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Chapter 1
Introduction

Load balancing algorithms (LBAs) play a critical role in distributing service
requests or jobs (e.g. compute jobs, data base lookups, file transfers) among
servers or distributed resources in parallel-processing systems. The analysis and
design of LBAs has attracted strong attention in recent years, mainly spurred
by crucial scalability challenges arising in cloud networks and data centers with
massive numbers of servers.

1.1 Brief taxonomy of load balancing algorithms

In this section we discuss several common load balancing algorithms. We focus
on the most basic load balancing scenario which consists of N identical parallel
servers and a single dispatcher where jobs arrive according to a Poisson pro-
cess of rate A(N) = AN. Arriving jobs cannot be queued at the dispatcher, and
must immediately be forwarded to one of the servers. Jobs are assumed to have
unit-mean exponentially distributed service requirements, and the service disci-
pline at each server is oblivious to the actual service requirements, for example
first-come-first-served (FCFS). This construction is commonly referred to as the
supermarket model.

The celebrated Join-the-Shortest-Queue (JSQ) policy has several strong
stochastic optimality properties in the supermarket model. In particular, the JSQ
policy achieves the minimum mean overall delay among all non-anticipating
policies that do not have any advance knowledge of the service requirements
[EVW80; Win77]. Scaling results for the JSQ scheme showing its merits in
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asymptotic regimes where the load approaches one as N grows large may be
found in [EG18; GW19]. In order to implement the JSQ policy however, the
dispatcher requires instantaneous knowledge of all the queue lengths, which
may involve a prohibitive communication burden when the number of servers N
is large.

JSQ(d) policies. The poor scalability of the JSQ policy has motivated con-
sideration of JSQ(d) policies, where an incoming job is assigned to a server
with the shortest queue among d = 2 servers selected uniformly at random.
This involves an exchange of d messages per job irrespective of the number of
servers N. Results in [Mit01; VDK96] indicate that even sampling as few as
d = 2 servers yields significant performance enhancements over purely random
assignment (d = 1) as N grows large, which is commonly referred to as the
power-of-two or power-of-choice effect. These results also extend to heteroge-
neous servers, non-Markovian service requirements and loss systems [BLP10;
BLP12; MKMG15; XDLS15].

The diversity parameter d thus induces a fundamental trade-off between the
amount of communication overhead and the delay performance. Specifically,
a random assignment policy does not entail any communication burden, but
the mean waiting time remains constant as N grows large for any fixed A > 0.
In contrast, a nominal implementation of the JSQ policy (without maintaining
state information at the dispatcher) involves N messages per job, but the mean
waiting time vanishes as N grows large for any fixed A < 1.

Although JSQ(d) policies with d = 2 yield major performance improvements
over purely random assignment while reducing the communication burden by a
factor O(NV) compared to the JSQ policy, the mean waiting time does not vanish
in the limit. Specifically, when jobs arrive at rate AN, the queue length distri-
bution at each individual server exhibits super-exponential decay for any fixed
A <1 as N grows large. Hence, no fixed value of d will provide asymptotically
optimal delay performance. This is evidenced by results in [GTZ16] indicating
that in the absence of any memory at the dispatcher the communication over-
head per job must increase with N in order for any scheme to achieve a zero
mean waiting time in the limit. The only exception arises in case of batch ar-
rivals when the value of d and the batch size grow large in a specific proportion,
as can be deduced from the arguments in [YSK15].

Now suppose that the number of servers sampled becomes a function of N:
d(N). In order to achieve zero mean waiting time in the limit, it is sufficient
that d(N) — oo as N — oo, so d(N) could for example grow logarithmically with
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N [LY18; MBLW16a; WW20]. While only d(N) <« N servers are sampled, the
amount of communication overhead in terms of d(N) must still grow with N.
This may be explained from the fact that a large number of servers need to be
sampled for each incoming job to ensure that at least one of them is found idle
with high probability.

Dispatcher-driven versus server-driven algorithms. JSQ(d) policies are
dispatcher-driven algorithms, in the sense that the dispatcher takes the initiative
to collect state information from the various servers. In the above description
we implicitly assumed that the dispatcher gathers queue length information to
assign arriving jobs, but does not store it.

The performance of dispatcher-driven policies can be further improved by
attaching memory to the dispatcher [AD20], which allows JSQ(d) with fixed d
schemes to be asymptotically optimal just like JSQ, for sufficiently small load. A
further performance analysis of JSQ(d) with memory is conducted in [HV20].
Memory also seems necessary in systems with multiple dispatchers and we will
touch upon this shortly.

In contrast, in server-driven algorithms the various servers take the initiative
to provide state information to the dispatcher, which may then be stored in
memory and used to assign arriving jobs in the future. This can greatly reduce
the communication overhead, while providing excellent performance.

JIQ policy. A key example of a server-driven algorithm is the so-called Join-
the-Idle-Queue (JIQ) scheme [BB08; Lu+11] which has gained huge popular-
ity recently and can be implemented through a simple token-based mechanism.
Specifically, idle servers send tokens to the dispatcher to advertise their avail-
ability. When a job arrives and the dispatcher has tokens available, it assigns the
job to one of the corresponding servers (and the token is discarded). When no
tokens are available at the time of a job arrival, the job may either be discarded
or forwarded to a randomly selected server. Note that a server only issues a
token when a job completion leaves its queue empty, thus generating at most
one message per job.

Remarkably, the JIQ scheme has the ability of the full JSQ policy to drive
the queueing delay to zero as N — oo, even for generally distributed service
requirements [FS17; Stol15]. Thus, the use of memory allows the JIQ scheme
to achieve asymptotically optimal delay performance with low communication
overhead. In particular, ensuring that jobs are assigned to idle servers whenever
available is sufficient to achieve asymptotic optimality, and using any additional
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queue length information yields no meaningful performance benefits on the
fluid level (we refer to Section 1.3 for a further introduction of fluid limits). An
analysis of the JIQ scheme on the diffusion scale can be found in [MBLW16b].

Somewhat similar to the JIQ scheme is the Persistent-Idle scheme, which
routes jobs to the server that has last been idle [AKMOV20]. This is specifically
of interest in systems with heterogeneous servers.

Multiple-dispatcher scenarios. So far we have focused on a basic scenario
with a single dispatcher, but it is not uncommon for systems to have multiple
dispatchers. While the presence of multiple dispatchers does not affect some
LBAs (for example dispatcher-driven without memory, such as JSQ(d) policies),
it does matter for the JIQ scheme which uses memory at the dispatcher.

Early papers that consider scenarios with the JIQ scheme and multiple dis-
patchers almost exclusively assume that the loads at the various dispatchers are
strictly equal [Lu+11; Mit16; Sto17]. In these cases the fluid limit, for suitable
initial states, is the same as for a single dispatcher, and in particular the fixed
point is the same, hence, the JIQ scheme continues to achieve asymptotically
optimal delay performance with minimal communication overhead. The results
in [Stol17] in fact show that the JIQ scheme remains asymptotically optimal
even when the servers are heterogeneous, while it is readily seen that JSQ(d)
policies cannot even be maximally stable in that case for any fixed value of d.
In Chapter 2 we will analyze a scenario with multiple dispatchers that have
different loads.

In the above setup the number of dispatchers is assumed to remain fixed as
the number of servers grows large. Further natural scenarios would be for the
number of dispatchers to scale with the number of servers, or servers may issue
their availability tokens to the dispatchers already before they are idle, which
appears beneficial at very high load [Mit16].

Alternative options to deal with heterogeneous loads could be to have idle
servers issue copies of their availability tokens to multiple dispatchers [Lu+11].
[VKO20; ZSW20] consider schemes in which every dispatcher keeps local esti-
mates of the queue lengths. Also related are [BCM19; Com19], in which the
token-based implementation of the JIQ scheme is used to handle compatibility
constraints between dispatchers and servers.

The literature on load balancing algorithms has ballooned in recent years.
We refer to [BBLM18b] for a more comprehensive survey discussing related job
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assignment mechanisms, further model extensions and alternative asymptotic
regimes (e.g. heavy-traffic and non-degenerate slowdown scalings).

1.2 Scalability

As mentioned earlier, implementation overhead (e.g. communication or mem-
ory usage involved in obtaining or storing state information) has emerged as
a key concern in the design of LBAs, due to the immense size of cloud net-
works and data centers [Gan+14; MSY12; Pat+13]. Indeed, the fundamental
challenge in load balancing is to achieve scalability: providing good delay per-
formance, while only requiring low implementation overhead in large-scale de-
ployments. The seminal paper [GTZ16] approached this challenge by imposing
the natural performance criterion that the probability of non-zero delay van-
ishes as the number of servers grows large. It was shown that this can only be
achieved with constant communication overhead per job when sufficient mem-
ory is available at the dispatcher.

Hyper-scalable load balancing. While many schemes may achieve this van-
ishing wait with one message per job (for example JIQ, relying on server-
initiated updates), even that one message may still be prohibitive. This typically
plays a role when jobs do not involve big computational tasks, but small data
packets which require little processing, e.g. in ‘Internet of Things’ cloud envi-
ronments. In such situations the sheer message exchange in providing queue
length information may be disproportionate to the actual amount of processing
required.

In this manuscript we introduce and analyze novel scalable LBAs which
strike an optimal trade-off between performance and communication overhead.
Specifically, LBAs are called ‘hyper-scalable’ when they can be implemented
with a communication overhead of one or fewer messages per job, and prefer-
ably many fewer. The maximum permissible communication overhead of these
schemes is usually well below the minimum requirement for vanishing delay in
a many-server regime.

There are several ways to implement this hyper-scalable notion in algorithms
[ZSW20]. One might think of simply adapting JIQ or JSQ(d) by not sending
some of the messages, in order to have less than one message per job. In this
manuscript, we will explore a different method: communication between server
and dispatcher will be (more) decoupled from the arrival process and from job
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completions. Instead, a timer governs the communication process. When the
timer ticks, information will be shared between server(s) and dispatcher.

The above-described notion is used in novel hyper-scalable schemes which
we introduce in Chapters 3-5. In Chapter 3, the timer is completely indepen-
dent from the system state. In Chapter 4, the timer starts when a server reaches
a specific state, but the duration of the timer is fixed. In Chapter 5, the lack
of a message from the server when the timer ticks, is used to update the local
memory of the dispatcher.

Comparison with other schemes. The communication overhead of the
hyper-scalable schemes in Chapters 3-5 can be described in terms of the update
frequency per server, say 6. When the arrival rate per server equals A < 1, the
number of messages per job equals §/A, or § N per time unit, which can be
easily tuned by varying the value of §.

The JSQ(d) scheme, when implemented in a dispatcher-driven manner, re-
quires d message exchanges per job, which amounts to Ad N messages per time
unit. When servers actively update their queue lengths to the dispatcher in the
JSQ scheme or their idleness in the server-driven JIQ scheme, one needs less
communication. In this case, any departing job needs to trigger the server to
send an update to the dispatcher. This server-driven implementation requires
one message per job or AN per time unit. Note that when queue lengths are
large, not even all departing jobs need to trigger the server to send an update for
the JIQ scheme, which reduces the communication per job slightly. In conclu-
sion, the tunable communication overhead of 6/ per job of the hyper-scalable
algorithms are comparable with server-driven JSQ, JIQ and JSQ(d) schemes.

1.3 Mathematical techniques

We briefly discuss the main mathematical techniques that will be used in this
manuscript, by illustrating how these techniques are used when analyzing the
JIQ scheme. While the analyses in further chapters are more involved, they are
in fact still based on the fundamental concepts presented here.

We consider the load balancing scenario as described in Section 1.1. When
a job arrives at the dispatcher, the job will be immediately forwarded to one
of the idle servers, if there are any. We consider two scenarios, referred to as
blocking and queueing, depending on whether jobs are discarded or forwarded
to a randomly selected server in the absence of any idle servers.
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Markov process and state description. Because both the inter-arrival times
and the service times are independent and exponentially distributed and thus
memoryless, the evolution of the system occupancy can be modeled by a Markov
process. A straightforward state description keeps track of the number of jobs
in queue for each of the N servers. However, we do not keep track of the queue
length of every individual server, but only of the number (or fraction) of servers
that have i =0,1,... jobs in queue. This is sufficient to retain a Markovian state
description since all the decisions in the JIQ scheme only discriminate between
servers based on their current state and not their identity.

The state of this Markov process is given by Y = (¥p, Y1,...), with ¥; = 0 rep-
resenting the number of servers with i jobs in queue and }; Y; = N. There are
three possible transitions:

Transition (a). When there are idle servers available, i.e. Yy > 0, the system
transitions from state Y to Y’ with ¥j = ¥o—~1 and Y] = ¥; +1 at rate AN because
of job arrivals.

Transition (b). Additionally, when there are no idle servers available (Y, = 0)
in the queueing scenario, the system transitions from state Y to Y® with Yi(‘) =

Y;-1and Yl.(j)l =Y;;1 +1 at rate AY; for all i = 1 because of job arrivals.

_Transition (c). Furthermore, the system transitions from state Y to Y% with
Yl.“) =Y;-1and Yl.(j)l =Y;+1 atrate Y; for all i = 1 because of service completions.

1.3.1 Queueing networks

In this subsection we consider the blocking scenario, so that the state of the sys-
tem may be described by the vector (Yy, Y1), in which Y; stands for the number
of idle servers and Y; stands for the number of servers with one job in queue.
The idle servers receive jobs at rate AN (Transition (a)), and every busy server
processes the job in queue at rate one (Transition (c)). Note that no servers
have two or more jobs in queue as jobs are discarded when no idle server are
available (and we assume that this condition holds for the initial state too).
The above-described system dynamics can be represented in terms of a
closed product-form queueing network with a fixed population of size N, in
which the servers act as customers traversing various nodes. Specifically, the
queueing network consists of two nodes: a single-server node and an infinite-
server node, and each server is in one of the two nodes. Servers in the single-
server node move to the other node one by one at rate AN (Transition (a)).
All servers in the infinite-server node move to the single-server node at rate
one (Transition (c)). Translated back to the load balancing viewpoint: when a
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server is at the single-server node, it is idle; a server at the infinite-server node
is busy.

According to [BD11; Kell1], the equilibrium distribution of the closed net-
work has the product-form

o 1Y
Yo oY) =G "|—| —
7o, 1) (AN) v!
with G =XV ()" e This distribution may also be verified by checking

that it is indeed a solution of the balance equations and that it sums to one.
Note that the JIQ scheme in the blocking scenario may in fact also be de-
scribed in terms of a birth-death process, but the framework of closed queueing
networks is more general and allows us to analyze more intricate systems. The
main reason for these types of systems to have a product-form equilibrium dis-
tribution is that servers cannot be busy and receive jobs simultaneously. Exten-
sions of JIQ fall into this category as will be seen in Chapter 2, but also LBAs
in which servers idle when they are about to receive jobs are candidates for
product-form equilibrium distributions, as will be shown in Chapter 4.

1.3.2 Fluid limits

We examine so-called fluid limits where the evolution of suitably scaled state
variables is considered as N — oo, and converges to a deterministic process gov-
erned by a set of differential equations. The fluid limits provide insight in the
network dynamics on a macroscopic scale, and yield asymptotically exact ap-
proximations for several performance measures of interest, in particular block-
ing probabilities and waiting times.

We analyze the number of servers in specific states as a function of time.
The vector of state variables at time ¢ is given by YN (2) = (YN (1), ¥}V (1),...) as
before, in which the N in superscript illustrates the dependency on the total
number of servers. We consider the scaled quantities y™(2) = () (1), ¥ (1),...)
with yN(r) = YN(1)/N, where yN(r) denotes the fraction of servers that have
i=0,1,... jobs in queue; y™(¢) is the fluid-scaled state of the N-th system. If the
stochastic process {y" (#)};s0 converges to a limit {y(#)};>¢ in some appropriate
sense as N — oo, then the latter is called a fluid limit. Fluid limits have a cer-
tain commonality with laws of large numbers, and quite often turn out to be
deterministic processes, which can be described in terms of a set of differential
equations.



1.3 Mathematical techniques

Proving a fluid limit requires showing convergence of a sequence of stochas-
tic processes, and typically involves fairly advanced probabilistic machinery. In
Markovian settings, a common proof technique relies on martingale represen-
tations of the process {YV(#)};»¢ in terms of Poisson processes, see for instance
[HK94; PTWO07]. However, in many situations, fluid limits have a relatively
simple and insightful form, and can be derived heuristically, which will be how
fluid limits will be used in this manuscript.

We illustrate this heuristic derivation for the JIQ scheme in the queueing
scenario. We define 1, (¢) to be the aggregate rate at which jobs are forwarded
to idle servers at time ¢ (Transition (a)), which equals A when y,(#) > 0, and
min{A, y;(£)} when yy(£) =0, since servers that become idle at rate y;(t) may im-
mediately be used to forward jobs to, but the maximum rate is trivially bounded
by the arrival rate A. Consequently, A —A;(¢) is the aggregate rate at which jobs
are forwarded to randomly selected servers (Transition (b)). Every individual
server receives jobs at this rate, which makes the total rate that servers with i
jobs in queue receive jobs equal to [A — A1 (8)]y;(¢). Finally, service completions
make servers with i jobs transition to having i —1 jobs at rate y;(¢) (Transition
(©)).

We obtain

dy(;’t(t) =M+ (0),
dyi (1)
dr
dy;(®)
dt

=)= A=A (D]y1 () + y2(£) = y1 (D),
=[A-A1Oyic1() A=A Dy (D +yinn () —yi(1), i=2,

with A1 () = A — max{A - y1(¢),0} 1{yo (1) = 0} whenever y is differentiable at z.

By setting the derivatives to zero we obtain yj =1-A1, yy =A and y; =0
for i = 2 as a fixed point assuming A < 1. This fixed point corresponds to the
scenario in which a fraction A of the servers is busy with one job and a fraction
of 1- A is idle.

In this manuscript, we are typically interested in the question when y; =0
for all i = 2. We will demonstrate that this property holds in several cases and
we will refer to it as ‘zero queueing in the limit’ or simply as vanishing queueing,
because in this scenario a fraction one of all queues has zero or one jobs, so that
the number of jobs waiting in queue is negligible on fluid scale. We will also
refer to this scenario as ‘vanishing queueing delay’ or simply vanishing wait, by
viewing the fixed point as a stationary distribution for a scaled system.
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However, the translation between these two would involve showing that the
many-server limit (N — oo) and stationary limit (# — oco) can be interchanged.
While this is generally the case, it is typically difficult to prove, as it would
require showing global asymptotic stability of the fluid limit using ad-hoc argu-
ments, and for this reason this will not be explicitly pursued in this manuscript.
Note that for statements about the average queue length, one would also need
convergence in expectation. We refer to related work that outlines some of the
necessary arguments [BBLM18a; Cec18; Muk18]. We use extensive simulation
experiments however to illustrate that the results do in fact seem to hold in the
stationary limit, even in systems with a moderately large number of servers.

Fluid limits will be used in Chapters 2 and 3 to investigate the behavior of
the different schemes in many-server regimes.

1.3.3 Stochastic simulation

As alluded above, discrete-event simulations are used in all upcoming chapters
to validate and illustrate results.

During the simulation for the JIQ scheme in the queueing scenario, a list is
maintained that contains all idle servers. The simulation revolves around two
types of ‘events’, the arrival events and the departure events. All future events
are kept track of in the so-called future event set, in chronological order. In
every step of the simulation, the first event in the future event set is selected
and the implications of this event are applied to the system. The arrival event
has only one property, the time at which it takes place. The departure event has
two properties; the time at which it takes place and the job that will depart at
this time.

When an arrival event is selected, a new job is created and a random server
is selected (and removed) from the list of idle servers if non-empty, the job
is added into the queue of the server and a departure event is scheduled for
this specific job. If the list of idle servers is empty, a random server will be
selected and the job is added to the queue of this server. The time at which
this event takes place equals the current time plus a random sample from the
service time distribution. Afterwards, an additional arrival event is scheduled
and the time of this event equals the current time plus a random sample from
the inter-arrival time distribution, in order to mimic the Poisson arrival process.
When a departure event is selected, the corresponding job is removed from the
queue and the corresponding server is added to the list of idle servers if the
queue is empty or a departure event is scheduled for the first job in queue if the
queue is non-empty.
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The systems that we analyze in this manuscript are much more complicated
than the JIQ scheme, and they often lead to more actions that need to be exe-
cuted when a new event is selected, or even to the introduction of more event
types. In hyper-scalable algorithms, a new update event may be added, which
corresponds to a server sending its queue length to the dispatcher.

The simulations are programmed in Java in an object-oriented manner, and
the results of the simulations are processed and visualized in Wolfram Mathe-
matica.

1.4 Main contributions

We will now summarize the main contributions of this manuscript. We first
discuss an extension of the JIQ scheme for multiple dispatcher, after which we
turn to novel algorithms for the single-dispatcher case.

Load balancing with multiple dispatchers

In Chapter 2, we leverage product-form representations and fluid limits to estab-
lish that the blocking and wait no longer vanish when dispatchers have different
loads, even for an arbitrarily low overall load. Remarkably, it is the least-loaded
dispatcher that throttles tokens and leaves idle servers stranded, thus acting as
bottleneck. We introduce two enhancements of the ordinary JIQ scheme where
tokens are either distributed non-uniformly or occasionally exchanged among
the various dispatchers. We prove that these extensions can achieve zero block-
ing and wait in the many-server limit, for any subcritical overall load and arbi-
trarily skewed load profiles. Extensive simulation experiments demonstrate that
the asymptotic results are highly accurate, even for moderately sized systems.
This chapter is based on [BBL17].

Hyper-scalable load balancing with scheduled updates

In Chapter 3 we introduce and analyze a novel class of load balancing schemes
where the various servers provide occasional queue updates to guide the load
assignment. We show in Chapter 3 that the proposed schemes outperform
JSQ(d) strategies with comparable communication overhead per job. The pro-
posed schemes are particularly geared towards the sparse feedback regime with
less than one message per job, where they outperform corresponding sparsified
JIQ versions.



12

Introduction

We investigate fluid limits for synchronous updates as well as asynchronous
exponential update intervals. The fixed point of the fluid limit is identified
in the latter case, and used to derive the queue length distribution. We also
demonstrate that in the ultra-low feedback regime the mean stationary waiting
time tends to a constant in the synchronous case, but grows without bound in
the asynchronous case.

This chapter is based on [BBL19].

Optimal hyper-scalable load balancing with a strict queue limit

As discussed earlier, the trade-off between delay performance and implementa-
tion overhead has primarily been studied so far from the angle of the amount of
overhead required to achieve asymptotically optimal performance, particularly
vanishing delay in large-scale systems. In contrast, in Chapter 4, we focus on
an arbitrarily sparse communication budget, possibly well below the minimum
requirement for vanishing delay. Furthermore, jobs may only be admitted when
a specific limit on the queue position of the job can be guaranteed.

The centerpiece of our analysis is a universal upper bound for the achievable
throughput of any dispatcher-driven algorithm for a given communication bud-
get and queue limit. We also propose a specific hyper-scalable scheme which
can operate at any given message rate and enforce any given queue limit, while
allowing the server states to be captured via a closed product-form network,
in which servers act as customers traversing various nodes. The product-form
distribution is leveraged to prove that the bound is tight and that the proposed
hyper-scalable scheme is throughput-optimal in a many-server regime given the
communication and queue limit constraints.

This chapter is based on [BBL20].

Load balancing with negative acknowledgments

Observe that in order for the waiting probability to vanish, the dispatcher must
have (near-)certainty that a server is idle when assigning a job to that server.
Thus, the dispatcher must have some kind of idleness certificate. Unless the
dispatcher has access to the job sizes, as in [Ans19], or if the service require-
ments have bounded support, this suggests that one message per job is not only
asymptotically sufficient, but also necessary in order for the queueing delay to
vanish.

In Chapter 5 we introduce a scheme that allows for vanishing wait, while
actually using strictly less than one message per job on average. This scheme
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exploits the crucial insight that an idle state need not be explicitly signaled by
using a message, but can also be implicitly inferred by the dispatcher when not
receiving a message from a server at a pre-arranged time instant. This paradigm
is somewhat similar in spirit to negative acknowledgments in end-to-end trans-
port protocols, but to the best of our knowledge has not been adopted in a load
balancing context so far.

This chapter is based on [BZB20].

Schematic overview of the thesis

We conclude the introduction with a schematic overview of the properties of the
proposed schemes and the techniques used to analyze them.

Chapter 2; | Chapter 3; | Chapter 4; | Chapter 5;
Multiple Hyper-sc. | Opt. h.-s. Negative
dispatchers | load bal. load bal. acks.
Dispatcher-driven X X
Server-driven X X X
Multiple dispatchers X
Hyper-scalable X X X
Queueing networks X X
Fluid limits X X
Stochastic coupling X X
Stochastic sim. X X X X
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Chapter 2

Load balancing with multiple
dispatchers

Based on:

[BBL17] M. van der Boor, S. C. Borst, and J. S. H. van Leeuwaarden. “Load
balancing in large-scale systems with multiple dispatchers”. In:
Proc. INFOCOM ’17. 2017

2.1 Introduction

In this chapter we examine the performance of the JIQ scheme (see Section 1.1)
in systems with multiple dispatchers with heterogeneous loads. We distinguish
two scenarios, referred to as blocking and queueing, depending on whether jobs
are discarded or forwarded to a randomly selected server in the absence of any
tokens at the dispatcher.

We use queueing networks with exact product-form distributions (see Sec-
tion 1.3.1) and fluid-limit techniques (see Section 1.3.2) to establish that the
blocking and wait no longer vanish for asymmetric dispatcher loads as the to-
tal number of servers grows large. In fact, even for an arbitrarily small de-
gree of skewness and low overall load, the blocking and wait are strictly pos-
itive in the limit. This contrasts with the observation that the JIQ scheme re-
mains asymptotically optimal in scenarios with multiple homogeneous dispatch-
ers even when the servers are heterogeneous, as mentioned in Section 1.1. We
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show that, surprisingly; it is the least-loaded dispatcher that acts as a bottleneck
and throttles the flow of tokens. The accumulation of tokens at the least-loaded
dispatcher hampers the visibility of idle servers to the heavier-loaded dispatch-
ers, and leaves idle servers stranded while jobs queue up at other servers.

In order to counter the above-described performance degradation for asym-
metric dispatcher loads, we introduce two extensions to the basic JIQ scheme.
In the first mechanism tokens are not uniformly distributed among dispatchers,
but for example in proportion to the respective loads. We prove that this en-
hancement achieves zero blocking and wait in a many-server regime, for any
subcritical overall load and arbitrarily skewed load patterns. In the second ap-
proach, tokens are continuously exchanged among the various dispatchers at
some exponential rate. We establish that for any load profile with subcritical
overall load there exists a finite token exchange rate for which the blocking and
wait vanish in the many-server limit. Extensive simulation experiments (see
Section 1.3.3) are conducted to corroborate these results, indicating that they
apply even in moderately sized systems.

Organization of the chapter. The remainder of this chapter is organized as
follows. In Section 2.2 we present a detailed model description, specify the
two proposed enhancements and state the main results. In Section 2.3 we de-
scribe how the blocking scenario can be represented in terms of a closed Jack-
son network, and leverage the associated product-form distribution to obtain an
insightful formula for the blocking probability. We then turn to a fluid-limit ap-
proach in Section 2.4 to analyze the two proposed enhancements in the blocking
scenario. A similar analysis is adopted in Section 2.5 in the queueing scenario
to obtain results for the basic model and the enhanced variants. Finally, in Sec-
tion 2.6 we make some concluding remarks and briefly discuss future research
directions.

2.2 Model description and key results

We consider a system with N parallel identical servers and a fixed set of R (not
depending on N) dispatchers, as depicted in Figure 2.1. Jobs arrive at dis-
patcher r as a Poisson process of rate a,AN, with @, >0, r=1,...,R, Zf’:l ar=1,
and A denoting the job arrival rate per server. For conciseness, we denote
a = (ay,...,ag), and without loss of generality we assume that the dispatch-

ers are indexed such that @; = a, = --- = ag. The job processing requirements
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are independent and exponentially distributed with unit mean at each of the
Servers.

O[])LN Otz)uN OlR)\N
] 2 ........... R

@@ ........... @ ........... @

Figure 2.1: Schematic view of the model with R dispatchers and N servers.

When a server becomes idle, it sends a token to one of the dispatchers se-
lected uniformly at random, advertising its availability. When a job arrives at a
dispatcher which has tokens available, one of the tokens is selected, and the job
is immediately forwarded to the corresponding server.

We distinguish two scenarios referred to as the blocking and queueing sce-
nario, respectively, which differ in case a job arrives at a dispatcher without
available tokens. In the blocking scenario, the incoming job is blocked and in-
stantly discarded. In the queueing scenario, the arriving job is forwarded to one
of the servers selected uniformly at random. If the selected server happens to
be idle, then the outstanding token at one of the other dispatchers is revoked.

In the queueing scenario we assume A < 1, which is not only necessary but
also sufficient for stability. It is not difficult to show that the joint queue length
process is stochastically majorized by a case where each job is sent to a uni-
formly at random selected server. In the latter case, the system decomposes
into N independent M/M/1 queues, each of which has load A <1 and is stable.

We will use a different notation than we introduced in Section 1.3.2, since
we will have to track at which dispatcher the token of a server is present. Denote
by Xo(#) the number of busy servers and by X, (¢) the number of tokens held by
dispatcher r at time ¢, r = 1,...,R. Note that er?zo X, (t) = N for all ¢, because
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either a server is busy or it has an outstanding token at one of the dispatchers.
Also, denote by Y;(¢) the number of servers with i jobs (including a possible job
being processed) at time ¢, i =0, so that Xo(¢) =Y¥.32, Y;(1).

In the blocking scenario, no server can have more than one job, i.e., Y;(£) =0
for all i =2 and Xy(#) = Y1(¢). Because of the symmetry among the servers, the
state of the system can be described by the vector X (1) = (X, (1), X1(2),..., Xr(1)),
and {X(f)};>o evolves as a Markov process, with state space S := {n € INF*!:
Zf:o n; = N}. Likewise, in the queueing scenario, the state of the system can be
described by the vector U(t) = (Y (8), X1(1),..., Xg(8)) with Y (1) = (Y;(#))i=0, and
{U(D)} =0 also evolves as a Markov process.

