < (ot )j (S e ”)Z‘!
C

where (a) holds for some constant C' > 64 which is independent of A, d and n; and (b)
holds by Stirling’s approximation and because ¢!~/ < 1. This proves Equation 5.11.

From Equation 5.11, observe that C' > 1. Then, C% < C. Also, j % is maximized at
Jj =#€,80 j%‘ < exp (). This completes the proof of Equation 5.12.

To prove Equation 5.13 we use Lemma 2.10. Then, replacing d = cn” we obtain the

results. ]

5.8.3  Proof of Equation 2.5 for a load balancing system in continuous time

Proof of Equation 2.5 for load balancing system in continuous time. First observe thatif g(x)
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is a differentiable concave function on R, we have that for any =,y € R,
9(z) = 9(y) < d'(Y)(z —y). (5.26)

Now, observe that W, (q) = ||q .|| = 1/llq.||” and g(x) = \/z is a concave function.

Therefore, by definition of drift in Definition 2.3, and the generator matrix in Equation 5.9,

we have

(WL (q + e(d)q(i))) - W, (q))

+2_ (1= L)) (Wi (g +e) = Wi(a))

@ < (55) (H(q+e<wqu>>)LH2—HqLH2>

2|lq.

" 1+ e 2 2
T (1_1{“»(\\@ ) | ||ql||>

2|lq.|

= - (Vg +e™®) =Vig) = (V] (g + ™) —Vi(a)))

20lq, 11 2 ()
! Zl <%) (V(g+e?)=Vig)— (Vj (g+e) = Vj(a)))
(c) 1

= (AV(q) — AVj(q))

where (a) holds by Equation 5.26 applied in the first and the second term in the following
way. In the first term we use z = ||(g + e(”*bq(i)))LH2 and y = ||q, ||°, and in the second
term we use v = ||(q + e("))Jf and y = ||g ||>. Equality (b) holds by the definition of
V(-) and Vj(-) in Equation 5.14 and because for any vector € R", we have ||z |° =

2; and (c) holds by reorganizing terms and by definition of drift. [

2
l]|* — [
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5.9 Transform method: Proof of Theorem 5.10

The first proof of Theorem 5.10 that we present is motivated by the transform method
introduced in section 3.3. We use the key ideas and we extend them to use them in the
context of the load balancing system modeled in continuous time in the many-server heavy-
traffic regime, as described in section 5.7. In this case, the role of the unused service is
played by the indicator functions 14, ()=} for i € [n], since no job can be served from the
™ queue if ¢;(¢) = 0. In fact, this indicator function satisfies the key property 1, _nq; =0
with probability 1 for all ¢ € [n], which written in ‘exponential form’ yields 1y,—¢; =

L¢g, =0} €xp (dq4:), where 0 is any real number. We present the complete proof below.

5.9.1 Proof of Theorem 5.10 using the transform method

In this proof we use one-sided Laplace transform to illustrate a different transform that falls
in the scope of the transform method introduced in chapter 3. The exponential equation

required for Step 1 is accomplished by the following lemma.

Lemma 5.18. Consider a load balancing system operating under power-of-d with d = cn®,
as described in Theorem 5.10. Then, if c and 3 are such that d > 2, there exists nj, € Z

such that for any 0 satisfying

1
8[or — 1] [log(ng)](ng)'~=

log <1+ O(C(ng)B 1)
8ng

0] <

)

we have

(exp (e’ ) — 1) (Z ﬂ{qgmng}) = 6 (t),n),

where q(zn) (t) 2 Yoy ql(n) (t). The function ¢(q'™(t),n) satisfies the following property.

If o+ B> 3, then E [¢(@"™,n)] is of order o(n'~*), where the expectation is taken with

respect to the stationary distribution of the queue lengths.
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The proof of Lemma 5.18 is presented in section 5.13. Observe that Proposition 5.14

plays a key role in bounding E [¢(g™, n)]. Now we prove the theorem.

Proof of Theorem 5.10 using Transform method. We omit the dependence on n of the vari-
ables, and we work with d instead of cn” for ease of exposition. This proof is based on the
use of the test function Vex,(q) = exp (6n—2qx), where § < 0. Using the definition of drift

from Definition 2.3, we obtain that for any q € Z7;

AV (q)

= exp (0nqx) (Z An (Z;;) (exp (on=2) — 1) + n (exp (=on—2) — 1))
_ (Z ﬂ{qi—0}> exp (0n—=g5) (exp (—on—=) — 1)

@ (exp (—6n=) — 1) exp (6n—°7y) ( (1 —Xexp (o Z Lz, 0}>

Y (exp (com-e) — 1) <exp (90235 n (1 = Aexp (9 Z L0 = >>

where (a) holds because ", (~%) = (") and rearranging terms; and (b) holds by Lemma
5.18.

Now we set to zero the drift of V;Xp(q) in steady state. Observe that, since § < 0, we
have E [exp (0n—g5)] < 1. Then, we know E [AV.,,(@)] = 0. Therefore, taking expected

value with respect to stationary distribution in the expression above, replacing A = 1—n"¢,

using Lemma 5.15 and rearranging terms we obtain

n' "+ E[¢(g n)]

(= (1= n)exp (om )’ 27

E [Gn_aqz] =

This completes Step 1. Observe that Equation 5.27 gives an expression for the one-sided
Laplace transform of n~%gy, that is valid for all n. However, the numerator depends on

E [¢(q, n)], which is not an explicit expression.
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Now we move to the second step, where the goal is to take the many-server heavy-traffic
limit. The fraction in Equation 5.27 is of the form % in the limit as n — oo, so we take
Taylor expansion of the exponential function in the denominator. Expanding up to second

order and canceling the factor n' = from the numerator and the denominator we obtain

bt 2 o)

Finally, taking the limit as n — oo we obtain

lim E [exp (0n°gy)] = ——

n—o00 1—-0’

which is the one-sided Laplace transform of an exponential random variable with mean 1.

This completes the proof. [

Observe that Equation 5.27 is valid for all n. Hence, it can be used to obtain an error
bound between E [exp (6n—gy;)] and 5, which is the limiting one-sided Laplace transform.

We do not perform this step for brevity.

5.10 Rate of convergence in Wasserstein’s distance

The proof we provide in this section is based on bounding the Wasserstein’s distance be-
tween the scaled total queue length and an exponential random variable, similarly to sec-

tion 5.4. Specifically, in the rest of this section we prove the following theorem.

Theorem 5.19. Consider a load balancing system operating under power-of-d choices with
d = cnP, as described in Theorem 5.10. Let Y be an exponential random variable with

mean 1. Then,

dw (1= NGy, T) < Ce (M) og (757) | + g(l - ), (5.28)
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where C' is the constant from Proposition 5.14.

Note that if we let A = 1 — n™® and o + 5 > 3, the right-hand side of Equation 5.28
converges to zero as n — o0o. Therefore, we can prove Theorem 5.10 as a direct conse-

quence of Theorem 5.19. Now we prove Theorem 5.19. We start with a result presented in

[93, Theorem 5.2 part 2].

Lemma 5.20. Let Y be a random variable with E [Y| < oo, and let T be an exponential

random variable with mean 1. Define
Fw 2 {g: R = Rsuchthat g(0) = 0, ||¢'| <1, |l¢"|| <2}
Then,

dw (Y, T) < sup [E[g'(Y) —g(Y)]].

gEFw
Now we prove the theorem.

Proof of Theorem 5.19. Similarly to all our previous proofs, for ease of exposition we omit
the dependence on n of the variables and we use d instead of cn”. We use Lemma 5.20 with
Y = (1 — \)@y. Let f be a differentiable function such that ¢ = f’ € Fy . By assuming
differentiability we do not lose generality, for the following reason. Observe that [’ € Fyy
implies that f € Lip(1) and, hence, it implies that f is integrable. Therefore, if f' € Fyy,
then f is well defined [94, Theorem 7.2].

By definition of drift, for any vector g € Z'}, we have

A (1= A)gs)

= i An %)D (f((l —Ngs +1-2) — f((1 - /\)QE))

+ Z (1= Tg=0y) (f((l —Ngs—1+X) = f((1- A)q2)>
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@ )\n(f((l ~Ngs +1-X) = f((1 - )\)qz))
+ (” - Z ﬂ{qFo}) (f((l —Ngz —(1=X) = f(Q1- A)qz))

=)+ 2 )

® \ ((1—A>f'(<1—x>qz)+ -
e (=07 (- Nas) + 2” (=) - S5 )
(Zﬂ{q =0}

13
()

where ¢ is between (1 — A)gs and (1 — \) (g + 1), and &, &3 are between (1 — ) and

- ns) = L (- )

(1 — A)(gs — 1). Here, (a) holds because > i, (%~1) = (3); and (b) holds by taking
Taylor approximation.

Since f' € Fyy, we know that f is integrable. Then, we can set its drift to zero in steady
state. Taking expectation with respect to stationary distribution and reorganizing terms we

obtain

_ )E (ZZI ﬂ{ﬁi 0}) /\)_ ) + (%) E [f”((l . )\)qz)]
B %E (Z ]1{%:0}) f/ ((1 — )\)QE) + )\(1 — )\)E [f”/(g )]

Using the last expression and the triangle inequality we have

E[f/((1=Ngs) — (1= Nas)]| (5.29)
= (3200 ) (@ v + P =00 - v
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NL=A)
6

(Z n{ql.o}) |f’”(§3)|] .

1 "
+oE - 17 €))

(Stien ) 171
()R e+ ()

We bound term by term. For the first term we expand f’ ((1 — )\)62) in Taylor series up

to first order, around 0. Since f’ € Fy, we know that f’(0) = 0. Then, f'(1 — \)gy) =

(1 = N)Gxf"(&4), where |€4] € (0,Gy,). Therefore, we obtain

ﬁﬂz (Z IL{61,'0}> ’f/((l — \)gs) |] - %E (Z 1{q¢0}> s ’f”(&ﬂ]
(%) %E (i 11{%:0}) ﬁz]
YRk

~ Is
Z {g;=0} ; —4;
=1

Z L, —0yq1s
i=1

n 17%
> Lg-o

=1

—
)
~

—E

1

E[l[g. 1]’

where j > 1. Here, (a) holds because f’ € Fy and, hence, |f”(&4)| < 1; (b) holds because
l4g,—0yq; = 0 for all i € [n]; (c) holds by definition of g, in Equation 5.10; (d) holds by
Holder’s inequality; and (e) holds by Lemma 5.15, because for any j > 2 the 5™ norm
lower bounds the Euclidean norm, and by Proposition 5.14. Taking j = [log (ﬁﬂ

we obtain

1
n(1 —/\)E

<Z ﬂ{qi—0}> /(1= N)gs)]

< Ce () fios ()
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For the second term, since f’ € Fy we obtain

1—A _ 1—A
(T) E (1= Ngg)|] < —— (5.31)
For the third term we obtain
1 - " — @ 1 -
S E D Lo | 17— Na) || < 5B | Lig-op
n i=1 (L et
® 1—A
= — 32
7 (5.32)
where (a) holds because f’ € Fyy; and (b) holds by Lemma 5.15.
For the fourth term, since f' € Fyy,, we obtain
A1 — A A1 — A
A= Vg ey < 202 (5:33)
6 3
Similarly, for the fifth term we have
1—A 1—A
— E[|f"(&)] £ ——- (5.34)
6 3
For the last term, we obtain
1 n @ (1—\ .
( o ) E (; IL{qz-:o}> |f”’(§3)|] < (7) E (; ﬂ{qi=0}>]
® (1—=X)
= 5.35
T (5.35)

where (a) holds because f’' € Fyy; and (b) holds by Lemma 5.15.

Using Equation 5.30—Equation 5.35 in Equation 5.29, and rearranging terms we obtain

E [/ ((1=Ngg) — (1= Ngg)|]



Replacing d = cn®, we complete the proof. O

5.11 Rate of convergence of the first moment

In Theorem 5.10 we showed convergence in distribution of the average queue length scaled
by n'=% (or, equivalently, the total queue length scaled by n~). However, convergence
in distribution is not a sufficient condition to conclude convergence of the expected value.
In other words, in Theorem 5.10 we showed n‘aqgl ) = T, where T is an exponential
random variable with mean 1. However, from this statement we cannot directly conclude

that lim,, ,.. E [n_aq(z")} = 1. In this section we show that the last result holds using the

drift method [34, 14, 15, 22]. We first state the result formally.

Theorem 5.21. Consider a sequence of load balancing systems operating under power-of-
d with d = cn®, parametrized by n as described in section 5.7. If c and (3 are such that

enP > 2, then

<1+ <C€) [a — 1] [log(n)] ( cn’ >n3—5, (5.36)

c enf —1

E

n
Z @'] —n
i—1

where C' is the constant from Proposition 5.14. Additionally, if o + 3 > 3, then

; -« =(n)| _
Jim B 7] =1
Note that the second part of the theorem is an immediate consequence of the error
bound because, after multiplying everything by n~?, the right-hand side of Equation 5.36
converges to zero as n — 00.
Similarly to Theorem 5.10, the case of power-of-d choices with constant d and JSQ are

immediate consequences of Theorem 5.21. We formally state the results below.

Corollary 5.22. Consider a sequence of load balancing systems operating under power-

of-d choices with constant d, parametrized by n as described in section 5.7. If d > 2 and
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a > 3, then

; -« =(n) | _
Jim 0B [a] = 1.

The proof of Corollary 5.22 holds easily after letting 5 = 0 in Theorem 5.21. Now we

present the formal result for JSQ routing.

Corollary 5.23. Consider a sequence of load balancing systems operating under JSQ,
parametrized by n as described in section 5.7. If a > 2, then
lim n °E [q(”)} =1
n—oo z
The proof of Corollary 5.23 holds after realizing that JSQ is equivalent to power-of-d
choices with d = n. Hence, it suffices to replace ¢ = 8 = 1 in Theorem 5.21.
In the rest of this section we prove Theorem 5.21 using the drift method. Recall that
in the drift method there are two main steps. First, one shows SSC (which we did in

Proposition 5.14), and secondly, one sets to zero the drift of Vj(q) = [|q| ||? in steady state

(provided that its expectation is finite).

Proof of Theorem 5.21. Similarly to our previous proofs, we omit the dependence on n of
the variables and we work with d instead of cn” for ease of exposition. We start com-

puting the drift of Vj(q) = |lq;|*>. From Equation 5.20 in the proof of SSC, and since

> (571) = (4), we obtain

AVH(q) =A <1+QZ(]¢> +% (n—Zﬂ{qi0}> (1—22%) .

Now we set to zero the drift of V(g). We skip the proof of E [V|(q)] < oo for ease of
exposition. Taking expectation with respect to the stationary distribution, replacing A =

1 — n~%, using Lemma 5.15 to replace E [Z?Zl ]1{52:0}} = n!'~ and reorganizing terms
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we obtain:

n °“E

zn:q] =1-n"%+ IE
i=1

(Z Ly, —0}> (gfze)] . (5.37)

We bound the last term of Equation 5.37 using SSC. First, note 15.—0;g; = 0 with proba-
bility 1 for all i € [n]. Then,

(B (£0) B (509

@ _ Z Lg.=01q.14>
-1

where G ; is the i element of g, and (a) holds by the definition of g, in Equation 5.20.

(5e) ()1

Z 1, o}CIu]

1-1
I /
E|> Lg-o
i=1

E[llg. ']’

< (55) ta— 11 gty (255 ) e

where j is a positive integer. Here, (@) holds by Holder’s inequality; (b) holds by Lemma 5.15
and by Proposition 5.14 for j > 2 because of the inequalities of norms; and (¢) holds by set-

ting j = [a — 1] [log(n)] and because n e TosT < e, Using this result in Equation 5.37
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we obtain

n K

i=1

This proves the theorem. 0

5.12 Details of proofs of Section section 5.8

5.12.1 Proof of Claim 5.17

Proof. We first prove that the first term of Claim 5.17 satisfies

d—1\ — d—1
( - ) Z (Q(1) — q@') < - (T) la. |- (5.38)

=1

We have:

where (a) holds because gy = min;cp, ¢;; (b) holds because norm-1 upper bounds the

Euclidean norm; and (c¢) holds because, by definition of projection, the function g(z) =
1

lg — 21|| is minimized at x = — » 7" | ¢;, and by definition of g and g, in Equation 5.10.
n

Now we only need to show that

- n—d+1
Z (%‘— —) qu) — (d — L)ga < 0.

’ n
=1
As shown in [71, Section A.2.a], it suffices to show that
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(1) Z% d—1)=n—d+1,and

J .
i) Y (-2 T g

Indeed, we have

i%’ —(d-1)= i n(é_;)

i=1 i=1

—(d—1)=n—d+1.

To prove the second condition observe

Z% d—1)=n—d+1- Z%

i=0+1

Then, it suffices to show that for any ¢ € [n] with ¢ > 2 we have

Z%S(n—ﬁ—i—l)(n—d—kl)' (5.39)

n

Since 7; = 0 for any ¢ > n — d + 1, the condition is trivially satisfied for ¢ > n — d + 2.

Now, if £ < n — d + 1 we have

ZZ:;%‘: Z

where (a) holds because ( il 1) is decreasing in £ and ¢ > 2. Then, Equation 5.39 is satisfied
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if

n—d—|—1>n—d
n “—n-—1

which is satisfied because d > 2 by definition. This completes the proof. 0

5.13 Proof of Lemma 5.18

Proof of Lemma 5.18. We omit the dependence on n and ¢ of the variables, for ease of

exposition. By definition of indicator function, for any i € [n] we have

1{(]2':0} exXp (Gn’aqz) = ]1{Q¢=0} exXp (—9n1*“qi) exp (Gn’“qg)

()
= Lg=0} + Lig=0} (exp (~on'~2qu;) — 1),

where ¢, ; is the i"™ component of q,. Here, (a) holds by definition of q, according to

Equation 5.10. Then, it suffices to show that

A n
é(q,n) = yg—oy (exp (~ont==q.,) — 1)
=1

satisfies

Elé(gq,n)] = 0.

lim
n—oo nl—a

We bound |E [¢(q, n)]| and we show that the bound goes to zero for the given values of 6.

‘We have

Elo(@n) < E

S Lo fexp (_omr-e.) - 1|]

i=1

©
< |f|n “E

Z Lig,—o G| exp (9n1“|qu|)]

=1
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1-1 1
(c) n J " . J
<0 "B | lg=o| E ZI@AJGXP(MMMA)]
=1 =1
2 ol CIE |3 jg ., exp (|e|n1am)] , (5.40)
=1

where j > 1. Here, (a) holds by triangle inequality; (b) holds because |e* — 1| < |z|el*!
for all z € R; (¢) hods by Holder’s inequality; and (d) holds by Lemma 5.15.
Now we bound the expectation in section 5.40 using Cauchy-Schwarz inequality and

Proposition 5.14. For j > 2 we have

S

E

> (gl exp (emlam)]
=1

@

<E [\Iqﬂ\j exp (w\nl*aﬂmu)}

(b) .
<E [HMV exp (\elnlﬂjnmn)}

S

1

< E[lg_[¥']* E [exp (jop'—~2ila.1)]>
@ = n? 5 No(en® — 1) %
<2Cj ( 1o1n" = ) :
== (cnﬁ — 1) P\ S ()\g(cnﬁ —1)+2n(1—exp (8j9n1—a)))

where (a) holds using that |7 ;| < ||/g, || in the exponent and by definition of the j-norm;

(b) holds because the j-norm is smaller than the Euclidean norm for all j > 2; (¢) holds by

Cauchy-Schwarz inequality; and (d) holds by Proposition 5.14 for 6 satisfying

o(enf—1)
6] < log (1+°T> :

1
8jnl—«

Taking j 2 [a — 1] [log(n)] we obtain

[E[o(q,n)] | < [0n*"o(n),
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where

2C
enf —1

L e iiestT 2 |3~
p(n) 2 nTe=rieatm o~ 11 log(n)] exp (222

( Ao(en? — 1) )Mlﬂog(n)]
X
Ao(enB — 1) + 2n (1 — exp (86|n'~*[a—1][log(n)]))

and it converges to a constant as n — oo, since « + 5 > 3. Using j = [« — 1][log(n)]| in

the bound for 6 yields

1
01 < greta = TiogmT % (

1+ —*0“;5—1)) .

Since the upper bound grows to infinity as n — oo, we obtain the existence of ng as

described in the lemma. This completes the proof. [

5.14 Conclusion and future work

In this chapter we study the load balancing system in the many-server heavy-traffic regime.
We parametrize the arrival rate so that the arrival rate per server is n~ <, for « > 0 where n
is the number of servers. Specifically, we answer the question: how fast should the number
of servers grow with respect to the load to observe the classical heavy-traffic behavior of
the scaled average queue lengths?

We show that the answer strongly depends on the routing policy. If we model the system
in discrete time, then all the arrivals of each time slot are routed to the same server. Then, as
n increases, the deviations from the region where SSC occurs are large and, hence, higher
values of « are required to observe the heavy-traffic behavior. If we model the system in
continuous time, then the arrivals are routed one by one, and the value of o automatically
decreases. A line of future work is to explore routing algorithms that do not route all the
arrivals to the same server in discrete time.

The case of a < 1 is well studied in the literature. Then, there is a gap between our
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results and the literature. Future work is to explore how the system behaves if « € (1, 3]
for power-of-d choices and if o € (1,2] JSQ in continuous time. We believe that there
are only two phase transitions for & € (0,00): one at o« = % which corresponds to the
Halfin-Whitt regime; and one at &« = 1 which corresponds to the NDS regime. Hence, we
need to develop new proof techniques to close the gap.

Another line of future work is to create a unifying framework for all @ € (0, c0). The
cases of a € (0, 1] are well-studied in the literature. However, the proof techniques are
different for every phase of . We believe there is a framework which gives a generic
result, where we can obtain the results from the literature by simply plugging in the desired

value of «.
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CHAPTER 6
HEAVY-TRAFFIC ANALYSIS OF THE GENERALIZED SWITCH UNDER THE
CRP CONDITION

Based on:
D. Hurtado-Lange and S. T. Maguluri, “Transform methods for heavy-traffic analysis,”

Stochastic Systems, vol. 10, no. 4, pp. 275-309, 2020

6.1 Introduction

In this chapter we continue to develop the transform method introduced in chapter 3. In
this case, we use this approach in the context of one of the most general SPNs with control
on the service process: the generalized switch. The main goal of this chapter is to illustrate
the flexibility and simplicity of the MGF method, this time in a system that seems very
different from the single server queue and the load balancing system.

