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We consider the problem of scheduling to minimize asymptotic tail latency in an M/G/1 queue with unknown
job sizes. When the job size distribution is heavy-tailed, numerous policies that do not require job size
information (e.g. Processor Sharing, Least Attained Service) are known to be strongly tail optimal, meaning that
their response time tail has the fastest possible asymptotic decay. In contrast, for light-tailed size distributions,
only in the last few years have policies been developed that outperform simple First-Come First-Served (FCES).
The most recent of these is y-Boost, which achieves strong tail optimality in the light-tailed setting. But thus
far, all policies that outperform FCFS in the light-tailed setting, including y-Boost, require known job sizes.
In this paper, we design a new scheduling policy that achieves strong tail optimality in the light-tailed M/G/1
with unknown job sizes. Surprisingly, the optimal policy turns out to be a variant of the Gittins policy, but with
a novel and unusual feature: it uses a negative discount rate. Our work also applies to systems with partial
information about job sizes, covering y-Boost as an extreme case when job sizes are in fact fully known.
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1 Introduction

Service level objectives (SLOs) for queueing systems typically relate to the tail of the system’s
response time distribution T. The tail is the function mapping a time ¢ to the probability P[T > ¢].
SLOs typically ask that high percentiles of T are not too large, i.e. that P[T > t] is small for large t.

Motivated by the problem of optimizing SLOs, we consider the problem of asymptotically
minimizing P[T > t] in the t — oo limit in an M/G/1. While SLOs often put requirements on a
specific deadline ¢, it turns out that roughly, minimizing P[T > ] “for all large values of ” works
well, and current state-of-the-art methods for minimizing tail latency come from minimizing this
asymptotic objective [34]. For light-tailed job size distributions, this problem was open for some
time [32] until recent work [7, 10, 28] culminated in an optimal policy for systems with known
sizes [34]. However, the case of unknown sizes remains open.
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This paper resolves the problem for unknown job sizes. Our job model, a discrete-time variant
of the Markov-process job model [22, Chapter 14], actually handles a range of information models,
covering: unknown sizes, where only the job size distribution is known to the scheduler; known
sizes, where each job’s exact size is known—for which we recover prior results [34]; and settings
where the scheduler has partial information about each job’s size. For concreteness, in the rest of
this section, we focus our discussion on the case of unknown sizes; see Section 2 for a description
of our full model.

1.1 Background on tail optimality

To understand what it means to optimize the response time tail, we first define the notion of
asymptotic optimality. Consider an M/G/1 setting with job size distribution S. Let T; denote the
response time distribution under a scheduling policy 7. We say that a policy 7 is weakly tail-optimal
if there exists a constant ¢ > 1 such that

P[T, > t]

sup lim sup

ol e e (1.1)
A S ) P[Tﬂ' > t]

We further say 7 is strongly tail-optimal if ¢ = 1. In the known-size case we take the supremum
over all policies, but in the unknown-size setting, we limit to non-clairvoyant policies. We assume
a preempt-resume model: the job in service may be paused and resumed at a later point without
loss of progress.

The asymptotic tail behavior under a policy 7 depends on whether the job’s distribution is light-
or heavy-tailed; Wierman and Zwart [32] showed that a policy cannot be tail-optimal for both
heavy-tailed and light-tailed distributions. Recently, Yu and Scully [34, Appendix A], leveraging
results of Wierman and Zwart [32], observe that for an important class of heavy-tailed distributions,
many well-known policies are strongly tail-optimal. Several of these policies, such as Least Attained
Service and Processor Sharing, do not use job size information, so the problem of strong tail
optimality for unknown sizes is largely solved in the heavy-tailed setting.

In the light-tailed setting, this is not the case. First-Come-First-Served (FCFS) was the best
performing policy for some time in both the known and unknown size cases. In the known-size
setting, FCFS was known to be weakly tail-optimal and conjectured to be strongly tail-optimal.
In particular, the tail of FCFS is asymptotically exponential for light-tailed distributions, that is,
P[Ticrs > t] ~ Crcrse™!, where y is called the decay rate and Cgcrs is FCFS’s tail constant. No
policy has decay rate better than y [5, 27], so strong tail optimality amounts to minimizing

Cp = tlim eV'P[T, > t].

Recently, new policies have emerged with better tail constant than FCFS, disproving the con-
jecture that it was strongly tail-optimal [7, 10, 28]. This line of work culminated in a strongly
tail-optimal policy, y-Boost, which optimizes the tail constant for class I light-tailed distributions
when job sizes are known [34]. However, all of these policies make crucial use of job size informa-
tion. Strong tail optimality for unknown job sizes is thus still open in the light-tailed setting,! so
we ask:

In the light-tailed M/G/1 with unknown job sizes, what scheduling policy minimizes the
tail constant C,; ?

IThroughout our introduction when we refer to light-tailed distributions, we mean specifically class I light-tailed distributions
(Definition 2.1). Class I distributions include many common light-tailed distributions and it is common to only consider this
subset of light-tailed distributions when considering tail behavior (see for example [3, 20]).
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1.2 A recent advance: boost policies for known job sizes

The policy that achieves strong-tail optimality in the known-size case belongs to the family of
policies known as Boost policies, which are introduced and analyzed in [34]. We give a brief
overview of the main ideas of [34] below, explaining how we adapt them to unknown sizes in
Section 1.3.

Boost policies work by assigning every job a boosted arrival time and then serving jobs in order
of increasing boosted arrival time. A job’s boosted arrival time is given by

boosted arrival time = arrival time — boost,

where the boost of a job is given by a boost function b(s) that maps each job size to a non-negative
boost. The strongly tail-optimal boost policy strikes the right balance between prioritizing short
jobs vs. prioritizing jobs that have been in the system for a long time.

The key idea in [34] is to relate the problem of strong tail optimality in the M/G/1 queue to a
deterministic batch scheduling problem. This idea follows from an alternative expression for the
tail constant,

iy
Cr = lim L= E[exp(8T)], (1.2)
0=y vy

which comes from final value theorem [10, Theorem 4.3].2 Informally, (1.2) tells us that minimizing
C, is morally equivalent to “minimizing E[exp(yT,)]”. Although this expectation is infinite for any
policy in the M/G/1 queue, an analogous average is finite in the finite batch setting, where we start
with a fixed set of jobs and there are no further arrivals. Yu and Scully [34] show that the optimal
policy for the finite batch simplification of the problem also minimizes C, in the M/G/1 queue.

1.3 Key ideas

The optimal policy identified by Yu and Scully [34] requires knowledge of each job’s size. We wish
to use a similar approach when job sizes are unknown. We model jobs with unknown sizes as
Markov chains with a terminating state. We then consider state-based scheduling policies, which,
broadly speaking, alter a job’s priority based on its trajectory of states. An example of an important
class of policies that this captures is the class of policies that only use the amount of attained
service, or age, of a job [26]. State-based scheduling is discussed formally in Section 2.1. For these
policies, we ask:

(a) What is the optimal state-based scheduling policy?

(b) How do we prove its optimality?
Both of these require new ideas relative to the known-size case [34]. In brief, (a) requires a new
observation but is resolved relatively easily once that observation is made, whereas (b) is more
technically challenging and is where the main technical novelty of our work lies.

1.3.1 Finding the optimal scheduling policy. In the known-size case [34], the optimal policy arises
by simplifying the problem from scheduling in an M/G/1 queue to scheduling a finite batch of
jobs. In fact, the optimal policy for the known-size batch problem was (a minor variant of) a
well-established policy in the literature [21, Section 3.1].

We also use a simplification to a batch problem to discover the optimal policy, but the optimal
batch policy is different because it must use preemption. Our key insight is to frame the finite batch
version of unknown-size scheduling as a Markovian multi-armed bandit problem, but with inflation
instead of the usual discounting (see the introduction to Section 3). While this is at some level
just a sign flip, i.e. inflation is simply a negative discount rate, to the best of our knowledge, the

2While this is stated for specific policies in [10], the proof of (1.2) presented therein holds for any policy as long as the job
size distribution is class I (Definition 2.1).
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multi-armed bandit problem with inflation has never been studied in the literature. The key benefit
of the multi-armed bandit framing is that the optimal policy is known, at least under discounting:
it is the Gittins index policy. By adapting the “prevailing charge” argument of Weber [29], we
confirm that an inflation variant of Gittins is indeed optimal for the finite batch simplification of
our scheduling problem.

1.3.2  Proving optimality. For (b), our approach differs significantly from that of [34]. Roughly
speaking, [34] proves optimality in the queueing setting by directly relating it to the batch setting.
Their idea is to treat each busy period as a random instance of a deterministic batch problem.
However, with unknown sizes, setting busy periods as batches yields random instances of stochastic
batch problems with non-independent job sizes [34, Appendix B]. Because independence is a crucial
assumption for Gittins policies [9], the busy-period approach of [34] seems unlikely to work with
unknown sizes.

Our main technical contribution is a new approach for (b) that proves optimality directly in the
queueing setting, without going via the batch problem. Like our approach to the batch problem, our
approach is based on Weber’s proof [29] of the Gittins policy’s optimality, with one key difference:
our proof is “quantitative”, rather than “qualitative”. That is, Weber proves the Gittins policy is
optimal without quantifying the performance it achieves. This qualitative approach does not work
in the queueing setting for two main reasons.

The first problem is arrivals. Gittins policies are known to not be optimal in the presence of
arrivals, except for in the special case of homogeneous Poisson arrivals [9]. While our arrivals are
Poisson, they are time-inhomogeneous: the cost of a job depends directly on its arrival time.

The second problem is that we cannot reason directly about inflation rate y because E[e!77] = 0o
for all policies 7. Instead, we consider policies under inflation rate 8 < y and then let 6 — y. Due
to the mismatch between 6 and y, we should not expect Gittins for inflation rate y to minimize
E[e%Tr] for any fixed 0 < y.

We overcome both obstacles by using a quantitative approach. We quantify the performance of
both Gittins and of a lower bound, and show that they match at the 6 — y limit. We obtain the
lower bound by quantitatively analyzing the lower bound from the qualitative proof of Weber [29].

1.4 Contributions

We present the first strongly tail-optimal scheduling policy in the unknown-size setting, y-Gittins, for
the M/G/1 queue with light-tailed job size distributions. We study our policy in both theory and
simulations. We make the following contributions:

e (Section 2) We propose a generalization of the boost policies introduced by Yu and Scully [34]
to policies for a flexible discrete-time, Markov-process job model (Section 2.1), and define
y-Gittins, the boost function which achieves strong tail optimality.

o (Section 3) We relate our problem to a special case of the Gittins theory where there is inflation
instead of the standard discounting, and show that the classical Gittins theory results hold in
this setting. We use this connection to construct a lower bound on the optimal tail constant
and prove, assuming results in Section 4, that y-Gittins attains this lower bound.

o (Section 4) We generalize the analysis of boost policies in [34] to the boost policies described in
Section 2 and provide an explicit formula for the tail constant of any boost policy (Theorem 4.1).
We then use Theorem 4.1 to close the gap in Section 3.

e (Section 5) We show in simulation that y-Gittins improves upon FCFS’s performance. See
Fig. 1.1 for an initial example. We observe larger gains for higher-variance size distributions.
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Fig. 1.1. Performance of y-Gittins, the strongly tail-optimal policy for unknown sizes, on two different job
P[TyGittins> 1]
P[Trcps>1]
time t. The dotted blue horizontal line indicates the numerical value of the theoretical asymptotic TIR,
1 = Cy-Gittins/ CrcFs- The vertical dashed blue line indicates the 99th percentile response time of y-Gittins. On
the left the job size distribution takes values 1/7,6/7,14/7, with equal probability 1/3. We refer to this as the
1-6-14 job size distribution, but divide everything by 7 to normalize the mean. Service is provided in discrete
time steps of length 0.1/7. On the right is a discretized Hyperexponential distribution with two branches
Exp(2), Exp(1/3) and first branch probability 0.8, with service provided in discrete time steps of length 0.1.
The load for both simulations is p = 0.8. Simulations run for one million busy periods. See Section 5 for more

simulations and details on parameters.

size distributions. The plots show the tail improvement ratio (TIR), 1 — , plotted against response

2 System model

The queueing setting is that of [34, Section 2], but where, as mentioned in Section 1, we consider
discrete-time jobs for ease of exposition.> We consider an M/G/1 queue with arrival rate A, discrete-
time job size distribution S > 0, and load p = AE[S]. We make the standard assumption p < 1,
which implies stability and ergodicity of the system, and we assume the system is in its stationary
distribution. Note that while our job sizes are discrete, arrivals are still Poisson. We further assume
that S is a class I distribution, meaning it is in the following class of light-tailed distributions, which
encompasses most well-behaved light-tailed distributions.*

Definition 2.1. A distribution S is class I [1] if its moment generating function’s leftmost singu-
larity

0" = sup{0 € R | E[exp(6S)] < oo},
which may be oo, satisfies 6* > 0 and limy_,¢- E[exp(0S)] = oo.