Denote by B(R, N, A, a) the steady-state blocking probability of an arbitrary
job in the blocking scenario. Also, denote by W(R, N, A,a) a random variable
with the steady-state waiting-time distribution of an arbitrary job in the queue-
ing scenario, for which we will use the fixed point of the fluid limit without proof
(see Section 1.3.2). We include R, N, A and « in the notation in order to reflect
the dependence of both performance metrics on these system parameters. How-
ever, we will occasionally suppress (some of) the arguments for brevity when
these are fixed or otherwise clear from the context.

In Section 2.3 we will prove the following theorem for the blocking scenario.

Theorem 2.1 (Least-loaded dispatcher determines blocking). As N — oo,
B(R,N, A, @) —» max{l — Rag,1—-1/A}.

Theorem 2.1 shows that in the many-server limit the system performance in
terms of blocking is either determined by the relative load of the least-loaded
dispatcher, or by the aggregate load. This may be informally explained as fol-
lows. Let %o be the expected fraction of busy servers in steady state, so that
each dispatcher receives tokens on average at a rate XoN/R. We distinguish
two cases, depending on whether a positive fraction of the tokens reside at the
least-loaded dispatcher R in the limit or not. If there is a positive fraction, then
the job arrival rate agAN at dispatcher R must equal the rate ¥y N/R at which
it receives tokens, i.e., Xo/R = agA. Otherwise, the job arrival rate azxAN at
dispatcher R must be no less than the rate Xy N/R at which it receives tokens,
i.e., Xo/R < arA. Since dispatcher R is the least-loaded, it then follows that
Xo/R<a,Aforall r =1,..., R, which means that the job arrival rate at all the dis-
patchers is higher than the rate at which tokens are received. Thus the fraction
of tokens at each dispatcher is zero in the limit, i.e., the fraction of idle servers
is zero, implying X, = 1. Combining the two cases, and observing that %y <1,
we conclude that Xy = min{RagA,1}. Because of Little’s law, X, is related to the
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Figure 2.2: Blocking probability B(2,N, A, (a1,1— a1)) obtained by (2.2), for R = 2 dis-
patchers and N = 10° servers as function of A and aj.

blocking probability B as Xy = A(1 — B). This yields 1 - B = min{RagA,1/A}, or
equivalently, B = max{l — Rag,1—1/A} as stated in Theorem Theorem 2.1.

The above explanation also reveals that in the limit dispatcher R (or the
set of least-loaded dispatchers in case of ties) inevitably ends up with all the
available tokens, if any. The accumulation of tokens hampers the visibility of
idle servers to the heavier-loaded dispatchers, and leaves idle servers stranded
while jobs queue up at other servers.

Figure 2.2 illustrates Theorem 2.1 for R = 2 dispatchers and N = 10° servers,
and clearly reflects the two separate regions in which the blocking probability
depends on either ay or A. The line represents the cross-over curve Rag = 2ay =
2(1-ay)=1/A.

In Section 2.5 we will establish the following theorem for the queueing sce-
nario.

Theorem 2.2 (Mean waiting time). For A <1 and N — oo,
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A2 (R, A, )

E y LV, /4, e ——
[W(R,N, A, )] I~ LR

where

AR A a) =1 LA, @
2R A @)= 1-Ar*/R

with

* 1 l_;"z::lai
r* =sup{r|a, > ﬁm}

and the convention that r* =0if a; =...=agr=1/R.

A2 can be interpreted as the rate at which jobs are forwarded to randomly se-
lected servers. Furthermore, dispatchers 1,...,r* receive tokens at a lower rate
than the incoming jobs, and in particular A} = 0 if and only if r* = 0. When
R =2, Theorem 2.2 simplifies to

A(l - 26(2)

EWE N A0 =az el = 5—=77— ~

When the arrival rates at all dispatchers are strictly equal, i.e., @, = 1/R for
all r=1,...,R, Theorems 2.1 and 2.2 indicate that the stationary blocking prob-
ability and the mean waiting time asymptotically vanish in a regime where the
total number of servers N grows large, which is in agreement with the results
in [Sto17]. However, when the arrival rates at the various dispatchers are not
perfectly equal, so that ag < 1/R, the blocking probability and mean wait are
strictly positive in the limit, even for arbitrarily low overall load and an arbi-
trarily small degree of skewness in the arrival rates. Thus, the basic JIQ scheme
fails to achieve asymptotically optimal performance when the dispatcher loads
are not strictly equal.

In order to counter the above-described performance degradation for asym-
metric dispatcher loads, we propose two enhancements.

Enhancement 2.1 (Non-uniform token allotment). When a server becomes idle,
it sends a token to dispatcher r with probability B;.

Enhancement 2.2 (Token exchange mechanism). Any token is transferred to a
uniformly randomly selected dispatcher at rate v.
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Note that the token exchange mechanism only creates a constant communi-
cation overhead per job as long as the rate v does not depend on the number of
servers N, and thus preserves the scalability of the basic JIQ scheme.

The above enhancements can achieve asymptotically optimal performance
for suitable values of the B, parameters and the exchange rate v, as stated in
the next proposition.

Theorem 2.3 (Vanishing blocking and waiting). For any A < 1, the stationary
blocking probability in the blocking scenario and the mean waiting time in the
queueing scenario asymptotically vanish as N — oo, upon using Enhancement 2.1
with B, = a, for r=1,..., R or Enhancement 2.2 with v = ﬁ(alR -1).

The minimum value of v required in the blocking scenario may be intuitively
understood as follows. Zero blocking means that a fraction A of the servers
must be busy, and thus a fraction 1 -1 of the tokens reside with the various
dispatchers, while the heaviest loaded dispatcher 1 receives enough tokens for
all incoming jobs: a;A < A/R+v(1—-1)/R which is satisfied by the given minimum
value of v.

A similar reasoning applies to the queueing scenario, although in that case
the number of servers with exactly one job no longer equals the number of busy
servers, and a different approach is needed.

In order to establish Theorems 2.2 and 2.3, we examine in Sections 2.4
and 2.5 the fluid limits for the blocking and queueing scenarios, respectively.
Rigorous proofs to establish weak convergence to the fluid limit are omitted,
but can be constructed along similar lines as in [HK94; PTWO07]. Simulation
experiments will be conducted to verify the accuracy of the fluid-limit approxi-
mations, and show an excellent match, even in systems with a small number of
servers.

2.3 Jackson network representation

In this section we describe how the blocking scenario can be represented in
terms of a closed Jackson network. We leverage the associated product-form
distribution to express the asymptotic blocking probability as a function of the
aggregate load and the minimum load across all dispatchers, proving Theo-
rem 2.1.

We view the system dynamics in the blocking scenario in terms of the pro-
cess {X(1)}s0 as a fixed total population of N tokens that circulate through a
network of R+ 1 stations. Specifically, the tokens can reside either at station 0,
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meaning that the corresponding server is busy, or at some station r = 1,...,R,
indicating that the corresponding server is idle and has an outstanding token
with dispatcher r.

Let s;(k) denote the service rate at station i when there are k tokens present.
Then sy(k) =k and s,(k) =1 for r =1,...,R. The service times are exponentially
distributed at all stations, but station 0 is an infinite-server node with mean
service time p 1 =1, while station r is a single-server node with mean service
time p;!' = (@,AN)"!, r =1,..., R. The routing probabilities p;; of tokens moving
from station i to station j are given by p,o =1 for r =1,...,R and po, = 1/R for
r=1,...,R. With y; denoting the throughput of tokens at station i, the traffic
equations

R
Yi:ZYjpji’ i=0,...,R
=0

uniquely determine the relative values of the throughputs, i.e., the throughputs
up to a common scaling factor.

Let 7(n) := lim;_o, IP {X (1) = n} be the stationary probability that the process
{X(1)}s20 resides in state n € S. The theory of closed Jackson networks [Kell1]
implies

R IR
n(ng,ny,...,ng) =G %, 2.1
i=0 I, Si(m)
with G a normalization constant.
The blocking probability can then be expressed by summing the probabilities
7(n) over all the states with n, = 0 where no tokens are available at dispatcher r,
and weighting these with the fractions a,, r =1,...,R:

R
BR,NALa)=) ar Y  n(n). (2.2)
r=1

ne{n|n, =0}

Despite this rather complicated expression, Theorem 2.1 provides a compact
characterization of the blocking probability in the many-server limit N — oo, as
will be proved in the following parts.

Remark. While we assumed exponentially distributed service times, the infinite-
server node is symmetric and thus the product-form solution in (2.2) as well as
Theorem 2.1 still hold for phase-type distributions [Kel11].
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2.3.1 Proof of Theorem 2.1

The proof of Theorem 2.1 uses stochastic coupling, for which we define a ‘better’
system S* and a ‘worse’ system S~. Both systems are amenable to analysis
and have an identical blocking probability in the many-server limit N — oo, as
will be stated in propositions. Via coupling it follows that Bg+ < Bs < Bs- and
I\IIEI;oBy = ]\l]i_I)I;OBS— =max{l — Rag,1-1/A}, so that

lim B(R,N,A,a) =max{l — Rag,1-1/A}.
N—oo

First we will analyze the ‘better’ and the ‘worse’ system. Afterwards, we will
focus on the coupling arguments.

Inhomogeneous blocking scenario with two dispatchers

The better system merges the first R—1 dispatchers into one superdispatcher,
which results in two dispatchers with arrival rates (1 — ag)AN and agAN, re-
spectively. However, in contrast to the original blocking scenario, when a job
is completed and leaves a server idle, a token is not sent to either dispatcher
with equal probability. Instead, tokens are sent to the superdispatcher with
probability £-1.

First a description of the blocking probability will be deduced. Consider the
blocking scenario with two dispatchers and N servers. Say that a token is sent

to dispatcher i with probability §;. Without loss of generality, assume ﬁ > 2%

Since we obtain a closed Jackson network (see (2.1)), we have the stationary
distribution
(AN)™ AN)"2  (2AN)™

11, 1) =G 2.3
n(ng, ny, no) (zﬁl AN ( /IN)”Z o] (2.3)

in which G is the normalization constant.

With y; = and Y2=73 ﬂ , we write (2.3) as
1 @AN)™
1, ng) =G e — 2.4
n(ng, n1, n2) R (2.4)
with
N N-ng 2v, AN) 0 n
G=3 Y Lrint (E) (2.5)
np=0 m=0 Yo Mol 71
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We assume that y; # y2, so that y,/y; # 1. When y; = y,, the blocking prob-
ability does not depend on «; or ;. In that case, we obtain a symmetric system
for R =2 and refer to the analysis of the symmetric blocking scenario.

We rewrite (2.5) as

Yan+1
N epan 1= (%)
G=) =2 =

=0 yyn! n (2.6)
_1 % 2y2AN)" (E N @2y AN)"
yYNyi-ve | i 2y, n! '

Using (2.4) and (2.6) in (2.2) gives the blocking probability

N N
B(2,N,A,a1,az,B1,B2) =a1 )_ n(n,0,N—n)+az Y n(n,N-n,0)
n=0 n=0
_ N (2y2AN N (2y;AN
P L S )
n=0 Yo n n=0 Ypn!
2 AN N 271AN)"
aZ (72 )" +a2(%) er;rzo(hn!)

(2.; )

We establish the following result for the blocking scenario with R =2 en-
hanced with non-uniform token allotment.

Proposition 2.1 (Limiting blocking probability for R = 2). Consider a system
with 2 dispatchers, dispatcher r receives a fraction a, of the jobs, and a token is
sent to dispatcher r with probability B,. The following expression holds for the
blocking probability for large systems.

Jlim B@, N, A, ax,az, b1, B2) = max{ﬁl (% - %) 1/1}.

We visualize Proposition 2.1 in Figure 2.3. We see that the blocking probabil-
ity increases with A. Furthermore, the smallest blocking probability is obtained
for a) = ﬁl-

We apply Proposition 2.1 with a1 = (1 - ag), a2 = ag, p1 = £} and f, =1/R
to obtain a blocking probability equal to the probability in Theorem 2.1.

The proof of Proposition 2.1 is given in Section 2.A.
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Symmetric blocking scenario with R dispatchers

The worse system thins the incoming rates of jobs at the dispatchers, so that
some jobs are blocked, irrespective of whether or not the dispatcher has any
tokens available. This thinning process is defined as follows: a job arriving at
dispatcher r is blocked with probability

ayr— QR N max{0,ag —1/(RA)}

ar ar

This thinning process is designed in such a way that the system with admitted
jobs behaves as a system with total arrival rate A <1 in which all arrival rates
are equal (a; =... = ag), for which the blocking probability can be computed
explicitly.

The stationary distribution of the system is given by

_ ! AN)™ (AN)"® (R/IN)”O_ _I(AN)”"
n(ng, m,...,nR) = G (al/lN)"lm(aR/lN)"R ol 2 gl

in which G; and G, are normalization constants. Notice that since n; +...+ng =
N - ng, m does not depend on the locations of individual tokens in terms of the

B

Figure 2.3: The blocking probability as in Proposition 2.1 for a; =0.8.
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values of ny,...,ng. For a given ny, we have N —ng tokens that can be at any
of the R dispatchers. These tokens can be distributed in (Y~%**"') ways, and

hence
N

=2

n=0

n!

N+R-1- n) (AN)"

We compute the probability that dispatcher 1 has no tokens, which implies that
an arriving job would be blocked. If we assume that ng servers are busy, then
N - ny tokens are at dispatchers 2,3, ..., R. There are a total of (*£ 27") states
for which that is the case. Therefore, the probability that there are no tokens

available at dispatcher 1 is
ZN (N+R72—n)w

_ R-2 n!
B(R,N,A)= =% (VI ) AT (2.8)
n=0 R-1 n!

Note that this derivation is also valid for R = 1, using the convention (7}) = 1.
The expression in (2.8) gives the blocking probability at one of the dispatchers.
Since dispatchers are indistinguishable, (2.8) also is the blocking probability of
the entire system.

Proposition 2.2 (Vanishing blocking probability in symmetric systems). Con-
sider a system with R equal dispatchers. For A <1,

lim B(R,N,1) =0
N—oo
The proof of Proposition 2.2 is given in Section 2.B.
Proposition 2.2 tells us that the system after thinning has a limiting blocking

probability of 0, so that in the limit, jobs are only blocked due to the thinning
itself. The total blocking probability is

S|
]

—a max O,ch—L
B+ { Al 1 - Rag + max{0, Rag — 1/}
ar ar

=max{l — Rag,1-1/A},

which is equal to the blocking probability in Theorem 2.1.

Stochastic coupling

With coupling, one can show that the blocking probability of the ‘better system’
is lower and of the ‘worse system’ is higher, which completes the proof. Specifi-
cally, when the arrival moments, the service times and the token-allotment are
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coupled, the number of tokens used at each dispatcher by time ¢ is always lower
in the worse system and higher in the better system. Intuitively, the tokens at
dispatchers 1 to R—1 are consolidated in the better system. If there is at least
one token amongst these dispatchers, any job arriving at any of the dispatchers
can make use of a token. In the original system, a job is blocked when the token
amongst the first R—1 dispatchers, is not present at the dispatchers at which
a job arrives. The worse system performs obviously worse, since blocking jobs
beforehand has no benefits for the acceptance of jobs.

We will now discuss the details of the coupling proof. Consider system S
with N servers, R dispatchers and general arrival rates.

Better system. S represents the system with only two dispatchers. We will
add + in superscript to a variable/function, to indicate that this variable/func-
tion is a property of system S*, instead of system S. We will assume that both
systems have all N servers busy at time 0. We will couple the systems so that
the ith arrival at dispatcher r occurs at the same time in both systems. Also, the
ith service time in both systems is of equal length. Finally, after the jth service
completion, a token is sent to the same dispatcher in both systems. When a
token is sent to dispatcher r # R in S, the token is sent to superdispatcher 1 in
S*.
We introduce the functions

¢ T,(1); the cumulative number of tokens that have been used at time ¢ at
dispatcher r,

* N, (n); the number of tokens that are sent to dispatcher r out of the first n
tokens sent,

e ¢,(1); the number of tokens at dispatcher r at time .

These functions are indexed by r, where r can indicate one of the dispatchers
1,...,R, or a collection of dispatchers. If the index r refers to a collection of
dispatchers, we simply sum all dispatchers in this collection. We introduce the
collections A=1{1,...,R—1} and X ={1,...R} and the following additional func-
tions:

* S(1); the number of service completions by time #,
* u(n); the service time of the n’th job that starts its service,

¢ t(n); the time at which a token is used for the n’th time,
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* s(n); the time at which a service is completed for the »’th time.
We define T;,(0) = S(0) = 0. We now claim that
(Ta(8), Tr(0) <& (T3 (1), T (1)) V=0, 2.9

in which we define X <4 Y as P{X <k} =P{Y < k} for all k. Assuming an equal
initial state, the claim is true for r = 0. Next, we use mathematical induction
and assume that the claim is true for some ¢ > 0. We will show that after any
possible event (arrival or service completion), the inequality still holds. First,
we establish the following relations:

(@) ¢alt)=Na(S(0)—Ta(D),

(b) ¢r(1) = Nr(S(1) - Tr(1),

(©) t(n) =inf{t|Tx (1) = n},

(d) sm) =inf{r|2 1{t()+p@) <t} =n},
(&) S(=XX, 1{s(i) = t}.

Relations (a) and (b) shows that the number of tokens is the number of arrived
tokens minus the number of tokens sent. Relation (c¢) shows that the time at
which the nth token is used is the first time at which »n tokens are used. Relation
(d) requires more thought. First, t; + y; is the time at which the job which used
the ith token, has completed its service. Then, ¥%2, 1 {t(i) + p(i) < t} counts the
number of service completions before time ¢. The first time that this number
reaches n, is s(n). Finally, in Relation (e), we check for all jobs if they have
finished service before time ¢, and count the number of those jobs to get the
number of service completions by time ¢.

With these relations, we can show that (2.9) holds at all times. First, note
that (2.9) implies that #(n) < t*(n) and s(n) < s (n) for all n (Relations (c) and
(d)), so that S(¢) = S*(¢) (Relation (e)) and N,(S(#)) < N,(ST(1)), where r can
indicate a single dispatcher or any collection of dispatchers. Trivially, when
Ta(t) < T} (1), an arrival at any dispatcher 1,... R—1 will not influence the equa-
tion with <. Vice versa, after an arrival at dispatcher R when Tg () < Ty (1), the
equation will still hold with <. Also, a service completion will not change the
number of tokens used. So, we have to consider two possible events:

E1 Arrival at dispatcher 1,...,R—1 when Tx(¢) = T} (¢) and Tg(1) < T (1).

E2 Arrival at dispatcher R when T4(z) < T} (¢) and Tg(1) = T (¢).
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In event E1, we have, since N,(S(1) < N,(S*(#)) and T (1) = T} (1), that {4(1) <
{7 (1) (Relation (a)). When &7 (1) = 0, there are no tokens in both systems, so no
job will be accepted in either system. When &7 (£) > 0, the job in system S* will
definitely be accepted (but not necessarily in system S), so that we still have
TA(t) = T (1) after the arrival. Similarly, in event E2, {r(?) < {}(¢) (Relation
(b)). After the arrival, we still have Tr(¢) < T; (1). With this reasoning, we have
proven that (2.9) is true for all ¢. Since the number of accepted jobs at time ¢ is
Ta(t) + Tr(t), more jobs have been accepted in system S*, which proves that the
blocking probability of system S* is smaller.

Worse system. We can show using coupling that the blocking probability of
S~ is greater than the blocking probability of S. We will use the superscript —
to denote a variable of the worse system. We will only provide a sketch of the
proof as it is similar to the previous coupling. The counterpart of (2.9) will now
be

T, () <T, (0 foralll<r=<R.

This yields &, (1) < & (9) if T, (1) = Tr (7). All jobs accepted in system S~ will also
be accepted in S, because there are at least as many tokens at the dispatcher
in system S. So, after any event, T, (t) < T,(¢) will still be true. Finally, that
means that the number of accepted jobs is less in system S~, so that the blocking
probability is larger.

2.4 Fluid limit in the blocking scenario

We now turn to the fluid-limit analysis and start with the blocking scenario. The
concept of fluid limits was introduced in Section 1.3.2. We consider a sequence
of systems indexed by the total number of servers N. Denote by xé" (n= %Xé\’ (1)
the fraction of busy servers and by x (1) = 4 XN () the normalized number of
tokens held by dispatcher r in the N-th system at time ¢. Further define xV(z) =
' (0), xN(0)..., x¥ (1)) and assume that x"V(0) — x™ as N — oo, with ¥ # /x®=1.
Then any weak limit x(#) of the sequence {x(£)};>¢ as N — oo is called a fluid
limit.

The fluid limit x(¢) in the blocking scenario with Enhancements 2.1 and 2.2
in place satisfies the set of differential equations

R
$= Yz (1) = xo(1), (2.10)

r=1
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d);’tm =ﬁrxo(t)+v(1_x°(” —xr(t)) — 2, (D), (2.11)
with
1-x9(0) 17
20 = @A @ d - Brao(t) - v ;"“] L (x(6) =0}, 2.12)

where [-]* = max{-,0} and initial condition x(0) = x°°.

The above set of fluid-limit equations may be interpreted as follows. The
term z,(r) represents the (scaled) rate at which dispatcher r uses tokens and
forwards incoming jobs to idle servers at time ¢. (2.12) reflects that the lat-
ter rate equals the job arrival rate a,A, unless the fraction of tokens held by
dispatcher r is zero (x,(¢) = 0), and the rate S, xo(t) + v(1 — xo(#))/R at which it
receives tokens from idle servers or through the exchange mechanism is less
than the job arrival rate. (2.10) states that the rate of change in the fraction
of busy servers is the difference between the aggregate rate ¥ X_, z.(#) at which
the various dispatchers use tokens and forward jobs to idle servers, and the
rate xo(t) at which jobs are completed and busy servers become idle. (2.11)
captures that the rate of change of the fraction of tokens held by dispatcher r is
the balance of the rate 8, x(f) + v(1 — xo(#))/R at which it receives tokens from
idle servers or through the exchange mechanism, and the rate z,(#) + vx,(f) at
which it uses tokens and forwards jobs to idle servers or releases tokens through
the exchange mechanism.

Figure 2.4 shows the exact and simulated fluid-limit trajectories. We observe
that the simulation results closely match the fluid-limit dynamics. We further
note that in the long run only dispatcher 2 with the lower arrival rate holds a
strictly positive fraction of the tokens, corroborating Theorem 1.

2.4.1 Derivation of fluid-limit equations

Similarly to [HK94; PTWO07], (2.10)—-(2.12) can be derived by describing the
system with N servers in terms of elementary stochastic processes and random
variables. Let A},...,Agf and S, be independent Poisson processes with rate y
and define random variables ®,,, which are 1,...,R with probability 1/R. We
obtain the following system description.



2.4 Fluid limit in the blocking scenario

0.6}

Figure 2.4: Exact and simulated fluid-limit trajectories x; () for R = 2 dispatchers, 1 =0.9
and a = 0.8. Averaged sample paths for N = 100 servers are represented by dashed lines,
and closely match the fluid-limit dynamics.

R t t
Xy (=X )+ A" “"U ]1{X£V(s)>0}ds)—sl(f Xév(s)ds), (2.13)
=1 0 0

$1(fy X (9)ds) ,
xYo=xNo+ Y ]l{(Dn:r}—A;r/W(j; ]1{X£V(s)>0}ds) (2.14)

n=1

for 1 <r <R. Dividing (2.13) and (2.14) by N gives:

~ B 1 R . t 1 [
MéV(t):MéV(oHN;AMNUO 1{X£V(s)>0}ds)—NSI(Nfo Mév(s)ds),
(2.15)
Sl(fotXéV(s)ds) ) ,
Mﬁv(t):Mﬁ\’(onﬁ Y ]l{q)”:r}_NA‘;r’WUO ]1{X£V(s)>0}ds)

n=1

(2.16)

forl<r=<R.
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We will rewrite these expressions, by observing that some terms converge
to simpler functions as N — co. We state Lemmas 2.1 and 2.2, in which the
convergence is almost sure.

Lemma 2.1.

1 S (f(f Xév(s)ds) 1 ‘
N Z ]l{(D,,:r}—Esl(f Xév(s)ds) —-0 as N-—oo. (2.17)
0

n=1
Lemma 2.2.

1
[AL(nt)—xnt] -0 as n—oo.

I[A;n(t)—xnt]—>0 and -

n
We omit formal proofs but provide intuition. We recognize a marked point
process in Lemma 2.1, in which P{®, =r} = 1/R. We view the first term as a
binomially distributed random variable, so that the second term is its mean.
Since S;( fot XéV (s)ds) — oo, we apply the central limit theorem. We have that the
left-hand side of (2.17) multiplied by VN converges to a normally distributed
random variable. This shows that the left-hand side as in (2.17) converges to 0.
Similarly in Lemma 2.2, we view A%, (f) and Al(nt) as a Poisson random
variable with mean xnt, from which we subtract its mean. The central limit
theorem gives that both expressions multiplied by /n converge to a normally
distributed random variable, so that the expressions themselves converge to 0.
Applying Lemmas 2.1 and 2.2 to (2.15) and (2.16) gives (for large N)

R t t
MY (@0 =My )+ Y ar/lf 1{xN(s) >0}ds—f MY (s)ds,
r=1 0 0
. ) (2.18)
MY () = MN©0) + Ef Mg\’(s)ds—a,/lf 1{xN(s) > 0)ds for 1< r <R.
0 0

Finally, we find an alternate expression for F(t) := fOtIL{Xﬁv (s) > 0}ds, which
stands for the amount of time that there was a positive number of tokens at
dispatcher r between times 0 and t. We analyze the derivative of F(t) denoted
by f(t) = 1{XN(¢) > 0} and express it in terms of M;(t). We first note that if
M, (t) >0, then surely X,(f) >0 so that f() = 1. Vice versa however, XN (¢) = a
(constant) means that as N — oo, M, (t) = 0. We therefore carefully analyze f(r)
in case MM (1) =0.

We introduce the vector LV (1), for which we have LY (1) = % Jo XN (s) = itds
for i =0,1,...N. Intuitively, Lﬁ.v (1) is the fraction of time that dispatcher r has
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i tokens in a system with N servers. To simplify notation, we fix time . We
will consider LN(#) where N — oco; we define the limiting probability 7 (i) :=
limpy_co Li.v (). Since LV () has length N+ 1, 7(i) exists for all natural numbers
i, as well as for 0 and for co. We still have Y ; 7;(¢) = 1. In some cases we find
that there exist values of i such that 7(i) > 0, in other cases n(i) = 0 for every
single value of i. Note that the latter property is a well-known property of many
measures, for example the Lebesgue measure.

We will now establish an expression for 7(-) in a heuristic manner. We can
compute 7(-) by defining an M/M/1 queue with arrival rate XéV (t)/R and de-
parture rate a,AN. Since the rates are scaled by N, for large N the system will
be in equilibrium at any time ¢ > 0. For equilibrium probabilities, the system
is equivalent to a system with rates M} (1)/R and a,A. When MY (1)/R = a,A,
we find that the queue length is a random walk with transition probabilities
pii+1 > pii-1, SO that state O is a transient state (or null-recurrent for equal-
ity). In this case we will find that 7(0) = 0. When ]\_/Iév(t)/R <a;A, state 0 is a
recurrent state, with equilibrium probability

MY ()/R
1-—-
arA

Since we are interested in the fraction of time that the number of tokens is

strictly greater than 0, we consider
_ MY (/R
1-7(0)=min<{1l, ———— ;.

arA

These observations lead to the assertion that for large N

- N _
mln{l, 1\40 (t)/R} Mr(t)z())

ard
1 M, (1) > 0.

f(r):]l{xﬁ"(t)>0}:{ (2.19)

We substitute (2.19) in (2.18) and omit the parameter N, since all substitutions
rely on large N. We then arrive at

R t
My(1) = Mp(0) + ) ta,Af(1) —fo My(s)ds,
r=1
t
M, (t) = M, (0) + %f My(s)ds—ta,Af(f) for1<r<R.
0

Taking derivatives with respect to ¢ gives the set of ODEs as described in (2.10)—
(2.12).
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2.4.2 Fixed-point analysis

In order to determine the fixed point(s) x*, we set dx;(¢)/dt =0 for all i =
0,1,...,R, and obtain

R
x5 =)z, (2.20)
r=1
* % l_xg *
z, = Brxg +v( R —xr), (2.21)
and
* * l_xg " *
zr=a;A—|arA—Brxy—v 1{x; =0}. (2.22)

Without proof, we assume that the many-server (N — oo) and stationary
(t — oo) limits commute, so that x; is also the limit of the mean fraction of
busy servers in stationarity (see Section 1.3.2). Without proof we couple the
fixed point of the fluid limit with the stationary blocking probability. Because of
Little’s law, the limit B of the blocking probability satisfies

xg =A(1-B). (2.23)

This in particular implies that x; = A leads to B = 0: vanishing blocking.
Basic JIQ scheme. We first consider the basic JIQ scheme, i.e., 8, = 1/R for
all =1,...,R and v=0. (2.21) and (2.22) yield

x* x* +
Fozz;*zar/l— ar/l—fo 1{x; =0},
or equivalently,
Xg .
ar/l—? = a’r&—? 1{x; =0}. (2.24)

Now let .# = {r: a, = ag} be the index set of the least-loaded dispatchers. (2.24)
forces x; =0 forall r¢ .#.

We now distinguish two cases, depending on whether or not x; = 0 for all
r € .# as well. If that is the case, then we must have xj =1, and arA = x; /R, i.e.,
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A = 1/(Rag). Otherwise, we must have ar) = xj/R, i.e., x; = RagA, so x5 <1
forces A <1/(Rag).

