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Abstract

We propose a new best-of-both-worlds algorithm for bandits with variably delayed
feedback. In contrast to prior work, which required prior knowledge of the maximal
delay d,.x and had a linear dependence of the regret on it, our algorithm can
tolerate arbitrary excessive delays up to order 1" (where T is the time horizon). The
algorithm is based on three technical innovations, which may all be of independent
interest: (1) We introduce the first implicit exploration scheme that works in best-
of-both-worlds setting. (2) We introduce the first control of distribution drift that
does not rely on boundedness of delays. The control is based on the implicit
exploration scheme and adaptive skipping of observations with excessive delays.
(3) We introduce a procedure relating standard regret with drifted regret that does
not rely on boundedness of delays. At the conceptual level, we demonstrate that
complexity of best-of-both-worlds bandits with delayed feedback is characterized
by the amount of information missing at the time of decision making (measured by
the number of outstanding observations) rather than the time that the information
is missing (measured by the delays).

1 Introduction

Delayed feedback is an ubiquitous challenge in real-world applications. Study of multiarmed bandits
with delayed feedback has started at least four decades ago in the context of adaptive clinical trials
(Simonl 1977, [Eick, |1988)), the same problem that has earlier motivated introduction of the bandit
model itself (Thompsonl [1933)). We focus on robustness to delay outliers and to the loss generation
mechanism. In practice occasional delay outliers are common (e.g., observations that never arrive).
Robustness to the loss generation mechanism implies that the algorithm does not need to know
whether the losses are stochastic or adversarial, but still provides regret bounds that match the optimal
stochastic rates if the losses happen to be stochastic, while guaranteeing the adversarial rates if they
are not (so-called best-of-both-worlds regret bounds). Such algorithms are important from a practical
viewpoint, because the loss generation mechanism can rarely assumed to be stochastic, but it is still
desirable to have tighter regret bounds if it happens to be. From the theoretical perspective both
forms of robustness are interesting and challenging, requiring novel analysis tools and yielding better
understanding of the problems.

Joulani et al.[(2013) have studied multiarmed bandits with delayed feedback under the assumption that
the rewards are stochastic and the delays are sampled from a fixed distribution. They provided a mod-
ification of the UCBI1 algorithm for stochastic bandits with non-delayed feedback (Auer et al.,2002).

They have shown that the regret of the modified algorithm is O (Zi: A;>0 (IOALT + amaXA,;)>,

where ¢ indexes the arms, A; is the suboptimality gap of arm ¢, T is the time horizon (unknown to the
algorithm), and oy, 1s the maximal number of outstanding observations. (An observation is counted
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Table 1: Comparison to state-of-the-art. The following notation is used: 7' is the time horizon,
K is the number of arms, 7 indexes the arms, A; is the suboptimality gap or arm 4, o,y is the

maximal number of outstanding observations, D = Zthl d; is the total delay, S C [T is a set of
skipped rounds, S = [T\ S is the set of non-skipped rounds, Ds = >, 5 d; is the total delay in
the non-skipped rounds, and dy,ax is the maximal delay. We have ming (|S | + \/Dig) < /D and
Omax < dmax, and in some cases ming (\S | + \/Dig) < VD and opax < dimax.

_ Paper Key results

Joulani et al.7(2013) Stochastic bound: O (Zi:Ai>O (% + amaXAi»

" |Zimmert and Seldin/(2020) Adversarial bound
without skipping: O (\/KT + +/Dlog K)
with skipping: O(\/KT—HninS (IS + \/DglogK))

(Masoudian et al.[(2022)) provide a matching lower bound)

“[Masoudian et al.[(2022) Best-of-both-worlds bound, stochastic part
O (Zi#i* (loAgiT + A?Tﬁ) + dmaxK1/3 IOg K)
The results assume oracle Best-of-both-worlds bound, adversarial part
knowledge of dmax o (\/TK 4+ V/DIog K + dypa K1/3 log K)
Our paper Best-of-both-worlds bound, stochastic part

(@) (Z#i* (lc’Aﬂ + ﬂm) + Komax + S*), where

S*=0 <min (dmaxKg log K, ming {|8| + \/DSK% logK}>)

Best-of-both-worlds bound, adversarial part

O (VET + mins {|S| + /DgI0g K} +5° + Ko

as outstanding at round ¢ if it originates from round ¢ or earlier, but due to delay it was not revealed
to the algorithm by the end of round ¢. The number of outstanding observations o, at round ¢ is the
number of actions that have already been played, but their outcome was not observed yet. We also call
o the [running] count of outstanding observations. The maximal number of outstanding observations
Omax 18 the maximal value that o, takes and is unknown to the algorithm.) The result implies that in
the stochastic setting the delays introduce an additive term in the regret bound, proportional to the
maximal number of outstanding observation.

In the adversarial setting, multiarmed bandits with delayed feedback were first analyzed under the
assumption of uniform delays (Neu et al.,[2010} 2014). For this setting |Cesa-Bianchi et al.| (2019)
have shown an Q(v KT + /dT log K ) lower bound and an almost matching upper bound, where K
is the number of arms and d is a fixed delay. The algorithm of (Cesa-Bianchi et al.| is a modification of
the EXP3 algorithm of |Auer et al.|(2002b)). |(Cesa-Bianchi et al.|used a fixed learning rate that is tuned
based on the knowledge of d. The analysis is based on control of the drift of the distribution over arms
played by the algorithm from round ¢ to round ¢ + d. |Thune et al.|(2019)) and |Bistritz et al.[(2019)
provided algorithms for variable adversarial delays, but under the assumption that the delays are
known “at action time”, meaning that the delay d; is known at time ¢, when the action is taken, rather
that at time ¢ + d,, when the observation arrives. The advanced knowledge of delays was used to tune
the learning rate and control the drift of played distribution from round ¢, when an action is played, to
round t + d;, when the observation arrives. Alternatively, an advance knowledge of the cumulative
delay up to the end of the game could be used for the same purpose. Finally, Zimmert and Seldin
(2020) derived an algorithm for the adversarial setting that required no advance knowledge of delays
and matched the lower bound of |Cesa-Bianchi et al.[(2019) within constants. The algorithm and
analysis of Zimmert and Seldin|avoid explicit control of the distribution drift and are parameterized
by running counts of the number of outstanding observations o, which is an empirical quantity that
is observed at time ¢ (“at the time of action”).

Masoudian et al.| (2022) attempted to extend the algorithm of [Zimmert and Seldin| (2020) to the
best-of-both-worlds setting. The stochastic part of the analysis of [Masoudian et al.| is based on a
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direct control of the distribution drift. The control is achieved by damping the learning rate to make
sure that the played distribution on arms is not changing too much from round ¢, when an action is
played, to round ¢ + d;, when the loss is observed. Highly varying delays cannot be treated with this
approach, because fast learning rates limit the range d; for which the drift is under control, while slow
learning rates prevent learning. Therefore,[Masoudian et al. had to reintroduce the assumption that
that the maximal delay d,,.x is known, and used it to tune the learning rate. Unfortunately, damping
of the learning rate to control the drift over d,,,,x rounds made dy,.x show up additively in the bound,
meaning that potential presence of even a single delay of order 7' made both the stochastic and the
adversarial bounds linear in the time horizon. We emphasise that the linear dependence of the regret
on d,,x 1s real and not an artefact of the analysis, because it comes from damped learning rate.

We introduce a different best-of-both-worlds modification of the algorithm of [Zimmert and Seldin
(2020) that is fully parameterized by the running count of outstanding observations and requires
no advance knowledge of delays or the maximal delay d,,,x. Our algorithm is based on a careful
augmentation of the algorithm of Zimmert and Seldin| with implicit exploration (described below),
followed by application of a skipping technique (also described below) as a tool to limit the time span
over which we need to control the distribution shift.

Implicit exploration was introduced by Neu| (2015) to control the variance of importance-weighted
loss estimates in adversarial bandits. But the exploration parameters add up linearly to the regret
bound, making it highly challenging to design a scheme for best-of-both-worlds setting. The implicit
exploration schedule of Neu| leads to Q(ﬁ ) regret bound and, therefore, unsuitable for that. [Jin
et al.| (2022) introduced a different schedule for adversarial Markov decision processes with delayed
feedback. However, it is unknown whether their schedule can work in a stochastic analysis. We
introduce a novel schedule and show that it works in best-of-both-worlds setting.