The metric we care about is the response time of jobs, which is the amount of time between a
job’s arrival and the time it completes. Let the response time distribution under scheduling policy
7 be T, and the steady-state amount of work, the remaining time to complete all jobs currently in
the system, be W. We wish to find the strongly tail-optimal policy among the set of policies which
do not use job size information, where strong tail-optimality is in the sense of Boxma and Zwart
[5], as stated in (1.1).

3If technical results about continuous-time Gittins indices with discounting [4, 15, 16, 19] can be extended to inflation, it
would very likely extend our findings to continuous-time scheduling.
4Throughout, all limits in this paper are limits from below.
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The key property of class I distributions for Boost remains important here. In particular, class I
distributions ensure that W has asymptotically exponential tail [10, Equation (2)], so that

Cw = tlim exp(ytH)P[W > t] = 6l)im Y;QE[exp(QW)], (2.1)
— 00 -y Y

where y is the decay rate and Cyy is the tail constant of W, and it is known [20] that y is the least
positive real solution to

y = A(E[exp(yS)] - 1). (2.2)

Similarly, we define the tail constant of x as
-0
Cr = lim exp(yt)P[T, > t] = lim YTE[exp(eT,,)].
—00 -y

If S is class I, then x is weakly tail-optimal if and only if C,; < oo, and r is strongly tail-optimal if
and only if C;; = inf,» C,p.

2.1 Job model

We use a discrete-time, countable-state version of the Markov-process job model [22-24]. That
is, we model jobs as absorbing discrete-time Markov chains with countable state space, where the
state of the job contains all information about the job relevant to the scheduler and only evolves
while the job is in service. This structure allows us to work with scheduling policies that only learn
information about a job as it receives service: a policy can use all trajectories of all jobs in the
system up to their current states as input to decide which job to serve.

For simplicity, all jobs are assumed to share a state space X U {xgone} and follow the same
stochastic Markovian dynamics, which are independent of the arrival process and evolution of
other jobs. The initial state of a job is drawn from a distribution Xy, so different jobs may start
in different initial states. The job completes and exits the system when it reaches the unique
completion state Xgope & X.

We write X, for the random state of a job at age u, meaning after u units of service. We denote a
job’s trajectory from age 0 to age u by

XO:u = (XO’XI, LR ,Xu—l,xu)-

The job size S is then the hitting time of the completion state,

S=min{u > 0: Xy = Xdone}-

A job’s trajectory is defined only up to age S, and we always have Xs = xgope.

We emphasize that because the state space X can be countably infinite, any discrete job size
distribution S can be realized by a Markov-process job model. Two canonical ways of doing so are
the known-size and age-based unknown-size models:

e The known-size model lets a job’s state be its remaining service time. Specifically: X = Z..,
Xdone = 0, Xpew sampled from S, and transition dynamics are X;,11 = X, — 1.

e The age-based unknown-size model lets a job’s state be its age. Specifically: X = Z>¢, Xdone iS
some other point, Xpew = 0, and the transition dynamics are

Xdone  With probability P[S =X, +1| S > X,,]
Xu+1 = .
X, +1 otherwise

>We mildly abuse terminology by writing S for both the job size distribution and, when convenient, the random variable
with that distribution corresponding to a generic job’s random size. We do the same for other distributions throughout the
paper without further comment.
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That is, X, = u until the job completes, and each step of service, the chance of completion is
the hazard probability of S.
Of course, there are many other Markov processes that induce the same distribution S, corresponding
to different types of partial information the scheduler might have about jobs’ sizes. See Scully et al.
[23, Section 3.3] for some additional examples.

2.1.1 Relationship between discrete-time job model and continuous-time queueing model. While
our job model is discrete-time, we emphasize that we still study a continuous-time M/G/1. That is,
we assume service is slotted into discrete time units of length 1, and jobs cannot be preempted in
the middle of a unit of service, but arrivals can happen at any time. There are two points worth
clarifying about this:
e Our model is distinct from using a continuous-time Markov chain job model. With that said,
our results would be straightforward to extend to such a model.
e Aside from discretization, there is essentially no restriction on the job size distribution S,
because we allow countably many states.

Finally, we note that choice of time units being length 1 is arbitrary and without loss of generality.
As such, we develop all of our formal definitions and theorems using this convention. However,
in some examples (Section 3.1.1) we use shorter time units of length 0.1. Along the same lines,
by applying our theory to arbitrarily small time units of length §, one should be able to recover
a continuous-time theory as § — 0. However, a rigorous treatment of continuous-time Gittins
indices introduces additional subtleties [4, 15, 16, 19], so we leave this to future work.

2.2 Boost policies

We introduce a new, trajectory-dependent variant of boost policies for Markov-process jobs. Recall
that Boost is a family of policies where an instance is determined by a boost function that maps
size to boost, b: (0,00) — [0, 00). Trajectory-dependent boost functions map a job’s trajectory
through the state space to a boost, that is, b: Xty [0, o], where X" is the set of finite-length
trajectories of states. A boost policy with boost function b then operates in the same way as
defined in Yu and Scully [34]: serve the jobs in order from least to greatest boosted arrival time.
We require that b(Xpew) < oo with probability 1.° Note that while size-based boost is fixed for a
given job, trajectory-dependent boost functions vary a job’s boost as it receives service. Thus, a
trajectory-dependent boost policy preempts a job when its boosted arrival time exceeds that of
another job.

Of course, a special case of trajectory-dependent boost functions are those that assign boosts
based only on the current state. We call these Markov boost functions. Abusing notation slightly, if b
is a Markov boost function, and its current state x,, = x, we write b(x), suppressing the trajectory
notation in b(xy,,). In particular, for any arrival rate A and job size distribution S satisfying our
assumptions (namely, p < 1 and S is class I), the following family of Markov boost functions yield
strongly tail-optimal policies:

Definition 2.2. Let y be defined as in Equation (2.2). The y-Gittins boost for a job in state x is

by Gitti (x)—llo (F(x))+llo o
y-Gittins = Y g 4 Y g er — 1 5
where T} (x) is the y-Gittins index of state x (Definition 3.3).”

This makes ties probability-zero events: X4 js countable, the arrivals are Poisson, and only one job at a time has boost co.

Y
"The $ log ;5=

term ensures that by, (x) is always nonnegative (see Corollary C.2).
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One might wonder whether this policy can be efficiently computed for a given M/G/1 sys-
tem, namely, whether computing b, gitins(x) for all jobs is computationally feasible. Comput-
ing by.Gittins (x) amounts to computing the Gittins index of a Markov reward process, which is a
standard problem in the literature. While the current state of the art is O(n%°2%) in the number of
states [8], because we model all jobs as sharing the same state space, computing the Gittins indices
only needs to happen once—not for every job arrival. Therefore, we can treat it as an upfront,
one-time cost, that is independent of the computational cost of using the policy in the M/G/1 queue.
Additionally, for the canonical age-based unknown-size model with n possible job sizes, the Gittins
index function can be computed in O(n) time [25, Appendix B].

2.2.1 Preemption due to arrivals under boost policies. When using a boost policy, preemptions may
occur because either:
o the boosted arrival time of the job currently in service increased, or
e anew job arrived into the system with a better boosted arrival time than the job currently in
service.

A key observation is that, informally, preemptions of the latter variety have no effect on the tail
constant, C,. This is intuitively because the tail constant depends on analyzing the behavior of the
system when there is > w work in the system for any finite w, and when there is sufficient work
in the system, an arriving job will not preempt the current job in service under any boost policy.
This means that boost policies that behave “similarly”, other than in how they preempt when a job
arrives, will have the same tail constant. The correct formulation of “similar” turns out to rely on
the following notion:

Definition 2.3. Let & be a boost policy with boost function b. The lower envelope of b is the boost
function b(xo:r) = mino<u<¢ b(xo:)-

In particular, if two boost policies have boost functions with the same lower envelope, then their
tail constant is the same. This is proven in Section 4 as Corollary 4.2.
How does the lower envelope of the boost function relate to preemption due to arrivals? To see
the connection, let 7, be a boost policy with boost function b, and then let:
e 7 be the boost policy corresponding to boost function b, and
e 71~ be the boost policy corresponding to boost function,

N {b(xo;t) b(xo.) = b(¥o.)
b (x0:t) - .
o else
Note that the lower envelope of the boost function is the same for all three policies, so they have
the same tail constant. Now observe that:
e If a batch of jobs were to simultaneously arrive to an empty system with no further arrivals,
then 7, 7, and 7y would behave identically.
e Ifa job arrives to a system in a random state, 7, is the most likely to preempt the job currently
in service, followed by 75, and then by 7mpe.
These observations motivate the following definition.

Definition 2.4. Let & be a boost policy with boost function b:
(a) The maximally preemptive variant of 7 is .
(b) The minimally preemptive variant of it is rmpe.

Our optimality proof in Section 3 makes crucial use of both the maximally and minimally
preemptive variants of y-Gittins.
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3 The Gittins policy with inflation

In this section we identify a connection between the problem of minimizing the tail constant and
the family of Gittins policies and then use that connection to construct an approach for proving
the strong tail-optimality of y-Gittins. We do this by considering two relaxations of the problem:
e The arrival-free batch setting, and
e the batch setting with arrivals.
Both relaxations are inspired by interpreting Equation (1.2) as telling us that minimizing the tail
constant roughly corresponds to minimizing E[¢%7r] for 6 < y.

The arrival-free batch setting. Imagine that at time zero there is a batch of n jobs, I = {(x;, a;) }1,
with states x; and arrival times a; < 0, in the system and that there are no future arrivals.

Definition 3.1.
(a) For any 0 > 0 and job i € 7, define the 0-cost of job i under policy x to be,

Costj,(e, I)= eeT’i,

where T is the response time of job i.
(b) For any 0 > 0, define the 0-cost of batch I to be,

Cost,(0,1) = Z Cost' (0,7) = Z P e0a1, (3.1)
i=1 i=1

where D! is the departure time of job i (the time at which the job completes and leaves the
system).

We aim to find the (likely 6-dependent) policy & that minimizes the mean 6-cost of batch 7.

The batch setting with arrivals. Now imagine that we would still like to minimize the expected
0-cost of the batch, but that a subset of the jobs have arrival time a; > 0. In this setting, we only
consider “non-anticipating” policies, i.e. the policy does not know when, or even how many, jobs
will arrive in the future.

As we will see later in this section, the arrival-free batch setting is both simple enough that there
exists an optimal index policy and similar enough to the M/G/1 queue setting to provide insight
into the behavior of a tail-optimal policy. On the other hand, the batch setting with arrivals is
closer to the M/G/1 queue setting but too complicated to admit a simple optimal policy. However,
understanding what parts of the index policy’s optimality proof breaks down in the presence of
arrivals will inform our approach in the M/G/1 queue setting.

The key observation for the arrival-free batch setting is that the solution follows from the classical
Gittins index theory for multi-armed bandits except for one twist: we must minimize inflated cost
instead of maximizing discounted reward. To see this, we reinterpret (3.1) as the expected total cost
of a multi-armed bandit under policy 7= where:

e each job is an arm of the bandit,
e we pay a cost e"%% when job i completes,
e costs inflate at rate f, meaning that a cost paid at time ¢ is multiplied by a factor of e%.

It is a standard result that the Gittins index policy maximizes rewards for multi-armed bandits
with discounted rewards [9]. However, to the best of our knowledge, there is no study of the Gittins
index policy for multi-armed bandits with inflated costs in the literature. We close this gap in
Appendix D by adapting the optimality proof of Weber [29] to inflation. The key difference from the
original proof is that the decision maker minimizes the expected total-inflated cost by maximizing
the expected rate of incurred cost. This is flipped from the discounted-reward setting where the
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decision maker maximizes the expected total-discounted reward by maximizing the expected rate
of reward.

