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Abstract

Policy Optimization (PO) is one of the most pop-
ular methods in Reinforcement Learning (RL).
Thus, theoretical guarantees for PO algorithms
have become especially important to the RL com-
munity. In this paper, we study PO in adversarial
MDPs with a challenge that arises in almost every
real-world application — delayed bandit feedback.
We give the first near-optimal regret bounds for
PO in tabular MDPs, and may even surpass state-
of-the-art (which uses less efficient methods). Our
novel Delay-Adapted PO (DAPO) is easy to im-
plement and to generalize, allowing us to extend
our algorithm to: (i) infinite state space under the
assumption of linear ()-function, proving the first
regret bounds for delayed feedback with function
approximation. (ii) deep RL, demonstrating its
effectiveness in experiments on MuJoCo domains.

1. Introduction

Policy Optimization (PO) is one of the most widely-used
methods in Reinforcement Learning (RL). It has demon-
strated impressive empirical success (Levine & Koltun,
2013} |Schulman et al.,[2017; [Haarnoja et al., [2018)), lead-
ing to increasing interest in understanding its theoretical
guarantees. While in recent years we have seen great ad-
vancement in theory of PO (Shani et al.| 2020b; |[Luo et al.,
2021} (Chen et al.l [2022b), our understanding is still very
limited when considering delayed feedback — an important
challenge that occurs in most practical applications. For
example, recommendation systems often learn the utility
of a recommendation based on the number of user conver-
sions, which may happen with a variable delay after the
recommendation was issued. Other notable examples in-
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clude communication between agents (Chen et al.,2020al),
video streaming (Changuel et al., [2012)) and robotics (Mah-
mood et al.,2018). To mitigate the gap in the PO literature,
we study PO in the challenging adversarial MDP model
(i.e., costs change arbitrarily) under bandit feedback with
arbitrary unrestricted delays.

PO with delays was previously studied by [Lancewicki et al.
(2022b), but their regret bounds are far from optimal and
scale with (K + D)?/3, where K is the number of episodes
and D is the total delay. Recently, [Jin et al.| (2022) achieved
near-optimal O(H2SVAK + (HSA)Y4H+/D) regret (ig-
noring logarithmic factors), where S, A and H are the num-
ber of states, actions, and the episode length, respectively.
However, their algorithm is not based on PO, but on the O-
REPS method (Zimin & Neul 2013) which requires solving
a computationally expensive global optimization problem
and cannot be extended to function approximation (FA).
On the other hand, PO algorithms build on highly efficient
local-search and extend naturally to FA (Tomar et al., [2022).

Our Contributions. In this paper, we vastly expand our
understanding of PO and delayed feedback. We propose
a novel Delay-Adapted PO method, called DAPO, which
measures changes in the agent’s policy over the time of
the delays and adapts its updates accordingly. First, we
establish the power of DAPO in tabular MDPs, i.e., finite
number of states and actions. We prove DAPO attains the
first near-optimal regret bound for PO with delayed feedback
O(H®*SvAK + H?+/D). This bound is tighter than (Jin
et al.,[2022) when the delay term is dominant and the number
of states is significantly larger than the horizon (which is
the common case). Moreover, it matches the lower bound
of Lancewicki et al.|(2022b) in the delay term up to factors
of H, showing for the first time that the delay term in the
regret does not need to scale with S or A. Importantly, if
there is no delay, it matches the best known regret for PO
(Luo et al., 2021).

Next, we show DAPO is easy to implement and naturally
extends to function approximation in two important settings:

1. Linear-Q. We extend DAPO to MDPs with linear FA
under standard assumptions (Luo et al.,[2021])) that Q-
functions are linear in some known low-dimensional
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features and also a simulator is available. We prove that
DAPO achieves the first sub-linear regret for delayed
feedback with FA, i.e., non-tabular MDP.

2. Deep RL. We show that the famous PPO algorithm
(Schulman et al.,|2017) can be easily combined with
DAPO, and demonstrate superior empirical perfor-
mance even in the presence of simple delays in ex-
periments on MuJoCo domains (Todorov et al., [2012]).

