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Abstract

Consider a scenario where a player chooses an action in each round ¢ out of T' rounds and observes
the incurred cost after a delay of d; rounds. The cost functions and the delay sequence are chosen by
an adversary. We show that in a non-cooperative game, the expected weighted ergodic distribution
of play converges to the set of coarse correlated equilibria if players use algorithms that have “no
weighted-regret” in the above scenario, even if they have linear regret due to too large delays. For
a two-player zero-sum game, we show that no weighted-regret is sufficient for the weighted ergodic
average of play to converge to the set of Nash equilibria. We prove that the FKM algorithm with

n dimensions achieves an expected regret of O (nT% + \/ET%D%) and the EXP3 algorithm with

K arms achieves an expected regret of O (\/log K (KT + D)) even when D = Zle d¢ and T are
unknown. These bounds use a novel doubling trick that, under mild assumptions, provably retains
the regret bound for when D and T are known. Using these bounds, we show that FKM and EXP3
have no weighted-regret even for d; = O (tlogt). Therefore, algorithms with no weighted-regret
can be used to approximate a CCE of a finite or convex unknown game that can only be simulated
with bandit feedback, even if the simulation involves significant delays.
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1. Introduction

Consider an agent that makes sequential decisions, and each decision incurs some cost. The agent’s
goal is to minimize this cost over time. The question of what the agent learns about the cost
functions naturally influences the best performance the agent can guarantee. With full information,
after acting at round ¢, the agent receives the cost function of round t as feedback. With bandit
feedback, as we consider here, the agent only receives the cost of her decision. Another fundamental
question is when the agent receives the feedback. In most practical learning environments, an
agent does not get to learn the cost of her action immediately. For example, it takes a while to
observe the effect of a decision on a treatment plan or before observing the market’s response to
an advertisement. With delayed feedback, decisions must be made before all the feedback from the
past choices is received.

Practical environments are non-stationary since they typically consist of other learning agents,
and the learning of one agent affects that of the others. Moreover, the costs are naturally correlated
over time. Hence, guarantees for stochastic environments are not strong enough for multi-agent
environments. Instead, we consider cost sequences that are chosen by an adversary that knows the
agent’s algorithm. Proving regret bounds against an adversary certifies the robustness of a learning
algorithm, regardless of whether an actual malicious adversary exists or not. Following the same
reasoning, proving regret bounds with adversarial delays certifies the robustness of an algorithm to
non-stationary delays.

An algorithm is said to have "no-regret” (Bowling, 2005) if it has a sublinear regret in 7. It
is well known that when N agents in a non-cooperative game each use an algorithm that has no-
regret against an adaptive adversary, the ergodic distribution of play converges to the set of coarse
correlated equilibria (CCE) (Hannan, 1957; Hart, 2013). For a two-player zero-sum game, the
ergodic average of play converges to the set of Nash equilibria (NE) (Cai and Daskalakis, 2011). The
emergence of a CCE or a NE in a game between no-regret learners establishes their role as predictors
for the outcome of the game. From a practical point of view, the convergence of the expected ergodic
distribution to the set of CCE or of the ergodic average to the set of NE makes no-regret algorithms
an appealing way to approximate a CCE or a NE when the reward functions are unknown so
only simulating the game is possible (see Hellerstein et al. (2019)). When simulating an unknown
game, bandit feedback is a more realistic assumption than full information (or gradient feedback).
Approximating the equilibrium can help to predict the outcome of the interaction between deployed
agents even if they use other algorithms than those used for the approximation. If the equilibrium
is globally efficient, cooperative agents may agree to play it after using no-regret algorithms to
distributedly approximate it first.

The convergence to the set of CCE is maintained if the algorithm still enjoys the no-regret
property even with delayed feedback. However, for large enough delays (e.g. d; = O (tlogt)), the
regret of any algorithm becomes linear in the horizon T so the no-regret property no longer holds.
Our first main contribution in this paper is to show that even with delays that cause a linear regret,
the expected weighted ergodic distribution may still converge to the set of CCE, and the weighted
ergodic average may still converge (in L!) to the set of NE for a two-player zero-sum game.

Many practical multi-agent interactions (i.e., games) are complicated to model. Instead, we
can simulate the game based on data or in an experiment. Since the agents’ performance is only
measured in hindsight, such a simulation typically involves delays. If our simulated agents each
run an online learning algorithm independently (e.g., FKM or EXP3), we can approximate a CCE
of the game (NE for a two-player zero-sum game) by computing the weighted ergodic distribution
(average). Our results imply that by properly tuning the weights, this method can approximate an
equilibrium even when the standard regret is linear.

Our game-theoretic results motivate analyzing the weighted-regret as opposed to the classical
regret when delays are involved. Hence, we study the weighted-regret of some widely-applied algo-
rithms, for both a discrete action set 1, ..., K (i.e., arms in multi-armed bandits) and a convex and
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compact action set K C R™. For bandit convex optimization with a convex compact action set, the
most widely used adversarial bandits learning algorithm is FKM (Flaxman et al., 2005). With no

delays, the expected regret of FKM is O (nT%) where n is the dimension of K. For the discrete case,

the most popular adversarial bandits learning algorithm is EXP3 (Auer et al., 1995, 2002; Bubeck

et al., 2012; Neu et al., 2010). With no delays, the expected regret of EXP3 is O (\/TK log K).
Our second main contribution is to bound the expected weighted-regret of FKM against an adap-

tive or oblivious adversary. As a special case, we show that with an arbitrary and possibly unbounded

sequence of delays d;, FKM achieves an expected regret of O (nT% + /nT'3 (Zth dt)% + |M|)

against an oblivious adversary, where M = {t|t+d; > T, t € [1,T]} is the set of rounds that their
feedback is not received before round T. Our third main contribution is to bound the expected
weighted-regret of EXP3 against an adaptive or oblivious adversary. As a special case, we show
that with an arbitrary and possibly unbounded sequence of delays d;, EXP3 achieves an expected

regret of O (\/ (K T+ Ztg M dt) log K + |M|> against an oblivious adversary. Our weighted-regret

bounds reveal for which delay sequences FKM and EXP3 enjoy the no weighted-regret property.
Like the horizon T', the sum of delays D = Zthl min {d;, T — ¢t + 1} might be unknown to the
decision-maker, which may need them to tune the algorithm. While the standard doubling trick
(Cesa-Bianchi et al., 1997) can deal with an unknown 7', it does not help with an unknown D. Our
fourth main contribution is a general novel two-dimensional doubling trick where epochs are indexed
by a “delay index” as well as a “time index”. The delay index doubles every time the number of
missing samples so far doubles, and the time index doubles with the rounds as usual. We show that
under mild conditions, this novel doubling trick can be applied to any online learning algorithm
with delayed feedback, beyond the case of adversarial bandits. We apply this result to achieve an

expected regret of O (nT% + \/ﬁT%D%) for FKM and of O ( (KT + D)log K) for EXP3.

1.1 Previous Work

In recent years, learning with delayed feedback has attracted considerable attention, ranging from
multi-armed bandits (Mandel et al. (2015)) to Markov decision processes (Neu et al. (2010)) and
even distributed optimization (Agarwal and Duchi (2011)).

Most literature on learning with delayed feedback deals with multi-armed bandits, i.e., with a
discrete set of actions. Fixed delays were considered in Weinberger and Ordentlich (2002) and Zinke-
vich et al. (2009). Stochastic rewards and stochastic i.i.d. delays have been considered in Pike-Burke
et al. (2018). Stochastic i.i.d. delays with random missing samples have been considered in Vernade
et al. (2017). Bandits with adversarial rewards but still stochastic i.i.d. delays were considered in
Joulani et al. (2013). Cesa-Bianchi et al. (2019) considered an interesting case of communicating
agents that cooperate to solve a common adversarial bandit problem, where the messages between
agents may arrive after a bounded delay with a known bound d. Recently, advancements were made
for the case of stochastic delays, studying arm-dependent delays (Manegueu et al. (2020)), linear
bandits (Vernade et al. (2020)) contextual bandits (Zhou et al. (2019)), and reward-dependent delays
(Lancewicki et al. (2021)). In contrast, in our scenario, the adversary chooses the delay sequence.

In Quanrud and Khashabi (2015), the case of adversarial delays with full information feedback
has been considered, where the feedback is the costs of all arms (or the gradient of the cost function).
Our goal is to study bandit feedback instead, motivated by the multi-agent scenario.

In Cesa-Bianchi et al. (2018), a different adversarial bandits with delayed feedback scenario
has been studied, where all the feedback that is received at the same round is summed up and
cannot be distinguished, and delays are bounded by d. For both the multi-armed and convex cases,
Cesa-Bianchi et al. (2018) designed a wrapper algorithm and proved a regret bound for their delayed
feedback scenario as a function of the regret of the algorithm being wrapped for the no-delay scenario.
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For EXP3, the resulting regret bound is O (v/dT'K log K). Compared to their scenario, we consider
time-stamped feedback with delays that can be unbounded.

Multi-agent learning and convergence to NE under delays have been considered in Zhou et al.
(2017); Héliou et al. (2020) for variationally stable games and monotone games (Rosen (1965)). We
study general non-cooperative games and convergence to the set of CCE under delays by generalizing
the framework of no-regret learning to no weighted-regret learning. Our analysis applies to both the
multi-armed bandit and bandit convex optimization cases.

While their focus is on monotone games, Héliou et al. (2020) also prove a regret bound for an
FKM-type algorithm for a single agent against an adversary. It is assumed in Héliou et al. (2020)
that the delay sequence is of the form d; = O(t%) for o < 1, so not even a small subset of the samples
can be delayed by O(t) rounds. Their algorithm puts the received samples in a queue and only uses
one sample per round regardless of how many samples were received this round. This is different
than our FKM version which uses all samples upon reception. The expected regret bound of this
queuing version of FKM proved in Héliou et al. (2020) is O(T'3 + T3T'5), regardless of the sum of
delays, so it is much looser than our bound. In particular, if the sequence of delays is mostly zeros,
but once in L rounds equals to t%, the sum of delays is arbitrarily smaller, depending on L.

This paper extends a preliminary conference version (Bistritz et al., 2019) that only analyzed
EXP3 under delays. In this journal version, we also analyze FKM for bandit convex optimization
under delays. Additionally, we improve the doubling trick of Bistritz et al. (2019) and show that
it can be applied to any online learning algorithm with delayed feedback. Last but not least, we
generalize the game-theoretic results of Bistritz et al. (2019) to non-cooperative games and the CCE.

While preparing this journal version, we became aware that the concurrent work of Thune et al.
(2019) published in the same conference as (Bistritz et al., 2019) provides a similar analysis for the
single-agent EXP3 case with a constant step-size 1, = 7. Taking a different approach to deal with
unknown D = )", d; and T, Thune et al. (2019) assume that the delays are available at action time.
In this work, we instead provide a novel doubling trick that does not require this assumption and

achieves the same O (\/ (TK 4+ D)log K ) that was achieved in Thune et al. (2019). This improves
the doubling trick that was proposed in Bistritz et al. (2019) that achieved an expected regret
of O (\/ (TK?+ D)log K ) Replacing EXP3 with a novel follow-the-regulated-leader algorithm,

Zimmert and Seldin (2020) improved the expected regret to the optimal O (\/TK + Dlog K ) even
when D is unknown without using a doubling trick.

While this paper was under review, Gyorgy and Joulani (2020) have achieved O (\/ (TK + D)log K )

regret for EXP3 by adaptively tuning the step-size. As opposed to our EXP3 bound, their regret
bound has been shown to also hold with high probability. Furthermore, assuming a bound on the
maximal delay (or that the delay is available at action time) Gyorgy and Joulani (2020) propose a
data-adaptive version of EXP3 which yields a regret that depends on the cumulative cost.

The works Thune et al. (2019); Zimmert and Seldin (2020); Gyorgy and Joulani (2020); Bistritz
et al. (2019) all study multi-armed bandits, while this paper also studies convex bandit optimiza-
tion, using the FKM algorithm under delayed feedback. Moreover, Thune et al. (2019); Zimmert and
Seldin (2020); Gyorgy and Joulani (2020) only studied the single-agent problem while we are mainly
motivated by the multi-agent problem, proving convergence of the expected weighted ergodic dis-
tribution to the set of CCE under delayed feedback. Our emphasis on the multi-agent case leads to
two technical differences even in our single-agent results. First, we prove regret bounds also against
an adaptive adversary that can choose the cost function in response to the players’ past actions.
This distinction between an oblivious and adaptive adversary is necessary to show convergence to
the set of CCE. Additionally, our single-agent results are formulated using the “weighted-regret”,
which weights the costs of different turns according to a given weight sequence. Even for the EXP3
analysis, this formulation leads to several subtleties that did not arise in Thune et al. (2019); Zim-
mert and Seldin (2020); Gyorgy and Joulani (2020) (e.g., in Lemma 8 and Lemma 9). Last but not




NO WEIGHTED-REGRET LEARNING IN ADVERSARIAL BANDITS WITH DELAYS

least, this paper provides a novel doubling trick that can deal with an unknown sum of delays in
addition to the unknown horizon. Our novel doubling trick can be applied to any online learning
algorithm under delayed feedback, beyond the case of adversarial bandits. For example, the prelim-
inary version of this doubling trick was employed in Lancewicki et al. (2020) that proposed novel
learning algorithms for delayed feedback in adversarial Markov decision processes.