In the remainder of this section we show how the key idea from the classic optimality proof of
Weber [29] can be used in a new way to prove the tail optimality of a Gittins policy in the M/G/1
queue setting. In particular, we will:

e (Section 3.1) define the 0-Gittins family of boost policies, which contains the tail-optimal
policy for the M/G/1 queue setting: y-Gittins.

o (Section 3.2) prove that 0-Gittins is optimal in the arrival-free batch setting. We do this by
using the concept of surrogate costs (borrowed from Weber [29]). Note that this section’s
presentation focuses on the specific setting of a batch of jobs, while Appendix D covers
general multi-armed bandits with inflation and contains complete proofs.

e (Section 3.3) discuss the obstacles that arise in trying to use surrogate costs in the batch
setting with arrivals, as well as why we expect these obstacles to go away in the M/G/1 queue
setting.

e (Section 3.4) layout our approach to proving the strong tail optimality of y-Gittins using a
new, quantitative analysis of surrogate costs (presented in Section 4).

3.1 The 0-Gittins policy

In this section we define the 6-Gittins index and the 8-Gittins policy for all 6 > 0. We then consider
an example to understand the behavior of the strongly tail-optimal policy, y-Gittins, which is exactly
the 6-Gittins policy when 6 = y and y is defined as in (2.2). Since the idea behind the 6-Gittins
policy is the same as the classical Gittins policy for multi-armed bandits, we keep the definition
brief, and then provide examples of the policy’s behavior in the M/G/1 queue setting. For more
intuition on the Gittins index, see the proof in Appendix D or the classic paper by Weber [29].

Definition 3.2. Forall x € X, a € R,and Y C X, define the following distributions:

Service(x,Y) = (service needed for a job starting at state x to exit Y),
Completed(x, Y) = 1 (job starting at state x is at xqone after exiting Y),
InflatedCost(0, x,a,Y) = e 0a . gfService(xY) | Completed(x, Y),

Service(x,Y) 60

InﬂatedTime(Q’ X, Y) - Z e@t — 0_1(695ervice(x,Y) _ 1).
et —
t=1

Definition 3.3.
(a) The 6-Gittins index of a job at state x € X with arrival time a is

Ty(x.a) = s E[InflatedCost(6, x, a, Y)]
o016 @ = OW “ElInflatedTime (6, x, Y)]

For convenience, let Ty (x) = Ip(x, 0) so that Ty(x, a) = e~%Ty(x).
(b) The 6-Gittins policy is the policy that always serves the job with greatest 0-Gittins index.

Note that 8-Gittins is a Markov boost policy with boost function,

1 1 e?
bo_ittins (X) = 3 log(Tp(x)) + 3 log 1/

This can be seen by observing that a — bg_gjins () is @ monotonic function of T'(x, a), namely, it
is 1/0 times the negative log of I'(x, a) plus a constant. The constant term, é log( egi o) is there to
ensure that bg_giuins > 0, see Corollary C.2.
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3.1.1  How does the y-Gittins policy behave in the M/G/1 queue setting? To better understand the
behavior of the y-Gittins policy, we consider its behavior in an M/G/1 queue where:

e jobs have size distribution Unif{1/7,6/7,14/7},2

e service is slotted into discrete units of length 0.1/7,

e the arrival rate is A = 0.8, resulting in a load of p = 0.8.
It is straightforward to verify that for these system parameters, y ~ 0.266, so we wish to compute
the 0.266-Gittins policy.” However, to do so, we must specify the underlying Markov-process job
model. We will compute and then compare the policy for the following job models:

e the age-based unknown-size model: the job’s state contains only its age,

o the age-based unknown-size model with size information at age 1/7: the job’s state always

contains its age, but also contains the job’s size for ages greater than or equal to 1/7.

In Fig. 3.1 we see the boosted arrival time of a job with arrival time zero under the 0.266-Gittins
policy, where Fig. 3.1(a) is with the age-based unknown-size model, and Fig. 3.1(b) is with the added
size information at age 1/7. Observe that for the former, the boosted arrival time strictly decreases
(i.e. the job’s priority increases) except for jumps at ages 1/7 and 6/7, while for the latter there is
only a jump at age 1/7 since afterwards the job size is known. Fig. 3.1(c) shows how the policy
interleaves service under the age-based unknown-size model when there are two jobs in the system
at the same time.

3.2 Main ideas from the Gittins theory in the arrival-free batch setting
The primary challenge in minimizing the cost of an arrival-free batch is that the timing of the costs
is unpredictable, as we do not know when a job will complete. The key idea of the Gittins theory is
to make the costs more predictable by “smoothing them out”: rather than paying a cost only when
a job completes, we imagine paying a “surrogate” cost every time step.

Specifically, we define surrogate costs such that the following properties hold for all policies 7:

total surrogate cost of Gittins < total surrogate cost of policy 7
E[total surrogate cost of policy 7] < E[total real cost of policy 7]
E[total surrogate cost of Gittins] = E[total real cost of Gittins].
Combining these implies, as desired,
E[real cost of Gittins] < E[real cost of policy n].

How does one define surrogate costs with these properties?

Definition 3.4.

(a) Let the surrogate 0-price of a job be the minimum Gittins index it has had so far.

(b) At the end of each time step, we pay a surrogate 6-cost equal to the surrogate 6-price of
whichever job was served (subject to inflation).!

(c) Let the surrogate 0-cost of job i, C/o\st;(e, T), be the total surrogate 0-cost paid while serving
job i.

(d) Let the surrogate 6-cost of a batch I, (i)?tn(e, T), be the total surrogate 6-cost of all jobs, i.e.,
the total surrogate 9-cost paid over all time steps.

Defined in this way, surrogate 6-costs have exactly the properties we wanted, as proven by the
following two results.

8We refer to this as the 1-6-14 job size distribution but divide by 7 to normalize the mean.

Note that in practice, rounding y reduces performance, even if only slightly (see Section 5.4).

10We use the convention that surrogate 6-cost is paid at the end of the time step because real cost is paid when a job
completes, i.e. at the end of a time step.
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Fig. 3.1. The behavior of the 0.266-Gittins policy in an M/G/1 queue. (a) and (b) show the boosted arrival
time of a job with size distribution Unif{1/7,6/7,14/7} (we divide by 7 to normalize the mean) and arrival
time zero as it attains service. In (a), the job’s state contains only the job’s age, while in (b), the job’s state
contains its age and, starting at age 1/7, the job’s size. Returning to the setting where the state contains only
the age, (c) shows how the policy interleaves service when there are two jobs in the system: one of size 14/7
and one of size 6/7.

ProrosITION 3.5. Forany 6 > 0, jobi € I, and policy ,
E[Cost’.(0,7)] > E[Cost, (6, 7)],

with equality if and only if  is 0-insulated. A policy is 0-insulated if it never preempts a job whose
0-Gittins index is different than its surrogate 0-price.

Proor. This is a special case of Lemma D.3, which is the same statement for a single arm of a
general multi-armed bandit with inflation. O

LEMMA 3.6. In the arrival-free batch setting,
(a) 0-Gittins sample-path-wise minimizes surrogate 6-cost.
(b) 0-Gittins is 0-insulated.

Proor. Observe that for each job in the batch, the job’s surrogate 0-prices form a non-increasing
sequence that is independent of the policy. Thus, choosing a policy equates to picking an interleaving
of these sequences. Since the sequence of surrogate 9-costs incurred will be the time-inflated
interleaving of the surrogate 0-prices, a straightforward interchange argument (or equivalently,
the rearrangement inequality [12, Section 10.2]) tells us that the policy which always serves the job
with greatest surrogate 8-price will minimize the total surrogate 6-cost.
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Now consider 6-Gittins in the arrival free batch setting. Initially, all jobs have surrogate 0-price
equal to their 6-Gittins index. Since 0-Gittins serves the job with greatest 6-Gittins index, it will also
initially serve the job with greatest surrogate 0-price. Now imagine 6-Gittins switches to serving a
new job. This means that:

e This is the first ever time step where the original job’s §-Gittins index is less than the current
0-Gittins index of the new job, since otherwise the policy would have switched previously.
o Thus, the first job’s surrogate 6-price is equal to its new 6-Gittins index, and so is less than
the surrogate 0-price of the new job.
e 0-Gittins is still serving the job with greatest surrogate 6-price.
It is straightforward to check that this argument holds every time the policy switches to serving a
new job, so 6-Gittins always serves the job with greatest surrogate 9-price, and thus sample-path-
wise minimizes the total surrogate 6-cost.

The above argument also shows that 6-Gittins only stops serving a job when its surrogate -price

is equal to its -Gittins index, which means that 0-Gittins is 8-insulated. O

The optimality of 6-Gittins in the arrival-free batch setting follows directly from these properties.

THEOREM 3.7. For any 6 > 0 and batch I, 0-Gittins minimizes the expected 0-cost of I . That is,
for all policies r,

E[Cost (6, 7)] = E[Costo-Gittins (6, 1)].

Proor. Observe that since Proposition 3.5 holds for each job in the batch, by linearity of expec-
tation,
E[Cost, (6, 1)] > E[Cost, (6, 1)].
Since 0-Gittins sample-path-wise minimizes surrogate 6-cost, it must also minimize the mean
surrogate 0-cost. Thus,

E[Cost, (0, 7)] = E[Cost, (6, I)] = E[CostgGitins(6, 7)] = E[Costa-Gittins (6, 1)1,

where the last equality holds because 6-Gittins is #-insulated. O

3.3 What breaks down in the batch setting with arrivals?

The objective in the batch setting with arrivals corresponds to minimizing the expected total-
inflated cost of a multi-armed bandit with arms that arrive over time. The Gittins index policy is
known to be optimal in the presence of arrivals if the arrivals are time-homogeneous, that is, if each
arriving arm is drawn from the same distribution independent of arrival time [30, 31].1* However,
in the batch setting with arrivals, the arrivals are time-inhomogeneous since their costs e %% are a
function of their arrival times a;, so there is no reason to think that the Gittins index policy will be
optimal. Our goal in this section is not to identify the optimal policy for this setting, but rather to
understand where the proof of optimality in Section 3.2 breaks down due to arrivals.

The key problem is that both parts of Lemma 3.6 no longer hold: when there are arrivals, 6-Gittins
may not minimize surrogate 0-cost and may not be f-insulated. This can be seen in the below
example or by considering Fig. 3.1(c), which is effectively a two job batch with arrivals.

Example 3.8. Job (A) enters an empty system at time ¢ = 0 with 6-Gittins index 1 and surrogate
O-price 1 and is served. After one unit of service, job (A) has 9-Gittins index 4 and surrogate 0-price
1. At time ¢t = 1, job (B) enters the system with 0-Gittins index 3 and surrogate 6-price 3. Since

I Moreover, in settings with time-homogeneous arrivals and discounting, the Gittins index computation becomes more
complicated, and its value depends on the arrival rate and initial state distribution of new arms. The famous case of
minimizing mean weighted delay in the M/G/1 queue retains the relatively simple arrival-insensitive Gittins index due to
its lack of discounting [9, 24].
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Fig. 3.2. The boost received by a job under the age-based unknown-size job model for the 0.266-Gittins,
0.266-Surrogate, and 0.266-Insulated policies. The job size distribution is Unif{1/7,6/7,14/7}, and for each
policy we plot the boost a job would receive (—=b(x)) against its age x.

the 6-Gittins index of job (A) is greater than the 0-Gittins index of job (B), 6-Gittins serves job (A).
After one more unit of service, job (A) has 8-Gittins index 2 and surrogate 8-price 1. Now, job (B)
has the greater 0-Gittins index, so -Gittins preempts job (A) and serves job (B).

0-Gittins is not -insulated since job (A) is preempted at time t = 3 even though its 6-Gittins
index is not equal to its surrogate 6-price. Additionally, at time ¢ = 2, 0-Gittins serves job (A) even
though its surrogate 0-price is below that of job (B), so 8-Gittins does not serve the job with greatest
surrogate 9-price.

Thus, in settings with arrivals it is helpful to consider two new policies, which we define using
our variants of boost policies from Definition 2.4:

e §-Surrogate: the maximally preemptive variant of 8-Gittins,
e O-Insulated: the minimally preemptive variant of 0-Gittins.

It follows directly from the definitions that 8-Surrogate always serves the job of maximum
surrogate 0-price and 6-Insulated assigns the job in service a boost of infinity if its 8-Gittins index
is not equal to its surrogate 8-price. Thus, 8-Insulated never preempts a job except for when its
0-Gittins index equals its surrogate 8-price and otherwise always serves the job of greatest 8-Gittins
index. Thus, by reasoning similar to the proof of Lemma 3.6, we get an analogous result in the
batch setting with arrivals:

LEMMA 3.9. In the batch setting with arrivals,
o 0-Surrogate sample-path-wise minimizes surrogate 0-cost.
o O-Insulated is 0-insulated.

