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1. Introduction

1.1. What are setup times?

Abstract. In many systems, servers do not turn on instantly; instead, a setup time
must pass before a server can begin work. These “setup times” can wreak havoc on
a system’s queueing; this is especially true in modern systems, where servers are
regularly turned on and off as a way to reduce operating costs (energy, labor, COa,
etc.). To design modern systems which are both efficient and performant, we need to
understand how setup times affect queues.

Unfortunately, despite successes in understanding setup in a single-server system,
setup in a multiserver system remains poorly understood. To circumvent the main dif-
ficulty in analyzing multiserver setup, all existing results assume that setup times are
memoryless, i.e. distributed Exponentially. However, in most practical settings, setup
times are close to Deterministic, and the widely used Exponential-setup assumption
leads to unrealistic model behavior and a dramatic underestimation of the true harm
caused by setup times.

This paper provides a comprehensive characterization of the average waiting
time in a multiserver system with Deterministic setup times, the M/M/k/Setup-
Deterministic. In particular, we derive upper and lower bounds on the average waiting
time in this system, and show these bounds are within a multiplicative constant of
each other. These bounds are the first closed-form characterization of waiting time
in any finite-server system with setup times. Further, we demonstrate how to com-
bine our upper and lower bounds to derive a simple and accurate approximation for
the average waiting time. These results are all made possible via a new technique for
analyzing random time integrals that we named the Method of Intervening Stopping

Times, or MIST.

Key words: queueing; multiserver systems; setup times; Deterministic setup

times; exceptional first service

In many systems, servers do not turn on instantly; instead, a setup time must pass before a server can

begin work (Allahverdi and Soroush|2008)). For example, for applications hosted in the cloud, application
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replicas must take time to boot up before they can begin fulfilling requests (Rzadca et al.|2020); for over-
whelmed hospitals, traveling nurses must wait to have their credentials confirmed before they can begin
helping patients (Tuttas|2013); for many businesses, workers must go through a long and expensive recruit-
ment/onboarding process before they can begin serving customers (Behroozi et al.|2020). By thinking about
this “initial delay before service” as an abstract setup time, we can learn how setup time affects all of these

systems simultaneously (Allahverdi and Soroush|2008)).

1.2. Why do setup times matter?

Setup times can have a significant impact on a system’s queueing behavior, especially in modern systems.
For systems which keep their servers on all the time, clearly setup times do not affect their performance.
However, in many modern systems, servers are regularly turned on and off. Because servers don’t turn on
instantly, jobs in a system with setup times end up delayed compared to their no-setup counterparts. If setup
times are long enough, this additional delay can be significant.

Nevertheless, many systems still regularly turn their servers on and off. Why? Because, by doing so, they
can save a considerable amount on operating costs (e.g. energy, money, C'O,, etc.) (Rzadca et al.[[2020).
However, this cost-saving measure is only a viable option if the additional delay caused by setup times is
not too large. Therefore, if we want to design systems which are simultaneously efficient and performant,

we need a good understanding of how setup times affect queueing performance.

1.3. Prior Art on Understanding the Effect of Setup Times

State of the art. Unfortunately, despite continued academic interest, we still struggle to understand the
impact of setup times on customer wait times outside of a few very simple settings. In the single server
setting, (Welch|[1964) completely characterized the behavior of the waiting time under extremely general
conditions, i.e. in the M/G/1 queue with generally-distributed setup times. In the more complex multiserver
setting, little progress was made until the publication of (Gandhi et al.|[2013) almost half a century later.
Outside of the fact that the model of (Gandhi et al.|[2013]) has multiple servers, their model is much simpler
than that of (Welch|[1964)). In particular, the main results of (Gandhi et al.|[2013)) rely on the assumption
that both job service times and server setup times are distributed Exponentially, i.e. the authors study the
M/M/k/Setup-Exponential model.

Limitations of the Exponential model. Despite the fact that (Gandhi et al.|2013) represented the first
breakthrough in our understanding of the setup effect in 50 years, their results are limited in two significant
ways. First, instead of a closed-form formula for the average waiting time, the authors only derive an
algorithm for computing the average waiting time. This algorithm is useful in the sense that it bypasses the
need to simulate the system, but unfortunately fails to give intuition about how wait times scale with system

parameters. Second, one of their simplifying assumptions, that setup times are distributed Exponentially,
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Figure 1 Simulation results for the M/M/k/Setup-Deterministic, M/M/k/Setup-Exponential, M/M/k (no setup), with mean ser-
vice time i = 1 ms, mean setup time 8 = 1000 ms, and load kept at a constant p = 0.5. Note the high separation

between the Exponential and Deterministic models at large scales.

turns out to severely limit the utility of their results. We discuss this point in depth within Section [I.4]
but, put briefly, this lack of utility stems from the fact that setup times have relatively low variance (Mao
and Humphrey|[2012), i.e. they are closer to Deterministic than Exponential. Accordingly, we analyze the
Deterministic version of the (Gandhi et al.|[2013) model.

Previous work on the Deterministic model. At the moment, only one other result characterizing the aver-
age waiting time in the M/M/k/Setup-Deterministic exists: (Williams et al.[[2022)). The paper (Williams
et al.[2022)) proves the first-ever lower bound on the average waiting time in the M/M/k/Setup-Deterministic
queue. (Williams et al.|[2022)) differs from this paper in a few ways. First, (Williams et al.[|[2022)) proves
only a lower bound on the average waiting time, whereas we prove the first-ever upper bound as well as a
nearly matching lower bound. Furthermore, our lower bound is significantly stronger. To be more precise,
(Williams et al.|[2022)) incorporates additional assumptions to prove their result, and the final result there
becomes trivial in certain scaling regimes. In contrast, our proofs only assume 1) that setup times are sig-
nificantly larger than service times and 2) that enough servers are being regularly utilized, and we prove

explicitly that our lower bound and upper bound are separated by at most a multiplicative constant.

1.4. Limitations of the Exponential model

The Exponential model is unrealistic. As previously mentioned, the Exponential assumption of (Gandhi
et al.[2013) turns out to be extremely problematic; we highlight two particular issues. First, this assumption
leads to unrealistic model behavior. To illustrate where the breakdown in realism happens, consider a sce-

nario where only a single server is setting up and compare it to a scenario where 100 servers begin setup at
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the same time. In the Deterministic model, all 100 servers perform no work while they are setting up, then
all of them turn on simultaneously. By contrast, in the Exponential model, the 100-server system receives its
first server on average 100 times faster than the single-server system receives its first server. In other words,
in the Exponential model, the longer the system’s queue is, the more rapidly the system’s servers turn on to
help drain that queue. In a sense, the Exponential system can rapidly “react” to increases in queue length.
Note that this “blessing of variability” effect only comes into play when there are multiple servers; in the
single server case, as seen in Figure[T} the variability in setup time hurts the waiting time.

The Exponential model underestimates waiting. This unrealistic “reactivity” phenomenon causes a fur-
ther, more concerning, problem: in real systems, the Exponential model dramatically underestimates how

much waiting actually occurs. To be more precise, in modern systems: 1) average setup times are often

larger than average job sizes by two or three orders of magnitude (Gandhi et al.[2012, Mao and Humphrey|
2012 Mogul and Kompellal[2015| Maheshwari et al.|2018| [Hao et al.|2021); and 2), as noted in the state-
of-the-art paper (Gandhi et al. 2013)), setup times are actually closer to Deterministic. When these two

criteria are satisfied, as observed in Figure|[T] the true waiting time is often orders of magnitude larger than

what the Exponential model predicts. Accordingly, in many practical studies of the setup effect (Gandhi

et al.[2012] [Kara[2017, [Hyytid et al.[2018)), setup times are assumed to be Deterministic, e.g. servers take a
fixed time of 2 minutes to set up. However, despite its apparent practical limitations, the Exponential setup

model remains the de facto choice for theoretical analysis, since it allows for the application of a number of

existing theoretical techniques.

1.5. Our Results

In this paper, for the first time, we provide the first characterization of the average waiting time in a
dynamically-provisioned multiserver system with Deterministic setup times; we plot our results in Fig-

ure 24} To be more specific, we study the Deterministic analogue of the model in (Gandhi et al|2013)), the

M/M/k/Setup-Deterministic, and derive three main results. Our first result is Approximation|[I} a prediction
of the average waiting time which appears extremely accurate across a wide variety of parameter settings

(see Figure [ for a detailed visualization). When simplified, this closed-form approximation roughly states

L T 0 !
E[TQ}N2\£\/%+M€(1—0)'

In support of this approximation, in our second and third results, we prove upper and lower bounds on

that

the average waiting time; these make up Theorems [T] and 2} respectively. Furthermore, we later show, in
Theorem 3] that our results capture the correct order-wise scaling of the average waiting time—they agree,
up to multiplication by an absolute constant. Note that, at the moment, no other such characterizations exist
for any similar multiserver setup system; not even for the extensively-studied M/M/k/Setup-Exponential

model.
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(a) An illustration of our results. (b) A provisioning example.

Figure 2 Our theoretical results along with simulation data for the M/M/k/Setup-Deterministic and M/M/k/Setup-Exponential,
varying the number of servers k£ while keeping the mean service time i =1 ms, the mean setup time S = 1000 ms,
and the load p = 0.5 fixed. (a) A comparison of our results to the true average waiting time in the M/M/k/Setup-
Deterministic. Our results behave like the true average waiting time, while the Exponential model behaves differ-
ently. (b) A provisioning example highlighting the differences between the Deterministic and Exponential models. To
achieve a target waiting time of 20 ms, our approximation correctly predicts it will take k ~ 2000 servers, while the

Exponential model predicts that only k ~ 50 servers should suffice. See Fi gurefor a more comprehensive evaluation.

1.6. Impact: How understanding setup times helps with capacity provisioning

A common but complex problem which arises in many areas is that of designing a system such that the
average waiting time of a customer is below some target waiting time. Historically, we understand this
problem well for systems without setup times, e.g. there’s a straightforward formula for the average waiting
time in the M/M/k without setup. Unfortunately, our understanding of this problem is quite poor for more
modern systems, since their average waiting times are affected by setup times. In particular, modern systems
dynamically control the number of servers that they keep on, periodically turning servers off in order to
save energy. As we mentioned before, previous results on understanding the relationship between setup
times and the average waiting time leave much to be desired. Our new results expand on the state-of-the-art
Exponential model in two important ways: 1) obtaining the predicted average waiting time is much easier
computationally, and 2) the quality of the prediction is much better.

Easier predictions. Compared to the Exponential model, our new Deterministic approximation greatly
simplifies the design process. In particular, when predicting the average waiting time in the Exponential
model using the state-of-the-art method from (Gandhi et al.2013), one must solve a system of O(k?)
quadratic equations to find the average waiting time [E [T]. Two practical issues arise from this fact. First,
the equations change depending on the number of servers k£, meaning that the computation must be repeated

every time one wishes to test a new number of servers. Second, the opacity of the process makes it difficult
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to get intuition about how the average waiting time changes as one alters the system parameters. In contrast,
Approximation [I]is a relatively simple function of the relevant parameters. The simplicity of our approxi-
mation has, likewise, two benefits: 1) computing the waiting time becomes easy, and 2) our approximation’s
form makes it clear how and why the waiting time behaves the way it does.

Higher quality predictions. Moreover, when compared to the predictions of the Exponential model, the
predictions we obtain using our Deterministic approximation are of a much higher quality. This difference
in quality is perhaps best illustrated by looking at a simple example. In Figure[2b] we compare the prediction
from the Exponential model to the prediction from our approximation, plotting how the predicted average
waiting time changes as one increases the number of servers k while fixing the load p = 0.5, the average
setup time 5 = 1000 ms, and the average service time i =1 ms (note that these are typical relative values in
many applications (Mao and Humphrey|2012))). Our goal is to determine how large the number of servers k
needs to be before we reach our target waiting time 7% = 20 ms. In both models, the average waiting time
decreases as the system gets larger. However, the Exponential model predicts that the average waiting time
will be small enough once £ = 50. On the other hand, as captured by our approximation, the Deterministic
setup system will only reach the target waiting time once the number of servers k ~ 2000 —a full 40 times
larger than what the Exponential system predicts! At even a modest number of servers, the Exponential

system underestimates the waiting time by orders of magnitude.

1.7. Challenges and Our Approach

What makes the multiserver setting difficult. Although the harm caused by setup times is non-trivial to
understand even in single server systems, the setup effect can be especially difficult to understand when
multiple servers can set up at the same time. In particular, when servers can set up simultaneously, their
server states begin to interact; via the speed of their processing, the system’s busy servers indirectly control
the setup behavior of the system’s not-busy servers. For example, if server A is on while server B is setting
up, then server A might finish all the work in the queue before server B even has a chance to turn on. As
such, in the multiserver setting, it can sometimes make sense to cancel a server’s setup process; a situation
which would never occur in the single server setting. Of course, the opposite can also happen: if the busy
servers are working much more slowly than expected, then the queue might grow large enough that we begin
setting up a server that would otherwise be left off. This interaction between departure behavior and setup
behavior is exactly what makes the setup effect so much harder to understand in the multiserver setting.

Why Deterministic setup is especially difficult. As such, while using Deterministic setup times might be
more realistic, it also comes with a set of unique theoretical challenges. In the Deterministic case, there is
no avoiding the complexity of setup: even in simulation, one must track the individual remaining setup time
of every server that is currently setting up. By contrast, because the Exponential distribution is memoryless,

in the Exponential case it suffices to track only the total number of servers setting up, greatly simplifying
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the system state. Moreover, the Exponential model’s simple state forms a Continuous-Time Markov Chain,
a well-studied class of stochastic processes for which a number of techniques have been developed. For the
Deterministic setup model, no such techniques exist.

Our approach. To derive our first-of-their-kind results, we develop a new technique called the Method of
Intervening Stopping Times, or MIST, which allows us to more naturally investigate queueing systems with
high-dimensional, continuous-valued state spaces. Generally, MIST is a method for bounding the expec-
tation of a random time integral, and it works by dividing up the original time interval into smaller, more
manageable pieces using stopping times. By focusing on these smaller pieces, we avoid the issue of track-
ing the entire high-dimensional system state at every point in time. Instead, MIST allows us to narrow our
focus to only the “most important” aspects of the state for a particular integral, and to shift our definition
of “most important” based on the particular integral we are analyzing. Since, for a particular integral, we
know the most important aspects of the system state, we can derive strong bounds on that integral that hold
regardless of the remaining state information. Moreover, we can apply this approach recursively, chopping
a still-large time interval into a sequence of even smaller time intervals. By chopping time in the right way,
eventually we can make the system so well-behaved during an interval that we can adapt powerful tech-
niques like martingale theory and Wald’s equation to the analysis of a phase. To place our approach in a
broader context, MIST could be considered a fleshed-out instantiation of a suggestion made by Kingman in
that “ ...it may be possible to sew these small martingales, or constant multiples of them,
together to form a martingale on the whole line, and then all the apparatus of martingale theory—stopping
identities, inequalities, central limit theorems, and the like—becomes available;” for more details on our

approach, see Section 9}

1.8. Potential Mitigation

The delay in serving jobs due to setup times comes from turning servers off and then needing to wait
before those servers can turn on. One way to potentially mitigate the impact of setup times is then to turn
off servers less aggressively. We analyze such an approach in Appendix [H} and our analysis reveals that a
natural class of policies have minimal impact on the waiting time. This preliminary analysis highlights the
need for further studies on designing policies for turning servers on and off in queueing systems with setup

times to achieve a better tradeoff between energy efficiency and performance.

1.9. Outline

We proceed in the following order: In Section 2] we give a detailed description of our model. In Section [3]
we discuss the previous work on analyzing setup times in greater detail. In Section [ we fully state our

main results. In Section [5] we discuss the key ideas which enabled us to prove our main results, including
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Figure 3  An example of M/M/k/Setup-Deterministic with k = 4. The state pictured has Z(¢) = 2 busy servers, which means
there are 2 jobs in service. There is Q(t) = 1 job in queue, and thus N () = Z(t) + Q(t) = 4 jobs in system.

MIST. In Section [} we give the proof of Theorem [T} we relegate the proof of Theorem [2]to Appendix [B]

Finally, in Section|/| we make some closing remarks and propose follow-up work based on our findings.

2. Model: The M/M/k/Setup-Deterministic Queue

The system behavior, excluding setup. We now describe our model of interest, the M/M/k/Setup-
Deterministic. As in the typical M/M/k queue, jobs arrive in a Poisson process of rate k) into a FCFS queue
where jobs wait to be served at one of k servers. The job at the head of queue enters service whenever a
server frees up, either from a job completing service or from a server finishing set up. Once a job enters
service, it remains in service for Exp(u) time before departing. We assume all the servers have identical
service and setup distributions. As such, we can assign each server an index from 1 to k, and without loss of
generality assume that departures always occur at the busy server with the highest index; i.e., we re-index
the servers when a job departs so the server with the newly departed job has the highest index among the
busy servers. From here, we define the quantity Z(t) to be the number of busy servers (or jobs in ser-
vice) at time ¢, the quantity Q(¢) to be the number of jobs waiting in the queue at time ¢, and the quantity
N(t)=Q(t) + Z(t) to be the total number of jobs in our system. Excluding the setup dynamics, one sees
that, as promised, the behavior of our model is identical to the M/M/k queue.

The setup dynamics. From here, it suffices to describe precisely how servers will be turned on and off.
We assume that each server is always in one of three states: on, off, or in setup. A given server remains on
only as long as that server remains busy. In other words, a server turns off when it finishes its current job and
the queue is empty. Recall that we re-index the servers to ensure that the job departure is from the highest
indexed server among the busy servers. On the other hand, server i begins sefup when a job arrives to the
system and there are only ¢ — 1 jobs in the system. Server ¢ remains in setup until one of two events occurs:
either 1) some fixed quantity [ time has passed, or 2) there are fewer than ¢ jobs in the system; accordingly,
we refer to 3 as the setup time of a server. In the first case, if 5 time has passed without N (¢) dipping

below i, then server ¢ has completed its setup and begins working on the job at the head of the queue. In
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the second case, if the number of jobs N (¢) dips below i before server ¢ completes setup, then the setup
is canceled and server i turns off. We use Y;(¢) to denote the detailed state of server i at time ¢. If server ¢
is off, we set Y;(t) = OFF; if server ¢ is on, we set Y;(t) = ON; if server i is in setup, we let Y;(t) denote
the remaining amount of time until server ¢ would finish setup, if left uninterrupted. To be precise, Y; () is
set to S when server i first initiates sefup, and this value decreases at rate 1 until either setup completes or
setup is canceled. For convenience, we assume, without loss of generality, that ON < s < OFF for every
possible remaining setup time s € (0, 3]; this ensures that the detailed state Y;(¢) is non-decreasing in i. As
a shorthand, we use Y = (Y (t), Ya(t),. .., Yx(t)) to denote the vector of detailed server states.

A state descriptor. Accordingly, a Markovian state descriptor for our system at time ¢ is S(t) £
(N(t),Y (t)). Note that, since one can recover the number of jobs in service Z(t) from the detailed server
states Y (t), one could also choose the state to be (Q(t),Y (¢)). Either suffices in providing a complete
description of the forward dynamics of the system. Furthermore, when discussing the steady-state distribu-
tion of, say, the number of jobs N(¢), we use the notation N (co).

Some important constants. We define some system parameters which are critical to system behavior. We
use p £ % to refer to the load of our system, i.e., the time-average fraction of servers working on a job.
We call the offered load R £ kp; this is the time-average number of busy servers. To enforce stability, we
require that p < 1. As discussed, the symbol j refers to the fixed (Deterministic) setup time of a server.

Busy period notation. Our results can be stated more concisely with two quantities related to a busy
period of an M/M/1 queue. We give the notation below. We use T (n, j) to denote the expectation of the
random length of an M /M /1 busy period with arrival rate k), service rate kA + pj, and which starts with
n jobs in the system. Likewise, we use 1™ (n, j) to denote expectation of the random time integral of the

number of jobs within the M /M /1 over the same period. Explicitly, we have

rpbusy (n7]> L ﬁ (D
K
and
1 1 1 R
R R ZH'[H*“]' ”
HJ 2 kMg wil 2 J

3. Related Work

In Section[I} we discussed two works most directly related to ours, (Gandhi et al|2013)) and (Welch|[1964).

Here, we briefly describe a few other works studying setup times in queueing systems.

3.1. Single Server Setup

The single server setting. Since the seminal paper of (Welch|{1964) on the M/G/1/Setup, various fol-
lowup work has been devoted to extending this work to service disciplines beyond First-Come-First-Served

(Bischof]2001)) and arrival processes beyond Poisson (He and Jewkes||1995| |Choudhury|1998).
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Staggered setup. The first investigations into multiserver setup study the M/M/k/Setup and the
M/G/k/Setup with the additional assumption that only one server can be in setup at a time (Artalejo et al.
2005}, |Gandhi and Harchol-Balter|2013alb). However, in real systems, servers can undergo the setup pro-
cess simultaneously (e.g. ten virtual machines can be booting up at the same time), meaning that the strong

results obtained for the staggered setup model are of limited practical use.

3.2. Multiserver Setup

M/M/k/Setup-Exponential: Approximations. In (Gandhi et al.[2010b), a precursor to (Gandhi et al.
2013)), the authors derive a number of intuitive approximations for the average waiting time. Further, (Pender
and Phung-Duc|2016)) analyzes an extended version of their model which includes customer abandonment
and time-varying arrival rates, providing an approximation for the average queue length at each point in
time. Unfortunately, unlike our results, none of these results are in closed-form, nor do they provide a bound
on the approximation error.

M/M/k/Setup-Exponential: Exact analysis. In (Gandhi et al.|2013)), the authors provide a method for
computing the expectation of any function of the steady-state queue length; their method was later shown
to be analogous to the matrix analytic method (Phung-Duc|2017). As usual, though, these results are not in
closed-form; even now, it remains unknown how the average waiting time in the M/M/k/Setup-Exponential
model varies as one varies the system parameters.

Dispatching/Load-balancing. In (Mukherjee et al.|2017), the authors consider a dispatched, finite-
buffer version of the M/M/k/Setup-Exponential, for which they design TABS, an asymptotically-optimal
(in energy waste, as k — oo) load-balancing/scaling scheme. In a followup paper, (Mukherjee and Stolyar
2019), the authors extend their work to the infinite buffer case, confirming its asymptotic optimality.

Deterministic setup. Besides the lower bound of (Williams et al.|2022)), a few others have investigated
multiserver systems with Deterministic setup times. In the control setting, (Hyytii et al.|2018)) considers
a dispatching version of the M/G/2/Setup-Deterministic model, building near-optimal policies for the joint
control of setup and dispatching. In (Kara|2017)), the author provides a simulation-based analysis of the
M/M/k/Setup-Deterministic queue, corroborating our findings on the large gap between Exponential and
Deterministic setup systems.

Multiserver scheduling. In (Hong and Scully|[2023), the authors study the performance of the Gittins
policy in the G/G/k/Setup queue and, instead of explicitly bounding the average wait as we do, they bound
the difference between Gittins’ average waiting time and the optimal average waiting time.