1.2 Outline

Section 2 formalizes the general problem of learning with delayed bandit feedback and highlights our
main results. Section 3 discusses the outcome of the interaction between multiple learners that are
each subjected to a possibly different delay sequence. We extend the well-known connection between
no-regret learning and CCE to learning with delayed feedback. Surprisingly, even algorithms that
have linear regret under delays can still lead to the set of CCE. Section 4 presents our general doubling
trick that can be applied to online learning algorithms with delayed feedback, not necessarily in
adversarial or bandit feedback environments. Section 5 and Section 6 consider the FKM algorithm
for adversarial bandit convex optimization and the EXP3 algorithm for adversarial multi-armed
bandits, respectively. Section 5 and Section 6 each starts by proving expected weighted-regret
bounds under delayed bandit feedback for the algorithm in consideration, both against an oblivious
and an adaptive adversary. Next, we apply the result on our doubling trick for both FKM and
EXP3 to obtain expected regret bounds for the case where T and D are unknown. Then, we show
that FKM and EXP3 have no weighted-regret even with respect to delay sequences for which they
both have linear regret in 7. This allows us to apply our game-theoretic results for both FKM and
EXP3, showing that they can approximate a CCE or a NE (in a two-player zero-sum game) of a
simulated game where only delayed bandit feedback is available. Finally, Section 7 concludes the
paper. Long proofs are postponed to the appendix.

2. Problem Formulation

Consider a player that in each round ¢ from 1 to T picks an action a; € K from a set K. The cost
at round ¢ from playing a; is l; (a;) € [0,1]. We consider two types of adversaries:

1. Oblivious Adversary: chooses the cost functions 1, ..., l7 before the game starts.
2. Adaptive Adversary: chooses the cost function l; after observing {a1,...a;—1}, for each .

With full information and no delays, the player gets to know the function l; immediately after
playing a;. In the bandit delayed feedback scenario, the player only gets to know the value of ; (a;)
at the beginning of round t 4+ d;. (i.e., after a delay of d; > 1 rounds). The adversary (oblivious or
adaptive) chooses the delay sequence {d;} before the game starts.

We assume that the cost feedback includes the timestamp of the action that incurred this cost.
This is indeed the case in many applications, such as when robots take physical actions, a recommen-
dation is made to a customer or a treatment is given to a patient. If the delays are bounded by d,
Cesa-Bianchi et al. (2018) have shown that EXP3 can still be implemented even with no timestamps,

with expected regret O(v/dT'K log K) instead of O (\/ (d+ K)Tlog K). For our unbounded delays

case, it is not clear if FKM or EXP3 can be implemented without timestamps.

The set of costs (feedback samples) received and used at round ¢ is denoted S, so s € S; means
that the cost of as from round s is received and used at round ¢. Since the game lasts for T rounds,
all costs for which ¢t + d; > T are never received. Of course, the value of d; does not matter as
long as t + d; > T, and these are just samples that the adversary chose to prevent the player from
receiving. We name these costs the missing samples and denote their set by M.

While the rounds of the game are indexed by ¢, it will be useful to our analysis to index a finer
time scale that counts the steps of the algorithm for every such ¢. We define s_, s; as the steps a
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moment before and after the algorithm uses the feedback from round s, respectively. These steps
are taking place in round t if s € S;.

The player wants to have a learning algorithm that uses past observations to make good decisions
over time. The performance of the player’s algorithm is measured using the regret. The expected
regret is the total expected cost over a horizon of T rounds, compared to the total expected cost
that results from playing the best fixed action in hindsight in all rounds:

Definition 1. Let a* = arg min ZtT:1 l; (a). The expected regret is defined as
ack

T
E{R(T)} £ E{l(a;) — I (a*)} (1)

where E is the expectation over the (possibly) random actions as, ..., ar of the player.
We analyze two widely applied algorithms for the two central special cases of the scenario above:

1. Bandit Convex Optimization - K C R" is a compact and convex set and I; : K — [0,1] is
convex and Lipschitz continuous with parameter L. With no delays, the FKM algorithm, also
known as “gradient descent without the gradient” (Flaxman et al., 2005), achieves an expected

regret of O (nT%) for this problem.

2. Multi-Armed Bandit - £ = {1,.... K}, l; : {1,..., K} — [0,1]. With no delays, the EXP3
algorithm (Auer et al., 2002) achieves an expected regret of O (\/TK log K) for this problem.

2.1 Results and Contribution

Our main results for the single-agent case are summarized and compared to the literature in Table
1. They are based on the regret bounds proven in Theorem 5 for FKM and Theorem 7 for EXP3
for an unknown 7" and unknown D = ZtT:l min {d;, T —t + 1}.

The regret bound O (nT% + \/ﬁT%D%> reveals a remarkable robustness of FKM to delayed
feedback. For the sequence dy = ti, the expected regret maintains the same O (nT%> as in the
no-delay case. Even for d; = tg, the expected regret is O (nT%) so FKM still has no-regret.

Similarly, the regret bound O (\/ (TK + D)logK ) reveals a significant robustness of EXP3 to

delayed feedback. This follows since the T term is factored by K while the delay term D is not.
Consider bounded delays of the form d; = K. Then, the order of magnitude of the regret as a
function of T and K is O (v/TK logK), exactly as that of EXP3 without delays. For comparison,
consider the full information case where at each round the costs of all arms are received. Assume
that the player uses the exponential weights algorithm, which is the equivalent of EXP3 for the full
information case. For the same delay sequence d; = K, exponential weights achieves a regret bound
of O (\/TK log K), VK times worse than the O (\/Tlog K) it achieves with no delays.

Both bandit feedback and delays are obstacles that hurt the performance of the learning of the
agent, as reflected in the expected regret. Surprisingly, even when the adversary has control over
both of these obstacles, the degradation in the regret is mild. Intuitively, with bandit feedback, the
effect of delay is much weaker than with full information since less information is delayed. This is
an encouraging finding since practical systems typically have both bandit feedback and delays.

As a benchmark, we provide a simple lower bound of € (\/5) on the expected regret of any

algorithm, even for a given D = ZZ;I dg, for multi-armed bandits or convex bandit optimization.
With no delays, i.e., D =T, the bound coincides with the existing lower bounds that it invokes.
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Convex Optimization K Arms
OGD FKM Exponential EXP3 FTRL
(Gradient (Bandit Feedback) Weights (Bandit Feedback) (Bandit Feedback)
Feedback) (Full
Information)
No-delay o (VT) O (nT3/4) 0 (VTTogK) 0 (VTKTogK) 0 (VTEK)
Zinkevich (2003) Flaxman et al. (2005) Auer et al. (1995)
Adversarial (0] (\/5) (0] <7LT% + \/HT%D%) o (\/Dlog K) (0] <\/(TK +D)logK | O (\/TK + DlogK)
Delays Quanrud and Theorem 5 Quanrud a.nd Theorem 7 Zimrpert and
Khashabi (2015) Khashabi and Thune et al. Seldin (2020)
(2015) (2019); Gyorgy and
Joulani (2020)

Table 1: Expected regret for adversarial bandits (assuming all feedback is received before T', for the
ease of comparison of results). For shorthand, we use D = E;‘F:l dy.

For multi-armed bandits a tight lower bound of (\/ TK ++/DlogK ) was shown in Zimmert

and Seldin (2020) based on the bound in Cesa-Bianchi et al. (2019).

For the bandit convex optimization problem, FKM with no delays does not meet the lower bound
of Q(v/T). However, with delays, the logarithmic gap between our FKM upper bound O(T% —l—T%D%)
and the lower bound Q(v/D) shrinks. For D = T'% FKM guarantees O(T'®) instead of Q(T'%) and
for D = T2 FKM guarantees O(T'12) instead of Q(T'12).

Proposition 1. Consider multi-armed bandits or convexr bandit optimization, as defined above.
Then for any algorithm and for any integer D > T, there exists a sequence of delays {d:} such that

D —+v2D < E;‘F:l dy < D and the expected regret with an oblivious adversary is € (\/5)

Proof Divide the time horizon into Ty and Ty =T — Ty. Set d; = 1 for 1 < t < Ty so there are
no delays in this period. Set dy =T —t+ 1 for Ty < t < T so that the feedback in this period is
never received. Then Y1, d; = Ty + ZZ;TOH (T—t+1)=Ty+ w so we can choose

Ty = O(T — \/5) such that D — V2D < Ty + W#ﬁ” < D. The lower bound for either
multi-armed bandits (Lattimore and Szepesvéri, 2020, Theorem 15.2) or convex bandit optimization
(Hazan, 2019, Theorem 3.2) is §2 (\/JT)) for some cost functions l1,...,Ilr,. The state of the algo-
rithm at round T} is the initial condition for another adversarial bandit problem where no feedback
is received for an horizon of T} rounds. Hence, for any initial condition, there exists a cost function

g such that if iz 11 = ... = lp = g, then the T} last rounds incur a regret of © (71) = © (\/D — T). |

Our results for non-cooperative games with convex cost functions under delays are summarized
in Table 2. They are based on the sufficient conditions for no weighted-regret for FKM (Lemma 4)
and EXP3 (Lemma 6). Surprisingly, the delays do not have to be bounded for the convergence to the
set of CCE to hold (or to the set of NE for a two-player zero-sum game), and they can even increase
as fast as d; = O (tlogt). Moreover, the feedback of the players does not need to be synchronized,
and they may be subjected to different delay sequences. If % — 0 as t — oo the convergence to
the set of CCE follows from the sublinear regret of FKM and EXP3. This is no longer the case for
d; = © (t) or d; = O (tlogt), where the regret of FKM, EXP3, or any other algorithm is © (T'), so the
learning against the adversary fails. Our results show that against other agents the situation is more
optimistic, as the weighted ergodic average can still converge to the set of CCE (see Proposition 2
and Proposition 3). To achieve that, agents need to use a time-varying step-size 7, as can be seen in
Table 2. In fact, one can go up to d; = O (tlogtlog (logt)) and continue iteratively in this manner,
as long as Zfil d% = oo. For larger delays, it is not possible to converge to the set of CCE or NE
using our approach.
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dtStl% di <1 di <t d; < tlogt
N Kl KOl e K
Distance from CCE: 0 (bg’f) o <1°g£) 0 (%) O (%)
FKM T8 T24 (loglogT)3 (logloglogT)3
FKM Regret 0 <nT%) 0 (rLT*) O (T) O (T)
Distanclg;rl;)gn CCE: 0] (lng%T> (0] (%) 0] (m) 0] (m)
EXP3 Regret 0 (TW) 0 (T%\/@) O (1) O (1)

Table 2: Conditions for no weighted-regret for different delay sequences, along with the correspond-
ing single agent expected regret bounds. For shorthand, we use D = 23:1 dy.

The implication of our results is for approximating a CCE (NE) of a (two-player zero-sum) game
that we can only simulate ”in the lab” based on data or an experiment. In such a scenario, we
can only evaluate the agents’ performance (i.e., cost) based on the effect of their actions, which
means delayed bandit feedback for the agents. We show that algorithms with no weighted-regret
can approximate a CCE or a NE even with large delays that yield linear (trivial) regret.

3. Non-cooperative Games with Delayed Bandit Feedback

One of the main reasons why adversarial regret bounds are needed is that practical environments
consist of multiple interacting agents, leading to non-stationary reward processes. In this section,
we study a non-cooperative game where each player only receives delayed bandit feedback, given
some arbitrary sequence of delays that can be different for different players.

It is well known that without delays, players that use an online learning algorithm with sublinear
regret (i.e., no-regret) against an adaptive adversary will converge to the set of CCE in the empirical
distribution sense (Hannan, 1957; Hart, 2013), and to the set of NE for a two-player zero-sum game
(Blackwell, 1956). With large enough delays, the regret becomes linear in T so there is no guarantee
that the dynamics converge to the set of CCE or NE in any sense. Surprisingly, we show that a
CCE (or a NE for a two-player zero-sum game) can still emerge even with linear regret that results
from too large delays. Our weighted-regret bounds for FKM and EPX3 provide sufficient conditions
under which CCE or a NE can be approximated this way for a convex or finite game, respectively. In
this sense, the weighting in the weighted ergodic distribution ”filters out” part of the delay noise in
the approximation of the CCE/NE. In this section, we formulate our results for general continuous
games and then explain how finite games can be viewed as a special case, using mixed actions.

Our key observation is that with delayed feedback, it is not the regret that matters for the game
dynamics but rather what we call the weighted-regret. The weighted-regret weighs the costs in
different rounds according to a given non-increasing sequence 7, so it coincides with the regret when
1y = n,Vt. We define “no weighted-regret” to replace the traditional no-regret property:

Definition 2. Let {l; : £ — [0, 1]}, be a sequence of cost functions, chosen by an adaptive adversary.
Let a* = argmin Zthl nele (a). Let {d;} be a delay sequence such that the cost from round ¢ is
ackk

received at round ¢ + d;. We say that an algorithm that produces the random sequence of (single-
agent) actions {a:} has no weighted-regret with respect to {d:} and the non-increasing weight
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sequence {n} if

o Bamlitn i), o

where the expectation is with respect to the random {a;} generated by the algorithm.

Having no weighted-regret is only non-trivial when Y ,=, 7 = oo. When Y = n < oo, the
feedback from the last Z rounds can be discarded without affecting (2). When Y7, 1 = oo, there
is no round ¢ after which we can discard all feedback and still maintain (2).

We define no weighted-regret with respect to an adaptive adversary since, in a non-cooperative
game with cost functions {u, }, the ”adversarial” cost function of player n is l;(ay) = un(@n, a_n),
so it is determined by the actions of the other players. In turn, the actions of the other players
depend on the past actions of player n. Hence, the cost function of player n depends on her past
actions, as with an adaptive adversary. In general, the equilibrium does not consist of absolute
strategies such as "min-max” in zero-sum games. Hence, regret guarantees against an adaptive
adversary allow proving convergence to the set of CCE for general non-cooperative games.

When taking the limit T — oo, it is important to emphasize that we do not change the infinite
sequence of delays {d;}, but only reveal more elements in this sequence. In other words, we are
looking at the same game but over a longer time horizon. Therefore, while d; = % makes sense for
a constant T, it is misleading when taking T" — oo since it represents a delay that occurred at time

t but changes with the limit, so the limit is no longer of the “same game”.

3.1 Coarse Correlated Equilibrium for N-player Games

The CCE is a well-established equilibrium concept for learning in games (Hannan, 1957; Ashlagi
et al., 2008; Hart, 2013). Our convergence argument utilizes the notion of an e-CCE:

Definition 3. Consider a non-cooperative game where the action set of all players is some compact
set A and the reward function of each player u,, : AN — [0,1] is continuous. Recall that a_,, is the
action profile of all players except player n. Let P (AN ) be the set of all Borel probability measures
over AV equipped with the weak-* topology (see Simmons (1963)). The set of all e-CCE points is
the set of distributions over AN such that:

C. = {p e P (AY) ‘E“*NP {un (a),a” )} > max E2 ~P {un (an,a’,)} — s,Vn} (3)

an €A
and the set of CCE points is Cy with € = 0.