Skipping was introduced by [Thune et al.|(2019)) as a way to limit the dependence of an algorithm on
a small number of excessively large delays. The idea is that it is “cheaper” to skip a round with an
excessively large delay and bound the regret in the corresponding round by 1, than to include it in the
core analysis. Thune et al.| have assumed prior knowledge of delays, but Zimmert and Seldin| (2020)
have perfected the technique by basing it on a running count of outstanding observations. In both
works skipping was an optional add-on aimed to improve regret bounds in case of highly unbalanced
delays. In our work skipping becomes an indispensable part of the algorithm, because, apart from
making the algorithm robust to a few excessively large delays, it also limits the time span over which
the control of distribution drift is needed.

In Table[I] we compare our results to state of the art. In a nutshell, we replace terms dependent on
dmax by terms dependent on oy, ., and terms dependent on the square root of the total cumulative
delay D = Zthl dy, by terms dependent on the number of skipped rounds |S| and a square root of
the cumulative delay Dg = ), s d; in the non-skipped rounds S (those with the smaller delay).
This yields robustness to excessive delays, because neither oy,,x nor ming (|S | + \/Dig) depend on
the magnitude of delay outliers. By contrast, both the stochastic and the adversarial regret bounds of
Masoudian et al.|(2022) become linear in 7" in presence of a single delay of order T'.

There are also additional benefits. It has been shown that 04 < dimax, and in some cases oy K
dmax (Joulani et al.| 2013} Masoudian et al.| 2022). For example, if the first observation has delay
T, and the remaining observations have zero delay, then d,,x = 7', but o, = 1. We also have
that mings (|S |+ /D 5) < VD, because S = @ is part of the minimization on the left, and in

some cases ming (|S |+ /D 5-) < V/D. For example, if the delays in the first v/7" rounds are of
order T, and the delays in the remaining rounds are zero, then ming (\S |+ /D g) =0 <\/T), but

VD =Q (T3/ 4) (Thune et al., 2019). Therefore, bounds that exploit skipping are preferable over
bounds that do not, and for some problem instances the improvement is significant. In Appendix [F]
we show that bounds with an additive term dy, ., including the results of Masoudian et al.[ (2022),
cannot benefit from skipping, in contrast to ours.

The following list highlights our main contributions.

1. We provide the first best-of-both-worlds algorithm for bandits with delayed feedback that is robust
to delay outliers. It improves both the stochastic and the adversarial regret bounds relative to the
work of Masoudian et al.| (2022, which lacks such robustness. For some problem instances the
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improvement is dramatic, e.g., in presence of a single delay of order T" both the stochastic and the
adversarial regret bounds of Masoudian et al.| are of order 7', whereas our bounds are unaffected.

2. We provide an efficient technique to control the distribution drift under highly varying delays.
3. We provide the first implicit exploration scheme that works in best-of-both-worlds setting.
4. We provide a procedure relating drifted regret to normal regret in presence of delay outliers.

5. At the conceptual level, we show that best-of-both-worlds regret depends on the amount of
information missing at the time of decision making (the number of outstanding observations) rather
than the time that the information is missing (the delays). It was shown to be the case for the stochastic
and adversarial regimes in isolation (Joulani et al.; 2013} Zimmert and Seldin} 2020)), but we are the
first to show that it is also the case for best-of-both-worlds.

2 Problem setting

We study the problem of multi-armed bandit with variable delays. In each round ¢t = 1,2, .. ., the
learner picks an action I; from a set of K arms and immediately incurs a loss ¢; ;, from a loss
vector /; € [0,1]%. However, the incurred loss is observed by the learner only after a delay of d,
at the end of round ¢ + d;. The delays are arbitrary and chosen by the environment. We use o}
to denote the number of outstanding observations at time ¢ defined as oy = >, ., 1(s + ds > t)
and oax = maxc(r] 0 to be the maximal number of outstanding observations. We consider two
regimes for generation of losses by the environment: oblivious adversarial and stochastic.

We use pseudo-regret to compare the expected total loss of the learner’s strategy to that of the best
fixed action in hindsight. Specifically, the pseudo-regret is defined as:

T T
th,i Z (Ce,r, — Et,i})] ,
=1

t=1
where i7 = min;e[x) E [ZL Zm} is the best action in hindsight. In the oblivious adversarial

=E

T
Regr =E |‘Z€t71t] — min E
e} 1€[K]

setting, the losses are assumed to be deterministic and independent of the actions taken by the
algorithm. As a result, the expectation in the definition of 7 can be omitted and the pseudo-regret
definition coincides with the expected regret. Throughout the paper we assume that 47, is unique. This
is a common simplifying assumption in best-of-both-worlds analysis (Zimmert and Seldin} 2021).
Tools for elimination of this assumption can be found in|Ito|(2021).

3 Algorithm

The algorithm is a best-of-both-worlds modification of the adversarial FTRL algorithm with hybrid
regularizer by [Zimmert and Seldin| (2020). It is provided in Algorithm [I]display. The modification
includes biased loss estimators (implicit exploration) and adjusted skipping threshold. The algorithm
maintains a set of skipped rounds S; (initially empty), a cumulative count of “active” outstanding
observations (those that have not been skipped yet), and a vector of cumulative observed loss estimates
Z;’bs from non-skipped rounds. At round ¢ the algorithm constructs an FTRL distribution x; over
arms using regularizer F; defined in equation (2)) below, and samples an arm according to z;. Then
it receives the observations that arrive at round ¢, except those that come from the skipped rounds,
and updates the vector E;’bs of cumulative loss estimates. The loss estimates /; are defined below in
equation (I). Then it counts the number of “active” outstanding observations ; (those that belong to
non-skipped rounds), updates the cumulative count of outstanding observations D;, and computes

the skipping threshold d?.,. = , /49](2?7;10%. Finally, it adds rounds s for which the observation

has not arrived yet and the waiting time (¢ — s) exceeds the skipping threshold d?, . to the set of
skipped rounds S;. Lemma 20} which is an adaptation of |[Zimmert and Seldin| (2020, Lemma 5) to
our skipping rule, shows that at most one round s is skipped at a time (at most one index s satisfies
the if-condition for skipping in Line[T3]of the algorithm for a given ?).

We use implicit exploration to control importance-weighted loss estimates. The idea of using implicit
exploration is inspired by the works of [Neu| (2015) and Jin et al.| (2022), but its parametrization and
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Algorithm 1: Best-of-both-worlds algorithm for bandits with delayed feedback

Initialize Sy = @, Dy = 0, and L"bS = 0, where 0 is the zero vector in R
fort=1,2,...do

/ P/a.\'ing an arm and receiving observations (except from skipped rounds)
Set z; = argmin e ax-1 (Lt L) + Fi(x) // Fy is defined in @)
Sample [; ~ z;
fors: (s+ds; =t)A(s¢ Si—1)do
Observe (s, s 1.)
Lgbs = LY + 4 // s is defined in ()
// Counting “active” outstanding observations and updating the skipping threshold
Set Gy = sei—1ps,, L(s +ds > 1)
Update D; = D;_1 + 0

Setd!, . = \/ D/ (49K% log K)

// Skipping observations with excessive delays (by Lemma.m most one is skipped at a time)
fors € [t — 1]\ S;—1 do
if min {d,,t — s} > d!,, . then

| St =8-1U{s} /1 Tf the waiting time ¢ — s exceeds d', , then s is skipped
else
| St =8

purpose are different from prior work. To the best of our knowledge, it is the first time implicit
exploration is used for best-of-both-worlds bounds. For any s,¢ € [T] with s < t we define implicit

D
exploration terms A, ; = e Pt =% . Our biased importance-weighted loss estimators are defined by
~ 0 1L = 1)

by =
max {xt’i’)‘t,wdﬁ}

where d, = min (d,, min {(t — 5) : t — s > d?,,.} ) denotes the time that the algorithm waits for
the observation from round s. It is the minimum of the delay d;, and the time (¢ — s) to the first
round when the waiting time exceeds the skipping threshold d? ..

; ey

Similar to Zimmert and Seldin| (2020), we use a hybrid regularizer based on a combination of the
negative Tsallis entropy and the negative entropy, with separate learning rates

K K
Fy(z) = —2n; ! <Z ﬁ) +t (Z zi(log z; — 1)) ; ()

where the learning rates are 7, * = v/t and ;' = ﬁiplé. The update rule for z; is
= VE/ (-L§") = arg_min (L z) + Fy(z), 3)
z€ -1

where Efbs = 22;11 Zsll(s +ds < t)1(s ¢ Si—1) is the cumulative importance-weighted loss
estimate of observations that have arrived by time ¢ and have not been skipped. We use S* = St to
denote the final set of skipped rounds at time 7.