Policies for mitigating the harm caused by setup. Many works have considered the problem of
mitigating the energy waste and additional delay caused by setup times, often formalized in terms of
the Energy-Response-time-Product (ERP) (Gandhi et al.|[2010a), the Normalized-Performance-Per-Watt
(NPPW) (Gandhi and Harchol-Balterj|2011), or the energy expended given a fixed tail cutoff for response
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time (Gandhi et al.|[2012). Many works study the DelayedOff policy, where a server must idle for a period
before it may turn off (Gandhi et al.[2010albl 2012} [Pender and Phung-Duc|2016). When using DelayedOff,
the choice of which idle-but-on server receives a job matters: (Gandhi et al|20104) considers routing the

job to the Most Recently Busy server; (Gandhi et al.|2012) creates a ranking of all servers, always routing to

the lowest-ranked idle server. Other works (Gandhi et al.|2010al 2011)) consider utilizing sleep states, use-

ful intermediates between the “no power, long setup” off state and the “full power, no setup” on state. We
comment that the setting considered in this paper corresponds to a natural policy. But it is unclear whether
this natural policy, or any other policy, achieves an optimal tradeoff between the energy consumption and

the additional delay caused by setup times.

4. Results

Summary. We now state our three main results concerning the average queue length E[(Q(c0)]: an
approximation, an upper bound, and a lower bound. Note that, by Little’s Law (Kleinrock![1975)), which
states that E [Q(oc0)] = EAE [Ty], our results immediately translate to results on the average waiting time
E [To]; see Figure 2af for an illustration. Our first main result, Approximation 1| is a simple and accurate
approximation to the average queue length E [Q)(c0)]; we demonstrate its accuracy in Figure 4] Our sec-
ond main result, the upper bound of Theorem I} is the first-ever upper bound on the average queue length
E[Q(c0)] in a multiserver system with Deterministic setup times. By contrast, our third main result, the

lower bound of Theorem is only the second lower bound on the queue length E [Q)(c0)]; however, improv-

ing on the lower bound of (Williams et al.[2022), we show that our bounds differ by at most a multiplicative

constant. Notably, all three results are in explicit closed-form, unlikely nearly all other results concerning
multiserver systems with setup times.

We begin by discussing Approximation [I|in Section We then discuss the assumptions used in the
proof of our main theorems in Section f.2] Afterwards, we state the exact forms of the upper and lower
bounds in Theorems [T]and 2]in Sections [A.3] and [.4] respectively, whose proofs are given in Section [6]and
Appendix [B] respectively. Finally, we briefly discuss the order of these bounds in Section[4.3]

4.1. Approximation: Statement and Evaluation

Approximation 1 (Approximation of the Average Queue Length) Ler C,, = \/g Then, if the offered

load R £ kp > 1, one can approximate the steady state queue length as

. QMBQCapr+ Mﬂcapr |:,Uﬂcap);\/§+1 + L]

pk(1—p) 1-p

E [Q(OO)] ~ Qapx - B N Hﬂcapr . (3)

pk(1—p)
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Figure 4 Simulation results demonstrating the high accuracy of Approximation For each of these 9 plots, we plot the behavior
of the average waiting time as one varies the load p from 0 to 1, holding fixed the total number of servers k as well
as the setup time /3. In each row, we hold the number of servers k£ constant while testing increasing values of the
setup times (3. In each column, we hold the setup time S constant while increasing the number of servers. We plot
three quantities: 1) in black, the simulated average waiting time for the M/M/k/Setup-Deterministic; 2)in purple, the
predicted average waiting time of Approximation[T} and 3) the predicted average waiting time of as given by the “low
R’ approximation of (@), a variation on the single-server setup result of[Welch|(T964). We also include, as a reference,
a dotted line illustrating the point at which the offered load R £ kp = 1. Our approximation works well when the

average number of busy servers R > 1, and the “low R” approximation works well when R < 1.

Evaluation. In Figure [d] we observe that our approximation is accurate across a wide range of system
parameters, so long as the offered load R > 1, a considerable weakening of the assumptions used in our
proofs. In that sense, it serves as a testament to the strength of our approach that our resulting approximation
remains accurate all the way down to offered loads R ~ 1.

When R < 1, we find that the waiting time exhibits a “single-server bottleneck™ effect, mirroring the
behavior in (Welch|[1964). In particular, in the M/M/1/Setup-Deterministic, one finds in that
1 B {2 + 23 ]

E[T,] = =
[Te] u—)\+2 1+ )6

Taking the second term, which measures the additional wait in the system due to setup times, and using R

in place of 2, we obtain a “low R’ approximation

3
E [Ty~ 2 [ (4)

24 uRp
5 [T ars |-

14+ unRp
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We include this “low R” approximation in Figure ] and note that, when R < 1, this “low R approximation

seems to capture the behavior of the waiting time quite well.

4.2. Assumptions.

In our theoretical analysis, in order to more simply characterize the system’s behavior, we make two assump-
tions. First, we assume that setup times are large compared to service time, i.e. the average setup time
B> 100&; this is often satisfied in practice (]Gandhi et al.||2012|, |Ma0 and Humphrey| |2012L |M0gul and
[Kompellal 2015, Maheshwari et al.[2018], [Hao et al.|2021). Second, we assume that the system utilizes, on
average, at least 100 servers, i.e. the offered load R £ kp > 100.

Note that the specific values within these assumptions are not strictly necessary for our analysis to go
through; these assumptions are made predominantly to simplify the expressions which arise in our analysis.
For example, in our final bound on the quantity E [L] at the end of Appendix G.6, we are left with the

expression

2t () (552 ) 5]

By imposing the above constraints, we are able to reduce the above expression to

2 I
S
3\/gm

which still captures the correct order-wise scaling (and even points towards the correct asymptotic behavior)

while being much easier to read.

4.3. Upper Bound: Statement

THEOREM 1 (Upper Bound on Average Queue Length). For an M/M/k/Setup-Deterministic with an
offered load R = kp > 100 and a setup time 3 > 100&, the expected number of jobs in queue in steady state
is upper-bounded as

4.05u82VR + g (9(;@23 3uBVR, k(1 — p))

LipBVR ’
s+ pk(1—p)

E[Q(o0)] < 3.6JMTR+2.041 L 4

where the function g(z,y, z) = xﬁ +y [ + 2}%} and the constant Ly = %, /7.
4.4. Lower Bound: Statement

THEOREM 2 (Improved Lower Bound on Average Queue Length). For an M/M/k/Setup-Deterministic
with an offered load R = kp > 100 and a setup time (3 > 100%, the expected number of jobs in queue in

steady state is lower-bounded as
+
LBV R+ I <|:L1/8\/E — (k- R)} k= R)

2.088+ LOBYE 4+ L3n(g) + LIn(F D)+ 2 + 1 [D2+%} max <D1\1/;Tg’%g>

where Ly, Fy, Dy, D, and D3 are constants independent of system parameters.

E[Q(c0)] >
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4.5. Discussion of Bounds

After simplification, our bounds become
1
E[Q(c0)] =c nBVR+ ﬂ;

where the operator =, denotes equality up to multiplicative constants; we show this explicitly in Section

This simplified characterization of the queue length gives us insight into how the system parameters
govern the system’s queueing behavior. The first term, 18V R, scales linearly with the setup time /3 and
captures the effect of turning servers off and on. The second term, ﬁ, dominates the first term only when
the load p is high enough, say in the renowned super-Halfin-Whitt regime (Halfin and Whitt|[1981] [Liu and
Ying|[2022) where p =1 — vk~ with 0 < v < 1 and « > 0.5. In this case, it recovers the 1Tlp scaling seen
in the M/M/k without setup times.

5. Key ldeas and Techniques

We now describe our approach to analyzing the average waiting time in the M/M/k/Setup-Deterministic,
using the upper bound, Theorem (] as a case study. To begin, we go through the first few steps in our proof,
arriving at three main lemmas. We then give a detailed explanation of the technique we have developed for
proving those lemmas, which we call the Method of Intervening Stopping Times (MIST). Throughout, we

highlight the technical challenges that arise in our approach and how we address those challenges.

5.1. Initial Steps: Applying the Renewal-Reward Theorem

5.1.1. Reduction to analyzing E [N (co) — R].. We begin by applying the Renewal Reward theorem.
Although it is tempting to apply the theorem directly to the queue length E [Q(00)], it simplifies the analysis
considerably if one analyzes the number of jobs E [N (co0) — R] instead. To justify this, note that, in steady-
state, the number of busy servers E [Z(c0)] = R, and that the total number of jobs in system N (¢) satisfies
N(t) =Q(t) + Z(t). It follows that the average queue length

E[Q(c0)] =E[N(o0) — Z(00)] =E[N(c0)] - R=E[N(c0) — R].

5.1.2. Applying Renewal-Reward. Applying the Renewal Reward Theorem, for any renewal cycle,

E [ Sy IN(8) = R dt] E [ JEIN @) - R]dt}
EIN(c0) - B = E [cycle length] - E { foX 1d t} ’ ®)

where we have set time 0 to be an arbitrary renewal point and time X to be the renewal point which
immediately follows it. To upper bound (3)), it suffices to upper-bound the right side’s numerator and lower-
bound the right side’s denominator. These bounds constitute our three main lemmas; two lemmas for the
numerator (which is harder to bound) and one for the denominator. But before we can state these main

lemmas, we must first address our first technical challenge: defining the collection of renewal points X.
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Figure 5 A depiction of our decomposition of a renewal cycle into an accumulating phase and draining phase, described in
Section During the accumulating phase, the departure rate ©Z(t) < uR = kA, so that the system is transiently

unstable and a queue accumulates. During the draining phase, the departure rate Z (t) > kA, so that the queue drains.

5.1.3. Technical Challenge: Defining the renewal points. To define a “good” collection of renewal
points X is a non-trivial task. There are two important criteria one must consider when selecting the collec-
tion of renewal points. First, we need the length of a renewal cycle to have finite expectation. While this is
trivially satisfied in many queueing models, in our model, the presence of remaining setup times in our sys-
tem state makes this criterion non-trivial. Second, we want the renewal period to be defined in such way that
one can straightforwardly reason about the system’s behavior in between renewals. For example, we could
define our renewals as occurring when the system completely empties; this would avoid the continuous-
state-space concerns, but then one would need to reason about what happens to the system until the next
time it empties —by analogy to the M/M/k without setup, a typical renewal cycle would last exponentially
long (in k). Thus, while the “system empties” renewal definition does indeed give a simple analysis for

k =1, for even k = 2 the analysis becomes much more difficult. We must find another way.

5.1.4. Key Idea: Renewals when the (R + 1)-th server turns off. By defining our collection of
renewal points X = {t: Z(t~) = R+ 1,Z(t) = R} as those moments when the (R + 1)-th server is turned
off, we satisfy both criteria. By defining our renewals to occur at moments when a server is turned off,
we avoid the continuous state-space issue: any time a server shuts off, we know that there must be no
servers in setup (since we would cancel any servers in sefup before canceling an idling server). Furthermore,
by specifically analyzing around the moment the (R + 1)-th server turns off, the length of time between
renewals becomes well-controlled, in the sense that it is lower-bounded almost surely by a setup time and

upper-bounded in expectation by a quantity which we can show is “not too large.”

5.1.5. Further Benefit: A natural decomposition. Another benefit of defining a renewal cycle in this
way is that it naturally splits a renewal cycle into two parts: the first part of the cycle before the (R + 1)-th
server turns on, and the second part of the cycle after it turns on; we depict this decomposition in Figure [5]
During the beginning of a cycle (when Z(t) < R), the departure rate 7 (t) is smaller than the arrival rate,

making the system behave, in a transient sense, like a critically- or over-loaded queue. On the other hand,
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after the (R+ 1)-th server turns on and until the renewal cycle is over, the departure rate 1.7 (t) is guaranteed
to be strictly greater than the arrival rate, making the queue, on the whole, drain over time. This observation
turns out to be hugely useful in our analysis. As such, we have special names for each of these special times:
we call the time before the (R + 1)-th server turns on the accumulation period, we call the moment when
the (R + 1)-th server turns on the accumulation time T 4, and we call the period from time 7’4 until the cycle

ends the draining period. At times, we will also refer to these periods as phases.

5.2. Statement of Three Main Lemmas

We may now state our three main lemmas. (Note that the preconditions of Theorem [I]are implicit here.)
LEMMA 1 (Upper Bound on Integral Over Accumulation Period). Suppose the system begins at time 0
with R jobs in service and no jobs in the queue (and thus no servers in setup), and define the accumulation

time Ty 2 min {t > 0: Z(t) = R+ 1} to be the moment the (R + 1)-th server turns on. Then, taking B, =
3.6 and By = 1.04, one can bound the integral of the reduced number of jobs [N (t) — R| by

E [/TA [N(t) —R]dt] < B/ uBR-E[T4] + B uvVR.

0

LEMMA 2 (Upper Bound on Integral Over Draining Period). Recall that the accumulation time Ty is
the first (and only) time the (R + 1)-th server turns on during a renewal cycle, and that the next renewal

point X =min{t > T4 : Z(t) = R} is simply the next time the (R + 1)-th server turns off. Then,

E U: IN(t)— R] dt} <3.01u8°VR + 2.045% +g (Q(MB)QR, 3uBVR, k(1 — p))

where g(x,y,2) 2 15— +y [i + i} .

2puz z? 2puz
LEMMA 3 (Lower Bound on Cycle Length). Tuking L, = 2/%, the renewal cycle length E [X] is

Llﬂﬁ\/ﬁ
pk(1—p)

5.3. Proof of Theorem|[1] assuming the Three Main Lemmas

E[X]> 8+

After proving these lemmas, the result easily follows. First note that, by summing Lemmas [[|and [2]

E [/X [N(t) — R]dt} < Bi/uBR -E[T4] + (By 4+ 3.01)uf*VR + 2.0451%[) +g (9(uﬁ)2R, 3uBVR, k(1 — p)) ,

where g(z,y,2) = wi +y [#’:”2 + i] )

Upon dividing by Lemma [3]and noting that a setup time 3 < E [T4] < E[X], we obtain

(B2+3.01)uB*VR+g (9(u6)2R, 3uBVR, k(1 — p))

Ll/L,B\/E
B+ pk(1—p)

O

E[Q(c0)] SBl\/MH.leP i
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Figure 6 A depiction of the stopping time decomposition of Lemma In order to bound the integral E [ f;; Ytdt] , we bound
the expected contribution of each random interval [T, T;+1), where every T; is a cleverly defined stopping time. This

divide-and-conquer approach features heavily in our proofs.

5.4. Key Technique: The Method of Intervening Stopping Times (MIST)

5.4.1. Technical Challenge: Applying simple bounds to a complex system. We begin by describing
the technical challenge which led to the development of the MIST method: attempting to apply simple cou-
pling bounds to a complex, dynamic system. In general, one can easily obtain simple coupling bounds on the
behavior of, e.g., the number of jobs in the system N (¢) or the number of busy servers Z(t); unfortunately,
these simple bounds may only be accurate and/or applicable for a random amount of time. For example:
Suppose that at time 7 the number of busy servers Z(7) = 6 and the smallest remaining setup time in the
system is 10 seconds. Then, until either a server is turned off or 10 seconds have passed, we understand the
behavior of the number of jobs N (¢) very well — in a sample path sense, it is precisely the behavior of an
M/M/1 queue, with arrival rate kA and departure rate 6. Suppose, though, that by time 7+ 2, the system is
empty. If we continued to estimate the system behavior via the same M/M/1 queue as before, then we would
be wildly over-estimating the true system’s departure rate. If we want to keep our couplings accurate, we

need to track when the system’s behavior changes significantly, and alter our coupling accordingly.

5.4.2. Key Idea: Decompose using state-based stopping times. The Method of Intervening Stopping
Times (MIST) allows us to easily and dynamically apply these coupling arguments. Our key idea is to
break up our original long time interval into a random number of smaller, more manageable pieces. We do
this by defining intervening events, moments where the system state changes in a way that allows to easily
characterize the system’s behavior. From there, we can define a “small piece” of time as the time in between
our intervening events. For example, in this work, it can often be useful to analyze the system around time
points where the number of jobs N (¢) gets large. This is useful because, in a system with setup times, if we

have enough jobs for long enough, we can afterwards guarantee that many servers are turned on.

5.4.3. Reduction to three claims. By performing this decomposition of the integral, we reduce our
initial bounding problem to showing two or three bounds. First, we must bound the integral of each of the
chunks. Often, it is useful to analyze the “initial” chunk separately from the “successive” chunks afterward.
Typically, we use martingale arguments combined with worst-case coupling arguments to prove these two

integral bounds. Next, we must show that not too many of these “successive chunks” actually occur. For
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Figure 7 A depiction of the sequence of “new lows” 7; and the epochs that they define. In this case, the number of epochs

which occur is n. = 3.

this “not too many” condition, it’s often helpful to show some kind of regularity condition, e.g. if the -
th intervening event has occurred, then the (i 4 1)-th event occurs with at most constant probability. By
formalizing our notion of intervening events using stopping times and applying some ideas from Wald’s

equation, we obtain the Intervening Stopping Time Lemma, Lemma 4]

5.5. The Intervening Stopping Time Lemma: Statement

We now state the Intervening Stopping Time Lemma, Lemma 4] deferring its proof to Section [A] After-
wards, we sketch how we use MIST to prove Lemma the bound on the time integral E [ fOTA [N(t)— R]} .

LEMMA 4 (Intervening Stopping Time Lemma). Given a starting stopping time Ty, an ending stopping
time P, and a collection of intervening stopping times (T; :i € Z"), define the random variable F' to be
such that Tr < P <Tp.1. Now, given some time-varying random variable Y; > 0 which is a function of the
underlying Markov state of the system S(t), suppose that:

L[ Ytdt‘]-"TO] < Go(S(Ty)),

2. E [ [Tt Ytdt)fTi,F >i| <Gi+ B-E[min(Tiar, P) — T Fy,, F > 1] +C [T~ Tii,

3. and Pr (F >i|Fp, FF>i—1)<1—p;,
where Gy is also some function of the system state, and the G;’s, the p;’s, C, and B are all constants

(possibly depending on system parameters). Then one can bound the time integral of Y; from T to P by

E [/PYtdt} gE[GO(S(TO))]+Pr(F>0)§:Gjﬁ(1fpi)+(B+C)-E[P—TO].

To i=2
5.6. Example: Application to Accumulation Period Upper Bound (Lemmal (f)

5.6.1. Application of Lemmafd]
Specification Step. We begin our bound on the integral over the accumulation period with an application
of the Intervening Stopping Time Lemma, Lemma[] To apply our new lemma, we must first specify all the

necessary stopping times: the initial time 7, the final time P, and the intervening times 7;. In this case, we
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of course take Ty = 0 and P = T'4. For the intervening times 7;, we choose a sequence which allows us to

lower bound the departure rate of our system. In particular, we take 7’; = 7; where the j-th epoch start 7; is
7 2min{t>0:N()<R—j};

in other words, the moments when the number of jobs N (¢) reaches a new minimum value or “new low.”
We call the period [7;, min (7;41,74)) the j-th epoch, and say epoch j occurs whenever 7; < T4. We then
let the random variable n. denote the number of epochs that occur, i.e. we take F' = n..

The reduced problem. With this decomposition, understanding the behavior of the accumulation phase
reduces to understanding the behavior of each epoch. The beauty in our construction is that the behavior of
N (t) within an epoch is much more constrained: within epoch j, the departure rate ©Z(t) of our system is
both lower-bounded by p(R — j) and upper-bounded by pR. We use this observation together with various
coupling arguments to show the three necessary preconditions of Lemma (4| To prove these preconditions,

we actually need to apply Lemmad] again; see Section [6.3|for details.

6. Proof of Theorem[1f's Three Main Lemmas

As shown in Section[5.3] to prove Theorem [I]it suffices to prove the following lemmas:
1. Lemmal(l] an upper bound on the reward integral over the accumulation phase,
2. Lemmal[2] an upper bound on the reward integral over the draining phase, and
3. Lemma[3] a lower bound on the length of our renewal cycle.

Before we continue, we first give a formal system construction, then prove some useful coupling claims.

6.1. Construction

We now discuss how we formally construct this system using Poisson processes; being explicit here will
prove useful when we make coupling arguments in the future.

The arrival and departure processes. We take the number of jobs that have arrived at time ¢ to be 114 (%),
where I1 4 is a Poisson process of rate k). In a slight abuse of notation, we let IT 4 ([a, b]) denote the number
of arrivals that occur in the interval [a,b]; we apply the same extension to all other counting processes
mentioned here. We set the potential departure process of, say, server ¢ to be IT;(¢), where II; is a Poisson
process of rate u. A potential departure from server ¢ only “counts” if server ¢ is busy when that potential
departure occurs, i.e., if the number of busy servers Z(t) > i at the time. Thus, the total number of departures

from our system by time ¢ is, taking integrals with respect to the Poisson processes II; as counting processes,

D(t) & Z/O 1{Z(s) > i} dIL(s).
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The number of busy servers Z(t). To find the number of busy servers Z(t), one could count the number
of setup completion events that have occurred so far and the number of server shutoffs that have occurred
so far; this description is a bit difficult to work with. Alternatively, one can see from the initial description
of setup dynamics that server i is on at time ¢ if and only if the total number of jobs N(s) > ¢ for all

s € [t — 3, t], where one should recall that (3 is the setup time. An easier description of Z(t) follows:

Z(t) = min <k min N(s)>.

SE[t—P,t]
A departure operator. We can extend our departure process D(t) to a departure operator D [f(s)] (Z)
which takes a function f(s) € {0,1,...,k} defined on some interval Z and computes the number of depar-

tures that would occur in that interval provided that the number of busy servers Z(s) = f(s), i.e.

k b
DI (@) 2 [ 1(f(s) 2 i} dr(e)
Note that the total number of departures can now be written as D(t) =D [Z(s)] ([0, t]).

6.2. Three Coupling Claims

We now describe three useful claims applied throughout the proof. The first, we will state and prove imme-

diately. The latter two, we prove later, in Section[G]
6.2.1. Basic coupling claim: Maintaining an initial relation.

CLAIM 1 (Basic Coupling). Suppose that we have two processes N, and N, with an initial relation
Ni(a) < Ny(a), where the behavior of each process is governed, for all times s from a up to some stopping

time T, by the equation
N;(s) = Nj(a) + T4 ((a, 8]) = D[Z;(2)] ((a, 5]) , for j € {1,2}.

Furthermore, suppose that the first system’s number of busy servers Z1(s) > Z,(s) for all times s € [a, T].

Then, for all s € [a, 7], the relation is maintained, i.e. N1(s) < Ny(s).
Proof. We show equivalently that N,(s) — N;(s) > 0. Applying the definitions of N; and Ny,
Na(s) = Ni(s) = Na(a) = Ni(a) + [P [Z1(2)] ((a, 5]) = D [Za()] ((a, s])]
[D[Z.(2)] ((a,5]) = D [Z2(x)] ((a, s])]

=3 [1za@zan@ - [ 1z 2 e

V

:i/ [1{21(;);) > i} = 1{Z(x) Zz’}}dl‘[i(:r).