Throughout the paper we handle several technical challenges
which are unique to PO algorithms with delayed feedback.
The main challenge is to control the stability of the algo-
rithm. This problem is more challenging in MDPs compared
to multi-armed bandit (where there is no transition function
to estimate), and is enhanced even further in Policy Op-
timization algorithms due to their local-search nature, as
opposed to the global update of O-REPS methods — see
more details in the proof sketch of Theorem Further,
the linear-Q) setting with delayed feedback was not studied
before and requires a careful new algorithmic design and
analysis. In particular, a-priori, it is highly unclear how to
design a delay-adapted estimator and delay-adapted bonus
term which sufficiently stabilize the algorithm — see more
details in Section

While the main contribution of this paper is the novel Delay-
Adapted PO method, we also make substantial technical
contributions that might be of independent interest. Our
algorithms are based on PO with dilated bonuses (Luo et al.
2021)), which dilate towards further horizons and do not
satisfy standard Bellman equations. However, we are able
to achieve the same regret guarantees without using dilated
bonuses. Instead, we compute local bonuses and use them to
construct a @-function that operates as exploration bonuses.
This has an important practical benefit — now bonuses can be
approximated similarly to the Q-function. It also has a theo-
retical benefit — it greatly simplifies the analysis, making it
more natural and easy to extend to new scenarios. Moreover,
utilizing our new simplified analysis, we are able to give re-
gret guarantees with high probability in the Linear-Q) setting
and not just in expectation (as in|Luo et al|(2021)). Finally,
we also develop new analyses for handling delayed feed-
back when losses can be negative. This was not addressed
in the delayed multi-armed bandit literature (or in previous
papers on delays in MDPs), but cannot be avoided in our
case since exploration bonuses are crucial to guaranteeing
near-optimal regret but they might turn losses to negative.

1.1. Additional Related Work

Due to lack of space, this section only gives a brief overview
of related work - for a full literature review see Appendix [A]

There is a rich literature on regret minimization in tabular
MDPs, initiated with the seminal UCRL algorithm (Jaksch

et al., 2010) for stochastic losses that is based on the fun-
damental concept of Optimism Under Uncertainty. Their
model was later extended to the more general adversarial
MDP, where most algorithms are based on either the frame-
work of occupancy measures (a.k.a, O-REPS) (Zimin &
Neu, 2013} Jin et al., 2020a)) or on the more practical PO
(Even-Dar et al., 2009; |Shani et al., | 2020b). In recent years
this line of research was extended beyond the tabular model
to linear function approximation. For stochastic losses, ex-
isting algorithms are mostly based on optimism (Jin et al.,
2020b), whereas most algorithms for adversarial losses are
based on PO (Cai et al., |2020; [Luo et al., [2021; Neu &
Olkhovskayal |2021)) which extends much more naturally
than O-REPS to function approximation. On the practical
side, some of the most successful deep RL algorithms are
built upon PO principles. These include the famous Trust
Region PO (TRPO; Schulman et al.|(2015)) as well as Proxi-
mal PO (PPO;|Schulman et al.[(2017)) which we will further
discuss and adapt to delayed feedback in Section [5

Regret minimization with delayed feedback was initially
studied in Online Optimization and Multi-armed bandit
(MAB) in both the stochastic setting (Agarwal & Duchi,
2012; |Pike-Burke et al. [2018)) and the adversarial setting
(Cesa-Bianchi et al., 2016; [Thune et al., 2019). As a natu-
ral extension, this line of work was generalized to delayed
feedback in MDPs, where (Howson et al., 2021) consider
the more restrictive stochastic model. Most related to our
work are the works of [Lancewicki et al.| (2022b)); Jin et al.
(2022)) that were mentioned earlier, and the work of|Dai et al.
(2022)). They recently showed that Follow-The-Perturbed-
Leader (FTPL) algorithms can also handle delayed feedback
in adversarial MDPs. The efficiency of FTPL is similar to
PO, but their regret bound is slightly weaker than|Jin et al.
(2022)). Finally, a different line of work (Katsikopoulos &
Engelbrecht, [2003; Walsh et al.,2009) consider delays in ob-
serving the current state. That setting is inherently different
than ours (see Appendix [A]for more details).