4 Regret Bounds

The following theorem provides best-of-both-worlds regret bounds for Algorithm[I] A proof is
provided in Section[5]and a bound on S* can be found in Appendix [H]

Theorem 1. The pseudo-regret of Algorithm[I]for any sequence of delays and losses satisfies

Regy = (x/ T + mln {|S| + \/W} + 5%+ Kamax>
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where Gmax = maxc () {04} is the maximal number of outstanding observations after skipping and

S* =0 (min (dmaxKl/?’ log K , min {|S| +1/DsK3 logK})) .
SC[T]

Furthermore, if the losses are stochastic, the pseudo-regret also satisfies

R IOgT a\'rnax ~ *
Regy = O g;( A, +Ai10gK>+KUmaX+S

Masoudian et al.|(2022) provide an €2 (\/ KT + mingc7) {|S| + +/Dslog K}) regret lower bound

for adversarial environments with variable delays, which is matched within constants by the algorithm
of (Zimmert and Seldin} 2020) for adversarial environments. Our algorithm matches the lower bound
within a multiplicative factor of K 3 on the delay-dependent term, which is the price we pay for
obtaining a best-of-both-worlds guarantee. It is an open question whether this factor can be reduced.

In the stochastic regime, assuming that the delays in the first o,,,x rounds are of order 7', and that
the losses come from Bernoulli distributions with bias close to %, a trivial regret lower bound is

Q (0 max# +>, i l(fiT) . This bound is almost matched by the algorithm of |Joulani et al.

(2013) for the stochastic regime only. Our bound has some extra terms, most notably > . #ix A?E‘g 74
and S*. It is an open question whether these terms are inevitable or can be reduced.

Theorem |I| provides three major improvements relative to the results of Masoudian et al.| (2022): (1) it
requires no advance knowledge of d,,,.x; (2) it replaces terms dependent on dp,.x by terms dependent
0N Tpyax, Which never exceeds dyy.x, and in some cases may be significantly smaller; and (3) it makes
skipping possible and beneficial, making the algorithm robust to a small number of excessively large

delays and replacing /D log K term with mingsc7 {|S | +1/DsK ilog K }, which is never much

larger, but in some cases significantly smaller.

5 Analysis

In this section, we present a proof of Theorem[I] We begin with the stochastic part of the bound in
Section[5.1] followed by the adversarial part in Section[5.2]

5.1 Stochastic Analysis

We start by defining the drifted regret Regy ' = E [Zthl ((xt, fobsy — Z;’bl‘; )} , where (9b% =

Zi:l Zsll(s +d, = t)1(s ¢ S;) is the cumulative vector of losses received at time ¢. Lemmais

ft

. I i . . ——dri -
the first major contribution establishing a relationship between RegT7 /" and the actual regret Regp.

Lemma 2 (Drift of the Drifted Regret). Let 0},,,, = max e {G,}. Then

T
——dri, 11— Omax
Regr = > 1 egp — 2K § : ()\t,t+cTt + >‘t,t+<ﬁ+0fnax) 4 57
t=1

where S* is the total number of rounds skipped by the algorithm.

In prior work on bounded delays the relation between Riengmft and Reg, was achieved by shifting
all the arrivals by dyax, leading to an additive term of order dy,,x. This approach fails for unbounded
delays, because a single delay of order T" prevents shifting and leads to linear regret. We address the
challenge by introducing a procedure to rearrange the arrivals (Algorithm [2]below) and advanced
control of the drift (Lemma [3]below). A proof of Lemma 2]is provided at the end of the section.

The drift control lemma (Lemma 3 is the second major contribution of the paper. Prior work on
bounded delays controlled the drift by slowing the learning rate in accordance with dy,.x. This



Algorithm 2: Greedy Rearrangement
Initialize v}'** = 0 forallt =1,...,T +dZ .
fort=1,...,Tdo
fors=1,...,t:s+ds;=tdo
L Find the first round 7 (s) € [t,t + d,

] such that 076 = 0

Move the arrival from round s to round 7 (s) and update vy =1

max

[T O I

211 does not work for highly varying delays, because slow learning rates prevent learning, whereas
212 fast learning rates fail to control the drift. Lemma [3|relies on implicit exploration terms in the loss
213 estimators in equation (1) and on skipping of excessive delays, leaving the learning rates intact.

214 Lemma 3 (Drift Control Lemma). Let d. .. be the skipping threshold at time t. Then, for any
215 1 € [K]ands,t € [T), where s < tandt—s <d',,. ., we have

T < dmax(zs i, Ast).

max’

216 The proof is based on introduction of an intermediate variable T, = V F (—f;’ésl), which is based
217 on the regularizer from round s and the loss estimate from round ¢. It exploits the implicit exploration
218 term A, ; to show that Tt " < 2 and skipping to show that ””— < 2. The latter implies that

max(Z;,\s
% < 2,and in combmatlon with the former completes the proof. The details of the two

220 steps are provided in Appendix [B]

219

221 Given Lemmas[?]and Lemma 3] We apply standard FTRL analysis, similar to[Masoudian et al.|(2022),
222 to obtain an upper bound for RegT . Specifically, in Appendix |A| we show that

Regy "' <E [a Z > ma + bZ D Ve Werq, — Vil + CZ Z Mtxffolgil/xf .

t=1 i#i* t=1 i#i* t=2 i=1

T
+O<K2Am+@), ©)

t=1

223 where a, b, c > 0 are constants and v; = 22:1 1 (s + cﬁ = t) is the number of arrivals at time ¢

224 (if around s is skipped at time ¢ it counts as an “empty’ arrival with loss estimate set to zero). By
225 combining (@) with Lemma[2] we obtain

T
Regr <E {QGZ Domat 20N g, (Vg — Dreildi+ QCZ Z Mtxtfolgi 1/, z):|

t=1 i#£i* t=1 i7#1* t=2 i=1
T
+ o (KZ ( t t+dt + )\t t+dt+a§n1x) + Omax + S*> . (5)
t=1

226 Then we apply a self-bounding analysis, similar to Masoudian et al.|(2022), and get
T
_ 1 Omax *
T =0 3 (80 + 5705 ) e+ K3 (e + hssos ) +5°)
i£i* v v t=1
227 The details of the self-bounding analysis are provided in Appendix [C|

228 The stochastic analysis is completed by the following lemma, which bounds the sum of implicit
229 exploration terms above. It constitutes the third key result of the paper and shows that the bias from
230 implicit exploration does not deteriorate neither the stochastic nor the adversarial bound. The proof is
231 based on a careful study of the evolution of D, throughout the game, and is deferred to Appendix

Dy
232 Lemma 4 (Summation Bound). Forall s € [T), let Dy =>"_, 0, and \s; = € Pi-Ps, then

Z ( t, t+dt t t+dt+<7:ndx> = O(Umax)-

t=1
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Proof of Lemma @] (Drift of the Drifted Regret)

We start with the definition of the drifted regret.

t=1

S¢S,
d R
s, il s, ibt g
SBID > -
— : _max{ms,ia/\s,t}

max {Zs i, Ast}

*

T i UoiTs Tt *
2 Z ZE[W —Ks’i;xm] — S .

6

Note that when taking the expectation, we rely on the fact that E s with s + c/l\s = t does not affect x;.
If max {zs;, As1 } = @5, then x = € ;x4 ;, otherwise

es,ixtﬂ‘ (/\s,t - xs,i) >0 .0 4)\s,t<)\s,t - xs,i)
it -~

* = gs iLtg — = Ls -
’ ’ )\s,t ’ ’ )\s,t

2 Es,ixt,i - 4As,tu (7)

where the first inequality uses ;; < 4max(xs;, As¢) = 4As¢ by Lemma' and ls; > 1, and the
second inequality follows by =, ; > 0. Plugging (7)) into (G) gives

A T K
Reng”ft > Z Z Z Coimes — ANgp — Lsizpi)| — S*
1 1=1

ez

It suffices to give a lower bound for Ry in terms of the actual regret Reg. The difference between
Ry and Regy is that Regy = E [Zle Zfil Aixm}, whereas in R the sum Zfil Az is

T

+d.
T K
> ZAM,Z— —4KY > B[] -5 ®)

=1 s1d,=t

multiplied by the number of arrivals v; = 22:1 1 (s + c/l\s = t) at time ¢, and v; might be larger
than one or zero due to delays.