The e—CCE is a distribution over the action profiles such that no player can improve her expected
reward by more than € by playing any pure action if other players keep playing according to this
distribution. The CCE can be interpreted as a coordinator that uses a random signal to instruct
the players what to play such that they all want to follow this instruction given that the others do.
This equilibrium is called ”correlated” since the actions of the players are statistically dependent,
potentially through the coordinator’s signal they all observe. The history of the game, and even as
little as the bandit feedback each player received in the past, can implement such a coordinator.

The CCE should not be confused with the more refined correlated equilibrium (CE). The CCE
coincides with the CE if only constant departure functions are considered in the definition of the CE
(Hart, 2013, Page 11), instead of all measurable mappings. Hence, by definition, every CE is a CCE.
We focus on the CCE since it relates to the regret (Definition 1) directly, while the CE is related to
the internal regret which is less common for online learning algorithms (Blum and Mansour (2007)).

In the game of Definition 3 a CCE always exists since Theorem (Hart, 2013, Theorem 3) shows
that a correlated equilibrium exists. Hence, Cy is non-empty.

The entity that converges to the set of CCE Cy in our non-cooperative game scenario is the
expected weighted ergodic distribution of the actions a;. For the special case of n; = 7 for all ¢ for
some 7 > 0, the weighted ergodic distribution of a; is simply its ergodic (i.e., empirical) distribution.
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Definition 4. For a weight sequence {n:} and horizon T, the weighted ergodic distribution of a
sequence of actions {a;} is defined as:

T
A Et:1 77t5a¢
- T
Zt:1 Tt

where dq, is Dirac’s measure, so dq, (4) = 1 if a; € A and d4, (A) = 0 otherwise. Note that
E{da,} = E{pa,} where p,, is the distribution of a; given the information the algorithm has at

(4)

pr

T
round t. Hence, we can use M instead to estimate a CCE, which exploits more information.
’ = ’

171t

The following theorem estabtl=ishes the convergence of E {pr} to the set of CCE Cy.

Theorem 1. Let N players play a mon-cooperative game where the action set of all players A is
compact and the reward function of each player u, : AN — [0,1] is continuous. Let {n;} be the
non-increasing weight sequence. If each player n runs an algorithm that has no weighted-regret with
respect to its delay sequence {d}}, then E{pr} converges to the set of CCE Cy as T — oc.

Proof See Appendix. |

The expectation E {pr} is with respect to the random actions. By definition, the set of e-CCE is
convex, so the average of multiple e-CCE is also an e-CCE. Hence, the implication of Theorem 1 is
that to approximate a CCE using T samples, one can run v/T' independent simulations of the game

VT
(possibly not identically distributed) and then average the resulting { p%} . From the strong

(4)
VT

law of large numbers, this estimation converges as T' — oo with probability 1 to Cy since p' - is

CRNG
bounded and { P \/T}iﬂ are independent.

Remark 1 (Finite Games). One useful special case of Theorem 1 is that of finite games (i.e., multi-
armed bandits). To see that, choose the action set to be the K-dimensional simplex, i.e., A = AK.
Let Uy, : {1,..., K} — [0,1] be the reward function of player n in the finite game. Then we can
define the reward function of the continuous game u, : AN — [0, 1] for every x € AX as follows:

un () 2 B {U, (a)} (5)
where the expectation averages a € {1,..., K}V according to the distribution that x defines on
1,...,K. This is indeed a special case of our formulation above since the simplex A¥ is compact,

and uy, (x) is linear and therefore continuous. Moreover, we have

B {u, (@)} = B B~ {U, (@)} } = E*~*0*") {U, (a")} (6)

where ¢ (p,x) is the distribution over {1,..., K} that is induced by randomizing x according to
p and then randomizing a according to x (i.e., the compound distribution with x as the random
parameter). Since the mazimum of u, is attained at the corners of the simplex, we also have

E* ™~ fup, (T, ", )} = Ee ~*ex) L (a,,a,)) . 7
max {un (@n,2%,)} = moax {Un (an,a%,,) } (7)

Due to (6) and (7), Definition 3 coincides with the definition of a CCE for a finite game,
which results from Definition 8 with A = {1,...,K} and any arbitrary reward functions {u, :

{1,...,K}N = [0,1]},. Then P (AN) takes the form of the K-dimensional simplex.

It is important to notice that FKM cannot be applied in a finite game with bandit feedback. While
FKM can certainly be applied to linear cost functions, it would require the player to obtain wu,(x) as
feedback, which is the expected cost incurred to a player that only picks one discrete arm each turn
at random, according to a distribution x,. For this reason, we also analyze the weighted-regret of

10



NO WEIGHTED-REGRET LEARNING IN ADVERSARIAL BANDITS WITH DELAYS

the EXP3 algorithm, which can work with discrete arm choices and bandit feedback. Remarkably,
requiring less feedback, EXP3 also achieves better expected regret for this linear case. If lgl) s the
cost of playing arm i at round t, then the expected cost of playing a random arm a; according to the
distribution &, € AX is

K K
i} -n{e {30 o | {5 i} ®
i=1

i=1

Hence, EXP3 also leads to faster convergence to the set of CCE in finite games.

The general result of Theorem 1 implies stronger results for special classes of games where the
set of CCE has an interesting structure. For example, in strictly monotone games the unique CCE
places probability one on the unique pure NE (Ui (2008)). Another example is a polymatrix game,
which is a finite action set game where each player plays a separate two-player zero-sum game against
each of her neighbors on a given graph. For polymatrix games, for which a two-player zero-sum game
is a special case, it was shown in Cai and Daskalakis (2011) that the marginal distributions of the
CCE are a NE. However, this result holds only for multi-armed bandits since it assumes discrete
action sets. Our next section establishes that the weighted ergodic average of two no weighted-regret
algorithms in a two-player zero-sum game converges to the set of NE for multi-armed bandits and
bandit convex optimization.

3.2 Nash Equilibrium for Two-Player Convex-Concave Zero-Sum Games

In this subsection, we consider two-player zero-sum games where the action set A C R™ of both
players is convex and compact. The cost function v : A x A — [0, 1] is assumed to be continuous,
convex in the first argument and concave in the second. When the row player plays y and the
column player plays z, the first pays a cost of u (y, z) and the second gains a reward of u (y, z).

For two-player zero-sum games, we show that algorithms with no weighted-regret lead to the set
of Nash equilibria (NE). A NE is an action profile such that no player wants to switch an action
given that the other players keep their actions. For our convergence argument, we define the set of
all approximate (pure) NE of a two-player zero-sum game:

Definition 5. Define a two-player zero-sum game where the action set of both players is A C R"
and the cost function is u : A x A — [0,1]. The set of all e-NE points of this game is defined as:

A= { =) € Ax A u ) S migu () + e, 2) 2 magult ) e O
yeA zeA

and the set of NE points is My with € = 0.

The NE is a more exclusive solution concept than the CCE, so our result is stronger for this
special case of a two-player zero-sum game. This holds since if a NE exists, it is always a CCE, which
follows immediately from Definition 3 and Definition 5 by substituting the distribution that gives
the NE action profile with probability 1 as the distribution p. For a two-player zero-sum game with
a convex and continuous cost function and compact action sets, a pure NE always exists (Nikaido
and Isoda, 1955; Debreu, 1952) so Ny is non-empty.

It was shown in Bailey and Piliouras (2018) that for the no-delay case, the last iterate (y,, z:)
does not converge in general to a NE and even moves away from it. Instead, it is the ergodic average
action that converges to the set of NE Ny. With delayed feedback, the entity that converges to Ny
in our two-player zero-sum game scenario is the weighted ergodic average of the actions {a;},. For
the special case of 7, = 7 for all ¢ for some n > 0, the weighted ergodic average of a; is just its
ergodic average.

11
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Definition 6. For a weight sequence {7;} and horizon T', the weighted ergodic average of a sequence
of actions {a;} is defined as

s i mar
2 Lzt (10)
Zt:l 77t

Then, the following theorem establishes the convergence to the set of NE Ny. Following Remark
1, we can apply Theorem 2 to a finite game with cost table U : {1,..., K} x{1,..., K} — [0, 1] such
that y, z are mixed actions (distributions over {1,..., K}), and u (y, z) = Zf; Z]K:1 y D 20U (4, 7).
Since the players’ payoffs (”value of the game”) are the same in all NE of a two-player zero-sum
game (Cesa-Bianchi and Lugosi, 2006, Page 182), algorithms with no weighted-regret can be used
to approximate this outcome, regardless of the NE that the weighted ergodic average approximates.

Ql

T

Theorem 2. Let two players play a zero-sum game with a conver and compact action set A C R"”
and a cost function u(y,z) : Ax A — [0,1]. Assume that u(y, z) is convezr in y and concave in z
and is continuous. Let y, and z; be the actions of the row and column players at round t, and let
Y and Zr be their weighted ergodic averages. Let {n;} be the non-increasing weight sequence. Let
{d;} and {d$} be the delay sequence of the row player and the column player. If both players use a
no weighted-regret algorithm with respect to {d}},{dS} then, as T — oo:

1. (Yr, Zr) converges in L' to the set of Nash equilibria Ny of the two-player zero-sum game.

2. U (Yy,Zr) converges in L* to the value of the game minmax U (y, z) = maxmin U (y, z).
y z z oy

Proof See Appendix. ||

4. Doubling Trick for Online Learning with Delays

Online learning under delayed feedback introduces another key parameter, which is the sum of delays
D= Ethl di. The sum of delays appears in the expected regret bound of many online algorithms
and is required to tune their step-size and other parameters. If D or a tight upper bound for it is
unknown, then an adaptive algorithm is needed.

With no delays, the standard doubling trick (see Cesa-Bianchi et al. (1997)) can be used if T is
unknown. However, the same doubling trick does not work with delayed feedback. We now present
a novel doubling trick for the delayed feedback case, where T and D are unknown.

Our enhanced doubling trick is two-dimensional, as each epoch is indexed by a delay index w
as well as a time index h. Compared to that, our previous doubling trick in Bistritz et al. (2019)
only tracked a delay index w. As a result, the new doubling trick leads to tighter regret bounds.

or example, it yields + og instead o + og or . More
F le, it yields O TK+ D)logK ) i d of O TK?+ D)log K ) for EXP3. M

importantly, the doubling trick in Bistritz et al. (2019) required to analyze the regret of the algorithm
that employed it. In comparison, the new doubling trick is plug and play since it provably retains
the regret bound for when D and T' are known for a wide class of online learning algorithms.

Our doubling trick assumes that a regret bound of the form O (k1 DY + ko T + kgT“Db) is avail-
able if T, D are known, for some constants k1, ks, k3 > 0 and 0 < a,b,c,d < 1. We divide the time
horizon into super-epochs, indexed by v, each consists of epochs as explained below. A super-epoch
is a set &, of consecutive rounds that all use the same algorithm parameters P, (e.g., a step-size
7). Let v, be the index of the super-epoch that contains round ¢. Let m; be the number of missing
feedback samples at round ¢. A missing feedback sample at round ¢ is a sample from 7 < ¢ such that
vy = vy (i.e., belongs to the same super-epoch) that was not received before or at round t.

An epoch is the set of consecutive rounds where the sum of delays is within a given interval and
the time index is within another given interval. To enable that, we employ a delay index counter w

12
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and a time index counter h. We increase w every time when 23:1 m., that tracks D, doubles. We
increase h every time when the number of rounds ¢ doubles. We then define the (h,w) epoch as

t
Thow = {t|2w1 <Y mp<2v 2 <t < 2h}. (11)

=1
The (h,w) epochs are then partitioned into super-epochs as follows (also illustrated in Fig. 1):
e For each h, the super-epoch & = S, is the set of (h,w) such that ko2t > oy 20w 4 fg20hQbw
e For each w, the super-epoch £ = §,, is the set of (h,w) such that 2k 20w > Jy2h 4 fg20hobw,
e All other epochs (h,w) ¢ S, US,, are each a separate super-epoch £ = {(h,w)}.

During the (h,w) € &, epoch, the algorithm equipped with our doubling trick uses the parameters
P, (e.g., P, = {nv,0,} for FKM). Different epochs (hy,w1) and (hg2,w2) in the same super-epoch
use the same set of parameters. As shown in Fig. 1, this can only be the case if h; = ho or w; = ws.
Feedback samples from previous super-epochs are discarded once received, and are no longer counted
in 23:1 m, after their super-epoch has ended. The resulting algorithm is detailed in Algorithm 1.

Fig. 1 illustrates the partition of epochs into super epochs used for our doubling trick. We can
see that the (h,w) epoch space is split into three regions with three different types of super-epochs.
In the upper one (in blue) D? dominates the regret, in the middle one (in pink) 7%D? dominates
the regret and in the lower one (in orange) T° dominates the regret. Each blue, pink, or orange
box is a super-epoch on which we apply our regret bound separately. The grey arrows represent the
actual path that the epoch indices {(h,w)} went through.

\4

Figure 1: 2D Doubling Trick. Each box is a different super-epoch, and each dot is a different epoch.

The next Lemma proves that our doubling trick tracks D, similar in spirit to how the standard
doubling trick tracks T" up to a factor of 2. It also bounds the largest delay and time indices possible.