Thus, the expected surrogate 9-cost of 0-Surrogate provides a lower bound on the expected
real 0-cost of the optimal policy, and 0-Insulated has the same expected real 8-cost and expected
surrogate 6-cost. In the arrival-free batch setting, all three of these policies are equivalent, so
0-Gittins has both properties and optimality quickly follows. On the other hand, in the batch setting
with arrivals, 0-Gittins has neither property and so we should not expect it to minimize real 6-cost.
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At this point, it may seem like this surrogate cost approach is doomed to fail in any setting with
arrivals. However, recall our intuition from Section 2.2.1 that, when it comes to tail behavior of
response time in the M/G/1 queue setting, we can pretend that there are no preemptions due to arrivals.
Thus, the hope is that it will be sufficient for the proof in the M/G/1 queue setting that our three
policies have the same tail behavior of response time, even though the policies are not themselves
equivalent.

3.4 Strong tail-optimality of y-Gittins in the M/G/1 queue setting

We now consider the problem of minimizing the tail constant, C, = limg_,, Y;YHE[egT”], in the
M/G/1 queue setting. Just as when we switched from the arrival-free batch setting to the batch
setting with arrivals, the new complexity added by this setting leads to new obstacles. In the batch
settings we considered the performance of 8-Gittins with respect to minimizing the mean 6-cost of
a batch. In the M/G/1 queue setting, we roughly want to minimize mean y-cost,“E[eVT’f]”—however,
y-cost is infinite under any policy. Thus, to reason about C,, we must instead reason about 0-cost
and then let & — y. This is difficult because for any fixed 6 < y, we should not expect y-Gittins to
minimize mean 6-cost, even if we ignore the complications due to arrivals discussed in Section 3.3.
We therefore need to show that the optimality gap for y-Gittins’s performance with regards to
0-cost becomes negligible as 8 — y. But this quantitative statement about 6-cost is beyond the
scope of the qualitative proof using surrogate costs presented Section 3.2. Thus, our approach in
the M/G/1 queue setting will rely on a quantitative analysis that characterizes the performance
of arbitrary boost policies with regards to both real and surrogate 6-cost as 8 — y (Section 4). To
facilitate reasoning about these quantities, we introduce the following notation, which is specific
to the M/G/1 queue setting.

Definition 3.10.
(a) Let Cost,(0) = e?Tr so that C, = limg_,, gE[Cost”(G)].

(b) Let C/o\st,T(G) be a random variable distributed as total surrogate 0-cost paid while serving a
job in the M/G/1 queue under policy 7.

(c) The surrogate tail constant of policy 7 is Cp = limg_,, Y;Y(’E[C’c;tn(e)].
d) Cr(6) = Y%YQE[Costn(O)].
(e) Cr(0) = %E[&Et,,(e)].

Using this notation, C,; = limg_,, C;(0) and C; = limg_,, C;(0).

Using our quantitative analysis, we will prove the following result, formalizing our intuition
that preemptions due to arrivals do not affect the tail behavior of response time.

CoROLLARY 4.2. If two boost policies m and '’ have boost functions with the same lower envelope,
then C; = Cypr and C,, = Cpp.

Additionally, our quantitative analysis will prove the following continuity result, which lets us
reason about the real and surrogate 6-cost of 6-Gittins instead of y-Gittins as 6 — y.

ProPOSITION 4.3. For §-Policy € {6-Gittins, 8-Surrogate, -Insulated},
gg}/'cy—Policy(e) - CG-Policy(0)| =0, (4-2)

1im |Cy-potcy (6) = Co-poticy (0)] = 0. (43)

Once we have these results in hand, the optimality of y-Gittins follows from a proof very similar
to the one presented in Section 3.2. First, we need an M/G/1 queue analogue of Proposition 3.5:
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ProrosITION 3.11. For any policy = andy > 0 > 0,
E[Cost,(6)] > E[Cost,(8)],

with equality if and only if 7 is 0-insulated. A policy is 0-insulated if it never preempts a job whose
0-Gittins index is different than its surrogate 0-price.

Proor. This follows from using a “tagged job” analysis [11] and then applying Lemma D.3, which
is the same statement for a single arm of a general multi-armed bandit with inflation. O

We also need the below result, which follows from thinking of each busy period in the M/G/1
queue as a batch with arrivals and then applying Lemma 3.9.

LEMMA 3.12. For any policy = andy > 0 > 0,
E[Go\Stﬂ(e)] 2 E[é(;tG—Surrogate(G)]'

Proor. Since 0-Surrogate always serves the job with greatest surrogate 0-price, it sample-path-
wise minimizes the surrogate 8-cost of every busy period. By generalized Little’s law [6, 13, 18]
and renewal-reward theorem [11], sample-path-wise minimizing the surrogate 0-cost of each busy
period also minimizes E[C/c;t,,(e)]. )

THEOREM 3.13. For all policies r,
Cr 2 Cy—Gittins = Cy—Surrogate = Cy—Insulated~
In particular, y-Gittins is a strongly tail-optimal policy in the M/G/1 queue setting.

Proor. Note that by Corollary 4.2 we need only prove this for C,gittins- Let {7, }; be a sequence
of policies such that lim, . Cr: = liminf, C,. We would like to show that

éiir)l/|cy—Gittins(6) = lim Cp (0)] = 0.

The first step is to use the surrogate 6-cost of 6-Surrogate as a lower bound on the optimal real
0-cost:

Cn’i,(e) 2 671:‘1(9) 2 é\G-Surrogate(g)-

This follows from Proposition 3.11 and Lemma 3.12. The second step is to use the 8-Insulated policy
as a “bridge” between real and surrogate 6-cost:

|Cy—Gittins (6) - 6€—Surrogate (9) |
< |Cy—Gittins (9) — Co-Gittins (9) | + |C9—Gittins (9) — Co-Insulated (0) |

+ |C9-Insulated (9) - é\Q»Insulated ( 9) | + |59—Insulated(0) - é\Q—Surrogate (9) | .

In particular, observe that |Cg.sulated (6) — 6g_1nsu1ated(9)| = 0 by Proposition 3.11 and the fact that
0-Insulated is a 6-insulated policy. Now, as 8 — vy,

® |CyGittins (8) — Co-Gittins (€)| — 0 by Proposition 4.3,

° |C9-Gittins(9) - CQ-Insulated(9)| -0 by Corollary 4.2,

d |59—Insulated(9) - EG—Surrogate(G)l —0 bY COfOHarY 4.2,
S0

éi_r)r)l/|cy»Gittins(0) - é\G-Surrogate(eﬂ =0,

and y-Gittins is strongly tail-optimal in the M/G/1 queue setting. O

Proc. ACM Meas. Anal. Comput. Syst., Vol. 9, No. 2, Article 17. Publication date: June 2025.



A Gittins Policy for Optimizing Tail Latency 17:17

4 Analysis of real and surrogate tail constants for general boost policies

In this section, we provide a characterization of both the tail and surrogate tail constants of
trajectory-dependent boost policies. Our approach follows the general structure of Yu and Scully
[34], adapted to account for the more general class of boost policies. The main result of this section
(Theorem 4.1) is a characterization of the tail and surrogate tail constants for arbitrary boost
policies:

THEOREM 4.1. For any boost policy = with boost function b,

Cy = Cw E[ey(S—Q(Xo:s-l))] exp(/ AE[e”S[éN] —1] dt),
0

size minus boost crossing work

where b is the lower envelope of the boost function b, and S[b > t] = min{z > 0 : X, =
Xdone Or b(Xo.z) < t} is the random amount of service a job requires to either complete or stop
having (lower envelope of) boost greater than t. Similarly,

S )
Cr=CwE| L ( Xo:i_l)e”""’(x&“”l exp( / AE[erSIB1] _ 1] dt),
i=1 0

where L, (%0.z) = minyey,, T}, (x) is the surrogate y-price of a job with trajectory x..

Proor. This follows directly from Theorems 4.11 and A.7 and Lemma 4.6, which are discussed
in the rest of this section. ]

Full proofs of all results are given in Appendix A. We can intuitively interpret Theorem 4.1 by
noticing that the two highlighted terms capture a tradeoff that must be balanced by the boost
function.

e The “size minus boost” term quantifies how much a job benefits from its own boost. For
example, if the boost were always 0, this would be simply E[e""].
e The “crossing work” term quantifies how much a job is delayed by other jobs’ boosts. For
example, if the boost were always 0, this would simply be 1.
The key idea behind Theorem 4.1 is that when the work in system W is very large, the response
time of a job arriving into the system is roughly,

T~W+(S-B)+V, (4.1)

where B is the worst-ever boost of the job, and V is the “crossing work”, i.e. all the work with
priority over the job that has yet to arrive in the system. We lay out our approach to proving this
idea in Section 4.1 and then provide a rigorous statement in Lemma 4.9.

Theorem 4.1 provides a direct path to proving the results we needed for y-Gittins optimality in
Section 3.4. In particular, since Theorem 4.1 characterizes C, and Cy in terms of only the lower
envelope of the boost function, it follows immediately that:

CoROLLARY 4.2. If two boost policies m and '’ have boost functions with the same lower envelope,
then Cy = Cypr and C,, = Cpp.

Thus, all that is left is to prove:
ProrosITION 4.3. For 8-Policy € {6-Gittins, 8-Surrogate, 8-Insulated},
éim |Cy-Policy(0) - C@-Policy(6)| =0, (4-2)
-y

éiig'gy-Policy(g) - é\6—Policy(9)| =0. (4-3)
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Thankfully, the proof is almost identical to that of Theorem 4.1, so we defer it to Appendix B.
The main difference is that we now have 0-dependent policies and thus 6-dependent bounds on
response time. This is easy to deal with using the following facts, which are also proven in the
appendix:

o the “crossing work” is non-increasing in 6 (Lemma C.3 and the fact that reducing the boosts
of “crossing work” jobs reduces the amount of crossing work),
® by Gittins (the lower envelope of by gittins) is left-continuous and non-increasing in 6 (Lem-
mas C.3 and C.4).
The remainder of this section presents the main ideas needed for proving Theorem 4.1 (and thus
also Proposition 4.3).

4.1 Approach: pessimistic tagged job analysis

We formalize the intuition in (4.1) using a tagged job analysis in a stationary M/G/1 system. Without
loss of generality, we assume that the arrival time of the tagged job is zero. The tagged job analysis
consists of three main steps:

(1) Compute the amount of work in the system at the boosted arrival time of the tagged job. All

this work has priority over the tagged job.

(2) Lower bound the amount of work with priority over the tagged job that arrives after the

tagged job’s boosted arrival time.

(3) Upper bound the amount of work with priority over the tagged job that arrives after the

tagged job’s boosted arrival time.

In their analysis of known-size boost policies, Yu and Scully [34] leveraged the fact that the
priority order between the tagged job and other work in the system was static: if the tagged job had
priority over some work, that work could be ignored when computing the tagged job’s response
time. With trajectory-dependent boost functions, this is no longer the case. As the tagged job is
serviced, its boost, and thus its priority, may decrease. This means that, unlike in the known-size
boost setting, the priority order between the tagged job and other jobs changes with service.

Since the priority of the tagged job over other work in the system depends on its trajectory
through the state space, how should we analyze it? The answer it to use the pessimism principle
applied by Scully et al. [26] to analyze rank-based scheduling policies. We find that the worst-ever
boost of the tagged job determines how much work is prioritized over it before its departure.

In the rest of this section, we combine the pessimism principle with the tagged job approach of
Yu and Scully [34] to derive response time bounds for arbitrary trajectory-dependent boost policies.
We then use these bounds to characterize the tail constants.

4.2 Bounding response times with crossing work

For boost policies, there are several sources of work that will be relevant to the tagged job’s response
time. These sources of work roughly involve (1) jobs that are already in the system at the boosted
arrival time of the tagged job, and (2) work that arrives after the boosted arrival time but is boosted
in front of our job. We define quantities below which will allow us to reason about work relative to
the boosted arrival time of the tagged job. Throughout, we consider an arbitrary boost policy 7
with boost function b, which we leave implicit in our notation.

Definition 4.4.

(a) The u-crossing work of a job is the first age at which its boosted arrival time is after u. If this
never occurs, the u-crossing work is the size of the job.

(b) The u-non-crossing work of a job is its size minus its u-crossing work.
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(c) The crossing work V(u,v) (or V,(u,v) when we wish 7 to be explicit) is the the sum of
u-crossing work of each job that arrives in the system after time u and up to time u + v.

(d) The non-crossing work, V (u,v) is the the sum of u-non-crossing work of each job that arrives
in the system after time u and up to time u + v. Equivalently, this is the quantity of work that
arrives in the system after time v and up to time u + v minus the crossing work V(u,v).