Our main idea here is to leverage the drift control lemma to provide a lower bound for RT in terms of
Regr. Specifically, by Lemmafor all € [0,d!,,.], we have max(x i, Af t4+) > 1 T4y i, Which

» Ymax = 1
implies x; ; > ixtﬂi — At.t+r Thus, we obtain the following bound for any r € [0, d% .. ]

— ’ ’ ? max

K LK
> Ay > 1 > A — Ko €))

i=1 i=1

In Algorithm 2] we provide a greedy procedure to rearrange the arrivals by postponing some arrivals
to future rounds to create a hypothetical rearranged sequence with at most one arrival at each round.
Colliding arrivals are postponed to the first available (unoccupied) slot in the future. In Lemma3]
below we show that arrival originally received at time ¢ stays in the [t,t + Jmlx] interval (note

that o, < df ... When an observation from round s is postponed from arriving at round ¢
to arriving at round ¢ + r for r € [0,d’ ,.], by () it is equivalent to replacing Zfil Az ; by

% Zfil Aixiyr; — K¢ 4 in Rp. Note that Algorithmmay push an arrival to a round larger
than 7", which is equivalent to replacing ZzK:1 Az, ; by zero.

T T K
drift “obs “obs ‘gs,ixs,ixt,i gs,i* Ts i Lt i
Re - ( Qobsy _ gobs ) - E f el
egr [Z <xt t > t,i% ] Z Z Z max {xs,u /\S}t} max {ws’ifr’ )\S’t}

|
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Let vPe% for all t € [T + dZ ] be the total arrivals at time ¢ after the rearrangement, and let 7(¢) be

the round to which we have mapped round ¢ for all ¢ € [T']. Then for any rearrangement

T K T
>E [Z ivfew S A =K Ay - (10)
i=1 t=1

t=1

T K

Z Ut Z Aﬂt,z‘

t=1 i=1

Rr =E

The following lemma provides properties of the rearrangement procedure.

max max] that
v e {0, 1}. Furthermore, for any round t € [T it keeps all the arrivals at time t in the interval

[t,t + ol ), such thatVs <t:s+ds =t =7(s) —t < o,

max max*

Lemma 5. Let of,, = max,cy {0,}. Then Algorithm 2| ensures for any t € [T + di,

We provide a proof of the lemma in Appendix [E} As a corollary, after the Greedy Rearrangement
(Algorithm [2) the number of rounds with zero arrivals is at most o . This is because there will

: T T+o-rjr—;ax new _ T — : : :
be no arrivals after T+ o), and >, v =3, vy =T, which implies there are at most

ol . zero arrivals as each round receives at most one arrival. Therefore

T K T K
E |: Z U?ew Z Aixt,i:| = RiegT —E lz I[(Ullequ _ 0) Z Aixt,i
1 i=1 i=1

t= b= t=1

1(vPe = 0)

B

SRiengE[O—T } SRiengo—maxa

Y

SRBQTE[

t=1

where the first equality uses the definition of Reg, = IE[EZ;I Zf; Az 4] and that V¢ € [T :
vrew € {0, 1}.

Since Vt € [T] : w(t) <t + dy + Tpnax> We have A -1y < A, 7 .. . Together with (TI), (T0),
and (8) it completes the proof.

5.2 Adversarial Analysis

The adversarial analysis is similar to the analysis of [Zimmert and Seldin| (2020, Theorem 2). In
Appendix [G] we show that

T
RegT:O<\/ﬁ+Sncli[%{|S|+ DslogK}+S*+KZ)‘t,t+Jt>’
c =1

where the first two terms originate from the analysis of Zimmert and Seldin|due to structural similarity
of the algorithm, S* is due to adjusted skipping threshold, and K Zle Ay +d, is due to implicit

exploration bias and is bounded by Lemma[d] The proof is completed by the following bound on S*,
which is shown in Appendix [H]

Lemma 6. We have S* = O (min (dmaxKg log K, mingsc 7y {S| +4/DsK3 1ogK})) .

6 Discussion

We have successfully addressed the challenge of handling varying and potentially unbounded delays
in best-of-both-worlds setting. The success was based on three technical innovations, which may
be interesting in their own right: (1) A relation between the drifted and the standard regret under
unbounded delays (given by Lemma[2] Algorithm[2] and Lemmal[5); (2) A novel control of distribution
drift based on implicit exploration and skipping that does not alter the learning rates and exhibits
efficiency under highly varying delays (Lemma[3); and (3) An implicit exploration scheme applicable
in best-of-both-worlds setting (Lemma {4]).



284

286

287
288

289
290

291

292

293

294
295

296

297

299

300

301

302
303

304
305

306
307

308
309

310
311

312
313

314

315
316

317
318

319

321

322
323

References

Jacob D Abernethy, Chansoo Lee, and Ambuj Tewari. Fighting bandits with a new kind of smoothness.
In Advances in Neural Information Processing Systems (NeurIPS), 2015.

Peter Auer, Nicolo Cesa-Bianchi, and Paul Fischer. Finite-time analysis of the multiarmed bandit
problem. Machine Learning, 47, 2002.

Peter Auer, Nicold Cesa-Bianchi, Yoav Freund, and Robert E. Schapire. The nonstochastic multiarmed
bandit problem. SIAM Journal on Computing, 32, 2002b.

Ilai Bistritz, Zhengyuan Zhou, Xi Chen, Nicholas Bambos, and Jose Blanchet. Online exp3 learning
in adversarial bandits with delayed feedback. In Advances in Neural Information Processing
Systems (NeurIPS), 2019.

Nicolo Cesa-Bianchi, Claudio Gentile, and Yishay Mansour. Delay and cooperation in nonstochastic
bandits. Journal of Machine Learning Research, 20:1-38, 2019.

Stephen G. Eick. The two-armed bandit with delayed responses. The Annals of Statistics, 1988.

Shinji Ito. Parameter-free multi-armed bandit algorithms with hybrid data-dependent regret bounds.
In Proceedings of the Conference on Learning Theory (COLT), 2021.

Tiancheng Jin, Tal Lancewicki, Haipeng Luo, Yishay Mansour, and Aviv Rosenberg. Near-optimal
regret for adversarial MDP with delayed bandit feedback. In Advances in Neural Information
Processing Systems (NeurIPS), 2022.

Pooria Joulani, Andras Gyorgy, and Csaba Szepesvari. Online learning under delayed feedback. In
Proceedings of the International Conference on Machine Learning (ICML), 2013.

Saeed Masoudian, Julian Zimmert, and Yevgeny Seldin. A best-of-both-worlds algorithm for bandits
with delayed feedback. In Advances in Neural Information Processing Systems (NeurlPS), 2022.

Gergely Neu. Explore no more: Improved high-probability regret bounds for non-stochastic bandits.
In Advances in Neural Information Processing Systems, 2015.

Gergely Neu, Andras Gyorgy, Csaba Szepesvdri, and Andrds Antos. Online markov decision
processes under bandit feedback. In Advances in Neural Information Processing Systems, 2010.

Gergely Neu, Andras Gyorgy, Csaba Szepesvdri, and Andrds Antos. Online markov decision
processes under bandit feedback. IEEE Transactions on Automatic Control, 59:676-691, 2014.

Francesco Orabona. A modern introduction to online learning, 2022. https://arxiv.org/abs/
1912.13213.

Richard Simon. Adaptive treatment assignment methods and clinical trials. Biometrics, 33, 1977.

William R. Thompson. On the likelihood that one unknown probability exceeds another in view of
the evidence of two samples. Biometrika, 25, 1933.

Tobias Sommer Thune, Nicold Cesa-Bianchi, and Yevgeny Seldin. Nonstochastic multiarmed bandits
with unrestricted delays. In Advances in Neural Information Processing Systems (NeurIPS), 2019.

Julian Zimmert and Yevgeny Seldin. An optimal algorithm for adversarial bandits with arbitrary
delays. In Proceedings on the International Conference on Artificial Intelligence and Statistics
(AISTATS), 2020.

Julian Zimmert and Yevgeny Seldin. Tsallis-INF: An optimal algorithm for stochastic and adversarial
bandits. Journal of Machine Learning Research, 2021.