Since Z,(x) > Zy(x), the integrand [1 {Z1(z) > i} —1{Zs(x) > 2}] > 0; the claim follows. [



Authors’ names blinded for peer review
Article submitted to Operations Research 21

6.2.2. Statement of remaining coupling claims

High-level explanation. This claim leads nicely into a couple more claims. Both are concerned with
bounding a quantity involving a general “down-crossing” time. In particular, our analysis will begin at a
stopping time 7 and will “end” at the down-crossing time dye,, Where dye, = min {t > 0: N(t +7) < h} is
the length of time it takes for the number of jobs N (t) to become lower than some given threshold h. The
first claim, Claim 2| uses a coupling argument to bound the expected integral of N (¢) from some arbitrary
time 7 until N(t) drops below some pre-defined threshold h, provided that one has a lower bound on the
number of busy servers Z(t) over that period. The second claim, Claim uses a related argument to bound
the probability that N (¢) drops below some threshold ~ within some amount of time ¢, given that one has

bounds on Z(t) over the relevant period. We defer the proof of these claims to Sections and

CLAIM 2 (Coupling Integral Bound). Let T be some stopping time and dy., be the next down-crossing as
described in Section Suppose that, at time T, we have a lower bound on the number of busy servers
over a period, i.e. we know that the number of busy servers Z(t) > R — j, for all t € [T, 7 + min (¢, dge,)]

and for some non-negative j. Then we have the following bound on the integral over this time period:
T—Q—min(dgen,f)
E / [N(t) — h]dt

CLAIM 3 (Coupling Probability Bound). Let T be some stopping time and dy., be the next down-crossing

1
}‘T] <C-IN(1T)—h]" + 5“‘762‘

as described in Section[6.2.21 We consider two cases.
In the first case, suppose that we have a lower bound on the number of busy servers Z(t) over some

length ( interval starting at time T, i.e. the busy servers Z(t) > R — j, for all t € [T, 7 + min (¢, dg.,)] and

for some non-negative j. Then, we can bound the threshold-crossing probability by

T) —h+ pjl

02N — 11j)

Pr (dgey < {|F,) > 20 (— [N(

2
) 3V0(2kN — pj)
In particular, if N(7) — h = c1v/uBR, then the probability Pr (dg., < {|F;) > 2® <—%> — .
In the second case, suppose that we instead have the upper bound on Z(t) < R during this interval

Pr (g < (| F,) < 20 <_ [Né%hb - 3¢22/W'

As before, if N(T) —h = c\/uBR, then the probability Pr (dge, < {|F;) < 2P (—%) +

instead. Then,

1
ﬁ .
6.3. Proof of Lemma (1, Upper Bound on Integral Over Accumulation Period
We prove this result via two applications of the Intervening Stopping Time Lemma, Lemma] To apply this
decomposition lemma, there are two broad steps. First, we must specify a starting time (1), an ending time

(P), a series of intervening stopping times (7;), the process (Y;), and an counting variable (F'). Second, we

must prove that the three preconditions of the lemma hold, given these specifications.
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6.3.1. First application of Lemma4} at the epoch level.

Definition of (7;). We define the sequence of stopping times (7; : j = 0,1,...,R) as 7; =
min{t>0:N(t) < R—j},i.e., 7; is the first time there are only R — j jobs within the system. Note that, by
definition, 7o = 0. We call the period |7;, min (7;41,74) | the j-th epoch, and say epoch j occurs whenever
7; <T'y. We then let n. denote the number of epochs which occur in a given renewal cycle.

Specification step. Since we are interested in bounding E [ J. OTA N(t)— R] dt} , we let our starting stop-
ping time be Tj, = 0, our ending stopping time be P = T4, our intervening stopping times be 7); = 7;, the

process of interest Y; = N (¢) — R and our counting variable be ' = n.. Let the quantity

pd) A py max N(t)> R+ Cs\/uBR
te(r; min(T]+1 Ta

Ne 2> j) (6)

be the probability that the total number of jobs N (t) exceeds R+ C3+/ufR during epoch j.

Required claims. From here, we can apply Lemma [] after showing the following claims:

CLAIM 4 (Upper Bound on the Probability of Another Epoch). Recall that the total number of epochs
ne £max {j € Z* : 7; < Ta}. Then, taking Cy =0.98, we have Pr(n, > j+1|n. > j) <1— C'4p(-j)

rise*

CLAIM 5 (Upper Bound on the Integral Over an Epoch). Let 7; £ min{t>0: N(t) < R—j}, Ta =
min{t>0:Z(t)= R+ 1}, and let n, = max {i € Z* : 7, < Tx}. Then,

E [ / ) [N(t) — Rldt

J

ne > j| < Bi/uBR-E[min (1)1, Ta) — 7;|ne > j]+ CoBuip),

where By = 3.6 and Cy, = > 0.511.

2098

6.3.2. Proof of Lemma 1) assuming Claims 4] and Before going further, we show how to complete

the proof of Lemmal[l] assuming the two prior claims. Applying Lemma] we find that

Ty R j—1
E [ / IN(t) - R]dt} < Bi\/uBR-E[T4] + Cgﬁ%ijﬁiZi H (1-cp)
0 - X
>l 1 (1-cont)|
WBR T[T 4] +5 ﬁ2 [ZH (1 - C4pme)

j=11i=1

<BiVuBR-E[T4] + ﬁQ

)

where we have used the “expectation as a sum of tails” trick. We now apply the following claim:

)

1se

CLAIM 6 (Bound on the Probability of an Up-crossing p,;
number of jobs N (t) exceeds R+ Cs\/ufBR during epoch j defined in (6). Then, for any epoch j > As VR,
we have pt) > 0. 9974 A5

rise —

). Let pme be the probability that the total
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Continuation: Proof of Lemma [I] assuming Claims {4} [5} and [6} We defer the proof of Claim [§] to
Section[G.3] Applying the claim’s result, we find that

i—AsvVRIT [—AsVER]*
SII(-cu) =X (1-2200) T < (1008 g

=1 11=1 J=1

Bounding this as a Geometric sum, we obtain

VR 0. 99C4A5

Returning to our original inequality, we obtain that

= 0.99C, A
:A5¢ﬁ+z<145> —AVE+ VR
§=0

Ta C, 1 )
E [ / N () - R]dt] < BiVRBR-ET+ 5 (A5 ; W) FuVE.

Noting that A; = 1 and taking B, £ 1.04 > g—i <A5 + m>, we finish the proof of Lemma 0

6.3.3. Proof of Claim 4, Upper Bound on Probability of Another Epoch.
Rewriting the claim. And so, assuming the preconditions of Lemma [ (Claims [4] and [5]) as well as the
helper claim [6] we have proven Lemma [} We thus begin proving Claim ] We begin by rewriting the

probability of another epoch occurring as
Pr(n.>j+1n.>j)=1-Pr(n.=jn.>j)=1—Pr(Ta <Tj11|n. >j).
It thus suffices to show a bound on the probability that the accumulation phase ends in epoch j:
Pr (T < 7jsalne = j) = Capgl)- ®)

Lower bound based on up-crossing and down-crossing times. To show (), we analyze a particu-
lar sequence of events which results in the accumulation phase ending in the current epoch, i.e. Ty <
Tj4+1. Specifically, we define the up-crossing time v = min {t >71;:N(t)>R+C; \/m} and the down-
crossing time d = min {¢ > u: N(t) < R}. We consider the event where (1) the up-crossing occurs during

the accumulation phase (v < T4) and (2) the accumulation phase ends before the next down-crossing occurs
(@) ;

rise

(d > T4). Symbolically, we have (at the end, recalling that p ;. is the probability of an up-crossing occurs)

>Pr(u< Ty <dne>j)=Pr(d>Tulu<Ta)Pr(u<Ty)=Pr(d>Tslu<Ty)pl).

Development of conditional probability. To bound the conditional probability Pr(d > Tx|u < T4), we
condition on the filtration at time u, then make a coupling argument. To begin, note that, if the number
of jobs N (t) does not fall to R before the (R + 1)-th server finishes setting up, then the accumulation

time 7’4 occurs exactly when the (R + 1)-th server finishes, i.e. the accumulation time T4 = u + Ypg1(u).
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R+ C3\/upR /
R-3
R—4 <+ °
1 1 | 11
T T T LI |
73 u§3) d§3) u;3) d;3) T,

Figure 8 A depiction of the up-crossings and down-crossings defined in Sectionm In this example, we see that the number

of up-crossings in epoch 3 is n® =2 and that, in this case, epoch 3 ends when epoch 4 begins (i.e. at time 74).

Furthermore, the number of busy servers Z(t) < R at any time during the accumulation phase ¢ < T4.

Applying a basic coupling argument (Claim , we have a lower bound on N () in the coupled process

N(t) & N(u) +TLa ((u,t]) = D[R] ((u,t]),

for any time ¢ € [u,T4]. Let d £ min {t >u:N(t) > R} be the analogous down-crossing time in the

coupled system. Since the coupled N (t) is a lower bound, the coupled down-crossing time d < d. Thus,
Pr(d > Ta|Fuyu < Ta) = Pr(d > u+ Y1 (u)| Fuyu < Ta) > Pr (J> ut YR+1(u)’}"u,u < TA) . 9)

Analyzing the coupled probability. Continuing, the probability that {aNl >/l } is decreasing in £. Thus,

@2Pr<d>u+ﬁ’fu,u<TA):Pr<d~—u>ﬁ) >1-920 (-3‘%) —3\/;7]%20.98,

where in the final inequalities we have applied both the down-crossing probability bound of Claim [3] and

our assumptions. Taking C; £ 0.98, we have the inter-epoch probability bound of Claim El U

6.3.4. Proof of Claim 5, Upper Bound on the Integral Over an Epoch. We now prove Claim[3] the
upper bound on the time integral over an epoch. We do this via another application of Lemma ] —first
specifying the intervening times, then completing the proof, then proving that the preconditions hold.

Definition of up-crossings and down-crossings. Let the 0-th down-crossing time in epoch j occur at time
T, 1.e. let d((]j )& 7;. Next, define the first up-crossing in epoch j as the first time during epoch j that the

total number of jobs N (¢) exceeds R+ C3v/uBR, i.e.
u{” £ min {t >71;:N(t) > R+ Cg,\/,uﬂR} .
From here, define i-th down-crossing in epoch j and the ¢ 4 1-th up-crossing in epoch j as

d9 & min {t >ul): N(t) < R}
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and
uy 2 min {t>d: N(t) > R+ O /uBR}.

respectively; we visualize these definitions in Figure [8| We say the ¢-th up-crossing occurs if ugj ) <

min (T4, 7;41) and let n, = max {z >0:u < min (Tj+1,TA)} be the random number of up-crossings

which occur in epoch j. We call the interval [dl(»j ) min <ufJ ) min (Ta, Tj+1)> > the ¢-th rise, and the interval
[ul(-j ), min (dgj ), min (T4, Tj+1)> > the ¢-th fall. Note that, if the ¢-th up-crossing occurs, then, by definition,

d; < Tj4+1; this means that the ¢-th fall can always be written as [ui, min (T4,d;) |. For readability, we fix
our epoch of interest and freely omit the superscript j on our up-crossings and down-crossings.
Specification step. With up-crossings and down-crossings defined, we are now ready to specify our appli-

cation of the IST Lemma, Lemma 4, We define our starting time as T, = 7; = dy, our ending time as

P =min (T4, 7;4+1), our intervening sequence as (%)21 and our counting variable as F' = n,,.

Required Claims. From here, in order to apply Lemma] we must show the following three claims:

CLAIM 7 (Upper Bound on Integral Until First Up-crossing). Taking B, = 3.6, the integral until u, is

E N(t) — R]dt|n, > j| < B1\/pufBR-E[min (uy, min (Ta, 7j41)) — 750 > 7] -

/min(ul,miH(TAﬁTj-‘rl)) [

do

CLAIM 8 (Upper Bound on Integral Between Up-crossings). The integral between up-crossings u; is

E [N(t) — Rldt|n, >1i| < B/ pufR-E[min (w41, min (T4, 7j41)) — wi|n, >

/Inin(ui+1 ,min(TA Ti+1 ))
u

1, .
+§/J’w~

CLAIM 9 (Upper Bound on Probability of Another Up-crossing). Recall that p(j ) is the probability that

rise

the number of jobs (N(t) > C3\/uBR at some point during epoch j, given that epoch j occurs. Then,
Pr (n, > 0) = pY), and, for all counts i > 1 and p, = 0.98, we have Pr (n, > i+ 1|n, > i) < 0.02=1—ps.

6.3.5. Proof of Claim [5} assuming Claims [7,[8} and [0} Once again, before we move on to proving
these claims, we show that they indeed suffice to prove Claim By Lemma@ taking C, £ %,

- [/ e [N(t) — R]dt

J

ne > j| < Biy/pBR-Emin (Ta, 7j11) — 750 > j]

+pi0.58%05 Y (1—pa)™"
i=1
. . 4 0.5 .
= Bi\/pupR-E[min (TA7Tj+1) - Tj’ne > j] +P£éi?52ﬂj- U
2

Proofs of Claims[7,[8, and[9 All that remains to be proven are our three aforementioned claims.
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Proof of Claim[7} Upper Bound on Integral until First Up-crossing. Proving this claim is quite simple. In

fact, we now prove a far more general claim, that the integral from a down-crossing to the next up-crossing
min i min(T7541))

/ IN(t) — Rldt < Cyn/uBR - [min (Ta, 7y41) — di]. (10)
To see this, note that, at any point between a down-crossing and up-crossing, the total number of jobs N (¢)
must be strictly less than R + Cs+/uSR. Apply this to the 0-th down-crossing and we have the claim. [

Proof of Claim[8} Upper Bound on Integral Between Up-crossings. This proof is a bit more involved.
We separate the interval |wu;, min (u;41, min (7’4, 7;11)) | into the i-th fall and the i-th rise, as discussed
previously. For the rising portion, we can simply apply the simple bound from (10). For the falling portion,
we apply the integral coupling claim, Claim In particular, note that Z(¢) > R — j until time 7, and that
the interval [u;, min (d;,T4)) is equivalent to the interval [u;, min (d;, u; + Yr41(w;))). Applying Claim[2]

E [ / e [N(t) — R]dt

U

S(Ui)] < %ﬁQMJ' + [N (ui) = B} - Yy (wi)

1 )
= QﬁQMJ + Csv/ BR - Yry1 (w;).

By our analysis in the proof of Claim {4} we note that the remaining setup time Yz ;(u;) < min (d;,T4)
with probability at least p; < min Fu; Pr(d; < TA\]-"UZ. , M., > 1). By Markov’s inequality,

1 .

YR+1 (UZ) S ;E [mln (di7 TA) — Ul’S(’U,Z)] .

2

Combining our bounds on the rises and falls and taking B; = %‘, we have Claim U
Proof of Claim 9 Upper Bound on Probability of Another Up-Crossing. We now proceed to our final

claim, concerning the up-crossing probabilities Pr (n, > 0) and Pr (n, > i+ 1|n, >1i). To begin, we first
note that, since the first up-crossing occurs precisely at the moment that N () exceeds R+ C3+/uSR during
U) — Pr (u; < min (T4, Tj+1)) =Pr(n, >0).

rise

epoch 7, one has p
To prove the second part of the claim, first observe that an (i + 1)-th up-crossing can only occur if an i-th
down-crossing occurs, i.e. Pr(n, > i+ 1|n, > 1) <Pr(d; <Ta|n, >1).
To bound this conditional probability, we can apply a previous result. Recall the proof of the inter-epoch
probability bound (Claim ). In (8), we have already argued a bound on the conditional probability that the

first down-crossing occurs, in a state-independent manner. The bound derived there thus also applies here:
Pr(d; <Ta|n,>i)=1—=Pr(d; >Taln,>1) <1-C,.
Taking p, = C, = 0.98, we have bounded the probability of another up-crossing (Claim . U

6.4. Proof of Lemma 2, Upper Bound on Integral Over Draining Period.

To prove this lemma, we again make use of Lemma] We proceed through the usual two-step process, first

defining the stopping time sequence we will analyze over, then proving the preconditions of the lemma.
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(down

%

(up

Definition of the upward visits v, ) and downward visits v\ . Recall that the draining phase begins

at time T4. Let Mp £ min <k —R, JE)) be a specially-set analysis threshold. Let the stopping time
o\ 2 min {t > T, : N(t) < R+ Mg} be the first time the number of jobs N (¢) drops below R -+ Mp,
and recursively define

v £ min {t >0 N(t) > R+ MB}
and

V{99 2 1hin {t > ™) N(t) < R+ MB} .

6.4.1. Application of Lemmafd] Applying Lemmad] we take our initial stopping time to be the accu-

mulation time T4, our final stopping time to be the end of the renewal cycle X, our intervening stopping
(down)

times to be the downward visits v; ', and our counting index to be n;.

Required claims. To apply Lemma [ we need to show is the usual three claims: a bound on the initial
integral, a bound on the continuing integral, and a bound on the probability.

CLAIM 10 (Upper Bound on Integral Until First Downward Visit). Let  g(x,y,2) 2 o7 +

2pnz

Y [;:‘2 + 2%4 . Then, one can bound the integral immediately after time T’y with

(down)
'Ul
E [ IN(t) - R]dt

Ta

<[ [ memes (V25 )| o 3 s (V55

+9 (008 R38R K1~ ) + 675

CLAIM 11 (Upper Bound on Integral Between Downward Visits). One can bound the integral between

consecutive downward visits by

[max (\/E, 1fp> + 14+ uBVR+ 2b1v/uBR + bR

_ (down)
Vit1
E N(t)— R]dt
[ N ()~ R o

’U(down)
1

fvl(down) ] S

CLAIM 12 (Upper Bound on Probability of Another Downward Visit). One can bound the probability

of another downward visit occurring by

1
Pr(n,>i+1jn,>1i) < —. (11
Mp

6.4.2. Proof of Lemma 2] assuming Claims [I0, 11} and[12} Simplifying the first bound further,
(down)
Ul

E / [N(t) — Rldt

< [ﬁ+i] [2.9uﬁx/ﬁ+max (x/ﬁ & )]

71_p

+g (9(/@237 3BV R, k(1 _p)) +6%

<1.038 {2.91/w\/ﬁ+ 1:}} +g (9(u5)2R, 3uBVR, k(1 ~ p)) +ﬁfpp

<spPVR+ 20337 4 (9(u8)* R, 308V R k(1 = p))
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where we have bounded In(z)/z < 0.1 for values = > 100, noted that max(z,y) < z + y, and done some

upwards rounding. Simplifying the “continuing integral” term, we have

E /v (o [N(t) — R]dt Cla1 ClaimT3 - [Claim L]
:; max (x/ﬁt,lpp> +14+u6\/§+2b1\/uﬁR+b2\/ﬁ]
1] %, by 14 0
= M5f<1+\ﬁ 5+u6\f] }
gl 1.6M5x/1§+}
wL L—=p

Combining these two pieces, we obtain, as desired,
X
E U [N(t) - R] dt} <3.01u8*VR+ 2.045% +g (9(u6)2R, 3uBVR, k(1 — p)> . O
Ty -p
Precursor: The “Wait-Busy” idea. As such, to complete our proof it suffices to show Claims

and[I2] To prove these claims, we make heavy use of the following idea.

CLAIM 13 (Wait Busy Claim). Let T be some stopping time, let the number of jobs N(1) = R+ h, and
define ns (k) £ min {h, k(1 — p)}. Let the down-crossing dgeny = min{t >0: N(t+t)=R+h—1}. If
Z(7) > R, then

E [ / T NG — (R b 1)de

7‘:| < YR+ns(h) (T) +g (1 + 2NRE [min (YRJrns(h)('r) ) dgen)] 9 1a pns (h)) ’

(12)
where the function g(x,y, z) = xﬁ +y [HZQ + 2#2} .
Furthermore,
(down)
g 1 R] 2 IE[N(TA)—R]>
E N(t) — R]dt|F <|B+—| |EIN(Ty)—R|+—|+—In| ————— 13
" wo-n TA]_[B (B @ - m |+ 2w (B 1)

tg <IE [[N (Th) — R]"’] L 2E[N (T4) — R],E[N (T4) — R] , k(1 — p)) .

Intuition. We defer the proof of Claim [I3] until Section [6.4.2] For now, we give some brief intuition
for how the bound is derived and how we use it in our proof. Essentially, we can consider performing the
following procedure at time 7: First, watch the system for 8 time. If the number of jobs ever dips below
R + h during this watching period, we can end our integral immediately. If the number of jobs N (t) never
dips below R + h during this watching period, then we know for sure that we have at least min (R + h, k)
servers on at time 7 + Yi,in(r+h,k) (1), since we have continually had at least R + h servers either busy or
setting up during that period. Moreover, since we only turn off servers when there isn’t work for them to
do, those servers will szay on until the number of jobs N () dips below R + h; in other words, they will stay
on until time dg,. The proof of the claim follows along essentially the same lines, formalizing things and

performing computations using coupling and martingales.
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6.4.3. Proof of Claim [10; Bound on Integral Until First Visit. We return to proving our claims. The
proof of this claim is simple; it is essentially rolled into the proof of Claim From here, it suffices to

apply the following claim, substituting in and simplifying constants:

CLAIM 14 (Upper Bound on E [N (T4)]). Recall that Ty = min {t >0: Z(t) = R+ 1}. Then,

E[N(T4) - R| < FusVR (1 " j%) <2948V

and

B (V) - "] < PGP R (14725 ) 4 2uBR <8408+ 2

where Fy = 2.12 and F5 = 3.645.

6.4.4. Proof of Claim[11} Bound on Integral Between Visits. To prove Claim[I1] we break the inte-
(up)

gral into two parts: from the down-crossing vi(down) to the up-crossing v; ', and vice-versa.

(down) to vgup

First part: from v, ). To bound the integral from the down-crossing to the next up-crossing,

we first make the simple observation that

/ S o s o (o, ) 8 "

(down)

i %

since v*" is the next time N (¢) > R + Mp. To bound E [min (vfu”) , X > — o

F (down):| , we couple the
Yi
(down)

system to an infinite-server M/M /oo queue at time v; , and note that the coupled up-crossing time

T(RJrMBfl)H(RJr]WB) + Ui(down) > UZ(UP) > min (UZ(UP), X) ~

Since Mp < \/R, from standard results on the M/M /oo (reproduced in Section , , we have that

b 1 M2 1
MgE [min (vfup)’ X) — yldowm) fv@own)} < Mp—2 by B < boV/R.

R Mg *VR~ pMpg

(down

Second part: from v{"™ 10 0! o ). From v*

%

Busy” Claim (Claim with h = Mg, we obtain

onwards, we use the “wait-busy” bound. Applying the “Wait

v (down)

i+1
o IN@W = R F o | <849 (14 20RE [min (8,057 =0 |F o )| 1, M5)
+ MgE [min ( Lol ) fv(up)>i| :
To bound the conditional expectation of E [min ( ,v§i°1w m_ ’UZ(UP)> ’]-'1 ,(“W}’ we make our usual coupling

argument. Define a coupled system M/M/1 queue with departure rate p R, and let d;en be the length of its
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busy period. It suffices to bound E [min (d;en, 6) , for the coupled relative down-crossing time d;en. From

standard results on simple random walks (Claim , we have E [min (dgen, ,6’)} < % + -5, giving

uR
p 1 [ R bivuB 6 R
E [/() [N(t) — R]dt ]:,Uz(um] S _MB+2] +8+ [ TR +MR} (Mﬁ%)
:uLf:é;+2+“ﬂM?+(M%+R)F?ﬁfﬁ+g”
< M]\lfB :max (\/E, 1f,0> + 14+ uBVR+ lem} :
where in the last line we used M < v/ R; combining these two parts gives Claim ]

6.4.5. Proof of Claim 12}, Upper Bound on the Probability of Another Visit. To see (LI)), we first
note that, if there is another upcrossing, then there must be another downcrossing. As such, it suffices to
upper bound Pr <vfu”) <X ’v§d°wn)>. To do this, we note that the number of busy servers Z(¢) > R. From
Claim (I} it thus suffices to bound the corresponding probability in the coupled system with exactly R
busy servers. But this is simply the probability that a simple random walk started at W (0) = Mp — 1 hits
W (t) = Mp before it hits W (¢) = 0. Classically, this probability is M#B; this proves the claim, and thus

Lemma O

6.5. Proof of Lemma 3} Lower Bound on the Cycle Length.

Preliminaries. The proof of this lemma is much simpler than the others. Before describing our
strategy, we first state some preliminaries. Recall the definition of the start of the j-th epoch 7; =
min{t >0:N(t) <R—j}, that we call the period [Tj, min (7541, TA)) the j-th epoch, and the we say
epoch j occurs if 7; < T4. Now, say epoch j is long if it lasts longer than a setup time /3; note that such
an epoch must exist, since servers can only turn on during long epochs, and a server must turn on before
the accumulation phase ends at time T4 Let L = min{j € {0,1,2,..., R} :min (7j,1,T4) — 7; > 3} be
the index of the first long epoch. Note that, although the random time 7, is not a stopping time (we do not
know how long an epoch will last when the epoch starts), the first moment we can identify epoch L, the
random time 7, + (3, is a stopping time. Moreover, we know that 7;, + 5 < T4. From here, one sees that

EX]|=E[r,+ B8]+ E[X — (1. + )] > B+E[X — (7, + 8)] . To complete the proof, it suffices to show

> Ll#ﬁ\/ﬁ
~ pk(1=p)

6.5.1. Proof of (I5): Lower Bound on the Remaining Cycle Length. To show (13), we first show we

E[X — (72 + )] : (15)

can bound an analogous quantity in a coupled process, then appeal to standard results on the M/M/1 queue.
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Defining the coupled process N (t). To define the coupled process, note that the number of busy servers
Z(t) < k. It follows from Claim|I]that, for any time ¢ > 77, + 3, the coupled process

N(t)2 N (1, +8) + A((r + B,t]) — D[k] (1. + B, 1))

satisfies N (t) < N (t).