Lemma 1. Let H, W be the last time and delay indices, respectively. Let S,,,Sn be super-epochs, as
defined below (11). Let Ty, be the set of all rounds in S, and T, £ gnaxt. Let W), be the maximal w

ETw

such that (h,w) € Sy,. Let Ty, be the set of all rounds in Sy, and Ty, e m%xt. Algorithm 1 maintains:
teTh

1. For every w and h, Y, min{dy, 7y —t +1} <2°7 1 and 33, min {d;, 7 — t + 1} <2V,

2. W <logy 31 min{d;, T —t+1} + 1 and H < log, (T +2) — 1.

13
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Algorithm 1 2D Doubling Trick Wrapper for Unknown 7" and D

Initialization: Set h = 1,w = 1,v = 1. Choose an algorithm Alg (P,), where P, is the set of the
algorithm parameters. Initialize p;,P;. Let R(T,D,P* (T, D)) = k1D + koT¢ + k3T*D" be an
expected regret bound for when D, T are known, that applies to Alg (P* (T, D)). Divide the (h,w)
space into super-epochs as detailed below (11).

Fort=1,..,T do

1. Pick an action a; € K at random according to the distribution p,.

2. Let C; be the set of delayed costs (as) received at round ¢ such that vs = 1y (i.e., originated
in the current super-epoch). Calculate the number of missing samples at round ¢ by computing
the difference between the number of rounds since the beginning of the super-epoch and the
number of samples from this super-epoch received so far:

my = |t — min T+1|—
¢ ( Te{t' |vi=vy} > Z

Te{t' |vi=vy }

Crl. (12)

3. Update the delay index: if 23:1 m, > 2%, then update w < w + 1.
4. Update the time index: if ¢t > 2", then update h < h + 1.

5. Start a new super-epoch: if the new h,w indices are outside the current super-epoch, i.e.,
(h,w) ¢ &,, then start a new super-epoch with parameters P,; < P* (2h“+1,2“’“+1), where
h,,w, are the maximal h,w indices in super-epoch &,:

(a) Initialize the algorithm with these parameters, i.e., Alg (P, 11).

(b) Increase the super-epoch index v < v + 1.
6. Using only the samples in C~t, update the distribution p, according to Alg (P,).
End

Proof Let Mg, be the set of feedback samples for costs in S, that are not received within S,,.
Every round ¢ € T, such that ¢ ¢ M, contributes exactly d; to ) .+ my, since the t-th feedback

is missing for d; rounds in 7,,. Every round t € Mg, contributes 7, —t+1 < d; to ZteT m; before
it stops being counted. Therefore

Z min {d;, 7, —t+ 1} < Z my (S) guw—1 (13)

tETw teTw

where (a) follows since if 7, - m; > 2~ then S my > 2071 42971 = 2% and the delay index
w should have already increased to w + 1. Applying the same argument on 7, , we obtain that

Z min {ds, 7, —t + 1} < Z my < 2" (14)

tETh teEThH (a)

where (a) follows since if >, .~ m; > 2Wh then Zi:l m, > 2Wr so w must have increased to W, +1.
For the second part of the lemma, 2H0+! — 2 = Zthl 2" < T so H <log, (T +2) — 1, and

T T
Zmin{dt,T—t—l-l} > th > oWt (15)
t=1 (@) =1

14
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where (a) uses that every sample is counted in Zthl my for at most d; or T — t 4+ 1 rounds. [ ]

Now we can prove our main result of this section. The first assumption is merely the regret bound
that one can obtain if T"and D are known. The second assumption says that holding the parameters
P fixed, the regret bound is non-decreasing with 7" and D. As we see in Section 5 and Section 6,
these basic assumptions hold for FKM and EXP3.

Theorem 3. Let {d:} be a delay sequence such that the cost from round t is received at round
t+di. Let T be the time horizon and define D = Zthl min{d;, T —t+1}. Let R(T,D,P (T, D))
be an upper bound on the expected regret (Definition 1) of an online learning algorithm that uses the
parameters P (T, D). Assume:

1. There exists a sequence P* (T, D) and constants ki,ko,ks > 0 and 0 < a,b,c,d < 1 such that
for all T, D:
R(T,D,P* (T,D)) < ki D%+ kyTC + ksT*D". (16)

2. For a fized P*, R(T,D,P*) is non-decreasing with T and D.
Then if Algorithm 1 is used to track P* (T, D), it achieves a total expected regret of
R(T,D) = O (kiD* + ko T + k3T D") . (17)

Proof We apply the regret bound for each of the super-epoch types Sy, S, and {(h,w)} as follows
(defined below (11) and illustrated in Fig. 1):

Type 1 (Sr): Let W, be the largest w such that (h,w) € Sy,. Let T, be the length of S;, and
let Dy, & Do, min{de, 7 —t+ 1} < 2" using Lemma 1. By applying the regret bound on Sy,:

Rs, < R(Ty, Dy, P* (2",2"")) < R (2",2"n P* (2",2"")) < ky2Whdqky2hepy2ha2Wnb < gy2he
(a) (b)
(18)
where (a) follows since Algorithm 1 uses P* (2",2""*), and (b) from condition 2 of the Theorem.
Type 2 (Sy): Let H, be the largest h such that (h,w) € S,,. Let T, be the length of S,, and
let D,, £ ZteTw min {d;, 7, —t + 1} < 2¥~! using Lemma 1. By applying the regret bound on S,,:

Rs, < R(Ty, Dy, P* (27%,2")) < R (25w, 20, P* (25w 2%)) < oy 290 +hp2Mw kg2 w200 < 3k 207,
(19)
Type 3 ({(h,w)}): For this case, we must have 2k32/*2%0 > k;2wd 4 ky2¢" 5o
Rh,w < R (Th,’lU7Dh,’lU7P* (2h72w)) < R (2h’2w773* (2h72w)) < k1211)d+k22hc+k32ha2wb < 3k32ha2wb.
(20)
Then the total regret is bounded by

H w
E{R(T)} =) Rs,+Y Rs,+ >,  Ruuw<
h=1 w=1

(hyw)£SKUS., (@)

cH

- - S 2W 1 e 2uH 1 9tW _ 1
Bki )20 +3ky Y 2 3ks Y 2" D 12" < 6k S+ Ok T +12ks
w=1 h=1 h=1 =1

=T <
201 261 (3

(2D)* —1 +6/<;2(T+2)C —1 +12k3(T+2)“ —1(2D)" -1

6k
17od 2 1 2a 1 2 1

= O (k1D + koT° + k3T D)
(21)

where (a) uses the bounds in (18),(19),(20) even for epochs that do not occur (that trivially have
zero regret), or that end after the last round. Inequality (b) uses part 2 of Lemma 1 to upper bound
H and W. We define the expressions before the last equality of (21) according to their continu-
ous extensions at a, b, ¢, d = 0, which yield logarithmic terms in T or D. Note that log D < 2log7. B
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5. The FKM Algorithm for Adversarial Bandit Convex Optimization
with Delayed Feedback

In bandit convex optimization, the action a; is chosen from a convex and compact set  C R™ with
diameter || £ max. lz — y||. Without the loss of generality, we assume that K contains the unit
xT,Ye

ball centered at the zero vector. The cost functions I; (a;) € [0, 1] are convex for all ¢ and Lipschitz
continuous with parameter L. The player has no access to the gradient of /;, and only receives the
value of I; (a;) at the beginning of round t+d;. In the FKM algorithm, the player uses the cost value
to estimate the gradient. The idea is to use a perturbation u;, drawn uniformly at random on the
n-dimensional unit sphere S;. Then, instead of playing the unperturbed action x;, the player plays
a; = x; + du, for a sampling radius § > 0. Let K5 = {a:| ﬁaz € IC}. To ensure that x; + du; € K,
we maintain x; € K5 by projecting into ICs after each gradient step. Since the cost functions are
Lipschitz continuous, this projection creates a bias that decreases with 4.
Define the following filtration
Fr=o0({z- |7 <t} (22)

which is generated from all the past unperturbed actions. With a slight abuse of notation, we use
Fs_ to denote the filtration induced from all x, for 7 < ¢ and all x,_ for rounds ¢ € S; that the
algorithm used their feedback before using the feedback from round s, but including x,_.

The purpose of the action perturbation is to allow for an estimator for the gradient at a; with a
bias that decreases with . This bias adds up to the bias that results from projecting into Ks. On
the other hand, the variance of the estimator increases with §, introducing a bias-variance trade-off.

Lemma 2 (Flaxman et al. (2005, Lemma 2.1)). Let § > 0 and define [ (x) £ E*€S1 {I (x + du)}
where Sy is the unit sphere. Let g = 21 (x + du)u. Then E*S {g} = Vi (x).

The next Lemma is the main result of this section, used to prove both Theorem 4 and Lemma 4.

Lemma 3 (Weighted-Regret Bound for FKM). Let {n;} be a non-increasing step-size sequence. Let
0 be the sampling radius. For every t, let l; : K — [0 1] be a convex cost function that is Lipschitz

continuous with parameter L. Let a* = arg min Zt 1Ml (@). Let {d;} be a delay sequence such
ek

that the cost from round t is received at round t +di. Define the set M ={t|t+d;>T,te[1,T]}
of all samples that are not received before round T'. Then using FKM (Algorithm 2) guarantees:

1. For an oblivious adversary:

T
S (Bl (a)} — (@) < Y 77t+ +B+IKN LS Y ’7t+2 52 Z t+2L > nidy.
t=1

teM tgM t¢ M teM
(23)

2. For an adaptive adversary:

T
> mE{l (ar) =l (a”)} <

KI? n2 1 n?
BURECSRACRU NI SURAEAED D] CART AN R 1 Sy RN A}

temM tg M tg M tg M
(24)

Proof See Appendix. ||
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Algorithm 2 FKM with delays

Initialization: Let {n;} be a positive non-increasing sequence. Let § < 1. Set x; = 0.
Fort=1,...,T do

1. Draw u; € S; uniformly at random, where S; is the n-dimensional unit sphere.
2. Play a; = x¢ + dug.

3. Obtain a set of delayed costs I, (as) for all s € S; and compute g, = 5, (a;) us for each.

4. Let $pin = mins and Sy = mz}sxs Set & - = x;. For every s € &, update
SES, €S, Smin
T, = H (ws_ — nsgs) (25)
Ks

where Ks = {a:\ ﬁw € IC} and then set @,y = @

sh max

End

The following theorem establishes the expected regret bound for FKM with delays. It is proved
by optimizing over a constant step-size 1 and sampling radius § in Lemma 3.

Theorem 4. Let n > 0 and 0 < § < 1. For every t, let I, : K — [0,1] be a conver cost
function that is Lipschitz continuous with parameter L. Let a* = argmin 23:1 l¢(a). Let {d:}
ex

be a delay sequence such that the cost from round t is received at round t + d;. Define the set
M={t|t+d; >T,te[1,T|} of all samples that are not received before round T. Then the ex-
pected regret of FKM (Algorithm 2) against an oblivious adversary satisfies

T
E{R(T)} =Y E{li(a) —l;(a")} <
n2

M|+ <(3 +|K])oL + 62

K
)( \/\/l|)+| i +2LnZdt (26)
tEM

Furthermore, for

1 s 1 1
= [K|min{ —T~1, —=T"% d
n=[Klmin$ 7%, 2 3(2 )

tg M

ol

%
and § = max{ T~% T3 (Z dt> (27)

t¢ M
we obtain )
3
E{R(T)} =0 nTi+\/ﬁ<Z dt> Ts + M| ] . (28)
t¢M

Proof First note that if |M| = O (T) then E{R (T")} = O (T) and otherwise T'— |[M| = O (T). To
obtain (26), substitute n; = 7 in Lemma 3 for an oblivious adversary and divide both sides by 7.
We have © (6T) = © (£T) = © (%) for n = @T_% and 6 = T~ %, hence this choice of parameters
minimizes the order of magnitude of the T' dependence of the following expression:

2

) |’C| 3
rg;n<<3+/cn5L< — IMI) + g0 (T~ IMI) + n) O (nT?). (29)
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Since © (67) = 6 (4 Ty d) =0 (1) for = 2 (g ) and 6= T3 (S0 ) then

this choice of parameters minimizes the order of magnitude of the T dependence of the following
expression:

I%l)inn ((3+ IK)) 6L (T — |M]) + |K7 +2Ln— Z dt> = Vn (Z dt> 3 T | . (30)

t¢M t¢ M

Therefore (26) cannot have a better T' dependence than in (28) for any 7),d. For the choice in (27)
we have .
|| min {nT4 n2Ts > Mdt)fi}
n? L = Y (nTz) (31)
1) max {T_i,T_E (Z%M dt)3} (a)

where (a) follows since E;?j{ig < 4. For the choice in (27) we also have

K min { T35 o dos VT3 (g de)
Iy di= U S g t>}<0 (

> dt> T3 (32)

1 >~
tg M max {T*i,T*% (ZtQM dy) 3} (a) by
where (a) follows since Q;I;{{i Z]i < L. Therefore, for the choice in (27)
1
d K| ; ,
> (E{l (ar)} 1 (a%)) < M|+ ((3+ IK|) L + 2) max ¢ nT3,/nTs [ > d;
t=1 t¢M

ﬁ(Zdt>3Té =0 nTi+\/ﬁ<Zdt>3Té+|M| . (33)

tgM tgM

+0(nT%)+o

|
The next Corollary shows that the bound of Theorem 4 is slightly tighter than O (nT% + \/ﬁD%T%) ,

where one sums D = Zthl min {dy, T — ¢ + 1} instead of 3, ,, d¢ in our regret bound (28), depend-
ing on the pattern of the missing samples.

Corollary 1. Choose the fized 7 and 6 according to (27). For every t, let I : K — [0,1] be a con-
ver cost function that is Lipschitz continuous with parameter L. Let a* = argmin Ethl Il (a).
ackl

Let {d;} be a delay sequence such that the cost from round t is received at round t + d;. Let
D = Zle min{d;, T —t + 1}. Then the expected regret of FKM (Algorithm 2) against an obliv-
ious adversary satisfies

!