10


https://arxiv.org/abs/1912.13213
https://arxiv.org/abs/1912.13213
https://arxiv.org/abs/1912.13213

324

325
326
327
328

329

330
331

332

333

334
335

336

337

A Details of the Drifted Regret Analysis

In this section we prove the bound on drifted regret in equation (@). The derivation is same as the
one by Masoudian et al.[(2022), however, for the sake of completeness we reproduce it here. The
analysis follows the standard FTRL approach, decomposing the drifted pseudo-regret into penalty
and stability terms as

T T
=B Y (o0 %) + Fy (-L) = Fr (=L9) | +E | D F (=L") = Fy (~L3%%) — b,

t=1 t=1

dmft

stability penalty

The penalty term is bounded by the following inequality, derived by |Abernethy et al.|(2015)

T
penalty Z Fi_q1(x) Ft(ﬂﬂt))-i-FT(ez‘*T) — Fy(x1), (12)
t=2

where e;: represents the unit vector in RX with the i%-th element being one and zero elsewhere.
This leads to the following bound for penalty term

penalty < O Z Z 77t=’13t Z+ Z Z oy log(1/ e ;) ’ (13)

t=2 jH£* t=2 i=1 1OgK

where we substitute the explicit form of the regularizer into (I2) and exploit the properties 7; -
1
n1 =0, % =y = Olovy/log K), and x ;. —1<0.

For the stability term, following a similar analysis as presented by Masoudian et al.| (2022, Lemma 5),
but incorporating implicit exploration terms, for any o; < ;' we obtain

T K
stability < Z Z ft Ti) EObs — o)

)
w
S

Let A, = {s <t:s+ ES = t}, then due to the choice of skipping threshold, o = ZseAt

Ef(lft (Itz) _ ft (ﬂl )~ alb

EtK_l ft (x4, 7) 1 Zfil ft (ze,1)~ re Thus we have

satisfies the condition oy < 7y, ! where t =

stability

IA
N
™
£
—
B
)

0
7
N
)

SI
& |
S
N——
[NV}

ﬁ
Il
_
.
I
—
S
T
m
b
&
5
Y
w
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s3s  For brevity we define z;; = f, (z;;)”" and m!, ; = max {z,;, A} forany s < tandi € [K]. We
33 begin bounding S by replacing definition of loss estimators from (I]) and get

~\ EI]I(I:Z') 2e1.0s,1 ’
:ZZZQE Zt,i<s’smts T t’sls(’s )

t=1 i=1 sc A, 88 mg g, Zj:l 2,5

K . 2
1(I, =1 z
S % om <( A )
i £ ¢ L Mg i ms,ls Zj:l Ztvj
1(I, = i) 2 (L = i)
2ZE [zm < P — n . 174

t=1scA, i=1 Mg 4 mg Mg 1, Zj:lztyj
h
2 K )
21, 2,1, 2,1 (Ls = 1)
+ 2E — g
mt ;2 (00 2e) mb mt Yz
t=1 s€A; 5,1 j=1~tJ i=1 "vs,ils I, Laj=1 ~t,j
s7

as0  Where the first inequality uses £ ;. < 1. We show that 5% has negative contribution to S; by taking
341 expectation w.r.t. I as the following

Syl e ],

t=1s€d, Li=1 miz (Zg 1265) = s i Zj 1%t,j

a2 Thus we only need to bound S1, for which we take expectation w.r.t. I, and separate i* from the
343 other arms to get

(Is =1 zir. (I =1
ZE[Z“< tz)_ P ’I;]l( K) >1

me,i ms,ims,ls Zj:l 2,5
) 2
< ZE 2t,i%s,i zl"sz LE Zti*Tsyir zf;‘*x;i* ]
mt
iF£L* s i s,i* s * ] 1 ?t,5
1/2 Zt *
<§ E[4nfx/ +E Xth*( . )]
iF£i* . L j lzt»J
~ _ B x3/2
1/2 Ts, z* t,i*
< E 4K nt:cs’/i +E p ma:t/z 1- 32 373
i ) - _ms,z* (1 —2¢+)3/2 + T ix

i . r . 3/2 3/2

ML i Ty e 1 — 2 i

< E 41E ntxi’/iz +E It t 2t X <( 22;2) )]
iti* ) ) L s

< Z 4E _ntmi/f— +E 4\/57% Z Tt

)

i#i* B - i#£i*

< Z 4E ntxi/f +E |16v2n, Z(x“ + Ast)

5,

i#i* ) . i#i*

<O(E|n Y ol +E[KA] ] .

iF£*
344 where the second inequality uses z;; = ft”(:vt,i)’l < nt;cff along z;; < mz)i from Lemma
ass  [3 the third inequality is due the fact that z; ;- (1 — fﬁ) is an increasing function in terms
j=1%t.j
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s46 of both 2z« and 2, ;. 2, and we substitute z; ;- < ntxf/f and > e 2ty S D0y ntxi/f <
a7 1 (1 — @44+ )3/2, the fourth inequality is due to (1 — a)3/2 4 /2 < 271/2 the fifth and the sixth
s48 inequalities rely on Lemma and finally the last inequality is followed by Vi : 2, ; < wi/l * and that
349 1y < ns. Combining bounds for S; and S? gives the following bound for .S}
T T
1/2
E[5:] <0 Z Z ”tE[zt,/i I+ Z KA 4d, (14)
t=1 iti* t=1
350 For Sy, we take expectation with respect to I, I,., and randomness of losses, all separately to get
T K N R
E[Ss] = ZZ Z 2E [zt,i <€s,i - 53) (er,i - 55)}
t=1 i=1 r,s€ Ay, r#s
T K K K
_ ZZ Z 9F | 5 . HiTsi Zj:l Ztyj:ujxs,j/mg,j HiZri Zj:l Ztyj:“jxnj/mi,j
_ B\t ZK 2t i mt ZK 2t '
t=1 i=1r,s€A,r#s 8,2 j=1~tJ 752 j=1~t]3
15)
ss1  For simplicity we define €} ; = ; — 557 for any s < ¢ and any i € [K], for which we have the
352 following bounds ’
A
0< e’;’i < i’t .
ms,i
353 We then continue from[I5]and bound it as the following
E[S,]
K K K K
_ oF _ o Zj:l Aili oy Zj:l Zt,jei,j o Zj:l Fili oy Zj:l Zt,jei,j
=D D> D % |ai|m K €s.i K Hi K €ri K
t=1 r#s i=1 Zj:l 2t Z_j:l 2t,j Zj:l 2t,j Zj:l 2t
r,s€A;

K K
(> im1 Zt’ieé,i)(Zz‘:l Ztﬂff",i)
Zfil Zt,i

EH

K
¢t ¢ ¢
+ E :Ztyies,iﬁr,i +224i(€5,; +€) +
i=1

T K
S Y Y,
t=1 r#s i=1
r,s€A;

K 2
Zj:l Zta]”])
K
Zj:l Ztaj

53

(.

354 where the inequality holds because we ignore the negative terms after multiplication and that |(u; —

53
(16)

K s .
355 21?7223%@” < 1. We need to bound each part from (T6). We start with S3,
j=1~tJ
K K 2
gl — Zj:l Zt,5Hj
2= D | -
i=1 Ej:l 2t
2
K
i 9 (Zi:l Zt,iﬂz‘)
=) il —
i=1 Dim1 Pt
2
K
K 9 (Zizl Zt,i,ui*)
< Zzt,im - ZK—
i=1 i=1 i

7)
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364

365
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369
370

We bound S3 as

K
S5 = Z Zt,ifi,zfi,i + ZZt,i(ez,i + 63,1‘)

i=1
K t et

<Zzt7, R r71+22t1(651+6£1)
i=1

K

5 Zt ’L)\S t Zt zArt

S _ s ) + ) s
2 ; mil mﬁﬂ
5

< §K7t()‘s,t + At (18)

where the last inequality holds because z; ; < y;a¢,; and that z; ; < 4m, ;, 4mj. ; from Lemma
It remains to give upper bound for S5 as

(ZzK:1 Zt,ie.i,i)(Zfil Zt,iei,i)
Zi}il Zt,i
K t K t
i=1 ~t,i\s,t s.1 i=1~t,i\r,t ri
(Dic1 2tids,e/myg ) (D251 2eiArt/ M)
K
D1 Rt
1
< iK’yt()\s,t + Art)s (19)

5% =

where the second inequality rely on z; ; < Yi2si, Asp < Mm% 5 Ay < mlyand 2y < 4ml x; <

4m! ; from Lemma It is suffices to plug bounds in (T7), (I8), and (I9) to obtain

T T
E[So] <Y > AAyE[zio(vy = 1) +6 Y Kv, 5 (v, 5 — DA, a
t=1 iti* t=1
T T
<IN D AAEm i + A (0= 1) 46> K75 (v, — DA,
t=1i#i* s€A,; t=1
T
= Z Z Z A8y E[zs i) (v — 1) + 1OZK7t+Et (Veyd, = DA isg,
t=1 i#i* sS€EA; t=1
T T
<0 Z Z Vera, Ailreil(v g, — 1) + KZ Avivd, | (20)
t=1 j#£i* t=1

where the third inequality uses Lemma 3]and the last inequality holds because of the skipping that
ensures vy, , 5 ( 1) < 1. Now, it is sufficient to combine the bounds for S; and Sy in (]E) and

(20) and get
T

T T
Efstability] <O | Y3 B2+ 3N v 2 Blecil(v,z — D+ K> N a0

t=1 i#i* t=1 izti* t=1

YVird, —

2
Combining the stability bound from (ZI)) and the penalty bound from (T3) concludes the proof.

B Proof of the Drift Control Lemma

In this section we provide a proof of Lemma[3] We start with a few auxiliary results, and then prove
the lemma.