A secondary contribution, is that we allow the arrivals to different queues to be corre-
lated. We show that this generalization from the popular assumption of independent arrivals

does not bring additional difficulties in the proof.

6.2 Related work

In section 3.2 we discussed the use of moment generating functions and characteristic func-
tions in the queueing literature. In this section we discuss the literature on the generalized
switch and MaxWeight algorithm.

MaxWeight algorithm was first proposed in [21] in the context of scheduling for down-
links in wireless base stations. This algorithm was later adapted to be used in a variety

of systems including ad hoc wireless networks, input-queued switches [95], cloud com-
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puting [63], was generalized into the back-pressure algorithm [21] in networks, and was
extensively studied in[8, 96, 97]. The generalized switch model subsumes many of these
systems, and has been studied under the CRP condition using the diffusion limit method
[8], and the drift method [34]. In [4] the authors generalize the results from [8] to SPNs

where the jobs can join a queue after being served.

6.3 Generalized switch model

Consider a system with n separate queues, as described in section 1.5. For each i € [n], let
{ai(k) : k € Z} be a sequence of i.i.d. random variables such that a;(k) is the number of
arrivals to queue 7 in time slot k. Let >J, be the covariance matrix of the vector a(1).

The servers interfere with each other. Then, the vector of service rates must satisfy fea-
sibility constraints in each time slot. Additionally, there are conditions of the environment
that affect these constraints, which we group in a single random variable called channel
state. For each k € Z, let M (k) be the channel state in time slot k. The sequence of ran-
dom variables {M (k) : k € Z.} isi.i.d. and it is independent of the queue length and the
arrival processes. We assume that the state space of the channel state is a finite set M and
we let ¢ be the probability mass function of M (1), i.e., for each m € M the probability of
observing state m is ¢, 2p [M (1) = m]. For each m € M, let S™) be the set of feasible
service rate vectors under channel state m, i.e., the set of service rate vectors that satisfy the
interference constraints in channel state m. We assume that if € S for some m € M,
then all vectors that are strictly dominated by « are feasible. In other words, if y is a
nonnegative vector that satisfies y < x component-wise, then y is also a feasible service
rate vector if the channel state is . In particular, the projection of € S on each of
the coordinate axes is a feasible service rate vector as well. We assume that SU™ is finite
for each m € M, so we only consider maximal feasible schedules and their projection on
the coordinate axes in S™. With this assumption we do not lose much generality because

the vector s(k) is the potential (not actual) service rate vector and we are interested in the
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heavy-traffic limit.

In this queueing system the control problem (which is a scheduling problem), is to
select s(k) in each time slot after realizing the channel state. Let s(k) be the solution of
the scheduling problem in time slot k. Since S(™ is finite for each m € M and M is also
finite, there exists a constant S, such that s;(k) < Sp,.x foralli € [n] and all k € Z,..

It is known [34] that the capacity region of the generalized switch is

C= >ty ConvexHull {S™} . (6.1)
meM

Providing a formal proof of Equation 6.1 is beyond the scope of this document, but we
intuitively explain why it holds. First suppose that the channel state is fixed and the set of
feasible service rate vectors is S(1). Then, the capacity region should have all vectors x
that satisfy < s forall s € S1). Since S() contains the projection of its elements on the
coordinate axis, the set of such vectors x is ConvexHull {S (1)}. Now, if we consider the
channel state as a random variable, recall that v),, is the probability that the channel state is
m, and if the channel state is m then the set of feasible service rate vectors is S™). Then,
Equation 6.1 just gives the capacity region associated to each channel state, weighted by
the probability that each channel state is observed. In some sense, it represents the expected
capacity region.

Recall that, by assumption, each set S(M) ig finite. Then, for each m € M the set
ConvexHull {S (m) } is the convex hull of finitely many points. Therefore, ConvexHull {S (m) }
is a polytope, i.e., a bounded polyhedron. Also, the state space of the channel state M is
finite by assumption. Then, Equation 6.1 is the weighted sum of finitely many polytopes.
This implies that C is also a polytope. In order to exploit this structure, we describe it as
the intersection of a finite number of half-spaces, where each half-space defines a facet of
C. Let L be the minimal number of half-spaces that are required to describe C, and for each

(€ [L]letc® € R™ and b € R be the parameters that define each facet of the polytope.
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In other words, we describe C as follows
C={zeR}: (Y z) <t vie[L]}. (6.2)

Without loss of generality we can assume c) > 0, [|c?|| = 1 and b) > 0 for all
¢ € [L]. We can assume these because the sets SU™ contain the projection on the coordinate
axes of all their feasible vectors. Therefore, the capacity region is coordinate convex. For
each ¢ € [L], let F = {xeC: (¢, x)=10b"} bethe (" facet of the polytope C.

In this document, we assume that the scheduling problem is solved using MaxWeight

algorithm in each time slot, i.e., if the channel state is m, then the selected schedule satisfies

s(k) € arg max (x, q(k)), (6.3)

xcS(m)

and ties are broken at random.
For technical reasons that will be apparent in the following sections, we introduce the
following definition. For each ¢ € [L] and m € M define the maximum c*)-weighted

service rate available when channel state is m as

b6 = max () ). (6.4)

Observe that c(¥) and b(™%) define a half-space that passes through the boundary of
ConvexHull (8 (m)) , but this half-space does not necessarily define a facet of

ConvexHull (™). For each ¢ € [L] and k € Z., let By(k) = b ®-9. Notice that B (k)
is an i.1.d. sequence of random variables that satisfies PP [Bg(l) = b(mvf)] = 1, for each
m € M. Let ¥ be the covariance matrix of the vector B(1) 2 (B1(1),...,Br(1)), ie.,

for each ¢y, (5 € [L] we have

(Z8)s,0, = E[Be, (k) Bey (k)] — E [B, (k)] E [ By, (k)]
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From Equation 6.1 and Equation 6.3, observe that the service rate vector s(k) does not
necessarily belong to the capacity region C because 1, < 1 for all m € M. However,
the expected service rate vector does belong to the capacity region. We end this section

proving this result formally.

Lemma 6.1. Consider a generalized switch operating under MaxWeight as described above,

andlet B, | -] 2E [-|q(k) = q|. Then, E, [(q(k), s(k))] = maxzec(q, x).

Proof. Since s(k) is selected using MaxWeight algorithm (see Equation 6.3), we have

E, a(k), s(k))] =E, [ i <q<k>,x>]

2eSM (k)

(@) )
- ; ¢m mrens%}n(ﬂ(q’ £B> - r;lgg((q, a:>,

where (a) holds because the channel state process is independent from the queue lengths

process; and (b) holds by definition of the capacity region C presented in Equation 6.1. [

6.4 Transform method applied to generalized switches

In this section we apply the MGF method in the context of a generalized switch operating
under MaxWeight. We compute the distribution of the scaled vector of queue lengths in
heavy traffic under the assumption that CRP is satisfied. The generalized switch is a model
that was first introduced in [8], and it represents a generalization of a variety of queue-
ing systems, such as the input-queued switch [95], cloud computing [63], down-links in
wireless base stations [21], etc.

To perform heavy-traffic analysis, we fix a facet () and we study a set of generalized
switches where the vector of arrival rates approaches a fixed point in the relative interior of
F©. Formally, we fix v*) in the relative interior of F) and we let ¢ € (0,1). Then, the
system parametrized by ¢ is such that E [a(g) (k)] = 1 — cc® and 2 is the covariance

matrix of a(“(1). In this case, since the point v = v¥) of the boundary of the capacity
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region C is in the relative interior of the facet F(©) = {a: €C:{c9 z)=0p" }, the unique
outer normal vector to the capacity region C at v(¥) is the outer normal vector to the facet
FO je., itis ¢®. Therefore, the CRP condition as defined in Definition 2.1 is satisfied.
Observe that if we approach a vector v that lies at the intersection of two (or more) facets
in heavy traffic, then the CRP condition is not satisfied because there is a range of vectors
that are normal to C at v.

In this subsection we state the main theorem of this section and we provide some ex-

amples. We prove the theorem in subsection 6.4.2.

Theorem 6.2. Let ¢ € (0, 1). Given the (" facet of C, ¥, and a vector v\¥) in the relative
interior of FY, consider a set of generalized switches operating under MaxWeight algo-
rithm as described in section 6.3, parametrized by € as described above. For each ¢, let 6(5)
be a steady-state vector such that the queue length process {q(f)(k’) ke Z+} converges
in distribution to 6(6). Further, let lim, ng) = X, component-wise. Then, eﬁ(e) = Tc
as € | 0, where Y is an exponential random variable with mean % ((c(g))TZac(@ + U%E),

2

where o3, = (X )¢ is the variance of By(1).

In the next corollary we present a particular example of a generalized switch operating

under MaxWeight.

Corollary 6.3. Consider a set of generalized switches operating under MaxWeight algo-

rithm as described in section 6.3, parametrized by eabove. Suppose that M has only one

element, i.e., the channel state is fixed over time. Then, eq'9 = Yo, where Y5 is an
1

exponential random variable with mean 3(c!9)TE,c.

The queueing system described in Corollary 6.3 is also known as ad hoc wireless net-
work. In an ad hoc wireless network we have a%e = 0 because the channel state is not
a random variable anymore. The input-queued switch or a cross-bar switch [36, 14, 15]

is yet another system that is well studied. When only one port of the switch is saturated,
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it satisfies the CRP condition [8], and forms a special case of Corollary 6.3. In the next

subsection we present the model and we formalize this result.

6.4.1 MGF method applied to the input-queued switch

An input-queued switch is a generalized switch where n is a perfect square, i.e., there exists
an integer N such that n = N2. Then, it can be represented as a square matrix, where the
rows are input ports and the columns are output ports. The feasibility constraints are that,
in each time slot, at most one queue can be served from each input and output port, and all
jobs take exactly one time slot to be processed. Therefore, the set of feasible service rate
vectors is analogous to permutation matrices of N x N.
For each i, € [n] let x ") be the normalized indicator vector of row i, i.e., it is such that
(ir) _ 1

for each i, € [n] we have ;" = TN
(ir

Xir ) = 0 otherwise. Similarly, for each i, € [n] let x

if queue 7/ corresponds to row 4, of the switch and
(ie) be the normalized indicator vector
of column 7.. With this notation, we can write the capacity region of the input-queued

switch as
Coien = {@ € RY: (), 2) <1, (X*,@) <1, Vipic € In]}

which is the intersection of L = 2N half-spaces.

Only one port can be saturated in heavy traffic to ensure that the CRP condition is
satisfied. Without loss of generality, assume input port 1 is saturated, i.e., we consider
a vector v € F where F = {:c € Cowiten : (X, ) = 1}. For simplicity, we let
v = x(M. Then, the heavy-traffic parametrization for e € (0,1) is such that A(¥ =
(1 — €)x™M. Unlike the generalized switch, for the input-queued switch we do not give
the scheduling algorithm. Instead, we write the result in terms of the conditions that this
algorithm must satisfy (similar to the load balancing case).

Similar to the case of the load balancing system, we say that an algorithm A is through-
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put optimal for the input-queued switch if {q(® (k) : k € Z_} is positive recurrent for all
€ (0,1). Also, defining 2 ixW,z)xWandz, £z - x| for any vector x, we say

that the switch operating under a scheduling algorithm A satisfies SSC if

e [la17] iso ().

In the next proposition we compute the distribution of the scaled vector of queue lengths

in heavy traffic.

Proposition 6.4. Let ¢ € (0,1) and consider a set of input-queued switches parametrized
by €, as described above. Suppose that the scheduling algorithm is throughput optimal
and it satisfies SSC. For each ¢ € (0,1), let G\ be a steady-state random vector such
that the queue length process {q(e)(k) ke Z+} converges in distribution to q'°. As-

sume the MGF of ¢(xV,q'®) exists, and that lim, »

= Y., component-wise. Then,
@9 = T.x" as e | 0, where Y, is an exponential random variable with mean

1 2%4 Zh,l XS)Xz ) Cov lai,, ai.], where Cov [a;,, a;.] = (24)i, ., for each i,,i. € [n].

Sketch of proof of Proposition 6.4. For ease of exposition we do not write the dependence
on ¢ of the variables. We use the MGF method. We only present a sketch of this proof,
since it is similar to the proofs of Theorem 3.5 and Theorem 6.2. We only show the main
differences.

Both prerequisites are satisfied by assumption. Now we go through the steps.

Step 1. Prove an equation of the form of Equation 3.1 and compute an expression for the

MGF of e(x™,q"9).

Proving an equation of the form of Equation 3.1 is similar to the proof of Lemma 3.9 and

Lemma 6.5. Then, following the steps sketched in Step 1 in section 3.3 we obtain

E [696<x“)ﬁ> (1 _ 696<X(1>:5—§>)] =1—-FE [e‘ee(xl’m] + o(€?).
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Since s is a function of the queue lengths that is obtained through the scheduling problem,
5 is not independent of g. However, (x!,3) = —i- because all the feasible schedules 3 are
analogous to permutation matrices. Then, the sum of all the elements of s corresponding to
the first input port (row 1 of the switch) is 1. Then, (x(!), 3) is independent of the vector of
queue lengths q. Also, the vector of arrivals is independent of . Therefore, reorganizing

terms we obtain

1= e x®] 4 o(e)
1—F [eae(x@),a—?)}

E [696<x“)ﬁ>} _

Step 2. Bound unused service and take heavy-traffic limit.

This step is equivalent to Step 2 in the proof of Theorem 3.5 and Theorem 6.2, so we omit

the details. ]

In the case of a generalized switch, one of the difficulties is to handle the dependence
on the queue lengths of the potential service vector. In the case of an input-queued switch
this difficulty does not arise because, even though 5 depends on the queue lengths, the
projection s‘(f) 2 (xM,5)x™ is independent of g'®. Therefore, we do not need to
assume that the scheduling problem is solved with MaxWeight. In general, for any special
case of the generalized switch such that s‘(f) is independent of the queue lengths, we can

obtain a result similar to Proposition 6.4, i.e., where we assume properties of the scheduling

algorithm but not a specific algorithm.

6.4.2 Proof of Theorem 6.2

In the rest of this section we prove Theorem 6.2 using the MGF method. Before presenting
the proof, we introduce some notation.
Let M and B be steady-state random variables with the same distribution as M (1) and

By(1), respectively.
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Proof of Theorem 6.2. For ease of exposition we omit the dependence on e of the variables
in this proof. We use the MGF method. Similarly to the proof of Theorem 3.5, we first

need to verify that the prerequisites are satisfied.

Prerequisite 1. Positive recurrence.

In fact, MaxWeight algorithm is throughput optimal [8, 34]. Then, for each ¢ > 0 the

Markov chain {q(e)(k) ke Z+} is positive recurrent.

Prerequisite 2. SSC.

Let £ = {:B eER? :x = e | ¢c R+}. Using the notation introduced in Prerequisite
2 in section 3.3, we have ¢ = ¢, qI(IE) = (c9,q)c® and ﬁ(f) =ql9 — Gﬁe). In [34],
the authors prove that E [69*”@“] is bounded for some finite #*. In fact, the exponential
moment bound is not part of the SSC statement of [34], but their proof of Proposition
2 implies it.. Then, for each j € Z, with j > 1, there exists a constant J; such that
E [Ha(f)

the one-dimensional subspace K. In fact, in this case E [Hﬁ(f) | ] is O(1), which is stronger.

J
} < J;. Therefore, SSC as defined in section 3.3 is satisfied, and it occurs into

Now we go through the steps of the MGF method.

Step 1. Prove an equation of the form of Equation 3.1 and compute an expression for the

MGF of ¢(c,q'9).
We first prove Lemma 6.5.

Lemma 6.5. Consider a generalized switch parametrized by € as described in Theorem

6.2. Then, for any real number 0 such that |0¢| < 0* we have
E [(e(’e(c(av(@(d)+> - 1) (e*9€<°(2)’ﬁ(6>> - 1)} is o(€”).

We present the proof of Lemma 6.5 in subsection 6.5.1.
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Before continuing, we need to prove that the MGF of e(c®), () exists in an interval
around 0. The proof is presented in subsection 6.5.2. Then, following the steps sketched in
Step 1 in section 3.3 we obtain Equation 3.4.

When we applied the MGF method to the single server queue and to the load balancing
system, we used the fact that the service rate vector is independent of the queue length
vector to obtain Equation 2.7 and Equation 3.7, respectively. However, in the case of the
generalized switch this is no longer true. To overcome this difficulty we use the following

lemma.

Lemma 6.6. Consider a generalized switch operating under MaxWeight algorithm parametrized

by €, as described in Theorem 6.2. Then, for any 0 € R we have

E [<e96<0“>ﬁ“)> - 1) (696(5—@(“3(6”) _ 1)] is o(é2).

We present the proof in subsection 6.5.3. Working with the left hand side of Equa-

tion 3.4 we obtain

E _GGE(C(Z)@) < fe(c® a—3 )]
W [ bele® 3) (1 He(te.a) §))} LE [eee<c<a,a> <696(<c(2>,ﬁf§)> _695((c(2>,a)7§)>]
Or 'eeqc(f)@} (1 _F [695(@(0@—?)]) _F [eee(<c<£>,a>—§)] (1 _E [eee( —(c® 3 >)D

+E _606((c(5),ﬁ)—§)_ E [<606<c<4)@ . 1) (606(§_<c([)’§>) B 1)]
Yp [6940(“@} (1 _E [606(@(2)@’?)])

_E [t @)-B)] (1 _E [ 0e(B—(c(®).3 >>D +o(€),

where (a) holds after adding and subtracting E [696(@(2)@HC(Z)’E%E)] , and reorganizing
terms; (b) holds because @ and B are independent of the queue lengths vector g and the po-
tential service vector s, and after adding and subtracting £ [696(@“)@ *E)} E [ be(B—(.3) _ 1 ;

and (c) holds by Lemma 6.6 and because @ and B are bounded. Reorganizing terms we
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obtain

1_-E [e_echxm} LK [eech@} E [e_echx@ _ e—eeE] +o(e)
1 [ (0@ 5] |

E [eedcu)@} =

(6.5)

Step 2. Bound unused service and take heavy-traffic limit.

The right hand side of Equation 6.5 yields a % form in the limit as € | 0. Then, we take
Taylor expansion of each of its terms, using Lemma 3.1. Similar to the case of the load
balancing system, in this step we need to obtain bounds on E [(c!), w)]. In this case we

use the following lemma.

Lemma 6.7. Consider a generalized switch parametrized by € as described in Theorem 6.2.

Then,
E [(c,@®)] + b0 — E [(?,59)] = .

Proof of Lemma 6.7. We set to zero the drift of V;(q) = (c¥), q). We obtain

=E [(c”,@)] —E [(c,3)] +E [(c, @)] . (6.6)

Now, observe that

Wpo) _ ¢, 6.7)
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where (a) holds because ) € F) and because Hc(‘;) H = 1. Then, using Equation 6.7 in

Equation 6.6 and rearranging terms we obtain the result. [

Now we expand each term on the right-hand side of Equation 6.5. For the first term in

the numerator, we have

1 _ E |:€—0€<c(‘€),ﬁ>:| :1 — E |:f67_<c(2)7ﬁ> (9)]

=0¢E [(cV, )] — @E [(<c<f>,ﬁ>)2] +0().  (6.8)

In this case the numerator has more terms than in the case of the single server queue and
the load balancing system, so we will keep the first moment of the unused service in the

equation in order to use Lemma 6.7. However, we still need to bound the second moment.

Claim 6.8. Consider a generalized switch as described in Theorem 6.2. Then,

(6¢)?
2

E|((c,@)"] is O(e?).

We present a proof of Claim 6.8 in subsection 6.5.4. Then, using Claim 6.8 in Equa-

tion 6.8 we obtain
1-E [e—(’dcm@] = 0eE [(c, )] + O("). 6.9)
For the second term in the numerator, we have

E [ eee<c<é>,a>] E [ o—0e(c®3) _ 6—96§:|
E [695((0(@@)7?)] E [696(§7<C<4),§>) _ 1i|

E |:fe7((c(f),6>—§) (9)] E |:fe7(§—(c(f>,§))<9) - 1] : (6.10)

Claim 6.9. Consider a generalized switch as described in Theorem 6.2 and the notation
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introduced in Lemma 3.1. Then,

E |/ (e0.a-5)0)] = 1+0€ +0()

and E [fey(g%cm )0 - 1] — 9E [B - (c,3)] + 0().

We prove the claim in subsection 6.5.5. Using Claim 6.9 in Equation 6.10, reorganizing

terms and using that B and 5, are bounded for all i € [n], we obtain

E [eeqc(a,a)} B |:€—95<c(‘3>,§> B e—eeﬁ} —0cE [B — <c(£),§>} + O

Then, the numerator of Equation 6.5 yields

1-FE [6—0e<c(2),ﬁ(e>>] LR [eee<c<e>,a>] E [e—ee(c@),g) - 6-9@} + o(e?)

= (0K [(c',@)] + 0cE [B — (c'9,3)] + O(*)) + o(€?)
Woe (E [(c, @) + B — (c©,3)]) + o(e?)

@962+0(62), (6.11)

where (a) holds because O(€®) is o(€?); and (b) holds because E [B] = b(®) (we prove this

result in Lemma 7.1) and Lemma 6.7.

For the denominator, we obtain

1-E [6*96(540@)]
1= E £, (cm-5) )
— _9eE[(c,a)— B] - @E (B - tc.a)’] +0(e)
@2 _ (0 (E (e, @)?] +E {EQ] _9E [(éf),a)ﬁ]) +O(e)

(ZZCOV (2,09 + 03, + (E[(c?,@)] —E [F]f) +0(¢)
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Wpe2 _ —<9€)2 (1TE(E)1 +0% + 62) + O(€) (6.12)
- 2 a By ‘

where (a) holds by Equation 6.7 and expanding the square; (b) holds by definition of
variance and covariance, because @ and B are independent, and reorganizing terms; and

(¢) holds by Equation 6.7 and noticing that > | >"7_, Cov [age), ag,e )] =17%1.

Using Equation 6.11 and Equation 6.12 in Equation 6.5 we obtain

E [696<C<4)@] _ 0e? + o(e?)
fe2 — @ <1T25f)1 + 0%@ + 62) + O(e?)
1+o0(1)
1— g <1T25f)1 + J%E + 62) + O(e)

Then, taking the heavy-traffic limit yields

B 1
. 9E<C,q> —
L S ey

which is the MGF of an exponential random variable with mean % (1T2a1 + ‘712314)‘ This
implies that E‘(‘E) = <c(€),ﬁ(€)>c“) = Tc, where T is an exponential random variable
with mean § (173,14 03).