(e) The existing work W (u), is the amount of work in the system at time u, excluding any work
that arrived at time u.

Observation 4.5. V(u,v), V(u,v), and W (u) are stationary with respect to u.
The following lemma provides an expression for the transform of crossing work:

LEMMA 4.6. For any boost policy m with boost function b, anyu € R, and any v € [0, o],
[
E[e"V®?)] = exp( / AE[e"S12>1] _ 1] de,
0

where S[b > t] = min{z > 0 : X; = xgope Or b(Xo.z) < t} is the random amount of service a job
requires to either complete or stop having (lower envelope of) boost greater than t.

The full proof is given in Appendix A. For our analysis, we require the transform of the crossing
work, E[eYV(O"X’) ], to be finite. We show that this transform is indeed bounded if the boost function
is bounded. This is far from a necessary condition, but it holds for b, gittins (Corollary C.2), so we
leave the task of deriving more general sufficient conditions to future work.

LEmMMA 4.7. For any boost policy with bounded boost function, E[e"V(%®)] < co.

ProOF. Suppose that the boost function is bounded by some m > 0. Then any jobs with arrival
time after m will have no 0-crossing work. Therefore, V (0, o) is bounded by the total amount of
work that arrives within the interval (0, m), and so it suffices to show that the transform of this
work is bounded. Call this work R. The arrivals have distribution S and arrival rate A, so

E[e"R] = M E1-1) — orm o o
by a standard M/G/1 result (see, e.g. [11, Chapter 25.6]) and the definition of y in (2.2). O

Having characterized crossing work, we now move to bounding response time in terms of
crossing work. As discussed in Section 4.1, a job’s response time depends critically on the worst
boost it has during its time in the system.

Definition 4.8. Let B = b(Xo.s—1) (or B, when we wish 7 to be explicit) be the worst ever boost of
the tagged job.

We now have the tools we need to formally capture the idea that T ~ W + (S — B) + V when the
work W is large. Specifically, we find bounds on T for any boost policy 7 (we write T, when we
wish 7 to be explicit) which are structurally similar to the known-size Boost policy bounds [34],
but require reasoning about work that has priority over the tagged job with its worst-ever boost B.

LEMMA 4.9. Let B = min(B, m) for any fixedm > 0. Then for all boost policies,
T > W(=B) + V(-B,W(=B)) + S — B,
T < max{W(-B), B} + V(~B,c0) + V(~B,m)1(W(-B) < B) +S - B.

We defer the proof to Appendix A, as it is very similar to an analogous proof in Yu and Scully
[34, Lemma 3.3]. Choosing m = 0 in Lemma 4.9 gives a simple upper bound on the tagged job’s
response time.

COROLLARY 4.10. For all boost policies, T < W(0) + V (0, 00) +S.
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4.3 Characterizing tail constants for boost policies

THEOREM 4.11. For any boost policy , we have C;; = CyyE[e?Vr(0°) |E[eV(S—Bx)],

Proor skeTcH. The proof follows essentially the same steps as the Boost analysis [34, Section 3]
but relies on the bounds in Lemma 4.9. A full proof is provided in Appendix A for completeness.
The first step is to use Lemma 4.9 to obtain the following lower and upper bounds on C = C:

€ > liminf Y;YQE[exp(e(W(—B) +V(-B,W(-B)) +S - B))],
-Y

-0

C < limsup Y E[exp (0 (max{W (-B), B} + V(-B, ) + V(~B,m)L(W(-B) < B) +S - B))].

00—y

Roughly speaking, the reason that both right-hand sides converge to the same value as 8 — y is
that the only term making the expectations infinite is the existing work. The lower bound follows
quickly from this observation: W (—B) is independent of the arriving job’s trajectory and the arrivals
after time —B, so we can factor a E[e?" (=B)] out of the expectation. The upper bound is a bit more
involved, as there is not a similarly clean factorization. But the fact that E[e?"(=P)] diverges as
6 — y means that we can essentially ignore terms that are only nonzero when W (—B) is below
any finite threshold. As such, we can effectively assume that W(—B) > m > B, after which we can
proceed similarly to the lower bound. O

The full proof is in Appendix A, where we also state and prove Theorem A.7, a surrogate cost
analogue of Theorem 4.11. Similarly, we use the same approach with 8-dependent bounds to prove
Proposition 4.3 in Appendix B. These three ingredients together complete the proof of Theorem 4.1.

5 Simulations

We have shown that y-Gittins achieves strong tail optimality. However, there remain unanswered
questions that are important to practitioners. We now explore these questions via simulations.
All simulations run with service to jobs being provided in discrete time steps and jobs arriving
continuously over time, as described in Section 2.1.

e Section 5.1: How well does y-Gittins perform in practical regimes? Does it perform as well
as its tail constant predicts? How much extra benefit is there to having job size informa-
tion? Namely, does y-Boost achieve significantly better performance due to having job size
information?

e Section 5.2: The three variants of y-Gittins have the same asymptotic tail constant. In practice,
at what latency threshold ¢ does the performance of these variants converge? Is it in the
pre-asymptotic regime?

e Section 5.3: How does the variance of the job size distribution affect the performance of
y-Gittins? Is it affected in similar ways as y-Boost? How does the load of the system affect
the performance of y-Gittins? Does it increase, decrease or neither?

e Section 5.4: How robust is y-Gittins to misspecification of y?

5.1 y-Gittins performance

In Figs. 5.1 and 5.2, we evaluate the performance of the optimal policy across different loads for

two different distributions by looking at the empirical Tail Improvement Ratio (TIR), with respect

P[T,>t]

to FCFS. A policy 7’s empirical TIR is given by 1 — . Simulations show that y-Gittins’ (and

P[Trcrs>1]
its variants’) performance improves on FCFS across a variety of loads. Our empirical results show
T . . . . CyGittins
that the performance of y-Gittins aligns closely with the theoretical asymptotic TIR of 1 — %
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Fig. 5.1. Performance of all three variants of y-Gittins on a discrete distribution, where job sizes can be 1/7,
6/7, or 14/7, all with probability 1/3. We refer to this as the 1-6-14 job size distribution but divide by 7 to
normalize the mean. Service is provided in time steps of length 0.1/7. The dotted blue horizontal line indicates
the numerical value of the theoretical asymptotic TIR, 1 — Cy-Gittins/CrcFs- The vertical dashed line denotes
the 99th percentile response time for y-Gittins. The left plot is the TIR for a load of 0.5 and the right plot is
the TIR for a load of 0.95. Simulations run a total of one million busy periods.
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Fig. 5.2. Performance of all three variants of y-Gittins on a discretized Hyperexponential distribution. The
Hyperexponential distribution is drawn from Exp(2) and Exp(1/3), with first branch probability 0.8. To
discretize, we consider a discrete distribution with job sizes from 0.1 to 25, in increments of 0.1. Service is
provided in time steps of length 0.1. The probability for all job sizes s except 0.1 is given by F(s) — F(s — 0.1),
where F is the CDF of the Hyperexponential distribution described above. The probability of job size 0.1 is
the difference between 1 and the sum of the other probabilities. The left plot is the TIR for a load of 0.5 and
the right plot is the TIR for a load of 0.95. The dotted blue horizontal line indicates the numerical value of the
theoretical asymptotic TIR 1 — Cy_gittins/ CrcFs- The dashed vertical line denotes the 99th percentile response
time for y-Gittins. We run p = 0.95 for one million busy periods. Because the load of p = 0.5 is low, we run it
for five million busy periods to ensure enough samples.

Simulations show that while y-Gittins outperforms FCFS, as our theoretical results suggest,
the performance of full-information y-Boost can be significantly better than that of y-Gittins. In
Fig. 5.3, we plot the performance of y-Boost with full job size information for comparison, and see
that there remains a noticeable gap in performance. As y-Gittins is theoretically the best that a
policy can perform without job size information, this suggests that practitioners with tail-sensitive
applications can obtain significant performance gains with accurate job size information.
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Fig. 5.3. Performance of all three variants of y-Gittins compared to full-information y-Boost. Performance is
evaluated on the 1-6-14 job size distribution as in Fig. 5.1 and the discretized Hyperexponential distribution
as in Fig. 5.2. The dotted blue horizontal line indicates the numerical value of the theoretical asymptotic TIR
1 = Cy-Gittins/Crcrs- The dashed vertical line denotes the 99th percentile response time for y-Gittins. Load is
0.8 for both scenarios. In both cases, full-information y-Boost achieves roughly 3x better performance than its
unknown size counterparts. Simulations run for one million busy periods.
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Fig. 5.4. A comparison of the Gittins variants and Least Attained Service (LAS) for different levels of variation.
We use two discretized Hyperexponential distributions as in Fig. 5.2. On the left, the Hyperexponential consists
of Exp(4), Exp(1/6) branches, with a first-branch probability of p = 20/23. On the right, the Hyperexponential
consists of Exp(8), Exp(1/12), and a first-branch probability of p = 88/95. After discretization, these have a
CoV? of approximately 7.6 and 17.9, respectively. We use a load of p = 0.8. Dashed vertical lines mark the
tp.99 response times of LAS and y-Gittins, and dash-dotted vertical lines mark the ty 999 response times of
those two policies. The dotted horizontal line represents the theoretical asymptotic TIR of y-Gittins. Observe
how at higher variation, LAS has lower ty 99 response time but still higher g 999 response time than y-Gittins.
Simulations run for one million busy periods.

5.2 Performance of minimally and maximally preemptive y-Gittins

We proved in Corollary 4.2 that all three variants, y-Gittins, y-Surrogate, and y-Insulated, have
the same tail constant, but how do they each perform in “pre-asymptotic” regimes? As we see in
Figs. 5.1 and 5.2, all three variants converge to the theoretical TIR at approximately the same rate.
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Fig. 5.5. The theoretical asymptotic TIR for y-Gittins as a function of load. The left plot captures how the TIR
evolves when the job size distribution is the 1-6-14 job size distribution as in Fig. 5.1. The right plot captures
how the TIR evolves when the job size distribution is the discretized Hyperexponential job size distribution
as in Fig. 5.2. Observe that the TIR is increasing for 1-6-14 as load increases, but this is not the case for the
discretized Hyperexponential; as the load continues the increase, the TIR begins to decrease.

5.3 Effect of variance and load on tail improvement

In this section, we measure the tail performance against the variance of the job size distribution. The
goal is to understand how variability in the job size distribution affects the tail performance of our
policies. Namely, we wish to understand: when do policies optimal for class I distributions overtake
suboptimal policies for tail performance, for different levels of job size distribution variability?
In particular, we compare with Least Attained Service (LAS), which is strongly tail optimal for
“heavy-tailed” job size distributions with unknown sizes.'? Simulations (Fig. 5.4) suggest that as the
variability of the job size distribution increases, LAS’s performance improves; that is, the benefits
of y-Gittins are not seen until much higher (e.g. ty.999) threshold response times.

Simulations show that y-Gittins performance varies with respect to system load, depending
on the actual job size distribution. We can see how the performance wrt load changes differently
for two different job size distributions in Fig. 5.5. Namely, for the 1-6-14 job size distribution, the
tail improvement ratio is monotonically increasing as load increases. However, for the discretized
hyperexponential distribution, this is not the case. The highest tail improvement ratio is attained
around a load of 0.6, and then decreases. This differs from y-Boost, where, at least for all distributions
tested in [34], full-information y-Boost’s TIR appears to strictly increase with increasing load.

5.4 Gamma sensitivity

In this section, we analyze the sensitivity of y-Gittins to a misspecified decay rate parameter y.
As with its full-information counterpart, y-Gittins only achieves strong tail optimality when the
correct decay rate y is used. However, in practice, one may only have access to noisy estimates
of the job size distribution, in which case y may be misspecified. We analyze the performance of
y-Gittins with various values of the decay rate parameter in Fig. 5.6. The results show that y-Gittins
is generally robust to misspecified y.

6 Conclusion

We considered the problem of minimizing asymptotic tail latency in the light-tailed M/G/1 with
unknown job sizes. Our main finding is that a novel variant of the Gittins index policy, which works

125pecifically, LAS is one of many policies that are strongly tail-optimal for regularly varying distributions [34, Appendix
Al.
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Fig. 5.6. Performance of y-Gittins with misspecified y. The theoretical asymptotic TIR with the correct
y is shown as a dotted horizontal line. We consider a range of [y/2,2y]. The job size distribution is the
discretized Hyperexponential distribution as in Fig. 5.2, with p = 0.8. The performance of y-Gittins degrades
for suboptimal y but the TIR is still positive. Simulations run with one million busy periods.

with inflation instead of discounting, accomplishes this. Simulations show that the theoretical
asymptotic tail improvements correspond to equal or better tail improvements at practical finite
thresholds.