Using the coupled process to bound E [ X — 71, + [5]. We now use this process to bound E [X — 7, + f].
Recall that the end of the renewal cycle X £ min{t>0:Z(t")=R+1,Z(t) = R} occurs when the
(R + 1)-th server turns off. It is useful to view X in a different way: since the accumulation time 7' is
the moment when the (R + 1)-th server turns on, we also know that the end of the renewal cycle X =
min {¢t > T4 : N(t) < R} is the first moment after time 7’4 that the number of jobs N (¢) < R. Furthermore,
since the time 7;, + /3 happens before any server could possibly turn on, the time 7, + 3 < T)4. Denoting the

end of the coupled renewal as X as the first moment the coupled process N (t) < R, we have
Xémin{t>TL+B:N(t)§R} <min{t>71,+B:N(t) <R} <min{t>T,: N(t) <R} =X.

Bounding the end of coupled renewal E [ X — 7, + []. To bound the quantity E [X — 7, + (], we condi-
tion on the filtration at time 7, 4+ 8 and use standard results on the M/M/1 busy period. Note that, since the
departure rate of the coupled system is fixed at pk, the period [f( — T+ B} is precisely the length of an
M/M/1 busy period with 1) arrival rate k), 2) departure rate ki, and 3) started by [N (7, + 8) — R]™ jobs.
It follows that E [X — (7, + 8)|F;, 15] > %. Taking expectations, applying Jensen’s and results
from the lower bound ((21)) and (18)), we obtain, proving (I5), Lemma[3] and Theorem|I]simultaneously,
E[N (r,+8)~RJ* _ pSE[L] _ LBVR

pk(1 = p) T pk(l=p) T pk(1—p)

7. Conclusion and Future Work

E[X —(r.+8)] =2

Summary. In this work, we provided a comprehensive characterization of the average waiting time within
the M/M/k/Setup-Deterministic. In particular, we proved the first multiplicatively-tight upper and lower
bounds, respectively, on the average waiting time. By combining our upper and lower bounds, we also
obtained an approximation which we demonstrate to be highly accurate. These results significantly advance
our understanding of how setup times affect queueing systems beyond the prevalent Exponential setup

model, providing new insights into capacity provisioning in systems with setup times.

7.1. Future Work.

Tail of Response Time. Our work leaves open many possible directions for future research. One such
possibility is studying other aspects of system performance in the M/M/k/Setup-Deterministic. For context,

in this work, we only analyze the average waiting time of a job in the system. However, in many applications,
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a customer’s quality of service is determined by more advanced metrics like the fail of their waiting time,
e.g. the fraction of jobs which are served within 100 ms of their arrival. While our analysis lends itself most
easily to studying the average waiting time, it’s conceivable that, with the right selection of stopping time
and martingales, our results could be extended to higher moments and possibly even to a direct analysis of

the tail.

Other natural policies. Another possible expansion on this work is studying other natural policies. For
example, consider the following variation on the policy studied in this paper: instead of turning a server
off instantly when there is no work for that server to do, we allow the server to sit idle for, say, 5 seconds
before turning off. One would imagine that such a policy would have a lower average waiting time and a
higher power consumption than this paper’s setup policy. Moreover, one would anticipate that the tradeoff
between the waiting time and the power consumption could be tuned by changing the amount of allowed
idle time ; at v = 0, we recover the policy studied in this paper, and as v — oo, we recover the “Always
On” policy. This class of policies, often referred to as the DelayedOff class of policies, have been studied
extensively in the Exponential setup model due to their tunability, ease of implementation, and excellent

empirical performance [Gandhi et al.| (2012), [Pender and Phung-Duc| (2016)), (Gandhi et al.| (2010al), [Gandhi

[and Harchol-Balter] (201T])); it would be a great contribution to extend our knowledge of these policies to

settings with Deterministic setup times.

Tradeoff between waiting time and power. Another important avenue of study lies in characterizing the
fundamental tradeoff between average waiting time and average power consumption. One point on the
waiting-v.s.-power Pareto curve is clear: to obtain the minimum possible waiting time, one should keep
all k£ servers on all the time. However, all the other points on the optimal tradeoff curve are unknown;
furthermore, even if we knew a given (waiting time, power consumption) pair was feasible, it would be
entirely unclear how we should go about achieving it. For example, it’s conceivable that the DelayedOff
class of policies mentioned previously could perform near-optimally as one varies the “idle time” parameter
~. A more principled understanding of the optimal tradeoff between waiting time and power consumption
could allow us to directly derive a policy which achieves this optimal tradeoff, and could grant us greater
insight into how to design more performant setup systems in the practical setting.

More general setup distributions. Lastly, we note that our results might be generalized to setup distri-
butions beyond Deterministic. A promising step would be the establishment of closed form bounds for the
Exponential setup time model; note that no closed-form result exists for the Exponential model, excluding
the infinite server result of [Gandhi et al|(2010b). With the establishment of an Exponential result, it seems

likely that our arguments could be used to obtain a result for a Hyperexponential setup system, or even

bootstrapped into a full phase-type result. Another way to generalize our setup model is to study a system

where setup times take on two possible values (a short setup or a long setup); whether a setup is long or
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short (and how the setup time of a server changes over time) could be used to model various real-world
scenarios, e.g. where variable data loading times or intermittent network congestion. By generalizing our
setup model in these ways, we could greatly expand the practical utility of our results and gain even deeper

insight into what fundamentally governs the performance of systems with setup times.
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Appendix A: Proof of Lemma [4} the Intervening Stopping Time (IST) Lemma.

LEMMA 4 (Intervening Stopping Time Lemma). Given a starting stopping time Ty, an ending stopping
time P, and a collection of intervening stopping times (T; :i € Z"), define the random variable F' to be
such that Tr < P <Tp.1. Now, given some time-varying random variable Y; > 0 which is a function of the
underlying Markov state of the system S(t), suppose that:

LE ™ Y| Fry | < Go(S(T)),

2. E [ [Tt Ytdt)}"Ti,F >i| <G+ B-E[min(T;, P) ~ T F,, F > i)+ C[T, - T, 1),

3. and Pr (F >i|Fp, F>i—1)<1—p;,
where G is also some function of the system state, and the G;’s, the p;’s, C, and B are all constants
(possibly depending on system parameters). Then one can bound the time integral of Y; from Ty to P by

o0

E [/PYtdt} gIE[GO(S(To))]+Pr(F>O)ZGjﬁ(1—pi)+(B+C)-E[P—TO].

To j=1 i=2

A.1. Proof of Lemmaldl

We begin with a manipulation of the integral, finding

P min(Ty,P) oo pmin(T1q,P)
/ Y,dt :/ YthZ/ Y,dt
To

To i=1 min(T3;,P)
min(T7,P) 00 II]in(TZ‘Jrl,P)

= / Yidt+) lrcp / Ydt.
To i=1 T;

Applying linearity of expectation and the tower property, we find that

e[, vl

min(Ty,P) 0 min(Ti+1,P)

=E |E / Yidt|Fr, ||+ ) E|E 1Ti<P/ Y,dt| Fr,
To i=1 i
min(Ty,P) 00 min(T;11,P)

~E |E / Yidt|Fr, ||+ E |1p,pE / Y,dt|Fr, | |
To i=1 T;
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Noting that the event {T; < P} = {F >}, we have

min(Ty,P) 0
/ Y,dt +> E Fr,
i=1

<E[G, (S(TO))]+iE[1F21 (Gi+ B-Emin(Tiy1, P) = Ti|S(T3), F > i] + C[T; — Ti-1])]

i=1

:E ]E ‘FTO leiE

min(TH_l ,P)
/ Y.dt

T;

:E[GO(S(TO))]+B-E[P—TO]+CIE[TF—TO]+§:GiPr(F22‘)

<E[G, (S(TO))]+B-E[JD—TO]+CE[P_TO]+§:GiPr(in).

Applying our final assumption to bound Pr (F' > i),

Pr(Fzz')—Pr(F>O)ﬁPr(F2j[F2j—1)

j=2

=Pr(F>0)[[E[Pr(F>j|F>j-1,Fr_,)]

j=2

<Pr(F>0)[[El-p)]

i

=Pr(F>0)[[(1-py).

=2
Applying this final result, we find

P > J
E [/ Ytdt} <E[Go(ST)]+Pr(F>0) Y ¢, [[(1=p) +(B+C)-E[P~Ty),
To

j=1 i=2
as desired. g
Appendix B: Proof of the Improved Lower Bound, Theorem [2|
B.1. The New Lower Bound: Proof Outline.

Basic Structure. We prove Theorem[2]via the MIST method. As noted in Section[5] we begin by applying
the Renewal-Reward theorem to the queue length Q(¢), defining our renewal points as those points in time
where the (R + 1)-th server turns off. Defining time O to be one of these points, and defining the cycle time
X2min{t>0:Z(t")=R+1,Z(t)= R} as the next point, this gives

E [ N Q(t)dt}

- OER]

To obtain our lower bound, it suffices to lower bound the numerator and upper bound the denominator of

E[Q(0)]

this fraction, i.e. lower bound E [ fOX Q(t)dt} and upper bound E [X]. The time integral lower bound is
handled by Lemma [5| which we state at the end of this section. The cycle length upper bound is split into
two separate lemmas: Lemma [6]upper bounds the length of the cycle’s “first part” and Lemma [7]bounds the

length of its “second part”.
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Decomposition into phases. However, before we state or prove these lemmas, we first discuss the decom-
position of the renewal cycle [0, X) into two parts; one might think of this as a “miniature” application of
the MIST method. We begin by noting that the end of the renewal cycle is moment when the (R + 1)-th
server turns off. Since the (R + 1)-th server is off at the start of a renewal period, we can break the renewal
cycle into two phases based on whether the (R + 1)-th server has turned on yet. Formally, we define the
accumulation time 7,4 = min {t > 0: Z(t) = R+ 1} as the first moment that the (R + 1)-th server turns on.
From here, we can focus separately on the accumulation phase, from time 0 to time 74, and the draining
phase, from time 7’4 to time X.

With this decomposition, we can now state our main lemmas. Their proofs follow in sequence afterwards.

LEMMA 5 (Lower bound on Cycle Integral). Define busy period integral I (x, z) as

" (z,2) &

x+1 1 ] T [w—i—l R]

x
- + - 4+ —
Wz 2 1— k;j;\ﬂz 1% 2 z

For the time integral of the queue length Q(t) over a renewal cycle, we have

E UOX Q(t)dt] > %MﬂQle/RJF oo <[uﬁL1\/ﬁ— (k- R)} Tk R> .

LEMMA 6 (Upper bound on Accumulation Phase Length). Recall that
TyZmin{t>0:Z(t)>R+1}

is the amount of time until the (R + 1)-th server turns on. Then we can bound the expectation E [T 4] by

1 / 1 e TR

LEMMA 7 (Upper bound on Draining Phase Length). Recall that the accumlation time
TyEZmin{t>0:Z(t)>R+1}
is the amount of time until the (R + 1)-th server turns on and the cycle time X is the moment when it turns

off- Then, one can bound E [ X — T4] by

1 FBVE 13 1 2 Ds 11
E[X T <f+- 22 Sn(F D) + =+ | Dot 2 —
KT <P4 5ok T lh 1)+M+[ 2+\/ﬁ]max< )

where Fy, D1, D», and D5 are constants not depending on system parameters.

B.2. Proof of Lemma/5; Lower Bound on Cycle Integral.

B.2.1. Lemma 5] Proof Qutline
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Basic Strategy. First, we split the first phase [0,7'4) into epochs, where epoch ¢ begins when the number
of busy servers Z(t) first drops to R — i, and an epoch ends either when the next epoch starts or when
the first phase ends. Our goal will be to analyze a specific “significant” epoch. In particular, we say that
an epoch is long if it lasts for longer than a setup time 3. Because the accumulation phase ends when the
(R + 1)-th server turns on, at least one epoch must be long. We use L to denote the index of the first long
epoch. From here, we argue via a martingale/coupling argument that the expected time integral over the first
[ time in epoch L is at least % B2E[L]. To bound the integral afterwards, we couple the behavior of the total
number of jobs N (t) to the queue length in an M/M/1 queue with arrival rate kX and departure rate k.

Formalization. Define the stopping time 7; 2 min {t > 0: N(t) < R —u} as the beginning of epoch i.
We say that the epoch occurs is 7; < T'4, and define the end of epoch i as 7; £ min (Ti+1,T4) the moment
when either epoch 7+ 1 begins or when the first phase ends. If epoch i occurs, we say it is long if v; — 7; > 5.
Let L £ min{i € N:~; — 7, > 3} be the index of the first long epoch. It suffices to show two claims; we

state and prove them in sequence.

B.3. Lower Bound on Integral until 7, + 3.

We show the following claim.

CLAIM 15. Let L be the index of the first long epoch. Then,

TL,+8 1
E [ / Q(t)dt} > —puBf’LiVR, (16)
0 2

where Ly is some absolute constant.

Claim[I5] Proof Strategy. First, we show that the initial integral is bounded by
T, +8 1
E [ / Q(t)dt] > g, (a7
0
Afterwards, we give a bound on E [L], showing that
E[L] > L,VR. (18)

Proof of (17), Bound in terms of E[L].
To show (I7), we first condition on whether L > i, giving

T +8 o min(n-’-ﬂﬁi“)
E[ /0 Q(t)dt]:;E / Q(t)dum]

min(‘ri +B,‘ri+1)
E Q(t)dt
>l

8

Fr, | Pr(L >1).
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To further develop this conditional expectation, we note that during the interval [7;, min (7; + 3, 7i11)),
the system must have exactly Z(t) = R — i busy servers running, meaning that Q(¢) = N(¢) — (R — 7).
Defining a coupled process Q(t) as

Q(t) = A(7i,t) = D[R —i] (73, 1),

we see that Q(t) and Q(t) coincide during the interval in question. Moreover, one can redefine the stopping
time v = 7,4, as min {t >7:Q(t) = —1}. Noting that @ (min (y,t)) = —1 for any time ¢ > -, we find
that

min(7i+6,7'i+1) min(T¢+B,T7;+1) ~
/ Q(t)dt = / Q(t)dt

2 2

min(n‘+ﬁm+1) - Ti+p 5
:/ Q@ (min (t,Ti+1))dt+/ Q (min (¢, 7i41)) +1) dt
T min(n—&-ﬂ,rprl)
Ti+8
= Q (min (t,7341))dt + [ —min (B, 7i41 — 73]
1"'1""‘/3 5
> Q (min (¢,7;41)) dt.

Ti
Taking the conditional expectation at time 7;, we find

T8 Ti+B 5

E { O (min (¢, 741)) dt ]—"} - / E [Q (min (t,r,»H))‘]-“n} dt.

Noting that V7 (t) = Q(t) — wi[t — 7] is a martingale, and that min (¢,7,,;) is an almost-surely bounded
stopping time, we have that

Q(r)=Vr(1)=0
=E [V (min (¢,7,41))|7]

—E [Q (min (t,nﬂ)))]—}i} — il [min (£, 741)|F, ).

Since
E [min (¢, 7y41)| Fry] >t - Pr(ripn — 7 >t) >t -Pr(ripn — 7, > ) =tPr(L=4|L >1),
we have
min(Ti-i-ﬁ,TH,l) Ti_‘—ﬁ ~
Pr(L>4)E / Qt)dt|L>i| >Pr(L>0)E [ Q(min(t,TiH))dt‘LZi]

Ti+8
2/ wit Pr (L =1)
o

= u%iPr(L =1)

Summing across all 7, we obtain (T7).
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B.3.1. Proof Sketch for (18), bound on E[L]. We defer the full proof of this to Section and for
now give a proof sketch.

We prove (I8)) by first showing that

Pr(L> j|L>j)> (12) <1\/21573>’

where b; = % Next, we show that this implies that, for any § € (0,1) and any j <R,

Pr(r>)z (1- -ty
r H>l1-—— e -3,
VHuPR

From here, we use the sum of tails formula E[L] = 3" | Pr (L > j) to show

B> (1- 22 ([ 5a-0- 200 va- ) - M)

Choosing ¢ = % then noting that 5 > 100 and R > 100 gives the result.

B.4. Lower Bound on Integral after r; + 3.

To finish our lower bound on the integral, we now show the following claim.

CLAIM 16. Let L be the index of the first long epoch. Then,
X +
E [ Q(t)dt] > Jbusy (WLME —(k— R)} k— R> (19)
T, +8

where L is some absolute constant.

Claim[16] Proof Strategy. First, we show that the remaining integral is bounded by
X
E [ Q(t)dt] > oy ([E [N (7 +8)] — K" k- R) . (20)
T, +8

Then, we use martingales again to show that
E[N (5 +8)] > R+ ufE|[L]. @)

Applying (I8)), our bound on E [L], we obtain the result.

B.4.1. Proof of (20), Bound in terms of E [N (-)]. To prove (20, we make a simple coupling argument.
Let 7, = min {¢ > 7, + 3: N(t) < k}. Since the draining phase starts at 7,y > 7, + 3 and the end of the
cycle X =min{t > T4 : N(t) < R}, we know that X > n,.. Moreover, we know the number of busy servers
Z(t) < k; it follows by Claimtha‘[ we can define N (t) as

N(t)2N (rp+B8)+ A+ B,t) = D[k] (2. + B, 1))
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and have N(t) < N(t) for any t > 7, + (. Even further, we can defined a coupled hitting time 7, £
min {t >+ B:N(t) < k:} which must happen before 7. In other words,

X Nk
Q(t)dt > Q(t)dt
TL+8 TL+B
> N(t)—k|dt
- | LR

> /T :; [N (t) — k] dt.

This final term is just the time integral of the number of jobs in system over a M/M/1 busy period started by

[N (11, 4+ B8) — k] jobs, where jobs arrive at rate k\ and depart at rate k.. Accordingly, we have

E[ ) Q(t)dt]ZIE[Ibusy([N(TL+5)—IC]+,I<:—R>}

T, +8

> oy (IE[N(TL+B)—I€]+,I<:—R>
> ooy (E [[N(TLJFB)—R—(k—R)]*} ,k—R),

where in the last two lines we have applied Jensen’s inequality. U

B.4.2. Proof of (21, Bound on E [N(-)]. To bound E [N (7, + 3)], we condition on the value of L, then

make a martingale argument.

I
‘MW

S
Il
=]

E[N (72 + )] E[N(r; + B)11=i]

I
.Mm

S
I
o

E [N(Ti + B)lL:i,in]

Il
o

Pr(L>i)E[N (7 + 8)1.—|L >1].

?

Continuing with this conditional expectation,

E[N(7; + B8)11=i|F~,]
=E [N(7i 4 B)1r 4 peripy | Fri)
=E[[N(ri+8) = (R—(i+ 1) Lyyspcr s | Fri] + (R—i—1)Pr(r;+ B < 7i11|Fr,)
=E[N(min(r;+ 8,7i41)) — (R— (i +1))|F, ]+ +(R—i—1)Pr(ri + B < 7i11|F>,)
=14 @ik min (8,741 —7:)] + (R—i—1)Pr (7 + 8 < Ti31)
>14+wifPr(ripn—1>8)+(R—i—1)Pr(r+ 8 <7i1)

=14 piBPr(L=i|lL>i)+ (R—i—1)Pr(L=i|L>1). (22)
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Summing across ¢, we find

—(1+E[ I)+ (WBE[L]) + (R—E[L] - 1)

as desired. ]

Combining Claims and we obtain a lower bound on E [ J. OX Q(t)dt} , proving Lemma

B.5. Proof of Lemma|6: Upper Bound on the Accumulation Time E [74].

Defining a coupling. To prove Lemmal6] we first note that, during the accumulation phase, we have two
bounds on the number of busy servers Z(¢): it must be less than the total number of jobs N (¢) and it must
be less than R; the former because every busy server must be working on a job, and the latter because
otherwise the accumulation phase would be over. Thus, we can define a coupled M /M /R system for which
the number of jobs N () in the coupled system is always at least the number of jobs N (¢) in the original
system.

How we use the coupling. To use this coupled process to bound E [T'4], recall that the accumulation point
T is the first time the (R + 1)-th server turns on. Accordingly, one can also think of this as the first time
that there has been at least R 4 1 jobs in the system for 3 time. Thus, if we define a coupled accumulation
point TA £ min {t > B:imingep_gy ( ) >R+ 1} then we know TA > T'4. In other words, it suffices to
bound E [TA] .

General Strategy. We bound E [’f’ A} using the MIST method of Lemma As such, we define a few
stopping times, then list the preconditions/claims that we will satisfy to complete the proof of Lemma [6]

Definition of v and o. Let the initial cycle-downcrossing occur at oy 2 0 and iteratively define the

upcrossings v and downcrossings « as
%émin{tZai - N (t) ZR—I—l}

and

Qig1 émin{tz%:N(t) >R+ 1}.

Application of Lemma 4} the IST Lemma. Applying Lemma |4| using 0 = «, as our starting point, the
coupled accumulation point T4 as our ending point, our test function as Y; = 1, and the cycle-upcrossings

(c;) as our intervening stopping times, we now must prove that

1 / \/2
E [’7 al’n()& Z { ; 12R + E 7T 63 (23)
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[ 6
g > i }<b1 R (24)

by —___1 bic
Pr(ng >i+1ng >i) <1— ——e 502FF-D) —

1
NG ViIRBTZ - VuRB

where by £ /2, ¢ =1.001v/27, and ¢, = 0.499.
Completion of Proof, assuming 23), 24), and 23). Applying Lemma ] one finds that

B[T] = 3 F [min (Fa.0001)

<[_C3 +b1\/B+6] VuRp
" /R VuR  pR] by

. 1 C3 I~ 1 6 //,LB
- 1% [b1C4 Mﬁ—i_ C4B+ b104 R ’

B.5.1. Proof of (23): Upper bound on initial up-crossing time. To prove (23, we note that, since our

E [min <TA, ai+1) — %

and

(25)

Ny > z} Pr(ng, >1)

coupled system is an M /M /R, the expected time E [y; — a;|n, > 7] is simply the expected passage time
from state R to (R + 1) in an M/M/R ( and equivalently an M/M/R/(R + 1), an M/M/R which can
contain only R+ 1 jobs. Solving, one finds that

E [TR—>(R+1)] <E [T(R+1)—>(R+1)]
11
p(R+1) Tri
1 yEE

RR+1
WE+1) E

1 6R(R—I—l)!
=~ w(R+1) RE+1

1 el (R A 1)(R+ 1)R+H e (R+D

(R+1)6 RE+1 (26)
_612(R+1) 1/ v R+ < +R> et
[ \/2
< e 2y 1+§77r 27)
1 V2
< Z1.006Y=5
It VR
L @
R’

where in 26) we have applied Stirling’s approximation and in we have used that R > 100.
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B.5.2. Proof of (24): Bound on time between up-crossings. To bound the expected time
E [min (TA7ai+l> —%
@41, then Ty > ;1. It follows that, given that n, > i, the time min (TA,aiH) =min (8 4+, aiq1).