Then, we conclude that eg'®) = 66‘(‘6) + eﬁ(f) converges in distribution to Tc® ase | 0.

This proves Theorem 6.2. ]

6.5 Details of the proofs of Section 6.4

In this section we present the details of the proofs of Section 6.4.

6.5.1 Proof of Lemma 6.5

To prove Lemma 6.5 we use the following lemma, which is similar to Lemma 3.14.

Lemma 6.10. Consider a generalized switch parametrized by ¢, as described in Theorem
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6.2. Then, for any o € Rand all k € 7, we have

n a_—(e)
- q; (k+1)
> dlu (ke <7

=1

- <C(4)7 u(€)(k)>€a<c(é),q<€)(k+1)).

Proof of Lemma 6.10. First observe that if = 0 the lemma trivially holds. Now we prove
the lemma for o # 0. From Equation 1.3 we know that ¢;(k + 1)u;(k) = 0 for all i € [n].

Then, for all 5 € R we have
u; (e P —1) =0 Vi € [n],
and this equation implies

Oy, (e P+ — 1) =0 Vi€ [n].

7

Without loss of generality, we assume c§£> > 0 for all ¢ € [n] because otherwise the last
equation holds trivially. Let & € R and for each i € [n] let ; € R be such that o = aicl@

for all i € [n]. Then,
O, (,—aiqi(k+1) — ;
¢ u; (e 1) =0 Vien.
Summing over all ¢ € [n] we obtain

0= Z cl@)ui(k:) (e_a"q"(k“) — 1)
i=1

= icge)ui(k;) (e_aiql\i(k+1)_aiQLi(k+1) _ 1)
=1

n

(@) 3 O (k) (efaxc(@,q(m»ci“’—aiqh(km _ 1)

%
i=1

n —a(e®,q(k+1))— &~ qui(k+1)
2y dui(k) (e - 1)

i=1
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— Gy qLi(k+1)
€

(é)e_a@(ﬁ)’q(k-‘rl)) Z c@)ui(k:)e — (C(z), 'U/(k))?

where (a) holds by definition of g (k); (b) holds by definition of «; and (c) holds after

expanding the product and reorganizing terms. Therefore, we have

<C(g)7 u(k)) = o—ale® q(k+1)) Z c@ui(k)e_@q“(kﬂ),
i=1

Multiplying both sides by eo(c.a(k+)) we obtain

(D, u(k)e @ =5 S Puitkye =T

i=1

which proves the lemma. [
Now we prove Lemma 6.5.

Proof of Lemma 6.5. First observe that if 6 = 0 the lemma holds trivially. Now assume

0 # 0. Since ¢ > 0 and u; < 5; < Spax for all i € [n], we have

0 < (e, @) < Smax(c?, 1).

Then, from facts item (i) and item (ii) stated in subsection 3.6.3, we have

N
< |e(c, )| S 1) ) (6.13)

—0elc® @
‘6 Oe(cY) )

Now, by properties of expected value, we have

(1) (o))

<E Heee<c“>@+> 1 ‘e—edc“%m _ 1H
(a) e—GeSmax<c<Z),1) -1 _

O a7\ [ pfelcDgt) _ )H
<6¢ ( eS0Ty ) e (¢ L
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—0eSmax (1) _ 1 | _< L >q+i
Eﬁwe|<e >]E > |e \TT

—0€Smax(c®), 1)

o ¢ e[Sl (B

—0eSmax (e, 1)

_ 1 pEat
(d) e=0eSmax(e,1) _ 1 ~(0-\| - _< ?§)>‘IL
Swd(—eesmaxc“xn B2 () | B\l -

where j € Z, satisfies j > 1. Here (a) holds by Equation 6.13; (b) holds by Lemma 6.10
with @ = fe; (c) holds by triangle inequality; and (d) holds by Holder’s inequality.

But

2 (Cz%)j] < (S} E

Zcﬁ%] < (CmaxSmax)’ '€,

=1

where cpax = maxXep, cl@ and the last equality holds by the following reason. By Lemma 6.7

we have
E [(c(e), u)] =e— v +E [(cw)j}} :
Also, recall that [£ [(c“)j)} € C, by Lemma 6.1. Then,
-9 +E [(c,3)] <. (6.14)
Therefore,

(e ) (e )]

1 J
. 7965max<c(2),1> -1 n _(96>q+_ it
141 i-1 [ e S0 9L
§|9’€ i (CmaxSmaX) J ( " 0eS <C(Z) 1> > E E e i -1
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The rest of the argument is similar to the last steps in the proof of Lemma 3.9. However,
in this case we do not need to use existence of the MGF of €)' | ; because we know

E [el9:11] is bounded for fe < §* from SSC.

6.5.2 Existence of MGF of ¢ ||q|| in the generalized switch

We prove the following lemma.

Lemma 6.11. Consider a generalized switch parametrized by € as described in Theorem
6.2. Then, there exists © > 0 (which is independent of €) such that E [eedcm @} < 00 for

all § € -0, 0.

Lemma 6.11 can be proved using Foster-Lyapunov theorem (Theorem 2.4), following
similar steps to the proof of Lemma 3.13. However, here we propose a different approach.

We use the Lemma 6.12, which presents explicit bounds for the setting of Lemma 2.7.

Lemma 6.12. For an irreducible and aperiodic Markov chain {X (k) : k > 1} over a
countable state space X, suppose Z : X — R is a nonnegative valued Lyapunov function
and consider its drift AZ(x) as defined in Definition 2.2. Suppose the following conditions

are satisfied:

(C1) There existsn > 0 and k < oo such that E[AZ(x) | X(k) =xz] < —nforallz € X

with Z(x) > K,
(C2) There exists D < oo such that |AZ(x)| < D with probability 1 for all x € X

and n? < 4(e? — 1 — D). Define

N 7
e —mln{l, 2(6D—1—D)}‘
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Then, for any 0* € (0, ©*) we have

* D *
lim E [60 V(X’“)} <2 (1 + —) el r
k—o0 n

We present the proof of the lemma at the end of this section. Now we prove existence

of MGF for the generalized switch.

Proof of Lemma 6.11. First observe that if § < 0 the lemma holds trivially. Therefore, in
this proof we assume 6 > 0.
We use Lemma 6.12 with Z(q) = ||q]|.

To show that condition (C1) is satisfied, we first observe that f(z) = /x is a concave

function, and Z(q) = /||q||?>. Then,

Eq,[AZ(g)] < mﬂiq [la(k + D)II* = llqll*] (6.15)

We now compute an upper bound on E, [||g(k + 1)||* — ||q||*]. For every k € Z., we have

lg(k + D)II* = llq(k)|?
= llg(k +1) — u(k) + u(®)|* - [q(k)|
2 llg(k) + alk) — sB)I + [u(k) > + 2(q(k +1) — k), w(k)) — [la(k)]?

< lla(k) - (k)| + 2(q(k), a(k) — (k). (6.16)

where (a) holds by Equation 1.2; and (b) holds by Equation 1.3, because ||u(k)||* > 0, and
expanding the first term. Next we bound the conditional expectation of each of the terms

in Equation 6.16. For the first term we have,

(a)
Eq [lla(k) — s(k)II°] < E [[la(k)]*] +Eq [lls(%)[}°] (6.17)
(2 Z ((Aga)z + Ui) +nS2,., (6.18)

=1
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where (a) holds by triangle inequality and because the arrival process is independent of the
queue length process; and (b) holds by definition of variance and because the potential ser-
vice to each of the queues is upper bounded by Sy Define ¢; 2 S (()\56))2 + 02i> +
S s

For the second term in Equation 6.16 we obtain

E, [(q,a(k) — s(k)] 2 (g0 — ec) — (q,Bq [s(k)))

b
< <q7 V(E) - EC(£)> - <qa S*>7

—
=

where s* € C. Here, (a) holds because the arrival processes are independent of the queue
lengths, and by definition of A); and (b) holds for any s* € C because scheduling occurs
according to MaxWeight algorithm, and by Lemma 6.1.

We now compute a vector s* € C. Define a vector d') with elements d@@) 21 {cﬁe):o}

0

for each i € [n], and observe that d" is orthogonal to ¢, Since v is in the relative

interior of the facet F*), there exists a positive number § € (0, 1) such that
v+ e6d” e RelativelInterior(F®).

Set s* = v + ¢6d"™, and note that if all the components of ¢ are strictly positive, then

d"® = 0and s* = v®. Then, we obtain

E,[(q.a(k) — s(k))] < —e(q, ¢ +35d")

(a)
< —epVv/n|lq|, (6.19)

where pt*) 2 minie[n}{cy) + 5dl@}. Here, (a) holds by the Cauchy-Schwarz inequality.
Observe that p(*) is a constant independent of € and that p() > 0 by definition of 6 and d®.

Using Equation 6.16, Equation 6.17 and Equation 6.19 in Equation 6.15, and rearrang-
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ing terms we obtain

Now we show condition (C2). We have

|AZ(q)] = lllg(k + DI = lg(k)[] Tigm)=q)

(a)
< llq(k + 1) — q(k) || L1qx)=q}

()
< |la(k) — s(k) + u(k)||1{gk)=q}

2 (lath)ll + l1s(k) — wlk)) Liaga

(d)
S \/H<Amax + Smax)a

where (a) holds by triangle inequality; (b) holds by Equation 1.2; (c¢) holds by triangle
inequality; and (d) because for each i € [n| we have a;(k) < Anax and s;(k) — u; (k) <
si(k) < Smax With probability 1. Hence, condition (C2) is satisfied with D = VN(Apax +
Smax)- Observe that n < % and D > 2 because we must have A, > 1 and Sy« > 1.
Then, 1? < 4(e®? — 1 — D) holds trivially.

Therefore, setting 6* = f¢ in Lemma 6.12 we obtain

0¢
E [*a] <2 (1+ Qﬁ(Am;x + Smax) | s
ep/n
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for any 6 < ©, where, using that e < 1 we obtain

)
© = min< 1, pyn '
2 (e\/ﬁ(Amax'f'Srrlax) —1— \/E(Amax + Smax))

Since (¢!, q) = |/g)|| and the projection is nonexpansive, we have (¥, q) < ||

Hence, for every 0 € (0, ©] we have

E [€9€<C(Z>,6>j| <2(1+ 2\/E(Amax + Smax) ep(j)ci/ﬁ_
epy/n

]

We finish this section with the proof of Lemma 6.12, which is based on [38, Lemma

2.2]. We state this lemma for completeness.

Lemma 6.13. [38, Lemma 2.2] Suppose Y, and Y, are random variables such that |Y;|
is stochastically dominated by Y, and E [eema"y?] < o0 for some Oy« > 0. Then, for

0* € 10, Opmax]

E "] <1+ 0E V1] + (%) i ME (V5] .

7!
=2
Now we prove Lemma 6.12.

Proof of Lemma 6.12. We use Lemma 6.13 with Y; = AZ(z) and Y3 = D. Since D is a
constant, we have E [e?»>P] < oo for any finite fyax. For simplicity, we pick Opax = 1.

Then, for any 8* € [0, 1] we have

E [66*AZ(Xk)|Xk _ x}
<1+ 0E[AZ(X)|[ X = 2]+ (67)*)

=2

Di
il

(@
< 1+0E [-nlzaze + Dlz<n | Xe =] + (07)* (e” — 1 - D)
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b * * *

100+ 0" (n+ D)Lizayeny + (0)2 (” = 1= D) . (6.20)
where (a) holds by conditions (C1) and (C2), and solving the series in the last term; and
(b) holds reorganizing terms.

Now we compute a bound for E [e?"#(Xx+1)] as follows. Observe

E [ee*Z(Xk+1):|

—E []E [ee*Z(Xk.)€9*AZ(Xk)| Xk}]

(a) .
< (1=n0"+(0°)? (e” —=1— D)) E [e"ZD] +0*(n + D)e’

® .
C (L= + () (P =1 = D))" E [ 7050)]

k
+60*(n+ D)e ”Z 1—no* + *)2(6D—1—D))l
=0

where (a) holds by Equation (6.20) and reorganizing terms; and (b) holds using the recur-
sion from the previous line k + 1 times because the condition n? < 4(e” — 1 — D) ensures
that (1 —n6* + (6%)? (e —1— D)) > 0.

The upper bound converges only if 1 — n6* + (6*) (e” — 1 — D) < 1, so we solve for
0* such that

1—n0*+(0*)2(eD—1—D)§1—779*.

‘We obtain that

For such 6*, we have
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Then, taking the limit of the recursion as k& — oo we obtain the result. O

6.5.3 Proof of Lemma 6.6

In this proof we use a geometric vision of MaxWeight algorithm. Before presenting the
technical details we present an intuitive overview of the proof. Recall that, given the chan-
nel state, MaxWeight algorithm maximizes (q(k), ) over the set of feasible service rate
vectors. Then, MaxWeight solves an optimization problem with linear objective function.

Equivalently, MaxWeight finds a vector * which is an optimal solution of

max (q(k), ) 621)

s.t. x € ConvexHull (S(m))

and sets s(k) as one of these optimal solutions. To make the optimization problem linear,
we use Convexr Hull (S (m)) as the feasible region instead of S (m) " However, this does
not change the problem because the objective function is linear and, therefore, an optimal
solution of Equation 6.21 is at an extreme point, i.e. at a point in S(™),

The gradient of the objective function is g(k). Then, depending on its direction, the
optimal solution(s) * will belong to a different facet or vertex of C'onvex Hull (S (m)). In
Figure 6.1 we present pictorial examples where we show the optimal solution(s) when the
vector of queue lengths goes in three different directions.

Recall that g (k) goes in the same direction as c). Also, if ¢ is small we expect that
q(k) ~ q,(k) by SSC. Then, if € is small we expect that any optimal solution z* to the
linear program presented in Equation 6.21 satisfies (c!*), £*) = (™) with high probability.

Now we present the technical details of the proof.

Proof of Lemma 6.6. First observe that if 6 = 0 the proof holds trivially. Now assume

0 £ 0.

We start with a definition. Let m € M and suppose that the channel state is M = m.
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q(k)
ConvexHull (S(t)) ConvexHull (S(t)) ConvexrHull (S(t))

(a) Example 1: Multiple so- (b) Example 2: Unique so- (c) Example 3: Another ex-
lutions, since g(k) is per- lution. ample of multiple solutions.
pendicular to the second

facet from left to right.

Figure 6.1: Example of optimal solutions depending on the queue lengths vector.

Then, let o™ € (0, %] be an angle such that (c¥),8) = (™ if HIZHIIH > cos (™). Let

(q be the angle between g and g and define @iy 2 min,,ca ™. Therefore, since 3 is

scheduled using MaxWeight algorithm, if channel state is m we have
b0 £ (c95)  implies o™ < g, (6.22)

In this proof we use the notation E,, [-] = E [ - |[M = m]. By definition of conditional

expectation we have

E |:(606<c([),6(6)> _ 1) (696<§7(c(£),§(6))) - 1)}
— Z mem |:<696<C(£):a(6)> . 1) <665<b(m,5)_<c(é)7§(e)>) _ 1)] ’

meM

where

E _<€05(c(@,a(6>> _ 1) (695<b<m,2)_<c<e)7§(6>>) B 1)]
a T/ oella e(bmD _(c® 5
O, [ (el - 1) (6™~ 1) 1]

(b r _ m ) =
2, (el 1) (0 -e09) Yy ]
L q
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0el[q . || cot(oq) ( bc(bm0 —(c0)3)) )
- € -1 ]l{
Sf’q></’(m>}

0c(bmO—(clD5)) _ 4

(PO 1) 1y
(696 Ot s) - 1)}

(m))
edellaLiicot(et™) _ 1

(e

( )
D, [ (et 1)

(: )

Sl

el |l cot(p™) _ 1)’

where j € Z, satisfies j > 1. Here (a) holds by definition of indicator function and
because q = (), q)c by definition of projection; (b) holds by Equation 6.22; (c) and
(d) hold because cot (i) is decreasing for ¢ € (0, 3]; (d) holds by Equation 6.22 and by
definition of indicator function; and (e) holds by Holder’s inequality.

Using an argument similar to the one at the end of Lemma 3.9, it can be proved that

S

0<E, l(eeelqucowm» _ 1)j]
converges to a constant as € | 0. On the other hand,

E _<696(b(m’€>(c([),s)) B 1) le}

[ Oe(b(m:0 (e 5 i1
:Em (e (b ( >) _ 1> J ]l{b(ml);é(c("),s)}:|

.

eae(b<m,£>,<c<4),g>) 1 - " ;
= ml) 0 —= T
=B\ g —@oay ) e {0 3)) T oz )

(e (Brmax—(el9 Smaxl)) _ 1\ 777 (8¢ (Bunax — (€€, S 1)) 77 B[00 # (0, 5)]
< 96 (Emax — <C(£), Smax1>) max s Mmax ) )

where Bpax = max,,c g 0. In [34] , the authors prove that P [b ) £ <c(é),§)} = Ke

for a finite constant /&, and their proof also holds here. Therefore,

J

[l o
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This completes the proof.

6.5.4 Proof of Claim 6.8

Proof of Claim 6.8. We have

0< (9;)2113 [(<C(5)7u>)2] (2)62 (<c(4 ,S;nax1>62) E Kc(ﬁ)’ﬁﬂ
(263 (<C(£)v S;naxl>92)

where (a) holds because T; < 5; < Suax and ¢ > 0; and (b) holds by Lemma 6.7,
because E [(c¥),5) — B] < 0.

Therefore,

6.5.5 Proof of Claim 6.9

Proof of Claim 6.9. For the first expression, from Lemma 3.1 we have

E f57<<c<@7a>_§)(9)} =1+ 0¢E [(c",a@) — B] + (6;) E [((c(@,m —E)Q] +0(e%)
“toe s (0. - B)] o),

where the last equality holds by Equation 6.7. Also,

0< (6;)21[‘3 [((C(Q,E) - Fﬂ (%)62 ((<c(€),AmaX12> + Bmax)92> E[(c), @) — B]
D) 5 (€9, Apaxl) + Brnax)?
0, ( L+ )
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where (a) holds because @; < A, with probability 1 for all i € [n], ¢ > 0, B is
bounded by a constant that we denote B,,,., and because all quantities are nonnegative; and

(b) holds by Equation 6.7. Then,

Therefore,

E fe,((c“)ﬁ)—ﬁ) (9)] =14+ 962 + O(e3).

This proves the first equation of the claim.

For the second expression, using Lemma 3.1 we obtain

E fﬁ’(§—<c“),§>)(9>} — 1 =0¢cE [E — <c(f)’§>} T (Oe)

0< 0 p [(E . (c(e),g>)2] Qe <(Bmax + <C“2), Smax1)) 92) E[B - (c,3)]

2

(b) 3 ((Bmax + <C(Z)7 Smax1>) 92)
€

where (a) holds because 3; < Syax With probability 1 for all i € [n], ¢¥ > 0, B

IN

Bmax

and all quantities are nonnegative (see Equation 6.14 to see why E [E —(c® §>} > 0);

)

and (b) holds by Lemma 6.7 and because E [(c!¥), )] > 0 since @ > 0 and c¥) > 0.
Then,

(6e)*
2

E [(E - (c“),§>)2} is O(e).
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Therefore,
E |/, (5(e01)0)] =1 =6 [B — (c,5)] + O().
This completes the proof. 0

6.6 Conclusion and future work

In this chapter we presented the last SPN that we analyze with the transform method in
this thesis. As mentioned before, the transform method is a simple and flexible approach
to compute the distribution of the scaled heavy-traffic queue lengths. Future work is to
generalize this method to other queueing systems, including SPNs that do not satisfy the
CRP condition.

Another question for future research is to use the MGF method to study the rate of con-
vergence to the heavy-traffic limit. In addition to obtaining the results on the heavy-traffic
limiting behavior, the drift method also gives upper and lower bounds that are applicable in
all traffic [34, 14, 15]. These bounds give the rate of convergence to the heavy-traffic limit.
Since the MGF method is a natural generalization of the drift method, it may be used to
obtain results on rate of convergence too, which is a topic for future study.

The next set of future work is on developing the MGF method for its use in systems
that do not satisfy the CRP condition, and this will be the culmination of the present work
because the main motivation in developing the MGF method is to study systems when the
CRP condition is not met. We believe that the MGF method is a promising approach to
obtain the heavy-traffic distribution of the queue lengths when CRP condition does not
hold, even though the drift method is known to fail in this case (see chapter 7), because
of the following reason. The queue lengths process is a multi-dimensional DTMC (or a
CTMC in some cases). For a positive recurrent and irreducible DTMC, it is known that

the stationary distribution exists and is unique. One first establishes positive recurrence of
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the DTMC using Foster-Lyapunov Theorem. This has an added benefit that one typically
obtains as a consequence a (possibly loose) upper bound on an expression of them form
E [e)",q,]. If P is the transition matrix, then the stationary distribution is a unique solu-
tion of the equation, m = wP. Clearly, solving for the stationary distribution in general
is hard. However, we know that it is unique and is characterized by this equation. If we
take two-sided Laplace transform of the equation m = 7P we obtain an equation which is
same as the one we obtain by setting the drift of the exponential test function to zero. Since
Laplace transform is invertible, solving this equation uniquely characterizes the stationary
distribution through its MGF. However , even for the single server queue it is challenging
to obtain a solution for this equation in all traffic. Therefore, using the MGF approach, we
seek to solve it in the heavy-traffic limit. To do this, one first needs to prove tightness of
the sequence of the stationary distributions as the heavy-traffic parameter € goes to zero.
Tightness follows directly from the bound on Ee ) . g;] that one obtains from the Foster-
Lyapunov Theorem. Therefore, we expect that the MGF drift equation that we have in the
heavy-traffic limit must have a unique solution. Typically, since the system is tractable in
steady-state, we expect to solve this equation explicitly to get the joint stationary distribu-
tion in steady-state. Even in cases when this equation may not be solved explicitly, one
may be able to obtain moments from this equation. For instance, one may be able to obtain

the moment bounds computed in [14, 15, 22] from such an equation.
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CHAPTER 7
HEAVY-TRAFFIC ANALYSIS WITH NO COMPLETE RESOURCE POOLING

Based on:

D. Hurtado-Lange and S. T. Maguluri, “Heavy-traffic analysis of queueing systems with no

complete resource pooling,” arXiv preprint arXiv:1904.10096, 2019

D. Hurtado-Lange, S. M. Varma, and S. T. Maguluri, “Logarithmic heavy traffic error
bounds in generalized switch and load balancing systems,” arXiv preprint arXiv:2003.07821,

2020

7.1 Introduction

In this chapter we study a generalized switch without assuming that the CRP condition is
satisfied, and so SSC may occur to a multidimensional subspace. Also, we assume that
the arrival process to each queue is a sequence of independent and identically distributed
(i.i.d.) random variables, but we do not require that these sequences are independent of

each other. The main contributions of this chapter are:

(1) In Theorem 7.5 we characterize the heavy-traffic scaled mean of certain linear com-
binations of the queue lengths in steady state under the MaxWeight algorithm. More-
over, we obtain lower and upper bounds that are valid in all regimes (not necessarily
heavy traffic), but are tight in the heavy-traffic regime. This result is immediately
applicable in several systems, as we showcase in section 7.5, and it includes both,
the CRP and the non-CRP cases. Little is known about SPNs that do not satisfy CRP,

since the most common approach in the literature is the use of diffusion limits, and
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(ii)

(111)

(iv)

v)

solving a multidimensional RBM is an open question. In this chapter we contribute
to understanding the heavy-traffic behavior of non-CRP systems by providing the

mean of some linear combinations of the queue lengths.