Our work opens up multiple open questions. Perhaps the most straightforward, albeit theoretically
technical, is using excursion-theoretic or similar tools to extend the theory to continuous time
[4, 15, 16, 19]. The fact that the Gittins index naturally handles weights means that it could
potentially be used to minimize weighted tail objectives, which could prove useful for systems
with different tiers of service. Another challenging question is whether one can emulate the Gittins
index policy in settings where even the size distribution is unknown. A starting point could be
to create a boost policy that resembles the Randomized Multi-Level Feedback (RMLF) policy [14],
which approximately optimizes mean response time for all size distributions, in hopes of achieving
similarly for asymptotic tail latency. A final direction is to explore the use of boost policies, both
size-based and age-based, in network switches, which may be feasible using the Push-In First-Out
(PIFO) framework [2].
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A Proofs for Tail Constant of General Boost Policies

This appendix provides proofs for all the results needed to prove Theorem 4.1 and its surrogate
cost analogue, Theorem A.7.

A.1 Tail Constant for Response Time

LEMMA 4.6. For any boost policy m with boost function b, anyu € R, and any v € [0, o],
[
E[eV ()] = exp( / AE[erSIE>t] 1] dt),
0

where S[b > t] = min{z > 0 : X; = Xgone Or b(Xo.z) < t} is the random amount of service a job
requires to either complete or stop having (lower envelope of) boost greater than t.

Proor. We begin with two simplifying observations. First, because V(u,v) is stationary with
respect to u, it suffices to consider the u = 0 case. Second, we could use b instead of b in the
definition of S[b > ¢]: the first time a job’s boost dips below ¢ is also the first time the lower
envelope does so.

The result is a relatively routine application of Campbell’s formula for the Laplace functional of
a Poisson point process [17, Section 3.2], similar to an analogous application for known-size boost
policies [34, Lemma 3.5]. Specifically, let A be the random set of pairs (x., t) corresponding to
the trajectories xy.s and arrival times ¢ of jobs that arrive during (u, u + v). The crossing work is

V(0,0) = Z(number of steps of xg.; where the lower boost envelope is greater than t)
(x0:5,t) EA

= Zmin{u €10,...,s} : b(xou) < t}.

(x0:5,t) €A

The intensity measure y of the A Poisson process is p(X x dt) = P[Xy.s € X] Adt, so Campbell’s
formula, Tonelli’s theorem, and the definition of S[b > t] together imply

E[e!V (0] = exp(/ (exp(y min{u € {0,...,s} : b(xou) < t}) — 1) p(d(x0ss, t)))
= exp(/vE[exp(ymin{u €{0,...,5} : b(Xou) < t}) — 1] }tdt)
0
= exp(/UAE[eYS[b>t] — 1] dt|. ]
0

Observation A.1. Let U be the first age at which the tagged job has boost B. For the tagged job
to be served at age U, there can be no work in the system with boosted arrival time before —B.
Thus for the tagged job to have age greater than U, and in particular for the tagged job to have
completed, there must have been a point in time since the arrival of the job where there was no
work with boosted arrival time less than —B.

Proc. ACM Meas. Anal. Comput. Syst., Vol. 9, No. 2, Article 17. Publication date: June 2025.


https://doi.org/10.1287/opre.1120.1086
https://doi.org/10.1287/opre.30.2.223
https://doi.org/10.1287/opre.30.2.223
https://doi.org/10.1145/3656011

A Gittins Policy for Optimizing Tail Latency 17:27

Observation A.2. The existing work W (u) has the stationary distribution by a reasoning similar to
that in [34, Section 3.1]. In particular, W (—B) is distributed according to the stationary distribution,
because the tagged job’s boost is independent of its arrival time.

To see that this is the case, note that since X" is countable, the set of possible values for B,
the worst-ever boost of the tagged job, is countable. Since the worst-ever boost is independent of
the arrival time, we can use Poisson thinning to split the arrival process into independent Poisson
processes, each corresponding to a specific worst-ever boost. Now consider a specific one of these
processes corresponding to a constant worst-ever boost f > 0. Clearly, if we shift the process by —f
in time, it is still a Poisson process and independent of the other processes and all job trajectories.
Additionally, the value of W (u) at an arrival of this shifted process is independent of all future job
arrivals (from all the processes), so by PASTA [33], this shifted process observes the stationary
distribution. Since this holds for each of the “thinned” processes, this must also hold for the original
Poisson arrival process.

Above, we have used the fact that there are countably many possible boost values so that
we can use Poisson thinning, but one could reason in much the same way if there were un-
countably many boost values. The key idea is to view the arrival process as a Poisson pro-
cess of (arrival time, initial state) pairs over R X X that is time-homogeneous, i.e. the distribu-
tion is invariant to shifting the first element of the pairs. One can then check that the induced
(boosted arrival time, initial state) pairs are still a time-homogeneous Poisson process over R x X.

LEMMA 4.9. Let B = min(B, m) for any fixed m > 0. Then for all boost policies,
T > W(=B) + V(-B,W(-B)) +S — B,
T < max{W(-B), B} + V(~B,c0) + V(~B,m)1(W(-B) < B) + S — B.

Proor. Recall we assume without loss of generality that the arrival time of the tagged job is
time 0. The key idea is to analyze the maximum and minimum amounts of work that the server
could have done after time —B before completing the tagged job.

Lower bound: Observe that

e At time —B, there is W(—B) work in the system with boosted arrival time before —B.
e At time —B+ W (—B), there is at least V(—B, W(—B)) work in the system with boosted arrival
time before —B.
This tells us that at all times from —B to —B + W(—B) + V(—B, W(-B)), there is work in the
system with boosted arrival time less than —B. Therefore, Observation A.1 tells us that at least
W(-B) + V(—B, W(-B)) other work was completed before the tagged job completed. Since the
tagged job itself requires S service, we conclude that there was at least

W(=B) + V(-B,W(=B)) + S

work that needed to be completed after time —B for the tagged job to complete, which yields the
desired lower bound.

Upper bound: Observe that decreasing the tagged job’s worst ever boost B to B can only increase
its response time. Thus, it is sufficient to analyze the response time as if the worst ever boost is B.
To attain an upper bound, it is sufficient to bound all current and future work that could be served
before completing a job with boosted arrival time —B.

Observe that if W(—B) > B, this work includes

° W(—B): the work in the system at time -B,
e V(—B, »): all such work that arrives after time —B with boosted arrival time before —B.

If instead W (—B) < B, we can upper bound the tagged job’s response time by preventing it from
receiving service until after its arrival time. However, at time 0 (its arrival time), there may be
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work belonging to V(—B, m) that cannot be preempted (see Example A.3 below). Finally, all future
work that has priority over the tagged job is bounded by, V (=B, o). Therefore, along with the S
service required by the tagged job to complete, we conclude that between —B and the tagged job’s
completion, the amount of work completed is at most

max{W (~B), B} + V(-B, ) + V(~B, m)1(W(=B) < B) + . O

Example A.3. A job ] arrives in (=B, 0) and has boosted arrival time after —B. It receives service
prior to the arrival of the tagged job and has its boosted arrival time improve to before —B. Thus,
when the tagged job enters the system, J has priority over it. However, all of J’s work is in V(-B,m)
because its arrival time is in (=B, —B + m) and it has no (—B)-crossing work.

Observation A.4. A basic fact about Poisson arrival processes is that the arrivals in disjoint time
intervals are independent of each other. Thus, for all boost policies 7, and an arbitrary time u,
W (u), V(u, ), and S are independent since W (u) corresponds to arrivals before time u, V (u, )
corresponds to arrivals after time u, and S is independent of all other jobs and arrival times.

THEOREM 4.11. For any boost policy ., we have C; = CyyE[e?Vr(0°) |E[eV(S—Bx)],
Proor. It suffices to show

-0
ligl inf 4 E[eeT”] > CWE[eYV”(O’“’)]E[eY(S_B”)]
-y )/

-0
lim sup Y—E[eeTﬂ] < CWE[eyVn(O,W)]E[ey(S—Bn)]_
60—y

For the lower bound, consider an arbitrary w > 0. Lemma 4.9 implies that
-0
liminf ¥~V E[e7"]
60—y Y
> liminf Y = O B[00V (-Ba) 4V (~BrW (~Br))+5-Br)
-y Y

> liminf Y O [ OW BV (B W (B +SB) 1 (W (=B, ) > w)]
—y Y

-0
> ligl inf Y_E[ee<W<—Bn>+v,,<—Bn,w>+s—B,,>1(W(_Bn) > w)].
—y Y

By independence (Observation A.4), we can separate the terms in the last line, yielding

iy
= liminf Y= ZE[e®W B 1 (W (=B > w))]E[e®V (~Brw)|E[0(5~Bx)]

60—y Y
-0
= lim inf Y= VR [eOW B 1 (W (=B > w))]E[ex OW) ]E[0(S~Bn)]
-y )/

> CWE[e}/vn(_Bn’W)]E[eY(S_Bn)],

where the second line is by stationarity of V, and the last line is by Fatou’s lemma. Since our choice
of w was arbitrary, this bound holds in the w — oo limit. The monotone convergence theorem
implies that
-0
liminf ¥

n E[e/T] > CywE[e" " *)|E[expy(S - B,)].
-y Y
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If E[eYV”(O""’)] is infinite, then the RHS of the above is infinite, which implies that,

-0
lim sup Y—E[eeT”],
60—y

is infinite as well. For the upper bound, we need only compute the case where E[e?"7(%*)] is finite.
For any m > 0, Lemma 4.9 implies

lim sup Y E[eT"]
0—y

< limsup = HE[ea(ma"{w(‘éﬂ)’f’n}+Vn(—Bmw>+V<—Bn,m)ﬂ(W(—Bn)<z§”>+5—én>]

00—y
| } _ ) )

= lim sup L——E[e?Vx (-BreV(-Bom)S) (W (~B,) < B,)]+

0—y
-0 § . ) ) )
lim sup L B[e?W (Br)tVr(-Bre)tS-Bo) g (W (=,) > B,)]
00—y

< lim sup Y- 9E[e9(Vn(—B”,oo)+V(—Bﬂ,m)+5)]+
60—y Y
lim sup Y- 9E[ea(w(fén)“’vn(*BH,OO)+S*B,,)] )

9~>y

Observe that Vy (=B, 0) +V (=B, m) is simply all the work that arrives in the interval (=B, =B, +
m], call it A; and all the work that arrives after —B, + m which boosts past —By, call it A;. Then

Y- 9E[eG(V,r(—B,r,oo)+V(—Bﬂ-,m)+S)]

lim sup
60—y
-0
= lim sup Y E[e0(A1+42+S)]
60—y Y
-0
= lim sup Y E[e?1]E[e%2]E[%]
00—y Y
< lim sup r- E[eaAl]E[eav’f(_é”’o")]E[egs]
60—y
< lim sup Y- E[eYAl]E[eYV”<_B”’°°)]E[e”S]
60—y
= 0,

where we have used the independence of A; and A, (which follows from the independence of
disjoint time intervals of arrivals), and the fact that the transform of all three factors is finite:
e E[e®] is finite by the definition of y.
e E[e"V=(=Bx2)] is finite by assumption.
e A; is simply the amount of work that arrives in an interval of length m, where arrivals
have distribution S and arrival rate A, so E[e?41] = Am(E[er®]-1) _ e¥™, which is finite, by a
standard M/G/1 result [11, Chapter 25.6] and the definition of y.
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We now compute the limit for the second term:

9 e 5 5 5
lim sup y-¢ E[e?T7] < limsup y—2 E[ef (W (=Bx)+Va(=Br.00)+5=Br)]
00—y Y 0—y

iy 3 3 .
= lim sup Y—E[egw(_B”)]E[eev”(_B”’m)]E[ea(S_B”)]
60—y

—0 . )
= lim sup Y—E[egw(an)]E[eGVn(O,oo)]E[eQ(S,B”)]
0—y Y
< CwE[e!Vr(Bre) |E[er (5B,
We have used the stationarity of V;; in the second line and reverse Fatou’s Lemma for the last line.

Because this holds for any m, it holds in the m — oo limit. Monotone convergence and the fact that
B, — B, as m — co yields the desired limit. O

A.2 Tail Constant for Surrogate Cost

LemMA A.5. Foralli > 1,

-0 . .
lim L= B[ () | X5 = B[ B[ (20 | o],
-y )/

where T, (i) is the time to reach age i under policy .