Ny > z} , we first note that, if +; + 5 < a;, 1, then T4 =~ + 3. Likewise, if v; + 3 >

Thus, we have that

5 B
E [min (TA,aiH) —Yilne > Z] =E [min (8, 21 — i) |00 > 1 :/ Pr (a1 — i > slng > 1) ds.
0

We continue by bounding this tail probability. To begin, note that, while N (t) stays above R + 1, the
dynamics of N are precisely that of a critically-loaded M/M/1 queue with arrival rate and departure rate
equal to k. The tail probability we are interested in bounding is precisely the probability that a busy period
(started with 1 job) in such a system lasts longer than s time. Applying Claim [20] one finds that, for any

3
th,

) 1 by
Pr(ait1 —7i > s|na > 1) < b \/m+ (12Rs)3/2 )

Integrating, we find that

B
3 b1 1 b2
Pr (o i > 8ng > i)ds < —— d
/O r(Qis1 =i > sna 2 1) ds 2R \f Wst (12Rs)?2 "

<3 by

L 25+b\F1
u2R /2 uR 3uR
/B 2 1
— 2.

BT + (b + 5 R

—+

b
pR’

g =
ﬁ

O

B.5.3. Proof of (25): Bound on probability of another ~ up-crossing. To prove (23)), it suffices to note
that, upon conditioning on the filtration at -y;, the probability Pr (n, > i+ 1|n, > i) is simply the probability
that a busy period in a critically-loaded M/M/1, with arrival and departure rate equal to ;1 R, ends before 3
time has passed. Applying Claim [20] one finds that this is

by ____1 1
Pr(n,>i+1n,>1)>1— —e 3W2R-1) —— |
( | ) V2 VI2RE + 2

B.6. Proof of Lemma(7: Upper Bound on the Remaining Cycle Time E [X — T4].
We now prove the upper bound on E [X — T4]. We make use of the “wait-busy” idea from Section as

well as our main tool, Lemma] As such, we begin by defining some stopping times.
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Definition of v*™™ and v*”. Recall that the draining phase begins at time T,. Let M

(down) A

min (k: R,max ( SRVER )) be a specially-set analysis threshold. Let the stopping time v,
min {t > T, : N(t) < R+ My} be the first time the number of jobs N (¢) drops below R + M, and recur-
sively define

v £ min {tzv§d°wn> :N(t)> R—l—ML}

and

vgiolwn) émin{thEL‘p):N(t) <R+ML}.

Specification Step. Now, we apply Lemma |4{ using the accumulation point 7'y as our initial point, the
cycle end X as our ending point, the constant function Y; = 1 as our test function, and the draining-
downcrossing points (vfd"wn)) as our intervening points; we use n¢ to count the number of intervening

points. To complete the proof, we must show that the following claims:

own F 1
]E[vf’ ) } ,8+f 151—‘5 +—71 (,8)+;1n(F1D1), (28)
D D 2

E |min (X, 0% ) =0/ |p, >4 < 22 4 22 4 29
|: ( i+1 ) i C_:|_/.L\/§ MR ,UML ( )

1
Pr(ne>i+1|ne >i) < —. (30)

My,

Completion of Proof assuming 28)), (29), and (30). Before proving the claims, we now prove the lemma.
(down)

It suffices to give a bound on E [X - } ; applying Lemma gives

+—+
pvVR - pR o pMy

2o o)

B.6.1. Proof of (Z8): Upper bound on time until first downward visit. To bound E {v?ow“) — TA} , we

E{X— (down]<ML|: D, Ds 2 ]

make a coupling argument then apply basic results on M/M/1 busy periods. Moreover, instead of proving
directly, we first show a more general claim.

CLAIM 17. For My, < j < N(T4) — R, define n; as the first time after T4 that N (t) < R+ j. Note that

this means that nyr,) = Ta and N, = =0\ Then we have the following bound:

1 1
E [0y, _773"‘7:773'} SYRJFj(nj)—'_Mi_XN;LHIiD(i,k—R)'

Afterwards, we complete the proof by noting that [N(T) — k]™ < [N(T4) — R], taking expectations,
applying Jensen’s inequality to the minimum function and the In(-) (which is concave), using the bound on

E[N(T4) — R] from Claim[14] then letting h = M.
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Proof of Claim[I7} We prove Claim[I7]by induction. In the base case, suppose that j = M/, + 1. Note that
at time 7,y, 41, the numbers of jobs N (7, 11 = R+ My, + 1 and the remaining time until the (R+ M, +1)-
th server turns on is Yr a7, 41 (77ML+1>. As such, we can simply wait until either that server turns on, in
which case we can analyze the system as an M/M/1 busy period with departure rate pmin (R + M, + 1, k),

or the number of jobs N (t) drops below R+ M, + 1 on its own. In other words, (using j here to save space)

B[N 00+ Yy ) = B+ G =D)L, o ve (o]0

pmin (j,k — R)
Now, we reframe the expectation as an expectation up to a stopping time. We note that, if n;_; > n; +

E [1j-1 = ;| Fn;] < Yay; (n) +

Yr+; (n;), then we have that
N (0 +Yry; (n;)) = N (min (n; + Yr4; (1) ,mj-1)) -
Likewise, if n;_1 <n; + Yr4; (1;), then
R+j—1=N(n;—1) =N (min (n; + Yri; (n;) ,m;-1)) -

Using this and applying a simple coupling argument, one sees that

E IV (0 + Yaes 1) = (R G =D)L, o v (o) P
=E [N (min (1; + Ygy; (1), 15-1)) — (R+7 —1)|F,]

SN(@m) - (R+j-1)=1
Thus, we find that
1
[77] 1 771‘}—77;]— RH(m)—i_,umin(j,k—R)

Inductive case. The inductive case proceeds in much the same way, except now, if N (¢) does drop below

R+ j “early”, then we can factor in the time that has elapsed in the value of Yz, ;(n;). In particular, note

that, since the (R + j)-th server would have already turned on,

J
1
Z pmin (i, k — R) L2+ YR GH1)-
)

1
E [nML - nj“Fnj] 177j277j+1+YR+j+1(77j+1) < ; A [ min

It follows that

1 < 1
E [, — njp:”]'] < Y (n) 1ﬂj<"j+1+YR+j+1("j+l) + ; ZJ\J: pmin (i, k — R)’
=M,

Now, we note that

Vi () L <nin Vi (n) = Yiss (1) + 115 =105 L <njr¥aiass (nje)
= Waey () F0 =1L o v ()

< Yasjrr (Mj4+1) + 0y — 5] 1
]+

N5 <Nj+1+YR4+1+45 (Wj+1)

= [Yrijr1 (Mj+1) + 0541 — 1y

)
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so that we find

1 1
E [, — 03| Foy] < Yeeser (n0) 4150 — i) + o ZM pmin 4,k — R)
i=Mp,

Finally, we note that

1
pmin(j+1,k—R)’

E [77j —Nj+1 ‘FﬂjJrl] <E [min (M = Nj415 YR+ (77%1))‘]:’7]‘“] *

Summing these final two expressions gives the inductive result, proving Claim[17]

Using Claim Thus, we obtain that, using H; to denote the ¢-th harmonic number,

own LIN(Ty) -k 1
E [Uﬁd - TA“FTA} <B+ M[(AH + M [Honin(n(T0)- Rb—R) — Har, |

kE—R
1[N(T4)—R]" 1 _ (min(N(T4)— R, k—R)
<'B+;—k—R Mln( M, >

Taking expectations and applying Jensen’s inequality twice, we find

own 1F,U“/8\/7 Fluﬁ\/ﬁ
E [l — Tu| Fr, | < ! Y aLALL
[ 4 TA} ﬁ+u k—R M My,

min(FLuB\/E,k‘—R)
—In
k—R H min(max(l f) k— R)

_/B+/1LF1,U,8\/>

1F1,LLBV /
<p+ p iR Ml (F1D163 2)
_ 1F1,U5V 1
=06+ L k-R ;71 (B)—{—;ln(FlDl). ]

B.6.2. Proof of (29): Upper Bound on Time between Consecutive Downward Visits. To

bound the expectation E [mln (vfi"lw MOX ) — e

[mll’l ( (up) X) (down):| and {vl(io;vn) . ,Ul(down):| .

To bound the expectation of the first quantity, it suffices to note that, if we couple the system to an

fvgdown)}, we split the interval into two parts,

7

M/M/o0, the coupled number of jobs N (t) will reach R+ M7, only after the original system. Using Claim

to bound this passage time, we thus know that

E [mln ( (up) X ) down)

. M /M /oo (down) (down)
-7:1,Z(down>} <k [mm (T(R+JVIL—1)—>(R+ML) +v; ,X) Y

M/ Moo
<E[ (R+Mp, — 1)~>(R+ML):|
D,

Sﬁ'

To bound the expectation of the second quantity, we provide two bounds. First, we again make use of the

]:Ugdown) i|

“wait-busy” idea; as we argued in the proof of (28],

1
My,

E vfiolw m_ vfu”)

.Fv<up):| S E |:m1n (U’Eiﬂivn) - U,Eup)76) ‘fvgup)] +
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From here, we note, by coupling to an M/M/1 with arrival rate and departure rate both equal to k), we
down) u;

can bound E [mm (v(ﬂ o™, ﬁ)

single-job busy period in that system. Applying Claim 21} we can complete the proof, finding that

VB, 6
VuR  uR

For the second bound, we simply note that, during the draining phase, the number of busy servers Z(t) >

() « X } by the expected minimum between § and the length of a

E [min (vﬁorm) — UZ(UP)75) ‘fv(up)} <D,

R+ 1. It follows from a simple coupling argument that
n u 1
E [min (o227 — o, 8) 7] < L.
Ui N
Combining the bounds pessimistically, we find that
Dj 1
— +
u\f pR - pMy,
D, Ds3 . 2
“ R pR o pMp
B.6.3. Proof of (30): Upper Bound on Probability of Another Downward Visit. To bound the prob-

E [min (v(i"lwn) X ) (down

F (down):| + min <D1

ability of an additional downcrossing, we again make a coupling argument. In particular, we couple again
to the system which only has R servers busy, which gives an upper bound on the number of jobs in the
system N (t). If, in our coupled system, we reach N (t) = R + M, before we reach N (t) = R, then another
upcrossing must have previously occurred in the original system, and thus another downcrossing must also
occur. But, of course, we know classically that the probability that this happens is just

M ; this is precisely

what is asserted by (30). O

Appendix C: Proof of Multiplicative Tightness
We now show that the upper and lower bounds of Theorems [I] and [2] respectively, differ by at most a

multiplicative factor.

THEOREM 3. The bounds of Theorems [l and 2| lie within a constant multiplicative factor of each other. In

particular, using =, to denote equivalence modulo a multiplicative constant,
1
E[Q(o0)] = VR + - 31)

C.1. Proof for Lower Bound.
We prove Theorem [3|in two parts, showing equivalence for the lower bound, then for the upper bound. For
the lower bound, we first discard all constants and a number of terms in the denominator, since 3 > i by

assumption. Doing so, we obtain

1BVR + [L1evA-k(-p)]" HLlﬁ\/ﬁ—k(l —prr—l- 11p]

pk(1—p)

E[Q(c0)] >. , (32)

BVR
B+uk(1 p)

where >, denotes that the inequality holds up to an (unspecified) constant factor.
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C.1.1. Replacing the [-]* term. Now, we show that the [,6’ VR — k(1 - p)] ’ term can be replaced by the
term ;8 R, while losing only a constant factor; this turns out to be the difficult part. We approach this by
casing on whether the positive term L, 113 VR>E(1—p).
First case. If we have %Llﬂ\/}? > k(1 —p), then [uLlﬁ\/ﬁ— k(1— p)} ’ > %Ll,é’\/ﬁ =. ufVR.
Second case. In the second case, assume that %Ll BVR < k(1 — p). In this case, even if we increase the
value of the numerator by replacing the [-|* term, the relevant term in the numerator becomes

B\F 2 . VR 2 VR 2 l
R >[ﬁf+p] WOVE [”wf] WOVR gy SR

where in the second equality we have used that /R > 1 and 3 > 1, and in the final inequality we have
used our case assumption. From here, it’s clear that one can replace the term [L, v R — k(1 — p)]* with

the term p B+ R without altering the scaling behavior of numerator. In other words,

uB>VR + VT [Bx/EJr fp}

pk(1—p) \/R 1
E ¢ =, R . 33
[Q(c0)] > 5+Hk(1 - uBv +k‘(1—p)—|— B, (33)

C.1.2. Bounding the final term. We now show equivalence for this final term, i.e. that

VR 1 1
R =, R+ —. 34
Mﬁ\r+k(1—p)+\/§1—p Mﬁf+1—p GY

To do so, we bound the rightmost term in (33]). Note that, since VR 2

k— R+xf < k—R+R
to have an appreciable effect on the scaling, we must have that ;= 5= . 1BVR, or, phrased more usefully,

= p, in order for this term

we must have \/ >. puPk(1 — p). But even in this case, we can bound the factor in the rightmost term of

(B3) with )+ 7% Ze T f )k JSL BZ)(I 5 =1 ii 5 =c 1; the multiplicative equivalence (34) follows.

C.2. Proof for Upper Bound.

C.2.1. Initial Steps. The proof for the upper bound follows along the same lines. First, note that the terms

R . .
outside of the fraction are 4% < lfpp and \/1BR << pBvVR. Discarding the lower order terms and

k(l P
constants, we obtain
VR + g (9(uB) R, 3uBVR k(1 ~ p) )

uwBVR ’
5+uk(1 p)

(35)

E[Q(o0)] e pBVR+ 1 +

where one should recall that M =, min (k(l —p)yV uﬁR). For the terms in the fraction, the denominator
of the upper bound is already up-to-constants-equivalent to the denominator of (32)). It thus suffices to show
that the numerator of the upper bound aligns with the numerator of (33). However, note that, by definition,

the function

A 3”5@
p)> “k(1-p)

thus, the terms are clearly equivalent up to scaling. g

g (9<u6>2R,3<u6>¢R k(1 - 5 1—p

3u5\/ﬁ+1+ 1 ];
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Appendix D: The Approximation

In Section[D] we present our approximation for the average waiting time in the M/M/k/Setup-Deterministic.
We begin by discussing why we need such an approximation, then state the approximation, then give a short

justification for its form.

D.1. Why we need an approximation

Despite our success in analyzing the M/M/k/Setup-Deterministic, our upper and lower bounds alone are not
suitable for practical use in predicting the value of the average waiting time E [T5)].

There are two reasons for this. First, although we can prove that our bounds are both within a constant
factor of the true waiting time (Theorem , it’s not a priori obvious whether the true value of E [T]| will
get closer to one bound or the other as we vary the system parameters. Although the true value does not
seem to ever get closer to a particular bound (and so we could conceivably just scale our lower bound to
serve as a predictor), it would be better to have a more concrete theoretical justification for our prediction.

The second reason why our bounds are unsuitable for practical use is their complexity. Although both the
upper and lower bounds are far more straightforward to compute than, for example, the average waiting time
in the M/M/k/Setup-Exponential, both bounds incorporate a large number of terms and are thus somewhat
difficult to reason about on the fly. As such, it would be better to have a predictor which incorporates only

a few, easy-to-remember terms.

D.2. Approximation: Statement

To this end, we introduce the following approximation; the justification for the approximation follows. We

evaluate the approximation in Figure[4] it is extremely accurate, across a variety of parameter settings.

Approximation 2 (Approximation to the average queue length.) In the M/M/k/Setup-Deterministic, for
offered loads R = kp > 2 and taking Cypx = /5,

lBQCP \/§+ ﬁcapx\/ﬁ [Bcapx\/ﬁ'i‘l +Lj|
a 2 apx

pk(1—p) 2 1—p

pk(1—p)

(36)

D.3. Justification

We arrive at this bound via a straightforward combination of the bounds from Theorems [I] and [2] along
with a few modifications. We follow our renewal-reward analysis, separately approximating the expected
time integral over our renewal cycle and the expected length of that renewal cycle, the numerator and

denominator of 36| respectively.
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D.3.1. Justification of Numerator. We first approximate the numerator of our expression, the expected
time integral over our chosen renewal cycle. We begin by recalling the lower bound on the time integral,

Lemma 5] which states
X
E [/ Q(t)dt} > L8>V R+ I <[L16x/ﬁ— (k— R)]+ ,k—R> ,
0

where

I (z,2) = L

z+1 1
2 i 1- kATuz]
represents the time integral of the queue length a certain M/M/1 queue over a busy period started by z jobs.
To obtain the appropriate constant C,,,, we next note that, although our theorem states L; as an absolute
constant, as the setup time /3 and the offered load R grow, the best possible constant will become C,x = \/g .

Under the hood, this convergence stems from the fact that

R j j S 1

1-Z )~ 2k dj = =V2rR;
SII(1-5)= [ =gV
j=11i=1

see the proof of Lemma 5] for more details.
To complete the approximation, it suffices to remove the subtraction of (k — R) in the busy period term,

which we anticipate is an artifact of our analysis. Removing it, we obtain the desired approximation

/Bcfapx\/E
pk(1—p)

D.3.2. Justification of Denominator. We next approximate the denominator of our expression, the

BOmVR+1 1
_|_
2 1—0p

X
E { / Q(t)dt] ~ %ﬁ?()apx\/ﬁ + : (37)
0

expected length of our chosen renewal cycle. To do so, we again make use of the lower bound on the

expected cycle length E [ X | from Lemma which states

L,BVR
E[X]> 8+ LbVER
pk(1 = p)
By making the same convergence argument for L4, i.e. that L; — C,,, for large setup times 3 and large

offered loads R, we obtain the denominator, completing both parts of our bound.

Appendix E: Coupling Claims.
E.1. Proof of Claim [2, the Coupling Integral Bound.

CLAIM 2 (Coupling Integral Bound). Let T be some stopping time and dy., be the next down-crossing as
described in Section Suppose that, at time T, we have a lower bound on the number of busy servers
over a period, i.e. we know that the number of busy servers Z(t) > R — j, for all t € [T, 7+ min (¢, de, )]

and for some non-negative j. Then we have the following bound on the integral over this time period:

. [/T+miﬂ(dgenv€) IN() — ] dt <{-[N(t)—h)" + EW[Q.

F- 5
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We prove this claim in three parts. First, we construct a coupled process N (t) > N(t) on the interval

of interest. Then, we give an upper bound on E { N rormin(édgen) 7 (t)dt‘]—}} . Define N (t) as

N(t)& N(1)+ A(r,t) = D[R — 7] ((1,1)).
Then, by Claim[I] we have that
N(t) > N(t).

on the interval of interest. To develop the integral, we first move the minimum from the bounds of inte-
gration into the integrand. In particular, we note that the quantity N (dg,) — h = 0, and thus, for any ¢ >
T + dgen, the quantity N (min (7 + dgen, t)) — h = 0. On the other hand, for any ¢ < 7 + d,,, the quantity
N (min (7 + dgen, t)) = N (). It follows that

7-+min (£, dgen ) 7+ min (£,dgen ) ‘
/ IN(t) — h]dt = / [N (min (£, 7 + dyen)) — h] dt

T+rn1n E dgen T+L
/ N (min (7 + dn)) — B dt + / [N (min (¢, 7+ dge)) — b dt

T+min(€,dgen)

/ N(min (¢,7 4 dgen)) — h] dt

IN

/ (min (¢, 7 + dgen)) — h} dt.
Defining d;en £ min {t >0: N(T +1) < h}, since N(t) > N(t), we know both that d;en > dyeq and that,
for any ¢ € [T + dgen, T+ d;en],

Moreover, the process V' (t) defined as

Is a martingale. Thus, we have
T+ T4
/ {N(min (t, 7+ dgen)) — h] dt < / {N(min (t, T+ d;en)) — h} dt.
Taking the expectation, we find that
. [ /T+e [ N(min (t, T+ d;en)) - h} dt‘ ]—'T] _ /TME N (min (t, T+ d;en)) - h’fT} dt
[ B [V (174 ) i (min (74 ) |

[ B [V (min (74 ) |
' (38)

&

3

3
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T+L
< / E[V(r)+ pjt — hIF, ] dt
7—‘r+£ B
- / E [N(T) T+ gt — h‘ﬁ] dt
7'~ 1 .
- [N(T) - h} (it
where (38)) is an application of Doob’s Optimal Stopping Theorem.
E.2. Proof of Claim (3} the Coupling Probability Bound.

We now prove Claim 3] restated here for the reader’s convenience.

CLAIM 3 (Coupling Probability Bound). Let T be some stopping time and dg., be the next down-crossing
as described in Section We consider two cases.

In the first case, suppose that we have a lower bound on the number of busy servers Z(t) over some
length ¢ interval starting at time T, i.e. the busy servers Z(t) > R — j, for all t € [T, 7 +min (¢, dy.,)] and
for some non-negative j. Then, we can bound the threshold-crossing probability by
N(7)—h+ pjt

T2kA— 11j)

Pr (dgen < () F,) > 20 <_ [

2
> 3 /0(2kN—pj)
In particular, if N(7) — h = c1\/ 1B R, then the probability Pr (dge, < ¢|F,) > 2 (—%) — 155

In the second case, suppose that we instead have the upper bound on Z(t) < R during this interval

Pr (g < (| F,) < 20 (- [N\gzmh]) _ 3\/22137'

As before, if N(T) —h = c\/uBR, then the probability Pr (dge, < {|F,) < 2P (—%) + 105+

instead. Then,

We prove this result in three parts. First, we use Claim |1/ to construct a process N(t) > N(t) on
the interval of interest. Afterwards, we analyze the down-crossing probability of this coupled process. In

particular, we use a reflection argument to show that
Pr (dyen < £) > 2Pr (N(T +0)< h) ,

then use a Berry-Esseen bound to bound this final probability. In what follows, we focus on the lower-bound;
the upper bound follows in precisely the same way.
To construct our coupled process, we note that, by assumption, the number of busy servers Z(t) > R — j

for any ¢ € [7,7 + min (¢, dge,)]. Thus, by Claim the process N (t) defined as

N{t)EN(1)+ A(r,7 +t) + D[R —j] ([r,7 +1])

is an upper bound for N (t + 7), i.e.

N(t)> N(T+1t)
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for any ¢ € [0, min (¢, dg,)]. By definition, we have that
= ' <
Pr (dgen < ¢) =Pr <t€1%7f€) N(t+1t) < h>

2Pr< inf N(t) gh) .

t€[0,£)

From a reflection argument, since N is upwards-biased,

Pr < inf N(t) < h) =Pr ( inf N(t)<h,N(¥) < h) +Pr ( inf N(t)<h,N(¢)> h>

t€[0,£) t€[0,£) te[0,£)

>2Pr ( inf N(t)<h,N(¢) < h)

te[0,0)

—2Pr (N(z) <h).