In conclusion, we have x; = min{RagA,1}. When A = 1/(Rap) so that xj =1,
it must be the case that x; =0 for all r =1,...,R. When A < 1/(Rag) so that
x5 <1, any vector x* with x; =0 forall r ¢ .# and ¥,c,x; = 1-x; is a fixed
point. In particular, for equal dispatcher loads, i.e., «, = 1/R for all r =1,...,R,
so that .# ={1,...,R}, we have x} =0 for all r =1,...,R when A =1, while any
vector x* with ¥® | x7 =11 is a fixed point when A < 1.

We use (2.23) to find B = 1 -} min{RagA, 1} = max{l - Rag,1 - 1/A}, which
agrees with Theorem 2.1.

In Table 2.1 we compare the fluid-limit approximations for the blocking
probability with the exact formula from the Jackson network representation
and simulation results for various numbers of servers. Table 2.1 shows that the

Table 2.1: Blocking probabilities for A =0.9 and @ =0.8 or @; =0.6.

A1=0.9,a;=0.8 A=09,a1=0.6
N Jackson simulation Jackson simulation

10 0.6021 0.6032 0.3201 0.3205
20 0.6000 0.6006 0.2545 0.2552
50 0.6000 0.6004 0.2092 0.2095
100  0.6000 0.6007 0.2006 0.2010
fluid (N=00) 0.6000 - 0.2000 -

Jackson network analysis agrees with the simulation results. Furthermore, the
more symmetric the loads, the lower the blocking probability, which is consis-
tent with Theorem 2.1. Also, the fluid-limit approximation is highly accurate,
even for a fairly small number of servers.

2.4.3 Enhancements

We now examine the behavior of the system for Enhancements 2.1 and 2.2,
and show that they can achieve asymptotically zero blocking for any A <1 and
suitable parameter values as identified in Theorem 2.3. In light of (2.23) it
suffices to show that x;j = A for both enhancements.

Consider Enhancement 2.1; 8, = a, and v =0. (2.21) and (2.22) give A-x; =
[A—x31"1{x; =0} for all r (this shows xj < 1). Assume that x; < A. Then, x; =0
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for all r, which results in x; = 1, since Z?:o
so that x; = A.

Notice that any point for which x; = A and for which Zf:o x; =1, results in
z; = a,A which is in accordance with (2.20)-(2.22), and therefore is a fixed

point.

x} = 1. This contradicts x; <A <1,

We next consider Enhancement 2.2 with , =1/R and v = ﬁ(Ral -1). We
use (2.20) and (2.22) twice, first they give x; < A, so that xj = A—¢ for some ¢ =
0. Second, z; = a,A if the term in brackets in (2.22) is non-positive. Otherwise,

b 1-x;
zZrzad- a,/l—EO—v = 0

sah-ad+ f e A (mey—iEA L E
SRR TR T R R

€
zar/l—ﬁ(l—v),
which by (2.20) gives A—e=xj =¥F  z¥ 2 1—e(1-v), so that x; = A.

Figure 2.5 displays the blocking probability as N — oo for the system with
both enhancements. Since a; = 0.7, we have that §; = 0.7 is optimal. The block-
ing probability decreases as 8, approaches a; and as v increases. For v > 0, it
suffices to choose B, close to a1, which implies that it is not necessary to know
the exact loads, for the enhancements to be effective.

2.5 Fluid limit in the queueing scenario

We now proceed to the queueing scenario (with A <1 for stability). As before,
we consider a sequence of systems indexed by the total number of servers N. De-
note by yN () = % YN (1) the fraction of servers with i jobs and by xN (1) = & XN (1)
the normalized number of tokens held by dispatcher r in the N-th system at
time ¢, r = 1,...,R. Further define u™ (1) = (¥ (), x]N(1)...,x§ (1)), with yN (1) =
(¥N(1)i=0, and assume that u™(0) — u™ as N — oo, with ¥, y® + ¥ % x> =1.
Then any weak limit u(#) of the sequence {u™(#)};50 as N — oo is called a fluid
limit.

The fluid limit u(#) in the queueing scenario with Enhancements 2.1 and 2.2
in place obeys the set of differential equations

dyo(t
AR OB ROINDE (2.25)
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Figure 2.5: Blocking probability B in the limit for R=2, 1 =0.9 and a; = 0.7, for different
values of §; and v.

dyi(r) _ . .
T—Al(l‘)]l{l—1}+/12(t)yz—1(l‘) (2.26)

+¥i+1(O) —yi () = A2 (D) y; (1) forall i = 1,

dx, (¢ t
);t( ) =ﬁry1(t)+V(y°( ) —xr(t))—zr(t)—Az(t)xr(t), (2.27)
with
N
zZr()=a,A— arfl—ﬁryl(t)—vyOTEt)] 1 {x-() =0},
R
M=) z:(0), A0)=A-A1(1), (2.28)
r=1

and initial condition u(0) = u®.
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The above set of fluid-limit equations may be interpreted as follows. Simi-
larly as in the blocking scenario, the term z,(t) represents the (scaled) rate at
which dispatcher r uses tokens and forwards incoming jobs to idle servers at
time . Accordingly, 1, (¢) is the aggregate rate at which dispatchers use tokens
to forward jobs to (guaranteed) idle servers at time ¢, while A,(¢) is the aggre-
gate rate at which jobs are forwarded to randomly selected servers (which may
or may not be idle). (2.25) reflects that the rate of change in the fraction of
idle servers is the difference between the aggregate rate yo(t) at which jobs are
completed by servers with one job, and the rate A4,(¢) at which dispatchers use
tokens to forward jobs to idle servers plus the rate A,(#)yo(¢) at which jobs are
forward to randomly selected servers that happen to be idle. (2.26) states that
the rate of change in the fraction of servers with i jobs is the balance of the
rate A, (1) y;—1(¢) at which jobs are forwarded to randomly selected servers with
i —1 jobs plus the aggregate rate y;.;(t) at which jobs are completed by servers
with i +1 jobs, and the rate A,(t)y; () at which jobs are forwarded to randomly
selected servers with i jobs plus the aggregate rate y;(¢) at which jobs are com-
pleted by servers with i jobs. In case i =1, the rate at which dispatchers use
tokens to forward jobs to idle servers should be included as additional positive
term.

(2.27) is similar to (2.11), where the additional fourth term captures the
rate at which tokens are revoked when jobs are forwarded to randomly selected
servers that happen to be idle.

2.5.1 Fixed-point analysis

In order to determine the fixed point(s) u*, we set dy;(#)/d¢ =0 for all i =0, and
dx,(t)/dt=0for all r=1,...,R. We obtain

V=M +Ayy, A+A)y; =Ayy7, +yf,, forall i=2. (2.29)
Solving (2.29) gives
Ve=1-1 yi=20-25)(A5)"" forall k=1.

Thus the mean number of jobs at a server is

= * = * * - /1
ZkJ’k:Zk/ul_/lz)(/lz)k t= l
k=1 k=1 1_7L2

As for the blocking scenario, we use the fixed point of the fluid limit without
proof as indication or the stationary waiting time in the queueing scenario.
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Little’s law then gives
Y kyp = AEW]+1), (2.30)
k=1

where the left-hand side represents the mean number of jobs at a server in the
many-server limit. We use (2.30) to obtain

YRk N

E(wW] = = , 2.31
W)= ==L =T (2.31)
which shows vanishing wait in case 1 =0.
We also obtain the following equations for the fixed point:
* * * ok 1-1 *
z, =B A1-2A5) - A5 x, +V(T—x,), (2.32)
* * 1-1 * *
zr=a;A—|a, A= B A1-A3) -V = 1{x; =0}, (2.33)
and
R
Al = Z zr. (2.34)
r=1
We define
* * * 1_/1
qr = z; X:ZO:,B,)L(I—)Lz)+vT. (2.35)

(2.32) implies z; < g; and (2.33) leads to z; < a;A, x; =0= z} = g} and
x; >0=z; = a,A, yielding z; = min{g;, a, A} and thus

R
A} =) min{g;,a,A. (2.36)
r=1

Basic JIQ scheme. In case 8, =1/R and v =0, (2.36) can be rewritten to

A1-a7"

R , (2.37)

R
Ay =) |arA-
r=1
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and by further calculations, since a, is decreasing in r, to the expression for 1]
in Theorem 2.2.

In Table 2.2 we compare the fluid-limit approximations for the mean-waiting
time with simulation figures for various numbers of servers. Table 2.2 shows
that the fluid-limit analysis agrees with the simulation results, although the
number of servers needs to be larger and simulations need to be longer than
in the blocking scenario for extremely high accuracy to be observed. Similarly
to Table 2.1, the more symmetric the loads, the better the performance and the
lower the mean waiting time, which is in line with Theorem 2.2.

Table 2.2: Mean waiting time for A =0.9 and @ =0.8 or a; =0.6.

1=09,a;=08 A1=0.9,a,=0.6

N simulation simulation
10 2.5824 2.1234
20 1.7349 1.1386
50 1.1704 0.5001
100 1.0173 0.2981
200 0.9764 0.2207
500 0.9631 0.1983
1000 0.9599 0.1962
fluid (N = 00) 0.9643 0.1957

2.5.2 Enhancements

We examine the behavior of the system for Enhancements 2.1 and 2.2 and show
that they can achieve asymptotically zero waiting for any A < 1 and suitable
parameter values as identified in Theorem 2.3. In view of (2.31) it suffices to
show that A =0 for both enhancements. We first consider Enhancement 2.1 in
which a;, = g, for all r and v =0. (2.35) gives q; —a,;A =-p,A1; <0 for all r
and g; = f;A(1 -1+ A}). We obtain
R
AT=) gr=A0-21+1]),

r=1

which has a unique solution A} = A, so that A; =0.
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Figure 2.6: Mean waiting time E[W] in the limit for R=2, A =0.9 and a; = 0.7, for
different values of §; and v.

Next, we turn to Enhancement 2.2 where v = ﬁ(Ral -1 and B, =1/R. If
the term in brackets in (2.33) is non-positive, z} = a,A. Otherwise,

A=A  1-2
-V
R R
A=A A AN
zar/l—ar/l+T+§(Ra1—l) 205,‘/1—?,

zZizad—|aA-

which by (2.34) gives A —A; = A} = 1—-AA3, and since A < 1, we obtain 1] = 0.

Figure 2.6 displays the mean waiting time as N — oo for the system with both
enhancements. Similarly to Figure 2.5, we can greatly improve the performance
by tuning 8 and v. Again a; = 0.7, so that §; = 0.7 is the best choice. The mean
waiting time decreases as 8, approaches a;, or as the rate v increases. Exact
knowledge of the arrival rates is not required, and a rough approximation of §;
and a small value of v are sufficient for the mean waiting time to vanish.
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2.6 Conclusion

We examined the performance of the JIQ scheme in large-scale systems with
several possibly heterogeneous dispatchers. We used product-form representa-
tions and fluid limits to show that the basic JIQ scheme fails to deliver zero
blocking and wait for any asymmetric dispatcher loads, even for arbitrarily low
overall load. Remarkably, it is the least-loaded dispatcher that throttles tokens
and leaves idle servers stranded, thus acting as bottleneck.

In order to counter the performance degradation for asymmetric dispatcher
loads, we introduced two extensions of the basic JIQ scheme where tokens are
either distributed non-uniformly or occasionally exchanged among the various
dispatchers. We proved that these extensions can achieve zero blocking and
wait in the many-server limit, for any subcritical overall load and arbitrarily
skewed load profiles. Extensive simulation experiments corroborated these re-
sults, indicating that they apply even in moderately sized systems.

It is worth emphasizing that the proposed enhancements involve no or con-
stant additional communication overhead per job, and hence retain the scala-
bility of the basic JIQ scheme. The algorithms do rely on suitable parameter
settings, and it would be of interest to develop learning techniques for that.

While we allowed the dispatchers to be heterogeneous, we assumed all the
servers to be statistically identical, and the service requirements to be expo-
nentially distributed. As noted earlier, Theorem 2.1 in fact holds for non-
exponential service requirement distributions as well. It could be interesting to
extend Theorems 2.2 and 2.3 to possibly non-exponential service requirement
distributions.

2.A Proof of Proposition 2.1

We write (2.7) as

1+2 8 7(N,A,y1,72)

B2, N, A, a1, a2, 1, B2) = (Y1 = ¥2) 575 -
B LLZ(N, A y1,72)

al
with

N-n n
N (Y (272AN)
v TR 25
Z(NJ//t),er/}/Z) = 7/_
1

0 (2.39)
A
Z]rY:O (Zan!N)
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Lemma 2.3. Assume y; > 7».
(a) For2y,A<1, lim Z(N,A,y1,72) =0.
N—oo
(b) For 2y,A>1,

224 —1
lim Z(N,A,y1,72) = 2 1227
N—oo 71 2721—%

To prove Lemma 2.3 we first state several auxiliary results.

Lemma 2.4. For k=0 and n>0,

T(]V) .— (]V;’C)' 1 as N
" NN -n-k)! o
_ N-k N-k-1 N-n—k+1
Proof. Note that T(N) = g~ ~F—"...-—x5— and hence
(N—n—k)”< TN <1
N < <1
Since N_Iz_k — 1, we have (N_Iz_k)n — 1, which shows that T(N) — 1. O

Lemma 2.5. For x<1and k=0,

(xN)N-k
(N-k)!
N (xN)"
Zn—O n!

—0 as N —oo.

Proof. First assume x < 1. Let € > 0 and define & := |1/e]. Fix N such that

N‘T’H > x. Note that such an N exists because x < 1 and N‘T’H tends to 1 for
large N. For N> N, we find +*¥— < 1. For all i <&,

N-k—7
o ( N)kafi ( N)kafi e
NN ey _ e WV R
—le— i) N = N - —k—i=1"
(N-k—-i)! AN AN (N-k-i-D)!
which leads to
(xN)N—k (xN)N—k—l (xN)N—k—Z (xN)N—k—E—l

(N-k)!  (N—-k-1! (N-k-2! =~ (N-k-&g-1!
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We find
N (xN)n N-k (xN)” ) (.X'N)N_k
> > >E+D)———r
n=o M n=N-k-&-1 (N-FK)!
so that for all N> N,
(xN)N—k (XN)N—IC
(N-R)1 (N-K)! 1 <e
xNNE T Eel T

N xN)”
Y=o 7l (£+1)((N 5]

Next consider x = 1. Let € > 0 be given. Fix & = [1/¢] +1. Fix N so that for all

N>N,
(N-Kk)! 1
>1— - ,
N*(N-n-k)! é+1
,&€ using Lemma 2.4. Then we find

forn=0,...
NN-k NNk NN-k
N-R! _ (N K)! _ (N=K)!
N N~ Nt T NNk N—k , N—k N—k-1
ano n! Zn N-k—¢ nl (N=K)! (1+ N + N N *...
NN—k
= -b = L < ! 1 <e€
NN-k (g (N=K)! & IN-B T apya-LL) &
WN=h! n=0 N*(N—k-n)! n=0 N*(N-k—n)! £+1
O

We now use Lemmas 2.4 and 2.5 to prove Lemma 2.3(i).

Proof of Lemma 2.3(i). Denote x =2y,A <1 and A= % < 1. Let € > 0 be given
Fix k* such that A¥" <¢/2. Lemma 2.5 gives an N such that
(xN)N—k

(N-k)! £
N n
Zn:O (xZ’:? 2k

)

k* -1 (we can use Lemma 2.5 for all k and choose

forall N> N and k=0,...,k*
the maximum over all values of N). Then, complete the proof by observing that

ZN k* AN n(XN)

— N)"
ZN—()AN n(x_' €
Z(N, A, y1,72) = A ———=F— < A|k*
N N”
E 2T
€ k*ZNkAN"k(fo) € 4+ € €
SE Z (xN)" <E+A <5+§<E
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for all N> N.
Next assume x > 1. We need the following supporting result.

Lemma 2.6. For0<A<land x>1,

N sN-n(xN)"
20 AN T Neoo

forall 0<A=<l1.

Y(N) := & —
N! x

Proof. For ¢ >0, choose k* such that

B s

X x)2
We use Lemma 2.4 with k =0 to find N such that for all N> N,
N! 8( A)
—>1--[1-Z=
N*'(N—n)! 2 X

for all n < k*. Then we obtain for all N > N,

o= 2 (3 = 5 4] 505

n=0 n=0
k*+1
(-5~
B 2 X _A
k*+1 k*+1
1 e1-4 (§) ef, A (4) 1 e
T1C4227-4 -2 T2\ Tx)oE TiZiTa 2
- T x T x T x T x

Since for all n,

N!
—S ,
N"(N-n)!
this gives
o [ [ Sy ] S H VN
—o\x) N*'(N-n)! /;=\x 1-Z

We have shown that in the limit

1
]-_—é—fs Y(N)S

X X

A’

which gives the desired result.
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Proof of Lemma 2.3(ii). We apply Lemma 2.6 to both the numerator and de-
nominator of Z(N,A,y1,y2) (in the denominator we use A =1) to prove (ii) of
Lemma 2.3. O

We will now apply Lemma 2.3 to (2.38) to find

2B1 |5 — 55| if2yAs],

lim B, N, A, ar,az, b1, f2) = 0 (85~ 4i) itored = (2.40)
N—oco 1-1/4 if 2y,1>1,

which after using a; + a2 =1 and g + > = 1 gives Proposition 2.1.

2.B Proof of Proposition 2.2

We first derive the following supporting result.

Proposition 2.3 (Recursive formula for the blocking probability).
B(R+1,N,A) = R (2.41)

N+R-AN(1-B(R,N,A)
The proof of Proposition 2.3 is straightforward but mathematically involved.

Proof. We use the Pochhammer symbol (a),, = a(a+1)(a+2)-...-(a+n—-1) = &=t

@1
and rewrite the blocking probability as
BRALNA) < genco V=t De- N SO Gl V) b
YN GIN=n+ DR AN TSN (N4 R)(N — 1+ 1) gy A
Then
R CENG(N=n+R(N-n+Dp A0
B(R+1,N, ) TN (N - nt1)p A"

oN(N—n+1) A"
_ N4 R Znoo = A (2.42)
Zn:O(N—Vl+1)R—lT

We next rewrite the numerator in (2.42) as

N AN
Zn(N—n+1)R,1( N —ANZ(N n)p-1
n=0 . n=0

(YLN)"

(2.43)
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Substituting (2.43) in (2.42) yields

R Eo(N = m1 4G
————— = N+R-AN— oy
B(R+1,N, 1) YN J(N=n+1)g

CNeR ;LNZI"VO(N mp-1 S~y N (N - n+ 1)y A2 N
YN (N =+ 1)pog YA
R SN GR-D(IN=n+1)p_p 40" N
=N+R+AN ~ (JLN) — AN
Y—o(N—n+1)p15 51—

=N+R-AN(1-B(R,N, 1)),

which gives Proposition 2.3. O

Remark. Equation (2.41) in Proposition 2.3 can be rewritten to

\Fi(=N,1= N =R, AN)
1F1(=N,2-N—-R,AN)
R-2 \,F(-N,3-N—R,A
:N+R—1—/1N(1—( )1 1( N) ,
N+R-2)1F(-N,2— N-R,AN)

(N+R-1)

in which

lFl(a»b)Z) = Z L'
n=0 bmn!

is Kummer’s function. After substituting a:= -N, b:=2—-N-R and z:= AN,
and multiplying with the function in the denominator, one can use (13.3.2) of
[DLMF] to obtain Proposition 2.3 [Tem16].

Proof. First assume that A < 1. Using Proposition 2.3 and B(R, N, ) = 0 gives

R R
B(R+1,N, ) = < -0 N — oo.
( ) R+N(1-A)+ANB(R,N,A) R+N(1-A) as o

For A =1, we have B(R+1,N, 1) = m. We use mathematical induction to

prove that for each R there exist M; and M, so that M; <vNB(R,N,1) < M, for
large enough N. The induction basis follows from [Jag74] since vV NB(1,N,1) —
v2/m . Next, we assume that M; < VNB(R, N, 1) < M,. Then,

RVN RVN
— <vVNB(R+1,N)s———
R+VNM, R+vVNM,;



48

Load balancing with multiple dispatchers

so that the statement also holds for R+1 for large enough N. Since vV NB(R, N, 1)
is bounded between two constants, we know that B(R, N, 1) — 0 which proves
Proposition 2.2. O

Remark. We use Proposition 2.3 to gain some insights in the case R =2. We
obtain

R
BN = T RCANG = BN, AN))’
in which
anN
Be(N,AN)=B(1,N,A) = ZN%
n=0 n!

is the Erlang-B formula for the blocking probability in a standard M/M/N/N
system with arrival rate AN and unit mean service times. We see that knowledge
of the basic Erlang-B formula immediately translates into results for the blocking
scenario for R = 2. For instance, for p <1, B.(N,pN) — 0 as N — oo [Jag74], so
that for all 1 <1,

1
B(2,N,)) ———— —0as N —oo.
1+N1-21)

This approximation is good for small A and large N. When A is close to 1, the
approximation becomes accurate only for really large N. In that case, more pre-
cise asymptotic expansions may give better approximations; see [Jag74; JLZ08;
LT09]. For example, we can use that v NB,(N, N) — v2/x to obtain

1
1+V2Nix

which gives B(2,N,1) — 0 and VNB(2,N,1) — v7/2 as N — co.

B(2,N,1) =



Chapter 3

Hyper-scalable load balancing
with scheduled updates

Based on:

[BBL19] M. van der Boor, S. C. Borst, and J. S. H. van Leeuwaarden.
“Hyper-Scalable JSQ with Sparse Feedback”. In: Proceedings of
the ACM on Measurement and Analysis of Computing Systems 3.1
(2019)

3.1 Introduction

We introduce and analyze a novel class of hyper-scalable LBAs (load balancing
algorithms) that leverage memory at the (single) dispatcher, in order to counter
the scalability challenges as mentioned in Section 1.2. The basic scheme is as
follows:

Algorithm 3.1 (Basic hyper-scalable scheme). The dispatcher forwards incoming
jobs to the server with the lowest queue estimate. The dispatcher maintains an esti-
mate for every server and increments these estimates for every job that is assigned.
Status updates of servers occur at rate § per server, and update the estimate that
the dispatcher has at its disposal to the actual queue length.

We introduce four hyper-scalable schemes that obey the rules of Algorithm
3.1 but differ in when the status updates are sent. When the updates sent by the
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servers to the dispatcher are synchronized, we denote the scheme by SUJSQ(6)
(Synchronized-Updates JSQ). Similarly we introduce AUJSQ(6) (Asynchronous-
Updates JSQ), which is used when the updates are asynchronous. We add an
exp-tag whenever the time between two updates is exponentially distributed
(with parameter 6 and mean 1/§) and a det-tag when the time between
the updates is constant (1/§). This gives rise to four schemes; SUJSQYet(5),
SUJSQ®*P(5), AUJSQYeL(8) and AUISQ*P(5).

We show that the four schemes can achieve a vanishing waiting time in the
many-server limit with just one message per job if the load is low enough. The
proposed schemes are particularly geared however towards the sparse feedback
regime with less than one message per job, where they outperform correspond-
ing sparsified JIQ versions. With fluid limits (see Section 1.3.2) we demonstrate
that in the ultra-low feedback regime the mean stationary waiting time tends
to a constant in the synchronized case, but grows without bound in the asyn-
chronous case. A more detailed overview of our key findings is presented in the
next section.

Organization of the chapter. In Section 3.2 we discuss our key findings and
contributions for the hyper-scalable schemes, obtained through fluid-limit anal-
ysis and extensive simulations, and we introduce some useful notation and
preliminaries. We turn to a comprehensive analysis of the synchronized and
asynchronous cases through the lens of fluid limits in Sections 3.3 and 3.4,
respectively. In Section 3.5 we conclude with some summarizing remarks, a
comparison with the related work [AD20] and topics for further research.

3.2 Model description and key results

The precise model we consider consists of N parallel identical servers and one
dispatcher. Jobs arrive at the dispatcher as a Poisson process of rate AN, where
A denotes the job arrival rate per server. Every job is dispatched to one of the
servers, after which it joins the queue of the server if the server is busy, or
will start its service when the server is idle. The job processing requirements
are independent and exponentially distributed with unit mean at each of the
servers. We consider several load balancing algorithms for the dispatching of
jobs to servers, including the hyper-scalable schemes SUJSQYet(5), SUISQE*P(6),
AUJ SQdet(é) and AUJSQ®*P(6). In the simulation experiments we will also briefly
consider SUISQIebidIe(5) which is similar to SUISQ€!(8), except that only idle
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servers send notifications. We now present the results from simulation studies
and the fluid-limit and fixed-point analysis in Sections 3.3 and 3.4.

3.2.1 Large-system performance

We investigate fluid limits in order to explore the performance of the hyper-
scalable algorithms in the many-server limit N — oco. We analyze their behavior
and fixed points, and use these to derive results for the system in stationarity as
function of the update frequency 6.

Asymptotically optimal feedback regime. Using fluid-limit analysis, we prove
that the proposed schemes can achieve a vanishing waiting time in the many-
server limit when the update frequency § exceeds A/(1-A). In case servers only
report zero queue lengths and suppress updates for non-zero queues, the update
frequency required for a vanishing waiting time can in fact be lowered to just A,
matching the one message per job involved in the JIQ scheme.

Sparse feedback regime. Figure 3.1 displays results from extensive simula-
tions and shows the mean waiting time as function of the number of messages
per job. This number is proportional to the update frequency 8, and equals §/1
for the four hyper-scalable schemes. We also show results for JIQ(p), a sparsi-
fied version of JIQ, where a token is sent to the dispatcher with probability p
whenever a server becomes idle. Random refers to the scheme where every job
is assigned to a server selected uniformly at random, and Round-Robin assigns
the i-th arriving job to server 1+i mod N.

Figure 3.1 further shows that the schemes SUJSQY€(§) and SUJISQ®*P(6) out-
perform JIQ(p) in the sparse feedback regime when 6 < 0.5. Also observe that
suJsQdetidle(sy the scheme in which only idle servers send reports, achieves a
near-zero waiting time with just one message per job, just like the JIQ scheme,
and outperforms JIQ(p) across most of the relevant domain § < 0.5. However,
as 6 | 0 the waiting time grows without bound, since estimates will grow large
due to lack of updates, which causes servers that are reported idle in the latest
update to receive many jobs in succession.

Ultra-low feedback regime. We examine the performance in the ultra-low
feedback regime where the update frequency § goes to zero, and in particular
establish a somewhat counter-intuitive dichotomy. When all status updates are
synchronized, the behavior of each of the individual queues approaches that of
a single-server queue with a near-deterministic arrival process and exponential
service times, with the mean stationary waiting time tending to a finite constant.
In contrast, for asynchronous updates, the individual queues experience saw-
tooth behavior with oscillations and waiting times that grow without bound.
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SUJISQt(4)

----- AUJISQ*(5)
SUJSQ™P(4)

———— AUJISQ™(6)

e SUJSQdet,idle(5)

—o—- JSQ(d)

== JIQ(p)

——-— Random
RoundRobin

Mean waiting time

Messages per job

Figure 3.1: Mean waiting times for different schemes (with various parameters) for
A =0.7 and N = 200 obtained via a discrete-event simulation. For each of the schemes,
the parameter 8, d or p is varied and the communication in terms of messages per job
and the waiting times of jobs are tracked in the simulation.

3.2.2 Synchronize or not?

In case of synchronized updates, the dispatcher will update the queue lengths of
the servers simultaneously. Thus, just after an update moment, the dispatcher
has a perfect view of the status of all servers and it will dispatch jobs optimally.
After a while, the estimates will start to deviate from the actual queue lengths,
so that the scheme no longer makes (close to) optimal decisions. With asyn-
chronous updates servers send updates at independent times, which means that
some of the estimates may be very accurate, while others may differ significantly
from the actual queue lengths.

Round-Robin resemblance. We find that both SUJSQdet(é) and SUJSQ®*P(6)
resemble Round-Robin as the update frequency § approaches zero, and are the
clear winners in the ultra-low feedback regime, which is crucial from a scala-
bility perspective (see Figure 3.1). To understand the resemblance with Round-
Robin, notice that the initial queue lengths after an update will be small com-
pared to the number of arrivals until the next update. Thus soon after the
update the dispatcher will essentially start forwarding jobs in a (probabilistic)
Round-Robin manner. Specifically, most servers will have equal queue estimates



3.2 Model description and key results

53

at certain points in time, and they will each receive one job every A time units,
but in a random order. This pattern repeats itself and resembles Round-Robin,
where the difference of received jobs among servers can be at most one.

Dichotomy. In Figure 3.1 we also see that while AUJSQY€!(5) outperforms the
synchronized variants for large values of the update frequency &, it produces a
mean waiting time that grows without bound as § approaches zero. The lat-
ter issue also occurs for AUJISQ®*P(§) and render the asynchronous versions far
inferior in the ultra-low feedback regime compared to both synchronized vari-
ants. To understand this remarkable dichotomy, notice that queue estimates
must inevitably grow to increasingly large values of the order A/§ and signif-
icantly diverge from the true queue lengths as the update frequency becomes
small, both in the synchronized and asynchronous versions. However, in the
synchronized variants the queue estimates will all be lowered and updated to
the true queue lengths simultaneously, prompting the dispatcher to evenly dis-
tribute incoming jobs over time. In contrast, in the asynchronous versions, a
server will be the only one with a low queue estimate right after an update,
and almost immediately be assigned a huge pile of jobs to bring its queue es-
timate at par, resulting in oscillatory effects. This somewhat counter-intuitive
dichotomy reveals that the synchronized variants behave benignly in the pres-
ence of outdated information, while the asynchronous versions are adversely
impacted.

3.2.3 Notation and preliminaries

In this subsection we introduce some useful notation and preliminaries in prepa-
ration for the fluid-limit analysis in Sections 3.3 and 3.4. Recall that all the
servers are identical and the dispatcher only distinguishes among servers based
on their queue estimates and does not take their identities into account when
forwarding jobs. Hence we do not need to keep track of the state of each indi-
vidual server, but only count the number of servers that reside in a particular
state. Specifically, we will denote by Y; ;(#) the number of servers with queue
length i (including a possible job being served) and queue estimate j =i at the
dispatcher at time ¢. Further denote by V; =352 Y;; and W; = Z;C:O Yy the total
number of servers with queue length i and queue estimate j, respectively, when
the system is in state Y.