In Corollary 7.8 we compute the heavy-traffic limit of the total queue length in an
input-queued switch with correlated arrivals. As mentioned above, the input-queued
switch has had considerable attention in the literature. However, it has only been
studied under independent arrival processes [14, 15]. The input-queued switch is
a model for an ideal data center network, and independent arrivals is an unrealistic
assumption in this setting. In fact,data centers experience hot-spots, and, hence, the

arrivals to different queues are highly correlated [100, 101].

We illustrate how Theorem 7.5 can be immediately applied to a variety of systems.
Specifically, we show how to apply it to parallel-server systems (Corollary 7.13,
and Corollary 7.15), the so-called A -system (Corollary 7.16) and ad hoc wireless

networks (Corollary 7.11).

In Section 7.5.2 we show that, if SSC is full-dimensional, then the heavy-traffic limit
of the mean queue lengths does not depend on the correlation among arrival pro-
cesses. In other words, if the systems experience full-dimensional SSC, the expected
linear combination of queue lengths behaves as if the queues were independent. This

result is rather surprising, and it was not known.

In Theorem 7.24 we show that using the drift method with polynomial test functions,
it is impossible to obtain the moments of all linear combinations of the queue lengths.
We prove this result by presenting an alternate way of thinking of the drift method.
Traditionally, the key step in using this approach, is to design the correct test function
to obtain all the moments. However, it is not clear a priori if there are test functions
that give all these moments. Instead of trying to guess the right test function, this

point of view shows that one can think about solving a set of linear equations. This
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system of linear equations turns out to be under-determined, and the major challenge
is to obtain more equations using the constraints in the system, in order to solve for
all the unknowns and obtain the complete joint distribution of the queue lengths when

the CRP condition is not satisfied.

(vi) In Theorem 7.27 we obtain lower and upper bounds on the steady-state mean of an
arbitrary linear combination of queue lengths. We do this by formulating a Linear
Program (LP) using the under-determined system of equations from Theorem 7.24.
We present numerical results in the case of Bernoulli arrivals, for different values of
the traffic intensity. For simplicity of exposition, we do this only in the special case
of an input-queued switch, and the same approach can be used for the generalized

switch. We discuss this generalization in section 4.5

7.2 Related work

In section 6.2 we discussed the related work on MaxWeight algorithm.

The study of SPNs that do not satisfy the CRP condition is relatively new. The most
relevant literature for this chapter is [34, 14, 15]. In [34], the authors develop the drift
method and they apply it to the generalized switch under the CRP condition. In [14, 15]
an input-queued switch that does not satisfy the CRP condition is studied using the drift
method too.

The results in this chapter are clearly a generalization of the work of [34, 14, 15], but
due to the generality of the model, several challenges arise.

We use the drift method to analyze the heavy-traffic behavior of the mean queue lengths
in a generalized switch. The drift method is a two-step procedure to compute bounds on
linear combinations of the queue lengths that are tight in heavy traffic. The first step is to
prove SSC, which we do in Proposition 7.4, and the second step is to set to zero the drift of
V(q) = llgxII*.i-e., of the squared norm of the projection of the vector of queue lengths

on the subspace where SSC occurs. While these steps are standard for the drift method
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as developed in [34, 14, 15, 22], different challenges arise in each case depending on the

system that one is studying. In this case we are working with the generalized switch, which

is a very general model. Hence, we overcome difficulties that were not part of the work

listed above. We summarize these below:

(a)

(b)

(©)

Since the effective capacity region is the average of several individual capacity re-
gions (see the definition of the capacity region in Equation 6.1), the vector of poten-
tial service does not necessarily belong to the effective capacity region. Then, it is

not obvious how to deal with the terms that involve the service vector.

In the case of an input-queued switch as studied in [14], the projected service vector
S|y is constant due to the structure of the system. In the case of the generalized
switch, this is not the case, and this leads to significant challenges. In particular, the
computation of the term [E [(G”H, EHH” is not trivial. We used the properties of the

system and MaxWeight algorithm to bound this term.

The final closed-form expression that we obtain for the steady-state expectation of
the queue lengths is novel, and is a contribution by itself. To compute this expres-
sion (the term 75 in the proof of Theorem 7.5), we use the least squares problem
to obtain an expression that is valid for any generalized switch. In [34, 14, 15] the
underlying symmetry of the specific systems that were studied is explicitly used in

the computations, and therefore, it is not clear how to generalize.

Challenge (a) is addressed in Lemmas 7.1 and 7.2, that we prove in the next section.

These lemmas form an important part of the entire proof and are used repeatedly. Challenge

(b) is addressed in 7.21. Finally, overcoming challenge (c) using the least square problem

gave us the closed form expression for the right-hand side in Theorem 7.5.
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7.3 Useful lemmas

In this section we present preliminary results that form the base of the analysis of the
generalized switch. We use these results repeatedly in this chapter and, hence, we present
them below.

Recall that B, 2 b(M.0) and that, for each m € M, b(™% is the maximum c“)—weighted
service rate in S(™). Similarly, b“) can be interpreted as the maximum c(“-weighted service
rate in C, and ¢ and b define a facet of C. Hence, since the values of Eg occur according
to the probability mass function of the channel state, and the capacity region C can be
interpreted as the ‘expected capacity region’ according to Equation 6.1, we should expect
E [Ed = b¥). Additionally, c¢'© and b(™*) define a half-space that passes through the
boundary of ConvexHull(S™)) and, hence, there must exist a vector (™ such that (™) =

(9, (M) We formalize these results in Lemma 7.1.

Lemma 7.1. Let { € P and m € M. Then, there exists v™ € S™) such that b0 =

(c!9,v™). This implies that b\) = E [B,]| forall { € P.

The proof of Lemma 7.1 follows immediately from the definition of the capacity region
C in Equation 6.1, and of the parameters b(™) in Equation 6.4. We present the details

below.

Proof of Lemma 7.1. First, recall v € C and C is a weighted sum of ConvexHull(S™) for
m € M. Then, since each S is finite, for each m € M there exists ™ € S™ guch

that

v=> ¢

meM

Also, by definition of the /" hyperplane, for each ¢ € P we have

b = max(c?, x)
xzeC
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= Z Y, max {(c“), x) : x € ConvexHull (S(m))}
meM

@ Z Y max (¢, x)

(m)
meM €S

237 b

meM

where (a) holds because the objective function of the maximization is linear and, therefore,
the optimal solution is an extreme point of ConvexHull (S (m)), which must be an element
of 8™ by definition of convex hull; and (b) holds by definition of 5™, This proves that
b0 = E [B].

Observe that the last equality also implies that (c\?), (™)) = b(™4) for all m € M, for
the following reason. First, by definition of 5(™% we know (c¥), v(™) < p(m9  Also, if

there exists m* € M with (¢, v(™)) < ™" then

Z ¢m<c(€),y(m)> < Z ¢mb(m»f)_

meM meM
But
= Z Y (P 0™y and b = Z AGD)
meM meM
Therefore, we got a contradiction because v € () vep F© and, hence, (c(f V) = NG 0

As € gets closer to zero, we know that A gets closer to v, and SSC implies that the
vector of queue lengths can be approximated by its projection on K. In other words, as € | 0
the vector of queue lengths can be well approximated by a conic combination of the vectors
c'Y with ¢ € P. Therefore, since the scheduling problem is solved using MaxWeight
algorithm, and given that the channel state is m, one should expect that (c(),3) = p(™*)

with high probability. In the next lemma we formalize this intuition.

2 P[(c?,5) = b0 | M = m].

Lemma 7.2. For eachm € M and ( € P, define =(™"
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Then, 1 — (™9 is O(e).

The proof of Lemma 7.2 is a generalization of [34, Claim 1], and we present below for

completeness.

Proof of Lemma 7.2. For ease of exposition, we omit the dependence on ¢ of the variables,

and we use the notation E,,, [[] £ E [-[M = m]. Define
(™ 2 min {b(m’f) — (W z): (D, z) <™ forle P xzeS™}.

Observe that, for each m € M we have 7™ > 0 because each S(™ is a finite set and,
therefore, (™) — (c(¥), &) cannot be arbitrarily close to zero.

From stability, for each ¢ € P we have
E [(c“)j)] >E [(C(@,Eﬂ :
Then, using Lemma 7.1, we obtain that for each m € M
E,. [(c,5)] > E[(c“,a)] = (1 —¢)(c?,v™) = (1 — )b
On the other hand, by definition of 7m0 we have
E,, [(C(€)7§>] — pmOpmo) | (1 _ 7T(mf)) E,, [(c“),§>| b6 £ <C(€)7§>]
Putting these two results together we obtain

(1= pmd < pmO7mO) | (1 md) B, [(c® 5) [0 £ (0 5)]  (7.1)
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Also, by definition of 7™ we have
E,, [(¢®,5) [6™0 £ (0,3)] < b0 — 4m),

Using the last result in Equation 7.1 and rearranging terms we obtain

1—xmbd < ol
= Am)

Since the sets P and S for each m € M are finite, there exists by = MaX,e M, te p{bmO}

and by, < 00. Therefore, we have 1 — (™9 s O(e).

7.4 Heavy-traffic analysis of the generalized switch.

In this section we perform heavy-traffic analysis of the generalized switch. Before pre-
senting the details we specify the heavy-traffic parametrization, which is similar to the
parametrization we used in Chapter 6. We fix a vector v in the boundary of C and we
consider a set of generalized switches operating under MaxWeight as described above,
parametrized by € € (0, 1). The heavy-traffic limit is the limit as ¢ | 0 and, as ¢ gets small,
the vector of mean arrival rates approaches v. Formally, we parametrize the queueing sys-
tem in the following way. We let ¢'9(k), a9 (k), 59 (k) and u(® (k) be the vectors of
queue lengths, arrivals, potential service and unused service, respectively, in time slot £, in
the system parametrized by e. The parametrization is such that the vector of mean arrival
rate is A9 2 E [al9(1)] = (1 — €)v. Therefore, A belongs to the interior of C for each
e € (0,1) and, as € | 0, the arrival rate vector A© approaches the boundary of the capacity
region at v.

Heavy-traffic analysis of the generalized switch has been performed in the past, using
the diffusion limits approach [8], and the Drift method [34]. However, in both cases, the

analysis is under the assumption that SSC occurs into a one-dimensional subspace (CRP

159



condition), i.e., when the vector v is in the interior of a facet of the capacity region C. In this
chapter, we focus on cases where the vector v may live at the intersection of facets. Define
= {¢e[L]:v e FO}, thatis, P is the set of indices of all the facets that intersect at v
Observe that, if P has only one element, we are under the CRP condition, and our results in
this case agree with the results proved by [34]. In this chapter, we focus on the case where
P is allowed to have more than one element.

For each ¢ € (0,1), let g be a steady-state random vector such that the Markov
chain {q(9(k) : k € Z. } converges in distribution to g as k 1 co. Since MaxWeight
is throughput optimal, the Markov chain {q(e) (k): ke Z+} 1s positive recurrent for each
e € (0,1), so g is well defined. Let a'® be a steady-state vector which is equal in
distribution to a'(1). Then, E [@“] = A© and for each i € [n] we have EEE) < Apax
with probability 1. Let E((f) be the covariance matrix of the vector @'?). Let A and B,
be steady-state random variables that are equal in distribution to M (1) and B,(1) for each

2 s(q'9, M) be the vector of potential service in steady-

¢ € [L], respectively. Let 5
state, and w'® = u(q'®, M, a'®)) be the vector of unused service. Define (G(E))+ 2 q +
a9 — 35 + @l as the vector of queue lengths one time slot after g'©) is observed, given
that the vectors of arrivals and potential service are @) and 5(¢), respectively.

In Section 7.4.2 we prove that the state space collapses into the cone X described below.
In other words, we show that the vector of queue lengths can be approximated by a vector

in IC in heavy traffic. Let /C be the cone generated by {c“) e P} and H be the subspace

generated by the same set of vectors. Formally,

IC:{a:ER:‘L:w:Z@c“),&zOWEP}. (7.2)

lepP

A pictorial example of the capacity region C and the cone K when n = 3 is presented
in Figure 7.1. Let P C P be a set of indices such that the set {c“) e P } is linearly in-

dependent, and let C' = [c“)} ¢ p D€ @ matrix where the columns are a linearly independent
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Figure 7.1: Example of capacity region C and cone K.

subset of the vectors that generate the cone K. Observe that the column space of the matrix
C' is exactly the subspace H.

In subsection 7.4.1 we present a Universal Lower Bound (ULB), that is independent of
the scheduling policy; in subsection 7.4.2 we present the SSC result formally; and in sub-
section 7.4.3 we present the main result of this chapter (Theorem 7.5), where we compute

asymptotically tight bounds on linear combinations of the queue lengths.

7.4.1 Universal lower bound

In this section we compute a ULB for certain linear combinations of the vector of queue

lengths. The bound is universal in the sense that it remains valid for all scheduling policies.

Proposition 7.3. Consider a generalized switch parametrized by € € (0, 1), as described
in at the beginning of this section. Let z € K with z # 0 and r € R'f' be such that

z= ZKLZI rec). Then, for each ¢ € (0,1) we have

E [(z,ﬁ(e)ﬂ > (zTfo)z +r"Spr) — f(e),

2¢(z,v)

where f(€) = —b‘“a"él’ﬂ ——G(ZQ’"> iso (1) (ie, limegef(e) = 0) and bax = maxep ep ™.

The proposition is proved by coupling the queue length vector of the generalized switch
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with a single server queue {®) (k) : k € Z, } constructed as follows. We let ') (k) 2

(z,a'9(k)) be the number of arrivals in time slot & and 3(k) be the potential service,
where P [3(k) =3 ,cpreb™?] = ¢, for each m € M. Then, it is easy to see that
®(9) (k) is stochastically smaller than (z, q'“(k)) (by definition of (™" in Equation 6.4).
Therefore, a lower bound to the expected value of ®°)(k) in steady state is also a lower
bound to E [(z, 6(E)>] . The last step in the proof is to compute such lower bound, which we
do by setting to zero the drift of V;,5(®) = ®2. Note that it is essential that the weights 7,
are nonnegative to obtain a lower bound in the proof. This is the reason why z € H is not

enough and we require z € K. The rest of the proof is presented below.

Proof of Proposition 7.3. Let x(°) (k) the unused service in time slot k. We assume that in

each time slot, arrivals occur before service. Then, for each k € Z, we have
P (k+1) = (k) + 9 (k) — B(k) + X (k). (7.3)

Before computing the lower bound we need verify that the DTMC {<I>(€) (k): ke Z+}
is positive recurrent for each e € (0,1). To do that we show that E [3(k) — o/ (k)] > 0

for all € € (0, 1). By definition of o' (k) we have
E [a(G)(k)] =E [(z, a(e)(k))} =(1—¢€)(z,v) (7.4)

where the last equality holds because E [@?] = (1 — ¢)v. By definition of (k) we have

E[B(R)] = 30 3 4, b

leP meM

(;) Z Tgb(g)

lepP

Y e )

lepP

= (z,v), (7.5)



where (a) holds because b() = E [B,(1)] 3", . s ¥mb™" (as we proved Lemma 7.1); (b)
holds because v € F©® for all £ € P; and (c) holds by definition of z. Then, from

Equation 7.4 and Equation 7.5 we obtain

E [B(k) — a'9(k)] = e(z,v),

which is a positive number. Let 3"

be a steady-state vector which is limit in distribution
of {®©(k):k>1}, and (5(€)>+ £ 39 4 a0 — 3 4 %, where @9 and 3 are
steady-state random variables with the distribution of a((1) and 3((1), respectively and
X'©) represents the unused service.

Now we show the result. We omit the dependence on € in the rest of this proof, for ease
of exposition. It can be easily proved that [E [52] < 00 (e.g., we can use Lemma 2.7), and
we omit the proof for brevity. Then, we set to zero the drift of V(®) = ®? in steady state,
and we obtain

0-E|(3") -7

_E (6*—y>2+y2+2(6+—y)y—6ﬂ

_(5_’_@_5)2 —Xz —62:|
) 1= 22 _ _ 3 —
2K [a*] +E 5’| - 2E[a]E[B] - 2E [B] E [a - B] - E[¥ (7.6)
where (a) holds after expanding the product, and because Ty = (0 by definition of unused
service; and (b) holds after expanding the product and using independence of the arrival,
service and queue length processes.
We compute the terms in Equation 7.6 one by one. We already established that E [a] =

(1 —€)(z,v) and E [3] = (z,v). Now we compute the quadratic terms. By definition of
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o we have

o) 2 ()
= Z Z ZZ'Zi/E [Eiai/]

i=1 i'=1

@ i i ZiZZ'/COV [Ei, Ei/] + i i Zizi’E [az] E [ai,]

i=1 i'=1 1=1 /=1

@zTZ((f)z + (1 — €)*(z,v)?

where (a) holds by definition of covariance; and (b) holds by definition of covariance
matrix and because E[@] = A© = (1 — €)v. For the service process, by definition of

covariance matrix we obtain
—2
E [6 ] =rTYpr 4+ (2z,v)?,

where the last equality holds because v € F for all / € P and by definition of z. For
the last term we compute an upper bound. By definition of unused service, we have ¥ < 3

with probability 1. Then,

E [X*] <E [X]

b (Zr“>> E[x]

lepP

b (Z rw) E[3 —a

lepP

where (a) holds by definition of 3 and by,.y; (b) holds because E [x] = E [ — @], which

can be easily proved by setting to zero the drift of V;(®) = ®; and (c) holds by Equation 7.4
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and Equation 7.5.
Putting everything together in Equation 7.6 and rearranging terms we obtain the result.

]

7.4.2 State space collapse.

We prove SSC into the cone K defined in Equation 7.2 in heavy traffic. We start introducing

the notation. For each e € (0, 1), let qﬁ%(k:) be the projection of ¢ (k) on K and q(j) (k) =

q'9 (k) — qﬁ%(k) Similarly, define ql(lle(k) as the projection of ¢') (k) on #H and q(sz(k) 2
q"“ (k) — qﬁ%(l{) We know the Markov chain {q'“)(k) : k € Z,} is positive recurrent
for each ¢ € (0, 1), so by definition of projection we also have that {qfﬁ%(k) c ke Zy},
{q(jzc(k:) t k€ Zy}, {qﬁ?{(k) :k € 7.} and {q(f%{(k:) : k € Z,} are positive recurrent
for each € € (0, 1). Then, we define G‘(‘% 6(30 §|(|2[ and G(f%{ as steady-state vectors which

are limit in distribution of each them, respectively. In the next proposition we state SSC

formally.

Proposition 7.4. Given a vector v in the boundary of C and € € (0,1), consider a gener-
alized switch operating under MaxWeight as described in Section 6.3, parametrized by €
as described at the beginning of Section 7.4, and let P be defined as in there as well. Let
§ > 0 be such that § < b — (¢ v) forall ¢ € [L)\ Pif[L]\ P # 0, and § = 1 if

L]\ P=0.Ife < ﬁ/l\ then for each j € Z with j > 1, we have
E gl | <E |l | <,
iyl = qikll”| = Y5

where, defining A = max{ Amax, Smax }»

J; 2 (S”TM)] + (8y/nA)’ (W)jj!

To prove Proposition 7.4, we adopt the technique introduced by [34] so our proof is sim-

ilar to theirs. We present as sketch of the proof at the end of this subsection. The challenges
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in obtaining our result arise in the second step of the drift method, which corresponds to
Theorem 7.5.

SSC is a consequence of Proposition 7.4 for the following reason. As e | 0, ||g©

goes
to infinity (this can be easily concluded from Theorem 7.5). Therefore, Proposition 7.4
implies that as e gets small, we can approximate g ~ Gﬁ% because all the moments of
||G(BC|| are bounded.

Observe that the cone K is determined by the facets that intersect at . Moreover, the
dimension of the cone is n — d,,, where d,, is the dimension of the face of C where v is. For
example, if v is in the relative interior of a facet then d, = n — 1, and this implies that XC
is one-dimensional. This is the CRP case, which was studied in [34] and [8]. Similarly, if
v is a vertex of C then d,, = 0 and, hence, K is n-dimensional. In the last case, we say that
SSC is full dimensional. We study the full-dimensional case in subsection 7.5.2.

Now we present a proof sketch of Proposition 7.4. We use Lemma 2.7. Then, the main

idea is to show that the conditions (C1) and (C2) are satisfied for Z(q) = ||g |-

Proof sketch of Proposition 7.4. For ease of exposition, we omit the dependence on € of
the random variables in this proof. First observe that ' C H by definition. Therefore, for

Y j
‘ < Ha(f’)C ) with probability 1. This proves the

all j € Z, with j > 1, we have Hﬁ(&

first inequality.