Let o £ \/£(2kX — 115). We now apply Now, assume that, for any ,

i i 0.3328
‘Pr (N(f) < N(0) +,uj€+ma> - @(x)‘ <=, (39)
we have
- - - h—pjl—N(0
Pr (N(E) < h) —Pr (N(z) < N(0) + pje+ == NO) )
e (h—uﬂ—N((n) 1
- o 30
o N —htuig) 1
N o 30’
Putting this all together, we find
N(7) — h+ pje 2
Pr (dgen < £|F,) > 20 <—[ (1) =htpj ]> -
o 30

From here, then, it suffices to show (39). To begin, note that, if we choose some arbitrarily large n and

define
X, 211 <W> 1 (MR—;)E) _ M’
n n n

where each II(y) is an independent Poisson random variable with mean y, then
N(0) =4 X+ pjl+N(0).
i=1
To compute the moments of X, note that one can define centered Poisson random variables A; = I1 (z%e) —

% and B, =11 ("(R;j)e> - “(R;j)e, and then take X; = A; — B;. Doing this, one finds that

E [Xﬂ —-F [(Az _ Bi)2] _ %M + U(Rn_j)g _ N(QRn_jW
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and, using the triangle inequality, that

E [yxﬂ —E {\Ai - Bi\?’] <E [yAﬂ +E[|B?

]—M+0<12>.

We now apply the main result of Shevtsoval (2011). Let o,, £ |/E [X?] “(2R DE— f and note that
on=E [[XZ] } < 0,4 0(2) (from|Cook| (2024)). Then, noting that p,, > 1. 28603 for sufficiently large n,
we have

X 0.3328p,, + 0.42903 0.3328 1
max (Z <.1‘>—‘I)(ZL‘)‘< p3+ In _ . +o<>.
Vno, ai\/n w(2R — 5)¢ n
Now noting that
S X N~ K(0)— gt
Vno o
and taking n — oo, we have our result. U

E.3. Proof of Claim[18: Bound on Expected Value After Coupling.

CLAIM 18 (Bound on Expected Value after Coupling.). Let T be some stopping time and d., be the next
down-crossing as described in Section Suppose that we have a lower bound on the number of busy
servers Z(t) over some length ( interval starting at time T, i.e. the busy servers Z(t) > R — j, for all

t € [1,7 +min (¢, dge, )] and for some non-negative j. Then, bounding the first moment,
E[[N (7 +0) = h] Ly | F] S IN(7) = Bl + it (40)
and, bounding the second moment,
E[[N (1 +£) — h] La>e] <[N(T) = h+pjl)* +2uRE. (41)

E.3.1. Proof. The proof is essentially an application of Doob’s Optional Stopping Theorem to an appro-

priately selected martingale. To begin, we define a coupled process N (t) with
N(t—7) £ N(7) + Alr,1] = D[R~ j] ([, 1)) ;

by Claim |1, we know that N (t — 7) > N (t) for any € [r,7 -+ min (dge, £)], and that the coupled hitting

time d;en £ min {t >0:N (t) < h} can not be smaller than the original hitting time dg,. It follows that
N (T + E) 1dgen>é S N (f) ]‘dg~en>f'

Thus, we bound coupled versions of (40) and (T)).
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Construction of martingales. We now construct our martingales and set up the language of optional
stopping. Note that, for any process N (t) with independent, stationary increments, both functions V; and

V5, defined as
Vi(t) 2 [N(t) - h} “E [N(t) - N(O)}
and
vawépr—h—Epr—Nmﬂr_ﬂ{PWo_h_EPWQ_Nmﬂr]
= (N()~h—pit) —p(@R—j)t
are martingales |[Karatzas and Shreve| (2012)). Moreover, one has that
500~ [ (50 ) ] 1

_ [N (min (d& 0)) = h| Vg + |V (min (den, £) ) = B] 1,
- [N <min (dgen,f)) - h} .

Proof of (@0). Combining these facts allows us to prove our desired result. Applying Doob’s Optional

Stopping Theorem along with our previous deductions, we obtain

E ([N (740~ W Lge 7] <E [N (0] 145,

1 o 5 0))] 075 o 5

E
E
E
—E[V; (0)] + jE [min (d;en, z)]
[ (0) — h} + i [min (d;en, e)]
[ (0) — h} + it
= [N(7) — h] + pt.
Proof of @1). To do the same for the squared martingale V5 (), we must first note, via some algebra, that
(N(0)~h) =Vat) + (N (1)~ h) it — p** + p (2R — ).
Now, applying the same deductions we made previously,
E [N (T40) = h] Lig,se| F- ]

(70115

(¥ (min () 1) |

<E
E
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—E [1/2 (mm (dgen,z))} +E [(N(min (dg;n,z)) _ h) 41 min (d;en,ﬁﬂ — (min (d;en,€>)2
+u(2R—j)E [min (d;en,e)}

<E [v2 (mm (dgen,z))} +E [(N(min (d;en,e)) - h)] pjl+ 1 (2R) €

<E[V (0] + [N(0) — b+ pujt] il + p(2R) ¢

= [F© -] + [N(O) — ] il (uit)* + u (2R) ¢

[]\7(0) — h+pj

] -
§{~() h+ug€] "+ 2uRS

[ (0) — h} 10+ u2RY

=[N(7) = h+pjl]” +2pRe. O

Appendix F: Hitting Time Bounds.
F.1. Proof of Claim 19} Discrete-Time Hitting Time Tail Bound.

CLAIM 19 (Discrete-Time Hitting Time Tail Bound). Suppose one has an upwards-biased discrete ran-

dom walk V (t) where in each step
Pr(V(t+1)=V(t)+1|F)=p=1—gq,

where p > £ > q. Suppose that V(0) = 1 and let the hitting time ~ £ min{t e N': V(t) =0} be the first
timestep where the walk V' (t) = 0. Then, for n > 1,

2q 1
Moreover, if p= g = 1, then
1 1 1
Pr(y>2m+1)> —=e tn ——.
- — T m+1

F.1.1. Proof We first note, as in |Williams et al. (2022), that by a counting argument Pr (y=2(41) =
q(qp)" C,, where C, £

o +1 w z, ! is the ¢-th Catalan number; note that ~ can not be even, since the number of
downward steps must exceed the number of upward steps by exactly 1.

We proceed by bounding the Catalan numbers using Stirling’s approximation. For m = 0, then
Pr(y>1)=Pr(y>2) =p, i.e. the probability that the first step is an upward step. For m > 1, applying

Stirling’s approximation and simplifying gives

e

-

(pq) <Pr(y=20+1)<

1 1 ¢
Vbt +1)" N TR



Authors’ names blinded for peer review
58 Article submitted to Operations Research

Lower bound. Since we are interested in the lower bound only when ¢ =p = % we obtain that
o] 1
11 e 8l
Pr(y>2m+1)> —~
VDi2 = i+ 1)
R - 1
e wm -
VT 2 V(E+1)
1 Y 1
> —e om— ——d/
=/ 2/m ((+1)372
1 . 1
= ——¢ ©6bm .
NZ3 m+1

Upper bound. Noting that 4pg < 1, we have likewise that

1 «— 1
Pr(y>2m+1)<—qy ———
0 )= Z_Zm\/Z(éH)
1 1 > 1
< g - _
_\/Eq\/m(m—i-l)—i_/m ard

1 2 1
S 1 .
Jrm < + 2(m—|—1)>
F.2. Proof of Claim 20, Continuous-Time Hitting Time Tail Bound.

We further extend this discrete-time bound into a continuous-time bound.

CLAIM 20 (Continuous-Time Hitting Time Tail Bound). Suppose one has an Poisson arrival process
Y4 (t) of rate kX and a Poisson departure process Yp(t) of rate u(R — j), for some integer j > 0. Let the
continuous random walk X .(t) = Ya(t) — Yp(t), with X.(0) = 1, and define . = min {t > 0: X.(t) =0}.
Let v= (2R — j)ut. For any v > 3, we have

ety (e )

wherel)1:\/gandbg:l—i-bf—j5
Moreover, if =0, then
Pr(y.>t)> b—le_ﬁ

1
V2 Vr+2

F.2.1. Proof of Upper Bound. To prove this claim, we first condition on the value of Y7 = Y () + Yp (),

the total number of Poisson events during the interval [0,¢], then relate that to the same question in a

discrete-time random walk, a la Claim Note that Y7 ~ Poisson(r), and thus

Pr(%zt)=Pr('y>YT)
_Z 2 Pr (y>7)
7=0

» R N 7 .
=e +2pV€ +Z€ ﬁPr<72]+]—jiseven)

=3

> J j ]-'iseven_1
=e 4+ 2pre”” +Ze‘”% Pr (7 >2 (‘H_32) + 1).
j=0 '
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Applying the discrete upper bound to the sum, we obtain
— J . 1 jiseven — 1
g e”’VfPr <722(‘HJ> +1>
: J! 2

1 1
<hiv2gy e 1+ —
1 quS j+1jiseven_1< (J+1jiseven+1)>

=bV2¢=) eV — '+1+.)

1 qy; (]Jrl)! j+1jiseven_1 <] ]+1jiseven+1
1 (G+1) 19

Sbl\/ﬁqu:e_” v J T

Vj:?, (]+1)' j+1jiseven_1

1 - G+ 1 iseven — 1 3
<biV2gs Y e I i
v j=3 (]+1>' \/]+1jiseven_]—

,/(JH)

. - 3
_blfq ZG ) ( ]+1jiseven_1+ ]+1 _1>
j is even

From here, we note that the function f(z) =/ + % is both increasing and concave for all x > 3. After
increasing the argument and applying Jensen’s inequality, we find that

1 p+1) :
§b1\@q; E e’ — ( i+1+
=3

3
(j+ 1! \/j+1>

< blﬁq% (ﬁ+ \%) ,

where in the final line we have used that the function f(z) is increasing in z for any = > 3, and that

E[Yrly,>4] > v —3 > 3. Thus, we have that

2 (1 1
>1) < v - —=4+—
Pr(y.>t)<(3v)e +2q\/;<ﬁ+y3/2>

<2.5 9 2 1 1
Spr NI\ T

F.2.2. Proof of Lower Bound. We approach the initial stages of the proof in the precisely the same way,

obtaining
Pr(y.>t)=Pr(y=>Yr)

Vj j+1'iseven_1
eVt 2pre T+ Y eV Pry>2 (e )
e +2prve " + e = r<7_ < 5 >+ >

= Zeiyyfjbleizi(j-'—lj oD qv?2
B : -7' \/(j+1jiseven+1)

>Z _”—b e 3G-n V2 av2
(+2)
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Applying Jensen’s inequality, we obtain

1
> b gV 2e 30— .
= 014 \/m

F.3. Proof of Claim 21, Bound on Expected Length of Stopped Random Walk.
CLAIM 21 (Bound on Expected Length of Stopped Random Walk). Suppose we have a critically
loaded M/M/1 queue with arrival rate and departure rate both equal to kA, with offered load R > 100 and

setup time 3 > 100. Suppose also that at time 0, a job arrives. Let T be the length of the busy period which
follows. Then, letting b, £ \/g

: VB 6
E ,7)] <b + —.
[min (5,7)] < 1m 'R
F.3.1. Proof. From Claim[20] the continuous-time random walk hitting time bound, we have that
by 1 by
Pr(TZt)S\/ﬁ(ﬁ+zﬁ/2>’ (42)

where v = 2 Rt and we require that v > 3. By integrating this bound (using a bound of 1 wherever this

bound doesn’t apply), we obtain

, [F 3 oy 1 b
E[mln(B,T)}—/o Pr(T>t>dt§2uR+/ \/§<m+(2HR)3/2>dt

b
b1b 2 6
<5y O b 2\[ <n Y28
2uR ViR 4R 3 ViR pR

F.4. Proof of Claim 22, Bound on the Expected Hitting Time in the M/M/cc.

CLAIM 22 (M/M/co Passage Time Bound). Given an M/M/>o queue, let T,_,, denote the random
amount of time taken to go from state x to state y. Suppose this system has an arrival rate of kX and a

per-server departure rate of ji. Let R = k:% Then, for any h such that 1 < h < V/R,

E [T, ]<7”2” 1ol h_%eﬁ<D VT
(R+h*1)%(R+h) —u\/ﬁ R =~ QM\/E-

F4.1. Proof. The proof here is quite simple. First, we note that the passage time in the M/M/oo from state
(R+h—1) to state (R+ h) is exactly the passage time from those states in the M/M/(R + h)/(R+ h). This

new system has a nice product form, so that

E [Trin-1-r+n)]| SE [T ren)—(min)
1 1

 p(RA+h) Tran
DY

= Rih
wB+h)
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_ 1 a(REM)
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where we have made extensive use of Stirling’s approximation and the bound (1 + x) < e”.
Appendix G: Miscellaneous Claims

G.1. Proof of Claim [23] the Busy Period Integral Bound.

CLAIM 23 (Busy Period Integral Bound). Suppose that, at time T, we can guarantee that N(T) >
Z(t)>R+j. Letn; Zmin{t >0: N(t) < R+i}, fori € {j,j+1,...,[N(1) — R]}. Then,
3 1 R ] L (N0 = (R+))

E [/Tnj [N(t)—R]dt‘]—"T] < (N(7)— (R+7)) {%ﬁuﬂw‘? e

We prove this claim via an appeal to conventional M/M/1 busy period analysis. In particular, we first

note that
N4 N(TD)-R p_y
/ [N(t) — R]dt = Z/ [N(t) — R]dt,
T i=j+1 Y7

meaning we need only bound the integrals between the 7;’s. To bound that process, we define a coupled
process N (¢) and bound the integrals over that process.
To do so, note that, until time 7);, the number of busy servers Z(¢) > R + j. By Claim I} we can define,

for each index i, the i-th coupled process N;(t) as

N;(t) = N(ni1) + A(ii1,t) = D[R+ 5] (ni41:1)) ,
and have N (t) > N(t) on the interval [1); 1, 7;]. Furthermore, we can extend our integral of interest from

the interval [1,1,7;) to the interval [1;,1,7;), where 7j; 2 min {t > 0: N(t) < R +1i}. Now, we note that

LﬁWﬁ@m+ﬂw

Mi+1

74 N
E[ [M@—ﬂ&f}zE Fr | +iE [is1 — il Fr] -

Mi+1

The first term on the right is simply the expected time integral of the number of jobs in an M/M/1 queue

over a busy period, with arrival rate kA and departure rate (R + 7). The second term is simply the quantity

£ " (IN(7) - R],j) .
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© multipled by the expected length of that M/M/1 busy period. Let p; = Then from standard results

1 1 1R 1 R
Fr|l=— =—|=+1 =—+—.
g L1 —p; pi L mj o g

on the M/M/1 busy period,

[/ N R—i—z)}dt

Summing over all values of ¢, we obtain

E [/Tnj IN(t) - ] dt‘}}]

Von
<]%;1 E [/ [N.(t) - R dt‘]—‘T]

= (N(7) = (R+)) [ul] Uﬂ +(N(7) - <R+j>>;+:j (N(7) —(R+j>><12v(7> (R4 ) +1)
= (N(7) = (R+3)) [2i]+;+$]+(N(T);£f+j))2’

as desired.

G.2. Proof of Claim[13] the Wait Busy Claim.

CLAIM 13 (Wait Busy Claim). Let T be some stopping time, let the number of jobs N (1) = R+ h, and
define ns (h) £ min{h,k(1 — p)}. Let the down-crossing dg, = min{t>0: N(t+t)=R+h—1}. If
Z(T) > R, then

]:T:| < YR—',—ns(h,) (T) +9 (1 + QMRE [mln (YR—i—ns(h)(T) ’ dgen)] ) 17 pns (h)) )

E [/ IN(f) — (R+h— 1)]dt ®)

where the function g(x,y,2) = -2 +y [Wg + 2#2«} .

2uz
Furthermore,
(down)
“1 1 R 2 E[N (Ta)— R]
E - [N(t) — Rldt ]:TA] < |:ﬁ+ M] [IE [N (T4) — R]+ ]WB] + ;ln <JWB) (13)

+9 (B[IN (1) ~ RF| + 2B N (T) ~ BRI E[N (T4) - B k(1= ) .

G.2.1. Proof of (I12). We prove the two parts of Claim [13] separately; we first show by applying
coupling, martingales, and busy period analysis. First, note that, if the down-crossing at 7 + dg, does not
occur by time Y ns1) (), then the system must have at least (R +ns (h)) servers at its disposal afterwards.

(Note that the ns (-) function here is just to account for the case where you have more jobs than servers.)

Accordingly, we split our analysis into two parts.
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First portion. For the first portion, since the number of busy servers Z(¢) > R, by coupling our system

to a critically-loaded M/M/1 using Claim 2] we have

T+min(dgen7YR,+ns(h) (T))
E / [N(#) = (R+h—1)]dt

T

Fo | < Yiqmnsny (7).

Second portion. For the second portion, since, at that point the number of busy servers Z(t) > R+ns (h),
we can apply a stronger bound. In particular, at time (7' + Yrtns(n) (T)), we can couple to an accordingly-
stronger M/M/1 with the same number of jobs. From basic busy period analysis and Claim (1} this tells us
that, letting the adjusted number of jobs Ny (t) = N (7 +t) — (R + h — 1) and the important remaining

setup time Yy, = Yr-ns(n) (T) as a shorthand,

dgen
E |1y, <deen / [Nag ()] dt

Y;

imp

]:T+Yimp] < 1y, <dgend (Nadj (Yimp)” s Nagi (Yimp) , (h)) ;

since the function g(x% x,z) describes the integral of the number of jobs over a busy period
started by x jobs in an M/M/1 with arrival rate kXA and departure rate u(R+ z). Note that
Ly <dgen [V (T 4 Yimp) — (R +h = 1)] = [N(7 + min (dgen, Yimp)) — (R +h —1)], since N (7 + dgen) = R+
h — 1 by definition. Coupling our system to the critically-loaded M/M/1 N system as before, then taking

expectations and applying Doob’s Optional Stopping Theorem, we obtain, as desired,

dgen
E [1YR+ns(h)(T)<dg€ﬂ / Nadj (t) dt fT+YR+ns(h) (T)] S 9 (1 + 2MRE [mln (YR+ns(h) (T) )dgen)] ) 1’ ns (h)) '

YR4ns(n) (T)
Combining these two terms, we obtain (12)).

G.2.2. Proof of (I3). We now apply (12)) to prove (I3).

Decomposition in terms of n;’s. We first fix the filtration/state at the accumulation time 7’4, then define

the hitting times 7; = min {t > T : N(t) < R+ i} for a set number of jobs i € [Mp, N(T4)]; we accord-

wn

ingly omit the filtration at time 74 in our expectations. Note that the down-crossing v§d° ) = Ny by this

definition. From there, it’s clear that

v(down) N(Ty4)—R-1 ni
1 k3
/ IN() - Rldt= Y / IN() - R]dt.
Ta i=Mp Ni+1

For each of these terms, we can separate [N (t) — R] = [N(t) — (R+ )] + ¢ and apply (I2) to find

B < E [Yainsn (1)) + 4B [min (Yagns(en) (1) 1 = 001 (43)

[ v -

Mi+1

+9g ([1 +2uRE [min (YR+ns(1:+1) (77i+1) ) (m - 77i+1>)” , 1, uns (Z + 1)) (44)

+i.uns(z’+1)' @

We analyze each of these terms separately.
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Bound on {3)), the remaining setup time portion. From here, it suffices to note that the sum

N(Ta)—R N(Tq)—R

Z tmin (YR+ns(h) (T) >y i — 77z'+1) + Z E [YR+ns(i+1) (77¢+1)] <B [N(TA) - R] ) (46)

=1 i=1
actually, the statement is true without expectations. To see this, we make an interchange of summation
argument. First note that, if the (R + ¢)-th server becomes busy, then, by the monotonicity of server states,
all servers of index smaller than (R + 7) must also be busy; in other words, the remaining setup time
Yrns(i+1) (Mi41) = 0 for all ¢ < s. To use this, we let s be the largest index for which Yz, ns)(ns) <
(ns—1 — ). Note also that ; is the first time after 74 that the number of jobs N(¢) < R+ i (and so must
have been continuously decreasing from time 7'4); it follows that the remaining setup time Yp ;) (1:) <

[B— (n; —T4)]". Breaking things down further,

N(T4)—R N(Ta)—-R
Z i min (YRJrns(iJrl) (Nix1) s (i — 77i+1)) = Z (0 = Nig1) + $YRns(s) (n5s)-

From here, by an interchange of summation argument,

N(T4)-R N(T4)—-R i N(T4)—-RN(T4)-R N(T4)-R
Z Z( 771+1 Z Z 771+1 Z Z 771+1 Z ns — T,

where, by definition, the (relative to T'4) hitting time (7, — T'a) < 5 — Yr.ny(s)(75); using this,(@6)) follows.
Bound on ({@4)), the busy period integral portion. Applying similar reason to the sum of the first terms in
g, and using the independence of ¢ in its first and second arguments (i.e. that g(x,y, 2) = fi(z, 2) + f2(y, 2)

for two functions f; and f5 linear in their first argument),

N(TA)—R min(N(Ty)—R—1,k(1—p))
> @< guRB,0,Mp)+g (IN(Ta)~ k", [N (Ta) ~ k)" k(1= p)) + 3 g(1,1,i+1).
i=Mp i=Mp

This last term above can be bounded by replacing it with an integral, which gives

min(N(T4)—R,k(1-p)) min(N(Ta)=Rk(1-p)) o R
g(LM)S/ — + —di

A M T
< 2. <mln (N (Ta) — R, k(1 —P))> L R [1]
u Mg p [ Mp
s21n<N(TA)‘R) LB
w Mg puMp

Bound on (43)), the busy period length portion. Using the definition of the function g, we also find that
N(TA)-R 4 2 .
ST iy <o (I ) = 07) 4 IV () < 67061 = ) ) + i (51— ). N(T0) - R. )

ums(7)
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(down

Combining the terms to bound (13), the integral from Ty to v, ), Combining terms, noting that

N(T) — k> N (T4) — R> 0, and applying Jensen’s inequality to the In (-) term, we find that

() < BEN(T4) — Rl +9 (2uR5.0.Mp) +E |g ([N (Ta) = K7 [N (Ta) = " k(1= )|
()] L
+2 ] (W@~ 1) + IV (@)~ 1 0.k =) + LB lmin (K1 - ) N(T) - )

] [E[N(TA)_RHR} AW (EW(TA)—R]>
[

+
&=

Mp K Mg

G.3. Proof of Claim

We now prove Claim [6] restated here.

CLAIM 6 (Bound on the Probability of an Up-crossing pi/)). Let p) be the probability that the total
number of jobs N (t) exceeds R+ Cs\/iBR during epoch j defined in (6). Then, for any epoch j > As\/R,
we have pﬁfs)e > 0.99%.

We show a more general claim: that, for j > A; VR,
) J
Diie = 0.99§. 47)

G.3.1. Proof of (47): Lower Bound on p(j . We begin with a simple probability manipulation:

rise®

pfii £Pr (N(t) > (C34/ SR at some point during epoch j ‘.7-“7])
> Pr (N(t) > C3+/uBR during the interval [7;, min (7; + 3, 7;41)] ‘]-"T],> .

From here, we make with a useful observation: since there are no server in setup at the beginning of an
epoch (as we have just turned off a server), no servers can complete setup in the first S time of an epoch.

Thus, the number of busy servers Z(t) < R — j during this time, and, by Claim the coupled process

N(t) £ N(r;) + A(7;,t) = D[R — j] ((7;.1))

must be a lower bound on N (¢), during the interval [7;, 7; + (5]. Moreover, the number of busy servers Z(t)
can not be smaller than R — j until the beginning of epoch j + 1 either. Thus, we find that the behavior of
N (t) corresponds exactly with the behavior of N (t) during the interval [7;, min (41,7, + 3)].