In order to analyze fluid limits in a regime where the number of servers N
grows large, we will consider a sequence of systems indexed by N, and attach
a superscript N to the associated state variables. We specifically introduce the
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fluid-scaled state variables yf?’j(t) = Yi{\; (t)/ N, representing the fraction of servers
in the N-th system with true queue length i and queue estimate j = i at the
dispatcher at time ¢, and assume that the sequence of initial states is such that
yN(0) — y*®. Any (weak) limit {y(#)},>o of the sequence ({y (£)};0) n>1 as N — 0o
will be called a fluid limit (also see Section 1.3.2).

Let m(Y) = min{j : W; > 0} be the minimum queue estimate among all servers
when the system is in state Y. When a job arrives and the system is in state Y,
it is dispatched to one of the W,y servers with queue estimate m(Y) selected
uniformly at random, so it joins a server with queue length i < m(Y) with prob-
ability Y; m(y)/ Wm(y). Because of the Poisson arrival process, transitions from a
state Y to a state Y’ with Yl’j =Y;;j—1and Yi/+1,j+1 = Yj41,j+1 + 1 thus occur at
rate ANp; ;(Y), with p; j(YV) = 1{j = m(Y)}Y; ;/Wj, i =0,..., j. Due to the unit-
exponential processing requirements, transitions from a state Y to a state Y’
with Yl.’,j =Y;;-1and Yi’_l,j =Y;_1,j+1 occur at rate ¥; ;, i =1,...,j. For no-
tational compactness, we further omit the dependence of Y for m(Y), p; ;(Y)
and g, ;(Y) and instead write m(z), p; j(¢) and g; ;(¢) as they only depend on ¢
though y(1).

In order to specify the transitions due to the updates, we need to distinguish
between the synchronized and the asynchronous case.

Synchronized updates

Whenever a synchronized update occurs and the system is in state Y, a transi-
tion occurs to state Y’ with Yl.’l. =V; and Yin =0fori=0,...,j—1. Note that these
transitions only occur in a Markovian fashion when the update intervals are
exponentially distributed. When the update intervals are non-exponentially dis-
tributed, {Y (#)}20 is not a Markov process, but the evolution between successive
updates is still Markovian.

Asynchronous updates

When the system is in state Y and a server with queue length i and queue
estimate j > i sends an update to the dispatcher, a transition occurs to a state Y’
with Yl’ i= Y; -1 and Yl." ;= Y;;+1. Note that these transitions only occur in
a Markovian fashion when the update intervals are exponentially distributed.
When the update intervals are non-exponentially distributed, {Y (¢)}»0 is not a
Markov process, and in order to obtain a Markovian state description, the state
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variables Y;; would in fact need to be augmented with continuous variables
keeping track of the most recent update moments for the various servers.

3.3 Synchronized updates

In this section we examine the fluid limit for synchronized updates. In Sec-
tion 3.3.1 we provide a description of the fluid-limit trajectory, along with an
intuitive interpretation, numerical illustration and comparison with simulation.
In Section 3.3.2 the fluid-limit analysis will be used to derive a finite upper
bound for the queue length on fluid scale for any given update frequency 6 >0
(Proposition 3.1) and to show that in the long term queueing vanishes on fluid
level for a sufficiently high update frequency § (Proposition 3.2).

3.3.1 Fluid-limit dynamics

The fluid limit y(z) (in between successive update moments) satisfies the system
of differential equations

dy;, () ., . )
a Vi+1,j(OLE < ji=y; j(O1{i > 0} + Api—1,j-1(O1{i > 0} = Ap; ; (1), (3.1)
where
oY@ .
pij(t)= w; (0 1{m(r) = j}

denotes the fraction of jobs assigned to a server with queue length i and queue
estimate j in fluid state y at time ¢, with w; (1) = zi:o YVk,j(t) denoting the frac-
tion of servers with queue estimate j and m(f) = min(j|w;(¢) > 0) the minimum
queue estimate in fluid state y at time . At an update moment 7, the fluid limit
shows discontinuous behavior, with y; ;(7) = v;(z7) and y; ;(r) =0 for all i < j,
with v;(£) = 92, yi,1() denoting the fraction of servers with queue length i in
fluid state y at time t.

Informal outline of the derivation

We now provide an informal outline of the derivation of the fluid limit for syn-
chronized updates as stated in (3.1). Let A;;(¢) and S; ;(¢) denote unit-rate
Poisson processes, j =i =0, all independent.
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The system dynamics (in between successive update moments) may then be
represented as (see for instance [HK94; PTWO07])

t t
n{j(r):n{j(to)Jrsm,j(f Yl-IXLj(s)ds)]l{i<j}—Si,j(f Yi{\;(s)ds)]l{i>0}
to fo

t t
+Aj1jo1 (/uvf p,-_l,j_l(YN(s))ds)n{i >0} = Ay j (AN[ p,-,j(YN(s))ds),
fo 5]

Y. .
with p; (V) = —<L—14{j = m(\)}.
P =g {j=mm}
Dividing by N and rewriting in terms of the fluid-scaled variables yf?’j(t) =
1N ;
NYM.(I), we obtain
iy =yl )
1 tow S | "N ;
+ NSHL] (tho yiﬂ_j(s)ds)]l{z <]}—NS,-,]- (tho yi_j(s)ds)ll{z > 0}

1 t
+ = Ajo1,j-1 (AN f pi-1, j_l(YN(s))ds) 1{i >0}

N f

1 t N
—-—A;j /le pij(Y7(s)ds]|.

N to

(3.2)

Now introduce

Sk =S 1(w) —u, Ag ()= Ag (W) - u,

and observe that Sy ;(-) and Aj;() are martingales. By standard arguments
it can be shown that both %Sk,l(thf) yllc\fl(s)ds) and %Ak,l(/letf) Pri(YN(s)ds)
converge to zero as N — oo almost surely.

Exploiting the fact that the minimum queue estimate m(Y ™ (¢)) cannot de-
crease in between successive update moments, it can also be established that

t t
Pri(Y N (9)ds — f Pri(9)ds,
o 0
as N — oo, with py;(y) = Wyl"(;) 1{m(y) = 1} as defined earlier.
Taking the limit for N — oo in (3.2), we conclude that any (weak) limit
{¥i,j ()} =0 of the sequence ({y?’j(t)} tZO)N>1 in between successive update mo-
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ments must satisfy
t t
Yi,j(8) = yi,j (%) +/ Yis1,j(9)ds1{i <j}—f Yi,j(8)ds1{i > 0}
to To
t t
+/1f pi-1,j-1(y(s)dsl{i >0}—)Lf pi,j(y(s))ds,
to fo

with y; ;(0) = yz‘;
Rewriting the latter integral equation in differential form yields (3.1).

Interpretation

The above system of differential equations may be heuristically explained as
follows. The first two terms correspond to service completions at servers with
i+1 and i jobs, which result in an increase and decrease in the fraction of servers
with i jobs, respectively. The third and fourth terms reflect the job assignments
to servers with the minimum queue estimate m(f). The third term captures the
resulting increase in the fraction of servers with queue estimate m(r) + 1, while
the fourth term captures the corresponding decrease in the fraction of servers
with queue estimate m(t).
Summing the equations (3.1) over i =0,1,..., j yields

dw; (1) ) _ -1 ]i:m(t),
T:}L[]l{m(t):]—1}—]l{m(t):]}]: A j=m()+1, (3.3)
0 j#Em), m()+1,

reflecting that servers with the minimum queue estimate m(r) are assigned jobs,
and flipped into servers with queue estimate m(t)+1, at rate A, and that m(f) can
only increase between successive update moments. Also note that the derivative
of y; j is continuous in t, except at those times ¢ where m(t) increases, and that
yi,j(t) is continuous in between updates since dy;,;(¢)/dt is bounded.

Numerical illustration and comparison with simulation

Figures 3.2a, 3.2b, 3.3a and 3.3b show the fluid-limit trajectories y(¢) as gov-
erned by the differential equations in (3.1) for SuJSQUet(4), along with (fluid-
scaled) variables y?[j(t) obtained through stochastic simulation for a system with
N = 1000 servers and averaged over 10 runs. Observe that the simulation re-
sults are nearly indistinguishable from the fluid-limit trajectories, which is in
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Figure 3.2: Numerical emulation of the fluid limit for SUISQ9€(0.85) and A = 0.7, accom-
panied by simulation results for N = 1000, averaged over 10 runs.

SUISQ(8) SUJISQ(5)
1.0 ' I — vp(t)(f.lim.)
: [ T T N ==vy(¢)(f.lim.)
08 SR R I A R va(t)(Elim.)
06 Pt (@ (Elim)
R bbb —w()(sim)
04 R -= vy (t)(sim.)
02 Pl vn(t)(sim.)
| T T A —=v3(t)(sim.)
00 ! U U S SO S A A
0 1 2 3 4 5
(b)

Figure 3.3: Numerical emulation of the fluid limit for SUJSQdet (2.5) and A = 0.7, accom-
panied by simulation results for N = 1000, averaged over 10 runs.

line with broader findings concerning the accuracy of fluid and mean-field lim-
its [Gas17; Yin16].

Update moments at times 1/§,2/8,... are marked by vertical dotted lines.
These time points can also be easily recognized by the jumps in the fraction
of servers w;(t) that have queue estimate j. Moreover, the fraction of servers
v;(t) with queue length i is not differentiable in these points as well as other
moments when the minimum queue estimate changes.

In Figures 3.2a and 3.2b, § =0.85 < A/(1-A) = 7/3, while § =2.5>7/3 in
Figures 3.3a and 3.3b. In the first scenario there are moments at which wy(z)
is zero and some jobs are sent to servers with one job in queue already. This
results in servers sometimes having two jobs, which means that queueing does
not vanish as N — oo. In contrast, in the second scenario, wy(?) is strictly positive



3.3 Synchronized updates

59

SUJSQ™(6) SUJSQ™®(5)

Figure 3.4: Simulation results for SUISQ®*P(0.85).

SUJSQ™(4) SUJSQ™(4)

Figure 3.5: Simulation results for SUISQ®*P(2.5).

at all times and no servers appear with two or more jobs, which implies that no
queueing occurs at fluid level as N — co. We will return to this dichotomy in
Proposition 3.2.

Qualitatively similar results are observed for SUJISQ®*P(§), where the up-
dates occur at irregular moments. The paths still follow similar saw-tooth pat-
terns, and the dynamics between updates are identical, as reflected in the dif-
ferential equations in (3.1). In particular, the fraction of servers with minimum
queue estimate decreases linearly between updates, and the estimate drasti-
cally changes at update moments. The results are displayed in Figures 3.4a,
3.4b, 3.5a and 3.5b, for a system with N = 1000 servers and A =0.7. Note that
a large value of § does not guarantee vanishing queueing anymore as there is a
positive probability that the time between two updates is too long.
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3.3.2 Performance in the fluid limit

We will now use the fluid limit (3.1) to gain some insight in the performance of
the SUJSQdet((S) scheme. Equation (3.3) shows that no fixed point can exist as
w;(t) has a non-zero constant derivative. We will establish however in Proposi-
tion 3.1 that for any positive update frequency the queue lengths on fluid scale
are essentially bounded by a finite constant. Furthermore, in Proposition 3.2
we demonstrate that when the update frequency is above a specific threshold,
queueing basically vanishes on fluid level in the long term.

Consider the average queue length on fluid scale, denoted and defined by

QW)=Y ivi(=) i) v
i=0 i= =1

0 j=i

Further define z; (1) = X2, v;(¢) as the fraction of servers with queue length k
or larger at time ¢ on ﬂuld scale and note that Q(#) = 32, zx(1). We will also
refer to Q(t) as the total queue ‘mass’ on fluid scale at t1me t and introduce

K oo K i [e) K
RNOE Z =Y Z =y Z O+ Y Y v
= k=1li=k i=1k=1 i=K+1k=1

=Zivi(t)+ Y Kvi(t) =) min{i,K}v;(1),
i=1 i=K+1

i=1

and
Crm=w-0*=Y zm= Y Y v
k=K+1 k=K+1i=k
] i 00
=Y Y vin= Y (-Kvi@®
i=K+1k=K+1 i=K+1

as the queue mass (weakly) below and (strictly) above level K, respectively.

We first focus on the evolution of the fluid limit in between updates and con-
sider r to lie inside the interval [0, 7] with 7 = 1/§. The fluid-limit equation (3.1)
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yields the following expression for the derivative of zj(r),

de(l') _ d & d & & o yl](t)
FTRrT) l(t) P géy,,](t) Z}CJZ
=Z Z (Visr,j (O < jY = yi, j(OLLE > 0 + Apioy j1 (D1 > 01— Ap; ()]
=Z [vie1 (1) = v,(t)ﬂ{z>0}+ﬂt2p, Lj- l(t)n{z>0}—AZp”m]
i=k Jj=i j=i
——OLk> 0+ A Y pioy (011> 0),
j=k-1
and
doX@ d & ®  dzi(t)
= — V4 ([):
dt dtkz%ﬂ ¢ k:;ﬂ dt
=— ) v@OUk>0l+A Y > pro1,j(01{k>0} (3.4
k=K+1 k=K+1 j=k-1
< oy i(f)
—za A Y Y P i = .
k=k j=k Wj(D)

This may be interpreted by noting that the queue mass above level K increases
due to arriving jobs being assigned to servers with queue length K or larger and
decreases due to jobs being completed by servers with queue length K+ 1 or
larger. In particular, we find that

dQ>K(t)

dt =—zk+1(1) 3.5)

for all K= m(r) +1.
Taking K = 0 and noting that Q°(#) = Q(#), we obtain

dQ()

dr =A-z1(5) = A—[1—vp(D)],

and thus

t
Q1) = Q(0) +/1z—f0 [1— vo(s)]ds. (3.6)
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This reflects that the average queue length on fluid scale at time ¢ is obtained
by adding the number of arrivals At during [0, ¢] and subtracting the number
of service completions, which corresponds to the cumulative fraction of busy
servers 1 —vg(s).

The next lemma follows directly from (3.5), and shows that the queue mass
above level K decreases when the minimum queue estimate on fluid scale is
strictly below K, so that there are no arrivals to servers with queue length K or
larger.

Lemma 3.1. If m(s) < K1 for all s€[0, 1), then Q>X(r) < Q>X(0).

We now proceed to derive a specific characterization of the decline in the
queue mass above level K when the minimum queue estimate on fluid scale is
strictly below K.

For conciseness, denote

L
AL D =Y (L-Day(0)
=0

and

L s}
B(L,t):=) laj(+L ) a;®)
1=0 I=L+1

with a;(1) = %e’t, and let G be a Poisson random variable with parameter ¢.
Note that A(L,t) = E[max{L — G,0}] and B(L,t) = E[min{G, L}] so that A(L,¢) +
B(L,t) = L, and in particular B(L, t) < L. Observe that A(L, t) may be interpreted
as the expected queue length after a time interval of length ¢ at a single server
with initial queue length L, unit-exponential service times and no arrivals, while
B(L, tr) may be interpreted as the expected number of service completions during
that time period.

Lemma 3.2. Forany K=0, L=1, t=0,

A(L, 1)
L

1 < <
=7 [Q=X*L(0) - Q=X ()] B(L, 1).

1-

t
fo zk+1(9)ds = [Q=K 1 0) - Q=K (0]

The proof of Lemma 3.2 involves a detailed analysis of zg.1(f). In the
lemma special attention goes to the mass of jobs that are queued in positions
K+1 up to K + L, represented by Q=K+L(0) — Q=KX(0). The decline in this mass
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is no less than the decline in a situation where the same total number of jobs
reside with servers that have either 0 jobs or exactly L jobs (so a fraction
[Q=K*L(0) — Q=K(0)]/L of the servers will have L jobs). Finally, A(L, t) represents
the expected number of jobs that remain at time ¢ at each of the servers with
L jobs, while B(L,t) represents the expected number of jobs that have been
completed at time ¢ by each of these servers. These observations will be made
rigorous in the proof in Section 3.A.1.

The next lemma follows directly from (3.4) and (3.5) in conjunction with
Lemma 3.2.

Lemma 3.3. Forany K=0, L=1, t=0,
QK1) < At + Q7KHL(0) + % [Q55*L(0) - Q=K (0)] A(L, 1),
or equivalently,
K- ) =Ar- % [Q=**0) - Q= (] B(L, 1.
If m(y(s)) <K-1 for all s€|0,t), then forany L=1
K=o+ % (=0 -Q=F O] AL, v,
or equivalently,
- = —% (=0 - Q=X 0] B, 1.
In particular, taking L =1,
QK =+ [Q¥ ) - QT @] e = Q7T (0) + zg1 (0)e 7,
yielding
K =e 'K+ 1-e1Q7 (0. 3.7)

The next lemma provides a simple condition for the minimum queue esti-
mate on fluid scale to remain strictly below K throughout the interval [0, ¢) in
terms of Q(0).

Lemma 3.4. If Q(0) < K- At, then m(s) <K -1 for all s€ 0, ).
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Proof. We have m(t) =0, $wo(t) = —Lwi (1) =-A for ¢ € 1[0, v5(0)], m(t) =
L, w1 = -Lw, () = -2 for t e wo(0),200(0) + v1(0)], m(t) =2, Luw(r)
= —Lws(1) = -1 for t € 112v9(0) + v1(0),3v9(0) + 201 (0) + V2(0)], ..., m(f) = j,
Lwit) = -Lwjn ) = -2 for te L[TI G- i), T (i +1-Hv:(0)], as-
suming %Z{zo(j+ 1-19)v;(0) < ¢. In particular m(s) < K—1 for all s € [0,r) if
At < YK (K = i)v;(0). The latter inequality holds since

i=0 i=K i=0

K-1 K-1 K-1 00 K-1
Y (K-Dui0=K Y vi(0)— Y. iv;(0) =K(1— > vi(O))— Y ivi(0)
i=0 i=0 j

=K-0Q%X0)=K-0Q(0) = At

We will henceforth say that L is large enough if
At+1

At <o(L;A,1) = (1— )B(L,T), (3.8)
and define s(A,7) = min{L: At < 0(L; A, 1)}, which may be loosely thought of as
the maximum queue length on fluid scale in the sense of the next proposition.
Note that o(L;A,7) 1 T as L — oo, ensuring that s(A, 1) is finite for any A < 1.

Proposition 3.1 (Bounded queue length for SUISQY€(6)). For any initial state
y(0) with finite queue mass Q(0) < oo, the fraction of servers on fluid scale with a
queue length larger than s(A, 7) vanishes over time. Additionally, if the initial queue
mass Q(0) is sufficiently small and the initial fraction of servers with a queue length
larger than s(A,T1) is zero, then that fraction will remain zero forever.

The proof of Proposition 3.1 leverages Lemma 3.2 and is organized as fol-
lows. For any initial state, we can show that either the mass in the tail, or the
total mass is decreasing. Once one of the two is below a certain level, we show
that the other decreases as well. We show this in two lemmas. From that point
on, it is a back and forth between decreasing mass in the tail and decreasing
total mass, which is described in the final lemma. The mass in the tail will
decrease, such that the mass strictly above level L* = s(A, 7) will vanish.

Define

AT+1

L*

A= (1— )B(L*,T)—/lr. (3.9

We now state two corollaries, which provide upper bounds for the total queue
mass at time 7. The proofs are based on Lemmas 3.2 and 3.3.
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Corollary 3.1. If L is large enough and Q(0) = L—1— A, then

Q>t0) SL
Q) = Q) - A+ ~——B(L,) <QO) - A+ Q" ().

Proof. Taking K =0 in Lemma 3.3, we obtain

Q=L(0)
L

QM) =QO)+ At — B(L,1)

17— <L
SQ(0)+AT—L 1= A (i(OHQ (O)B(L,T)

>L >L
Q L(O) B(L, 1) =Q0)-A+ wB(L,T)

=Q(0)-Ar+

with

AT+1

ALz(l— )B(L,T)—)LT (3.10)

increasing in L, A=Ay« and L* = s(A,1) the smallest value that is large enough,
note that A > 0 because of (3.8). O

Corollary 3.2. If L is large enough and Q(0) < L—1—- At, then

(V) >L
Qn)sL-1-At-A+ T B(L,1)<L-1-At-A+Q7"(0).
Proof. Taking K =0 in Lemma 3.3 and noting that 1 - %B(L, 7) =20 since B(L,7) <
L, we obtain

Q=L
L

QM) =QO)+ At — B(L,71)

Q(0) - Q=L (0)
L

Q(0) - Q= (0)
L

=Q(0)

1
1—ZB(L,T))+ B(L, 1)+ At

S(L—I—AT)(I—%B(L,T))+ B(L, 1)+ At

QL) QL)
L

=L-1-At—-Ap+ B(L,T)SL—I—/IT—A+TB(L,T),

because of (3.8). O
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We now present Lemmas 3.5 and 3.6, which use Corollaries 3.1 and 3.2 and
Lemmas 3.1, 3.3 and 3.4 to show that under certain conditions, the total queue
mass as well as the mass above level L strictly decrease.

Lemma 3.5. If L is large enough, L—1- A1 < Q(0) < L— At and Q>X(0) < A, then
* Q(7) < Q(0)— D, where D >0, so Q is strictly smaller at the next update,
e Q”L(1) = Q>L(0), so QL remains strictly smaller than A.

Proof. The first statement follows from Corollary 3.1, with D = A/2 - Q>L(0)/2.
The second assertion follows from Lemmas 3.1 and 3.4. O

Lemma 3.6. If L is large enough, Q(0) < L—1- At and Q>L(0) < A then

* Q(1) < L-1-At, so Q remains strictly smaller than L—1—- At at the next
update,

e Q”L(1) = Q>L(0), so QL remains strictly smaller than A,

e QP (1) < c@QL71(0) if Q7L71(0) = A, where ¢ < 1, so Q7171 is strictly de-
creasing by a constant factor over each update interval.

Proof. The first statement follows from Corollary 3.2. The second assertion
follows from Lemmas 3.1 and 3.4. The third statement holds for

Q>L (0)
A

c=eT+(1-e"") <1

since the final portion of Lemma 3.3 in conjunction with Lemma 3.4 gives

>L
ra-en @

L, Qo)
———F— <€
Q>L—1 (0) A

Q>L_1(T) _r
m <e "+(1-e7")

O

Lemma 3.7. If L is large enough, Q(0) < L— At and Q>L(0) < A, then there exists a
finite time 7] such that Q(r}) < L-1- A7 and Q>L‘1(rz) <A (as defined in (3.9)).

Proof. The proof is constructed by applying Lemmas 3.5 and 3.6 in succession.
Since Q(0) < L— At and Q”L(0) < A, Lemma 3.5 can be applied, so that Q is
strictly decreasing and eventually becomes smaller than L-1- At while Q>
remains smaller than A. Note that D does not decrease after any iteration since
Q>L(0) can only decrease. At that moment, Lemma 3.6 can be applied which
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shows that Q! decreases by a constant factor over each update interval as
long as Q>%~! is larger than A. The constant factor ¢ does not increase after any
iteration, and in fact only becomes smaller as Q>1(0) decreases. In other words,
Q>L~! becomes smaller than A after finitely many updates, while Q remains
smaller than L—1— At and Q>* smaller than A. O

Proof of Proposition 3.1. The procedure in the proof of Lemma 3.7 can be
performed as long as L is large enough. The left-hand side of (3.8) is increasing
in L (as both factors are increasing in L), which shows that the condition (3.8)
becomes tighter for smaller values of L. In fact, the mass above level L* will
vanish, where L* is the lowest value of L which is sufficiently large for (3.8)
to hold, yielding the first statement of Proposition 3.1. The latter part follows
directly from Lemma 3.5.

Finally, we stress that the lemma can also be applied when the maximum
initial queue length is infinite, but the mass Q(0) = 20 %i(0) <oois finite. In
that case, one can find a value for L such that Q>%(0) = Z;?Z 1 Zi (0) < A (as the tail
of a convergent series tends to zero) and Q(0) < L— Ar. In that case, the lemma
can be successively applied, starting from L, which proves Proposition 3.1.

We now proceed to state the second main result in this section. Denote by
y* the fluid state with y5,=1-A4, y5,=0, y;, =4, and y;;=0 forall j=i=2.

Proposition 3.2 (No-queueing threshold for 6 in SUJSQ9€t(6)). Suppose & >
Al(1=Q), or equivalently, t=1/6 < (1-A)/A=1/A—-1. Then y* is a fixed point of
the fluid-limit process at update moments in the following sense:

(@) If y(0) = y*, then y(kt) = y* for all k=0;
(b) For any initial state y(0) with Q(0) < oo, y(kT) — y* as k — oo.

Moreover, in case (a), yoo(kt+1)=1-A—At, yo1(kt+1) = At, y11(kTt+1) = A for
all k=0, t€[0,7), and y; j(t) =0 forall j=i=2, t=0.

In case (b), y(),()(k‘[ +1)—>1-A-At, y()’l(k'[+ H— At, yl,l(kT +1)— AfOI’ all k=0,
te[0,7), and y; j(t) — 0 forall j=i=2, t=0.

Loosely speaking, Proposition 3.2 implies that for § = A/(1 - A), in the long
term the fraction of jobs that incur a non-zero waiting time vanishes. We note
that in this regime, jobs are only sent to idle servers, which means that servers
only need to send feedback whenever they are idle at an update moment. Since
the fraction of idle servers in the fixed point is 1 - A, a sparsified version of
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SUJSQdEt (6) will have a communication overhead of A per time unit or 1 mes-
sage per job.

The next lemma, whose proof is presented in Section 3.A.2, provides lower
and upper bounds for the number of service completions on fluid level and
the total queue mass, which play an instrumental role in the proof of Propo-
sition 3.2. The bounds and proof arguments are similar in spirit to those of
Lemma 3.2 with K =0, but involve crucial refinements by additionally account-
ing for service completions of arriving jobs.

Lemma 3.8. If vy(0) <1-A, then () vo(r) <1-A.
If v9(0) = A1, then fOT[l —vy(s)1ds is bounded from below by

Ar=1+e 1 +21(0)[1-e "1+ 20)[1—-e " -1 7]
=AT+[z21(0)=Al[1—e "]+ 22(0)[1—e T —7e7 7],

so that in view of (3.6) (ii)

Q1) =Q(0)~[z1(0) —Al[1—e "1~ 2z2(0)[1 —e " —7e" "],
and

Q)2 Q(0) ~[z1(0) - Al[1-€ "] = 22(0)7,

so that in view of (3.6) (iii),

fr[l —vp(lds<Alt—1+e "1 +21(0)[1-e "1+ 2(0)T
' =AT+[z1(0) = Al[1—e "]+ 22 (0)T.

If v9(0) < At, then [y [1 - vy(s)]ds is bounded from below by
AMr—1+e "]+ (0)[1-e "]+ 20)[1-e " —71e "]
=AT+[210)—Al[l—e "1+ 2(0)[1-e " —1e7 "],

so that in view of (3.6) (iv)
QM) =Q)~[21(0)-AM[1-e "1-2(0)[1-e " ~71e "],

with 2;(0) = min{z;(0),1 - A7}, i =1,2.
We deduce that (v)

Q1) =Q(0) —min{l —v9(0)—A,1-AT—A}[1 -]

—min{z(0),1-At}[l1-e F —7e”"]

’

with1-A1-21>0.
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Proof of Proposition 3.2. We first consider case (a) with y(0) = y*. The fluid-limit
equations can then be explicitly solved to obtain yyo(#) =1-A—At, yo,1(8) = At,
y11(0)=A,and y; (1) =0forall j=i=2for t€0,7).

Since at an update moment y () = yo,0(z )+ ¥01(T) =1-A, y11 @) = y1,1(t7)
=A,and y; j(r) = y;,j(tr7) =0 for all j =i =2, we obtain a strictly cyclic evolution
pattern with y(kt) = y* for all k=0, as well as ypo(kT+1) =1-A—At, yo,1(kT+1) =
At, yiakt+t)=Aforall k=0 t€[0,7), and y; j(r) =0forall j=i=2, r=0.

We now turn to case (b). First suppose that there exists a ky < oo such that
vo(koT) < 1-A. It then follows from statement (i) in Lemma 3.8 that vy(k7) <1-1
for all k = ky. Moreover, in view of statement (v) in Lemma 3.8 we have Q((k +
1)7) < Q(k1)—cmin{e, A} —d min{z, (k1),1- A1}, with ¢ >0 and d > 0 when vy(k1) <
1-A—e¢ for any € > 0. Thus, for any € > 0 it can only occur finitely many times that
vo(kt) <1-A—¢, and additionally for any § > 0, it can only occur finitely many
times that z,(kt) = §, because otherwise Q(kr) would eventually fall to zero,
which would contradict vg(kt) < 1—A. Thus we conclude that vg(kt) — 1-A and
zp(kt) — 0, which implies that y(kt) — y* as k — oo as stated.

Now suppose that there exists no ky < co such that vy(kg7) < 1-A2, i.e, vo(kT) >
1-A for all k=1. Solving (3.1) then gives %wo(t) = —%wl(t) =—-Aand m(H)=0
for t € [kt, kT + vo(kT)/A], where vy(kT)/A > 7. Lemma 3.3 with K=1, L =1 yields

QN (k+1)1) < Q7L (kT) — Zo(kT)[1—€ 7]

Thus we must have z,(k7) — 0 as k — oo, because otherwise Q>!(kr) would
eventually drop below zero, which would contradict the fact that it must always
be positive. Hence, for any € > 0, there exists k. such that z, (k1) <e(1-e77)/(271)
for all k = k.. Statement (iii) in Lemma 3.8 may then be invoked to obtain that
for any € >0 and k = ke if vg(k7) =1—A+¢= A1, then

=T

Q((k+1)7) = QkT) + g

It follows that for any € > 0, it can only occur finitely many times that vg(k7) =
1-A+e, as Q(kt) is bounded since Q>! (k1) is decreasing (Lemma 3.1). Thus we
conclude vy(kt) — 1 -1 and z,(kt) — 0 as k — oo, implying that y(kr) — y* as
k — oo as stated.