To prove the second inequality, we introduce the following notation. Let

A A A A
Vig) = llal*, Vi(e) = llgucll®, Vi(g) =llqucl® and Wi(g) = llg .l

We use Lemma 2.7 with Lyapunov function W, (q). We first prove that condition (C2) is

satisfied. By definition of drift, we have

AW (q)| =|WL(q(k + 1)) — Wi(q(k))|Lqu)—q)

= H’(Iuc(k’ + 1)H - Hquc(k')m Latk)=a}
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(a)
<

qic(k+1) - QLK(k)H]l{q(k):q}
D lq(k +1) — q(k) — (quelk + 1) — g (k)] Lag=a)
2 ([latk+ 1)~ a®)| + lapett + 1) - 2 ®)]) 1o

<2|lg(k+1) - q(kﬁ)Hﬂ{q(k):q}

=2‘ q +a(k) = s(k) +u(k) - CIHIL{ch):q}

n

=2 Z |ai(k’) —s;i(k) + Uz(k)|2 Liq(k)=q}

1=1

(f) ) ..
<2v/nmax{Anpay, Smax} With probability 1, (7.7)

where (a) holds by triangle inequality; (b) holds by definition of g | x-; (¢) holds by triangle
inequality; (d) holds because projection on the cone X is nonexpansive; (e) holds by the
dynamics of the queues presented in Equation 1.2; and (f) holds because a;(k) < Apax
with probability 1 and s;(k) < Spax for all ¢ € [n] and all k& € Z,. Therefore, if we let
D = 2¢/n max{ Apax, Smax } We have that condition (C2) is satisfied.

Now we prove condition (C1). We start with an observation that was first used in [34,

Lemma 7, part 1]. Note that W, (q) = +/||q «||?> and f(z) = \/z is a concave function.

Then, using the definition of concavity and reorganizing terms we have

AW, (g) < m (AV(q) - AVi()) - (1.8)

We bound the conditional expectation of the terms in the brackets separately. We start

with E, [AV (q)]. We obtain

E, [AV(q)]
“E, [latk+ DI ~ lah)|]

—Eq |[|a(k + 1) = u(k) + u(®)|* - [la®)||’
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—Eq |la(k + 1) = wl)|* + [wl®)]? + 2(q(k + 1) — w(k), w(k) - [[q®)|[’]
OB, |llatk) + atk) - s(k)|* = Ju®)||* - [latk)]]

o [l + la(k) = s(k)[* + 2(a(k), alk) - s(k)) — [[w(®)]* - [|atk)]’]

<Eq [|a(k) - s(k)|*] +2Bq [{a(k), a(k) - s(k)] (7.9)

where (a) holds by the dynamics of the queues presented in Equation 1.2, by definition of
inner product and by Equation 1.3; and () holds because E, Mu(k) HQ} > 0 by definition
of norm.

We bound the terms in Equation 7.9 separately. First, observe

Eq [[|atk) = s(b)|*] =Eq | (ailk) - sz-<k>)2]

Li=1

B, |37 (a2(k) + s2(k) — 2az<k)sz<k’>)]

L:=1

<n(Af .y + Shax

), (7.10)

where the inequality holds because 2a;(k)s;(k) > 0 with probability 1 for all ¢ € [n] and
all k € Z,; and because 0 < a;(k) < Apax With probability 1 and 0 < s;(k) < Spax for

+ 5?2

max max)

alli € [n] and all k € Z,. Let ¢ 2 n(A2
On the other hand,

E, [(a(k), a(k) — s(k))] =(a. X)) —Eq [(q(k), s(k))]

9(q,(1 — )v) — max(g, x)

xeC

—

= €<q7l/> + I&%}(q,v - CU)

g—e(q,u>+<q,y—m*>, (711)

for any «* € C. Here, equality (a) holds by definition of A and by Lemma 6.1.
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We pick * = v + 791k Before proceeding with the proof, we show that such

2||q

x* € C. To do that, we show that (¢!}, z*) < b®) for all ¢ € [L]. We have two cases. If

¢ € P, then

0 (e

@ /)
——Q(c ) = (¢
gkl

* (b
<C(Z)am > = <C(£)>V> + an_IC V> = b(g)

Y

where (a) holds because (c'”), q ) = 0 for all £ € P, by the orthogonality principle; and
(b) holds because v € (,.p F.
If [L]\P # (and ¢ € [L} \ P we have (c¥, v) < b¥). Then, for each ¢ ¢ P there exists

6@ > 0 such that v + a9k € C. Then, since there are finitely many hyperplanes

2IIq

defi C, ké = 5
efining C, we can pic EEI?LI]I\lp{ }

Then, from Equation 7.11 we obtain

Eq[(q(k), a(k) = s(k))] < —e(q,v) +(q,v - <v + m‘h/c>>

= —e(q,v) +0llq k]|, (7.12)

where the last equality holds because ¢ = qx + g, and (qx,q ) = 0. Then, using

Equation 7.10 and Equation 7.12 in Equation 7.9 we obtain
Eq [AV(q)] < ¢ — 2¢{q,v) — 20][q k]| (7.13)
To bound the second term in Equation 7.8 we use properties of projection. We have

Eq [AV)(9)]
=Eq | gk + D" = laye®)’

=Eq [{que(k+ 1) + e (k), gk +1) = qyc(k))]
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=Eq [”qlllC(k +1) — qyr(k H } + 2Eq [( (@ (k), quc(k +1) — qu(km

(§2Eq {ayc(k), quc(k +1) — q (k)]

DB, [(ayc(k), alk+1) — q(k))] — 2B, [(qpc(k), gk +1) — quic(k))]
98, [(qyc(k). alk) - s(k) +u(k))] - 2B, [(qye(k). q.x(k + 1))]
+ 2B, [{gye(k), quc(k))]
28, [{aye(k), alk) - (k)]
—2(qyc. (1 — W) — 2B, [(gye(k), s(k))]

= — 2¢(q), v) + 2Bq [(qyc. v — s(k))] (7.14)

where (a) holds because E, [quc(k +1) — gy (k)| } b) holds because g (k) =
q(k)—q (k) forall k € Z,; (c) holds because, since q”,c(k:) > 0and u(k) > 0 by defini-
tion, we have (q,(k), u(k)) > 0, because (g (k), g, (k) = 0 since they are orthogonal
by definition, and {(q,.(k), g x(k + 1)) < 0 because g, (k) belongs to the cone K and
q | i (k+1) belongs to the polar cone of /C, defined as K° 2 {y eR": (x,y) <0 Vo € K}
Since q (k) is the projection of (k) on K, there exist coefficients {, > 0 with £ € P

such that

qu(k) = Z &)

lepP

Then,

Eq [(aye, v — (k)] =) &Eq [(€“,v) — (€, 5(k))]

lepP

(a)

=N (bg — (e, argmax(q, w>>)
lepP ¥

®) Z£ (Z) >)
Lep
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for some T € C. Here, (a) holds because v € (,.p F*) and by Lemma 6.1; (b) holds for
some T € C because C is a closed and bounded set, so the maximum is attained at some
point in C; and (c) holds because, since Z € C, then (c\¥), &) < b¥) for all £ € [L].

Therefore, from Equation 7.14 we obtain
Eq [AV)(q)] > —2¢(qx, V). (7.15)

Then, using Equation 7.13 and Equation 7.15 in Equation 7.8 we obtain

1
E,[AW,(q)] =2q el (¢ —2¢(q,v) — 28||q x| + 2¢(gyec. v))

= _5 € e

ave R v R
@L —o+ o (—(q.x 7))
fawel " Tlael

® ¢

= ~6

_2”‘1uc|| + €¢||v||

where (a) holds because ¢ = g + g, x; and (b) holds by Cauchy-Schwarz inequality.

Therefore, if € < ﬁ/\\ we have

Eq [AWL(g)] <

2llq.l

Further, if ||q, || > % we have E,[AW,(q)] < —2. The last inequality verifies

condition (C1) with n = g and Kk = %. This completes the proof. O

7.4.3 Asymptotically tight bounds.

In subsection 7.4.2 we showed SSC into the cone X, which implies SSC into the subspace

‘H. In this section we present the main result of this chapter (Theorem 7.5), where we
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provide asymptotically tight bounds to the expected value of certain linear combinations
of the queue lengths in steady state. After the statement of the theorem we present some

remarks and applications, and we delay the proof to section 7.6.
Theorem 7.5. Given a vector v in the boundary of C, let P be defined at the beginning of
Section 7.4. Consider a set of generalized switches operating under MaxWeight, indexed by
the heavy-traffic parameter ¢ € (0, 1) as described at the beginning of Section 7.4. Then,
for any vector w € NyepF) we have
—(e) L7 () Lo AT -1 1
E [(g'),w)] — 71 (Hoxl))1 - 31 (CTC) ' oxp)1| <(log (=), (7.16)
€ € €
where H 2 C (CTC)LCT is the projection matrix into H and ( is a constant independent
of € and w. This implies that, if lim, | 5 = Y., component-wise, then,

limeE [(6(6), w)| =

in (1" (HoX,)1+17 ((CTC) ' oXp)1). (7.17)

N

First observe that Equation 7.16 gives bounds that are valid for all regimes, not nec-
essarily heavy traffic. Additionally, it shows that the queue lengths grow to infinity as the
traffic intensity grows (i.e., as € | 0).

In Equation 7.17, observe that the right-hand side has two terms: one corresponding to
randomness in the arrival process, and the other one to randomness in the service process.
The first term is a linear combination of the covariance matrix of the arrival process, and the
weights of the linear combination are determined by the projection matrix on the subspace
H, which is where SSC occurs. The second term is a linear combination of the elements
of a covariance matrix which is related to the channel state. Since the potential service rate
vector is selected using MaxWeight algorithm (see Equation 6.3), it is not actually random
once queue lengths and channel state are observed. However, the channel state is a random
variable that defines the feasible set where MaxWeight is solved. Hence, the second term

in Equation 7.17, which includes a covariance matrix related to channel state, represents
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the randomness on the service process.

A third observation is that, in order to project on the subspace H generated by the cone
IC, we had to drop the vectors ¢(¥) with ¢ € P that are linearly dependent (recall that the
columns of the matrix C' are a linearly independent subset of the vectors that generate ).
Clearly, the cone generated by the columns of C'is not equal to XC. However, projecting on
the subspace H is sufficient, and we do not need to worry about these linearly dependent
vectors that we dropped.

In the next remark we write Equation 7.17 in different ways to facilitate interpretation

of the result.

Remark 7.6. Equation 7.17 can be also written as

lim eE [(ﬁ(e), w))

el0
1 n n : i/ -
=2 SN (e el ()i + D1 > (CTO)L, (Sh)n (7.18)
=1 i'=1 51615 ZQEIS
:% (Tmce (HZL) + Trace ((CTC)'2}) ) : (7.19)

where the subscript |H denotes projection on the subspace H, (¥,); ; is the element (i, j)
of the covariance matrix ¥, for each i, j € [n|, and (¥g)e, 4, is the element ({1, (5) of ¥p
foreach 1,05 € P.

In some cases, the projection of a vector on H is known in closed form, and it is simpler
to work with than the projection matrix. For example, in the case of a completely saturated
input-queued switch, one can directly compute the projections as in [14], but writing down

the projection matrix is more involved.
We present the proof of Remark 7.6 below.

Proof of Remark 7.6. If we expand the products on the right-hand side of Equation 7.17
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we obtain

(1" (HoX,)1+1" ((CTC) ' oXp) 1)

1
2
@% Z Z i (Ba)ie + Z Z<OTO)£_1%€2(EB)€M2

i=1 =1 51615 ZQEﬁ

1 - T . _

=5 (22D (") He(Sa)iv + 3 D (CTC),, (S)n e,
==l t1eP tyeP

Ol [, ) (@ -

=3 YD (e e ) Eadiv + Y Y (CTO) () |
i=1 i'=1 0 eP tyeP

where (a) holds by definition of Hadamard’s product; (b) holds by definition of the canon-
ical vectors e and by definition of matrix product; and (c) holds by definition of inner
product and because He'”) is the projection of e("") on the subspace 7.

The proof of Equation 7.19 holds by properties of Hadamard’s product and trace, and

we omit it. O]

Observe that the bounds presented in Proposition 7.3 and Theorem 7.5 may be for
different linear combinations of the vector of queue lengths. In Proposition 7.3 the vector
of weights is z € K and in Theorem 7.5 itis w € NMyepFY). In the next remark we give
sufficient conditions under which these bounds correspond to the same linear combination

of the queue lengths.

Remark 7.7. Let A be a matrix with columns c¥) for ¢ € P and bp be a vector with ele-
ments b) for ¢ € P. Observe that the column space of A is equal to the column space of C,
but the columns of A may not be linearly independent. In fact, if the columns of A are lin-
early independent, then A = C. Then, Proposition 7.3 and Theorem 7.5 give bounds to the
same linear combination of the queue lengths if A 2 {x eRIPI: xTATA >0, "bp <0}

is empty.
Proof of Remark 7.7. We can obtain bounds to the same linear combination of the queue
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lengths if there exists a vector y € K N (NepF?). In other words, if the set Y =
{y € lel cAATy = bp} is nonempty. By Farkas’ lemma [102, Theorem 4.6], proving
that ) # () is equivalent to proving that A = (). N

7.5 Applications of Theorem 7.5

The generalized switch is a model that subsumes several SPNs, such as ad hoc wireless net-
works, the input-queued switch, down-link base stations and the parallel-server system. In
this section we elaborate on a few applications to give examples of the use of Theorem 7.5,
and it is by no means an exhaustive list. We start with an input-queued switch in subsec-
tion 7.5.1, and then, in subsection 7.5.2, we present examples where full-dimensional SSC

is observed.

7.5.1 Input-queued switch.

The drift method has been used to perform heavy-traffic analysis of the input-queued switch
operating under MaxWeight in both, completely and incompletely saturated cases [14, 15],
respectively. In both scenarios, the analysis is performed under the assumption that the
arrivals to different queues are independent. However, this is an unrealistic assumption
in data center networks. Indeed, it has been shown that the traffic exhibits hot-spots, i.e.,
there are subsets of queues that simultaneously perceive a surge on traffic [100, 101]. This
implies that the arrival processes are highly correlated. In this section we focus on the com-
pletely saturated input-queued switch, and we obtain the heavy-traffic limit of the scaled
total queue length when the arrivals are correlated, as a corollary of Theorem 7.5. Corol-
lary 7.8 generalizes the main result proved by [14] and it is of special interest by itself,
given the nature of the arrival processes to data center networks observed in reality. We
start specifying the model.

Consider a system with N2 queues operating in discrete time. There are N input ports,

N output ports, and there is a different queue for each input/output pair. Each of these pairs
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Figure 7.2: Diagram of the queue length vector for the input-queued switch.

has its own arrival process and all the arriving packets have the same size, which is equal to
one time slot. The service process must satisfy the following feasibility constraints. In each
time slot, at most one packet can be transmitted from each input port, and each output port
can process at most one packet. We can think of this system as a matrix of input/output
pairs, where rows represent inputs and columns represent outputs. Then, the constraint
described above can be also stated as follows. In each time slot, at most one queue can be
active (i.e., processing jobs) in each row and each column.

This model corresponds to a generalized switch with n = N2 queues, where the channel
state is constant over time. As mentioned above, the input-queued switch has a natural
matrix-shape interpretation. In [14, 15] represent the vectors of queue lengths, arrivals and
services by N x N matrices, but they are treated as vectors. Specifically, dot products
and norms are computed as if these matrices were column vectors. In this paper, however,
we will write them as column vectors to be consistent with the notation we introduced in
section 6.3. We enumerate the elements of the vectors row by row. For each i € [n]| we
have that ¢;(k) is the number of packets in line in input port (%W , waiting for service from
output ¢ mod N if 7 is not a multiple of N, and output N otherwise. Similarly for the
vectors of arrivals, potential service and unused service. In Figure 7.2 we show how to

build the vectors in the case of N = 2 (Figure 7.2a) and N = 3 (Figure 7.2b).
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For ease of exposition, we introduce the following notation. For each i € [N?] let

row(i) 2 {UH —1)N+j:j€ [N]}\{z’}
col(i) £ {j € [N?] :i mod N =j mod N} \ {i}

other(i) 2 [N?]\ (row(i) U col(i) U {i}).

In words, the set row(7) contains the index of all elements in the same row as i, except by ¢;
col(1) contains the index of the elements in the same column as 7, except by ¢; and other (i)
contains all indexes that do not correspond to the same row or column as %, or ¢ itself.

We explicitly know the feasibility constraints in the input-queued switch. Then, we can

compute the set of feasible service rate vectors S and the capacity region C. We obtain

N N
S = {CC < {0,1}N2 : ZZ’N(]’_I)_H' < 1\Vlj € [N] and Zx]\/(j—l)-l-i < 1Vi e [N]} ,
j=1

i=1

and

C = ConvexHull(S)

:{wE]RfQ:
N

N
> angonsi <1Vj€[NJand > ayon < 1Vie [N]} . (7.20)

i=1 j=1

Then, the number of hyperplanes that define the capacity region is . = 2N, the right-hand

side parameters are b'*) = 1 for all £ € [2N], and the left-hand side vectors c¥) are defined
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as follows.

( N¢

d o e ,if £ € [N]
C(z): i=N({—1)+1 (7.21)
> e [ if £ e [2N]\ [N].

\ie{i’:i’ mod N=¢ mod N}

Completely saturated switch means that the vector v that we approach in the heavy-
traffic limit satisfies all the inequalities in Equation 7.20 at equality. Formally, v satisfies
(¥ v) = b for all ¢ € [2N]. Then, P = [2N]. If v does not satisfy all the inequal-
ities at equality, it is said that the switch is incompletely saturated. We do not study the
incompletely saturated case here.

Recall that the cone K where SSC occurs is the cone generated by the vectors c*) with
¢ € P. In this case, since P = [2N] and since we explicitly know the vectors c(¥), it can be

easily proved that the cone K can be described as

N2
1 1 1
K= .’BERfQ: :L’Z:N Z l’]—FN Z mj—mij . (722)
j=1

jerow(i)U{i} je€col(1)U{i}

The proof of this claim is just algebra, and we omit it for brevity. In this case, it can be also
proved that the subspace 1 generated by the cone K satisfies £ = H N RY .

Now we present the heavy-traffic limit of the scaled sum of the queue lengths in a com-
pletely saturated switch with correlated arrival processes, as a corollary of Theorem 7.5.
This corollary by itself is a contribution because, to the best of our knowledge, the input-
queued switch has been studied only under independent arrivals assumption. However,
it is known that in data centers this is not satisfied and, in fact, hot-spots are frequently

observed.

Corollary 7.8. Let v be an N*-dimensional vector that satisfies (¢, v) = b for all
¢ € [2N], for ¢ as defined in Equation 7.21 and b\) = 1 for all ¢ € [2N]. Consider

a set of N X N input-queued switches as described above, parametrized by € € (0, 1) as
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N2
limeE | S g
e
1 &
TON (2N — 1oz, + (N - 1) (Ba)ij — Z (Xa)i
=1 jE€row(t)Ucol(7) j€Eother(3)

Proof of Corollary 7.8. We use Remark 7.6. We first compute e‘(‘?{ for each ¢ € [N?]. For

any vector y € Rf * we have Y| has elements
1 1 1 &
=y 2 Wty > Womyr  YielV]
j'erow(5)U{j} j'€col(5)U{s} j'=1

Then, for each i € [N?] the vector eﬁ?{ has elements

et Lifi=i
e\(\?{j =\ 5= .ifj €row(i)orj € col(i) Vj € [N?).

—+z . if j € other(i)

Using this expression in Remark 7.6 we immediately obtain the result. 0

A special case of Corollary 7.8 is when the arrival processes to different input ports are
independent. In this case, we recover the result from [14, Theorem 1], where they explicitly
set to zero the drift of V|3 (q) = Hq”HH2 (similarly to our approach in the proof of 7.5).

We present the result below for completeness.

Corollary 7.9. Consider a set of N x N input-queued switches operating under MaxWeight,

parametrized by € € (0,1) as described in Corollary 7.8. Further, assume that the arrival
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processes to different queues are independent. Then,

N2 1 N2
lim ek |39 = (1- = )3 02,
e [ - (1- )

=1

The proof of Corollary 7.9 is easy after considering Corollary 7.8, since (3,); ; = 0 for

all 7 # j under the independent arrivals assumption.

7.5.2 Full-dimensional SSC.

As mentioned in subsection 7.4.2, if the point v is a vertex of the capacity region C, the
cone K is n-dimensional. In other words, K is full-dimensional. In this section we explore
this situation, and we present examples of SPNs where this phenomenon is observed. In
particular, we present the case of an ad hoc wireless network, a parallel-server system
operating in discrete time, an N -system.

We first present the result in a general case.

Corollary 7.10. Consider a set of generalized switches operating under MaxWeight, parametrized
by € € (0,1) as described in Theorem 7.5. Let P, P and v be as in Theorem 7.5 and sup-

pose the cone K is n-dimensional. Let o7, 2 (X4)ii for each i € [n] and o, be a vector

with elements o,,. Then,

: (e 1
lim eE [(q', w)] =5

(loal? + 17 ((CTC) o) 1).

Observe that Corollary 7.10 gives a rather surprising result. The right-hand side of the
limit does not depend on the correlation among arrivals to different queues. In other words,
in the heavy-traffic limit, these linear combinations of the queue lengths behave as if the
arrival processes were independent when SSC is full-dimensional.

The proof of Corollary 7.10 follows immediately from Theorem 7.5 because, if the cone

IC is full-dimensional, then the subspace H = R" and, therefore, the projection matrix on
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Figure 7.3: Diagram of ad hoc wireless networks.

‘H satisfies H = I. In the rest of this section, we present examples of SPNs that experience

full-dimensional SSC.

Ad hoc wireless network.

An ad hoc wireless network is composed by a set of nodes with no infrastructure for central
coordination, and packets are transmitted between nodes (a transmitter and a receiver) if
there is a link. The links interfere with each other and, therefore, not all of them can be
active at the same time. These interference constraints are frequently represented with a
graph, where the vertices represent links and an edge between two links represents interfer-
ence. In Figure 7.3a we present an example of the interference graph of an ad hoc wireless
network with four links, where all links interfere with each other. The packets to be trans-
mitted arrive to each of the links and wait in line until they can be processed. This model
has been studied in a long line of literature, including but not limited to [103, 104, 34, 105],
but in most of the cases the focus is on studying stability or optimality of the scheduling
policy. Here we provide the heavy-traffic limit of linear combinations of the queue lengths
under MaxWeight algorithm. A particular case of our result are the results obtained in [34].