B.1 Auxiliary results for the proof of the key lemma

For the proof we use two facts and a lemma from Masoudian et al.|(2022), and a new lemma. Recall
that fi(z) = —2n; 'z +7; 'z(logz — 1).
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395

Fact 7. (Masoudian et al.| 2022} Fact 15) ft/ (2) is a concave function.

Fact 8. (Masoudian et al., 2022, Fact 16) f, (z)~" is a convex function.
Lemma 9. (Masoudian et al.||2022, Lemma 17) Fix t and s witht > s, and assume that there exists «,
such that xy ; < amax(zs;, As,¢) foralli € [K], and let f(z) = (—277[1\/5 +7; 'z(logz — 1)),
then we have the following inequality
K " 17
Zj:l f (mm) les,j
K " —
Zj:l fr@ey)t

Lemma 10. Ift > sand (t — s) < d' ., then

max’

20(K — 1)3.

dfnax S ﬁdfnaxv

which is equivalent to Dy < 2D,.

Proof. It suffices to prove that Dy < 2D,, which is equivalent to proving that (D; — D) < 1D,. We
have:
t
D D
Dy — D, = a\r<t_8dfnax<d£nax2:7t<7tv
' T:ZS“ < (t = ) < (o) 19K3 log K ~ 2

t

max?

where the first inequality holds because due to skipping, for all » < ¢ we have 7, < d and

(t—s)<dt

max-*

B.2 Proof of the Drift Control Lemma

Now we are ready to provide a proof of Lemma [3] Similar to the analysis of Masoudian et al.| (2022),
the proof relies on induction on valid pairs (t, s), where a pair (¢, s) is considered valid if s < ¢
and (t — s) < d!,,.. The induction step for pair (¢, s) involves proving that z; ; < 4max(xs ;, As.+)
for all ¢ € [K]. To establish this, we use the induction assumption for all valid pairs (', s") such
that &', ¢ < t, as well as all valid pairs (¢, s), such that t’ = t and s < s’ < ¢. The induction base

encompasses all pairs (¢/,t') for all ¢ € [T, where the statement x ; < 4y ; holds trivially.

Tt,i

To control — v we first introduce an auxiliary variable 7 = F* (—Eoﬁs ). We then address
max(Ts,i,\s,t) s t—1

the problem of drift control by breaking it down into two sub-problems:

1 Tt,i
* max(Ti,As,¢)

2. f— < 2: the drift due to loss shift.

< 2: the drift due to change of regularizer,

Deviation induced by the change of regularizer
The regularizer at round r is defined as
K K
Fola) = fole) = S (~20, VE + 7, wi(log z, — 1))
i=1 i=1

We have 2, = VF7 (—L9%%) and & = VE*(—L2%). According to the KKT conditions, there exist
Lagrange multipliers ¢ and fz, such that for all i:

fs(@i) = _ngsl,i + 1,
fe(@e) = *Lgﬁsl,qi + p.

We also know that there exists an index j, such that z; > x ;. This leads to the following inequality:

_Lgisl,j +u=fi () < fo(wey) < f,(T5) = _ngsl,j + fy
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402
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404
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410

411

where the first inequality holds because the learning rates are decreasing, and the second inequality

is due to the fact that f; (z) is increasing. This implies that ;4 < [z, which gives us the following
inequality for all ¢:

1 n log(z4,:) < 1 log(z;)

filwes) = = <-—=+ = f.(@).
Nt/ Tt Y NsV T s °
Thus, we have two cases, either — —L— < — 1 __ or 108(@ei)  log(@i)
Ne/Tei NsVTi Tt Vs
2
sof 1 1 Tt N _t
Casei: If T < Ve holds, then we have %, < prailied On the other hand, we have

t ~
_ 22t
t_ < dt — ZT—I UT < < -
§ S Qax K3/2log K — \| K3/2logK — 2’

where the second inequality holds because trivially &, < r. This implies that % <2

2

~ t
Case ii: If log(v%) < log’yﬂ’ it implies that =, ; < z*. Using =; < max(Z;, \s,¢), we get

at

T < max(T;, Ag t) s

= maX(a?i, )\5715) X maX(Ei, )\s,t)%71

g
< max(Zi, Asit) X AJS
_VPt—VDs
~ v/ Dt
= max(T;, As¢) X Aot

= max(T;, As ) X €70 7" VDt

VDe L
= max(T;, A ¢) X e VPP < max(T;, Asy) X €' 2 < max(ZT;, As¢) X 2.

Therefore, in both cases we obtain
T < 2max(Ti, As ). (22)

Deviation Induced by the Loss Shift

The initial steps of the proof of this part are the same as in[Masoudian et al.|(2022). However, for the
sake of completeness, we restate them here.

Since we have x, = VEF*(—L%%) and & = VF*(—L2%), they both share the same regularizer
Fi(z) = Zfil fs(z;). For brevity, we drop s from fs(z). By the KKT conditions Ju, fi s.t. Vi:
[ (@s) *Lgb—sl,i + i,
f@) ==L+ B

Let £ = L9 — L%, then by the concavity of f'(z) from Fact we have

s—1°
(o7 — T (52) < [ (w00) = [ (@) < (w50 —T) [ (%) (23)
—/N_/
w—ptl;

Since f” (xs,;) > 0, from the left side of 23) we get z,; — T; < f” ()7t (u -+ Zz) Taking
summation over all ¢ and using the fact that both vectors x; and Z are probability vectors, we have

K K

0= (w0 = 30) <3S (o) (=i + 1),
=1 =1

Yoy £ (wai)

Sy (@ei)

= p—p < (24)
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417
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429
430

431

Combining the right hand sides of (23)) and (24) gives

T "(F m D DAY S C s
(fEi - l's,i)f (:Ul) < n— = él < J >
Zj(:lmf (ISJ‘)il

b

and by rearrangement we get
K " _ -~
Zj:l f(@s )M
K 1" —
Zj:l (s g)t
K " _ -~
Zj:l I (@s,5) 7
K 1" —
Zj:l [ (s g)t

T <moit+ [ (@)t x

(25)

S Ts,i + /YSEZ X

"o, —— —~ -1
where the last inequality holds because f (7;)”! = (n;lém 3/2 —|—'ys’1:c<_1) . The next

K3 3
K

” - _1~ ~ o~
step for bounding Z; is to bound % in @3), where ¢; = 3 .,/ ; and
A:{r:s§r+c/l\,,<t}.

If there exists » € A, such that r > s and 4max(xr7i, A < x4, then combining it with

), leads to

7',7“-1—(% )
the induction assumption for (r + d,., ), where we have Tog ot d

Tog < x4 ;. On the other hand, by the induction assumption for pair (r+ cj,«, t), we have

< dmax(z,;, A

Ty < 4maX(xr+J,,.,w )‘r+c?mt)'

So using Toyd i S T and )‘r+3r,t < Xs,; we can derive z; ; < 4max(zs ;, As ). This inequality
satisfies the condition we wanted to prove in the drift lemma. Therefore, we assume that for all » € A
we have either r < s or x5 ; < 4 max(z, ;, )‘r,r+3r)' If r < s, using the the induction assumption for
(s, ) together with the fact that \,. ; < )‘m vd results in =, ; < 4max(z, i, Ars). Consequently, in
either case, the following inequality holds for all » € A

Te; < dmax (g, A, rd ). (26)
Thus, inequality in (26) satisfies the condition of Lemma(9] and for all € A we get:
K 1" 71/\
o Tg i) s
Zj_lf ( 7]) 5] S8(K—1)% (27)

S [ ()t

We proceed by summing both sides of the inequality (27) over all » € A and obtain

ZJI'{=1 f”(x&j)ilzj 1 . . . .
SR T S 4|A|(K — 1)3. Now it suffices to plug this result into (23):
j=1 Ts,j

T < e+ 8A|Ti(K —1)5 =

1

T 28
w <o (g 8)

< X 1

Tsi
=Tt X\ 2dyuds,, (K — 1)1/
1
STei X | ——5 | = 2244, 2
_z,x<1_1/2> - (29)
where the third inequality uses |A| < d5,. +t —s < d.,, + d5 . and that d,, < 2d% . by

Lemma and for the last inequality we use the definitions of v, and d,

max*

Combining (29) and (22) completes the induction step.
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C Self-Bounding Analysis

In this section we show the details of how to apply self-bounding analysis to bound the right hand
side of (3).