O
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3.4 Asynchronous updates

In this section we turn to the fluid limit for asynchronous updates. We will fo-
cus on the fluid limit for exponential update intervals, which is more tractable
because all transitions are memoryless, including those involving updates. In
Section 3.4.1 we provide a characterization of the fluid-limit trajectory, along
with a heuristic explanation, numerical illustration and comparison with simu-
lation. In Section 3.4.2 the fixed point of the fluid limit is determined (Propo-
sition 3.3), which immediately shows that in stationarity queueing vanishes at
fluid level for sufficiently high § (Corollary 3.3) and also provides an upper
bound for the queue length at fluid level for any given § > 0 (Corollary 3.4).

3.4.1 Fluid-limit dynamics

In the case of synchronized updates, the minimum queue estimate m(y™(t))
could never decrease between successive update moments. As a result, the
amount of time ftg 1{m(YN(s)) = jids that the minimum queue length equals j

in between successive update moments converges to | tf) a;j(s)ds, as N — oo, with
a;(t) = 1{m(y(1)) = j} and can be directly expressed in terms of the minimum
queue estimate on fluid scale.

In contrast, with asynchronous updates, the minimum queue estimate may
drop at any time when an individual server with a queue length i < m(y"V(¢))
sends an update at time ¢, and becomes the only server with a queue estimate
below m(yN(1)). Consequently, the amount of time ftg]l{m(YN (s)) = j}ds that

the minimum queue length equals j no longer tends to ftg a;j(s)ds as N — oo,
and may even have a positive derivative for j < m(y(1)), i.e., for queue values
strictly smaller than the minimum queue estimate on fluid scale.

The fact that even in the limit the system may spend a non-negligible amount
of time in states that are not directly visible on fluid scale severely compli-
cates the characterization of the fluid limit. In order to handle this compli-
cation and describe the evolution of the fluid limit, it is convenient to define
u(t) = 52?;01(k— i)v;(t) as the fluid-scaled rate at which the dispatcher can as-
sign jobs to servers with queue estimates below k as a result of updates, with
vi() = X2, yi,1(¢) representing the fraction of servers with queue length i in
fluid state y at time ¢ as before.

We distinguish two cases, depending on whether u, () <A or not, and
additionally introduce n(f), defined as n(t) = m(¢) in case um () <A, or n(t) =
min{n : u,(t) > A} < m(t) — 1 otherwise. Then servers with a true queue length
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i <n(t)—1 will be assigned n(t)—i jobs almost immediately after an update at

time ¢, and then have both queue length and queue estimate n(¢). Incoming jobs

will be assigned to servers with a queue estimate at most n(t) — 1 at rate uy, (t)

and to servers with queue estimate exactly equal to n(t) at rate () = A — uyp ().
Then the fluid limit y(¢) satisfies the system of differential equations

dy; (1) .. . .
i = Yir1,j O < j} = yi,; (O1{ > 0} + (D) g1, j-1 (D) 1{i > 0} = {(£) g1, (2)
n(t)-1
+6 Y. vp(OL{i=j=n®}+0vi(O1{i = j = n(t)} - 6y;;(D),
k=0

(3.11)

forall i =0,1,...,j = n(t), where

i,j (1) .
qi,j (D) = yw;T]“"(” =j}
denotes the fraction of jobs assigned to a server with queue length i and queue
estimate j in fluid state y among the ones that are assigned to a server with
queue estimate at least n(t), defined as function of the fluid state y at time ¢ as
above.
It can be checked that when n(¢) < m(t), the derivative of Z;”:(é) wj(t) is
strictly positive, i.e., the fraction of servers with a queue estimate below m(¢)
becomes positive, and the value of m(#) instantly becomes equal to n().

Informal outline of the derivation

We now provide an informal outline of the derivation of the fluid limit as stated
in (3.11). Let A; ;(#), B;,j(¢) and S; j() denote unit-rate Poisson processes, j =
i =0, all independent. The system dynamics may then be represented (see
[HK94; PTWO07]) as

t t
yi{j(t)zyi{j(mwm'j(fo YiIXLj(s)ds)]l{i<j}—S,-,j(fO Y,.{j(s)ds)n{bm
t t
+Ais1,j-1 (AN[O p,-_l,,-_l(YN(s))ds)]l{i >0} Ay j (AN[O pi,j(YN(s))ds)

00 t t
+ZBi,k(6f ﬂc(s)ds)]l{ﬁj}—B,-,j(@f l@l\;(s)ds),
k=j o o



72 Hyper-scalable load balancing with scheduled updates

with p; ;(Y) as before. Dividing by N and rewriting in terms of the fluid-scaled

variables y), (1) = %Yi]y\]’.(t), we obtain

1 t .
yff’j(t): y?’j(O)+N8i+1J (Nfo yﬁl,j(s)ds)]l{z<]}
1 ! .
5 Sii (Nfo yff’j(s)ds)ll{z>0}
. an [ py Nisn|1ti Lai[an [ Y orvisna
+NAi—1,j—1 Nfo Pizy,j-1(Y () {l>0}_NAi,j Nfo p;,; (Y7 (s)ds
I & N a1 "N
+Nk§:jBi,k 6Nf0 Yix(s)ds ]l{lzj}—NB,-,j 6Nf0 y;;(9)ds].
(3.12)
Now introduce

Skiw) =Sk (W) —u, Ag(w):=Ag (W) —u, By(u):=By(uw)-u,

and observe that Sy ;(-), Ar;(-) and By (") are martingales. By standard argu-
ments it can be shown that

1. . 1 ‘ N 1 . )
— N , —A N Y , —B N
Nsk,l( foyk"(s)ds N k,l(/l fopk,l( (s))ds) N k,l(5 f()yk,l(S)ds

each converge to zero as N — oo.
Adopting time-scale separation arguments [HK94; PTWO07], it can be estab-
lished that

t t
Afl) pi,j(YN(S))dS—’fO a,;j(s)ds

as N — oo, where the coefficients a; ; () satisfy

0 i< ] < n(1),
Am () i=j<n,

a; () = i, (0) : i
lvj( ) A,u‘:;#(tt))ﬂn(t)(t) 1= J= n(t)’
0 i<j>n(.

The coefficients 7;(f) may be interpreted as the fraction of time that the pre-
limit minimum queue estimate equals j < n(f) when the minimum queue esti-
mate at fluid level is n(r), and satisfy the relationship

lﬂj(t) = Aﬂj_1(t) +5l/j(y(t))
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forall j=1,...,n(t) -1, along with the normalization condition Z;?g () =1.
Thus, we obtain

Jj
Amj(0) =6 ) vie(y(1)),
k=0
forall j=0,...,n()-1, and

n(-1 n@-1 Jj

MmO =A01~- Y w0 =1-6 Y > v(y®)
j=0 j=0 k=0
n(r)-1
=A-6 Y (n®)-vi(y®)=L(y().
i=0

We deduce that

J
aij()=1{i= J'}6kZ_0 vk (YO L{j <n(®} + q;,; (YO (¥ (1)),

with g, ;(y) = u{ji(; s1{n(y) = j} as before, yielding

t t
f a,-,l,j,l(s)ds—f a; j(s)ds
0 0
t t
=f qi—1,j—1(y(S))((y(S))ds—f qi,j (y()C(y(s)ds

+1{i = j 52 vy 1{j = n(s)}ds—1{i 6[ vi(y()1L{j < n(s)}ds.
We obtain

t t
)Lfo pi_l,j_l(YN(s))dsn{i>0}—/1f0 pi,;j (YN (s)ds —

t t
foqi-1,j-1(y(S))C(y(S))ds]l{i>0}—f0 qi,j (Y (y(s)ds

i1 t
+1{i=j}6 > vk (y(NL{j = n(y(sN}ds—1{i = j}@fo vi(y(1L{j < n(y(s)}ds,
k=0
(3.13)
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as N — oo, with {(y) = A =0 X3 (n() = Du(y) and g5 = i L{n(y) = j} as
defined earlier.
Taking the limit for N — oo in (3.12), and noting that

t t

1{i=j}o fo vi/()ds—1{i = j}6 fo v (LY < n(y(s)}ds
t

= 6[0 vi(y())1{i = j = n(y(s)}ds,

we conclude that any (weak) limit {y; ;(#)};>0 of the sequence ({y?’j(t)} (20) N1
must satisfy

t t
¥i,j (D) =y,~,j(0)+f0 yi+1,j(s)ds]1{i<j}—f0 ¥i,j(s)ds1{i >0}
t
+/1f0 qi-1,j-1(y(){j-1(y(s)ds{i > 0}
t i—-1 t
—/1[0 qi,j (Y (y(s)ds+8 ) | vy 1{i = j = n(y)}ds
k=0

¢ ¢
+6j(; vi(y ) {i=j= n(y(s))}ds—é‘fo ¥i,j(9)ds,

with y; ;(0) = yf‘; Rewriting the latter integral equation in differential form
yields (3.11).

Interpretation

The above system of differential equations may be intuitively interpreted as
follows. The first two terms correspond to service completions at servers with
i+1 and i jobs, just like in (3.1). The third and fourth terms account for job
assignments to servers with a queue estimate m(t). The third term captures the
resulting increase in the fraction of servers with queue estimate m(¢) + 1, while
the fourth term captures the corresponding decrease in the fraction of servers
with queue estimate m(t).

The final three terms in (3.11) correspond to the updates from servers re-
ceived at a rate §. The fifth term represents the increase in the fraction of
servers with queue estimate n(r) due to updates from servers with a queue
length k < n(t) — 1 which are almost immediately being assigned n(f) — k jobs
and then have both queue length i = n(r) and queue estimate j = n(f). The sixth
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term represents the increase in the fraction of servers with a queue estimate
j = n(1) or larger due to updates from servers with a queue length i = j. The
final term represents the decrease in the number of servers with queue length i
and queue estimate j due to updates.

Even though a non-zero fraction of the jobs are assigned to servers with a
queue estimate below n(f), these events are not directly visible at fluid level,
and only implicitly enter the fluid limit through the thinned arrival rate {(r).

Summing the equations (3.11) over i =0,1,..., j yields

dw]'(t)
dr

=C(O{n() = j- B =1{n@) = j} +6[v;() - w;(OIL{j = n(1)},

reflecting that servers with queue estimate n(r) are assigned jobs, and thus
flipped into servers with queue estimate n(f) + 1, at rate {(¢), and that servers
with a queue estimate j = n(t) are created at an effective rate 6[v; () — w;(?)] as
a result of updates.

Numerical illustration and comparison with simulation

Figures 3.6a-3.7b show the fluid-limit trajectories y(f) as governed by the dif-
ferential equations in (3.11) for AUJSQ®*P(6), through stochastic simulation for
a system with N = 1000 servers and averaged over 10 runs. Once again, the
simulation results are nearly indistinguishable from the fluid-limit trajectories.

In contrast to the synchronized variants in Figures 3.2a, 3.2b, 3.3a and 3.3b,
the trajectories do not oscillate, but approach stable values, corresponding to
the fixed point of the fluid-limit equations (3.11) which we will analytically de-
termine in Proposition 3.3. In Figures 3.6a and 3.6b where § = 0.85 is relatively
low, we observe once again that w,(y(1)) = w2 (¢) and v2(y(¢)) = v2(f) become
strictly positive. In Figures 3.7a and 3.7b where § = 2.5 is sufficiently large, all
servers have either zero or one jobs in the limit, indicating that no queueing
occurs.

Qualitatively similar results are observed for AUJ SQdet (), where the updates
occur at strictly regular moments. The results are displayed in Figures 3.8a,
3.8b, 3.9a and 3.9b, for a system with N =400 servers and A =0.7.
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AUISQ™P(9) AUJISQ™(8)
1.0 A — vp(t)(f.lim.)
o8 / ul(t)(f.lpn.)
‘\‘ vy () (£.lim.)
06l \/ N\ == v3(¢)(f.lim.)
‘\‘ — vp(t)(sim.)
04 \ —=-vy(t)(sim.)
02 L v(t)(sim.)
[ .\"":!.J\_k_‘_“ —=v3(t)(sim.)
0.0 —— t
0 2 4 6 8 10 12 14

Figure 3.6: Numerical emulation of the fluid limit for AUISQ®*P(0.85) and A = 0.7, ac-
companied by simulation results with N =1000, averaged over 10 runs.
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Figure 3.7: Numerical emulation of the fluid limit for AUJISQ®*P(2.5) and A = 0.7, accom-
panied by simulation results with N = 1000, averaged over 10 runs.

3.4.2 Fixed-point analysis

The next proposition identifies the fixed point of the fluid-limit equations (3.11)
in terms of m*, defined as

m+1
m*:m(/l,é)zmin{m:/1<l—(—) }
1+6

m —
:max{mlezl—(L) }:{_MJ’
1+6 log(1+9)
which may be interpreted as the minimum queue estimate at fluid level in sta-

tionarity. For compactness, define a= 15 and b= 5.

Proposition 3.3 (Fixed point for AUISQ®*P(6)). The fixed point of the fluid limit
(3.11) is given by

(3.14)
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AUJSQ*(5) AUISQ(5)
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Figure 3.8: Simulation results for AUJSQY€t(0.85).
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Figure 3.9: Simulation results for AUJSQ4€t(2.5).
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and y;‘j =0when j# m*, m*+1, where v = 0 is the unique solution of the equation
Yom* +Yo,m*+1=1-2, Le,

2 m*~152
m*+1 ab 6
= 222 . 1
v =at ey (3.15)
In particular; if A=1-(1+6)"™, ie.,
log(1-1)

o 3.16
log(1+9) ( )

then v=0, so

*

1 m
Y= — =1-2,
Yo,m 1+6)
1\l Ut i
* = _— = — — m — m* | = *
yl.ym*_6(1+6 (1-a-nY™)a-p5, i=1,.,m,

and y;m*+1:0forall i=0,....m*+1.

Note that h(w) is strictly decreasing in v, with lim, o h(v) = (ﬁ)m* <1-2,
and lim, .., h(v) = (ﬁ)m“rl <1-A, ensuring that v = 0 exists and is unique.

The result of Proposition 3.3 is obtained by setting the derivatives in (3.11)
equal to zero, observing that w;(y*) =0 for all j # m*,m* +1, and then solving
the resulting equations. The detailed proof arguments are presented in Sec-
tion 3.B.

Corollary 3.3 (No-queueing threshold for § in AUJISQ®*P(8)). If the update fre-
quency 6 = A/(1-A), then y; ;=0 for all j =2, implying that queueing vanishes at
fluid level in stationarity.

Corollary 3.3 immediately follows from (3.14) and Proposition 3.3, in which
m* =0 in case 6 = 1/(1-A) so that only yg, y5, and y;, are strictly positive. In
case of equality we have the scenario described in the last part of Proposition 3.3
where Vip=0 for all i. The arguments for interchanging the many-server (N —
oo) and stationary (¢t — oo) limits are beyond the scope of the manuscript, as
mentioned in Section 1.3.2. Corollary 3.3 implies that for § = A/(1 - A), the
mean stationary waiting time under AUJSQ®*P(§) vanishes as N — oo.

Proposition 3.3 also yields an upper bound for the queue length at fluid level
as stated in the next corollary.
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Corollary 3.4 (Bounded queue length for AUISQ®*P(6)). The queue length at
fluid level in stationarity has bounded support on {0,..., m(1,6) + 1} for any A <1
and 6 > 0.

First of all, note that in order for queueing to vanish, it is required that
m(A,06) =0 or m(A,0) =1 and v =0, i.e., § = A/(1 — 1), which coincides with
the threshold for & in SUJSQY€!(8) as identified in Proposition 3.2. Also, the
upper bound m(A,8) + 1 tends to infinity as § approaches zero, reflecting that
for any fixed arrival rate A, even arbitrarily low, the maximum queue length
grows without bound as the update frequency vanishes.

At the same time, for any positive § > 0, m(A,§) is finite for any fixed A <1,
and only grows as log(1/(1—A)) as A 1 1 rather than 1/(1-A) as in the absence
of any queue feedback. Thus, even an arbitrarily low update frequency ensures
that the queue length has bounded support and behaves far more benignly in a
high-load regime at fluid level. This powerful property resembles an observation
in [TX12; TX13] in the context of a dynamic scheduling problem where even a
minuscule degree of resource pooling yields a fundamentally different behavior
on fluid scale.

Number of jobs in the system

The average queue length in the fixed point 4 is

m* m*+1 S+a™lyém* -1 azé(_é-’—bm* _1)
q= i ¥ « T i ¥ * = +
q Z Yi,m L:Zi Yim*+1 5 b1+v)(6 +v)

i=1
3.15) a™tl -1 1-A-a™*' al+6+v)8 (3.17)
= mT+1+ + -
o) 0 A+v)6+v)

1+6+1)8

A+0+VO = /s,

A+8HA+V)(E+v)

=m*+1-A/6-

In case of (3.16), the average queue length is simply §=m*+1-1/6-1 =
m(A,8) — A/, reflecting that the average number of job arrivals equals the aver-
age number of job completions over the course of an update interval, starting
with m* = m(A, §) jobs.

Figure 3.10 plots the average queue length in the fixed point given by (3.17)
as function of the update frequency 6 for A = 0.8. We observe that the average
queue length monotonically decreases with the update frequency, as expected,
and is indeed contained between m* —1/6 and m* +1-A/4.
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It then follows from the definition of m* = m(A,6) that § — oo as 6 | 0 for
any A < 1, which indicates that AUJSQY€(5) may perform arbitrarily badly in
the ultra-low feedback regime, confirming the observations in Section 3.2.1.

Bound on the queue length for AUJSQdet )

As noted earlier, the fluid-limit trajectory for AUJSQY(§) involves a measure-
valued process and is difficult to describe. However, in a similar spirit as for
AUJSQ*P(5), the value of m* can be characterized as the largest integer for
which

o} 1 i
oim Yy QO 5| < a5,

no(1/8)
I———¢
! i!

i=1 i=m+1

expressing that the average number of job arrivals should be larger than or equal
to the average number of job completions over the course of an update interval,
starting with m* jobs. While the above equation cannot easily be solved in
closed form, it is not difficult to show that the inequality is weaker than (3.14),
i.e., the value of m* is lower than for AUJSQ®*P(6), confirming the superiority
of AUJSQdet(é) observed in the simulation results in Section 3.2.1. It is further
worth observing the strong similarity of the above inequality with Proposition
3.1 governing the queue length upper bound for SUISQY€t(6).

4+
b —
Foon *
3k ===m*—\/d
I ':" m*+1—X/
o

Figure 3.10: Values of g for A = 0.7 and different values of §.
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3.5 Conclusion

We have introduced and analyzed a novel class of hyper-scalable load balancing
algorithms that only involve minimal communication overhead and yet deliver
excellent performance. In the proposed schemes, the various servers provide
occasional queue status notifications to guide the dispatcher in directing incom-
ing jobs to relatively short queues. There are more hyper-scalable schemes that
could be of interest. Another hyper-scalable scheme will be introduced in Chap-
ter 4, in which the timer that governs the updates only starts when a server
becomes ‘full’. Another interesting class of schemes would be one where the
queue estimate is not an upper-bound but mimics the expected value of the
queue length. These schemes are left as interesting topics for further research.

We have demonstrated that the schemes markedly outperform JSQ(d) poli-
cies with a comparable overhead, and can drive the waiting time to zero in the
many-server limit with just one message per job. The proposed schemes show
their core strength and outperform sparsified JIQ versions in the sparse feed-
back regime with less than one message per job, which is particularly pertinent
from a scalability viewpoint.

[AD20] presents the SQ(d, N) algorithm, which is similar to the JSQ(d) al-
gorithm, and also similar to our hyper-scalable algorithms. Instead of periodic
updates as we have seen in this chapter, d randomly selected queues are probed
when a job arrives in SQ(d,N). AUJSQ®P(§) is the closest to this algorithm,
since in SQ(d, N) the arrival process basically acts as a timer. The no-queueing
threshold § = 1/(1 - 1) in Corollary 3.3 matches with the threshold A <1-1/d
that SQ(d, N) has, since the communication overhead of SQ(d, N) equals 6 = Ad.
The same comparison holds for the support of the queue lengths.

In order to further explore the performance in the many-server limit, we
investigated fluid limits for synchronized as well as asynchronous exponential
update intervals. We used the fluid limits to obtain upper bounds for the station-
ary queue length as function of the load and update frequency. We also revealed
a striking dichotomy in the ultra-low feedback regime where the mean waiting
time tends to a constant in the synchronized case, but grows without bound
in the asynchronous case. Extensive simulation experiments are conducted to
support the analytical results, and indicate that the fluid-limit asymptotics are
remarkable accurate.

We have adopted common Markovian assumptions, and it could be interest-
ing to extend the results to non-exponential and possibly heavy-tailed distribu-
tions. In Chapter 5 we will decrease the communication overhead even further,
by pursuing schemes that may dynamically suppress updates or selectively re-
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frain from updates at pre-scheduled epochs to convey implicit information.

3.A Proofs of Section 3.3.2

3.A.1 Proof of Lemma 3.2

Let y;;(1), i=0,1,...,j, j =20, be the solution to the fluid-limit equation (3.1)
with 1 =0, i.e.,
dy;, (1)
de

= Jia1,j (DL < j} - 74, j(D1{i > 0},

with initial conditions j; ; (0) = v;(0) and 7; ;(0) =0 for all j=i+1, i =0. The so-
lution j; ;(¢) may be interpreted as the fluid limit in the absence of any arrivals,
and it is easily verified that

(1) =v;(0) A
Vi,j(6) =vj0)——=e™",
Vi T
forall i=1,2,...,j, and

[eS) tk
Jo,j(8) = vj(0) ) Fe‘ﬁ
k=j *:

j = 0. Further introduce

Di(0=Y 71,0, zZO=Y 1), K=Y zO,
j=i i=k k=K+1
and note from (3.4) that
dO>K (¢
) (3.18)

We will first establish that z; () < z,(¢) for all k=0, t € [0,7), reflecting that
the fraction of servers with queue length k or larger on fluid scale is no less
than what it would be in the absence of any arrivals. Suppose that were not
the case, and let £y € [0,7) be the first time when that inequality is about to be
violated for some ky > 0. Then we must have zy,(f) = Zx, (o), implying vy, (%) =
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Zko (F0) — Ziey+1 (o) = Ziy (F0) — Ziy 41 (F0) = Uy, (f0), since Ziy+1(T0) = Zgy+1(20)-

observe that

dz, (1) 9
——— 1=ty = — iy () + A Z Pio-1,j (t0) = — Vi, (%),
dr i=ko-1

while

dZy, (7) . dzy, (1)
d"t lt=to= =Ty (f0) < — Uiy (f0) < d—°t.

Now

Hence zy,(t) cannot fall below Zj, (1) at (just after) f, contradicting the initial
supposition in which #, would be the first time that the inequality is about to be

violated.

Invoking (3.18), we obtain

¢ t
f , K1(S)ds = f Zre1(8)ds = Q7K (0) - 07K (1)
S§= s

=% - Y k-K)ok(0
k=K+1

=%~ Y *k-K)Y jri(0)
k=K+1 1=k

oK [es) o) tl k —t

=Q* - ) (k- Z v 7=
k=K+1 I=k - k)!
e 1 tl k

=Q* - Y v Z (k K——e!
1=K+ St T
[es) —-K-

=0~ Y w0 Z (S m)—ef
I=K+1 m=0

=0~ Y wOAl-K,1)
[=K+1

= QM0 - Y vk (AU, D).

=1
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Now observe that

; L tl L L— l
e A(L,t):Z(L—l)ﬁleOL 1_lu:+1—l)—

<Z (L+1—)tl— L Z(L+1—l)tl
I L+l I

L+1

tt
Z(L+1—1)E=

L t
e A(L+1,1),
L+1

or equivalently,
A(L, 1) - A(L+1,1)
L — L+1
which may be interpreted from the fact that the expected fraction of jobs that
remain after a period of length ¢ is smaller with an initial queue of size L than
L+1. Thus, A(,t) < L A(L, 1) for all < L. Also,

’

L tl . L-1 l L-1 l
A(L,t):lgo(L—l)ﬂe =Z(L l—l)—e Z TT=AL-1,0+]1,

so that A(l,t)<I—-L+ A(L,¢t) for all I=L+1. We obtain

o0

[eo) L
Y vk AL D =Y vk AL D+ Y., v (0)AWL D)
=1 =1 I=L+1

L [e)

=) vk 07 LA, 0+ Y vk~ L+ A(L, 1))
=1 I=L+1

o0 (e8]

Zvi+z(0)+ Y vk | AWLD+ Y (=D vk (0)
=1 I=L+1 I=L+1

:Q>K+L(O) + % [Q5K+L(0) _ QSK(O)] AL, 1),

~

e

yielding
QKO- Y. vk 1AL 1) = Q7K(0) - Q7K+ (0) - [QSM ©-Q* ] AL
=1
3 3 1. <
=0 -0 - 2 [0 -] AL

=¥ 0 - Q=* 0] [1 - —A(i’ 2 ] .
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3.A.2 Proof of Lemma 3.8

Just like in the proof of Lemma 3.2, let y; ;(1), i =0,1,..., j, j 20, be the solution
to the fluid-limit equation (3.1) with A =0, i.e.,
dy; ; (1)
ds

= Jin,j (D10 < j} = 7, (O)14i > 0},

but now with initial conditions such that Z;(0) < z;(0) for all i = 1, with Z;(¢) =
% Ue() and 74 (0) = J,x(0), and 7;,;(0) =0 for all j >i+1, i =0. As before,
¥i,j(t) may be interpreted as the fluid limit in the absence of any arrivals, and it
is easily verified that
J—1l

- _ - ! -t
V1,7 (0) = 7;(0) (j—i)!e )

foralli=1,2,...,j, and

00 tk
Jo,j(8) = 7;(0) ) Fe_t’
k=j %

j 2 0. Further let yJ (1), ), (1) be solutions to the system of differential equa-
tions

dymm 0
dr
0
dyy, ()
dt

1100

=Al{t< to}—y(f,l(t),

with # = min{#(0)/A, T} and initial conditions yg, (0) = y{,(0) =
It is easily verified that

0 | Alt=1+e71] tel0, fl,
Yo (0) = { Atg—e 70 L e™l]  te 1],

o | All-e t€l0, nl,
.= { Ale —(t ) _e~  re [ty 1.

The variable yg’l (1) may be interpreted as the fraction of servers with queue
length 0 at time 0, queue length 0 at time ¢ and queue estimate 1 at time ¢, i.e.,
which have been assigned an arriving job and completed that job by time ¢. Like-
wise, Y?J (1) may be interpreted as the fraction of servers with queue length 0 at
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time 0, queue length 1 at time ¢ and queue estimate 1 at time ¢, i.e., which have
been assigned an arriving job that remains to completed by time t.

In a similar fashion as in the proof of Lemma 3.2, it can be established that
Z1(0)+y) () < z1(1) and Z;(1) < z;(¢) for all i =2 and € [0, T1.

To prove statement (i), consider Z;(0) = min{z;(0),1— At} = min{l — v4(0),1 -
At} =min{A,1- At} = A, and Z;(0) = 0 for all k =2. Noting that 7p(0) =1 - z1(0) =
At yields ty = 7, and thus y‘f,l(r) =A1—-e™7). Also, z1(1) = j1,1(7) = 11(0)e " =
Zz1(0)e”" = Ae” 7. We obtain that

2@ =za@+y,@ =1,

yielding vo(f) =1-2z;(1) = 1-A.
To establish assertion (ii), consider Z;(0) = z(0) for all k= 1. Then just like
in the proof of Lemma 3.3, noting that A(l,7) < A(2,7)+[-2 forall [ =2,

T (e8]
f Zi(s)ds=Q(0) - Y v;(0) A, 1)
=0 I=1

Y w0 =Y v (AU T) =Y v (0)[I - A, 7)]
1

1 =1 =1

viO)[1- AL DI+ ) v 0[-1+A(,7) - A, 7)]
=2

P18

~
I
—

2 21(0)[1- AL D]+ ) v(0)[1+A(,7) - A2,7)]
I=2

=z100)[1-e "]+ 20)[1-e " —71e ].

Also, fy =7, and thus
T
[ A=y ==+
§=

We obtain that

T T T
f [l—vo(s)]ds:f zl(s)dszf [y?,l(s)+21(s)]ds
s s=0 s=0

=0 =
>Ar-1+e " ]1+z1(0)[1-e "]+ 20)[1—e T —71e 7]
=AT+[z21(0)=Al[1—e "]+ 22(0)[1—e " —7e77].

To prove statement (iii), consider as before Z(0) = z;(0) for all k = 1. Further
observe that

All,L)z A(l-1,71)+ A(L, 1),
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and
A(k,7)—k=-B(k,17) = 1.

Then just like in the proof of Lemma 3.3, noting that A(l,7) < A2,7) + -2 for
all1=2,

o0

A=Y AL =Y O+ viOIALT) -]
I=1 I=1 =1

l

=Q0)+ ) vj(0)[A(L,T) - 1]+ ) v(0)[A(,7) - - A(L,T)+1]
I=1 1=2

2Q(0) + 21 (O[ALT) -1+ ) vy (0 [AU-1,7) — [ +1]
1=2

=21(0)[1-e 7] - 22 (0)7.
Also, ty =7, and thus
Yo =Alt-1+e7"].
We obtain

Q1) = yg’l(r) +0MzAlt-1+e "1+z10)[1—e "] —22(0)T
=AT+[z1(0)=Al[1-e "] = z2(0)T.