An ad hoc wireless network can be modeled as a generalized switch with fixed channel

state. Then, Theorem 7.5 can be immediately applied. In this section we provide an exam-
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ple of an ad hoc wireless network that experiences full-dimensional SSC. We focus on a
network with two links to illustrate the geometry of the capacity region and the cone where
SSC occurs, but similar work can be done for larger networks.

Let o2 2 Var [656)}, o2 £ Var [aée)}, and ¢ £ Cov [age),agﬂ, where these three
parameters do not depend on e. Suppose the set of feasible service rate vectors is S =

{(1,0), (0,1), (3,%)}. Then, the capacity region is
C:{mGRi:xl—l—ZxQSQ, 2x1+x2§2}.

Applying Theorem 7.5 we obtain the following corollary.

Corollary 7.11. Consider an ad hoc wireless network as described above. Then,

: (0, ] _3
lgigleE [qg ) 4+ qg)] =1 (0% + O’%)

In the proof of Corollary 7.11 we take the heavy-traffic limit as the vector of arrival rate
approaches the point v = %(1, 1) in the boundary of C. The proof is simple, so we omit it.
In Figure 7.3b we plot the capacity region, the point v and the cone C where SSC occurs.

Observe that the cone K is two-dimensional and, therefore, this ad hoc wireless network

experiences full-dimensional SSC.

Remark 7.12. The input-queued switch can be modeled similarly to an ad hoc wireless
network. However, the input-queued switch cannot experience full-dimensional SSC since
all the vertices of its capacity region are on the coordinate axes. In other words, all the
vertices in the capacity region of the input-queued switch require that the arrival rate to
(at least) one queue is zero. This is equivalent to considering a queueing system where the

zero-arrival rate queue does not exist, which already has a lower-dimensional state space.
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Figure 7.4: Diagrams of examples of parallel-server systems. The dotted lines represent
the compatibility between job-types and servers.

——5 0~ — 30O~
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(a) Fully flexible servers. (b) Dedicated servers. (c) N-system.

Parallel-server system.

Consider a parallel-server system as follows. There are n types of jobs that arrive accord-
ing to arrival processes as described in section 6.3. Each job type can be processed by a
subset of servers, and these subsets are modeled by a compatibility graph. In Figure 7.4
we present three examples of parallel-server systems, where the dotted lines represent the
compatibility of the job types with the servers. In Figure 7.4a, all jobs can be served by all
servers (fully flexible system), in Figure 7.4b each job can be processed by only one server
(dedicated system), and in Figure 7.4c, the jobs from the first queue can be processed by
any server and the jobs from the second queue can only be processed by the second server
(/V-system, to be studied in subsubsection 7.5.2). The parallel-server systems (also called
process flexibility) have received plenty of attention in the literature [106, 107, 7, 3, 108,
13]. However, most of the prior work is under the CRP condition. In this section we show
that the parallel-server system can be studied as an immediate application of Theorem 7.5,
regardless of the CRP condition being satisfied.

To model a parallel-server system as a generalized switch, we assume that the service
rate offered by each server in each time slot is a random variable that may depend on the
service rate of other servers, but it is independent of the arrival and queueing processes.
The joint distribution of the offered service rates is known, and we assume its state space
is finite. Hence, the joint distribution of the offered service can be modeled as the channel

state, and the compatibility graph determines the feasible service rate vectors in each time
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slot. Since we need the set of feasible service rate vectors in each channel state to be finite,
we only consider the maximal vectors and their projection on the coordinate axes. Once the
offered service rates are observed, the scheduler follows MaxWeight algorithm to decide

which job types will be served and at which rate. We obtain the following result.

Corollary 7.13. Consider a set of parallel-server systems as described above, parametrized
by € as described in Theorem 7.5. Suppose the capacity region C has vertices that do not
lie on the coordinate axes, and that w is one of them. Let X5 be as in Theorem 7.5 and o,
be as in Corollary 7.10. Then,

lim eE [(ﬁ(e), w)| =

1
€l0 9 (||Ua||2+1T ((OTO)_IOEB) 1) )

The proof of Corollary 7.13 only requires modeling the parallel-server system as a

generalized switch as we showed above, so we omit it.

Remark 7.14. In Corollary 7.13 we considered a vector w in a vertex of the capacity
region. However, Theorem 7.5 is immediately applicable for any w in the boundary of the
capacity region. Here we focused on a special case to illustrate the full-dimensional SSC

result.

Before finishing this section we present one of the simplest parallel-server systems to
illustrate the result in Corollary 7.13. Specifically, we work with a dedicated system, where
every job type can be processed by exactly one server. A diagram with three job-types and
three servers is presented in Figure 7.4b.

Consider an SPN with n servers, each with its own queue. Let {s(k): k€ Z,} be a
sequence of i.i.d. random vectors, such that $;(k) is the potential service in queue ¢ in time
slot k. Let pu = E [5(1)] and 35 be the covariance matrix of §(1). Suppose the vector 5(1)
has finite state space and that $;(1) < Sp,.x with probability 1 for all i € [n]. Suppose

min;ep,) p; > 0.
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The arrival process is defined as in section 6.3, and we model heavy traffic as de-
scribed at the beginning of section 7.4. Specifically, let ¢ € (0,1) be the heavy-traffic
parameter. Then, for each ¢ € (0,1) and each i € [n], let the arrival process to the
system be {a(e)(k) ke Z+}, which is a sequence of 1.i.d. random vectors with mean

A9 =E [a9(1)] = (1 — ¢)p and covariance matrix 3.

Corollary 7.15. Consider a set of dedicated parallel-server systems as described above,
parametrized by € € (0,1) as described in Theorem 7.5. Suppose lim, g nE - Y

component-wise. Let 0., = (3,), ; and 0%, = (%), ; for each i € [n]. Then,

n

ZM@E&)] = %Z (o2 +07).
=1

i=1

lim eE
el0

From the discussion after Corollary 7.13, we expected that the correlation among the
arrival processes would not be part of the right-hand side of the limit. However, observe
that the correlation among the service processes does not appear in the answer either. Then,
even though the arrival and potential service processes are correlated among queues, the
linear combination of the mean queue lengths behaves as if the queues were independent.

Moreover, Corollary 7.15 recovers Kingman’s bound. We present the proof below.

Proof of Corollary 7.15. The capacity region of this queueing system is
C={xeR}:z; <y, icn]}.

Then, we have L = n, and for each i € [n] we set ¢®) = e and b(") = ;. Therefore,
the matrix C' is the identity matrix, which implies that the projection matrix H is also the
identity matrix.

Let P = [n]. Then, NgepF® = {u}, and the left-hand side of Equation 7.17 yields

lim eE
€l0

Z M@(e)]
i=1
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Since the projection matrix satisfies // = I, the first term on the right-hand side of

Equation 7.17 yields

n

1 T _1 T _1 2
S17 (H o)1 =-1 (HOZQ)1—§ZUW

=1

To compute the second term of the right-hand side of Equation 7.17, we consider the
following interpretation of the channel state. Let M be an enumeration of the elements of
the state space of 3(1), and s™ be its m™ element for each m € M. For each m € M, let

the set of feasible service rate vectors in channel state m be
S = {sMm1y {s(m) —smel e [n]},

i.e., the set S(™ contains 5™ and its projection on the coordinate axes. We assume that
MaxWeight breaks ties by choosing maximal schedules. Then, if the channel state is m
then the service rates vector is always s™. With this assumption we lose some generality
because arrivals occur after deciding the optimal schedule. However, we are interested in
heavy-traffic analysis so this slight loss of generality does not affect our result. Then, the
probability mass function of the channel state 1) satisfies 1, S p [é(l) = s(m)] for each
m € M.

By definition of 5(™*) in Equation 6.4 and by definition of the sets S(™) and the vectors

c'Y) above, we obtain that for each £ € [n] we have

Then, for each ¢ € [n] the random variable B,(1) is such that P [Bg(l) = sém)] = U,
and E [By(1)] = p. Therefore, the vectors (By(1),...,B,(1)) and §(1) have the same

distribution. Hence, (X5), . = Cov [8;, §;], and the second term in the right-hand side of

0,J
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Equation 7.17 becomes

—~

1 _ a 1 b -
S17((C70) e p) 1 ) 517 (o %5)1 © Za?

where (a) holds because C' = I; and (b) holds by definition of Hadamard’s product and

because the diagonal of ¥z contains the variance of $;(1) for each i € [n]. O

N -system.

The N -system model is a parallel-server system with two servers and two job types. One
of the servers exclusively serves the jobs type 1, and the other server can process both. A
diagram of the N\ -system is presented in Figure 7.4c. According to [109], “the N/ -system
is one of the simplest parallel server system models that retains much of the complexity
inherent in more general models”. Consequently, it has received plenty of attention over
the years and there is vast literature that only focuses on its performance under the CRP
condition [106, 107, 7, 108]. Theorem 7.5 is immediately applicable to this system, and
gives information about the mean queue lengths in both, the CRP and non-CRP cases. In
this section we focus on the non-CRP case.

Let the arrival processes be as described in section 6.3 and suppose that each server

processes jobs at rate 1. Then, the capacity region of this system is
C:{wGRixlgl,aagl}

We consider the heavy-traffic parametrization A© = (1 — €)1, for e € (0,1). Then, as
e | 0, the arrival rate vector approaches a vertex of the capacity region and, hence, the

N -system experiences full-dimensional SSC. We now present the result formally.

Corollary 7.16. Consider a set of N-systems parametrized by ¢ € (0,1), as described
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above. Let o, be asin 7.13. Then,

o2 402
1; E |:_(5) _(e)] _ _a az
Eli(r]l €L g T a5 9

Corollary 7.16 can be easily proved as an immediate application of Corollary 7.10.
Here we present an alternative proof, where we explicitly set to zero the drift of the function
V(q) = ||q||*. Recall that, since SSC occurs into a two-dimensional subspace, in this case

we have g = q)3-

Alternative proof of Corollary 7.16. We set to zero the drift of V(q) = ||q||* = ¢} + ¢3.

‘We obtain

0=E[(+@ -5 +W)" + @+ 8 — 5+ ) - T — 73]
=E [a}] + E [S;] — 2E[@|E [51] + E [@3] + E [53] — 2E [a5] E [3.)]
+2E [, (@1 —51)] + 2E [g,(a> — 52)] — E [a}] — E [u3]
=0, o, +E[1—e—5)] +E[(1—€—73)°] —2E[q] —26E[g,] (7.23)
+2E[q,(1 —51)] + 2E [g,(1 — 55)] — E [a}] — E [u3],
where the last equality holds by definition of variance and because E [a;] = 1 — e. Now we

compute each of the terms of Equation 7.23.

We start with the quadratic terms on the first line.
Claim7.17. E[1 — e — 5)?| + E[(1 — € — 52)*] is O(e).

Proof. To prove it, define ¢ = IP[s = (1, 1)]. Then, observe that for i € {1,2}, we have
Efsi] =¢+0(1—9¢) =¢.

On the other hand, by stability we know E [s;] > E [a;] = 1 — €. Putting both together and
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rearranging terms we obtain
1 - ¢ S €,
which means that 1 — ¢ is O(e). Therefore, we have

E[(1-€e—75)%] =9+ (1 —¢)(1 —¢)* = O(e).

Now we show E [@?] + E [u3] is O(e).
Claim 7.18. E [u?] + E [u3] is O(e)

Proof. By definition of unused service, and because potential service is bounded above by

2, we have
0<E[w] <2E[w]  Vie{l,2}.

Then, it suffices to show that [E [i;] is O(¢) for i = 1,2. To do that, we set to zero the drift

of the linear function V;(q) = ¢;, for i = 1,2. We obtain

0=E [@z +a; —s; +ﬂz‘) _qi]

Y1) —E[5] +E[u]

=—e—E[s;i—1+E[u),

where (a) holds because E [@;] = 1 — e. From the proof of Claim 7.17, we know that

E[1 —35] =1— ¢is O(¢). Therefore, rearranging terms we obtain

E[@] = ¢+ O(e).
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This concludes the proof of the claim. O

To compute the remaining terms we use MaxWeight algorithm. We know

E[g,(1—31) +q(1 —32)] <0, (7.24)

because (1, 1) is one of the two feasible schedules. It remains to show a lower bound that

increases to 0 as € | 0. We prove such result in the following claim, and observe the proof

is based on SSC.
Claim 7.19. E [g,(1 — 51) 4+ G5(1 — 52)] is ©(V/e).

Proof. We already know Equation 7.24. Now we show a lower bound that is ©(+/€) using
SSC to the cone K.
Consider a vector & € R%. If « ¢ K, then projecting @ on the cone K is equivalent to

projecting it on the line £ = {y eR: y = yg}. Then, if ¢ K we have

T1+2Ty 1+ To —
w;c=< 12 =) 12 2) . Tk = 22 L(-1,1). (7.25)

Then, we have

0>E[q,(1—51) +qy(1 — 5,)]

Wy (@1 =31) + (1 = 32)) Ls=2.01)]
= E (@ — T2) Lis=(0 n +12)})
O (@ — @)L g,<a,)]

c) —
2~ VaE (17| Lgy<a]

S - vayE[la.I?] (1 - 9)
9 V21— ¢

—~
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where (a) holds because the set of feasible service rates is S = {(1,1), (2,0)}; (b) holds
because, since we are using MaxWeight algorithm, the events {5 = (2,0)} and {g, < G, }
are equivalent; (c) holds by definition of Euclidean norm and by Equation 7.25; (d) holds
by Cauchy-Schwarz inequality; and (e) holds by SSC as established in Proposition 7.4.
From the proof of Claim 7.17, we know that (1 — ¢) is O(e). Therefore, we have

completed the proof. 0

Putting all the claims together in Equation 7.23, we obtain
2€E gy + @] = oF + 05 + (o),

where f(¢) goes to zero as € | 0, and so we get

2 2
o]+ 05
2

155‘ B g, +7) =

]

Remark 7.20. Observe that we only use SSC in the last step of the proof. This implies
that, if we did not have a SSC result, we can still obtain an upper bound. In fact, using

Equation 7.24 along with Claim 7.17 and Claim 7.18 in Equation 7.23, we obtain
2€E [q) + @o] < 07 + 03 + f (o),

where f(€) goes to zero as € | 0, and so we get

2 2
oy + 05
2

lim ek [, +3,] <
im e (@, + 7o) <

This example shows that, in order to obtain bounds that are asymptotically tight in heavy

traffic, we must use SSC.
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7.6 Proof of Theorem 7.5.

In this section we present the proof of the main theorem of this chapter. We use the notation
E,.[-]=E[- |M =m], and we omit the dependence on ¢ of the variables for simplicity

of exposition.

Proof of Theorem 7.5. First observe that (g, w) = (|3, V). To show this statement, define
w| Sw—vorallw e NeepFY, and observe that (c¥), w, ) = 0 because both v, w €

FO forall ¢ € P. Then,

(@, V) = (@, w —w1) = (Gp, W) @ (q,w),

where (a) holds because w € NyepF ) and because gy = q — g, Hence, in the rest of
the proof we focus on computing bounds for E [@”H, I/” .

We set to zero the drift of Vi (q) = HqHH 2, and bound the terms that arise one by

one. Before setting the drift to zero we need to make sure that E [V”H@HH)} is finite. This
result can be proved using the Foster-Lyapunov theorem with Lyapunov function Z(q) =
lq||”. This proves that E [HaHQ} is finite. Then, since projection is nonexpansive we have
E [HG”H HZ} is also finite. The proof is simple, so we omit the details for ease of exposition.

Now, setting to zero the drift of V|3 (q) we obtain

2
0= & | [ab] - lla]

QQEMWW—@WW+2@WJWH—WM—W@mw+2@MﬂWM] (7.26)

where (a) holds by the dynamics of the queues presented in Equation 1.2, and reorganizing

terms. Let

T 2 2 (@ S~ @d] . T 2 E @ — 5[]
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Ts 2B [|[up]’] and 73228 [(gf, wpo) -

Then, reorganizing the terms in Equation 7.26 we obtain 7; = T, — T3 + 7;. We compute

each term separately. We start with 77.

T W oR (@35 —a)]
© o (@, V)] + E (G, 5 — V)]

D2 [(@a, v)] + O (elog (1)), (7.27)

where (a) holds by the orthogonality principle; (b) holds because E [@] = (1 — €)v and
because @ is independent of the vector of queue lengths; and (¢) holds by Claim 7.21 stated

below.

Claim 7.21. Consider a set of generalized switches as described in Theorem 7.5. Then,

there exists €, € (0, 1) and a finite constant ; > 0 such that

E [@H"va - I/>” < (ielog (1) Ve < €.

We present the proof of Claim 7.21 in subsection 7.7.1. Now we compute 7. Expand-

ing the product we obtain
T =E [@p — 5]’ = E ||@n]’] +E ||| - 2E (@ 0] - (7:28)

We compute each term in Equation 7.28 separately. For the first two terms, we solve
the least squares problem and we use the projection matrix on the subspace H, denoted as

H. Let h; j be its element (7, j) for each i, j € [n]. For the first term we have

E|[[a@m|*] =& 1)
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@ i i hi’i/COV [Ei, Ei/] + i i hi,i’E [az] E [Gz/]

i=1 i'=1 i=1 i'=1

U7 (HosO) 1+ (1— )2 Hy,

(7.29)

where (a) holds solving the least squares problem, by definition of norm, because H is a

projection matrix (and therefore H = H? = H?), and by definition of covariance; and (b)

holds by definition of the Hadamard’s product and because E [a;] = )\EG) = (1 — e)y; for

each i € [n]. For the second term in Equation 7.28 we obtain

E (3] = E [I1#3])°]
YW [s'c(cTC) s
23 (O LE (€, 5)(e ) )]

0P tyeP
(9 _ _ _
- Z Z(CTC)ES& Z ¢mEm [(C(zl)’ S><C(Z2)a 3”
0eP tyeP memM

@y ((CTC) ' oXp) 1+ v Hr — Ofe),

(7.30)

where (CTC’)Z&2 is the element (/y, £5) of the matrix (C7C)~! for each (, ¢, € P. Here,

a) holds solving the least squares problems, and because H = C(C7C)~*C7 by definition
g q p y

of projection matrix; (b) holds by definition of matrix multiplication, and because C7's is a

vector with elements (c), 5) for £ € P; (¢) holds by law of total probability, conditioning

on the channel state; and (d) holds using Lemma 7.2, the definition of covariance and

reorganizing the terms. Now we compute the last term in Equation 7.28. We obtain

~2E [(@u, 5jw)] £ —2E [a" H3]

b

—
=

—2(1 — eV 'E[H3]

—
3}
~

= 2(1 —e)w"Hrv + Ofe),
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where (a) holds because for any vector , we have x|, = Ha by the solution of the least
squares problem, and because H is a projection matrix; (b) holds because @ is independent
of sand Ef@)] = A¥ = (1 — ¢)u; and (c) because H = C (CTC) ™" C7, because C's
has elements (c“),§> with ¢ € 15, by Lemma 7.1 and Lemma 7.2, and because v € F ©,
Therefore, using Equation 7.29, Equation 7.30 and Equation 7.31 in Equation 7.28 we

obtain
17— (17 (Hox{)1+17 (CTC) ' o Sp) 1+ A HY)| is O(e).
In other words, there exists a finite constant (5 > 0 such that
17— (1" (HoS) 14+ 17 ((CTC) ' o £p) 1+ €V " Hy)| < Goe. (7.32)
Now we compute 73. We obtain

0<7;=E [HWH”Q]
(2 ZE [(c(e),ﬂf}
leP

(b) c
< 1S Coae 3 E [(e9, )] 2 O(0),

lepP

where Cp . = , maﬁ | {cl(-g)} and it is a finite constant. Here, (a) holds because the vectors
ePicn

c® are not necessarily orthogonal for all ¢ € P; (b) holds because & < 3§ < Sy, 1 with

probability 1 by definition of the unused service; and (¢) holds by Claim 7.22.

Claim 7.22. Consider a set of generlized switches, as described in Theorem 7.5. Then,

Y E[( )] =e) b —0(e). (7.33)

tepP lepP

We present the proof of Claim 7.22 in subsection 7.7.2. Therefore, 73 is O(¢), which
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implies the existence of a finite constant (3 > 0 such that
T3 < (e (7.34)

Finally, we compute a bound for 7 as follows.

Claim 7.23. Consider the system described in Theorem 7.5. Then, there exist €) € (0,1)
and a finite constant (4 such that
1 1
Ts < elog | — Ve < €. (7.35)
€

We provide the proof of Claim 7.23 in subsection 7.7.3. Putting equations Equa-

tion 7.27, Equation 7.32, Equation 7.34 and Equation 7.35 together we obtain

E ("9, w)] — 2l€1T (Hox{¥)1 - 2361T ((CTC)™ o Sp) 1‘ < (log (%) :

where ¢ = max{(y, (2, (3, (4}. This completes the proof. O

Clearly, the above result and proof are much more general and more involved than the
proof in the special case of an input-queued switch developed in [14, 15]. The bound
in Theorem 7.5 is expressed in terms of a general projection of the second moments of
arrival and service processes onto the space H, and we obtain a tighter rate of convergence
compared to [34, 14, 15].

The key idea in obtaining a logarithmic error bound is in picking the right exponent j in
Holder’s inequality while bounding terms 77 and 7;. We do this by minimizing the upper
bound over j (for a fixed ¢), which gives j = |log (1) ]. The idea of optimizing over the
exponent in Holder’s inequality is motivated by [110].

We would like to point out a couple of conceptual differences from the proof in the case
of input-queued switch. Firstly, in the proof of asymptotic upper bounds in an input-queued

switch, the scheduling policy is not used. This means that for an input-queued switch, any
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scheduling policy that exhibits SSC also has the same asymptotic upper bounds. In our
proof here, we use the scheduling policy to upper bound the term 77 in Claim 7.21. Thus,
we may not claim that any scheduling policy that exhibits SSC in Proposition 7.4 satisfies
the bound in Theorem 7.5. Secondly, while SSC into the cone K was established in [14,
15] in the case of an input-queued switch, only the weaker result about collapse into the
space H was used to obtain heavy-traffic queue length bounds. In contrast, we use the
collapse into the cone K in the proof of Theorem 7.5 to lower bound the term 7;. Both
these differences are due to the fact that 53, is constant for all maximal schedules s € S
in the case of an input-queued switch, whereas in the case of the generalized switch this is

not necessarily true.

7.7 Details of proof of Theorem 7.5

In this section we prove the claims used in the proof of Theorem 7.5.