Proor. Follow the proof of Theorem 4.11 but with conditional expectations, and substituting S
with i and B, with b(Xg.;_1), as defined in the above statement. Using the fact that the crossing

work and amount of work in system before the boosted arrival of the tagged job are independent
of the tagged job’s service history yields the above result. O

LEMMA A.6. For any policy n such that E[eYV’f(O"X’)] < o0,

Z F o (Xo:i— 1)E[69T =(0) |X0

i=1

lim E

lim —rg(xo, DE[eT=(® (x
0—y Y

6’—»)/

Proor. To prove this, we need only justify the use of the dominated convergence theorem.
Observe that

s
Z L}/QEQ(XO:i—l)E[GQT”(i) ‘XO:S] <

i=1

- GE[eerﬂ(i) ‘Xo;s]

-

1l
-

Mcn

Y; E[ee<W(o)+v,,(o,oo)+5) |X0:S]
1

Bl RO IEL | Xos]
1

M-

< Y= E[eQW(O)]E[eQV,r(O,oo)]SeQS
Y
where the first inequality is by Lemma C.1, the second inequality is by Corollary 4.10, and the third
inequality is by the fact that W and V,; are both independent of the tagged job’s service history
Observation A.4. By (2.1), for 6 sufficiently close to y,

-0
Y R [®Y O 1R [0V (02)]5e < (Cyy + 1)E[®V7*)]5¢95 < (Cyy + 1)E[e"Vx(0°)]5erS .
Y
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Thus, for 6 sufficiently close to y,

s
—0 .
Z r-- » EQ(XO:i—l)E[eGT”(Z) | Xo:s] < (Cw + 1)E[e"V= (%) ]gers,
=1

and so the last step to be able to apply the dominated convergence theorem is showing that
E[(Cw + 1)E[e""*(®®)]Se"S] = (Cw + 1)E[e""=(®®)|E[Se""] < o,

for which it will be sufficient to show that E[Se?] < oo. Observe that E[e(Y*9)5] < co for some
£ > 0 since S is class I (Definition 2.1) and E[e"®] < co. For this same ¢, there exists some M > 0
such that S > M implies SevS < er+)S and so

E[Se?] < Re'R + E[e0+99] < 0. O

THEOREM A.7 (SURROGATE COST ANALOGUE OF THEOREM 4.11). For any boost policy = where
E[e"V(0®)] < oo,

~ -0
Cr = lim LoE[Costr(0)] = CyE[er~ " IE
—Y )/

S
Z oni_l)e)/(ifb(xo:i—l)) ,
i=1

where b(Xo.;—1) is the worst-ever boost we see before an age i.

Proor or THEOREM A.7. Observe that

_ -0
C, = lim L_7E[Cost, (0)]
60—y Y

—9 |
= lim =—E Zre(xol 1)e"Tﬂ“)l

60—y Y —
. -0 0T, (i)

= gun ——FE|E ZEQ(XOZi—l)e = Xo:s (Tower rule)
vy i=1

[ S
. 0 i
= lim ——F ZEH(XO ,1)E 0T, (i) XO:S]

9—>y )/
J —0 .
=E Z éim YTE@(XO:i—l)E[eeT”(I) Xo:s]| (Lemma A.6)
=1 Y
s _0 _
=E| ) [ (Xoi-1) GI.LTI; YTE[GGT”(l) | Xo:s| (Lemma C.4)
i1
s
= CwE[e"'(*~)|E Z EY(Xo:i—1)E[€Y('_Q(X°”"1)) | Xo.s] (Lemma A.5)
i=1
s
= CwE[eYv”(O’oo)]E Z Ey (XOzi_l)eY(l—b(XO:il))l )
i=1

Lemma A.6 uses the rough bound provided by Corollary 4.10 to justify moving the limit into the
expectation by the dominated convergence theorem. Lemma C.4 shows that the surrogate f-price
of a job is left-continuous on the interval y > 6 > 0. O
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B Costsin 6 — y limit results

This appendix provides proofs for all results needed to prove Proposition 4.3. Throughout, we
subscript by 0 to denote 6-Gittins. For example, By is equivalent to By_gittins, the worst-ever boost
under the policy 0-Gittins.

o -0
LeEmmA B.1. Cy—Insulated < lim 1nf€—>y YTE[COStQ-Insulated(Q)]-

Proor. We start the proof by following the steps of the proof of Theorem 4.11. Applying the
lower bound in Lemma 4.9, we get that for all w > 0,

y—90

lim inf E [COStQ—Insulated(e)]

60—y
> lirgn inf Y- 9E[eG(W(*Be)Ws(*Be,W(*Be))+SfBe)]
-y )/

> lim inf Y- 6E[ee(w(’BQ)+V9(’BH’W)+5’BH)]l(W(—Bg) > w)]
-y )/

-0
= lim inf Y= 2RV (-Bo) 1 (W (=Bg) > w)|E[e?Ye(~Bo-w)|E[f(S~Bo))
—Yy }/

where the last equality follows from the independence of W (—Byp), Vy(—Bg, w), and (S—By). Observe
that since W (+) is identically distributed at all times,

=Cy ligl inf E[¢? (~Bo-W)| lim inf E[¢?(5~B0)].

—y 00—y
By the same reasoning, Vy(:, w) is identically distributed at all times and we may simplify to

=Cw ligl inf E[e?V0(0™)] ligl inf E[e/(5~Bo)].

Vo (0, w) is non-increasing in 6 because increasing 6 means decreasing these jobs’ boosts (Lemma C.3)
which only decreases Vy (0, w).

> Cy liminf E[e?"Y(*")] lim inf E[e/©~B9)].

0—y 0—y

Finally, By is left-continuous and non-increasing in 6 (Lemmas C.3 and C.4) so we may apply the
monotone convergence theorem,

> CyE[er W E[er 7B,

Since this holds for all w > 0, it must also hold in the w — oo limit. Once again applying monotone
convergence theorem,

.. y—0 o _
lim inf YTE[COStG-lnsulated(Q)] 2 CWE[eYVY(O’ )]E[eY(S BY)] = Cyflnsulated

00—y

where the last equality follows from Theorem 4.11. O

. -0
LEMMA B.2. Cynsulated = lim supy_,, YTE[Costg_Insulated(O)].
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Proor. Following the initial steps in the upper bound in the proof of Theorem 4.11, we get that
for any m > 0,

- -0
lim sup Y E[Costg_msulated (#)] = lim sup Y—E[egT" ]
60—y Y 60—y Y
< lim sup Y- E[ee(vg(—Be,m)+Vg(—B9,m)+5)]+
00—y

lim sup y- 9E[ee(W(—Bg)wg(—Bg,oo)+5—ég)]'
60—y

Observe that Vp (—Bg, c0)+V g(—Bp, m) is simply all the work that arrives in the interval [-Bg, —Bp+
m], call it A 9, and all the work that arrives after —By+m which boosts past — By with boost function
bo-msulated, call it A, g. Note that since the system has Poisson arrivals, A; g is stationary in 8 and
furthermore, A; g, A;, and S are independent, so

lim sup LHE [ee(vﬁ(_BS,OO)+V9(—BH,m)+5)]

0—y
= lim sup LGE[ee(AL9+A2,9+S)]
0—y
-0
= lim sup L= CE[e?40]E[#420 ][]
0—y Y

-0
= lim sup Y—E[egAW]E[eeAz’g]E[ees].
0—y

Now note that A, < Vo (—Bp, o) by definition and Vy (-, 00) is stationary in 6. Thus,

lim sup E[e%42¢] < lim sup E[¢?70(®)] = E[e!Vr (0]
60—y 60—y

Putting these together,
y—90

lim sup —E[ee(V"(_Be’mHV"(_BQ’mHS)] < E[e"r]E[e"Vr (%) ]E[e"] lim sup Y
0—y

=0
60—y
where the last equality follows from the fact that the three expectation terms are all finite:

e E[e®] is finite by the definition of y.

e E[e"7(%)] is finite by assumption.

e A, is simply the amount of work that arrives in an interval of length m, where arrivals
have distribution S and arrival rate A, so E[eYAl] = /m(E[e®]-1) _ e¥™, which is finite, by a
standard M/G/1 result [11, Chapter 25.6] and the definition of y.

We are left with

lim sup Y- GE[eeTg] < lim sup y-v 9E[e9<w(_Bg)+v‘9<_39’°°)+5_39)]
60—y Y 60—y
_ lim sup L0 B[ (-Bo) | 0Vo(~Bos) | 0050
0—y Y

= CyE[e""r =) |E[¢r (-8,
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Because this holds for any m, it holds in the m — oo limit,

-0
lim sup Y
00—y Y

E[e”] < lim CyE[e"r (=) |E[eV B
m—00

= CyE[e""r(®)E[eV 5~ Br)]
= Cy—Insulateds

where the first equality follows by the dominated convergence theorem and the fact that By — Bg
as m — oo, and the second equality follows from Theorem 4.11. O

LEMMA B.3. For both 0-Insulated and 9-Surrogate:

-0
lim y=>

0 B[ | Xos] = CyE[e"r O B[ T2 | X,
v Y

Proor. Look at the proof of Theorem 4.11 and note that changing the stopping time from S to i
does not change the proof. Similarly, conditioning on the trajectory does not change the proof. O
LEMMA B.4 (ANALOGUE OF LEMMA A.6).

s
Z Y;}/ezg (XO:i—l)E[egTe(i) | Xo:s|

i=1

lim E
00—y

=E

S

.y ‘
> tim Lo r, (i) B[ | Xos]
o oov Y

Proor. The proof is essentially the same as that of Lemma A.6, but with slightly different
justification for applying dominated convergence theorem, so we give only this different justification
below:.

Imitate the proof of Lemma A.6 up to the conclusion that for 0 sufficiently close to y,

< (Cw + 1)E[e?70(02)] 505

s
Z Y;YQEQ(XO:i—l)E[eeTgm ‘ Xoss |
im1

Recall from Lemma C.3 that under 6-Gittins, the boost of all states is decreasing as a function of 6.
This means that Vy(0, o) is decreasing as a function of 6, because strictly fewer states “boost past”
time 0. Therefore, for any fixed n < y, we have

lim sup E[eevﬁ(o"x’)] < E[eYV”(O,oo)]’
0—y

which is finite since all states have bounded boost (Corollary C.2). So for 0 sufficiently close to y,
E[e?0(0)] < E[erVn(0)],
Thus, for 6 sufficiently close to y,
s y—0 A
Z TEQ(XO:i—l)E[eeTQ(I) ‘ Xo:s|

i=1

< (Cw + 1)E[e""n ()] serS,

The right-hand side does not depend on 6, so it is suitable as a bound for applying dominated
convergence theorem. The remainder of the proof follows as in Lemma A.6. O

PRroPOSITION 4.3. For 8-Policy € {0-Gittins, 0-Surrogate, -Insulated},
éim |Cy—Policy(9) - CG-Policy(9)| =0, (4-2)
-y

égg'gy-Policy(g) - 59-Policy(9)| =0. (4-3)
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Proor. The first equality follows from Lemmas B.1 and B.2 and then observing that the proof
is unchanged if we replace Insulated with Policy everywhere. This is because all the terms only
depend on the lower envelope of the boost function, which is identical for all three policies.

The second equality follows by imitating the Theorem A.7 except at the step that uses Lemma A.6
use Lemma B.4 and at the step that uses Theorem 4.11 use Lemma B.3. O

C Properties of the 0-Gittins Index and 6-Gittins Boost Function

This appendix proves basic properties of the 8-Gittins index and 0-Gittins boost function that we
need.

LEMMA C.1. Foranyx € X andally > 6 > 0,

01

1>Ty(x) > ¢

Proor. For the upper bound observe that,

Ty(x) = su E[InflatedCost(8, x, 0, Y)]
o= Yg% E[InflatedTime(6, x, Y)]
E[ee Service(x,Y)]

< sup -
YCX E Zfirlvme(x,Y) egt]

E [69 Service(x,Y) ]
<sup ——— =1,
YcX E[eQServu:e(x,Y)]

where the last inequality follows by dropping all but the last term of the sum in the denominator.
For the lower bound observe that,

Ty(x) = su E[InflatedCost(6, x,0,Y)]
W)= OuR “ElInflatedTime (6, x, Y)]

ef —1 E[InflatedCost(6, x, 0, Y)]

20 ;{Lgl% E[eHService(x,Y) - 1]

69 -1 E[ee Service(x,X)]

69 E[ee Service (x,X) _ 1]

ef —1
Z =0

CoroLLARY C.2. Foranyx € X andally > 6 > 0,

Uog( =) 5 b () = 0
90g 66—1 2 09-Gittins (X) = V.