E{R(T)} = > (E{l(a)} L (a*)) = O (nT% +\/ED%T%). (34)
t=1
Proof The m = | M| missing samples contribute at least m(”;H) > %2 toD = 23:1 min {d;, T —t + 1}.
This follows since the best case is when the feedback of round T is delayed by one and arrives after
T, the feedback of round T"— 1 now has to be delayed by at least 2 to arrive after 1" and so on, m

times. Therefore
<2T > dt>
tgM

1 m2 %
TD32<TE dt+T2> 2
18

3

Wl

Tm)%z

l\')\»—l
L\D\»—*
[

N

(Zdt> +% (35)

t¢M t¢gM
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where (a) follows from the concavity of f (z) = 23. We conclude that the regret in (34) is greater
than that in (28).
|

5.1 Agnostic FKM

If the horizon T' and sum of delays D are unknown, then we can apply Algorithm 1 to wrap FKM.
The next Theorem is an immediate application of Theorem 3 on the FKM regret bound for this
agnostic case. The resulting bound retains the same order of magnitude as the bound of Corollary
1 even though D and T are unknown. The only difference with the bound of Theorem 4 arises
because the doubling trick discards samples that cross super-epochs. Hence, the bound below uses
D= Zthl min {d;, T" — ¢ + 1} instead of 3~ ( d¢ and [M].

Theorem 5. For every t, let l; : K — [0,1] be a convex cost function that is Lipschitz continuous

with parameter L. Let {d;} be a delay sequence such that the cost from round t is received at round

t+d;. Let D = ZZ;I min {d, T —t + 1}. If the player uses Algorithm 1 to wrap FKM (Algorithm 2)
h+w w—2h

such that in the (h,w) epoch Ny, = \K|min{%2_%, %Z_T} and 6p, = 0o max{2_%,2 3 }
for 0y < 1, then the expected regret of FKM (Algorithm 2) against an oblivious adversary satisfies

E{R(T)} =0 (nT% + \/ED%T%) . (36)

Proof Consider the regret bound in (26) after bounding | M| < v/2D (as in Corollary 1), T —| M| <
T and 3,40, di < D. For the choice in (27), this bound takes the form O(nT% + /T3 D% + D2)
(where T3 D3 > D?) so it matches Assumption 1 in Theorem 3 with a = b = t,c=2andd= 3.
This bound also satisfies Assumption 2 since it is increasing with 7" and D for any 7, J.

.w\

5.2 No Weighted-Regret Property for FKM

In this subsection, we provide conditions for FKM to have no weighted-regret with respect to the
delay sequence and its step-size sequence as the weight sequence of Section 3. As discussed in
Section 3, Y oo, m: = oo is necessary for the no weighted-regret property to be non-trivial. All other
conditions of Lemma 4 are as tight as the bound of Lemma 3.

Lemma 4. FKM with a non-increasing and positive step-size sequence {n:} and sampling radius o
has no weighted-regret with respect to the sequence of delays {d:} and {n:} as the weight sequence,
if the following three conditions hold:

1302 e = oo.
2. tlim nedy < 0o and Y, nidy < oo.
— 00
. . T
3. Tlgr;O(ST =0 and Tlgnoj% Doy M = 0.

Proof Let M = {t|t+d; >T,t e [1,T]}. Define t* (T) = {2}3{75’ and note that t* (7') — oo as

T — oo since t +d; > t, and f (t) = ¢ is increasing. Since 7; is non-increasing then

> S UMy < (T =t (T) + 1) npe 7y < dy- () M= (7)- (37)
tem
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Let A= (3+|K|) L. Therefore

lim E { 23:1 ne (It (ag) — 1y (@*)) }

T—o0 Z;:l e
n n2
) dt* )Nt (T) + + Abdr Et 1M+ 2 \ICI \/ 23:1 77t2 + %57 Zthl 77,52 (1+ 4dy)
< lim = =0 (38)
(a) T—o0 thl e ®)

where (a) is Lemma 3 and (37), and (b) follows since Jim dyny < o0, Yoo i midy < 00, Yo M = 00
— 00
. . T
TILH;OCST =0 and Tlgréod% Y oi1 M = 00. [ |
1
tlogtloglogtlogloglogt
tee no weighted-regret for all sequences such that d; = O (tlogtloglogt). This boundary can only be
slightly improved by adding log (log (.. .log (7)) iteratively in this manner as long as 23:1 d% = 0.
Outside this boundary, we cannot guarantee that FKM has no weighted-regret even if d; is known.
Hence, no knowledge of the individual terms of the sequence d; is required to tune n; and dp such
that FKM has no weighted-regret for all sequences inside this boundary, which can be arbitrarily
extended to include all the sequences for which Lemma 4 holds. However, if a tighter bound on
the rate of growth of d; is available then one can improve the convergence rate to the set of CCE
by picking a more slowly decaying n; than n, = TogiTo Iog Tloglog log " This still would not require
knowledge of the individual terms in d;. In general, % or a given T, FKM gives an e-CCE with

e=0 (max{ié2 ZIT ; 75T}>, as given in (38).
T Zat=1"It
The following Proposition shows that FKM can have no weighted-regret even when it has linear
regret in T'. As a result, FKM can be used to approximate a CCE in a non-cooperative game with
convex cost functions or a NE in a two-player convex-concave zero-sum game despite not having
no-regret guarantees.

Note that one can choose 7; =

and o7 = O ((log log log (log T))fé) to guaran-

Proposition 2. There exist a delay sequence {d;} and Lipschitz continuous convex functions {ly, ...,lr}
on [0, 1] such that for a large enough T

T
E{R(T }—ZE{lt ay) —li(a”)} > W (39)

but still the step-sizes {n:} and sampling radius d for Algorithm 2 (FKM) can be chosen such that
it has no weighted-regret with respect to {d;} and {n:} as the weight sequence.

Proof Let d; = ¢ and choose 67 = 0.1 (loglog(T + 1)) Sog = m for all ¢ > 1, for which

ZtT:1 ne = O (loglogT) ,> o, dim? < oo and also 67 — 0 and 07 23:1 1 — oo as T — oo. Hence,
by Lemma 4 we obtain that FKM has no weighted-regret with respect to d; and 7;. However, the
feedback for the last % rounds is never received. Therefore, the unperturbed action x; is zT for all
2

1
t > % Consider the sequence of costs I; (a) = 0 for all ¢ < % and I} (a) = ”a\)C\T)J
where 1 € R"™ is a vector of ones. Starting from x; = 0 and computing g, = 0 for all £ < % we have

forallt > L

Tr = 0. Then, from the Lipschitz continuity of [; we obtain for all ¢ > %, for large enough T,
1 1
E{li (a:)} =El; (xz + d7u >E{l;(0)}—-6rL=——"—F —07L > ———  (40)
(a0h =Bl (g + o)} 2B (Kl +1)° 2 (K[ + 1)?

which means that this sequence yields an expected regret of at least W.
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6. The EXP3 Algorithm for Adversarial Multi-Armed Bandits with
Delayed Feedback

Consider a player that at each round ¢ picks one out of K arms. Let a; be the arm the player chooses
at round ¢. The cost at round ¢ of playing arm i is lt(l) € [0,1], and let I, = (lt(l), - ZEK)) be the cost

vector. At round ¢, the EXP3 algorithm, detailed in Algorithm 3, chooses an arm at random using
a distribution that depends on the history of the game. The variant when ~, # 0, as we use against
an adaptive adversary, is known as EXP3-IX (see Neu (2015)). We denote the vector of probabilities
of the player for choosing arms at round t by p, € AX where AX denotes the K-simplex. This is
also known as the mixed action of the player. We also define the following filtration

Fi=0{as]s+ds <t}U{l]s<t}) (41)

which is generated from all the actions for which the feedback was received up to round t and all
cost functions up to round ¢. Note that the mixed action p, is a Fi-measurable random variable
since F; includes everything that could affect the algorithm up to round ¢. With a slight abuse of
notation, we use F,_ to denote the filtration induced from all actions for which the feedback has
been received and used up to step s_ and all the cost functions up to round ¢.

The next Lemma is the main result of this section, used to prove both Theorem 6 and Lemma, 6.

Lemma 5 (Weighted Regret Bound for EXP3). Let {n:} be a non-increasing step-size sequence

such that n; < 76 =2 for all t. Let {l( )} be a cost sequence such that lgi) € [0,1] for every t,i. Let

{d:} be a delay sequence such that the cost from round t is received at round t + d;. Define the set
M* of all samples that are not received before round T or that were delayed by dy > ezln, — 1. Then

using EXP3 (Algorithm 3) guarantees:

1. With an oblivious adversary and v = 0 for all t:

{an( t)—mmznl()} <log K + KZnt +4 Z nydy + Z Nt (42)

t¢ M~ te M=

2. With an adaptive adversary and v¢ = 1 for all t:

T T
E{Zngw —miinzntzg”} <24 2logK +(1+ < Kznt +42K > i+ > e
t=1 t=1

te M= teM=
(43)

Proof See Appendix. |

The following theorem establishes the expected regret bound for EXP3 with delays. It is proved
by optimizing over a constant step-size 1 in Lemma 5.
,E” € [0,1] for every t,i. Let {d;} be a

delay sequence such that the cost from round t is received at round t + d;. Define the set M =
{t|t+d, >T,t e [1 T]} of all samples that are not received before round T. Let us choose the

xed step-size n = S5~ 18K Thep the expected regret of EXP3 (Algorithm 3) against an
KT+3 g dt
tgM
oblivious adversary satisﬁes

T T
E{R(T {Z (1, p,) miinZlgz)} =0 ,|logK (KT+ > dt> +M||.  @6)
t=1 t=1

tEM

Theorem 6. Let {lgi)} be a cost sequence such that 1
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Algorithm 3 EXP3 with delays

Initialization: Let {n;} and {7} be non-negative non-increasing sequences such that 7; < % and
set EY) =0 and pgl) =+ fori=1,.,K.
Fort=1,...,T do

1. Choose an arm a; at random according to the distribution p,.

2. Collect in S; all the rounds s for which 12“5) arrived at round ¢ after a delay of d; < ﬁ —1.

3. Set i,(f) = I~/§Z_)1 for all 7. Update the weights of arm ay for all s € S; using
L) = L) 4y (44)
4. Update the mixed action for ¢ = 1,..., K using
() _
Piy1 = ZK eiﬁ”'

End

Proof We choose 1y =7 in (42) of Lemma 5 and define D = {t |d: > ﬁ —landt+d; < T} S0
M* = M UD in the statement of Lemma 5. Now divide both sides by 7:

log K e
E{Zl(“') mle()} 8= %nKT+4nZdt+|M|+|D|. (47)

t=1 tg M~

IN

Then, choosing n = g‘ /% yields (46). Note that for this choice |D| < ;jﬁﬂ—i’ﬁl
tgm Gt €
\/(Zt¢M di) log K, since Dt e = (ﬁ - 1) |D| (discarded samples in D are not missing). M

Similar to the bandit convex optimization case, the bound of Theorem 6 is tighter than O ( log K (KT + D))
for D = Zthl min {d;, T — ¢t + 1}, as the next Corollary shows.

Corollary 2. Let n = %, /%. Let {lii)} be a cost sequence such that lgi) € [0,1] for

every t,i. Let {d:} be a delay sequence such that the cost from round t is received at round t+d;. Let
D= Zf:l min {d¢, T —t + 1}. Then the expected regret of EXP3 (Algorithm 8) against an oblivious
adversary satisfies

T T
E{R(T {Z L, p,) miinZl,gi)} :0( 1ogK(KT+D)). (48)
t=1 t=1
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Proof The m = | M| missing samples contribute at least W to D (as in Corollary 1), so

Vieg K (KT + D) > k%K<KT+§:@+"“m+U>

2
tg M

1 1
> 3 2log K (KT+Zdt>+2 logKm(m+1) >0 log K (KT—i—Zdt> +%
(@) tEM tEM
(49)
where (a) follows from the concavity of f (z) = /z. ]

6.1 Agnostic EXP3

-2

The step-size n = <5, /ﬁf;/wdt used in Algorithm 3 requires knowing the horizon 7" and the

sum of delays D. When these parameters are unknown, we can apply Algorithm 1 to wrap EXP3.
The next Theorem is an immediate application Theorem 3 on the EXP3 regret bound for this
agnostic case. The resulting bound retains the same order of magnitude as the bound of Corollary
2 even though D and T are unknown. The only difference with the bound of Theorem 6 arises
because the doubling trick discards samples that cross super-epochs. Hence, the bound below uses

D= Zle min {d;, T — ¢ + 1} instead of 3_, \ d; and [M|.

Theorem 7. Let {lt(i)} be a cost sequence such that l,gi) € [0,1] for every t,i. Let {d} be a delay

sequence such that the cost from roundt is received at round t+d;. Let D = 23:1 min {d;, T —t + 1}.

If the player uses Algorithm 1 to wrap EXP3 (Algorithm 3) with step size np . = % % for

epoch (h,w), then the regret against an oblivious adversary satisfies

t=1

E{R(T)} =E {Z i p,) — miinZl,gi)} -0 («/logK (KT + D)) . (50)
t=1

Proof Consider the regret bound in (47) after bounding |[M| < v/2D, (as in the proof of Corol-
lary 2), T — M| < T, 140+ de < D and [D| < v/Dlog K (as in the proof of Theorem 6). For

n= e 2 /8K ihis bound yields that of Corollary 2 which is of the form /T K log K ++/Dlog K,

2 \/| KT+D>
so it matches Assumption 1 in Theorem 3 with a =b=0and c=d = % This bound also satisfies
Assumption 2 since it is increasing with 7" and D for any 7. |

6.2 No Weighted-Regret Property for EXP3

In this subsection, we provide conditions for EXP3 to have no weighted-regret with respect to the
delay sequence and its step-size sequence as the weight sequence of Section 3. As discussed in
Section 3, ;2 ¢ = 00, is necessary for the no weighted-regret property to be non-trivial. All other
conditions of Lemma 6 are as tight as the bound of Lemma 5.

Lemma 6. EXPS3 with a non-increasing and positive step-size sequence {n:} such that n; < %6_2

for all t has no weighted-regret with respect to the sequence of delays {d:} and {n:} as the weight
sequence, if the following two conditions hold:
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1372 e = oo.