7.7.1 Proof of Claim 7.21.

Proof of Claim 7.21. Conditioning on the channel state, we get

E[(@p.5—v)] = Y uBn (@5 - ™)

meM
(@) S m
= Z YmEp, [<Q||H73 — )ﬂ{(c(e),g#b(m,m} )

meM

where (™) is defined as in Lemma 7.1. Equality () holds because g3 = >_,cp &, for
& € Rforall ¢ € P (by definition of projection on the subspace ) and if the channel state

is m we have
<C(Z)7§ - V(m)>1{<c<é>,§>:b<m,e>} = (b(m’e) - <C(Z)a V(m)>) 1{(C(Z>,§)=b(mvf)} =0,

where the last equality holds by definition of v(™).
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It suffices to show that E,, | (g, s — V(m)>]1{<c(2)7§)76b(m,z)}:| is O (elog (1)) because
Y = (¥rm),,erq 18 @ probability mass function and, therefore, each 1, is bounded.

Observe that g = iy + 4919 = Qe T dik thus

E, [ q||?-[7 >1{<c(£) 5)£b(m, 6)}]
E |:<q||IC7 s — V >1{ c(z) 7éb(m Z)}:| (7,36)
+ Em [<GJJC - @H,E — y(m >:ﬂ~{<c(£)7§)7&b(m,ﬂ)}i| . (7.37)

Now, we show that the terms in Equation 7.36 and Equation 7.37 are O (elog (1)). For
Equation 7.36, we have E,, [@”,C,E — I/(m)>ﬂ{<c([) g);éb(m«f>}] < 0 by the definition of

projection on the cone K and by definition of (™) and 6™ in Lemma 7.1. Now, we have

0>E, [@”105 >]l{ 3)#£b(ms 2)}}

(@) S (m)
> —Ep, [(‘h;c, s§—Vv >]1{<c<e),§>¢b<m,fz>}}

1 1
®) _ (m) 7
> —E [HQJJCH } [HS -V H 1{ c(0) 3)#£b(m, @ﬂ
©_ 3 = ) 7
> —J} En [”3 — v ]l{<c<é),§>;£b(m’f>}] ;

where j, j' € Z, satisfy j, ' > 1 and % + ]—1/ = 1. Here, (a) holds because . = q —q
and because (g, 5 — v(™) > 0 by the definition of MaxWeight in Equation 6.3 and since
v(™ ¢ St (b) holds using Holder’s inequality; and (c) holds by SSC in Proposition 7.4.

Now, by the definition of J;, we have

= ((87?2) (8v/nA)’ (8f?+6) J’>;<<i< )} < cled Ty,

where (] 2 8”5/\2 + 8y/nA <W)' Here, (a) follows from Stirling’s approximation for
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the factorial.
, 1
Now we bound the remaining term E,, [H§ — |71 {(e® g#b(m,@}} " as follows.

1

0 <E, [[[s ™" 1 {W),g amey]”

@Em [”g — || (e 5) £ b ﬂ )7

n (St Vi) (1 - w“”’“)f’ 9ger, (7.38)

where (a) holds by definition of 7™ in Lemma 7.2; (b) holds with V., = max,,c Miicln] yi(m)'

b

and (c) holds by Lemma 7.2 for ¢} 2n (57 + V2.

max

) p(m,€)

Putting everything together, we obtain

0>E, [@H/c?g - V(m)ﬂ{(c@)g#b(ml)}]

> —(iGer ey
0 O bog (%)J Te(D] ]

1
2 -aigetog (1) ve<a,
€

=

where (a) holds after choosing j 2 [log (1)]; and (b) follows for €, as defined below, and

because by the definition of floor function we have

o=

i P00 g (1)) (] [t 1)]

€l0
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By definition of limit, there exists €, > 0 such that for all ¢ < €, we have

o=

(0] pog (1>J ] T <o

The proof that Equation 7.37 is O (e log (%)) follows similarly by linearity of dot product,
Holder’s inequality with j = [log () | and Equation 7.38. We omit the details for brevity.

]

7.7.2 Proof of Claim 7.22.

Proof of Claim 7.22. We set to zero the drift of Vi(q) = Y, p(c¥), g). We obtain

=K

0=E > (c".q") = ("7

lepP lepP

> (Y a—-5+m)

lepP

Y

where the last equality holds by definition of g© and by the dynamics of the queues pre-

sented in Equation 1.2. Rearranging terms we obtain

Y E[(cm)] =) E (3] - E[(c",a)

lepP lepP lepP
=Y E[(.3)] =) (1)
lepP lepP

But

> E (" 3)]

leP
CE |3 ((9,3) — 50) | + 380
leP leP
D3N B [((€?,5) = 60)| (O, 5) # 50T (1 - 7m0) 3 (e
eP meM LeP
D3, v) - 0e),
leP
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where (a) holds because (c¥), v) = b¥) for all £ € P.; and () holds by Lemma 7.2. Then,

since (c¥), v) = b\, we have

Y E[(c“m)] =e> b — 0.

lepP lepP

7.7.3 Proof of Claim 7.23

Proof of Claim 7.23. In this proof we use ideas and notation from [34, Equation (56)]. For

each ¢ € P, let Ef) = {z el > 0} and define

0 — [C@ )

} E and 'u,(e) = [w]
(€) i) p(€) -
v e Cﬁf) ’ Hiely

= [ql] i€£+
Then,

T4
0<|—
12

= |E (@} ww)] | < ‘E [—<(5(f3{)+ ’ ﬁ(ﬂ ‘

~0) \* ~@ 7"
@] = =]

where j,j' € Z, satisfy j,j" > 1 and % + ]l, = 1. Here, (a) follows using the definition

S

(b) J
<E

of projection on the subspace to substitute ﬁﬁg{ =Y ep(c?,g")c®, then the key prop-
erty Equation 1.3, and that (5(£))+ = (5(?{)+ + (Eﬁzyr Then, (b) holds by Holder’s
inequality.

Now we bound each of the terms. For the first term we use SSC as presented in Propo-

sition 7.4, and we obtain

Sl

1 1

: <E[|lgh, ] <7 € ettt
< [qJ_HH] SIS G,

~(0) \ "
QLH>

VRS
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where (a) holds by Stirling’s approximation for the factorial and (] is defined as in the

proof of Claim 7.21. For the second term we obtain

i’ ~(0) i'—1
~©7"] @ G, s © SI ] ) ~0,71 ©
o<e|[d | 2L ¥ Grfw] < 2 e[ q)] < ¢
(EP jerth Ci - eep
where ¢, = min {6,55)}. Here, (a) follows as all the terms in the summation are non

LePic(n]
negative; (b) holds by definition of dot product; and (c) follows from [98, Equation (43)] for

a finite constant ¢}, using a similar argument to the properties used to obtain Equation 7.34.

Now, pick j 2 [log (1) ] to get

Ta

< |2
0= 2

St
< (1G5 fo |P|7ei ™ i 2 e

Erjnin

log+l 171%% 11 -1 1+$ ,%
= ey 1 (L) T Tl g (1) 7T ¢ L0,

min

(a) P 1
< 2(; §,~| | elog (E) Ve < ¢,

where (a) follows as

1

limSnLl:f(%)J (Lﬂ) - Llog(l%)J Llog <1>J m ¢ Le=(D)]

€l0 €Cmin €

|P| x 1 x
- (&

€Cmin Cmin

_ 1P
S].X = —_—.

Thus, there exists € > 0 such that for all € < & we have

SIEPT (LY BT | (1) PO it < 221

€Cmin

This completes the proof. ]
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7.8 Individual queue lengths and higher moments in the input-queued switch

In this section we show that the drift method with polynomial test functions does not pro-
vide all the information that is necessary to compute the moments of all the linear combi-
nations of the scaled queue lengths in systems that do not satisfy the CRP condition. We
do this by presenting an alternate view of the drift method.

In the proof of Theorem 7.5 we use V(q) = ||q||H H2 as test function to obtain bounds
on certain linear combinations of the queue lengths in a generalized switch. This choice
of test function was first proposed in [14], and the main reason to use it is that the term
T, consisting of the ‘qu’ terms (i.e., cross terms between the queue length and the unused
service) converges to zero in the heavy-traffic limit. All of queueing theory in some sense
is to get a handle on the unused service terms, and the drift method handles these terms by
making sure that they ‘cancel out’ in heavy traffic, using SSC and our choice of the test
function. In this section, instead of trying to cancel out the ‘qu’ terms, we consider them
as unknowns and try to solve for them along with the mean queue lengths. We will see that
this 1s impossible even if we use all possible quadratic test functions.

For simplicity of exposition, we present this result in the context of an input-queued
switch, which is one of the simplest queueing systems that experience multidimensional
SSC and it is a special case of the generalized switch, as shown in subsection 7.5.1. The
organization of this section is as follows. In subsection 7.8.1 we present the main result, in
subsection 7.8.2 we use this result to compute bounds on the first moment of linear com-
binations of the scaled queue lengths and in subsection 7.9.3 we discuss how to generalize

this approach to other queueing systems that experience multidimensional SSC.
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7.8.1 System of equations to compute linear combinations of the first moment of scaled

queue lengths.

In this section we prove that the drift method with polynomial test functions is not sufficient
to compute all the linear combinations of the first moment of the scaled queue lengths in
queueing systems that do not satisfy the CRP condition. Specifically, we show that the use
of polynomial test functions yields an under-determined system of equations.

In the drift method, one of the key challenges is to get a handle on the unused service.
In general, when one sets to zero the drift of a polynomial test function in steady state,
terms of the form ¢;(k + 1)u;(k) arise. The idea is to use a test function that captures the
geometry of SSC so that we can show that all these cross terms are small. Therefore, the
choice of the test function is important, and the region into which SSC happens must be
used in this choice. The quadratic test function, V'(q) = ||q3||* has been successfully
used [34, 14, 15, 22] to obtain the mean sum of the queue lengths, similarly to Theorem
7.5. Typically one uses polynomial test functions of degree (m + 1) to get bounds on
the expected value of the m™ power of the queue lengths. Therefore, in order to obtain
bounds on the mean queue lengths, one must use quadratic test functions. In order to get
all the linear combinations of the queue lengths, one can search through all the quadratic
test functions, and this is equivalent to searching through all the quadratic monomials. The
following theorem presents the result of using all the quadratic monomial test functions.

For ease of exposition, in this section we prove our result in the case of N = 2 and
independent arrivals, i.e., in the case of a 2 X 2 input-queued switch with independent
arrivals. We present generalizations to this result in section 7.9. Specifically, we present
the case of a 2 x 2 input-queued switch with correlated arrivals in subsection 7.9.1, and
the case of an N x N input-queued switch with independent arrivals in subsection 7.9.2.
The latter result can be easily generalized to the case of correlated arrivals, but we do not

present the result here for ease of exposition.
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Theorem 7.24. Consider a set of 2 x 2 input-queued switches with independent arrival

processes, operating under MaxWeight, indexed by ¢ € (0,1) as described in Corollary

7.9. Let (Eff))i,i = 09 and suppose lim, 10 ol = 04, for all i € [4]. Then, the following

system of equations is satisfied

lim € (7]

2 2 2 2
~ 90;, + 04, 05, 0y,

lim ¢E [7
im e (7]

2 2 2 2
o, +90,, + 0., + 03,

1., L 1. L
T + S WmE [77 (W + )] — 5 E [(@ +7f) ]

lim € [g5]

1. SRR
16 + 5 161%11@ (@3 (W — Uz + )]

2 2 2 2
0y + 04, +90;, +0,, 1

b E o 4
im e (71 + @)

2 2 2
30, +30,, —0,, — 0

2

a1 SN
8 4 + 5 lgfglE [q;r (3u2 — U3)}

1., ST 1., S
+3 lelﬁ)l]E (a3 (3w +us)] + B 161¢H()1E (74 4]

15{)1 K [q, + T3]

2 2 2
304, — 04, + 30, —0

2

a Lo S,
- R 5 lelﬁ)lE [af (1> + 3u3)]

1. L 1. e —
+3 lelﬁ)l]E (a3 + 3 1€1ng (@3 (3ur + ua)]

1551 eE (7, + T3]

2 2 2 2
oy, —30,, —30,, +o,, 1

3 +3 16%11[4: (a3 (@1 + 3uz + w)]

1
+3 liﬁ)ﬂE (a3 (@ + 3uz +wy)]

where we omitted the dependence on € of the variables for ease of exposition.
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The proof of Theorem 7.24 is presented in section 7.10. Observe that in Theorem 7.24
we have system of 6 equations and 11 variables, where the variables are
16%1 E[q] , leifél ¢E [q,] , leifgl ¢l [g5] ,
i E [77%] , imE 7],
lim E (@3] . lim E (@3 us) lim E (73] ,
lim E [a3w] lim E (@3] , lim E (G5 .

Therefore, it cannot be solved uniquely. However, a specific linear combination of the

scaled queue lengths can be obtained, as shown in the next Corollary.

Corollary 7.25. Consider a set of 2 X 2 input-queued switches as described in Theorem

7.24. Then,

3
8

lif(r)l €E (G, + T3] = = (02, + 02, + 02 +02)

Proof of Corollary 7.25. Consider the following linear combination of the equations in

Theorem 7.24:

FEquation 7.39 + Equation 7.40 + Equation 7.41

1 1 1
- §Equati0n 7.42 — §Equati0n 7.43 + éEquation 7.44.

Then, reorganizing terms we obtain the result. [

Corollary 7.25 can be also obtained as a consequence of Corollary 7.9 in the following

way.

206



Alternative proof of Corollary 7.25. From Corollary 7.9 for N = 2 we know

(ail + 022 + 023 + 024) . (7.45)

o

leif(l)l 3 [51 +qy+ 43+ 64] =

From SSC as proved in Proposition 7.4 and by definition of the cone K in Equation 7.22

we also know that for all i € [4] we have
161%1 e [q“m] = leligl E[q,],

where q; is the i™ element of q|y- Also, one interpretation of the cone K presented
in [14] is that for each vector in /C, all schedules have the same weight in MaxWeight

algorithm. This can be easily verified by definition of the cone K in Equation 7.22. Then,

Gt T Qs = Qpe + Qs (7.46)

Putting everything together we obtain the result in Corollary 7.25. 0

A special case where we can solve for each of the expected individual queue lengths
is the symmetric case, i.e., when all the arrival processes have the same distribution. We
present the result below.

Corollary 7.26. Consider a set of 2 X 2 input-queued switches as described in Theorem
7.24, where all the arrival processes have the same distribution. Let ol 2 O'((li-) for all
i € [4] and suppose lim, ol = o, Then, for each i € [4], we have
3
lim €E [g,] = ~0o7.
im e [7,] = Joq
Proof of Corollary 7.26. In this case, since the arrivals are symmetric, all the queue lengths

have the same expectation. Using this fact in Corollary 7.25 we obtain the result. 0

In Theorem 7.24 we prove that setting to zero the drift of all monomials of degree 2
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leads to a system of 6 equations in 11 variables. Therefore, the solution is not unique.
However, in [14, 15] the authors obtain the limit of specific linear combinations of the
scaled queue lengths. These linear combinations can be obtained because some of the
variables cancel out, as shown in the first proof of Corollary 7.25. However, to obtain other
linear combinations of the expected heavy-traffic scaled queue lengths we need to actually
work with all the variables of the system of equations. Therefore, we need additional
equations.

To better understand this argument, consider a tandem queue system with memory-
less interarrival and service times in any (not necessarily heavy) traffic. We know that the
steady-state joint distribution is product of two geometrics, and can be obtained using re-
versibility arguments. Using the drift approach described above, we get 3 equations in 4
unknowns. However, in addition to the drift arguments, if we use reversibility to sepa-
rately prove that the queues are independent in steady state and impose it as an additional

condition, we can solve for all the unknowns.

7.8.2  Bounds on linear combinations of the scaled queue lengths in heavy-traffic.

In subsection 7.8.1 we presented a linear system of equations that the vector of queue
lengths must satisfy in heavy-traffic. In this section we use this system of equations to
obtain bounds on linear combinations of the expected scaled queue lengths in heavy traf-
fic. A similar approach was studied in [111, 112], where an under-determined set of linear
systems of equations was obtained and linear programming was used to obtain bounds.
However, the focus in those papers was on queueing networks under fixed arrival and ser-
vice rates, as opposed to the heavy-traffic analysis in the current paper.

In the next theorem we provide an upper and a lower bound for the heavy-traffic limit of
the expected value of any linear combination of the queue lengths in a 2 x 2 input-queued

switch.
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Theorem 7.27. Consider the equations

2 2 2 2
w1 — wa + ws + Wy _90'a1+0'a2+0'a3+0'a4

(% =
2 16
2 2 2 2
. w3 +wy —ws 0, + 90, + 05, + 05,
5 — =
2 16
2 2 2 2
y we +wy —wg 0, + 0, + 90, + 0y,
g — =
2 16
Bwywy — 3wy —wy —ws 30, + 305, —0h — 04,
V1 + U2 — 5 = g
wy — 3wy — ws — 3wg —wy; 302, — 02, + 305, — 00,
U1+U3+ 5 = 8
2 2 2 2
w3 — 3U)4 — W5 — We — 3'11}7 — Ws o Ual - 30&2 - 30a3 + 0a4
Vg + U3 — B = 3

—U1+U2+U3ZO
—w1+w720

—w2+w420

(7.47)

(7.48)

(7.49)

(7.50)

(7.51)

(7.52)

(7.53)
(7.54)

(7.55)

and define P 2 {(v,w) € RS x RS : Equation 7.47-Equation 7.55 are satisfied}. For

o € R3, define

fla) 2 min {(a, ) : 3w such that (v, w) € P}

and f(c) 2 max {{a, v) : Jw such that (v, w) € P}.
Then,

f@) < lim B [(e,7)] < Fla),

where € and G'°) are defined as in Theorem 7.24. Furthermore, for any B € R

P |lime(a,g9) > B| < 14X,
ime{e, §) 2 B| <
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Proof of Theorem 7.27. For ease of exposition we omit the dependence on e of the vari-

ables. Let

v = 13{61 E[q,] , vo= leii%l B [q,] , vs = leiigl €E 5],
wy = leiiglE (@7 u] | wo = leiﬁ)lE [aius],
w3 = Ei%lE [@Fﬂl] , Wy = leif(r)lE [@Lﬂg} )
ws = leiir(r)ﬂE [G;ﬂd , Wg = leiﬁ)lE [@LEJ )

wr = lim E (@3] , ws = lim E (a3 -

Then, the proof of Equation 7.56 follows from Theorem 7.24 because the set P repre-
sents the system of equations presented there together with non-negativity constraints for
all the variables. In particular, Equation 7.53-Equation 7.55 represent non-negativity con-
straints associated to g,. These must be considered because, even though g, does not appear
in the system of equations explicitly, there are underlying constraints of the system related
to g, that affect its performance. Specifically, using Equation 7.46 and the definition of the
variables above, we obtain that the inequalities

. — > . _+_ > .
lgglﬁ]E [q,] >0, 13{(1)1153 [gfu;) >0Vie{1,2,3}

can be rewritten as Equation 7.53, Equation 7.54, Equation 7.55 and w3 + wg > 0 but the
last inequality is implied by w3 > 0 and wg > 0, so we do not write it in the definition of
P.

Also, from Markov’s inequality we know

lim, o eE g 7
P 13%6(0,6(6)>ZB < Mo € L[;Oé q >] < f(él),

where the last inequality holds by Equation 7.56. U
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Table 7.1: Numerical results for LP with objective function lim, o €E [G; + qgf)] :

€ Solution to LP | Mean from simulation | Error
0.01 0.375 0.378 0.87%
0.05 0.374 0.351 6.69%
0.10 0.371 0.336 10.38%

Theorem 7.27 gives explicit bounds for all linear combinations of the expected scaled
queue lengths. Similar linear programs can be written to obtain bounds on higher moments,
and consequently tighter tail probabilities.

In the rest of this section we present numerical results to compare the bounds that we
obtain from the linear program presented in Theorem 7.27 with the mean values that we
obtain from simulation. We test four different objective functions, viz. lim., €E [g;] for
i € {1,2,3} and lim.o €E [g, + G5]. We use the last function because in this case the
system of equations has a unique solution, as shown in Corollary 7.25.

For simplicity, we assume that the arrivals to each queue are Bernoulli processes with
mean )\ge) = L5 forall i € [4]. We take € € {0.01,0.05,0.1} to evaluate the performance
under different traffic intensities.

To allow the system to reach steady-state, we ran the simulation for 10° time slots when
e € {0.05,0.1} and for 10' time slots in the case of ¢ = 0.01. The reason is that, for
smaller €, the system takes more time to reach steady state. In both cases we compute the
mean value of the variables considering the last 2 x 10° time slots'. We present our results
in Table 7.1 and Table 7.2. We ran three replicas of each experiment, and we obtained
similar results. The results we present in Table 7.1 and Table 7.2 were computed as an
average of the three replicas.

In Table 7.1 we present the right-hand side of the expression proved in Corollary 7.25,
the mean value of € (Gge) + G;(;)) obtained from the simulation, and the percentage error of
the solution of the system of equations with respect to the simulation.

Observe that, as € decreases, the solution to the LP becomes a better approximation for

The code is publicly available here: https://github.com/dhurtadolange/2x2-switch-simulation
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Table 7.2: Numerical results for individual queue lengths.

‘ Average min Simulation
€ Min | Max and max | Mean €7, | Mean €7, | Mean €g; | Mean €q,
0.01 | 0.062 | 0.312 0.187 0.187 0.187 0.192 0.191
0.05 | 0.062 | 0.312 0.187 0.174 0.176 0.175 0.176
0.10 | 0.062 | 0.309 0.186 0.168 0.168 0.168 0.169

the simulated result. In fact, when ¢ = 0.01, the error is below 1%. Even in the case of
e = 0.1, which is not considered heavy-traffic, the error is around 10%.

In Table 7.2 we compute a lower and an upper bound to the mean individual queue
lengths, and we compare these results with the mean value of €q,, €g,, €G5 and €g, obtained
from simulation. The reason to present only one optimal value for all the queue lengths is
that solving the linear program presented in Theorem 7.27 with objective function ¢[E [GEE)]
gives the same optimal value for all 7 = 1, 2, 3, because of the symmetric arrival pattern.
We additionally present the average between the minimum and maximum value of the
individual queue lengths.