We start from (5) and decompose it as follows

T T
Regy <E az Z 77tl':,/i2 +bz Z Seras (Visd, — Daesds "‘CZ Z Ut%xtlzolggKl/xt i)

t=1 itir t=1 itir t=2 i=1
A B c
T
*
E : ( tird, TN t+(it+a;mx) + Omax + 57 | .
t=1
D

We rewrite the pseudo-regret as Regr = 4Regr — 3Regr, and then based on the decomposition
above we have

Regr <E [4aA — Regy] + E [4bB — Regy| + E [4¢C — Regy| + 4D. (30)
Masoudian et al.|(2022) provide the following three lemmas that give the bounds for the first three

terms in (30).

Lemma 11. (Masoudian et al.| 2022, Lemma 6) For any a > 0, we have:

4aA — Regyp < Z (T+1)+1. (31)
iF£L*
Lemma 12. (Masoudian et al.| 2022, Lemma 7) Let Vpyq0 = maxye (7] Vt, then for any b > 0:
4bB — Regp < 64b%0p4, log K. (32)

It is evident that v, < Omax, SO the bound in Lemmais dominated by O(K o pax) term in the
regret bound.

Lemma 13. (Masoudian et al.| 2022, Lemma 8) For any ¢ > 0:

— 128¢%0max
4cC ~Regr < Y #‘;;. (33)

By plugging (31),(32),(33) into we get the desired bound.

D A Proof of Lemmald

First we provide two facts and two auxiliary lemmas.
Lemma 14. For any t we have

t
2Dy > Y ds.

s=1
Proof. We show that for any ¢ € [T] we have 22:1 c/i; — D, < Dy:

t
Sd-p= Y (@5
s=1

(s<t)A(s+ds>t)

Y

(s<t)A(s+ds>t)

IA

Dy

<(dt YV =—Tt_ <,
< (dhna) 49K3log K — |
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where the second inequality holds because d < d! .., and the total number of steps that satisfy

(s<t)N(s+ dy > t) is less than the skipping threshold at time ¢, which is again d,
the inequality completes the proof.

Rearranging

max-*

Lemma 15 ((Orabond, [2022] Lemma 4.13)). Let ag > 0 and f : [0;400) — [0;400) be a
nonincreasing function. Then

Zt 0@t
Zatf (ao —|—Zaz> _/ f(x)dx.

x

IA

1
g

Fact 16. For any x > 0, we have e~
Fact 17. Forany x > 1, we have e ™% < 1+
z log?(x)

Proof of LemmaH| We have two summations as
T P T  Prot +d
E e Derd: Tt o4 E e thohaxtd U

t=1 t=1

where we show an upper bound of O (G ,.x) for each of them.

Bounding the First Summation: Let Tj be the time satistying /Dr, = #&‘;(m, then using
Facts [T6 and 7] we have
T Pt d, T ~
Ze t+dy D4, Dt < Z t+d’ D ’Dt+dt D
7 D, - log? (5 ttde
t=1 t+ ¢ t=To+1 “414, 08 Dirq,—Dr
\—/—/ ) t
A
B
For A we give the following bound
To t+dy 5 To s—1 ~
0'5 t + dt > S)
A=> > 5 =22 —p
t=1 s=t+1 t+dt s=1t=0 +dt
T() /\2

< Z*
Z K1/3 log

To

s
B ; K1/3log(K)v/D,
Dr, G
< O 0 — O max
- <K1/3 log(K)> (K2/3 1og2(K)> ’

where the second equality is by swapping the summations, the first inequality holds because D, a2

and the last inequality uses Lemrna

Dy, the third inequality uses 05 < dyox < TSGR Va?ogK,
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462

463

464

465

466
467

468

469

The bound for B is as follows

T t+d, ~ T t+dy

Og 6'\3
Z Z Dt+dt - Z Z TK1/31log(K)D, , -
) e (0

A

t=To+1 s=t+1 Dt+d log pa— t=To+1 s=t+1 D tdt

t+d o‘mux,/'Dtert

B ZT: i Gt +d; > s)
—Tot1 t=To+1 VJTKY/3 log(K)Dt+J
s=1o 0 DH_d log £

Omax

52
T max

s=To+1t=To+1 4Dt+d

RS 5+, > o
 og? <49K2/310g2(K)Dt+3t>
T 52

s—Toi1 4D, log? (49K2/3 log?(K) 3?5 )

max

IN

T

o 3 G
Umax
2 ((49K?2/31og?(K)D,
o Tr1 4D, log (4  log” (k) )

max

IN

IN

Dr 1
o -
e /DTO 4x log2(749K2/j21°g2(K)x )

max

Dr

=0 (a—max) )

~ —1
= Omax
4log (L2 loe” ()

max

where the first inequality follows by o, < 0., and our skipping procedure that ensures Jt < dfnax <
\ Dt+§t

K/3log K’

D, g5 > D, and Yoo Lt + dy > $) = 0, the last inequality follows by Lemma, and the last

equality uses [ dr = log(w/éﬁlax)‘

the second equality is by swapping the summations, the second inequality follows by

1
zlog?(z/52,,,)

Bound the Second Summation: The bound for the second summation follows the same approach,
but it requires additional care due to existence of ot in it. Let Ty to be the time satisfying

— Cmax i
Dr, = 7173 o (R then using Facts andwe have
T Pttobintds -D r D :+ —D
B t t+ot e t
e Tmax Tt < mdx + — .
E : § : Z D, ot .d
t=1 t+ff§m,ﬁ+dt t=TH+1 2 [ __Tthomaxtdr
0 Dt+gt +df log Dt+0tyla +Jt 7,Dt
Y fax

B

For A we give the following bound
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D

S

To ttotnaxtde D

A= e Pt T < 30 ket
>~ D ~
1 t-"_a-fnax—"_dt

- D,

o+
Il

t=1

tol . +ds 5
S

S

S Progri
1_1 ~ o~

— Gl (t+ ol A+ di > s)
[2F

t=1

IN

ERIGE

t=0
s ~ ~
208 ax + Os—os__)0s

max
D,

IN

=1

_N>_ 3VD,
~ = K'/3log(K)D;

@

- 4~ K'/3log(K)v/D,

s=1

Dr, G
< O 0 _ O max
- <K1/3 log(K)> o log”(K) ),

470 where the first inequality is by Fact[T6] the second inequality holds by swapping the summations and

a1 that D, tot 4ds > D, third inequality use the following derivation

Lt+d>s)+1(s>t+d >s—0b,,)
T

(t+d>s)+1(tels—ols—1)+1{t<s—ol  At+d >s—0b,),
(34)

IN

L(t+ ohoy +de > 5)

IN

a2 the third equality is by swapping the summations, the third inequality uses 75 < d},.x < 5575 glfggK,

473 and finally the last inequality uses Lemma|[T3]
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476
477
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479
480
481

482
483
484

486
487

489
490

The bound for B is as follows
T tol  +de ~
B = 2 : Zs:t+1 Os

’D —~
2 t+ol +de
t=To+1 - Fnaxt
Prich+d 108 <z”2§a&x”t a)
o

>y i

1/3 -
10g2 TK 10g(K)Di+”fnax+dt

2max [ Pitotd

IN

t+ot, . +ds

_ ZT: i Gt + 0l + dy > 5)

1/3 =
s=To+1t=Tp+1 D =N 1Og2 3K log(K) /DH’”xtnax*’dt
t+Urtxlax+dt

Omax

B i Sz_i 450t + ol +dp > s)

o 2 9K?2/3 1052(K)Dt+afnax+@
+d¢ g G2

=To+1t=To+1
s=To+ o+ Dt—&-zﬂ

max a

max

L 4(208, 4 Ce—oe

max

soTos1  Dglog” (4£S )

max

)0

IN

T

IN

~ 120,
O-max
s:%,:ﬂ D, log? (791{2/313%2(“%)

Un]ax

IN

/DT 12
o -
max Ty 10g2( 9K2/il20g2(K):L’)

max

Dr

=0 (a—max) )
Dy

~ —12
= Omax
10g(9K2/3 logQ(K)x)

52
UH]&X

where the first inequality is due to our skipping procedure that ensures max {O’t Et} <d . . <

max? max

/D, , . q-the second equality is by swapping the summations, the second inequality follows
by D, 7 > D and (34), the last inequality follows by Lemma E], and the last equality uses
I = o270 L dx —1 |

2/52, )% T Tog(e/52,,)"

E A proof of Lemma 5]

Proof. We use the term free round to refer to a round r such that v]**" is zero. By applying induction

on the time step ¢, we show that if the algorithm is currently at time ¢ and intends to rearrange the vy
arrivals, there exist v; free rounds in the interval [¢,¢ + ot —GO+ v] to which the algorithm can

max

push the arrivals. This ensures that the arrival from round s, will be rearranged to round 7 (s) > s +JS,

such that 7(s) — (s + (YS) < ot To this end, we assume the induction assumption holds for all

r < t, and then proceed with induction step for ¢.