To establish assertion (iv), consider Z;(0) = min{z;(0),1 - At} for all k=>1.
Then, just like in the proof of statement (ii),

f A19ds = Q) - 71(0)A(L,7)
N

= I=1
=Y 15,0~ Y. 5OALTD) =Y. 501~ A7)
=1 =1 =1
=Y 5O -ALDI+ Y. 5O -1+ AQ1,1) - AU, 7)]

~
Il
—

=2

=Z1(0)[1- A, D]+ ) 0,0 [1+ A1, 1) — A2, 7)]
=2

=Z1(0)[1-e "]+ 2(0)[1-e " —Te "]

Also, noting that #,(0) = 1-2;(0) = At yields # = 7, and thus y?,l(r) = A -
e 7).
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We obtain that

f [l—vo(s)]ds=f zl(s)dszf 0[y(l)ll(s)+21(s)]ds
§

=0 - -

2AT-14+e 71+ 20 [1-e "1+Z0)[1l-e -1 "]
=AT+[Z1(0)=A[1—-e 1+ 20)[1-e -7 "].

Statement (v) follows from statements (ii) and (iv).

3.B Derivation of the fixed point

For convenience, denote by m* = min( jlw}‘ > 0) the minimum queue estimate

associated with the fixed point. Further denote n* = m* if uy._, <A, or n* =
min{n: u;, > A} otherwise.

Setting the derivatives in (3.11) equal to zero and denoting v = {/w;,*, we
deduce

0= i, L +1=j}-y; ;14 >0}
+Vy;'k_1'j_1]1{n* :j— 1}_"3’1*,]]1{”* :]}

(3.19)
1
+6) vpl{i=j=n"1+0v;Ui=j=n"+1} -6y}
k=0
forall i =0,1,...,j = n*. Similarly, we have for j,=n*+2,
d & oo Jo—1 oo
0=—7 ) wj=08) Wwj-wjl==63 3 vy (3.20)
Jj=Jo j=Jo i=0 j=jo

which yields y;j =0 for all j =n*+2 and i < j. Additionally, applying (3.19)
with i=k+1 and j = k+2, gives
0= ylt+2,k+2 - ylt+1,k+2 - 6ylt+1,k+2 = ylt+2,k+2

for all k= n. In conclusion, it is readily seen that w}f =0 for all j = n* +2. This
implies m* = n*, and yields

-
Viemr Wi m™} = (Ui #0 +v+8)y] . +8 ) villi=m"} =0,
k=0
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forall i=0,1,...,m*, and

Vieme Wi #m™ + 1= (L £ 01+ 8)Y] ey

+Vyi_1,m1{i # 0} +6y:1*+1,m*+1]l{i =m*+1} =

foralli=0,1,...,m* +1.
We obtain (with p=1)

V+0) Yo e = HY1 >
MAVHOY] e = WY1 1=1..,m =1

1 m*

* * *

(“+V)ym*,m* =6 Z yi,m*+2yi,m*+1 )
i=0 i=0

or equivalently,

m*
(N+V+5)y:n*,m* = 6Z[yzm* +y;'k,m*+1] = 6[1 _y;;’t*+l,m*+1]’

i=0
and

* — *
0Yo,me+1 = BV1 me 11

WH+OV Y i1 = BYisime 1 FVViiyme E= Lo

* *
HYme+1,m*+1 = VYm* m*
or equivalently,
* _ * *
(ﬂ +5)ym*+1,m*+1 - Vym*,m" +6ym*+1,m*+l’
along with

m*+1

m*

* * _
Zyi,m*+ Z yi,m*+1_1'
i=0 i=0

Note that Equations (3.21) and (3.22) determine y,, ,, and y;, tLmelt

. 5
Ymm = A+wv(1+6)’

« 3 vo
ym+1,m+1 - (1+V)(1+6).

0,

(3.21)

(3.22)
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It follows from the above equations (flux up equals flux down) that

m*-1 m*+1

6 Z (m*_i)[y;m*+y;m*+l]+vw;1*_ Zytm*+ Z ylm*+1
i=0 i

which implies that
A=A

x

Wm

Vv =

with
-1

A=6 Z (m [ylm*+ylm +1]
i=0

is equivalent with

* * /1
Yom* T Yo,m*+1 = 1- ﬁ’
reflecting that each server is idle a fraction of the time 1-A/p.

Recall that a = 5 and b= 13 5 — - We can use the above equations to express
VYm*—jm* i yjn*—]+1,m ., forall j=1,...,m", and recursively obtain

Y —jmr = b Ve e F=0,0,m" =1
*_ 7 .
Vige =0 " Ymrme, i=1,..,m"
m* -1
Vom = Voot = e Y
* = * * = .
0,m m*,m v+6 m*,m
*
Next, we express y,,
recursively derive

: * *
«_jme41 ID terms of Yo —jat,me +1 and Vo= jmt,m> and

Ym*+1,m*+1 =V¥Ym* m*

k1.k

1+vabZa1 b
k=0

aj+1_bj+1]

* _ *
ym*—j,m*+1 =a ym*+1,m + ym ,m*

:a]+l

*
ym*+1,m*+1+[ ym*,m*

for j=-1,...,m* -2,

Jj-1
* Ny j—k k%
ym*+1—j,m*+1 =a J’m*+1,m*+1+mb2“ b ym*,m*
k=0

=afym*+l,m*+1 +[a! - bf]ym*'m*
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for j=0,...,m* -1,

—i
m*+1—i  * m*—i-kypk_ *
J/m*+1,m*+l+vab Z a b ym*,m*

k=0

* —_—
Yime+1 =4

om0 m*—i+1 m*—i+1y
=a Vm+1,m*+1 T1a -b |

fori=2,....m*+1,

m* -2 N 1 .

Y a” “lekpk, _— pmi-2 Ve m*

= v+0 ’

am*—l_i
v+0

* _om* %
Vime+1 =" Vmes1,me1 +vab

m*—1

=a" yl*n*+1,m*+l+a yl*n*,m*
* _ 1 %
and yg e 11 = 51 me 10 ) ) )
It only remains to be shown that Equation (3.15) has a unique solution v = 0,
which then further implies that

A=A
V=

* ’
wm*

as noted earlier.
In order to establish that a solution v > 0 exists, note that y(’)‘ a1 ) 05 and

m*

1

—_— <1-2,
1+6

Yo,m* — (

as v | 0, while yg ,+ | 0 and

m*+1

1
>1-1

1+6

Yom*+1 — (

as v — oo.
It may further be shown that yg n,* + yo,m=+1 is in fact (strictly) decreasing
in v, ensuring that the value of v is also unique.
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Chapter 4

Optimal hyper-scalable load
balancing with a strict queue
limit

Based on:

[BBL20] M. van der Boor, S. C. Borst, and J. S. H. van Leeuwaarden. “Op-
timal Hyper-Scalable Load Balancing with a Strict Queue Limit”.
In: Preprint (2020)

4.1 Introduction

Just as in Chapter 3, we are interested in hyper-scalable load balancing algo-
rithms that are able to achieve great performance while having low communi-
cation overhead. In this chapter, we focus on the optimal performance for a
potentially scarce communication budget, and our perspective is fundamentally
different compared to Chapter 3 in two respects. First of all, we only consider
dispatcher-driven schemes that have a communication overhead of no more than
6. When 6 < 1, we need to resort to hyper-scalable algorithms. Second, jobs
may only be admitted when a strict limit K on the queue position of the job
can be guaranteed. This queue limit K can have any value and is offered in
systems of any size, as opposed to a zero queue length that is only ensured with
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high probability in a many-server regime. The combination of a low communi-
cation budget per job and a strict admission condition is particularly pertinent
for high-volume packet processing applications, where zero delay may not be
feasible given the admissible message rate, but where an explicit queue limit is
crucial.

As the cornerstone of our analysis, we establish a universal upper bound
for the achievable throughput of any dispatcher-driven algorithm as function
of § and K, thus capturing the trade-off between performance and communica-
tion overhead. We also introduce and analyze a specific hyper-scalable scheme
which approaches the latter bound in a many-server regime, demonstrating that
the bound is sharp and that the proposed scheme is asymptotically throughput-
optimal given the communication and queue limit constraints.

Organization of the chapter. In Section 4.2 we introduce the model and dis-
cuss our key findings and contributions. In Section 4.3 we introduce the upper
bound for the throughput. The analysis of the hyper-scalable scheme, using a
closed queueing network, is presented in Section 4.4. In Section 4.5 we pro-
vide simulation results to further illustrate the behavior of the hyper-scalable
scheme. An extension of the hyper-scalable scheme that also aims to minimize
queue lengths is introduced in Section 4.6. In Section 4.7 we establish product-
form distributions for a general closed queueing network scenario which covers
both the hyper-scalable scheme and the extension as special cases. We conclude
with some remarks and suggestions for further research in Section 4.8.

4.2 Model description and key results

We consider a system with N identical servers of unit exponential rate and a
single dispatcher where jobs arrive as a Poisson process of rate NA. The dis-
patcher is unaware of the service requirements of jobs and cannot buffer them,
but must immediately forward them to one of the servers or block them. The
throughput of the system is defined as the rate of admitted jobs per server.

The blocking option is relevant since the dispatcher must enforce an explicit
queue limit K, and is only allowed to admit a job and assign it to a server if
it can guarantee that the queue position encountered by that job is at most K.
Note that it is not enough for a job to end up in such a position thanks to a
lucky guess, but that the dispatcher must have absolute certainty in advance
that this is the case, and that a job must be discarded otherwise. Discarding
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may be the preferred option in packet processing applications when handling
a packet beyond a certain tolerance window serves no useful purpose. In that
case, processing an obsolete packet results in an unnecessary resource wastage
and needlessly contributes to further congestion, and is thus worse than simply
dropping the packet upfront.

As mentioned above, the dispatcher is oblivious of the service requirements,
which are exponentially distributed and thus have unbounded support. Hence,
the dispatcher critically relies on information provided by the servers in order
to enforce the queue limit K, and is allowed to send probes for this purpose,
requesting queue length reports at a rate N§. In addition, the dispatcher is
endowed with unlimited memory capacity, which it may use to determine which
server to probe and when or to which server it will dispatch an arriving job.
Servers return instantaneous queue length reports in response to probes from
the dispatcher, but are not able to initiate messages or send unsolicited updates
when reaching a certain status.

With the above framework in place, we will construct a specific hyper-
scalable scheme which is guaranteed to enforce the queue limit K and operate
within the communication budget §. The scheme toggles each individual server
between two modes of operation, labeled open and closed. An open period
starts when the dispatcher requests a queue length update from the server and
the reported queue length is below K; during that period the server is not work-
ing, and waits for incoming jobs from the dispatcher, seeing its queue only grow.
Once the queue length reaches the limit K, a closed period starts, ending when
the dispatcher requests the next update after T time units; during that period the
server is continuously working as long as jobs are available, without receiving
any further jobs, thus draining its queue. When the queue length reported at an
update is exactly K, the open period has length zero, and the next closed period
starts immediately. By construction, the above-described mechanism maintains
a queue limit of K at all times and induces a message rate of at most 1/t per
server, which makes 7 =1/4 the obvious choice.

The scheme is similar to AUJSQdet(ﬁ) from Chapter 3. The most important
difference is that in AUJSQY€t(6), every server is updated exactly every T = 1/8
time units based on a timer, while the current scheme only starts the timer
when the queue length of a server has reached K. Thus the AUJISQ(5) scheme
might update servers even when they are known to have strictly less than K
jobs in queue. This difference however typically vanishes when the number of
servers increases and the load approaches the critical value A*(,K). A more
detailed comparison accompanied with simulation results will be provided in
Section 4.5.4.
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Main results. We now discuss the main results, which can be summarized as
follows. There is a function 1* of § and K, such that subject to a message rate §
and queue limit K,

* the throughput of any dispatcher-driven algorithm is bounded from above
by min{A* (5, K), A},

* the throughput of our hyper-scalable scheme approaches min{1*(§, K), A}
as N — oo.

These two results are covered in Sections 4.3 and 4.4, respectively.

4.3 Universal upper bound

We establish the upper bound for a slightly more general scenario with hetero-
geneous server speeds. Denote the speed of the n-th server by u,, forn=1,...,N.
The next theorem shows that the achievable throughput of any dispatcher-
driven algorithm subject to the message rate § and queue limit K is bounded
from above by

A*(8,K) = 6B(K, il 6), 4.1
with
K-1 k Ti
B(K,7)= ) (l—e_T _—), (4.2)
k=0 izo !

and i= & YN  p, denoting the system-wide average server speed. Note that
B(K,1) may be equivalently written as

K-1 Tk
B(K,1)=K- ) (K-ke"—,
k=0 k!

and may be interpreted as the expected value of the minimum of K and a Pois-
son distributed random variable with mean 7, just as in Section 3.3.2.

Theorem 4.1. The expected number of jobs that any dispatcher-driven algorithm
can admit subject to the queue limit K during a period of length Ty with at most
& NTy message exchanges cannot exceed 2K N+A* (6, K)x N Ty, for any § > 0. In par-
ticular, the achievable throughput with a message rate of at most § > 0 is bounded
from above by A* (8, K).
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Recall that we defined throughput as the rate of admitted jobs per server, and
note that the throughput is naturally bounded from above by the normalized
arrival rate A.

Proof. As noted earlier, since the execution times are exponentially distributed
and thus have unbounded support, the dispatcher relies on information pro-
vided by the servers in order to enforce the queue limit K. Specifically, the dis-
patcher earns ‘passes’ for admitting k jobs when a server reports k=0,...,K ser-
vice completions since the previous update, and cannot admit any job without
relinquishing a pass. Thus, the number of jobs that the dispatcher can admit
during a particular time period cannot exceed the sum of (i) the maximum pos-
sible number of KN passes initially available; (ii) the maximum possible num-
ber of KN passes earned at the first update from each server during that period,
if any; and (iii) the number of additional passes obtained at further updates
over intervals that fell entirely during that period, if any. Now suppose that the
dispatcher requests L, queue length reports from the n-th server during a pe-
riod of length Tp, one after each of the update intervals of lengths Ty, 1,..., Tn L,
with Zlel Tpi<sTyforalln=1,...,Nand L= Zf;]:l L, <6NTy. Then the number
of passes earned at the I-th update equals the number of service completions
during the time interval T, ;, which depends on the queue length at the start
of that interval. However, this random variable is stochastically bounded from
above by when the queue was full with K jobs at the start of the interval. In
the latter case the number of passes earned is given by the minimum of K and a
Poisson distributed random variable with parameter y, T, ;. We deduce that the
expected total number of passes obtained at all these updates is bounded from
above by

L

[\/J:

B(K,unTy,1), 4.3)

N
2
n=1

and to prove the first statement of the theorem it thus remains to be shown that
this quantity is no larger than 1*(§,K) x NTy. It is easily verified that

l

1

*BK, 1)  _, t*7!

or? (K-1)! <

’

implying that B(K, t) is concave as function of ¢. As an aside, the above expres-
sion may be intuitively explained from the fact that the first derivative %
equals the probability that exactly K — 1 unit-rate Poisson events occur during
a period of length ¢, while the (negative) derivative of the latter probability
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equals that very same probability by virtue of the Kolmogorov equations for a
pure birth process. Because of concavity, we obtain that (4.3) is no larger than
Lx B(K,T), with

1Y L NT,
T=1 unZT,m—Zuno— . (4.4)
=1 =1
Invoking the fact that 6B(K D >0, i.e., B(K,1) is increasing in t, we may write
LxB(K,7)<LxB(K,aNTy/L)=A*(y,K) x NTy, (4.5)
with y = - < 8. It is easily verified that
oA* (x,K) e @/x)k
——=K-K , .6
ox LT (4.6)

i.e.,, 1*(x,K) is increasing in x, and hence A*(y,K) < 1*(§,K), which completes
the proof of the first statement of the theorem.

Finally, to prove the second statement, we consider the long-term scenario
To — oo. The number of jobs that are admitted per time-unit per server then
equals KN+ A*(8,K) x NTy)/ (NTy) — A*(,K) and the message rate per server
equals at most S NTy/(NTp) = 6. O

Properties of 1*. We now state some properties of 1* (6, K) and discuss their
consequences, where we assume without loss of generality that i@ =1. In the
next subsection we will introduce a hyper-scalable scheme which is able to
achieve this throughput in the many-server regime. For now, we will reflect
the properties in light of the maximum throughput that is possible for any
dispatcher-driven load balancing algorithm given a message rate §.

Proposition 4.1. 1*(8, K) has the following properties:
(i) A*(6,K) is strictly increasing in both § and K,
(i) A*(6,K)11as 6 — oo,

(iii) A*(6,K) | 0and A*(6,K)/6 - K as 6|0,

(iv) for a<1, A*(a/K,K) — a as K — oo.
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Proof. A*(6,K) is strictly increasing in § because of (4.6) and is strictly increas-

ing in K since 1 - e’TZf:O Tl—: >0 in (4.2). For Properties (ii) to (iv), note that

1K~ Ke 1% —e VO (K~ 1)/6 + (K —2)(1/6)Y?)]

TS N ¢ V) L .
<6(K-e Z(K—z)T)zﬂt(6,K)sm1n(6K,1),
i=0 :

with y(6) =2 when 6§ =1 and y(§) = K—1 when § < 1. All limiting statements
are true for the LHS and RHS of the previous equation, therefore proving these
properties for 1* (8, K) too. O

08 3L -~

0.6 - .: 4
: X*(8,1)
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Figure 4.1: Visualization of the throughput bound A*(§,K) for various values of K as
function of §. For the fourth and fifth graph, only values of § are evaluated for which the
second argument is integer-valued.

The properties in Proposition 4.1 are visualized in Figure 4.1. They can be
interpreted intuitively and practically too. For Property (i), when the commu-
nication budget is expanded, i.e. § is increased, more jobs can be dispatched to
queues that are guaranteed to be short. Similarly, more jobs can be admitted
into the system if the queue limit is raised, i.e., K is increased. Property (i),
in conjunction with Theorem 4.1, implies that a throughput A*(§,K) cannot be
achieved with a message rate strictly below 8, or a queue limit strictly below K.

Property (ii) shows that as the message rate grows large, full server utiliza-
tion can be achieved. With an unlimited message rate, the dispatcher is able to
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find idle servers immediately, a necessary requirement for achieving full server
utilization irrespective of the queue limit K.

Property (iii) shows that, first, when no communication is allowed, no jobs
can be sent to queues that are guaranteed to be short. The further specification
of the limit indicates that K jobs are admitted into the system per message.
This in turn reveals that when the communication is extremely infrequent, all
messages result into finding an idle server, and thus provide the dispatcher with
K passes to admit jobs.

Finally, Property (iv) is somewhat similar to Property (iii). When the queue
limit K increases, one needs fewer messages in order to achieve a server uti-
lization level a. With a =1, Property (iv) shows that one message per K jobs is
needed in order to achieve full server utilization, which is a somewhat similar
conclusion as the one from Property (iii).

4.4 The hyper-scalable scheme

We now introduce the hyper-scalable scheme in full detail for the case of homo-
geneous servers.

At all times, the dispatcher remembers the most recent queue length that
was reported by every server. Furthermore, the dispatcher records the number
of jobs that have been sent to every server since the last update from that server.
When the sum of these two numbers is strictly less than the queue limit K, a
server is labeled open, and otherwise closed.

Whenever a job arrives to the dispatcher, it is assigned to an open server, if
possible. There are two options for how to select an open server. Either an open
server is selected uniformly at random (random case), or the open server that
was interacted with (i.e. updated or received job) the longest ago is selected
(FCFS case). The job is dropped when no open servers exist.

Exactly 7 time units after a server was labeled closed, the dispatcher will
request a queue length update of the server. The server becomes open when this
queue length is strictly less than K, and the server remains closed for another
7 time units if the queue length equals K, in which case the dispatcher will
request the next queue length update after another 7 time units. The hyper-
scalable scheme is a dispatcher-driven algorithm, since only the dispatcher
initiates messages and every server can track itself when it is labeled open by
the dispatcher: exactly when the sum of the queue length during the latest
update and the number of jobs received since then is strictly below K.
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Note that by construction the hyper-scalable scheme respects the queue limit
K at all times and involves a message rate of at most 1/7. In addition, the
scheme has been specifically designed to allow explicit analysis and derivation
of provable capacity benchmarks. As it turns out, a crucial feature in that re-
gard is for the servers to refrain from executing jobs while being marked open.
This feature ensures that the queue length is exactly K at the moment a server
becomes closed. The average number of job completions in an interval of length
7 then equals B(K, 1), so one message leads to B(K, 1) admitted jobs on average,
immediately yielding the following result.

Corollary 4.1. The average number of messages per admitted job equals 1/B(K, 1),
regardless of A and N.

While the forced idling of servers during open periods may seem ineffi-
cient, the next theorem shows that the proposed hyper-scalable scheme is in
fact throughput-optimal in large-scale systems, given the message rate § and
queue limit K, with the choice 7 =1/6.

Theorem 4.2. For any § > 0, the throughput that is achieved by the hyper-scalable
scheme with T = 1/6 approaches min{A* (6, K), A} as N — oo.

Since the hyper-scalable scheme obeys the queue limit K and involves a
message rate of at most §, Theorems 4.1 and 4.2 combined imply that it is
throughput-optimal as N — oo.

According to Theorem 4.1 and Property (i) of Proposition 4.1, one would
require a message rate of at least § to achieve a throughput of 1*(§,K). The-
orem 4.2 shows that the throughput of the hyper-scalable scheme approaches
A*(8,K) as N — oo when A = 1*(§,K). A combination of these two observations
(and the fact that A*(5,K) is continuous in §) indicates that the message rate
of the hyper-scalable scheme must approach § as N — oo when A = 1*(6,K).
This in turn implies that the expected duration of an open period must become
negligible, compare to the length 7 of a closed period, i.e. the fraction of time
that a server is marked open vanishes.

We now proceed with an outline of the proof of Theorem 2.

Analysis. For brevity, a server is said to be in state k when the sum of the
queue length at its latest update epoch and the number of jobs the server has
received since, equals k. This means that all servers in state k < K are labeled
open and servers in state K are labeled closed. In view of the homogeneity of the
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servers, it is useful to further introduce N(1) = (No(1), N1(1),..., Nx_1(8), N (1)),
with Y; Ni(t) = N, where Ni(¢) stands for the number of servers in state k at
time ¢. While the vector N(t) provides a convenient representation, it is worth
emphasizing that it does not provide a Markovian state description.

We now explain how individual servers transition between various states.
When a job arrives to the system, the state of an open server will change from
k<K to k+1. An update of a server may cause the server to change state too.
The new state of the server equals the number of jobs that are left in queue
after the update interval of r time units. The number of jobs that were served
follows a truncated Poisson dlstrlbutlon so the probability pj that exactly k jobs
remain, equals py :=e T(K k), for k>0 and py:=1-e XX ”l., When k < K
jobs are left, the state of the server becomes k. When there are K jobs left, the
state of the server does not change and remains K.

It is important to observe that service completions of jobs do not cause direct
transitions in server states. The reason is twofold. When a server is open, it
stops working on jobs, so there are no such completions at open servers. For
closed servers, all servers are aggregated; the number of jobs in queue is not
taken into account. Only after the period of length 7, the number of jobs left in
queue is determined indirectly by using the transition probabilities as specified
above.

Although the vector N(#) does not provide a Markovian state description as
noted above, its evolution can be described in terms of a closed queueing net-
work, in which the servers act as customers in the network, traversing various
nodes corresponding to their states. Specifically, the closed queueing network
consists of one multi-class “single-server” node with service rate AN in which
the customers can be of classes 0,1,...,K—1, and one “infinite-server” node with
deterministic service time 7 that holds all class-K customers. A service com-
pletion at the single-server node makes one customer transition. The class of
the customer changes from k to k+1 if k < K—1, or the customer transitions
to the infinite-server node if its class was K—1. When multiple customers are
present at the single-server node, the customer that transitions is either selected
uniformly at random (random case), or the customer that has been in the single-
server node for the longest time is selected (FCFS case). Finally, upon a service
completion at the infinite-server node a customer moves to the single-server
node as class k < K with probability py, or directly re-enters the infinite-server
node with probability pg.

A schematic representation is shown in Figure 4.2. We define y; as the
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relative throughput value of class-k customers. With yx =1, it follows that
Yi=pot+..+pr=1-eTLKIFL for k< K.

Figure 4.2: Schematic representation of the circulation of an individual customer in the
closed queueing network.

By virtue of the above-described equivalence, the process N(¢) represent-
ing the server states under the hyper-scalable scheme inherits the product-form
equilibrium distribution of the closed network as stated in the next proposition.

Proposition 4.2. The equilibrium distribution of the system with N servers is

s (no+...+ng_)! K-1 Yi \Mi 7K
JNL, ., NK—1, =Gl ——————~ — 4.7
7 (ng, ny ng-1,ng) N ol e (H) (AN) el (4.7)

if ng+...+ ng = N, with normalization constant

(vo+...+vg-1)! K-l Yi \Yi T
Gn = 2 1 (H(ﬁv)

! I
vo+..4vg_1+w=N V0. VK-1: i=0 w:

A proof of Proposition 4.2 can be found in Section 4.7, and the product-form
equilibrium distribution may be informally understood as follows. The infinite-
server node allows a product-form distribution even for deterministic service
times. While traditionally exponentially distributed service times are consid-
ered, the equilibrium distribution is insensitive to the service time distribution
at the infinite-server node and only depends on its mean, see Section 4.7 for de-
tails. As mentioned above, the service discipline at the single-server node with
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exponentially distributed service times may either be FCFS or random order of
service. In the case of the FCFS discipline, albeit not being reversible [Kell1],
the single-server node with multiple classes can be represented as an order-
independent queue [BKK95; Krz11]. According to Theorem 2.2 in [Krz11], the
queue is quasi-reversible, which is sufficient for a product-form distribution.
For random order of service, which is a symmetric service discipline, the single-
server node is reversible, yielding a product-form as well.

The equilibrium distribution (4.7) can be simplified when only the number
of open and closed servers matters. This immediately yields an expression for
the blocking probability Ly as provided in the next corollary.

Corollary 4.2. The equilibrium probability of there being n open servers and N—n
closed servers under the hyper-scalable scheme equals

BKK,1) )" N-n
AN (N—n)!

n(n,N—n)= Z n(ng,...,ng-1,N—n) =

- N (B&D\Y N-w
no+...+tng-1=n szo( ;N)) (IT\/—w)I

. (4.8)

In particular; because of the PASTA property, the blocking probability is given by

NN

Ly =7(0,N) = ——7m (4.9)
w=0 w!

with x = At/B(K, 1) = A/A*(1/7,K). Finally,
Ly V= max{0,1 - A*(1/7, K)/A}.

Specifically, Ly | 0 as N — oo when A < 1*(1/1,K).

Suppose that the allowed message rate is § as stated in Theorem 4.2, then
put 7 =1/8. When A = A*(1/1, K), the blocking probability vanishes in the many-
server regime according to Corollary 4.2, and thus the throughput approaches
A. When A > A*(1/1,K), the acceptance probability tends to A*(1/7,K)/A and
the throughput approaches A x 1*(1/7,K)/A = A*(1/7,K). These two statements
combined yield Theorem 4.2.

Theorem 4.2 allows us to equivalently view A*(§, K) as the throughput that
is achieved by the hyper-scalable scheme as N — co when 1 = 1*(§, K). We now
revisit properties (ii) and (iii) as stated in Proposition 4.1 from that perspective.
In the limiting scenario § — oo, 7 | 0, servers are updated after an infinitesimally
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small time, which in turn alerts the dispatcher immediately when even a single
job has been served. This ensures that all servers can work at full capacity.

In the scenario 6 | 0, T — oo, update periods become extremely long. Every
update that does happen, will definitely find an idle server and allow for K
admitted jobs, explaining why 1* (8, K) = K§ for small §.

Remark. Note that with the queue limit K in force we may assume each server to
have a finite buffer of size K. In case of a finite buffer, the queue limit K would
automatically be enforced, even if the dispatcher were allowed to forward jobs
without any advance guarantee. With the option of "(semi)-blind guesses", the
throughput bound would trivially become 1 (the average server speed), and
Property (iii) indicates that the achievable throughput A*(§, K) without lucky
guesses could be (substantially) lower when § is (significantly) smaller than
1/K. However the throughput of 1 can only be approached for a high arrival
rate, at the expense of severe blocking, whereas the hyper-scalable scheme can
deliver the throughput A1* (6, K) with negligible blocking asymptotically.

4.5 Simulation experiments and optimality bench-
marks

In this section we conduct various simulation experiments to further bench-
mark the properties of the hyper-scalable scheme and make several compar-
isons. Throughout we often set the queue limit K = 2, yielding the throughput
bound A*(6,2) = 26 —26e~1/% —e~1/9 as function of the message rate §. Further-
more, all simulation results emulate the random case, i.e. a job is sent to an
open server selected uniformly at random.

4.5.1 Baseline version of the hyper-scalable scheme

First, we evaluate the hyper-scalable scheme itself in Figures 4.3a and 4.3b for
K =2 and K = 3 respectively. We note that the message rate stays below the
line y =1/, confirming that it never exceeds 1/7. The throughput and blocking
probability achieved by the hyper-scalable scheme are nearly indistinguishable
from the respective asymptotic values (upper and lower bounds, respectively),
especially at lower and medium values of the communication budget 1/t. For
higher values of the communication budget, the throughput and blocking prob-
ability slightly diverge from the asymptotic values but remain remarkably close
nevertheless. This demonstrates that the asymptotic optimality properties of
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Figure 4.3: Simulation results for the hyper-scalable scheme for A = 1.2 and N = 100.
Numerical values of the throughput bound 1*(1/7, K), the associated blocking probability
bound 1-A*(1/7,K)/A, the average number of messages per admitted job 1/B(K,7) and
1/t are also shown with thin black lines.

the hyper-scalable scheme as stated in Theorems 4.1 and 4.2 already manifest
themselves in moderately large systems.

In order to provide further insight in the asymptotic optimality, we compare
the baseline version of the hyper-scalable scheme with several variants and
alternative scenarios that are not analytically tractable.

Specifically, in the next two subsections, we examine the following variants
through simulations:

* “non-idling”; open servers continue working, but will convey their queue
length as if they had not been working while being open,

* “work-conserving”; open servers continue working and convey their actual
queue lengths at update epochs.

At first sight, one might suspect that these variants achieve a possibly larger
throughput. As we will see however, the differences are small and are only
observable at low load or in systems with few servers.