Observe that for all the cases presented in Table 7.2, the mean obtained by simulation is
between the lower and upper bound obtained solving the LP. The bounds are not necessarily
tight, but the average of both gives a good approximation of the mean individual queue
lengths. Additionally, the LP presented in Theorem 7.5 is simple and, hence, it can be

solved in fractions of a second, as opposed to the simulation that may take hours.

7.9 Generalizations of Theorem 7.24

In this section we present generalizations of Theorem 7.24. We first present the result for a
2 x 2 switch with correlated arrivals, then for an N x N switch with independent arrivals,
and at the end, we discuss the number of variables and equations that one would obtain in

a generalized switch with n queue and SSC into a d-dimensional subspace, with d > 1.
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7.9.1 System of equations for the 2 X 2 input-queued switch with correlated arrivals.

In this section we provide a generalization of Theorem 7.24 to the case of a switch with

correlated arrivals. We omit the proof, since it is similar to the proof of Theorem 7.24.

Theorem 7.28. Consider a set of 2 x 2 input-queued switches operating under MaxWeight,
indexed by ¢ € (0,1) as described in Corollary 7.8. Suppose ¥ is the covariance matrix
of the arrival processes, and lim, o X9 = X component-wise. Then, the following system
of equations is satisfied

lim €E [q,]

9% 6% + 6213 — 6314+ Yoo + 2Xp3 — 2¥ig 4 + Nz 3 — 2Vi34 + gy
N 16

1. L 1., i\ —
+35 161§le (a1 (@ +7u3)] — 3 E?E [(@ +a3) ud]

hgl ¢ [q,]
g+ 60 — 2%y 3+ 23 4 + 9Xgp — 6393 — 6Xg g + X33 — 2Vi34 + Xy

16
1. o _ _
lim I [
. 2171 — 221,2 + 621,3 + 221,4 + 2272 — 622’3 — 222’4 + 92373 + 62374 + 24,4
n 16

1
+ 5 ImE (75 (T — 0 + 7))

e e 47
ggem+m

3%y + 18X 9 — 6313+ 6214 + 3o — 2Xn3 + 2X9y — V33 + 2234 — Mgy
B 8

1 1 1
+ 5 i E (g} (3% — )] + S ImE [gf (3 + )] + 5 limE [g]7,]
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hi%l K [q, + T3]
~ 3%y — 6o + 18X 3+ 631 4 — Yoo + 6303+ 2¥9 4 + 3Nz 3+ 6234 — gy
B 8
+ LimE (@] (= + 3us)| + LimE (@] + DimE (@5 (3u1 + )]
2 "el0 1 2 3 2 el0 2 2 el0 3 L

lifgl E [q, + T3]
X — 2% + 6%y 3+ 234 — 3N + 18X9 3 + 6Xg 4 — 3X33 — 2X34 + Xay
B 8
1 1
+5 liﬂ]lE (@3 (w1 + 3uz + )| + 3 liglE (@3 (@ + 3us + ug)]

where we omitted the dependence on € of the variables for ease of exposition.

7.9.2  System of equations for the N x N input-queued switch.

For ease of exposition, in this section we use the matrix-shape interpretation of the switch
and we assume the arrivals to different input ports are independent of each other. With a
slight abuse of notation, we adhere to the notation introduced in section 7.8 for the vari-
ables, and we use two subscripts, one for the input port and one for the output port. For ex-
ample, ¢; ; (k) is the number of packets in line at input port ¢ and output port j, for s, j € [N].

Before presenting the theorem we introduce the following notation. For i, j € [N], define

[N]; 2 [N]\ {i} and [N],; = [N]\ {i,j}

Theorem 7.29. Consider a set of input-queued switches operating under MaxWeight, in-
dexed by € € (0,1) as described in Corollary 7.9. Further, for all i,j € [N] let ai(fj) 2
2

(e)

Var [E(E?] and assume 0'1»27- = lim <am> . Then, the following system of equations is

1,7 J

satisfied, where we omit the dependence on € of the variables by ease of exposition.

@.p)=> qu; VPES (7.58)
=1
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lim ¢ [7, ]

el [CARRIEGIRRGERVS D DRCTESD DI 1 B Dl SR

i'€[N]1 §'€[N]; i'€[N]1 j'€[N];
1. 4
+N1€li£l]E (N— 1) Z quul g + Z quulj - Z Z qtjuigj/
i€[N]1 §'€[N]; i'€[NT1 j'€[N];
Vj € [N]
(7.59)
lim eE
im e I
1
oy (CARR AR A Vil DD TR DI v B DD D
i'€[Nl; jeIN i€[N]; j'€[NT1
1.
USR] PITARD ST ED P I
i'€[N1; §'€[N)1 '€[N]; j’€[N]1
Vi € [N];
(7.60)
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leif(f)l el [61,1 + qi,l}
N -1
e [ 1 R N BRO I S SR S ) Sy

i€[N]1 4 §'€[NT1 J'€[NI
2 : 2 : 2
0'7;/7‘7'/

i'€[N]1,: JE[N]1

1. o
+ImE [N - Dgim, + (V=1 [ Y @+ Y @y

el0
i'€[N]1,4 J'€[N1

1. o
+ 5 imE (2N—1)q;;u1,1+(N—1) S o ghuat Y Gty

el0
i'€[N]1,: J €N

—%leifglE Z Z Q11UZ’J’+ Z Z q“u’

| 7 €[N]; 5/ €[N]1 i'€[N]1 j'€[NT1
Vi € [N];
(7.61)
leifél e [61,1‘ +ql,m]
(N -1)
=5 | @N =D (oF; +ol,) +(N=1) Y aiy
J'€[N]j,m
(N-1) 2 2 1 2
TN Z b= D Obm T3 Y. D iy
'€[N)1 t'€[N]m i'€[N]1 5" €[N]jm
1. —
+ v 1€1ng (2N — 1) ;i m + 1juZ m + Z qi T
L 3 €[N]j,m
1. — —
+ NlelglE (2N — 1)g{ ,u; + G T j + Z T T,
L 7 6[N]1 3 €[N]j,m
1.
el S S gt XY dha
ZG[N]lj G[N]m ’LEN]1] E[N}
v(]a m) € Al

(7.62)
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leif(f)l €E [Gi1 + T

(N -1)

= | @N =1 (o} + o)) + (N - 1) > o,
i'€[Nls
(N —1) 2 9 1 2
_ —N3 Z 0_7;7]-/ — Z O—l7j’ + m Z Z Ui’,j’
§'€[N]1 J'€[NT1 i'€[N];,1 5’ €[N]1

1
+ & ImE @N = Dghma+ (N =1 | D ghia+ Y gty (7.63)
i'€[N]; J' €[N

1. o
+ nglfgl]E (2N — 1)q;’r1ui71 +(N-1) Z ql Ui+ Z ql 1 Wi g

B i eN]zl ] E[N]l
1. r
B YN s XY F
| /€[N]; j€[N]1 i'€[N]; j’€[N]1
V(i, l) e A,

lim € (7, ; + ;]

1
el R AR N R SV PR S S

7 E[thj E[Nh]

(N —-1) 2
— N3 Zo—i/ Z 01]/+ Z 0/1+ Z 0—1]
i€[N1 §’€[N1; i'€[N1,5 J'€[N1,;5

L. o o N
+ N 1€1ng (2N — 1)qijui71 + (N — 1) Z qf’jui/,l + Z quui,j/ (764)
i'€[N]; J'E€INI1

1. o
+ 3 ImE | (2N - Dghtn, + (N =1 | Y ghtiv,+ Y Thiy
/€[N j'€[N];

1. o o
“limp| Y dumer Y e

| (5" €[N]ix [N \{(1,5)} (@3N < [N];\{(Z1)}

Vi,j € [N]
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where P is the set of N x N permutation matrices and

Ar ={(z,y) € [IN]x [N]: y > 2w+ 1}

Ay ={(z,y) € [N| x[N]: y>x+1,2<x<N-1}.

Equation 7.58 is one interpretation of SSC, which says that all the schedules have the
same weight in the cone K. Observe that in Theorem 7.24 we did not have an equation of
the form of Equation 7.58. However, we used this condition in the proof to obtain a system
of equations (see Claim 7.31). In this case, we decided to write it as an equation to make

explicit the use of SSC.

7.9.3  Generalization to other queueing systems and higher moments.

In this section we focused on an input-queued switch in heavy traffic. We chose this system
because it is one of the simplest queueing systems where the CRP condition is not satis-
fied. However, the same approach can be applied to any queueing system where the CRP
condition is not met, which is what we discuss in this subsection. Specifically, we focus on
a generalized switch with n queues, where SSC occurs into a d-dimensional subspace.

In [34], the authors show how to compute the moments of ||q || using the drift method
in queueing systems that satisfy the CRP condition. In this case, setting to zero the drift
of V(q) = [|q3||™"" in steady state and using SSC allows to compute the m™ moment
because of the following reason. When one sets to zero the drift of V'(q), terms of the form
qﬁiﬂiuum arise and, since qﬁrH and w3, belong to the same one-dimensional subspace, these
terms can be approximated by ¢;"u;, which is zero by definition of unused service.

On the other hand, if the CRP condition is not satisfied, then q lives in a d-dimensional
subspace, where d > 1. In this case, for each 7, qﬁ“mu”m cannot be approximated by ¢; u;
because of the following reason. In heavy traffic we only have the approximation (with

some abuse of notation) qﬁrmu”m ~ ;i (ug, + gy + -+ - + ug,), where ky, . . ., kq represent
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the d dimensions that characterize SSC. In other words, cross terms arise exactly as the
‘qu’ terms in Theorem 7.24, Theorem 7.28 and Theorem 7.29 for the input-queued switch.
In the following analysis we present the number of equations and variables that appear in a
general queueing system with d-dimensional SSC.

In order to obtain the m™ moment of the queue lengths, we should construct a system
of equations that yields from setting to zero the drift of all the monomials of degree m + 1.
Since SSC occurs into a d-dimensional subspace, we need to consider all the possible

monomials of degree m + 1 in d variables. Setting to zero the drift of each monomial

m—+d

d71) equations. Now we count the number of

will lead to an equation, so we will have (
‘new’ variables with respect to the system of equations that arises after setting to zero the
drift of monomials of degree k, for all £ < m. We say a variable is ‘new’ for the system
of equations that arises after setting to zero the monomials of degree m + 1 if it does not
appear in any system of equations of degree k < m + 1. Observe that there are two types
of ‘new’ variables that do not vanish in the heavy-traffic limit. On one hand, we have the
heavy-traffic limit of the expected value of products of the elements of g, and, on the
other hand, we have the heavy-traffic limit of the expected value of the product between

the elements of q)% and of the vector of unused service. We will call them the ‘¢’ variables

and the ‘qu’ variables, respectively. Specifically, the ‘¢’ variables are all monomials of

m—+d—1

degree m in d variables, so there are ( )

) ‘q’ variables. The ‘qu’ variables that do
not vanish in heavy traffic are of degree m in ‘¢’ and degree 1 in ‘uv’. Also, the element
corresponding to the unused service vector has to be different to the elements of the vector
of queue lengths because the product between the queue length and the unused service of

the same queue is zero by definition of unused service. Therefore, for each element of

u | we need to consider all possible combinations of ‘¢’s, i.e., all monomials of degree m

m+d—2

e ) ‘qu’ variables. Thus, in total we have

in d — 1 variables. Therefore, there are d (
(m:[_dl_ 1) + d(m:{_d; 2) variables and this number is larger than the number of equations.

Summarizing, if we use the method introduced in this section to compute the m™ mo-
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ment of the queue lengths of a queueing system that experiences d-dimensional SSC, we
obtain a system of equations of ("*"") equations and (7% ") +d ("™ ?) variables. There-
fore, it is under-determined. In other words, we need extra equations to find a unique

solution to this system of equations. This analysis shows that the issues illustrated in The-

orem 7.24 arise in any queueing system with multidimensional SSC.

7.10 Proof of Theorem 7.24.

For ease of exposition, in this proof we use subscript || instead of || H, since we only use

projection on the subspace 4 and not on the cone K.

Proof of Theorem 7.24. We know that SSC occurs into a subspace of dimension 2N — 1 =
3. Therefore, 3 variables are necessary to compute the most general quadratic polynomial.
In fact, we know Qs = 92 + 93 — Q- Then, we only need to consider the variables (T8

)2 and q 5. The most general quadratic polynomial with these variables is
V(q) :a1§ﬁ1 + Oéﬁﬁz + Oéz«@ﬁg + aaq 2 + asqq)3 + @6q)24)3

where «; € R for all i € [6].
Setting to zero the drift of V/(q) is equivalent to setting to zero the drift of each mono-

mial separately. Then, we set to zero the drift of the following 6 test functions:

%(q) = Qﬁla ‘/Q(q) = qﬁ% ‘/i%(q) = qﬁ?p

Vi(q) = 91Q)2, V5(q@) = G193 and V5(q) = G)2q3-

Before setting to zero the drift of V;(q) for i € [6] observe that, by definition of the

cone K in Equation 7.22 we have for any vector y € R*

Y1+ Y2
Yy =

: +Z/1‘gy3_y1+y2zy3+y4:3y1+y22'y3_y4, (7.65)
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+ + + Y2+ Y3+ +3y2 —y3 +

Y2 _NnTy I Ya1Ys Y1 TY2rYsTYs Y1 Y2 —Ys Z/47 (7.66)
2 2 4 4
+ + + Y2+ Ys+ — Y2+ 3y3 +

Ui _Ys . Ya I [ . Y3 Y1 T Y2 ; Ys ™Y _ V1" Y2 ; Ys T Ya (7.67)

Then, since the switch is completely saturated, we have

_ . 1—e 1—-¢ 2(1-¢ 1-c¢ ,
Efgy] =5+ —"—F"=-— Vi € [4] (7.68)

and since S is a maximal schedule we have

+

= % Vi€ [4]. (7.69)

DN | —
IS \V)

_ 1
Sl =5

We first set to zero the drift of V;(q). We obtain

—
S]
N

— — — 2 . 4 _
OE | (@ +ap —5p)° - + 2500 - 7

— _ 2 _ — _ — 4
= E | @~ 51)" + 20 (@1 — ) —Th + 27,7 (7.70)

where (a) holds by Equation 1.2 and reorganizing the terms. We compute each term sepa-

rately. For the first term we have

E| (@ —5n)°) Y E

= Var [, + (E [@n] - %)2
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—

4

2 2 2
9 (Ué?) + (m@) + (051?) + <0((f4)) 2

T + 7 (7.71)

©) \ar {3&1 +ag+ag—a4] +§
4
2

—
=

where (a) holds by Equation 7.69; (b) holds by definition of variance and reorganizing
terms; (c) holds by definition of @; as in Equation 7.65, and by Equation 7.68; and (d)
holds because the arrival processes to different queues are independent. For the second

term we obtain

2K [q), (@ — 1) < 2E [Gnl (5”1 - %)}
2 2K [g),] (E [an] - %)

Y _E[q,]. (1.72)

where (@) holds by Equation 7.69; (b) holds because the arrival processes are independent

of the queue lengths; and (c) holds by Equation 7.68. For the third term, observe
) — 112
0<El[u] <E [”“IIH } :

From the proof of Theorem 7.5, we know E [HHH HQ} is O(¢) (see Equation 7.34). There-

fore,
E [uf,] is O(e). (7.73)
Now we compute the last term. By definition of g and g, we have

2K |qf, 71| =2 [g7a)] - 2E [g1a]
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Claim 7.30. Consider the queueing system described in Theorem 7.24. Then,
E [g1,ap] is O(Ve).
The proof of Claim 7.30 is presented in subsection 7.11.1. Then,

2E [Gﬁlﬂﬂl} =2E [g/u1] + O(Ve)

a1l
(:)iE [qf (3uy + Uy + Uz — m)] + O(Ve)

@%E (@7 (@2 +us — w)] + O(Ve)

where (a) holds by Equation 7.65; and (b) holds by Equation 1.3.

Claim 7.31. Consider the queueing system described in Theorem 7.24. Then,
E [g4] = E [g3704] + E [g377] + O(Ve).
The proof of Claim 7.31 is presented in subsection 7.11.2. Therefore, we obtain
o [73] = 2E [gt (@ + )] — <E [g7m] — <E [gim] + 0 (7.74)
| = B [af (@ + )] - E a5 - 5E [am)] + 0(v6) -

Using Equation 7.71, Equation 7.72, Equation 7.73 and Equation 7.74 in Equation 7.70,

and reorganizing the terms we obtain

¢E [q),]

2 2 2 2
9 <0§?) + (Ué?) + (m@) + (Ué?) 1 1o,
2

— %E (g5 ud] + EZ + O(Ve).

Taking the limit as € | 0 on both sides we obtain Equation 7.39. The proof of Equa-
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tion 7.40 and of Equation 7.41 hold similarly, after setting to zero the drift of V5(q) and
V3(q) respectively. We omit the details for brevity.
To obtain Equation 7.42 we set to zero the drift of V,(q). After similar manipulation as

above, we obtain

0=1E [GWL - %Gug]

=E g1 (@2 —5)2)] +E [q2 @n —51)] +E [(@n —51) (@2 —5)2)]

(7.75)
+E |g,7p] +E [qlmn] - E [anme]
We compute term by term. For the first term we have
_ _ €
E [@) @2 = 512)] = —3E [a),] (7.76)

where we used that s, = % and independence of the arrivals and queue lengths processes.

Similarly, for the second term we obtain

E [@ (@n = 5in)] = — 5E [] - (7.77)
For the third term we have
E [(@p —3p) (@) —3)2)] (7.78)
. 1
e[ (i -3) (7 3)]
(0) o a 3 1 1 1
= Cov [@, @] + E [ap] E [@)2] — 5B [an] — 3E [a] + ;
© cov 3a; + Gy + as —64761 + 3Gy — a3 + Q4 N f
1 1 1
2 2 2 2
@ 3 (“‘(;1)> +3 ("‘(’62)> B (0‘(‘?> B (0‘5“64)> €
(@) € 77
16 T (7.79)

where (a) holds by Equation 7.69; (b) holds by definition of covariance and reorganizing
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terms; (c) holds by Equation 7.65, Equation 7.66 and Equation 7.68; and (d) holds because

the arrival processes to different queues are independent. For the fourth term we have

E [ﬁﬁlﬂm} 2 E [7/7e] - E [71,7e]
[q;rﬂ”g} + O(\/E)

E [qf (@ + 3uz — Us + us)| + O(Ve)

—~
>
=

—
)
~

—~
QL
=

E [q1 (3uz — us + us)| + O(Ve)
1

—
a
~

N N TN A ot

1
E g (3 — )] + JE [Gw] + JE [G70] + O(Ve),  (7.80)

where (a) holds by definition of g and g ; (b) holds similarly to Claim 7.30; (c) holds by
Equation 7.66; (d) holds by Equation 1.3; and (e) holds by Claim 7.31. Similarly, for the

fifth term we have

1
E |giyun] =1E [ (37 + 7 — 70)] + O(Ve). (7.81)

For the sixth term we have

—~

a)

0 < E [w)172] 5\/E [ﬂﬁl] E [HﬁQ]
<\/E [[lm["] & {[l°]

where (a) holds by the Cauchy-Schwarz inequality. Also, since E [Hﬁ||||2] is O(e), we

obtain

E [@w)2] is O(e). (7.82)

Using Equation 7.76, Equation 7.77, Equation 7.79, Equation 7.80, Equation 7.81 and
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Equation 7.82 in Equation 7.75, and reorganizing terms we obtain

€E [G)1] + €E [q)]

2 2 2 2
3 (mﬁ) +3 (m&?) - <0§Z> — (ﬂ?) €2
1 1 1
+ 51@ (a7 (3u> —u3)| + 51@ [q3us) + §]E (a3 (3ur + us)] -

Taking the limit as € | 0 on both sides we obtain Equation 7.42. The proof of Equation 7.43
and Equation 7.44 hold similarly, after setting to zero the drift of V5(q) and V;(q), respec-

tively. This completes the proof of Theorem 7.24. 0

7.11 Details of the proof of Theorem 7.24

We prove the claims we made in the proof of Theorem 7.24.

7.11.1 Proof of Claim 7.30

Proof of Claim 7.30. Observe

E [71ymn] < E[|gh| [m]

il k] \W]

g \/E AR
< VE ).

<E

where (a) holds by Cauchy-Schwarz inequality; and (b) holds by Proposition 7.4. Simi-

E[afyan] = — E (|75 [an]] = v/ [E |[@]°].
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Then,

[E [atap]| < v/ B ||[m)°]

and E [HEH HQ} is O(e). This proves the claim. O

7.11.2 Proof of Claim 7.31

Proof of Claim 7.31. We use Claim 7.30. We obtain

(®) _ _ —
=E [(@ +3 — @) ) + O(Ve)
O [(@ +a) T + O(Ve)
where (a) holds by SSC; (b) holds by Claim 7.30; and (c) holds by Equation 1.3. O]

7.12 Conclusion and future work

In this chapter we studied one of the most general single-hop SPNs with control in service:
the generalized switch. This model subsumes several queueing systems, such as the input-
queued switch, parallel-server systems, ad hoc wireless networks, etc. Our result is widely
applicable, since we do not assume the CRP condition, neither independence of the arrival
processes.

We showcase the generality of our result with three particular SPNs: the input-queued
switch, parallel-server systems, and an ad hoc wireless network. Each of these results are
interesting by themselves since they have been studied separately in the literature, and we
can easily compute them as applications of Theorem 7.5.

Additionally, we prove that if the heavy-traffic limit is to a vertex of the capacity region,
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then SSC does not result in a reduction on the dimension of the state space. In other
words, in this case we observe full-dimensional SSC. Under this condition, regardless of
the correlation among arrival processes, the mean of the linear combinations of the queue
lengths that we obtain behave as if the queues were independent in heavy traffic.

Our result is widely applicable to several SPNs, but it only allows to compute certain
linear combinations of the queue lengths. In the case of an input-queued switch, this lin-
ear combination turns out to be the total queue length, and in parallel-server systems, the
weights of the linear combination are the mean service rates.

We also show that obtaining other linear combinations is a nontrivial problem, since
using the drift method with polynomial test functions is equivalent to solving an under-
determined system of linear equations. The results we obtain in this paper can be also ob-
tained by taking specific linear combinations of these equations, such that some unknowns
cancel out. An immediate line of future work is to extend the method so that all the linear
combinations can be computed. This would allow us to also obtain higher moments and,

eventually, the joint distribution of the queue lengths.
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