We now use this coupled process to analyze our original probability. Define the up-crossing time 7, as

Tupémin{t>0:]\~7(7'j+t)2R+ng/uﬁR}.
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Likewise, define the down-crossing time 7y, as
Tdownémin{t>0:J\7(rj+t) <R- (j+1)}_
It follows that

Pr (reach N (t) < R — (j + 1) during the interval [7;, min (7; 4 3, 7;41)] ‘.FTJ.)
=Pr <reach N(t—7;) <R— (j+1) during the interval [7;, min (7; + 3, 7;41)] ’.7-"7],)
=Pr (1 < B, Tup < Tdown)
=Pr (1 < B) = Pr(yp < B, Tup > Taown)
(

= PI‘ 7—up S /8) PI‘ (Tup S B|Tup Z 7-down) PI‘ (Tup Z 7-clown) .

We now observe that

Pr (Tup S ﬁ‘Tup 2 Tdown) S Pr (Tup S 5) 9 (48)

since the process has farther to go, less time to do so, and the process’s behavior is translation-invariant (this
last point is why we needed to analyze the coupled process instead).

Continuing from where we left off, we find that

()

prlse ) PI' (Tup S ﬁ|7_up Z 7_down) PI‘ (Tup 2 Tdown)

Pr (7,
> Pr (1 < B) —Pr (1 < B) Pr(Tup > Taown)
= Pr (Taown > Tup) P1 (70p < B3)
> Pr (Tuown > 00) Pr (1, < )

:%Pr(Tupg/B)a

where the last equality is a classical result on upwards-biased discrete random walks (one can think of N

as a discrete random walk driven by a Poisson process of rate (kA + p(R — j), where the probability that N

. . : kA __R
increases at a Poisson event is TR — 3rj)"

From here, it suffices to lower bound Pr (7,, < ). To begin, note

Pr(n, <pB)=Pr < sup N(t)> R—|—CS\/MBR>

t€[0,B)

> Pr (N(5)2R+ng/uﬁR>
=Pr (A(Tj,Tj—Fﬁ) — D[R —j] (Tj77—j+5) >j+Csy MBR) .
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Noting that the number of arrivals A(7;,7; + () and the number of departures D [R — j| ([7;,7; + 3]) are
independent Poisson r.v.’s, we can apply the Berry-Esseen bound of Claim [24]to find

:1_¢<uﬂj—j—03\/m>_ L
uB2R—j) 3v/uB(2R—j)
>1_¢<0-99uﬁj03x/m> 1

- V2uBR 3ViPR

-0 —099-L C) !
! <099x/ﬁ\/’75+\/§ EW T

Cs 1
>1-®(—9.945+ — | — —.
= < 5+\/§> 300

To complete the proof, we set the constant A5 such that the final probability is > 0.99. In particular, we

need
Cs 2
O —994;+ —= | < —
(oot 35) <
which is achieved when A5 > g.gf/i + 0.25; choosing A5 = 1 gives the result. t

G.4. Proof of Claim

CLAIM 24 (Berry-Esseen bound for the Skellam distribution). Given two independent random vari-

ables Yy ~ Poisson(p) and Yy ~ Poisson(uz), as well as a constant C with (1, > s + C, one has

p1—pg —C 1
Ppriy,-Y,>0)>1-0 — | —————— R —
S 220)2 < [ 1+ o }) 3V 1 + fio

G.5. Proof.

This follows directly from the Poisson Berry-Esseen bound of (Cook| (2024)), applied twice; first approxi-
mating Y; then approximating Y5. U
G.6. Proof of (18): Lower Bound on E L], Expected Value of First Long Epoch Index.

We prove this result by first showing that

. . J by
Pr(L>j|L>j 2(1—) (1— ) (49)
( \ ) = R
where b, = % Next, we show that this implies that for any § € (0,1) and any j < J R,
. by It _GED 1
Pr(L>j)> (1 - ) e 2 15, (50)
VuBR

From here, we use the sum of tails formula E[L] =}~ Pr (L > j) to show

Choosing § = % then noting that u5 > 100 and R > 100 gives the result.
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G.6.1. Proof of (49): Lower Bound on Probability that Current Epoch is Short. Recall that an epoch
jis long if 7,41 — 7; > [3, that L is the index of the first long epoch, and that, if L > j, then we learn that
L > j precisely at time 7;, i.e. when epoch j begins. Moreover, since the system is Markovian, the behavior

of the system from 7; onwards is completely independent of what happened previously. Thus,
Pr(L>j|L>j)=Pr(L>j|F, L>j) =Pr (11 —7; < B|Fr), L=4) =Pr(r0 — 7, < ).

From here, we note that the random time 7;,, — 7; is a stopping time; a hitting time, to be exact. Moreover,
since the number of servers Z(t) can not increase before time 7; + 3 and can not decrease until 7,4, we

have that the coupled process N (t) defined as
N(t—7;) 214 A(7;,t) = D[R — j] ((7;,1))

is in correspondence with N (¢); in particular,

Nt)=N({t—1)+R—j—1

for any time ¢ € [7;, min (7; + 3, 7;,1)]. If we define the coupled hitting time 7, = min {t >0:N(t) < 0},
then we also have that the hitting time v, = 7,1 — 7;, Whenever the event {7;,; — 7; < 8} occurs. From

here, we can apply Claim [20]to find that

Pr(v.<p)> <1 - ;) (1 - \/2157]%> , as desired.

G.6.2. Proof of (50). Having shown the above bound on the conditional extension of the tail, we note

that, for j <JR,

Pr(L>j+1)=Pr(L>j+1|L>j)Pr(L>j|L>j—1)---Pr(L>1)

1 (-7) ()

b O\
> 1— “R—i
B ( \/MBR> ge
b\’
2 (]_ — l18R> e 4i=0 R—i
n
b g+t J i _R
- (1 _ \/%) e~ 2i=0 RR—j
UBR
by G
=(1-— iR e~ 2R T-3
Vi

as desired. OJ
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G.6.3. Proof of (G.6): Final Bound on E [L] using Gaussian Integral. We now complete the proof. Let

ettt andy£—In (1 - \/Zlﬁ) as a shorthand. Then we can rewrite (50) as

Pr (L > j+ 1) > e*an*(i/era)j*w'

Now, using the sum-of-tails formula for expectations, we find that
R—1
E[L]=) Pr(L>j+1)

j=0
SR—1

> Pr(L>j+1)
Jj=0
SR—1 ,

> e—aj —(Y+a)j—

SR
> / e —(WHa)i=vq;
0

R
R
0

R
:/ e—a(j+%(%+1))2+%(%+1)2—wdj
0

Il
o

SR

%(f+1)2w/ a5 (5+1)) g5
0

Evaluating the integral further, we find that

oR ‘ ) SR+5(%+1)
/ eali+3(%+1)) 45 :[ e="d;
0 3

(8+1)

o (&
= / e—a]de - /
0 0

atl 2 e 2
e dj/ e % dj.
SR+%(%£+1)

We now bound each of these integrals in turn. First, we know classically that

/oooeafdj:;\/jz\/z.m\/ﬁz\/?.(l_d)\/ﬁ

Next, we note that, since the integrand is <1,

[N
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Finally, we have that,

/ efandj S/ efandj S / efa5Rjdj — 1 efa52R2 — 2(1 — 5) E_R%.
SR+3(L+1) SR SR adR o

—p o by
To complete the proof, we note that e™ = (1 W)’ thus

SR
E[L] > 63(5“)2"/’/ e—a(j+%(%+1))2dj
0
SR
Zew/ e‘a(j+%(%+1))2dj
0

(i) (o - 20

From here, we could choose § to maximize our lower bound further based on system parameters, but a

simple choice is § = %. This gives
by )[( 2>< m 1.15 _4) 1]
B> (1-— ) |(1-—=) ({/E- 22 —2e%) - —— | VE
11> (1- 72) [ (- 75) (Ve - Vs NG
2
3

as desired.

G.7. Proof of Claim
CLAIM 14 (Upper Bound on E [N (T)]). Recall that Ty = min {t >0: Z(t) = R+ 1}. Then,

E[N(T)— K] < FusVR (1 + f;%) <2.9u8VR

and

F 2
E[(N(T.) — R)?] < F2(u)°R (1 n m) 1 9uBR<8A(uB) R+ 2uBR

where Fy = 2.12 and F, = 3.645.

G.7.1. Proof. The beginning of the proof will be the same for both of these inequalities. Using the up-
crossing and down-crossing decomposition of Section[6.3] we know that time 74 occurs either during a rise

or during a fall. Since the number of jobs N (¢) < R+ Cs+/ufR during a rise,

[N (TA) - R] ]-TA during a rise S C3 V MBR]-TA during a rise -
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If T4 occurs during a fall, we need a more nuanced bound. Writing out the event {74 during a fall} in

terms of disjoint events, we find

{T'4 during a fall} = UU{ W<, <dV }

j=0i=1

so that, for c € {1,2},

R—
E [[N (TA) - R]C 1TA duringafall Z |: ) - R]c 1u(v‘j)§TA<d(.‘j)i|

jas] m
|

E [[N (T4) — R°1

raed | a2 z] Pr (n, > ).

L Tw

1

~
I
=3
-
Il

To bound this conditional expectation, we apply Claim |1 l Notice that N (ugj )) — R = C5vuBR, the
(R + 1)-th server starts up at time Ty = u” + Y41 (ul?) if T4 < d"?, the time ¥ is a hitting time, and
that Z(t) > R — j until time 7,1 > dY”). It follows that

E [[N (T4) — R1

F o0 2| < Cor/uBR+ Y (u) < C3/uBR+ pjb,

Ta <dz(-j)

and that

E [[N (T4) — R*1

NN 2 _
v uf@ n) > Z} < (03m+MjYR+1 (uﬁ”)) +pu2RY R (ugj))
2
< (Cs\/uBR+pjB) +p2R8
= C3uBR+2C5+/uBRufj + (uB)*5> + 2uRp.

TA<d<J

It now suffices to bound Y°. 37, j°Pr (n{) > i), where ¢ € {0,1,2}. We do this via the same method
used in Section[6.3

ZZJ Pr (])>7, S

j=1 =1

HMD:J

Z )Pl —py)'

R
Z pmePr Ne > 7)

j—1

= C D chc4pme (1 - C4pr(1£s2:> .
472

£=0

’B‘._.

This is simply the expectation of a time-varying geometric random variable G, with Pr (G = j|G > j) =
C4pnjsi It follows that if one lower-bounds pme, then an upper bound on the desired expectation is obtained.
Applying Clalm@ we note that we are essentially bounding G using Y ~ Geometric (%) and saying
Y + A5V/R stochastically-dominates G. It follows that

Gl< A
E[G] < AsVR+ 9904,45\@
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and that, for any b,

E[(G+b)] <E|(Y + AsVR+b)*| =E[Y?] + 2(A;VR+DE[Y] + (A45VR +b)?
zzE[Y]“'—E[Y]H(A5\/§+b)E[Y]+(A5\/E+b)

< (}E[Y]+A5\/§+b)2+E[Y]2.

Defining B; £

A .
B2 1 (0.99&1;4% —|—A5> and B, £ 204,,2 [(o TIVIE —1—2} it follows that

041)2 Cyp2

E |:[N (TA) - R]z 1TA duringafalli|
j—1

R
< e - O [ (o 55) s T (1)

£=0

1 2
:C4p2E[(C?’VM/BR+HGﬁ) +M2R5}
<1 E[(03\/MBR+M6Y+uﬁA5\/§)2+M2Rﬁ]

— Cups
1
_ As . R42
G <03\/MBR+MBOQQCA VR+ pf \F> Tub g 990 Ayt 2uBR
1 1 2 1 1
< / 1 A 2
<o <C3 HPR+ 1B oA, VR P 5‘@) T {<0.99c4As>2+ ]“ or

= <Bs VbR + Beuﬁx/ﬁ) g 2B7uBR.

and that
E [[N (TA) - R] 1TA during afall]
-1

() [Cngr ujﬁ} (1 - C4pme>

<.

=0
- (%E (Cov/uBRA+ 1G]
< 07 [03\/ pBR + pf <A5\F+ 0. 99C'4A5\/E>]

= (Bs\/m + BG,UB\/») .

Defining F; £ Bg and F, £ (B5+C3) +C3 , it follows that

and that
B[N (T0) = R < (Bo/uiR+ 36“5@)2%37#5}235(#5)21%( ﬁTﬁ) +2uBR D
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Appendix H: Analysis of m-Policies

In this section, we study a natural policy that aims to mitigate the impact of setup times on waiting time.
Our result reveals that this policy is inadequate unless it keeps significantly more servers on compared to the
original policy described in Section [2} see Figure [0 for an illustration. This highlights the need for further
studies on designing policies for turning servers on and off in queueing systems with setup times to achieve
better tradeoffs between energy efficiency and performance.

The policies we study in this section are referred to as m-policies; we now describe how these policies
operate. Recall that servers are indexed by integers 1,2, ..., k, and that we, without loss of generality, re-
index our collection of servers to ensure that each job departure is always from the highest indexed server
among the busy servers. Under the original policy (described in Section [2), server ¢ is turned off when
the number of jobs in the system drops from ¢ to ¢ — 1. In contrast, an m-policy turns off servers less
aggressively. Specifically, server ¢ is turned off when the number of jobs in the system drops from ¢ —m to
1 —m — 1, where 0 < m < k. Here m is referred to as the buffer size. The special case m = 0 corresponds
to the original policy. The m-policies with m > 0 reduce job waiting times, as keeping m extra servers on
ensures that the next m job arrivals do not need to wait for server setup.

The m-policies are more complicated to analyze compared to the original policy. One difficulty comes
from the fact, that under an m-policy, servers which are on are not necessarily busy. To capture this dis-
tinction, we introduce a new variable On(¢) which tracks the number of servers that are on at time ¢. This
quantity generally is not equal to the number of servers that are busy at time ¢, which we continue to call
Z(t). However, despite this difficulty, we are able to analyze m-policies using our MIST technique, with a

more complicated coupling construction.

H.1. Main Result: A Lower Bound on m:-Policies.

Our main result is that, unless the buffer size m is larger than © (\/ﬁ), the average waiting time under an
m-policy will not be much smaller than the original (m = 0) policy. More specifically, we show the theorem

below.

THEOREM 4 (Lower Bound on m-Policies). When using an m-policy to control setup in an
M/M/k/Setup-Deterministic system with an offered load R = kp > 100, a setup time (3 > 100%, and an

m-value with m < \/R, the expected number of jobs in queue in steady state is lower-bounded by
1
E[Q(c0)] = Fy <Nﬁ\/§+ 1—p> ;

for some constant Fy independent of system parameters.



Authors’ names blinded for peer review
74 Article submitted to Operations Research

102

101 4

100 4

M/M/k/Setup-Deterministic (m = R%75)
101 4 M/M/k/Setup-Deterministic (m = R°€)
—— M/M/k/Setup-Deterministic (m = R°>)
—— M/M/k/Setup-Deterministic (m =R°3)
—— M/M/k/Setup-Deterministic

expected waiting time (ms)

102 :
107 10°
k, total # of servers

Figure 9 Simulation results showing the average waiting time for the M/M/k/Setup-Deterministic under various m-policies.
All results obtained with mean service time i = 1 ms, mean setup time S = 1000 ms, and load kept at a constant
p = 0.5. Note that a significant performance difference can only be found once the quantity m is growing faster than
R()45~

Proof Overview. In the remainder of Section[H] we provide a proof of the stated lower bound, Theorem 4}
Our argument here is a variation on the argument made in Section[G.6] We begin by defining our renewal
points to be those moments when the number of on servers On(¢) transitions from (R + 1) to R; note that this
is slightly distinct from our previous definition since, in general, the number of busy servers Z(t) # On(t).
Taking X to be the next renewal point and applying the renewal reward theorem, it suffices to lower bound
the renewal integral E [ J. OX Q(t)dt} and upper bound the cycle length E [ X]. In what follows, we show the

following two lemmas, which, via the above, suffice to prove the lower bound of Theorem {]

LEMMA 8 (Lower Bound on Renewal Integral). The renewal integral can be bounded by
b'e
E [/ IN(t) - R] a’t] > FyufPVR + 1™ ([quﬁx/ﬁ — (k- R)} - R) ,
0
where 1™ (n,j) £ - ["7“ + 4+ 1] and F, £ 0.23.

LEMMA 9 (Upper Bound on Cycle Length). The length of a renewal cycle can be bounded by

uBVR

EX SFﬁ"’_FAL I
X ’ ,umin(k—R,\/ﬁ)

where F3 £ 2.6 and F, £ 7.2.

Completion of Proof, assuming Lemmas[8and[9] This result follows directly from the casework used in

the proof of Theorem 3]
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H.2. Proof of Lemma|g] the Integral Lower Bound.

High-Level Strategy. As mentioned previously, to prove this lower bound, we use a variation on the
strategy used in Section In that proof, we first define a random quantity L which represents how many
servers end up turning off at the beginning of a renewal cycle, then derive a bound on the desired integral in
terms of its expected value E [L], then directly derive a bound on E [L]. In this proof, we define an almost
equivalent random variable L., and proceed with more or less the same steps; however, the more-complex
behavior of the m-policy requires a more delicate analysis in order for us to find E [L].

Definition of T,,. Before defining L., we define a related stopping time 7,. and prove a small but
critical fact about it. Let T = min {t >0:Q(s) > 1 forall s € [t — 3,¢]} be the first moment that the
number of jobs in queue Q(¢) has been non-zero for a full setup time. At the beginning of a renewal cycle,
since servers are setting up if and only if jobs are in the queue, it follows that the time 7, is the first time a
server could possibly complete setup. Since T'4 is the first time a specific server sets up, we have 7, < Ty.

Definition of L... With the stopping time 7, defined, we now define the random variable L., and
describe its role going forward. Let Ley £ max,e(o,r,) [R —On(t)] be the maximum number of servers
turned off in the period before time 7,,.. Now, via the same martingale arguments given in the proof of (I7),

we have that
Tposs 1
E |: Q(t)dt:| Z 552HE [Lex] . (51)
0

Likewise, in analogy to (20), by making a coupling argument we also have that

X
E [ / Q(t)dt] > 1 ([E [N ()] = "= R) (52)
Tposs
where one should recall that T™ (n, j) 2 - {% + ? + 1] . After some martingale analysis becomes
X
E [ Q(t)dt] > oy ([ma [Lo] — (k= R)]" k- R> . (53)
Tposs

Thus, outside of some algebra, to prove Lemmait suffices for us to give a bound on the expectation E [ L.

We give this lower bound in the following claim, which we will prove immediately.

CLAIM 25 (Bound on L.,). For any R > 2max <\/§, m) we have

E (L] > F;min (R, \/E>,
m

where Fy £ 0.23.
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H.3. Proof of Claim[25;: Lower Bound on E [L].

To bound E [L.,], we upper bound the stopping probability Pr (L = j|Le, > j), showing that, for any j <
max (VA m),

' ' max (m, \/E) by
Pr(lo=jlla2j)<4——p—" <1+m>; 4

we defer the proof of this until the next section, Section From here, we can bound E [ L] using the

usual sum-of-tails method, obtaining

R—m
E[La)= ) Pr(Le>j+1)
§=0
max (vVR,m) max (m, \/E) b J
> 14 1)
s R ( Vb
max \/ﬁ,m
R ) max (m, VE) . (VRam)
Z[mm(,/ﬁ)] ; 1—-11-4 7 <1+m)
m
4 (1 + ﬁ) p
1
> [min <R,\/§>] ; [1—6 4]
m
4 (1 + ﬁ)
. (R
> F,min <, \/E),
m
where the constant F}, = 0.23 < ——1— [1 — e~*]. To complete our proof, it suffices to show (54).

4(1+%)
H.3.1. Proof of (54): Upper Bound on Pr (Le = j|Lex > j). To show the inequality (54), we begin by
giving an exact analysis of the probability Pr (L., = j|Le > j) by analyzing the sample paths of N(¢) at
the beginning of a renewal cycle, then afterwards apply some straightforward Markov chain analysis. In

particular, for two probabilities pgfaZT and p,(gn)g and a parameter +y (to be defined later), we first show that

)
Pr(Lex = j|Lex > j) < min (p g ,pﬁiﬁn) . (55)
v

Afterwards, we bound these quantities, showing that, for some x € (0, 1) and for all 7 < max (\/ﬁ, m),

€) 4 max (m, VR 1 1
min (p long p§{;l> <2 ( ) (1 4 b ) min< ) . (56)
'y

R VB l—x
1—x

Since min (%, #) < 2, we obtain that

by max(m,@)
*m) R

Pr(Lex:j|Lex Z]) <4 (1

as desired. Thus, it suffices to show (53)) and (56).
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H.3.2. Proof of (55). As previously stated, we begin by giving an exact analysis of the probability
Pr(Le = j|Lex > 7). We make a recursive argument, based on a sequence of events (and their implicitly-
defined stopping times). Note that, if we were to write this explicitly, then we would need to invoke our
main lemma, Lemma 4]

First set of events. Assume that one begins at time 7;, the first moment where one knows that L., > 7;
note that, since at time 7; we have just turned off the (R — j + 1)-th server, we know the number of jobs
N(t) =R — j+1— m. From here, one can wait until one of two events happen: either 1) the number of
jobs N (t) decreases to (R — j — m), at which point Le > j; or 2) the number of jobs N (t) increases to
(R —j + 1), at which point the event [L. = j| still has a chance to occur. We call the probability of the
latter event pgf;l)n; we think of this as a “starting” probability.

Second set of events. At the moment when N (t) reaches (R — j + 1), the number of jobs in the queue
Q(t) = 1. As such, we can again partition our sample paths based on whether: 1) () stays non-zero for a
full setup time, at which point [L., = j]; or 2) Q(¢) drops to 0 within a setup time. We call the probability
(7)

of the first event p;;,,.

Third set of events. In the case where the queue empties before a setup time has passed, the number
of jobs N(t) = (R — j) and we again can condition on the next event to happen: either 1) the number of
jobs N(t) decreases to (R — j — m), at which point L., > j; or 2) the number of jobs N () increases to
(R — j+1), at which point the event [L., = j] still has a chance to occur. We call the latter probability p{’,
since it can be thought of as a “restart” probability. Note that, in the case where the number of jobs N ()
rises, we have reached an identical state to that which initiates the second set of events; thus we can induct.