Induction Base:

The induction base corresponds to the first arrival time, denoted as ty. At this time step, all vy,
arrivals can be rearranged to the free rounds in the interval [to, to + vy, — 1], which is a subset of
[to, to + 00, — T, + vy, — 1]. Therefore, the induction base holds.

Induction step:
Assume that we are at round ¢, and our aim is to rearrange the arrivals of round ¢. We define ¢; as
the last occupied round, where ¢; > ¢. So it suffices to prove t; — t < o', — 0. We first note that

since the algorithm is greedy, all rounds ¢,¢ + 1,...,¢; — 1 must also be occupied by some arrivals
from the past.
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491 Let ty < t be the first round where one of its arrivals has been rearranged to ¢, and let U;O be
492 the number of arrivals at time %, that are rearranged to some rounds before ¢. Then by induction
493 assumption we know

to—1
t—to < Ol — Oty + Uy + 1 =010 — > L(r+dp > to) + vy + 1. (35)
r=1

494 On the other hand, by the choice of ¢(, each occupied round ¢,¢ + 1,...,¢; must be occupied by
495 exactly one arrival among the arrivals of rounds %o, ...,¢ — 1, except for the v; arrivals of ¢ that are
496 rearranged to some rounds before ¢. So we have
t—1
t—t+1<> Ltg<r+d, <t—1)— v,
r=1

to—1 t—1

=Y Mo <r+d, <t-1)+ Y At <r+d <t—1)—vy,
r=1 r=to
to—1 R t—1 N

=Y Ato<r+d, <t—1)+t—to— > Ar+d, >t)—v,,
r=1 r=tg

497 where .the second e.quality.holds because Zf;}fo 1(r+ c@ > tg) =t — tg. We use (33) to bound
498 t — tg in the above inequality and get

to—1 to—1 t—1
b=t <o+ Y Uto <rtdy <t—1)= > LUr+dy >to) = > L(r+dy > 1)

r=1 r=1 r=tg
to—1 t—1

=0l = > Ur+d, >t)= > A(r+d. > 1)
r=1 r=to
t—1 N

:O—f‘gax_zﬂ(r—f—d’f’zt)gortnax_at7 (36)
r=1

where the last inequality follows by the fact that {07, .. },. €[] is a non-decreasing sequence. So if the

algorithm rearranges the v; arrivals at round ¢ to rounds ¢ + 1, . .., t; + vy, then, using the inequality

(36), we can conclude that these rounds fall within the interval [t, ¢ + ot . — 7 + vy].

w9 F  Adversarial bounds with d,,,,, cannot benefit from skipping

s00 In this section we show that adversarial regret bounds that involve terms that are linear in dy,ax, such
501 as the bounds of [Masoudian et al.[(2022]), cannot benefit from skipping. We prove the following
502 lemma.

Lemma 18.

VD < min (|S\ + \/Di‘g) + dinax.

503 Proof. For any split of the rounds [T into S and S we have
D =Dg+ Ds < Dg + |S|dmax < D5 +|S|* + d;

— max"*

504 Thus
VD < /D5 +18]> + @2, < S|+ v/Ds + dmax;
and since the above holds for any S, we obtain the statement of the lemma. |

s05 We remind that skipping allows to replace a term of order v/D by a term of order ming (|S | ++/D 5-)
so6 (for simplicity we ignore factors dependent on K'). Thus, it may potentially replace a bound

507 of order VD + dpax by a bound of order ming (|S | ++/D g) + dmax, but since by the lemma
s8 ming (|S| + v/Dg) + dmax = 2(VD), this would not improve the order of the bound.

23



509

510
511

512
513

514

515

516

517
518

519

520

521

522

523

524

525

G Details of the Adversarial Analysis

The only difference between our algorithm and the algorithm of Zimmert and Seldin| (2020) is the
implicit exploration and the slightly modified skipping rule. Let ¢; be the original loss sequence,

then the adversary can create an adaptive sequence /; that forces the player to play according to the
implicit exploration rule by simply down-scaling all the losses by

e

by =
max {mt}i, >‘t,t+3t}

Our regret bound decomposes now into

T
> we, b)) — £y i}‘|
=1

(i) i

t=1

Regr = max E

T
< maXE

E XT: <xt,£t —E>] .

t=1

For the second term we have

T T
Z <xt;€t — €t> Z %T)xti < KZ)‘LH@ )

t=1 i=1 t= 1 t,t+de t=1
which can be controlled via Lemma[4l

The first term is bounded by |[Zimmert and Seldin| (2020, Theorem 3) (since the player plays their
algorithm on the modified loss sequence) by

T
Z 2, 00) — Cyis ] <AVKT+Y 76 +y7" log K + S*

t=1

max E

T ~
Viog K
< VKT + § % +7/DrlogK + S*
t

= 4K —&—\/logKZDt Dtl—f—?\/DTlogK—&—S*

<4VEKT + kaK Z VDi — \/Di_1 +7/Drlog K + S*
t=1

=4V KT + E\/DTlogK—i-S*
<4VK +— m1n {|S|+\/DslogK}+S*

where the first equality uses the definition of ~;, the third inequality follows by Va,b > 0 : =t <

5

2(y/a — /b), and the last inequality uses the following lemma
Lemma 19. The skipping technique guarantees the following bound

\VDrK3logK < rgm {|S|+\/D5K310gK}

Combining the bounds on the first and the second terms provides the regret bound in Section[5.2} It
only remains to provide a proof for Lemma

Proof of LemmalI9 For any t € [T] we have dy < \/ Dr /(49K % log(K)), therefore for any
RcC [T

S d> Y &> Dr [Rly/Dr/(49K log(K))

te[TI\R te[TI\R
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Hence we can dereive the following lower bound,

RC[T] se[TI\R re [o, 49D K 3 log(K)

Z \/ DTK% 10g(K),

where the second inequality uses the concavity in 7.

H A Bound on S*

Next, we reason about the nature of skips. The following lemma is an adaptation of Zimmert and
Seldin| (2020, Lemma 5) to our skipping threshold. To this end we provide two lemmas and then
conclude then proof.

Lemma 20. Algorithm[I|will not skip more than 1 point at a time.

Proof. We prove the lemma by contradiction. Assume that s;, so are both deactivated at time

t. W.lo.g. let s; < s; — 1. Skipping of s; at time ¢ means t — s1 > 1/D;/(K3 log(K)) >

\/Dt_l/(K% log(K)). At the same time we assumed ¢ — 1 — s > ¢ — s1, which means that s,

would have been deactivated at round ¢ — 1 or earlier. |
Recall that (Z is the contribution of a timestep ¢ to the sum Dr. Let (¢y, ..., ts~) be an indexing of S
and ¢ = 49K % log(K ). We bound the number of skips by

S* < 2cdys. (37)

The above bound together with the fact that incurred delay Ets must be less than the the skipping
threshold and the maximal delay dy,.x give us

S*<0O (K% loch/Z;g)

<0 (min {dmaxK§ log K, \/Dr K% log K})
<0 (min {dmaxKg log K, min {|S| +1/DsKi 1ogK}}) ,
SC[T]

where the last inequality follows by Lemmal[19} [ |

Proof of bound (37). By Lemma[20|we skip at most one outstanding observation per round. Thus,
we have that
- m e, +
di,, 2Dy, 4a.,, Jez | D dife= :
i=1

Ve
By solving the quadratic inequality in cftm we obtain

1ty 144e Ty,
dt 2 Ezfl t
m 2¢

Now we prove by induction that C?tm > 4. The induction base holds since c/i\tl = 1. For the inductive
step we have
~ 14+4/144c 77171(?1. 1 1 1
S V 2im1 i o1+ +m(m —1) >

bm = 2c - 2c

Then the induction step is satisfied. |

E
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