2. tlim nedy < 00 and Y0, midy < .
—00

Proof Define the set of missing samples M = {t|t+ d; > T} and the set of discarded samples
Dr = {t|dm > e 2 —mn}. Define t*(T) = tmiMnt, and note that t* (T) — oo as T — oo since
€

t+d; > t,and f(t) =t is increasing. Since 7, is non-increasing then

> S UMy < (T =t (T) + 1) ey < dy () M= (1)- (51)
teM
Given 221 nZd; < oo and Zfil 17; = oo we must have tlim mdy = 0 if this limit exists, so
— 00

lim |Dr| < co. Therefore for the optimal arm ¢*
T—o00

T (at) (i)
B{Son (U U)o Drl ey + 4o K 4 5K L 0 (1464,

lim T < 1 T =
T—00 Zt:l i (a) T—o0 Zt:l N (b)

(52)
where (a) is Lemma 5 and (51), and (b) uses diny — 0 as t — 00, Y ;0,7 = 00 and Y o, din? < oo.
|

Note that one can choose 1, = to guarantee no weighted-regret for all

tlogtlog loglt logloglogt
sequences such that d; = (tlogtloglogt). This boundary can only be slightly improved by adding
log (log (.. .log (T))) iteratively in this manner as long as Y .-, d% = 00. Outside this boundary, we
cannot guarantee that EXP3 has no weighted-regret even if d; is known. Hence, no knowledge of the
individual terms of the sequence d; is required to tune 7; such that EXP3 has no weighted-regret for
all sequences inside this boundary, which can be arbitrarily extended to include all the sequences
for which Lemma 6 holds. However, if a tighter bound on the rate of growth of d, is available then
one can improve the convergence rate to the set of CCE by picking a more slowly decaying 7; than

Nt = Tlogiiog loglt TogTogTogt" This still would not require knowledge of the individual terms in d;. In

general, for a given T, EXP3 gives an e-CCE with ¢ = O (ﬁ
t=1"It
The following Proposition shows that EXP3 can have no weighted-regret even when it has linear

regret in T. As a result, EXP3 can be used to approximate a CCE in a discrete non-cooperative
game or a NE in a discrete two-player zero-sum game despite not having no-regret guarantees.

), as given in (52).

Proposition 3. There ezist a delay sequence {d;} and a cost sequence {Zt(l),...,ng)} with 0 <
¢

lgi) <1 for allt and i, such that
T

T
E{R(T)} = E{Zat,m —mgnZZP} >(1-%) 3 (53)
t=1

t=1

but still the step-sizes {n} for Algorithm 8 (EXP8) can be chosen such that it has no weighted-regret
with respect to {d;} and {m:} as the weight sequence.

Proof Let d; =t and 7, = m
o2, din? < oo and tlim mdy = 0. Hence, by Lemma 6 we obtain that EXP3 has no weighted-regret
—00

for all ¢, for which dyn? = m SO Zfil Ny = 00,

with respect to d; and ;. However, the feedback for the last % rounds is never received. Therefore,
the mixed action p, does not change for all ¢ > % Then the cost sequence such that lt(i) =0 for all
i and all t < % and lgl) =0, lgj) =1forall j >1andallt> % yields an expected regret of exactly

(1-%) 3 =
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7. Conclusions

We studied the weighted-regret of online learning with adversarial bandit feedback and an arbitrary
delay sequence {d;}. Our results have implications both for the single-agent and multi-agent cases.
For the single-agent case, our weighted-regret bounds yield standard regret bounds as a special

case. We showed an expected regret bound of O (nT% + /nT3 D%) for FKM and O ( log K (KT + D))

for EXP3, where D = Z;’F:l min {d;, T — t + 1}. These bounds hold even if D, T are unknown thanks
to a novel doubling trick. Our doubling trick can be applied to any online learning algorithm with
delays in a plug-and-play manner. Under mild conditions, the novel doubling trick provably retains
the order of magnitude dependence on D, T (and other parameters) of the regret bound for when
D, T are known.

Our single-agent results in this paper focus on FKM and EXP3 since they are the most widely
used algorithms for bandit convex optimization and multi-armed bandits, respectively. Therefore it
is crucial to understand how they perform under delays, which are prevalent in practical systems.
However, this leaves open the question of what are the best algorithms for delayed bandit feedback.

For multi-armed bandits the lower bound is O (\/ KT+ Dlog K ), which is achieved by the al-
gorithm of Zimmert and Seldin (2020). EXP3, which has lower computational complexity, achieves
this lower bound up to the log K that factors KT, which is negligible if the average delay is larger

than O (&)
For bandit convex optimization, much less is understood. A breakthrough was made in Bubeck
et al. (2017), that introduced a bandit convex optimization algorithm that achieves an expected

regret of O (n9'5\/T log”® T). Recently, it was shown in Lattimore (2020) that an algorithm exists

that achieves an expected regret of O(n2‘5ﬁ log T'), which improves the bound from Bubeck and
Eldan (2016). However, the result in Lattimore (2020) is non-constructive so an algorithm that
achieves the improved bound is still unknown. Compared to FKM, the algorithm in Bubeck et al.
(2017) suffers from a few drawbacks. First, the n dependence is a high-degree polynomial, which is
much worse than the linear dependence of FKM. Second, the algorithm proposed in Bubeck et al.
(2017) has a T' dependent complexity per round. Since this new algorithm may need a very large T
to have lower regret than FKM, a T" dependant complexity is a serious practical concern. Finally,
it is an open question how robust the algorithm in Bubeck et al. (2017) is to delays. The main
difficulty seems to be that their algorithm requires increasing the step-size multiplicatively by a
factor larger than one once a certain condition holds. An increasing step-size sequence conflicts
with the T, D-dependent tuning that optimizes the expected regret with delays or the decreasing
step-size sequence that guarantees no weighted-regret for unbounded delay sequences. In contrast,
FKM gives a weighted-regret bound as a function of 7; that can be easily tuned.

For the multi-agent case, we proved that if the algorithms have no weighted-regret, then the
expected weighted ergodic distribution of play converges to the set of coarse correlated equilibria
(CCE) for a general non-cooperative game. For a two-player zero-sum game, the weighted ergodic
average of play converges in L' to the set of Nash equilibria. Then, we showed that FKM and
EXP3 have no weighted-regret with their step-size sequence as the weight sequence even under
significant unbounded delay sequences (e.g., d; = O (tlogt)) for which their regret is (7). Hence,
by simulating a game and endowing the players with FKM or EXP3, we can use the weighted
ergodic distribution or average to approximate an equilibrium. By tuning the weights according to
the conditions we provide, this approximation method can still converge even if the algorithms have
linear regret. Since delays are prevalent when simulating model-free multi-agent interactions (i.e.,
games), this extends the set of tools that can approximate equilibria in practice. Approximating
equilibria of model-free games in a simulated environment can help to predict their outcomes in
practice, or design distributed algorithms in case the equilibria have good global performance.

Our results highlight the role of no weighted-regret in online learning under delayed feedback.
This motivates to further study the analogy between no weighted-regret under delays to no-regret
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in the standard no-delay case. In particular, it might be possible to prove results on the internal
weighted-regret, based on the techniques introduced in Blum and Mansour (2007) for multi-armed
bandits. An internal weighted-regret bound will allow approximating the correlated equilibrium in
delayed feedback environments, generalizing our result on external weighted-regret and the CCE.
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8. Proof of Theorem 1

T
We start by showing that E{pr} =E {%} converges to an e-CCE of the game as T' — oo,
t=1"It

for every € > 0. For each n, define the cost function I, ; (a,) =1 — uy, (@p,a—n). Let € > 0. Since
each player n has no weighted-regret with respect to d}* and 7, then there exists a Tp > 0 such that
for all T' > Tp, we have for every n and every action a,, € A:

T —uy, (ay
B {5 (un (an,0%,) ~ o a)}} = E{Zt_l (O 0-n) e ))}

T _ a,
& {ztzlm(znggn,it It ( ))}(%)E (54)

where (a) uses the definition of pr and (b) follows since player n has no weighted-regret. Now pick

a, = arg maxE® ~PT {un (a’n,a*_n)} in (54). Since Ee ~pr {un (an,ain) — Up, (a*)} is linear in
a’ €A

pr, then

E {EG*NPT {un (an,a’,) —u, (a*)}} =B ~*ert {u, (an,a”,) —un (@)} (55)

so we conclude that by definition E {pr} is an e-CCE.
Let A > 0. From Lemma 7, we know that there exists an ¢a > 0 such that for all ¢ < ea we have
mig lpe — p*|| < A for all p. € C.. From (54) we know that there exists a large enough 7; such
ve

that for all T > Ty we have E{pr} € C.,, which implies that milcl IE{pr} — p*|l < A. Therefore,
p*€Co
E {pr} converges to the set of CCE Cy as T' — oc.

9. Proof of Theorem 2

T
Recall that the weighted ergodic average of a; is ar = % Let € > 0. Define the ergodic
t=1"It

average of the value of the game by

T
Up = Zt:l 77;:“’ (yta Zt) (56)
Et:1 Tt

Define the row cost function I, ; (y) = u (y, z¢). Since the row player has no weighted-regret with
respect to dj and 7 then there exists a T > 0 such that for all T > Ty and every y € A (even in
hindsight):

E{tar —u(y,zr)} (%) E { D M (u (zy:ttTa_zlt;t— u(y, zt)) }

T

Lt () — 1o

) Zt:l e ( 7tT(yt) Jt (v)) < € (57)
D1t () 2

where (a) uses the concavity of u (y, Zr) in Zr and (b) uses the no weighted-regret of the algorithm.

Define the column cost function I, (z) = 1 —u (y;, ). Since the column player has no weighted-
regret with respect to df and 7, then there exists a T5 > 0 such that for all T > T5 and for every
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z € A (even in hindsight):

E{u(yr,2z) —ur} < E

{ZL e (u(yy, 2) = u(y,, z)) }

a) Z?:l Mt
—F Z?:l "t (lcﬂf (zt) - lc,t (Z)) < £ (58)
- 23:1 Uiz (b) 2

where (a) uses the convexity of u (g, z) in g, and (b) uses the no weighted-regret of the algorithm.
Now define the best-response to Zr as y4 = argminu (y’, Z7) and the best-response to g as

y/
25 = argmaxu (g, 2') . By choosing y = y%, 2 = Zr in (57) and (58) and adding them together

we conclude that for all T' > max {T1,T»}

|

where (a) follows since u (gp, Z7) > u (be,ZT). By choosing instead y = g, z = 25 in (57) and
(58) and adding them together we conclude that for all T > max {T1,T>}

u(gp, Z7) — rr;l/nu (y/, Zr) } (:) E {ET —u (be, ZT)} +E{u(gy,zr) —urt <e (59)

E{|u(@r. 2r) ~ maxu (57, 7) |} = B {Tr —u(@r. 20} + E{u (5r,55) ~wr} <= (60)

where (a) follows since u (gp, Zr) < u (g, 25).
Let A > 0. From Lemma 7, we know that there exists an ea > 0 such that for all ¢ < ep we
have mi/r\l/ |z —a*|| < A for all z. € N.. Let 6 > 0 and let € = % > 0. Then from (59),(60) we
x*eNg

know that there exists a large enough T3 such that for all T' > T3, using Markov inequality:

"

u(Yr, Zr) — miny (y', 2r)

}=§ (61)

u (gT7 ZT) - II;I/IIU (yl7 ZT)

)

EA
and
, E{‘U@T,ET) —mzz}xu(yT,z’)’} 5
P (‘u(ngjT) — maxu (Gp, 2 )‘ > EA) < =_. (62)
z’ EA 2
Hence by the union bound over (61) and (62):
P (uin, 197.2) — 27 < A) 2 P((@7.3r) €AL) 210 (63)

so (Y, Zr) converges in probability to the set of NE. Since (g, Zr) — * is bounded, it implies that
IE{ mijI\l/ |(gr,Zr) —x*|| p — 0 as T'— oco. Since u is continuous, u (g, Zr) — v in probability as
x*eNg

T — oo where v is the value of the game. Since u is bounded, u (g7, Z7) — v in L* as T — oo.

10. The Set of Approximate Equilibria Approaches the Set of Equilibria

The following lemma shows that for a given game, the sets of e-NE and e-CCE converge to the sets
of NE and CCE, respectively, when ¢ — 0. It allows us to convert convergence to N and C. for
each € > 0 to convergence to Ny and Cj.