Result in terms of probabilities. From this analysis, it follows that

Pr (Lex = j| Lex > §) = plion (pfin)g + (1= pin )Py (pfin)g + (1= PP (. )) )
- 1
= plpi), o o
1- <1 _plong> Pre

By noting that the behavior of N (¢) in the first and third scenarios is sample-path-equivalent to the behavior

of an M/M/(R — j), and that the behavior of N () in the second scenario is sample-path-equivalent to that
of an (overloaded) M/M/1, we can analyze these probabilities. In Section we show via basic Markov

chain analysis that p$¢’ = 1 — vp{),, where v £ % 2= < 1. It follows that both

(”)
) ) 1 () Piong )

psta:tplgng . N pstdrt . . j S pstarl
1- (1 - pf§3g> P Phone + (1 - pfiﬁg) VP

and

) ()
p(J) p(7) 1 :p(7) pst]art < plong
satlone (1 _pW) ) Gy Tlome () (1 _ <j>) @ = ’

long Dre 7Y Pstart 7Y Pstart plong v
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and thus that

RO
Pr(Lex = j|Lex > j) < min — 7p§lja)rt )
v
as desired.
H.3.3. Proof of (56): Upper Bound on p./), and p,(jlfg To complete our analysis of Pr (Le = j|Lex > 7),
(9) (€) (9)

it suffices to bound the probabilities py,,, and pqr, and the constant . To upper bound the probability py,,,

we note that, from the analysis in Section|G.6.1]

s (1-5) (- )

_ bl ]< _ b1 )
virr T R\' T Vs

VR
J+ b17)
< ( uhB
- R
< <1 40 ) VR
vuB) R
b, 2max (\/T%, m)
<(1+ )
< Vb R
To bound the constant 7y, we note that, defining = = (1 _ j-‘;;n)m,
yo BoDL L (RojomA\T () jEm s
(R—j—m)! R R R
To upper bound the probability pgf;)rt, we use the analysis from Section which shows that
G) cJEm 1
start — R 1_(1_m)m+1
Jjtm 1
- R 1 (1 — J‘Jﬂ)m
j+m 1
R 1-xz
2max (\/E, m) 1
<
- R l—=z
b, 2max (\/E, m) 1
<(1+ '
- < \/m) R 1—a

Thus, from (53], we have that

i
Pr (Lo, = j| Lex > §) < min | =2 5
Y

<(1st )2max(@’m>mm(1 )

VuBR R ' l—z
b, \ max (m, \/ﬁ)
(v 75) —w
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as desired. Thus, we complete our proof of Claim our lower bound on E [L,].

H.4. Proof of Lemma (9} the Cycle Length Upper Bound.

Preliminaries: Cycle decomposition. We now prove Lemma [9] an upper bound on the expected cycle
length E [ X]. As before, we begin by breaking a renewal cycle into three parts; we later analyze each part
separately. To do so, we define a threshold H and two stopping times; the latter stopping time will depend
on H. To begin, noting that R is the minimum number of servers needed to stabilize the system, we define
the threshold H £ min (k - R, \/E) as the minimum between (k — R), the number of “extra” servers, and
V'R, a quantity which represents the “typical variation” in the system. Next, we define the accumulation
time 74 = min{t>0:0n(¢) > R+ 1} as the first moment that the (R -+ 1)-th server turns on. Finally,
we define the draining time T3 = min {t > T, : N(t) < R+ H} as the first moment after time T’ that the
number of jobs N (¢) dips below the threshold (R + H).

Preliminaries: Definition of phases. With these two stopping times defined, our renewal cycle takes
on a similar decomposition as before. From time 0 to time T4, the number of servers that are on is <
(R + 1), meaning that the departure rate of jobs must be less than the arrival rate of jobs. Accordingly, jobs
accumulate and thus we call this the accumulation phase. From time T4 to time 7'z, the number of servers
on is > (R + 1), meaning that, on the whole, the accumulated jobs are draining from the system; thus we
call this the draining phase. From time T to the end of the cycle at time X, the behavior of the system
roughly resembles that of a balanced random walk; we thus call this period the balanced phase.

Proof strategy. Using this decomposition, we prove the following bounds on the expected length of each

phase: for the accumulation phase [0,74)
E[T4] <1.0883, (57)

for the draining phase [T'4,75)

uBVR
pH

E[Tp —Tal < B+ Ey (58)

and for the balanced phase [T5, X)
1
E[X —Tjg] SEBE + Eyof. (59)

Putting these together, we confirm that

1BVR

E[X]§F3ﬁ+F4M(k_R).

In what follows, we briefly discuss the proof of each of these inequalities in turn.



Authors’ names blinded for peer review
80 Article submitted to Operations Research

H.4.1. Proof of (57): Bound on E[T,]. For the bound on E[T,], our previous proof still applies:
since On(t) < R until time T4, we can couple the system to an M/M/R queue and bound the length of
an analogous version of T4 in that system. To review the argument, we can alternatively define Ty =
min {¢ >0 : minye—p, N(t) > R+ 1} as the first moment that the number of jobs N (¢) stays above (R +
1) for a full setup time S. If we let N (t) denote the number of jobs in a coupled M/M/R queue starting
with N(0) = (R — m), then we can accordingly define T as the first moment that the coupled number of
jobs N (t) stays above (R + 1) for a full setup time . Since the departure rate of the original system is
upper-bounded by the departure rate of this coupled M/M/R system, the original system always contains
more jobs, i.e. N (t) > N(t). It follows that 7'y < T'4 and thus it suffices to bound E {TA] ; Sectiontells
us that
E[T4] <E Ta] <1.085,

which completes the proof.

H.4.2. Proof of (58): Bound on E [Tz —T4]|. For the bound on E [Tz — T4, our strategy again is to
derive a bound on the conditional expectation of [Tz — T'4|, where we condition on the number of jobs in the
system at time 74, and afterwards give a bound on both the first and second moments of this number of jobs
N(T4). Actually, in this case, our conditional bound from Section still applies; by making worst-case
assumptions about the system’s setup state at time 7’4 and noting that, if the number of jobs stays large for
a full setup time then many servers must be on, we can use a combination of random walk and busy period
analysis to obtain

E[Tg —TalFr,] <5+

NT)H-R 1, (N(TA)—R>; (60)

uH I H
see Section [6.4|for details. To complete our bound of the draining phase, we must bound the expected value

E [N(T4)]; we defer the proof of this bound to Section[L.1} There, we find that
E[N(T4)— R] < E\uBVR,. 61)

where F; = 5.21. Thus, combining (61) with (60) (and noting that %ﬂm <1+ %), we find that

el -1 < v [ M E] gy, (M) 1Y)

pH p
<5+E[N(§;)—R] +;1n (E[N(T;)—RD
<o+ (1+1)ENTY -
§6+1.37E1M5f.

H.4.3. Proof of (59): Bound on E [X — Tj|.
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Main idea: Threshold-based division. To bound the final portion of the renewal cycle, E[X — Tj], we
divide time based on the threshold H and make a coupling argument. More specifically, we make an argu-
ment based on whether the number of jobs N(t) is below or above the threshold (R + H ). First, we note
that, when the number of jobs N(t) is below (R + H), the departure rate of jobs is lower-bounded by
pmin (R, N(t)). Said differently, while below (R + H ), the number of jobs N(¢) is upper-bounded by the
number of jobs in an appropriately-coupled M/M/R/(R + H) queue. On the other hand, when the number
of jobs N(t) becomes larger than (R + H), we can use the “wait-busy” period idea of the previous phase
to bound the amount of time it takes for number of jobs N (¢) to come back down to (R + H); we call this
an excursion.

The below-threshold case. To analyze the below-threshold portion of time, we make a coupling argument
based on our above departure rate bound. If we let T’ (1\4}3/1;4;?,)/(_13(;?%) to be the time it takes for an M/M/R/(R +
H) to go from (R + H) jobs in the system to (R — m) jobs in the system, then, from a straightforward
coupling argument, the time spent below (R + H) can be upper-bounded by E [T (I‘g_hfgf(;fgl)] . As such,
it suffices to bound the expectation of this first passage time, which, for m < v/R, was done in Claim

This gives

(R+H)—(R—m)
< 7m +H
VR

VR + min (\/E,k-R)
7
VR

E [time spent with N (t) < R+ H] <E [TM“WR“R + 1) }

<

=~

1
<14-.
1

The above-threshold case. To analyze the above-threshold portion of time, we bound the number of
excursions and use the “wait-busy” idea to bound the length of an excursion. To bound the number of
excursions, we note (by our below-threshold coupling argument) that the probability of having an additional
excursion is upper-bounded by the probability that, in an M/M/R queue started with (R + H) jobs in the
system, the queue reaches (R + H + 1) jobs in system before it reaches (R — m) jobs in system; we call
this probability p.. Accordingly, the number of excursions is stochastically dominated by a Geo(1 — p.) — 1
random variable, and thus the expected number of excursions is bounded by ﬁ; we give an explicit bound

on p, later, showing that

1 m(m
— < VE(1+e é—?nl)), (62)
_pe

which, for m < +/R and R > 100, can be bounded by

VR+1
<vVR <1 +em1> < 4.4VR.

1_pe
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Next, by using the “wait-busy” idea of the previous phase, previous arguments tell us that, for b; = \/g ,

1 1
E [length of an excursion] < —b, 1b +

i R ' uH

Thus, we obtain that for 5 > 100,

4.4b, N 4.4vVR
vuB o pH
4.4v/R

pH

1 1
[E [time spent with N (¢) > R+ H] < : [b1 Ho

<p

<0.368 +

We arrive at the following bound on E [X — (T4 + T’5)]:

(63)

1
RUH]

E[X — Tp] <E [time spent with N (¢t) < R+ H|+ E [time spent with N (¢) > R+ H]

1 4.4/
<14—+0.368 + i
Jz pH
4.4vVR
<0. .
<0.58+ L

H.4.4. Proof of Lemma [0; Closing. As mentioned, with (57),(38), and (39) proven, we complete our

bound on E [X] by simple addition:

E[X]=E[T4] +E[Ts — T4 + E[X — T}]

VR 4.4vVR
<1.088+ 5+ 1378, MOV o554
wH uH

<265+ 7.2M0VE

uH

VR
=F38+ Fy Ho )

uH

where we have taken F; = 2.6 and F, = 7.2.

Appendix I: Miscellaneous Claims: Analysis of m-Policies
I.1. Proof of (6I): Upper Bound on E[N(7T4) — R] for m-Policies

Here, we discuss our bound on the expected value of the number of jobs E [N (T4)

particular, we show that
E[N(T4) - R] < EypBVR,.

where E; = 5.21.

— R] for m-policies. In
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Definition of epoch. To do so, we again make use of the notion of epochs. Recall that time T; =
min {¢t>0:0n(t) <R —j} is the first moment that only (R — j) servers are on. We call the period
[7j, min (7;11,T4) ) the j-th epoch, and we say epoch j occurs if the time 7; happens before time T)4. As a
shorthand, we use n, to denote the number of epochs that occur; note that the condition [epoch j occurs] is
equivalent to the condition [n. > j].

Definition of a trial. To analyze the time T4 more closely, we define a series of trials. The first trial in
epoch j (that is, the (1, )-th trial) begins at the first moment that N (¢) > R + Cs+/uBR during epoch j.
We say this trial succeeds if the number of jobs N (¢) does not drop below (R + 1) for a full setup time;
otherwise, we say that this trial fails. If, in the same epoch, the number of jobs N (¢) again reaches (R+ 1),
then the next trial begins and may either succeed or fail; this continues until either the next epoch begins or
a trial succeeds. We refer to the i-th trial to occur in epoch j as trial (i, 7).

We now note that
E[N(T4) — R <Cj /L,BR-FZ Pr (trial (4, ) occurs) E [[N(TA) — R] Ly (i, j) Succeeds‘trial (i,7) occurs].

v (64)
To analyze this conditional expectation, we note that, if trial (¢, j) occurs at time ¢, ; and this trial is suc-
cessful, then time T4 = (¢;; + 3). On the other hand, let 14,5 = min {t >0: N(¢;; +t) < R+ 1} be the
next moment the number of jobs N (t) falls below (R + 1); we make two points. First, the trial succeeds if
and only if ¢, ; > (. Second, if the trial fails, then [N (¢; ;) — R] = 0. As such,

[N(TA) - R] ]-trial (4, 7) succeeds — [N ((;Si,j + min (1/11‘73‘, B)) - R} .

Noting that V (t) £ N(¢; ; +t) — R — pjt is a super-martingale (since we are in epoch 7), it follows from
Doob’s Optional Stopping Theorem that

V(0)=Csv/uBR
> B[V (min (¢ 5, )]
=E [[N (¢s, +min (¢, 8)) = R]|Fy, ;] — njE [min (i, 8)| Fo, ;]
and thus that
E [[N(TA) — R 1yia 4, ) Succeeds}trial (4,7) occurs] < C%,W—f— pjE [min (v, ;, B)|trial (¢, j) occurs] .
Reduction to trial quantities. Applying this to (64),

E[N(T4)— R]= Z Pr (trial (4, ) occurs) E [[N(TA) — R] 1yia 5, ) Succeeds‘trial (i,7) occurs]

2%}
< ZPr (trial (4, j) occurs) [ng/uBR—Fqu [min (¢; ;, 5)|trial (4, 7) occurs]]
irj

< Cs+/ puBRE [total number of trials] + Z w7 [total time spent on trials during epoch j].

J
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To address the first term, we note that for each trial which occurs, according to Claim 3] with probability

at least [1 —29 (—%) 100} > 0.95 £ C, the first phase ends. It follows that [E [total number of trials] <

1
0.95°

To address the second term, we note that

[ [total time spent on trials during epoch j]

= Pr(trial (1,7) occurs) E [time spent on trials during epoch j|trial (1, j) occurs]

< Pr(trial (1, j) occurs) E [time remaining in first phase|trial (1, j) occurs]

(trial (1, ) )E
(trial (1, ) )E
< Pr(trial (1, ) occurs) E [ }
(trial (1, ) )

< Pr(trial (1, ) occurs) 1.083,

where the final inequality is via coupling the system to an M/M/R queue in the same way as in Section[B.5]
Defining G12£33> C; and G5 £ 1.08, we find that

09r

E[N(Ta)— R < Gi\/uBR+ Gapfs Zj Pr (trial (1, j) occurs).

Development using epochs. From here, we note that pr(fsl £ Pr(trial (1,4) occurs|n, > j) and thus it
suffices to bound Pr (n. > 7). To provide an upper bound on the probability that epoch j, it suffices to show
a lower bound on the conditional probability Pr(n. = j|n. > j). In Section we have already shown
that

Pr(n, = jn. > 7) > (1 — Cypll);

Tise

applying this bound, one finds that

j—1

Pr(n.>j) < H (1 - C'4pme>

=0

Thus, we obtain

1
Z] Pr (trial (17,]) occurS) < 64 Z C4p§1]§2:j H ( prme)
J J
1 ! .
= ST (1-cul).
4 -
7 =0

From here, it suffices to lower bound pme
()

I.1.1. Lower bound on p,;,. To bound the probability that the number of jobs N (¢) reaches the threshold
R+ C3+/uBR at some point during epoch j, we focus on one particular manner in which that event might
happen. To define this manner, we introduce the notion of an excursion. We do so recursively: the first

excursion in epoch j occurs the moment the number of jobs reaches (R — j + 1), and ends when either
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1) the number of jobs N(¢) dips back down to (R — j) or 2) a full setup time has passed. If a full setup
time passes during an excursion, we call it long; otherwise, we call it short. Successive excursions occur
whenever an up-crossing of (R — j) occurs, but only if every previous excursion in the epoch has been
short. Thus, we can lower bound the probability of reaching the desired threshold by requiring that it occurs

before the epoch’s first long excursion, i.e.

() > () (@)
pnge _pstart pth +pfpre pth + (pfpre ) plh + e

= pthpgt];rt ;@
1—pspre
where we have used the fact that the system state is the same at the beginning of every excursion, and where
we have defined py, as the probability that the number of jobs N (¢) crosses the threshold during excursion
(1,7), defined p(J) as the probability that, after a short excursion, another excursion occurs, defined pgfa)n as
the probability that an excursion occurs, and defined p; as the probability that the excursion is both short

and ends without N (t) having reached the desired threshold. We arrive at the following claim, proven in

Section [[L.4t

CLAIM 26. Recall the definitions of py,py,p 7) , and psm,, Then, for j > V'R, we have the following bound

. 1 1
pﬂ1p£t]a)rt7m > EG > Fg—

1 _pfpre R N \/E
where Eg = 0.32.

Accordingly, we find that

BIN(T:) ~ B < Gov/WR + Gon Z

=0
1— & -
GivVuBR+ G2M55 VR H (1 - C4pr(ils)e)
Y1 j=vRi=0
i L\ VA"
GivV uBR+ Gauf— VR + <1—C4E6>
Ca | VR
L i=VR
1
C4E6:|

= G“/MBRWWE@ [1 +

Go 1
—uﬂf( [1+ CiE.

< E1MB\/>

as desired, where we have taken E, £ 5.21 > < [1 + G ) Thus, we have shown (61)), an

C4E } - V100
upper bound on the quantity E [N (74) — R] for m-policies.
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I.2. Bounds on hitting probabilities for an M/M/cc queue.

We now analyze a general hitting probability problem in the M/M/oco queue. In particular, we consider the
case where the arrival rate is kA = R, and define an upper and lower boundary of b and a respectively. We
then find the probability that, starting from state ¢, we hit the upper boundary state b before we hit the lower
boundary point a; we call this probability p;”.

L.2.1. Solving for p®. We solve for these probabilities using the usual finite difference method. We first
note our boundary conditions: the probabilities at the boundaries are p?* = 0 and p,” = 1. From here, we

note that, by a conditioning argument,

up
pz R + 1+1 R 4 pz 1
After some algebra, we obtain that, defining A; = p; | — pi*,

pli]L _pgp _ i _ A
plz'lp _P?p—1 R A,

This shows that

Using our upper boundary condition, we have
L=p," =@, —p21) + (021 +Ps) + o+ (Palz — Par1) + (ngrl)

:ZAZ’
_AZ lea

Thus we have that

u 1 1
Ay =pli= bel ( )(i)!_ = beolfa (zu)ra)_! : (65)
i=a (a)!R'—a i= (a)!R*
Notably, we also have that
u (b — 1)‘
pbp_1:1—Ab—1 :1_@!Rﬁ (66)

1.2.2. Bounds on A,. We now give two upper bounds and a lower bound on A, by bounding the sum in
its denominator, using a = R — j —m and b = R — j 4 1. For the first upper bound on the denominator,

bia(i—i-a)!_zm:(R—j—m—i-i)!
—~ (a)IR = (R—j—m)IR
_Zmzli[R—j—m—l—K
=) —

i=0 £=1
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TN GEm)i iG]

- Ze— SRt o
i=0
m . .

e
i=0
m .

< Z 6_% [j—&-%m—%]
i=0

1
< j+4(m—1) "
J m—
l—e =
Thus, we find that
up _itg(m-1)
Py >1—e (67)
For the second upper bound on the denominator,
b—1—a ,. . .
Z (i+a)! (R—j—m+1)!
—~ (a)IR  — (R—j—m)IR

li[ij+€
: R
=0 £=1

(")
(-C-2)7)

I [M]s L=

IN
1M:

IN
h." oy BN e

This in turn gives
u J
P> 68
pa+1 - R ( )

Likewise, for a lower bound on the denominator,

m

zm:ﬁ R—j;erEZZ(l_(jJrRm)i

i=0 (=1 =0
_ R _Gem T

j+m R '

Thus, we find that
up j+m 1
pa+1 S R m-+1 N (69)
(G+m)

<1 - (1 - JT) >

1.2.3. Bounds on p}”,. Likewise, since pi* ; =1 —8,_; =1 — ——FI__ A we also have that

(R—j—m)IR™

1 R™"R—j—m) <= (R—j—m+1i)!
_BR"(R—j >Z( J )

(1= 7] R—j) & (R—j-mR
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B “(R—j—m+i) R
_ZZO: (R—j)!
 (R—j—)R

_; (R—j)!

R—j—m < j+m >m+1 ]
= + - -1
J+m R—j—m
Rfj —-m 6(@;_)]_(3:1)) B
J7+m
. . [ (Gt -t _
This tells us that 1 — pb{ 1> RJ_ | € R—j-—m ) —1 , or, equivalently,
. —1
(G+m)(m+1)
PPy <1-— R]—E Tm [e< SR 1} .

We likewise have that

(+m)(m+1)
<(m+1) e R

Combining these two results, we obtain that

1 j+ > _ Gtm)(mt1)
e :

—j—m

m+1" R

Continuing on for the lower bound, we find that

pyr, <1 —max(

1=0
R—j i\
( *R—j) ’
so that,
j i\
S [ 14+ — —11.
M= TR <+R—j> ]

1.3. Proof of Claim 27: Bound on p., an M/M/R hitting probability.

We now show the following claim.

CLAIM 27. Let p. be the probability that, in an M/M/R queue started with (R + H) jobs in the system, the
number of jobs reaches (R+ H + 1) before it reaches (R — m). Then,

1 m(m+1) m(m+1)
—— <H+VRe o gx/ﬁ(lJre R—fnl>.
— Pe
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We prove this claim by analyzing particular state transitions. Let 7;_, ; be the first passage time from state
i to state j, and when evaluating the event [T;_,, < T;_,;], consider the first passage times to be evaluated on

the same sample path. Then p. = Pr (T(g+m)—(r—m) < T(r+m)—(r+H+1))- By conditioning, we have that

1= pe =Pr (T(psm—r-m) < T(rtm)—(rrm+1))

=Pr (T(r+m—»r < T+ )= rem+1)) [PT (Trs(rem) < Tro(rem+1))] -

From here, note that

Pr (Tro(r-m) < Tros(R+H+1))
=Pr (Tros(r-m) < Tros k1)) + Pr (Tirs1)—(5om) < T(R+1)—(R+H11))
=Pr (Tro(rem) < Trs(rt1)) + Pr (Tirs1)=r < Tren»resan) Pr(Taos(rem) < Tros(remr41)) -

Note also that, from basic results on simple random walks, we have that

Pr (T arm)—r < T(rim—(Remen) = 77 and Pr(Tiri1—r < T(rin-(remtn)) = 7o Let pg £

Pr (Trs(r—m) < Tros(r+1))- Then we have

l—pe:HlH pd+(1—pd)Hfi1(pd+...)
P 1
_ Pa
 H+1—H+pH
__ Pa
_1+de'
This tells us that
L gl
1_pe Pd

L.3.1. Analyzing p;. Since the M/M/R queue acts equivalently to the M/M/oco queue between the states R
and (R —m), to analyze the probability p, = Pr (TR_>( R-m) < Tros( R+1)), it suffices to analyze the appro-
priate hitting probability in the M/M/oo. Applying the result from Section[[.2] noting that the probability in

question is 1 — p," | in the case where j = 0, we find that

S 1 m\ _ 1({m+1> S 1 ,m}({mﬂ)
max| ——,—= | € -m > —= -mo,
Pa = m+1 R VR

Final bound on (1 —p.)~" . Putting these together and noting that H = min (\/E, k— R) <VR, we
find

1 1
l_pe Pa

< VR + \/Eeml(?njj;ll)
=VR (1 +€”}{Z;1)> .
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1.4. Proof of Claim [26|
We now prove Claim [26; see Section [[.1.1]for details.

First observations. To begin, we first recall that p is the probability that a given excursion is both short
(that is, lasts for less than a setup time) and does not reach the appropriate threshold. From a union bound,
it follows that py > 1 — (pw + plong) where pl(ggg is the probability that the excursion lasts for (at least) a
setup time. We also note that the “retrial” probability p) =1 — vp%), > 1 — p) . This follows from a
straightforward symmetry argument: since the associated Markov chain is biased towards gaining jobs, it

follows that the probability that the number of jobs increases by one before it decreases by m is higher than

the probability the number of jobs decreases by one before it increases by m. Putting these together, we find

that
pop Dy —— = p‘hpga)“ =
L—ppd) — 1= (1=, —pw) (1 —pS)
_ PPl
1— (1= plin) + (i + Pin) (1 — plin)
P

pgt]a)rl + Pl(ggg + P
Bounding the probabilities. From here, we note that, in Claim @ we showed that py, > 0.99% for any
j > +/R. Likewise, applying the results from Section we find that pE{a)rt > %. To bound pfg}g, we use the

arguments from Section [G.6] which show that

J by
<=+

R /uBR
<L (1

Pukn 0.99% 4 j( 0.99 ) 032)

1—ppd’ 2.99 + 7L
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