Proor. Observe that by Lemma C.1,

bo-citins (x) = = log(Ty(x)) + = log(_ee )
0 0 ef —1
> l log(ee—_l) + l log( 89 ) =0
0 e? 0 ef — 1 ’
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and,

0

1 1 e
bo-Gittins (x) = 5 log(Tp(x)) + lOg(ee _ 1)

1 1 e?
< Elog(l) +§10g(60 — 1)

—110 al ]
"0 & e —1)

LemMA C.3. Forall x € X, bg.gittins (x) is non-increasing in 6.

Proor. Observe that,

1 1 e?
bo_gittins (X) = 3 log(Tp(x)) + 3 log 1

1 1 e? —1 E[InflatedCost(6, x, 0, Y)] 1 1 ef
5 0g 69 ‘S{LC_II;K E[eBService(x,Y) _ 1] + 5 0g 69 -1

1 ) E[InflatedCost(6, x, 0, Y)]
- 5 0g| sup E[eG Service(x,Y) _ 1]

YcX
1 E[ee Service(x,Y) Completed(x, Y)]
= —log| sup i '
0 "\yex E[ef Service(xY) — 1]

So we will be done if we can show that

E[efService(xY) Completed(x, Y)]
E[eH Service(x,Y) _ 1]

is non-increasing in 6. Observe that,
E[e?Service(xY) Completed(x, Y)]
E[eGService(x,Y) _ 1]
E[eGService(x,Y) —14+1- eGService(x,Y)(l _ Completed(x, Y))]
= E[eH Service(x,Y) _ 1]

. E[1—efSevicelxY) (1 — Completed(x, Y))]
=1+ E[eHService(x,Y) _ 1] ’

which is clearly non-increasing in 8 since the numerator is non-increasing in 6 and the denominator
is non-decreasing in 6. O

LEMMA C.4. For all trajectories xg,, € X4, Ty (x0:u) and bg_Gittins (X0:u) are left-continuous in 6 on
the intervaly > 6 > 0.

Proor. Fix an arbitrary x € X. We first prove that Iy (x) and bg_gittins () are left-continuous in
0. Observe that for any y > 0’ > 0,

elg%, E [eG Service (x,Y) Completed(x,Y)] = E [60’ Service(x,Y) Completed(x, Y)]

by the dominated convergence theorem and the fact that E[e¥*] < co. Similarly,
lim E [60 Service(x,Y)] — E[eG/ Service(x,Y)]
06’ '
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This means that

E [60 Service(x,Y) Completed(x,Y)]
E [69 Service(x,Y) _ 1]

is continuous (and thus lower semicontinuous) since the denominator is positive for all 6 > 0. A
standard fact about lower semicontinuous functions is that the supremum of an arbitrary family of
lower semicontinuous functions is lower semicontinuous. Thus,

E[efService(xY) Completed(x, Y)]
E [60 Service(x,Y) _ 1]

5

sup
YcX

and therefore also Iy (x), are lower semicontinuous in 0 on the interval y > 6 > 0. Since Iy (x) is non-
decreasing in 0 (Lemma D.7), this means that Iy (x), and therefore, bg_gittins (x), are left-continuous
in 6.

Now fix a trajectory xo.,, € X"¥ and recall that,

Ly (x0) = min Ty(x).
XEX0:u

A minimum over a finite set of left-continuous functions is left-continuous, so Ty (x0:1), and thus
also bg_gittins (X0:), are left-continuous on the interval y > 0 > 0. o

D Multi-armed Bandits with Costs and Inflation

In this section we prove that a Gittins policy is optimal for a modification of the classical discounted-
reward Markovian multi-armed bandit (MAB) problem that generalizes the arrival-free batch
problem described in Section 3. In particular, we consider the inflated-cost Markovian MAB with jobs
problem. This is the same as the classical MAB problem except for the following three modifications:

(1) Rather than there being n arms, there are n Markov jobs (Section 2.1).

(2) Serving a job incurs a random cost at the end of the time step instead of earning a random

reward at the start of the time step.

(3) Costs incurred in the future are inflated rather than discounted. That is, a cost incurred k

time steps in the future would cost ¥ times as much as if that same cost were incurred at
the current time step, where now f§ > 1.

Our proof builds on the classical economic argument introduced by Weber [29]. Thus, our
exposition highlights the differences while succinctly presenting the well-established aspects of
the proof. We encourage readers unfamiliar with the economic argument, or those who would like
a refresher, to review Weber [29] before proceeding.

D.1 The Model

The decision maker (DM) is presented with n independent Markov jobs (Section 2.1) that must be
served to completion. Let x;(#) denote the state of job i at time t = 0, 1,. ... Each job i is associated
with a cost function, W;(x, x”), that maps each ordered pair of states to a non-negative distribution.
If the DM serves job i at time ¢:

(a) the DM may not serve any other job at time ¢,

(b) the DM incurs a cost sampled from W;(x;(t), x;(¢ + 1)) at the end of the time step, i.e. at time

t+1,
(c) the state of job i updates according to the known Markovian dynamics,
(d) the state of all other jobs remains unchanged.
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All costs are inflating over time at rate f > 1, so the expected total-inflated cost incurred under
policy 7 is

E

T
Z,Btwir(t) (xn(t)(t))l (D.l)
t=1

where T is the sum of the sizes of the jobs, 7(¢) denotes the job served at time step ¢ under policy
7, and w; (x; (1)) ~ Wi(x;(t), x;(t + 1)). We assume that (D.1) is finite for all policies  that serve a
job every time step. The goal is to determine the policy & that minimizes (D.1).

D.2 Differences From the Classical Economic Argument

In the economic argument, the first step is to consider only a single arm and modify the game
so that playing the arm forever results in zero expected total-discounted reward. Implicit in that
construction is the fact that the DM’s local goal (when considering only one arm) is to maximize
discounted reward since their global goal (when considering all arms) is also to maximize discounted
reward. However, when considering inflated costs, the DM wishes to locally maximize inflated costs
so as to globally minimize inflated costs. This is because with inflated costs (under the assumption
that all costs must be paid eventually, as is the case here), minimizing costs involves paying the
largest costs as early as possible, thus minimizing the amount of time they inflate. Therefore, we
construct a modified single job game assuming that the DM’s goal is to incur as much cost as

possible.

D.3 Optimality of the Gittins Index for Multi-Armed Bandits with Inflation

Consider a modified situation where:

e There is only a single job.

e At each time step, the DM may choose to serve the job or stop forever.

e Each time the DM serves the job, they earn a fixed reward &, which we refer to as the prevailing

reward.

e The DM wishes to incur as much cost as possible.
Clearly, since the DM wishes to maximize incurred cost, the DM will only agree to continue playing
at a given state x if the expected future-inflated cost is non-negative for some stopping policy:

supE

7>1

DB (w(x() - &)

x(0) = xl > 0.

Define the maximal acceptable reward at state x, denoted T'(x), to be the maximal prevailing
reward such that the DM agrees to continue serving the job, that is,
. o}.

x(0) =x

I(x) = sup{§ € R:supE| > ' (w(x(t)) - §)
721 =1

Remark D.1. An equivalent formulation (that we use in Section 3.1),

B[Z30 B (w(x(0) | x(0) = x|
I'(x) = sup S
YoX E[Z Bt x(0) = x]

=1
where X is the state space of the job and S(Y) is the first time the bandit’s state exits Y. This
expression follows from straightforward manipulations of the above definition and the fact that
stopping times on Markov chains are defined by a continuation set Y € X.
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Now imagine that we set the initial prevailing reward to be I'(x(0)) and that each time the DM
reaches a state such that they prefer to stop, we decrease the prevailing reward to the maximal
acceptable reward of the current state. In doing so, we ensure that the DM is willing to continue
serving the job until completion. Furthermore, by the definition of the maximal acceptable reward,
the DM would experience a fair game,

T
E| > B (w(x(t) =L(1)| =0 (D2)
t=1

where ['(#) = ming<,<; I'(x(«)) and T is the size of the job.

We now wish to consider the situation where the DM may not stop forever, but may instead stop
serving the job for any finite number of time steps. These pauses will later correspond to the DM
serving other jobs. We will show that when pauses are allowed, the expected total-inflated cost is
greater than or equal to zero (in contrast, it equals zero when pausing isn’t allowed, as expressed
by (D.2)).

To prove this, we consider two cases:

(1) The DM pauses at a time ¢t when I'(¢) = T'(x(2)).

(2) The DM pauses at a time ¢t when T'(#) < T'(x(t)).

In the first case, we know that if the DM does not pause at time ¢ and instead continues serving
the job to completion, the expected inflated-cost incurred from that point onwards is zero (by the
definition of T'(x(t))). Clearly, the extra inflation caused by pausing at time ¢ does not change this
and so the expected total-inflated cost incurred is zero as it is unaffected by the pause.

In the second case, if the DM does not pause at time ¢ and instead continues serving the job to
completion, the expected inflated cost incurred from that point onwards is positive. Thus, the extra
inflation caused by pausing at time t increases the expected total-inflated cost incurred, and so
pausing at such a time leads to a positive expected total-inflated cost.

The above argument only considers a single pause, but it is straightforward to extend it to any
number of pauses by induction. Putting everything together we conclude that:

(1) The expected total-inflated cost is greater than or equal to zero with or without pauses.

(2) The expected total-inflated cost is equal to zero if and only if pauses are only taken when the

prevailing reward equals the maximal acceptable reward of the current state.
This motivates the following definition.

Definition D.2. We say that a policy 7 is insulated if the DM only pauses at times when the
prevailing reward equals the maximal acceptable reward of the current state. Equivalently, in the
inflated-cost MAB with jobs problem, we say that a policy is insulated if the DM only switches the
job they are serving in states where the prevailing reward of the previously served job is equal to
the maximal acceptable reward of its current state.

We can now formalize our results for the single-job game as the following lemma:

LemMma D.3. For a single job and all policies 7,

| > E,

S
DB W w(x(w)

S
Zﬁ”‘”[(u)l

where T (u) is the time at which the job is served for the u-th time following policy n. Furthermore,
equality holds if and only if & is insulated.

To complete the proof, we now return to the inflated-cost MAB with jobs problem. Set the
prevailing reward of each job to be the maximal acceptable reward of its initial state. We now make
3 key observations.
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Observation D.4. The policy which always serves the job with greatest prevailing reward is
equivalent to the policy which always serves the job with greatest maximal acceptable reward.
Furthermore, both of these policies are insulated.

Observation D.5. Since the policy which always serves the job with greatest prevailing reward
is insulated, the expected total-inflated reward earned by the policy is equal to the expected
total-inflated cost of the policy.

Lastly, since the prevailing rewards are non-increasing, there is inflation, and every job must be
served to completion,

Observation D.6. The policy which always serves the job with greatest prevailing reward mini-
mizes the total-inflated reward earned.

Using these three observations together, it is straightforward to show the desired result. First,
note that by applying Lemma D.3 to each job individually, we get that the minimal possible expected
total-inflated reward earned is a lower bound on the expected total-inflated cost of any policy.
The three observations above together show that the expected total-inflated cost earned by the
policy that always serves the job with greatest maximal acceptable reward attains this lower bound.
Noting that the maximal acceptable reward is a variant of the Gittins index, we conclude that a
variant of the Gittins policy minimizes expected total-inflated cost.

D.4 Properties of the Gittins Index

The following lemma is a inflation version of a classical result from the Gittins index literature [9].
The proof is included here for completeness.

Lemma D.7. For all states x € X, I'(x) is non-decreasing in the inflation factor p.

Proor. Let Ig(x) be the Gittins index with inflation factor . We wish to prove that for all & < f
and x € X, T (x) < I's(x). Recall that,
. 0}

x(0) = xl.

x(0) =x

DB (w(x (1) - &)
t=1

Tp(x) = sup{rf € R :supE
21

so it will be sufficient to prove that

supE

721

DB (wix() - &)

x(0) = xl > sulloE Z a' (w(x(t) = &)
T2 =1

For any stopping time 7 we can define a geometrically distributed stopping time o that is independent
of 7 such that P[o > t] = (a/f). Thus,

SupE| Y B (w(x(1)) = £) | x(0) :xl 2 supE| ) ' (w(x(0) = ) | x(0) =xl
= sgII)E ZP[G > t]1fH(w(x(t)) = &) | x(0) = xl
= il;FI)E ; a' (w(x(t)) — &) | x(0) = xl. |
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