Lemma 7. Let dy () = nax a:meljr\lfo |z — 2*|| and dc () = gngé(pf}leigo llpe — p*||. Then dy () — 0

and d¢ () = 0 as € = 0.
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Proof Let A (y) = {x € AV |u; (x) > u; (y;,x—;) — €, Vi}. This is a compact set since A. (y) =
N fi_y1 ([—€, wimax]) for the continuous f;, () = u; (€) — w; (y;, £—;) and u; max = m%(vfi’y ().
’ xzc

Now note that M. = Nyean A= (y), since N only includes action profiles  where no deviation
y gives any player more than ¢ gain. Hence N is compact for all € > 0. Since M1 and Nj are
compact, we can define the sequence {&,} such that

&, € argmax min |z, —z¥||. (64)
. EN1 xz*ENo

Since AY is compact then the infinite sequence &, has a subsequence &,, that converges to a
point £ € AN (i.e., Bolzano-Weierstrass Theorem, see Simmons (1963)). Since N, C N, if
g2 > €1, we must have & € (), ; N1 so max u; (y;,Z—;) — u; () < L for all n, implying that
max u; (y;,&_;) < u; () and £ € Ny. The fact that V., C N, if 3 > &1 also implies that d (¢)
Yi
is non-increasing. Additionally, da (¢) is bounded since AY is bounded. Hence, lim dyr (%) exists.
n—oo
However, since &,, € N1 and & € Ny then
nk

1 . . . .
v (o) = e _min ol = iy, [0, ~ @] < 2, - 3 (65)
ng

so lim dpr (i) = 0 since &,, — & . Hence, we must have lim dy (l) =0 and limdy (¢) = 0.
k— 00 nE n—00 n e—0

Let P (AN ) be the set of all Borel probability measures over AN, equipped with the weak-*
topology (see Simmons (1963)). As discussed in Section 3, a CCE is a CE when all of the departure
functions are constant and therefore continuous. Hence, by simply replacing the zero constant of the
half-space with —¢ in the last line of the proof of Stoltz and Lugosi (2007, Theorem 9, Page 194), we

conclude from their Theorem 9 that C. is compact for all € > 0. Define p,, € arg max mig lloe — p* 1.
Pe ECL pE€Co

Then, Prokhorov’s Theorem, given as Proposition 8 in (Stoltz and Lugosi, 2007, Page 194), states
that there exists a subsequence p,,, that converges to a point p € P (AN). Since Ce, C C., if €9 > €1

then 5 € (°, C1 and therefore E¥ ~7 {maxul- (y;, ;) — u; (w*)} < 0so p € Cy. Following the
e i

same argument as in (65) we conclude that lir%dc () =0. ]
e—

11. Upper Bound on the Effect of the Delays on the Regret

Lemma 8. Let {n:} be a non-increasing step-size sequence. Let {d;} be a delay such that the cost
from round t is received at round t + d;. Let S; be the set of feedback samples received and used at
round t. Define the set M* of all samples that are not received and used before round T'. Then

T t—1
2o |22 et D | <2 ) wide (66)
t=1 seS; r=s qeS, qE€S;,q<s tE M

Proof Up to the weights 7,, the quantity inside the parentheses in (66):

t—1
Qe 2Y S mg+ > ng (67)
r=s q€S, qESt,q<s
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counts of the number of feedback samples received and used between round s and round ¢ such
that s € S, before the feedback from round s was used. To prove (66), we want to upper bound
ZtT:1 > ses, Ns@s,¢ for all possible delay sequences {d;}. A sample can be received and used between
round s and round ¢ if it belongs to one of two types:

1. The first type is a feedback sample from ¢ > s that is received and used before the feedback
from round s is used. There are a maximum of d, feedback samples of this type. We denote
the contribution of these samples to @, by Qg +- Bach feedback sample can contribute 7, < n;
Wlth q > s (since 7 is non-increasing) to Q! , for s € S;. We over count them by giving each

S’t term all of its ds possible samples of thls type. Summing over all ¢:

T T
YN QL <D0 T nfdo= Y nld.. (68)

t=1 scS; t=1 s€8S; tgE M*

2. The second type is a feedback sample from g < s that is received and used before s is used.
We denote the contribution of these samples to @+ by Qg,t. The samples from round ¢ can
contribute to a maximum of d, different Qit terms, all with s > ¢. This follows simply because
the feedback sample of ¢ is not received before g +dy. Let I'; be the set of rounds s such that
the samples from round ¢ contribute to Qit. Then

T
> 02, —ZZW%S domzllgl < > nid, (69)

t=1 s€S; ng* sel’y q¢./\/l* qEM*

where (a) follows since only rounds ¢ that their feedback is received and used sometime before
round 7" are counted in Qg,t for some s, t. Inequality (b) uses 1, < 7,4 since 7 is non-increasing
and s > ¢ for all s € T',.

Summing the contribution to (67) from these two possible types of samples, we have Qs =
4+ 4 Q2% so by summing (68) and (69) we obtain (66). ]

12. Proof of Lemma 3: Weighted-Regret of FKM with Delays

Recall that S; is the set of feedback samples received and used at round ¢, and that M = {t |t +d; > T}

is the set of samples that are not received before round 7'. Let a* = arg min Zthl n:l: (@) and note
ackl
that a* is random for an adaptive adversary. We have

T
ZntE{lt(at)—lt )} = E{Zzns )—Ils(a ))}+E{Zﬂt(lt(at)—lt(a*))}

t=1 s€S; teM
{Zzns s *ls (a*))}+ Z’f]t
(a) t=1 s€S; tem
{ZZ% T —ls(a*))}+2m+6Lzm (70)
t=1 seS; teM tg M

where (a) uses l; (a) € [0,1] and (b) uses |ls (zs) — ls (as)| < L||xs — as|] < IL.
Define s_, s as the step a moment before and a moment after the algorithm uses the feedback
from round s, which updates the action from a;_ to a,,. Both s_ and s, are algorithm update
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steps that take place in round ¢ of the game if s € S;. Define the projection aj =[], (a*), where
Ks = {a: | 5@ € IC} as defined in Algorithm 2. Recall that [ (z) = E*€5 { (z 4 du)}. We bound
the first term in (70) as follows

ZZ% s ) — s (a¥) <L\K|5Znt+22ns s (Ts) — s (a3))

=1 s€S, tg M t=1s€S,
< (2+IK) LéZm+ZZns( z) ~lo(az))  (T1)
t¢g M t=1s€S;

where (a) follows from the Lipschitz continuity of I, since ||a* — [k, (a M| < (I1-9)a* <

§ |K]. Inequality (b) uses the Lipschitz continuity again, this time on I (z4) an ( )
Is () — Iy (z) = BE¥S1 {I, (x + 6u) — I, (x)} < SLE“SS {||lu||} = 6L. (72)

Now recall that g; = %l (x; + du;) u; where u; is on the unit sphere S, and define
" . T

he(@) 20y (@) + (9, ~ Vi (2)) @ (73)

for which Vh; (x:) = g, and E{h; ()} = E {it (a:)} for all @, and also E{h; (z:)} = E {[t (a:t)}

since u; is independent of x; and I; (see Lemma 2). Next note that

2
£ ll@._ —aj) =n.Vh. ()|

2

* | _

Hw5+ —as

H (ms, - nSVhs (ws)) - (13

Ks
= ||&s — ag]]® = 20, (&s_ — a}, Vhy () + 12 [Vhs (@)]]° = ||z — ai||* + 02 |Vhs (2,)]

—2ns (xs — a}, Vh (x4)) — 214 <X_: Z (g, — g ) + Z (g, —xq_),Vhs (ms)>

r=s q€S, qES,q<s

s - a3||® = 2, (he (@) — hy (a3)) + 12 |9,
t—1
— 21)s <Z Z (:cq+ - mq—) + Z (mq+ - mq_) , Vhg (a:.;)> (74)
r=s q€S, qESL,q<s

where (a) follows since H/cé is the projection of xs_ — 1sVhs (s) onto the convex Ks. Inequality
(b) uses the convexity and differentiability of hs on Ks, so hs (a}) > hs (zs) + (aj — x5, Vhs (z5)).

12.1 Adaptive Adversary
First note that for any €

Z Ui (Zt () — e (m))

t¢M

(@)

Z N < — Vi, (), >

t¢ M
Z "t (Qt — Vi, (-’Bt)>

t¢M

< ||| < |K|

Z Ul (gt — Vi, (mt)) H (75)

t¢M
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where (a) uses (73). The expectation of the last term can be bounded as follows

E2 { Z e (gt — Vit (a:t)) H} <E Z s (gt - V[t (:Bt))

2

t¢g M t¢ M
2 7 2 7 7
> ﬁtE{ g, — Vi (z) } + 30> mnuE {<9t1 = Vi, (z1,) .94, — Vi, (wt2)>} <
t¢ M t1 ¢ M t1#to (a)
“ 2
2> e {lolt + Vi } <2 3ot (B +27) o
tEM ®)

where (a) uses that <gt1 — Vi, (z,),E {th — Vi, (x4,) |0 (]-"tQ,utl)}> = 0 for all t; < ty, which

follows from Lemma 2. Inequality (b) uses that [, is differentiable and L-Lipschitz continuous.
Then

{Zzns(s z, —zs<a:;>)} <

t=1 s€S; (a)

{ZZns ;) = hs (a5) }+|’C| ig ( +L2)

t=1 s€8S;

A

(b)

iiZSE{!w —aj[* - e, - 32}+;i5;&n?]13{||95|2}+’€| ZM ( +L2)
_ET: nsE <ZZ Ty, — g )+ Z (wq+—wq),E{Vhs(ws)|]-'s}> <

t=1 seS; r=$ qES, qESL,q<s

Ix*
D) 2622 t+|lc| QZT]t 62+L2

t¢gM
0 t—1
SZZ ZZE{H:B‘H_:BQ*H}"F Z E{|zq — 2|} (77)
t=1 seS; r=5qESy qES:,q<s

where (a) uses (75) and (76) on = aj and E {h, ()} =E {Z (x5 )}, (b) uses (74) and (c) uses the

telescopic sum with ||zg — a5|| —|lzr — a5|| < |K|?, that g, = %ls (Ts + dus) u,, and also Cauchy-
Schwarz and then applying Lemma 2 to obtain ||E {Vh (zs) | Fs_ }|| <E{llgll | Fs_} < %. Finally
we bound the last term by bounding
< <nl 78
< 1 [lgqll, < n (78)
, @ g

H (zq_ — nng) — Zq_

Ks

qu+ —Tq_ Hz =

where (a) follows since H,Q is the projection of x,_ — 7,9, onto the convex K5. We obtain

S (S S B w1 S Bl e )

t=1 s€S; r=s q€S, gESt,q<s

50 T t—1
S 3D SIH D 3D SRR S I-Fie) SN

t=1 s€S; r=5 qES, qES:,q<s tgM
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where (a) uses Lemma 8. We conclude by applying (79) on (77) and adding (71) and (70).

12.2 Oblivious Adversary

For an oblivious adversary, [, is not random and for ¢ > s does not depend on a,, so by Lemma 2

= {Vhs @) 17 | 2 ||B {5t @ + w7 ]| = Vi @)

<L (80)
(b)

where (a) uses (73) and (b) follows since [, is differentiable and L-Lipschitz continuous. Then

ZZ% {l @)~ i (@)} = 303" nE {ha () b (a})}
t=1 s€S; t=1 seS;
1 T
1SS B {len il - o, — a3l + LY 5 2B el -
(0) t=1 s€S; t 1 5€8;
T _
Z nsE Z :cq+ o + Z (:c% - wq—) vE{Vhs () ]'—s}>
t=1 s€S; r=s qES, qESt,q<s
|’C| T t—1
DL U SDIE N DBD LY N | BUN B 3{ P |
) tg M t=1 s€S, r=s q€S, qES,q<s

(81)

where (a) uses IE{Z (ws)} = E{hs ()} and E{ZS (a(*;)} = E{hs (a})} as explained below (73)
(since with an oblivious adversary, a} is not random), (b) uses (74) and (c) uses the telescopic sum

with |20 — aj||* — [ler — a;]|* < K% |lg.] < %, and Cauchy-Schwarz with (80). Finally, we use
(78) to bound the last term in (81):

Y (S B Y B )

t=1 se€S; r=s q€S, qES;,q<s
Ln T t—1
STZZ% 2.2 mt > m| s 2L5 > nid, (82)
t=1 s€S; r=s q€S, q€St,q<s (a) th

where (a) uses Lemma 8. We conclude by applying (82) on (81) and adding (71) and (70).
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13. Proof of Lemma 6: Weighted-Regret of EXP3 with Delays

Recall that M* is the set of missing or discarded samples. Let s_, s as the step a moment before
and a moment after the algorithm uses the feedback from round s, which updates the mixed action
from p, to p, .- Both s_ and s are algorithm update steps that take place in round ¢ of the game
if s € S;. Let st be the last feedback to be updated. ~

We begin by the standard EXP3 analysis for arbitrary ls (Lattimore and Szepesvéri, 2020),
but with careful consideration to both the interleaved arrivals and the weight 7,. Recall that

= D tem- nt%, as defined in Algorithm 3. Define ®(¢) = —log (Zfil e*w)) and

- (at)
l
l,=10,.., —+—,...,0|. Then
t ’ apgat) %7 ’

Zf—l ~L i=1 B
K
i i 9 (i

> —log (;pgz (1= i+ Loz 1) ))

s 2

i=1 N ~ 2
> ns Zpg)l(z _ ;Z Q) (lgi)) (83)

i=1 i=1

where (a) is e <1 —xz + 12% and (b) is log (1 — ) < —a. Hence, iterating (83) over s yields

T T K T K 2
®(s7) —P(N)=D_ > (Plsy) = P(s- Z Z I - TS o (i)
t=1 s€S,

t=1s€S, i=1 24 s€S;  i=1
(84)
Next we upper bound ® (s£) — ® (1). We have for i* £ argmin Zle mlgl) that
K _i@
@ (s7) —®(1)=—log [ Yoe | +logk < L) flog K = Z Yol +log K (85)
j=1 ( ) t=1 seS,
kLY
where (a) omits positive terms from » ", e “r. We conclude from (84) and (85) that

T K T . 1 Z K
S S - S ) <logk LS Y0 (1) s

t=1 s€S; =1 t=1 s€S; t=1 s€S; i=1

Now observe that

) 0 oy 5 B om0 e K 0,2y
Zps-s - SR 5 (0 40) e S (0, i) Eftet

i=1 + s i=1 Ds” + s i=1 Ds” + s
K ~ K ~
o, IO+ 3 (o) — ) B9 &
i=1 =1

36



NO WEIGHTED-REGRET LEARNING IN ADVERSARIAL BANDITS WITH DELAYS

b

Using O < €2 from Lemma 9, we obtain

Ps

G Ha,=i} 0y, =i} o
S ()=S0t (S ) cogt A Bl iy
=1

()JF'Y@ i—1 Ps’ +7s Ds s

Taking the weighted sum of (87) over ¢t ¢ M* and subtracting Zthl D ses, nsly*) from both sides:

T T K T
oD sl ZZ%le”+ZZmZ( =) IO =303 )
t=1 s€S; t=1 s€8S; t=1 s€8S; =1 t=1 s€8S;
T K
= Z Z TNs Zp(l)l(z Z Z nsli(ei*)
t=1 s€S; i=1 t=1 s€S;

T K
< 1ogK+;Z Zn?Zng (Z(Z)

t= lsESt =1

(<10gK+ ZZ 32[&') (89)
=1

t=1 s€S;

where (a) uses (86) and (b) uses (88). Rearranging (89) and subtracting ZtT:l D ses, nslgi*) from
both sides gives

- S i i)\ 7(i a ok - 7 e2 K
S (0 =) 10 +log K+ > (I 1)+ S (%ns + Qng) ;Zgz),

t=1 seS; t=1 s€S;