In Section 4.5.4 we make a comparison with the AUJSQ4e(8) scheme con-
sidered in Chapter 3, which is not analytically tractable either but seems to be
asymptotically throughput-optimal as well.
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4.5.2 Non-idling variant

Open servers do not work on jobs in the baseline version of the hyper-scalable
scheme. While Theorem 4.2 showed that the forced idling does not affect the
achieved throughput in large-scale systems, it is still interesting to investigate
the consequences of this design. In the non-idling variant, open servers do work
on jobs, but they convey their queue length to the dispatcher as if they had not
been working on jobs while being labeled open. While this variant may seem
fundamentally different, the information that the dispatcher has is exactly the
same as in the baseline version: the sets of open servers and their respective
states coincide in both scenarios, as long as jobs are sent to the same open
server.

In particular, the equilibrium distribution of the server states as provided in
Proposition 4.2 applies to the non-idling variant as well, and the throughput
and the number of messages exchanged per admitted job are identical in both
scenarios. The only difference arises in the expected queue lengths encountered
by admitted jobs: they are somewhat smaller in the non-idling scenario, as
illustrated by the simulation results presented in Figure 4.4a.

At low load values, there are instants where there is time for servers to
execute jobs when they are open. This causes a distinction between the two
variants, since in the non-idling variant jobs join shorter queues. In Section
4.6, we will consider a tractable extension of the hyper-scalable scheme that
aims to reduce the queue lengths. As the number of servers grows however, an
overflow of arrivals will cause open servers to have less time to execute jobs,
which causes the queue lengths to be similar in both scenarios. This viewpoint
provides further intuition why the hyper-scalable scheme is still asymptotically
optimal.

4.5.3 Work-conserving variant

We now turn to a work-conserving variant of the hyper-scalable scheme, in
which open servers also work on jobs, and in fact convey their actual queue
length at an update epoch. In this case the evolution of the server states is
different, and the equilibrium distribution provided in Proposition 4.2 no longer
applies.

The throughput and blocking probability are similar in both scenarios. This
may be intuitively explained as follows. When A = 1*(1/2,2), Theorem 4.2 shows
that there are hardly ever any open servers, and hence there should not be any
substantial difference between the two variants, which is corroborated by Figure
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Figure 4.4: Simulation results: comparison between two variants (thick lines) and the
baseline scenario (thin lines), for K =2, =2 and N =500, yielding a throughput bound
A*(1/2,2) = 0.73.

4.4b.

When A < A*(1/2,2), there can be a significant number of open servers. Theo-
rem 4.2 however implies that the hyper-scalable scheme approaches zero block-
ing and throughput A in this case. While it is plausible that the work-conserving
variant achieves that as well, as attested by Figure 4.4b, it is simply not feasible
to achieve lower blocking or higher throughput. The only room for improve-
ment is thus in the number of message exchanges per admitted job, and Figure
4.4b demonstrates that the work-conserving variant indeed provides some gain
compared to the hyper-scalable scheme in that regard. To put that observation
in perspective, consider Corollary 4.1. As one can see, the communication over-
head is strictly decreasing in 7. For such a low arrival rate, the hyper-scalable
scheme permits to choose the update interval r much larger. Figure 4.5 con-
firms that the choice 7 = 5 largely eliminates the difference in communication
overhead between the work-conserving variant and the baseline version.

4.5.4 Comparison with the AUJSQ9¢(5) scheme

We now compare the hyper-scalable scheme with the AUISQ9¢t(6) scheme from
Chapter 3, which is somewhat similar, except that every server is updated exactly
every 7 = 1/§ time units based on a timer. Thus the AUJSQ9¢!(8) scheme might
update servers even when they are known to have strictly less than K = 2 jobs in
queue. There are further minor differences: in AUISQJ¢t(6) jobs are assigned to
the server with the lowest state (so giving preference to servers that are more
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Figure 4.5: Simulation results: comparison Figure 4.6: Simulation results: compar-
between the baseline scenario (thin lines) ison between the baseline scenario (thin
and the work-conserving variant (thick lines) and the AUJSQdet(ﬁ) scheme (thick
lines) for K =2, T =5 and N =500, so that lines) for K =2, T =1 and N =500, so that
A*(1/5,2) = 0.39. A*(1,2) = 0.90.

likely to be empty) and open servers do work on jobs. In contrast to Chapter 3,
we now consider a variant of the AUJSQ9¢!(6) scheme in which jobs are blocked
when the dispatcher is not aware of any servers that are guaranteed to have
strictly less than K =2 jobs in queue. The comparison is shown in Figure 4.6.

It is important to note that in the hyper-scalable scheme the expected num-
ber of messages per admitted job is independent of A, while in the AUJSQI¢t(6)
scheme the expected number of messages per time unit is independent of 1. We
observe that the average number of messages per admitted job coincides when
A > A*(1/1,K). While it is natural to expect that the AUJSQdet (6) scheme offers
similar asymptotic optimality properties, it lacks the mathematical tractability
of the hyper-scalable scheme to facilitate a rigorous proof argument.

4.5.5 Non-exponential service times

Finally, we analyze the hyper-scalable scheme for non-exponential service time
distributions. In Figure 4.7a, the service times are Gamma(2,2) distributed.
The throughput of the hyper-scalable algorithm slightly exceeds the value of
A*(1/7,K), the maximum throughput when job sizes are exponential. The num-
ber of messages per admitted job is also lower than 1/B(K,t). This is all ex-
plained by the fact that the tail of the Gamma(2,2) distribution is smaller than
the tail of the exponential distribution. This means that more jobs are completed
in a fixed time interval, which increases the effectiveness of the messages sent.
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Figure 4.7: Simulation results for the hyper-scalable scheme for K =2, 1 = 1.2 and
N =100, and non-exponential service times. Numerical values of the throughput bound
A*(1/1,K), the associated blocking probability bound 1-A*(1/7,K)/A, the average num-
ber of messages per admitted job 1/B(K,t) and 1/t are also shown with thin black lines.

The service time distribution in Figure 4.7b is Gamma(1/2,1/2). The opposite
effect is observed: the throughput is lower compared to the exponential case
(Figure 4.3a) and the message rate is larger, because of the heavier tail.

4.6 Extension aimed at minimizing queue lengths

While the hyper-scalable scheme is asymptotically throughput-optimal given the
message rate § and queue limit K, it does not make any explicit effort beyond
that to minimize queue lengths or delays experienced by jobs. Motivated by that
observation, we now consider an extension of the hyper-scalable scheme aimed
at minimizing waiting times. In this extension, a server that receives its i-th job
after an update at which its queue length was k, becomes closed for 7 ;.; time
units. After this time, it becomes open if k+ i < K and it is updated if k+i =K.
Thus, servers are not only closed when they become full, but are closed for a
while after every job they receive.

Henceforth, we focus on the case K =2 for the ease of exposition, and we
set 790=0, To1 =71,1 =71, To2=T12=T2 and T22 =T3. We can put To,0 O zero
without loss of generality as it makes no sense to have a cool-down period for
an empty server. As a consequence there is no difference between servers that
had zero jobs or one job at the previous update epoch, so we can set 7¢; = 71,1,
and 702 = 712 as well. Let p,; be the probability that j jobs remain after an
update, when there were zero or one jobs just after the latest update epoch.
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This means that the server had 7y, time units to work on the first job and
another ¢, time units after both jobs were dispatched to it. This gives py =
e (l-1e T2 —e )+ (1—-e )1 —e""2), pop =€ "te "2 and pr; = 1— p2g — P22.
Let g,; be the probability that j jobs remain after an update, when there were
two jobs just after the latest update epoch. This gives g0 = 1—€e7 ™ —13e7 "3,
g22 =€~ " and gz1 = 1 - G20 — G22.

Servers can be in either of the five following states.

A; The server is idle and open.

B; The server had zero jobs during the previous update moment and received
one job since, or the server had one job during the previous update mo-
ment and received no jobs since. The server is now marked closed for 7,
time units.

A; The server had zero jobs during the previous update moment and received
one job since, or the server had one job during the previous update mo-
ment and received no jobs since. The server was marked closed for 7; but
is now open.

B, The server had zero jobs during the previous update moment and received
two jobs since, or the server had one job during the previous update mo-
ment and received one job since. The server is now marked closed for 7,
time units.

B; The server had two jobs during the previous update moment and is now
marked closed for 73 time units.

The transitions are schematically represented in Figure 4.8, with the transi-
tion probabilities as defined earlier.

The system dynamics under this extension of the hyper-scalable scheme can
also be represented in terms of a closed queueing network with one single-
server node that holds two classes of customers and three infinite-server nodes.
The states A; and A, correspond to the two classes that customers can be of
when they are present at the single-server node. The states B;, B, and Bz each
correspond to one of the three infinite-server nodes in the network, with deter-
ministic service times 71, 7, and 73, respectively.

Proposition 4.3. The equilibrium distribution of the system with N servers is

1 (m + np)! ( 71 )"1 (ﬁ)nz (k171)™ (K272)™ (K373)"™

n(ny, np, my, my, ms) = Hy, -—
e e Nooming! AN AN m! my! ms!
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Figure 4.8: Schematic representation of the server states and transitions when K = 2.

(4.10)

ifnl +n+my+my+m3= N, with (YI,YZ,KI,Kz,Kg) = (pgo + 72_2;72220 ,1,1,1, 15’2222) and
normalization constant

(1 + v2)! ( 71 )Vl (ﬁ)”z (k17" (K272)"? (k373)""

H =
N AN wh ! LUQ! LU?,!

105! ’
i+t wtwp+wg=N V1:V2: AN

where n; is the number of open servers in state A; and m; the number of closed
servers in state B;.

The proof of Proposition 4.3 is provided in Section 4.7.
The equilibrium distribution (4.10) can be simplified when only the number
of open and closed servers are counted, as shown in the next corollary.

Corollary 4.3.

* The equilibrium probability of there being n open servers and N — n closed
servers under the extension equals

(Ylﬂ’z )" (K1T1+KoTo+x373) V"

AN N—-n)!
n(n,N—n)= (N=n) —,
yN (71+Y2)W (K1T1+K2 T2 +x373) N~ ¥
w=0\ AN (N-w)!

In particular, because of the PASTA property, the blocking probability is given
by
(E901d
n(0,N) = —2

N N’
Zw:O w!
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Figure 4.9: Maximum throughput A*, average number of updates per admitted job u
and average queue position of admitted jobs g as a function of 7.

with x = A x ©EEREZESE and 71(0, N) — max{0,1 - A*(11,72,73)/A} as N —
Yitye

oo, which equals zero when A < A*(11,72,73) := e
* The average number of messages per admitted job equals

K2 +K3
Y1+72

u(ty,72,73) :=

* The average queue position of an admitted job equals

-1

(T1,72,73) := .
q(11,72,73 .

The last two statements follow directly from the relative throughput values.
These exact expressions for the maximum throughput 1*, the average number
of updates per admitted job u and the average queue position g of admitted
jobs, allow us to evaluate the performance of this extension.

In Figure 4.9a, the value of 7, is varied while the values of 7, and 73 are
kept constant. Since 7; represents the time that a server is closed when it has
one job in queue, the result is that the second job that is sent to the server
experiences a shorter queue in expectation. Indeed, for larger values of 7y,
the mean experienced queue length g decreases. As a further benefit, the mean
number of updates decreases as well, since an idle server will take at least 7, +7>
time units to be updated. The penalty incurred for these advantages is that the
maximum throughput, 1*, drops below the value of 1*(§,K) as asymptotically
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achieved by the baseline version of the hyper-scalable scheme, since servers may
become idle during the 7; time in which they will not receive any more jobs.

Finally, in Figure 4.9b we show that a trade-off between the parameters is
possible. 7; is increased while 7, is decreased, and this leads to interesting
behavior. Around the point 77 = 0, the values of A* and u do not change when
the parameters are altered, but the value of g does change. Such a trade-off
might be worth it in scenarios where mean queue lengths play an important
role.

4.7 Closed queueing network and further proofs

In this section we establish product-form distributions for a more general closed
queueing network scenario which captures the network representations of the
hyper-scalable scheme and the extension considered in the previous section as
special cases. This provides the proofs of Propositions 4.2 and 4.3.

The closed queueing network consists of N customers circulating among one
single-server node and B infinite-server nodes. Customers can be of A classes
while at the single-server node, denoted by A, ..., A4. Denote the infinite-server
nodes by By, ..., Bg. The routing probabilities are denoted by p,_.,; this is the
probability that a customer transitions from x to y (x and y may correspond to
either a class or an infinite-server node).

Service completions at the multi-class single-server node occur at an expo-
nential rate AN. The customer that completes service is either selected uni-
formly at random, or in a FCFS manner, where the next customer is the one
that transitioned last. If the selected customer is of class i, then it immediately
returns to the single-server node as a class-j customer with probability pa,—4;
or it moves to node B; with probability p,,—g;. The service times at the infinite-
server node B; are deterministic and equal to 7;. Upon completing service at
node B;, a customer moves to the single-server node as a class-j customer with
probability pp,—4;, or to node B; with probability pg,_p;.

The relative throughput values may be calculated from the traffic equations,

_ VA X B .
Yi _ijl PA;j—A; XY +Zj:1 PBj—A; XKj,
—_vA . B ,
K _ijl PA;j—-B; XYj +Zj:1 PB;—B; XK,

where y; stands for the relative throughput of class A; at the single-server node
and «; for the relative throughput at node B;. We assume a “single-chain net-
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work”, where the routing probability matrix is irreducible, meaning that all
customers can reach all classes and nodes.

Proposition 4.4.
(a) The equilibrium distribution of the system with N customers is

1(m+...+ny)! ﬁ(ﬁ)nl ﬁ (KjTj)mj
m!---na! VAN m;!

(4.11)

n(ny, ng,...,na, My, My,...,mp) =Fy
j=1

if n+...+nap+mq+...+mpg = N, with normalization constant

B (W +...+v)! Ay i B T

Fn = )y 1o vl H(/IN) [l 1
Vi+etvatwy+otwg=N V12 VAS o j=1 wj:

where n; is the number of customers of class A; at the single-server node and

m; the number of customers at infinite-server node B;.

(b) The equilibrium probability of there being n customers at the single-server
node and N — n customers in total at all the infinite-server nodes equals

n(n,N—n)= Z n(ny,...,na,my,...,mg)
ni+..+tnap=n
my+..+mp=N-n

N-n
(Z;Lm)" (=fim)) (4.12)
AN (N-n)!

N-w *

yN_[(ELavi Y ZE k)
w=0 AN (N—-w)!

In particular, with R= =24 and x = /R, because of the PASTA prop-

- K1T1+...+KBT i . !
erty, the probability that no customer resides at the single-server node is

NN

nO,N)=—
N (xNY
szo w!

and 7(0, N) - max{0,1— R/A} as N — oo which equals zero when A <R.

In order to prove Proposition 4.4, we will verify that the equilibrium distri-
bution (4.11) satisfies the balance equations of the closed queueing network.
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4.7.1 Proof of Proposition 4.4

In order to verify the balance equations, we may assume that the service times
of the infinite-server nodes are exponentially distributed even though in our
closed queueing network, the service times are deterministic. This is because
the equilibrium distribution (4.11) is insensitive to the service time distribution
of nodes and only depends on the means of them (see Chapter 3 of [Krz11] for
a further discussion on this).

To see this, consider one infinite-server node D with exponential service rate
up and throughput value xp. This node adds the term

(kp/up)?

i (4.13)

to the product-form equilibrium distribution, representing the presence of d
customers in the infinite-server node. We now replace this infinite-server node
by a series of infinite-server nodes, denoted by D;,..., Dy, each with an expo-
nential service rate Mup. The transition probabilities are altered in such a way
that every transition previously to node D, now transitions to node D, instead.
Customers then transition from node D; to D;;; for i =1,...,D—1 with proba-
bility one. Finally, any transition previously from node D, will now transition
from node Dy,. This construction makes every customer stay in this collection
of nodes for M exponentially distributed phases, which is an Erlang(M, Mu) dis-
tributed random variable. All other throughput values in the network remain
equal.

The throughput values of all these nodes will be equal to xp (since they are
in series). Finally, similarly to the simplification of (4.11) to (4.12), all nodes
Dy,...,Dy may be aggregated, which would lead to a term

(M xp/ (Mup)?  (kp!up)?
d! - a

in the equilibrium probability, representing the presence of d customers in total
in the infinite-server nodes D;,...,Dy;. Note that the term in the RHS exactly
matches the term (4.13), that appears when the node D has an exponentially
distributed service time. This shows that the equilibrium distribution does not
change when an exponential node is replaced by an Erlang(M, Mu) node, for any
integer M, which can also be verified by substitution in the balance equations.
Of course, each infinite-server node B; with u; = 1/7; can be replaced by such
an Erlang distribution using this construction.
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Because an Erlang(M, Mu) random variable converges to a deterministic
quantity 1/p as M tends to infinity, this indicates that the equilibrium dis-
tribution also holds with infinite-server nodes that have deterministic service
times. In fact, the node D may be replaced by any phase-type distribution,
and every distribution may be approximated arbitrarily closely by phase-type
distributions, implying that the equilibrium distribution in (4.11) in fact holds
for generally distributed service times with mean 7; at the infinite-server node
B; as well, although that is not directly relevant for our purposes.

We will now verify that (4.11) indeed solves the balance equations for the
random order of service case, and we will use y; = 1/1;, representing the rates
of the infinite-server nodes. The proof for the FCFS case is quite similar, but
involves a more detailed state representation.

Proof of part (a) - ROS. We denote by (a, b) the vector (ay,...,aa,b1,...,bg) and
by e; the i-th unit vector.

Note that (4.11) is a proper distribution by definition. Since the equilibrium
distribution is unique, it suffices to verify that (4.11) satisfies the following set
of balance equations:

(L{a1 +...+ ax>OIAN + by g +...+ bpug) n(a, b)

A a; +14{i # j}
1{a;>0tpa,n, ———
1 faj>0pa Yay+. +ay
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—
~
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]l{aj >O}pB[—>Aj(bi +1),ul~n(a—ej,b+ei)
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. ]l{bj > O}PB,‘—>B,~ (b; +]1{i # j})pin(a,b+ e; —ej).

Lj

Il
—
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The first line of the RHS refers to transitions where a customer at the single-
server node transitions to the same node and may change class. The second
line refers to transitions from the single-server node to one of the infinite-server
nodes. Lines three and four correspond to transitions from an infinite-server
node, to the single-server node or to another infinite-server node, respectively.
We will show that (4.11) satisfies the balance equations. By using the defi-
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nition of (4.11) in the RHS, we obtain

ii]l{d >0}pA _,A.ai—HANn(a,b) 4j LM
PR T+ +ay ai+1AN y;
A B .
a;j+1 a+...+ax+1 y; bj
+ 1bj>0 g, — ANn(a,b —
,:ZUZ:I {bj > 0hpa, Bia v van+1 mta,b) a;+1 AN« T;

aj AN «;T;
ay+...+ax yj bi+1

+
N

{a] > 0} pi; a, (bi + Dpim(a, b)—

Kil i bj
bi+1xjlu;

+
N

Il
—
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Next, we combine the inside sums, resulting in

a; AN
Z]l{(,l]>0 L+, ]+(,Z v ZPA1&AY1+ZPBHAK1 n(a,b)
i li=
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O

Proof of part (a) - FCFS. The proof for the FCFS case consists of multiple steps.
First we define a more detailed state space.

Extended state space. A state is represented by (c, b) = ((¢cy, ..., cm), (b1, ..., bp)),
which represents the situation where m customers are at the single-server node,
and the order of the classes of customers is saved as well: the kth customer at
the single-server node has class c;. We will sometimes refer to the number of
customers of a specific class with a; =}; ]l{cj = A;}. Furthermore, b; customers
are at the infinite-server node B;.

Equilibrium distribution for the extended state space. We will show that the
equilibrium distribution (modulo normalization constant) of state (c, b) equals

Tt (Jay S sl

b
(e, b) = (AN AN byl by!

(4.14)
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with a; the number of customers of class Ay.

We assume FCFS arrivals of customers at the single-server node: customers
arrive at the end of the line at the single-server node and only the customer first
in line is able to transition.

Balance equations. First, we introduce the balance equations, in which the
symbol m is used to denote the length of vector c,

(]l{m > 0}/1N+ blﬂl +...+b3u3)ﬁ(c, b)

A
= Z ﬂ{m > 0}pAi~Cm/1Nﬁ((Aiy c1, ---;Cm—l); b)
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Il
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]l{bj > 0}pBi_'Bj (b; +]1{i # j})y,-ﬁ(c,b+e,- —ej).
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The term before 7(c, b) on the LHS represents the outgoing rate of state (c, b),
which equals a rate of AN for the single-server node (if at least one customer is
present there) plus a rate of b;u;, for each infinite-server node B;.

On the RHS, four possible transitions to state (c,b) are shown preceded by
the rate of the transitions. First, a transition from the non-empty single-server
node makes the then first customer change its class from cy,-; to class c,,. If
the previous class order at the single-server node is ¢, — 1,¢y,...,cm-1, then a
transition to that node will make the class order exactly c. Second, if the pre-
vious class order at the single-server node is K —1,c¢y,...,c,;, then a transition
from that node to an infinite-server node will make the class order exactly c.
Additionally, if the number of customers at infinite-server node B; was b; -1,
then it will become b; as the infinite-server node receives an extra customer.
Third, any of the customers at the infinite-server nodes might transition to the
single-server node. Finally, customers might transition from and to one of the
infinite-server nodes.

We will show that 7 satisfies the balance equations. By using the definition
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of 7 in the RHS, we obtain
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Next, we reorganize terms, yielding
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which shows that 7 is the equilibrium distribution of the extended state space.

Finally, note that in the original state space, only the number of customers
of certain classes is tracked. Thus, 7(a,b) is an enumeration of 7(c, b) over all
possible orders with the correct number of customers of a certain class. The
number of possible orders is (' ~>4), which leads to n(a, b) = (“, )7 (c, b);
the description of & as presented in the statement of the proposition. O

4.8 Conclusion

We established a universal upper bound for the achievable throughput of any
dispatcher-driven algorithm for a given communication budget and queue limit.
We also introduced a specific hyper-scalable scheme which can operate at any
given message rate and enforce any given queue limit, while allowing the sys-
tem dynamics to be captured via a closed product-form network. We leveraged
the product-form distribution to show that the bound is tight, and that the pro-
posed hyper-scalable scheme provides asymptotic optimality in the three-way
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trade-off among performance, communication and throughput. Extensive sim-
ulation experiments were presented to illustrate the results and make compar-
isons with various alternative design options.

The work-conserving variant covered in Section 4.5.3 is especially worth
discussing further. Intuitively, letting servers work all the time seems better than
pausing the servers when they become open, but this remains to be rigorously
proven. It also seems straightforward to prove this, possibly by coupling the two
systems in a specific way. However, we were not able to do so, and moreover, we
discovered some sample paths in which it is seemingly better to stop the servers
from working once in a while, to avoid placing jobs in unfortunate positions.
To prove that the work-conserving discipline outperforms the standard one, it
seems that a one-to-one coupling is not possible, and one would need to look
at the average behavior of both systems, which seems tedious. Note that this
variant only outperforms the baseline scenario in finite systems, as the hyper-
scalable scheme remains asymptotically optimal.

The extension aimed at minimizing waiting times that was introduced in
Section 4.6 warrants further attention as well. For the baseline scenario, we
were able to prove a strict relationship between the amount of communication
and the throughput. Likewise, there might exist a result, similar in spirit to The-
orem 4.1, which provides an upper bound for the throughput and the average
queue position of admitted jobs, given a certain communication budget. The
main point of concern in this regard is that the concavity argument no longer
seems to hold.

Finally, it could be worth investigating whether the current framework could
be broadened further. It may be possible for example to extend the category of
algorithms considered, specifically allowing for pull-based schemes. While the
results in Chapter 5 will imply that Theorem 4.1 does not hold for pull-based
schemes, there might be a larger upper bound covering such algorithms as well.
For further extensions, other performance metrics might be considered too, such
as the mean waiting time as opposed to the throughput subject to a queue limit.
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Chapter 5

Load balancing with negative
acknowledgments

Based on:

[BZB20] M. van der Boor, M. Zubeldia, and S. C. Borst. “Zero-wait load
balancing with sparse messaging”. In: Operations Research Letters
48.3 (2020), pp. 368-375

5.1 Introduction

In this chapter we introduce a hyper-scalable server-driven scheme, called Join-
the-Open-Queue (JOQ), which allows for vanishing queueing delays, while us-
ing minimal communication overhead. The JOQ scheme exploits the crucial
insight that an idle state need not be explicitly signaled by using a message, but
can also be implicitly inferred by the dispatcher when not receiving a message
from a server at a pre-arranged time instant. The basic principle is somewhat
similar in spirit to negative acknowledgments in end-to-end transport protocols,
but to the best of our knowledge has not been adopted in a load balancing con-
text so far. This paradigm allows for an even lower communication overhead
than the schemes in Chapters 3 and 4. The differences between schemes from
these chapters and the JOQ scheme may seem quite large at first sight, but there
are in fact striking similarities, which we will discuss after we explain the JOQ
scheme in greater detail in Section 5.3.
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In the JOQ scheme, servers send busy alerts to the dispatcher at pre-arranged
time instants as long as they have uncompleted jobs. The status of a server is
closed or open, depending on whether or not the dispatcher received a busy
alert from the server at the most recent pre-arranged time instant, respectively,
implying that an open server is guaranteed to be idle. The dispatcher assigns
incoming jobs to an open server whenever there are any, or to a uniformly at
random selected server otherwise.

For convenience, we focus on the case where the pre-arranged time instants
are set at fixed intervals of length 7 after an open server receives a job from the
dispatcher. In that case, the system dynamics under the JOQ scheme evolve in
a similar manner as under the JIQ scheme with service requirements inflated to
be multiples of 7. In particular, the waiting probability under the JOQ scheme
is upper bounded by that under the JIQ scheme with the inflated service re-
quirements. Moreover, for any load below a certain threshold A* < 1, vanishing
queueing delay is also achieved by the JOQ scheme for a suitable choice of 7
with strictly less than one message per job. It turns out that there is a range of
values for 7, depending on the arrival rate, for which the message rate, proba-
bility of queueing and the mean delays are small simultaneously. The number
of messages per job in fact even tends to zero when the load approaches zero.
Moreover, we show how a combination of the JIQ and JOQ schemes provides a
way to achieve a vanishing queueing delay with strictly less than one message
per job for any subcritical load.

The remainder of this chapter is organized as follows. In Section 5.2 we
present a detailed model description and algorithm specification, and we sum-
marize the main contribution of this chapter. In Section 5.3 we analyze the
JOQ scheme and state for what parameter values it achieves a vanishing queue-
ing delay and uses less than one message per job on average. In Section 5.4
we introduce the system design where jobs are distributed over servers execut-
ing JOQ and servers using JIQ. In Section 5.5 we provide numerical simulations
(see Section 1.3.3) and discuss various broader issues and observations. Section
5.6 concludes and mentions several future research avenues.

5.2 Model description and key results

We consider a system that consists of N identical servers, each with an infinite-
buffer FIFO queue. Jobs arrive according to a Poisson process with rate AN
(A < 1) to a central dispatcher, and need to be forwarded to one of the N servers
immediately upon arrival. The job sizes are independent and generally dis-
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tributed with unit mean. Moreover, we assume that the job sizes are not known
to the dispatcher and servers, and that both dispatcher and servers can make
use of unlimited memory to store information.

We now introduce the Join-the-Open-Queue (JOQ) algorithm, and discuss
its behavior and implementation. In the JOQ algorithm, servers periodically
communicate their status to the dispatcher at predetermined times, also re-
ferred to as update epochs. Normally, servers would send a message to the
dispatcher to advertise their idleness, but in the JOQ algorithm, servers send
messages to the dispatcher when they are not idle. If the dispatcher receives
no message from a server at one of the server’s update epochs, then its idleness
implicitly becomes known to the dispatcher, without requiring any explicit mes-
saging. In particular, a server is said to be open when the dispatcher knows that
it is idle, and closed otherwise.

We now provide a more detailed description of the JOQ algorithm, speci-
fying how the dispatcher communicates with the servers, and how dispatching
decisions are made.

Communication with update epochs: When a server is open and receives a
job, it becomes closed and an “update epoch” for the server is scheduled at T time
units in the future. Moreover, each server maintains a virtual queue with the
same arrivals as its real queue, but where a job of size x in its real queue has
size T[x/T] = x in its virtual one. At the next update epoch of a server, if its vir-
tual queue is not empty, then it sends a message to the dispatcher to advertise its
closedness, and a new update epoch for the server is scheduled at T time units in
the future. Otherwise, if its virtual queue is empty, then no message is sent and the
server becomes open.

Dispatching rule: If a job arrives and there are open servers, then the job is sent
to an open server chosen uniformly at random. Otherwise, the job is sent to any of
the servers chosen uniformly at random.

Note that the JOQ algorithm is emulating the JIQ algorithm but using open
and closed servers instead of idle and busy servers. However, while open servers
are surely idle, closed servers are not necessarily busy, so there might be idle
servers when there are no open servers. This discrepancy stems from the fact
that there is a delay between the time a server becomes idle, and the moment
the dispatcher becomes aware that the server is idle, due to the use of predeter-
mined update epochs.

A further discussion on design choices for the JOQ algorithm can be found
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in Section 5.5, where we use simulation results to put some of the choices into
perspective.
The main results may be summarized as follows.

1. For the JOQ algorithm, when the arrival rate is below a certain threshold,
the steady-state queueing delay of a typical job vanishes in the many-
server limit.

2. For the JOQ algorithm, when the arrival rate is below a certain threshold,
the expected number of messages per job is less than one for all N large
enough, and tends to zero when the arrival rate approaches zero.

3. For a mixture of the JOQ and JIQ algorithms, when A < 1/2 (or A <1
and the job sizes have decreasing hazard rate), the steady-state queueing
delay of a typical job vanishes in the many-server limit and the expected
number of messages per job is less than one for all N large enough.