(90)
13.1 Adaptive Adversary with v, =,

13.1.1 TAKING THE EXPECTATION

Define W( R Zf 1 Zsest s (léi) — lgi)) —log K. From Lemma 11 with ¢ < % and agi) =1, and
ay ) = 0 for all j # 1 we get by using the union bound that

P<m?xwf > log = ><KP<ZZ%(S )>log§> 5 (91)

t=1 s€S;
so by substituting = = log § so da = _%5
(o) 1 1
E {maxw{"} < / P (maxi” > z) / <P (maxwf > log 5) <1 (92)
v 7
0 0

Define Wy = 31, D oses, (’73775 + %ng) i1 ( —1"). From Lemma 11 with o’ = ., +
S 772 < 2n; for all i we get P (W2 > log 5) < 4, so using (92) on Wy we obtain E{W5} < 1.
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From E {male(i)} <1 and E{W>} <1 we conclude that

3 S (10-10) + 305 (n 52) 00 <

t=1 scS; t=1 se8;

T
log K +2+) > (’ysns ns>2z@ <1ogK+2+KZZ <ws = ) (93)

t=1 s€S; t=1 s€S;

13.1.2 THE EFFECT OF DELAYS

Next we bound the A term in (90), which quantifies the effect of the delays. Let s € S;, and let ¢

be a round for which the feedback is used after or at round s, but before the feedback from round
_L< 3

s is used. Define h; (qu) = p((;;) = 7(]), SO p(z =h; (L + 14 q> Using Lemma 10 with
Z;{:l €
=1L, and A =n,l, (so h(z)= p, ) yields

1)
1(1_1
<o, ZP(”Z(”—%ZP() {ag=i}

Py = Pq, )_"_ry
q
191
(<)2e anpq)%r:}<2en Zl( 1{a, _Z}—2€7’]qu)<2€7’] (94)
=1 i=1

@
Py

where (a) uses —5 < e? from Lemma 9. Hence
Pq

11

T K l() as=—1 As=—1 As=—1
<187pq,—pq+>=2((“ pg’j)%<2enq2%<2enz e ()

i=1 + Vs (a) i=1 i=1 + Vs

where (a) follows since p(z) Dy+

~ Py, |, < 2e%n,. Using (95) we can write

) Lo K @)
E{<ls,pq pq+> \]—'}<2e anE{{}]—'}(:) 262an(L§2e2an (96)

=1 + s =1 ps’b) + ,YS
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where (a) uses that pgi) is Fg-measurable and that a, = ¢ with probability pgi). Hence the A term
in (90) can be bounded as

E{XT: > (Toop, —ps_>}

t=1 s€S;
T B t—1 5
o ne (B )
t=1 s€S; r=s
T _ t—1 _
=E S| Do <ls,pq_ —pq+>+z > <ls,pq_ —pq+>
t=1 s€8; qESt,q<s r=s q€S,
T B t—1 B
S5 F el n )} S T n)]
t=1 s€S; qESt,q<s r=s q€S,
T t—1
< 262KZ Z Ns Z Ng + Z Z g | < 4e’K Z "7t2dt (97)
(a) t=1 s€S; qESt,q<s r=5q€ES, (®) tg M

where (a) uses (96) with the tower rule, and (b) uses Lemma 8.

13.1.3 CONCLUDING THE PROOF

We conclude that for i* £ arg mijn S mlii):

E {ém (lﬁat) — lt(i*))} 5) E {Z N (lgas) _ lgi*)>} N Z N

G AR
ns(s g )+<%Tls+27ls>;s +Znt

t=1 seS; teM*
62 )
< 4e’K 2di+2+ 14+ = | K 24+ 2log K
<4k Y et (145 ) K Y+ 2lnk - Y
tEM> t=1 s€S; teM

(98)
where (a) uses that 0 < l,Ei) <1 for every ¢ and ¢, (b) is (90) and (c) is (93) and (97) for v, = ;.

13.2 Oblivious Adversary with v =0

13.2.1 TAKING THE EXPECTATION

With an oblivious adversary E{ly)} = lgz)E{l{;(%}} = lgi) for each s and i, since lgi) is not
random. Then for any 4, in particular i* £ arg miin Sz:thl ntlii), we have

2

T . . T K > o T K . 2 T
SO IRCEEVRIEES 9 WL BE S 9 S WIES 75 9D oi
t=1 s€S; t=1 s€S; =1 t=1 s€S; =1 t=1 seS;

(99)
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13.2.2 THE EFFECT OF DELAYS

Let s € &, and let ¢ be a round for which the feedback is used after or at round s, but before the

feedback from round s is used. Using Lemma 10 with * = L, and A = nqzq, so h(z) =p, yields

5

Py —Pq,

K
7L< {ngﬂzgﬂ 7}
= 2, Zp( B {I | 7, | =20 ) Pl <2mg ) pi =20, (100)
1=1 =1

where (a) uses that pq is F,_ -measurable and (b) uses that pq is F,_-measurable (since ¢ < g_)

and that l(z) is % with probability p( " and zero otherwise. Note that aq given F, is independent

of F,_ since by doﬁn1t1on the feedback from a, was not received until round g_. This is unique to
the obhv10us adversary case when [, for r > s is not a random variable that depends on a4, which
the adversary observes already at the end of round g. Then for every g € S, for r < t or g € §; such
that ¢ < s we have

E{<zs,pq_pQ+>}:E{E{i<(l) pfﬁ))l()l{&_i}lﬁ}}
S (60 ) 2 {z( 1{a<—1} | Fe }}

|

=E {ZK: (pg;g (i)) N‘)}
{ )} & Bl o]}
{ Js

< ©Py — Py,
’ < 2, (101)

P, Py,

where (a) is Holder’s inequality, (b) uses 0 < lgi) < 1 and (c) uses (100) and the tower rule. Therefore

E{ET: > s <is,ps —ps>}

t=1seS;
t—1
~2{S S ((tom )+ S (1or )}
t=1 scS; r=s
T
ZZ”S Z E{<l5’pq7_pq+>} ZZE{< $1Pq_ pq+>}
t=1 se8S; qESt,q<s r=s q€S,
t—1
<QZZ"5 doomtY Y <4Z77t2dt (102)
(@) t=1 seS; qESL,q<s r=s q€S, tEg M*

where (a) follows from (101) and (b) follows from Lemma 8.
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13.2.3 CONCLUDING THE PROOF

We conclude that for i* £ arg mln Zt 1 ntl( ).

T T N
t=1 t=1 (a)
T
E{ZZ% (lgm_zgi*))} > e < log K + sz +4 ) midi+ Y om (103)
t=1 seS;

teM* tg M= teM:*
where (a) uses that 0 < lgi) <1 for every i and ¢, and (b) uses (90), (99) and (102).

13.3 EXP3 Auxiliary Lemmas

The following lemma generalizes Lemma 2 from Cesa-Bianchi et al. (2019) to a sequence of delays
{d:} and a sequence of step-sizes {n;}.

Lemma 9. Let {nt} be a positive non-increasing step-size sequence such that ny < *672 for all t.

Let D = {t |dy > 62 } Then for every s,t such that s € Sy (so s ¢ D) Algorithm 8 maintains
@ p®

foralli=1,.. %Znand ‘<e

Proof The proof follows by induction on the feedback arrival index. Let s be the first feedback to
p()
(&) _ 1

arrive. Before that, at s_, we have ps’ = =+ and (1) =1 for all 7. Then, the first update satisfies
(@) 1 1)
P x® o 11 emers 1 (fnsmg“s), ) @) > 2
W0 T e ST EYTRe TR )2 1=mds 2 1= e
jK L e—nel(J)
(104)

Now let s be any arbitrary round for which the feedback arrives at time ¢. According to the inductive
0)

hypothesis, we have p(qit < = for allg e {reS;,r<stU {Ut 'S, } Define sg as the minimal
Pq_

g < ssuch that s <g+dy <t and q ¢ D (if it exists). Then for all i = 1,..., K

AU I % <TI0 1 (o)

(1)
S r=s €S, qE€St,q<s Pa- (a) r=sq€S, q€S;,q<s

1 dsg 1 ds
< (1 + ) (1 +— ) < e? (105)
(b) e s, — 1 e?ns =1/ (o

where (a) uses the inductive hypothesis and (c) uses that by definition dy, < e™2n;' — 1 and
ds < e ?n;1 — 1. If s does not exist then the first factor is one (i.e., ds, = 0). Inequality (b) uses

that the product runs over all rounds g ¢ D for which the feedback is received between s and s_.
9l
Feedback from ¢ € D is discarded and has no effect on — p . The received feedback includes no more

than ds, samples of rounds before s. This follows since there are at most d,, rounds between s
and s (since s < sg + ds, by definition), and each of them contributes at most one feedback that is
received between s and s_. We have 1, < 7, for each such round ¢, since 7, is non-increasing. It
also includes no more than ds feedback samples of rounds after s, since all these feedback samples
are received before s_, which occurs during round ¢t = s + ds. We have 7, < 1, for each such round
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r. We conclude that the update at s_, occurring at time ¢ using the feedback for as, satisfies:

,i(gi) g)
R e i K LU
Pt v, ) . 30 N Z]I-; A O YK e (1 _ nsl(a))
Ol £ - A 7(6) K LW - K —IY
Psy e _+L(j) e _L.(gj)nsl — Zj:l e Zj=1 e
K et S e i el
K o lgas) pga s) )
=1-ny pPIP =1-np{) 55— >1-n"5 > 1-¢*  (106)
j=1 Ds T+ s ) (a)
()
where (a) follows from (105). Hence (t < 1—51277\ and the proof is complete. ]

The next lemma shows standard smoothness properties of the softmax function, and we provide it
here for completeness.

Lemma 10. Let h; (¢) = <= and h(x) = (hy () ..., hic (x)). Then Va € RX and VA € RY

[h(z) —h(x+A), <2(h(z),A). (107)
Proof For all z € RX and A € Rf

e*:l?,;*Ai e*l’i
Yiie A e (@ ( ) (b)

where (a) follows since Z]K:l e"Timhi < Z]K:1 e % and (b) since 1 —z < e~7 for all x > 0. We also
have for all z € R¥ and A € RY that
e—a:,i—Ai e~ Ti e—mi—Ai e—mi—Ai
hi (@ +A) = hi (x) = - < - =
Zf:l e iR Z]K:1 e~ (a) Z]K:1 R Zf:l e

K = K —x. —A. K —x

S e TR S e i (1 —e R S Ae T
—ZJ*;( =h; (x+A) 2= 7 ( ) < hi(x+A) 7237; ’

PO D=1 () D=

(109)

hi(x+ A) (1—

where (a) uses e™% > ¢~% =% and (b) uses 1 —x < e~ for all # > 0. Combining (108) and (109):

K

Aje %
b (z) — h(z+ A, = Z\h :1:+A|<Zh (x+A) Zzéeﬁ
— j=12a=1¢""

K K
+) Ak () = Z(AZ m) Zh (x+A) + (h(x),A) = 2(h(z),A) (110)
i=1 =16 "

- (b

AJ57$
El 1
and (109). Equality (b) uses that Y7 h; (2 + A) = 1 by definition. |

where (a) uses |h; (x + A) — h; (z)| < max {Aihi (), h; (x+ A) } for all 4, due to (108)

The next Lemma is taken from Neu (2015), and we provide a (very) slightly modified proof to verify
that the same result holds even when the order of arrivals changes as a result of the delayed feedback.
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» (i) _ . ,
Lemma 11. Let lgl) = ltp;){i‘:;} If {ail)} is a non-negative sequence such that agl) < 2, for all
t and all i, then
W (700 1
P DI 1) > 0g 5 | <6 111
(5 el (17 1) e} ) < o
tgM* 1=1
Proof Define the filtration G; = o ({a, | 7 < t}) and note that l; is G;-measurable. We have
(i) (0 LS
Iy " Na,=i} < Ly 1 2o Ha=i

[ = Hai=i)

1 l(l)

: < : =P < T og <1+2%t_1{ _4}>
(i) (2) (2) (i) (i) ~lar=i

P+ P+ 'Ytlt 1{at:i} 2 1+ ’ytiﬁl{at:i} (@) 2m p

where (a) uses 177z < log (1 + ) which holds for z > 0. Then
2

(4) (i)
s | 149~ L q )
K (4)7(4) i=1 2~¢ 0g< +27t Gy t{ag=i}
E{e im1 Qb |gt}§E e Py |G,

(8 .
Zf;l log <1+a§1)%1{at:i}) K . l(l)
Ede py |G, p =E H 1+ agl) 715(1_) Lia,=i} | |Gt
b

i=1

—~
S

)
K (i) lt(l) K () 1(4) EK NSO
=B+ o tolimn|Gop = 1+ ) < el (113)

() i=1 Dy () i=1
(7)

where (a) uses zlog (1 +y) < log (1 + xy) which holds for y > —1 and 0 < z < 1, since a; ' < 2.

Inequality (b) uses that 1{,,—;31q,—;3 = O for all i # j, and (c) uses that pgi) and lgi) are G-

measurable and that given G;, a; = ¢ with probability pgi).
j K o0 ([0 _ )
Since lgz) is Gi-measurable then (113) yields E {ezilat (l‘ b ) |Qt} <1 for all i. Let S =

Zthl |S¢]. Let 7; be I-th round for which the feedback is not missing or discarded, so 71 < 19 <
... <7g. Then

B {emh 2o (9-0)) S g g {50 B0 g, 1) =
(@)
E {0 B e (- [ D e (5-10) g, 1] <g {5 Eh R (1)

where (a) uses that ar,,lr, Py s ..o arg sl Py, | are Grg-measurable.

K0 (7))
Tterating over (114) yields E {ezt@w i (lt b ) } < 1, so by Markov’s inequality

o~ ) (700 1 Sigae DI o (B0 -17) L
P3P I (lt 1 )>logg P(e ra B >5)
tgM* i=1
< E {ezt«z/\/t* Ef<=1 O‘gi)(i’gi)_lii))} < 4. (1].5)
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