5.3 Performance of the JOQ algorithm

In this section we present our main results regarding the stability, delay per-
formance and message rate of the JOQ algorithm introduced in the previous
section.

First, we formalize some important concepts. We say that a dispatching
algorithm has vanishing queueing delay if the queue state process is stable for all
N large enough, and if the probability of having positive queueing delay and the
expected queueing delay both converge to zero, as N — co. Moreover, as a mea-
sure of the communication overhead, we use the expected number of messages
per job. While for algorithms such as JSQ(d) and JIQ it is straightforward to tie
messages to jobs, for our JOQ algorithm this is not as immediate. We consider
a message to be tied to a job if it is sent while the corresponding virtual job is
in service in the virtual queue. Then, we define the expected number of messages
per job as the steady-state expectation of this random integer, for a typical job.

The following theorem states for what values of 7 the JOQ algorithm has
vanishing queueing delay, and provides an expression for the limit of the ex-
pected number of messages per job.

Theorem 5.1. For every t such that AE[t[X/7]] < 1/2, the following properties
hold for the JOQ algorithm with that value of t:
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i) it has vanishing queueing delay,
ii) the expected number of messages per job converges to E[| X/t]], as N — oo.

When A < 1/2, a value of 7 > 0 exists such that AE[t[X/7]] < 1/2 regardless
of the job size distribution, since AE[r[X/7]] — E[X] as 7 | 0.

Proof of Theorem 5.1.

i) First note that the real queues are stochastically dominated by the virtual
queues, as arrivals happen simultaneously to each real and corresponding vir-
tual queue, and jobs require strictly more service in the virtual queues. Thus, it
is enough to establish vanishing queueing delay in the virtual queues.

We now focus on the virtual queues. Since all jobs in the virtual queues have
sizes multiple of 7, a virtual queue can only become empty at an update epoch.
When the virtual queue becomes empty, no message is sent, implicitly letting
the dispatcher know immediately that it is empty, as it would have received
a message otherwise. As a result, the dispatcher is aware at all times which
virtual queues are empty (i.e., which servers are open) and which ones are
not. Combining this with the fact that the dispatching decisions of the JOQ
algorithm mimic the ones of the JIQ algorithm but using open/closed status of
servers instead of idle/busy, we see that the virtual queues behave exactly as
the queues of a system running the JIQ algorithm with job sizes distributed as
7[X/7]. Since the expected size of a job in the virtual queues is E[r[X/7]], their
load is AE[r[X/7]] < 1/2. Thus, Theorem 2 in [FS17] and the PASTA property
imply that the queue state process of the virtual queues is stable for all N large
enough, and that the probability of a typical virtual job having positive queue-
ing delay vanishes as N — co. Combining this with Lemma 4 in [FS17], we
conclude that the expected queueing delay of a typical virtual job vanishes as
well.

ii) For the expected number of messages per job, we distinguish between
jobs sent to open servers and jobs sent to closed servers. If a job of size x
arrives at time 0 to an open server (which is always an idle server), then this
job will be in service during the interval of time [0, 7[x/71). During this interval
of time, messages are sent every 7 time units (excluding 0), which results in
|x/7] messages. On the other hand, suppose that a job of size x is assigned to
a closed server (i.e., a server with a non-empty virtual queue). Since the server
was closed when the job was assigned to it, the server will send a message to the
dispatcher at the time that the virtual job started its service in the virtual queue.
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After this, exactly one message is sent every 7 time units while the virtual server
is busy, similarly to when jobs are sent to open servers. In total, this results in
1+ |x/7]| messages.

Denote by p,(N) the steady-state probability that there is at least one open
server in the N-server system (which is known to exist by Theorem 2 in [FS17]).
Moreover, note that the PASTA property implies that p,(N) is also the probabil-
ity that a typical virtual job is sent to an open server. It follows that the expected
number of messages per job is po(N)E[LX/T]]1+ [1— po(N)](1 +E[X/7]]). Since
Theorem 2 in [FS17] also implies that p,(N) — 1 as N — oo, the expected num-
ber of messages per job converges to E[|X/1]], as N — oo. O

In light of Theorem 5.1, we would require AE[t[X/7]] <1/2 and E[|X/7]] <
1 for vanishing queueing delay while using less than one message per job in
expectation. This notion is used in the next corollary, which shows for what
values of 7 this is accomplished when A < 1/4.

Corollary 5.1. Suppose that A < 1/4. For all T such that 1 <t <1/(21)—1, the JOQ
algorithm has vanishing queueing delay, and the expected number of messages per
job is less than one, as N — oco.

Note that such a value of 7 always exists, since 1 <1/(21) —1 when A < 1/4.

Proof. Corollary 5.1 follows from Theorem 5.1 since AE[t[X/7]] < A(r+E[X]) =
AT+ <A1/ -1+ =1/2 and E[| X/7|]]|<E[X]/t=1/T<]1. O

The JOQ algorithm has additional desirable properties, for example that the
expected number of messages per job in the many-server limit can be driven
to zero as A | 0. To accomplish this, the value of 7 = 7(1) needs to be adjusted
appropriately given the load A.

Corollary 5.2. When the value of 7 in the JOQ algorithm is chosen depending
on A such that t(1) <1/(2A) -1 and t(1) — oo as A | 0, the JOQ algorithm has
vanishing queueing delay, and the expected number of messages per job in the
many-server limit tends to zero as 1| 0.

Note that the convergence of the expected number of messages per job to
zero refers to first taking the limit as N — oo, and then the limit as A | 0.

Proof. Note that Corollary 5.1 guarantees a vanishing queueing delay since
(1) < 1/(21) -1 for any A, so also more specifically for the limit when A | 0.
Moreover, Theorem 5.1 states that the expected number of messages per job
in the many-server limit converges to E[| X/t]], with E[|X/T(1)]] < E[X]/T(A) =
1/t(A)|0asA]|0. O
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Another desirable property of the JOQ algorithm is that, although Corollary
5.1 requires A < 1/4 in order to guarantee a vanishing queueing delay with less
than one message per job in expectation, this can be achieved for higher values
of A for some job size distributions. In particular, for job size distributions with
decreasing hazard rate, we have the following.

Corollary 5.3. Suppose that the job sizes X have a decreasing hazard rate and
that P(X > 1/(4A)) < 1/2. Then, the JOQ algorithm with T = 1/(4A) has vanishing
queueing delay, and the expected number of messages per job is less than one in the
many-server limit.

Proof. When X has a well-defined and decreasing hazard rate, its density func-
tion f(¢) is decreasing since f(t+ u) < f (t)l_lf %)“) < f(r). This implies that
the distribution function F(f) is concave and 1- F(f) is convex, which gives
1‘1’”:‘}]‘(211))” < l_lg(fk“_c?)r). Successively applying this inequality gives %’W <
1 - F(t) for any integer k. This leads to the inequality

k=11 _ 7
POX> k1) =1 Flk) = [| et D7)

T <(1-Fa)k=rx>mk. (6.1
i=0 -

Using this inequality, it follows that

T

1
—— <, 2
1—[|3’(X>T)<2/L (5.2)

o0 (e8]
Elz[X/tll=7) PX>kn) <1 PX>1)F=
k=0 k=0
where in the last inequality we used that 7 = 1/(4A) and that P(X > 1/(41)) < 1/2.
This allows us to use Theorem 5.1 showing that the queueing delay vanishes.
Furthermore, the expected number of messages per job is

EllX/tll= Y P(X> k< Y PX>1)k =~ D)

—<], (5.3)
=1 =1 1-P(X>1)

where in the last inequality we once again used that 7 = 1/(41) and that P(X >
1/(4A)) < 1/2. This concludes the proof. O

For the special case of exponential job sizes, a vanishing queueing delay
and less than one message per job in expectation can be obtained when A <
1/1n(16) ~ 0.36. This is shown in the following result.

Corollary 5.4. Suppose that the job size X is exponentially distributed and that
A < 1/In(16). Then, there exists some t such that the JOQ algorithm with that
value of T has vanishing queueing delay, and the expected number of messages per
job is less than one in the many-server limit.
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Proof. First note that, for exponential job sizes, (5.1) holds with equality. Thus,
Theorem 5.1 implies that a vanishing queueing delay and less than one message
per job in expectation in the many-server limit is obtained as long as E[r[X/1]] =
T = T < 71 and E[1X/7]] = 1%}({;37) = lf:_, < 1. It can be checked that
there exists a 7 > 0 such that these two inequalities are satisfied as long as
A<1/In(16). O

Remark. When the job size distribution is exponential, it is optimal to take the
update epochs equidistant, see Section 5.A.

Remark. In [FS17] the authors show that the JIQ algorithm with general job
size distribution has vanishing queueing delay as long as A < 1/2. If it also has
vanishing queueing delay whenever A < 1, which is conjectured, then Theorem
5.1 would hold for all A <1 and for all T such that AIE[t[X/7]] < 1. This decreases
the communication overhead since 7 can be chosen larger. Moreover, such a
stronger result would also improve the conditions stated in Corollaries 5.1 and
5.3. For example, Corollary 5.1 would hold for all A <1/2 and for all t such that
l<t<1/A-1.

We will briefly compare the JOQ algorithm with the hyper-scalable scheme
from Chapter 4. Of course, one of the most significant differences is the use of
implicit messaging in the JOQ algorithm. Nonetheless, the hyper-scalable algo-
rithm for K = 1 behaves the same as the JOQ algorithm for exponentially dis-
tributed job sizes, except for when a job arrives to a busy server in the JOQ algo-
rithm, as both algorithms will wait 7 time units before ‘updating’ the server. This
equivalence can also be seen in the analyses of the algorithms. The throughput
of the hyper-scalable algorithm A*(1/7,K) in (4.1) for K =1 and the service rate
of the system with the JOQ algorithm, 1/IE[r[X/7]], both equal (1-e77)/7.

5.4 Hybrid system using the JOQ and JIQ algo-
rithms

In this section we introduce a system design that uses a mixture of the JOQ and
JIQ algorithms in order to show that a vanishing queueing delay and less than
one message per job in expectation can be achieved for any load < 1/2 (or for
any load < 1 when the job sizes have a decreasing hazard rate).
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5.4.1 System design

In particular, we propose the following system design.

Hybrid JOQ/JIQ: The N-server system is divided into two subsystems, one with
a fixed fraction f of the servers running the JOQ algorithm with some value of t
(JOQ-subsystem), and one with a fixed fraction 1— f of the servers running the JIQ
algorithm (JIQ-subsystem) (numbers may be rounded to obtain integers). When
a job arrives, it is routed to the JOQ-subsystem with probability p, and to the
JIQ-subsystem with probability 1 - p.

Denote by p the maximum load for which the JIQ-subsystem is guaranteed
to achieve a vanishing queueing delay, which is either 1 if the job size distri-
bution has decreasing hazard rate (case 1; [Stol15]), or 1/2 otherwise (case 2;
[ES17D).

Theorem 5.2. Suppose that either X has decreasing hazard rate and A <1 (case
1), or that A <1/2 (case 2). Then the hybrid JOQ/JIQ system design has a van-
ishing queueing delay, and its expected number of messages per job is less than
one in the many-server limit, when f, p, and t are chosen such that p >0, (a)
AA-p)(A-[f)<p, (b) Ap/f<1/4and (c) 1 <1< fI/(2Ap)—1. Such values for f,
p and t always exist.

Proof of Theorem 5.2. Note that both subsystems can be analyzed separately,
as the Poisson arrivals are split randomly. First, since the relative arrival rate
to the JIQ-subsystem equals A(1 - p)/(1 - f), which is assumed to be strictly
less than p by Equation (a), the JIQ-subsystem has a vanishing queueing delay.
Furthermore, the JIQ-subsystem uses at most one message per job for all N by
construction.

We now turn to the JOQ-subsystem. Since the relative arrival rate to this
subsystem equals A1 = Ap/f, which is assumed to be less than 1/4 by Equa-
tion (b), and since Equation (c) is assumed to hold, Corollary 5.1 (applied with
A) implies that the JOQ-subsystem has a vanishing queueing delay, and that it
uses strictly less than one message per job in expectation in the many-server
limit. Combining this with the assumption that p >0, and the fact that the JIQ-
subsystem also achieves a vanishing queueing delay with at most one message
per job, we conclude that the whole system achieves a vanishing queueing de-
lay, and that it uses strictly less than one message per job in expectation, in the
many-server limit.

Finally, it remains to be checked that there exist parameters f, p, and t that
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fulfill the requirements. Indeed, if we choose f=1-A for case 1 and f=1-21
for case 2, thus fulfilling (a), then for every A <1 or for every A < 1/2, we can
pick p > 0 small enough so that (b) is satisfied. Moreover, since the upper bound
for 7 in (c) is larger than 1 for all p small enough and becomes arbitrarily large
for small p > 0, condition (c) can also be satisfied for all A <1 or A <1/2. O

5.4.2 Choosing the system parameters

Since the parameters f, p, and 1 to implement the Hybrid JOQ/JIQ algorithm
are not uniquely determined by the parameters of the system, a natural choice
for them is one that minimizes the expected number of messages per job. Al-
though this quantity is unknown for any finite N, we can use its limiting values
as N — oo as a proxy. In particular, the parameters that minimize this limit are
given by the solution to the following optimization problem.

inf 1-p+pE[lX/T]]

p.fiT

st. AptE(X/TII< f/2, AQ-p)<p(l-f), G4

0<f=<1 0=sp=l 7120

where p =1 if X has decreasing hazard rate, and p = 1/2 otherwise. Unfor-
tunately, in general there are no solutions for this problem due to the strict
inequalities. Moreover, since these strict inequalities correspond to stability con-
ditions for the JIQ-subsystem and for the virtual queues in the JOQ-subsystem,
a relaxation with non-strict inequalities is not appropriate. Thus, a way to ob-
tain numerical values for the parameters is to introduce some small slack ¢ in
the constraints with strict inequalities, so that they become

AptE[[X/T]l < f/2-¢€ and AMl-p)<pd-f)-e.

Furthermore, our simulations (Section 5.5) support the conjecture that the JIQ
algorithm is stable for all subcritical arrival rates, regardless of the job size
distributions. In that case, the first two constraints (i.e., the stability constraints)
in the problem given by (5.4) would need to be

AptE[[X/T]]< f and Al-p)<(-f). (5.5)

For exponential job sizes, we will show that the infimum of the problem
given by (5.4) is attained when the parameters are selected as

i —e T= = =
{(1) T such that1-e 2At,p=1,f=1, (5.6)

() 7Ts.t 2e"—4r=3,p=-U0Ae=l r_1_310-p),

— A(l-et+21e")
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when (i) A < A* or (ii) A > A*, where A* solves %ﬁ;% =1 when 2¢" —47 =
3. These parameters cause equality in some of the equations where a strict
inequality is needed. The solution value is shown in Figure 5.1, as a function of
A. In this figure, we distinguish the cases where JIQ is stable and has vanishing
queueing delay for a general job size distribution when A <1/2 (see (5.6)), and
where this also holds true for all A <1 (which is widely believed but remains to

be proven).

Solution of the minimization problem. The minimization problem (5.4)
when job sizes are exponentially distributed looks as follows.

-7
inf 1-p+
pe o PTPI e
st. Apt/(l—-e H)<fl2, Al-p)<l-f,

0<f<1 0=sp=<l 71=0.

5.7

Note that the objective function is decreasing in 7, so 7 should be as large
as possible. The first condition then shows that, in order to choose t large, p
should be minimized, after which the second condition gives that f should be
chosen as close as possible to but less than 1— (1 - p)A. This transforms the first
inequality into

1-(1-p)A

/Q-e"
T/(1-e ") < 2Ap

(5.8)
where the right-hand side is decreasing in p. As we want to maximize 7, we
seek equality which gives

(1-A)(e"-1)

A’) =TT T o o
pi.) Al —e® +21e")

(5.9)
where we note that this value may exceed 1, in which case we preserve the
equality as much as possible and set p(A,7) = 1. Suppose p(A,1) <1, in that case
we choose 7 such that 2e” —47 =3 in order to minimize the objective function
(this follows from differentiating the objective function and equating it to zero,
after substituting (5.9)). However, with this value of 7, p(A,7) may be larger
than one. Denote this critical value of A by 1*, so A* is defined as the smallest
value of A* for which p(A,1) is strictly smaller than one, when 7 is chosen such
that 2e” —47 = 3. When A is smaller than this 1*, we choose p =1 after which the
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objective function is minimized by putting t such that (5.8) is met with equality
which is the case when 1 -e™" =2Ar.

Remark. If the stability result proved in [FS17] applies even when A < 1, then
(5.8), which corresponds to the first constraint in (5.7), becomes Apt/(1-¢77) <
f. The optimal parameters for this problem are

{(i) tsuchthatl1-e " =Ar,p=1,f=1,

(i) 7 suchthate’—2r=1,p= 2=, f=1-A(1-p)

when (i) 1 < A* or (ii) 1> A*, where 1* solves A=¢+AT€" — o when e’ —27 =1.
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Figure 5.1: Numerical computation: the average number of messages per job as a func-
tion of the arrival rate.

5.5 Numerical simulations and discussions

In this section, we performed stochastic simulations of a system with 1000
servers, first with exponential job sizes and later with other job size distribu-
tions.
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Figure 5.2: Average number of messages per job (left axis) and the probability of queue-
ing (right axis) as a function of 7. The thin blue line represents the number of messages
JIQ uses, and the thin red line represents the probability of queueing for the random
dispatching policy. The dashed lines represent the performance of the system without
virtual queues.

5.5.1 The choice of T

We investigate the performance of the JOQ algorithm. We therefore plot the
probability of queueing as a function of 7 for A = 0.3 and A = 0.5 in Figures
Figures 5.2a and 5.2b and the mean delay as a function of 7 in Figures 5.3a
and 5.3b. We will mainly focus on the probability of queueing, as the obser-
vations for the mean delay are almost identical. The dashed lines will become
relevant in the next subsection.

In the figures, it is clear that the probability of queueing and the message
rate are both extremely low when 7 is chosen to be somewhere between 2 and
3. As expected, when 7 gets smaller we observe that the average number of
messages per job grows, while the probability of queueing is almost zero. This
reflects the fact that, as the time between update epochs decreases, the average
number of messages increases and the dispatcher has enough open servers to
send almost every incoming job to one of them.

Recall that in Section 5.4.2 we described a method to determine the optimal
value of 7, as part of the solution of the optimization problem given in (5.4). In
particular, for A = 0.3 this would lead to 7 = 1.51. However, in Figure 5.2a, one
clearly observes that larger values of T would give rise to a smaller number of
messages, while still yielding essentially zero queueing delay. If we assume that
the JIQ algorithm is always stable for any load p < 1, and use the constraints
given in (5.5), then the optimal value of t would be approximately 3.20 for
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Figure 5.3: Average number of messages per job and the mean delay as a function of
7. The thin blue line represents the number of messages JIQ uses, and the thin red line
represents the probability of queueing for the random dispatching policy. The dashed
lines represent the performance of the system without virtual queues.

A =0.3 and 1.59 for A =0.5. This matches with the phase transition in the per-
formance observed at this value of 7, where the probability of queueing quickly
increases up to the arrival rate A, and where the average number of messages
per job rapidly increases to a local maximum. These sharp increases in both
the probability of queueing and the average number of messages per job reflect
that when 7 is chosen to be too large, the virtual queues become unstable and
all servers remain closed. In that case, the dispatcher is forced to send jobs to
servers chosen uniformly at random, and servers send messages non-stop every
7 time units.

5.5.2 Virtual queues or not

The JOQ algorithm is tractable because we rely on the equivalence with the
JIQ algorithm. This is the reason why we use virtual queues instead of the real
queues in order to decide for the servers when to stop sending messages.

We compare the JOQ algorithm with the variant without virtual queues,
where at an update epoch the server would send a message that it is busy,
exactly when it is actually busy. Results are shown in Figures 5.2a, 5.2b, 5.3a
and 5.3b, in which the dashed lines represent the results for the JOQ algorithm
without virtual queues. As can be seen from these figures, there seems to be
no difference for small values of 7. This is because the virtual queues are stable
in both cases, as their load is less than one. However, when 7 is close to the
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Figure 5.4: Average number of messages per job and the probability of queueing as a
function of 7 (A = 0.5) with non-exponential service times. The dashed lines represent
the performance of the system without virtual queues.

crossover point, the difference between having virtual queues or not becomes
apparent. The virtual queues become overloaded and no open servers become
available anymore, while there are still idle and thus open servers when no
virtual queues are used. We do note however that even in the system with no
virtual queues, queueing does not seem to vanish if 7 is chosen larger than its
optimal value.

5.5.3 Non-exponential job size distributions

We chose the update epochs to be equidistant in time for the sake of simplicity
of implementation and analysis. While irregular update intervals may reduce
the message rate in general, for exponentially distributed job sizes, equidistant
update epochs in fact minimize the expected number of messages per job, as
will be described further and proven in Section 5.A.

For non-exponential job sizes, the behavior of the mean delay and probabil-
ity of queueing is quite different, as can be observed in Figures 5.4a, 5.4b, 5.5a
and 5.5b. When the hazard rate is decreasing, larger values of t are acceptable
for vanishing delays, which could be explained by observing that (5.2) is an
upper bound for the relative load when the job size distribution has decreasing
hazard rate, because of (5.1). The mean delay turns out to be smaller in this
case as well. On the other hand, when the job size distribution has increasing
hazard rate, the mean delay increases and is non-zero already for smaller values
of 7. The expected number of messages per job also seems to be larger.



138

Load balancing with negative acknowledgments

A=05 A=05
20 08 2.0 |
‘ 15
e el 1
2 15 06 2 15} | >
= ) < = ] <
a. CH. -+ 1103
g 1.0 ~~ 0.4 ; 2 1.0 | ‘:'
&0 = &0 { =
5 \ g x \< 3
Z - S 2 Nl 105 S
38 05 o 0.2 38 05 | - |
- el = A ]
ZFem T et
0.0 - 0.0 0.0 < 0.0
00 05 10 15 20 25 30 00 05 10 15 20 25 30
T T
(a) Decreasing hazard rate Gamma(2,2). (b) Increasing hazard rate Gamma(1/2,1/2).

Figure 5.5: Average number of messages per job and the mean delay as a function of 7
(A =0.5) with non-exponential service times. The dashed lines represent the performance
of the system without virtual queues.

5.6 Conclusion

The JOQ algorithm greatly reduces the number of messages exchanged in order
to make the probability of queueing and the expected queueing delay vanish,
compared to existing algorithms in the literature. In particular, to the best of
our knowledge, this is the first algorithm that achieves vanishing queueing delay
with less than one message per job in expectation, without advance knowledge
of job sizes. Moreover, by mixing JOQ with JIQ, we showed that vanishing
queueing delay can be achieved for all systems where JIQ has vanishing queue-
ing delay, but with strictly fewer messages per job on average, compared to JIQ.
In fact, for all A <1/2 or any A < 1 if the job size distribution has decreasing
hazard rate, we use strictly less than one message per job in expectation while
achieving a vanishing queueing delay.

It could be worth further investigating how message loss may impact the
performance of the JOQ scheme. We believe our scheme does not require any
strict timings and can be extended so that it receives messages during specific
time windows, instead of at predetermined time epochs. Whenever a message
is lost, the dispatcher would only send one message to a potentially busy server.
This is better than if a message would get lost in the JIQ scheme, after which
one of the servers would be eliminated as option to dispatch to.

An open question is whether the system design ‘hybrid JOQ/JIQ’ in Section
5.4 minimizes the expected number of messages per job in the limit, for expo-
nentially distributed job sizes. That is, does there exist a system design that also
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has a vanishing queueing delay, but uses even fewer messages per job in the
limit?

A further challenging problem would be to investigate what the optimal
scheme looks like for generally distributed job sizes. It seems that a combination
of implicit and explicit messaging is necessary.

5.A Optimality of equidistant updates

We will show that equidistant updates are optimal when the service times are
exponentially distributed. Let us relax the assumption that, under the JOQ
algorithm, the time between update epochs is always the same 7. For i = 1,
let s; be the time between the (i —1)-th and the i-th update epochs, with the
convention that the 0-th update epoch is at time 0. Assuming that the probability
of queueing converges to 0 as N — oo, the expected number of messages per job
converges to

00 i

P (X >Ys j) .

i=1 j=1

Moreover, the expected size of the blown up jobs is
00 i
Zsi+1ﬂ3 X> ZS]' .
i=0 j=1

Assuming that the load of the system is at most p, the messaging sequence s*
that minimizes the limit of the expected number of messages per job is the one
that solves the following problem.

00 i
inf ZIF’(X> Zsj)
o = (5.10)

[es) i
S.L. /IZ si+1[|3’(X> Z sj) <p.

i=0 j=1
Note that, as long as A < p, this problem is always feasible. For the special case
of exponentially distributed job sizes, we have the following.

Theorem 5.3. Suppose that the job sizes are exponentially distributed. If s* at-
tains the infimum in (5.10), then there exists some T > 0 such that SZ =1, for all
k=1.
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Proof. We first obtain a sequence of implicit equations for s*.

Lemma 5.1. Suppose that P(X > x) is convex and differentiable, with f(x) = —%
P(X > x) >0, for all x=0. Then, there exists a constant C > 0 such that

oo i k-1

C= =) = (5.11)
[e e} 1
3 f( > s;)
=k~ \j=1
forall k=1, and
-1 k
PlY st<X< Y st
. (1—1 ! j=1 ’)
C=si, - ) , (5.12)
j=1
forall k=2.

Proof. Since P(X > x) is convex, (5.10) is an infinite-dimensional convex opti-
mization problem in s. Now consider the Lagrangian

(e i 00 i
Z(S,Y>=ZP(X> Zsj)—y AZSi+1P(X> Zsj)_P :
i=1 i1 .

i=0 j=1

Let (s*,y*) be an optimal solution. For every k = 1, since s; = 0 cannot be
optimal, we must have

0L(s*,y")

i
Y )
0sy i=k jZ:IJ
[e) i k-1
—Zs;‘+1f(Zs]‘f)+P(X>Zs;)
i=k =1 im

P18

-y*A =0.

Since f(x) >0 for all x =0, we have y* > 0. Thus, rearranging terms we obtain
Equation (5.11) with C=1/(y*A) > 0. Moreover, using that

0L(s", ") 0L("y") _

* *
0s 0s;_4

0

for all k=2, and rearranging terms, we obtain (5.12). O
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Combining (5.12) with the fact that the jobs are exponentially distributed,
we obtain

* S
sk+1—C+1 e’k,

for all k>2. Combining this with the fact that s; >0 for all k > 1, it can be
checked that we must have s;. =7 for all k =2, where 7 is the unique solution of
1=C+1-¢".

On the other hand, combining (5.11) for the case k = 2, with the fact that
the job sizes are exponentially distributed and that s; = 7 for all k > 2, we obtain

T=C+(1-e")e’ 5.

Thus, we have s} =7. O
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Summary

Scalable load balancing algorithms (LBAs) achieve excellent delay performance
in large-scale systems and yet only involve low implementation overhead. LBAs
play a critical role in distributing service requests or tasks (e.g. compute jobs,
data base lookups, file transfers) among servers or distributed resources in
parallel-processing systems. The analysis and design of LBAs has attracted
strong attention in recent years, mainly spurred by crucial scalability challenges
arising in cloud networks and data centers with massive numbers of servers han-
dling a huge influx of service requests. The use of state information naturally
allows dynamic LBAs to achieve better delay performance, but also involves
higher implementation complexity and a substantial communication burden.

Motivated by these issues, we introduce and analyze novel scalable LBAs
which strike an optimal trade-off between performance and communication
overhead. Specifically, LBAs are referred to as ‘hyper-scalable’ when they op-
erate below the minimum requirement for vanishing delay in a many-server
regime, referred to as the hyper-scalable operating region. Mathematical tech-
niques such as queueing networks and fluid limits will be used for the analysis
of these LBAs, and extensive simulation experiments are conducted to illustrate
the results.

In Chapter 2, we consider a multiple-dispatcher scenario where the loads
may differ among dispatchers. We leverage product-form representations and
fluid limits to establish that the blocking and wait then no longer vanish when
applying JIQ, even for arbitrarily low overall load. Remarkably, it is the least-
loaded dispatcher that throttles tokens and leaves idle servers stranded, thus
acting as bottleneck. We introduce two enhancements of the ordinary JIQ
scheme where tokens are either distributed non-uniformly or occasionally ex-
changed among the various dispatchers. We prove that these extensions can
achieve zero blocking and wait in the many-server limit, for any subcritical over-
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all load and arbitrarily skewed load profiles.

In Chapter 3, we consider a hyper-scalable scheme where the various servers
provide occasional queue updates to guide the load assignment. We show that
the proposed schemes can achieve a vanishing delay in the many-server limit
with just one message per job, just like the popular Join-the-Idle-Queue (JIQ)
scheme. We investigate fluid limits for synchronous updates as well as asyn-
chronous exponential update intervals. The fixed point of the fluid limit is
identified in the latter case and used to derive the queue length distribution.
We also demonstrate that in the ultra-low feedback regime the mean stationary
delay tends to a constant in the synchronous case, but grows without bound in
the asynchronous case.

In Chapter 4, we analyze a scenario in which jobs may only be admit-
ted when a specific limit on the queue position of the job can be guaranteed.
The centerpiece of our analysis is a universal upper bound for the achievable
throughput of any dispatcher-driven algorithm for a given communication bud-
get and queue limit. We also propose a specific hyper-scalable scheme which
can operate at any given message rate and enforce any given queue limit, while
allowing the server states to be captured via a closed product-form network,
in which servers act as customers traversing various nodes. The bound is tight
and the proposed hyper-scalable scheme is throughput-optimal in a many-server
regime given the communication and queue limit constraints.

Finally, in Chapter 5, we introduce a novel hyper-scalable scheme in which
the dispatcher becomes aware of idle servers without any explicit communica-
tion from either side, using absence of messages at predefined time instants.
The proposed scheme achieves provably vanishing queueing delays while using
strictly less than one message per job on average.
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