2. Preliminaries

A finite-horizon episodic adversarial MDP is defined by a
tuple M = (S, A, H,p, {c*}E_|), where S and A are state
and action spaces of sizes |S| = S and |A| = A, respec-
tively, H is the horizon and K is the number of episodes.
p:S x Ax[H] = Ag is the transition function such that
pr(s’|s, a) is the probability to move to s’ when taking ac-
tion a in state s at time h. {c* : S x A x [H] — [0, 1]},
are cost functions chosen by an oblivious adversary, where
cf (s, a) is the cost for taking action a at (s, h) in episode k.

A policy m : § x [H] — A4 is a function that gives the
probability 7, (als) to take action a when visiting state s
at time h. The value V) (s;c) is the expected cost of 7
with respect to cost function c starting from s in time h, i.e.,
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Vir(s;e) = E[Eﬁzh ch(Spryap)|m, sp = s}, where the
expectation is with respect to policy 7 and transition func-
tion p, that is, aps ~ 7/ (-|sp/) and Spr 41 ~ P (*|Snh7, apr).
The Q-function is defined by Q7 (s,a;c) = cn(s,a) +
(pn(:ls,a), V7 1 (- c)), where (-, ) is the dot product.

The learner interacts with the environment for K episodes.
At the beginning of episode k, it picks a policy 7*, and
starts in an initial state s¥ = si,;,. In each time h € [H], it
observes the current state sf;, draws an action from the policy
ay ~ my(:|sy) and transitions to the next state sy, ~
pr(|sk, ak). The feedback of episode k contains the cost
function over the agent’s trajectory {cf(s¥, af)}HL  ie.,
bandit feedback. This feedback is observed only at the end
of episode k + d*, where the delays {d*}_ are unknown
and chosen by the adversary together with the costs

The goal of the learner is to minimize the regret, defined
as the difference between the learner’s cumulative expected
cost and the best fixed policy in hindsight:

Ko K
Ry = Z VI (Sinit; ¢*) — mﬂinz VI (Sinig; 7).
=1 =1

In Section [3] we consider tabular MDPs, i.e., MDPs with a
finite number of states and actions. In Sectiond] we consider
the more general case that allows infinite number of states
but under the assumption that the ()-function is linear for all
policies. We follow the standard definition (Abbasi- Yadkori
et al., 2019; |Neu & Olkhovskayal 2021} |Luo et al., [2021)),
which also assumes the number of actions is finite.

Assumption 2.1 (Linear-Q). Let ¢ : S x A x [H] — R"
be a known feature mapping. Assume that for every episode
k, policy 7 and step h there exist an unknown vector 02’” €
R™ such that QT (s, a;cF) = én(s,a)TO™ for all (s,a).
Moreover, ||¢p(s,a)|l2 < 1and [0} ||ls < Hy/n.

Additional notations. Episode indices appear as super-
scripts and in-episode steps as subscripts. The total delay
isD=>" k dF, the maximal delay is d; 4, and the number
of episodes that their feedback arrives in the end of episode
kism* = |{j : j + d’ = k}|. The occupancy measure
qr(s,a) = Pr[sp, = s,an = a|m,s1 = sii] is the distri-
bution that policy 7 induces over state-action pairs in step
h,and g} (s) = >_,c.4 4 (s,a). The notations O(-) and S
hide poly-logarithmic factors including log(K/¢) for confi-
dence parameter §. [n] = {1,2,...,n} and the indicator of
event F is I{ E'}. Finally, denote by 7* the best fixed policy
in hindsight and use the notations V¥ (s), Q% (s, a), ¢¥ (s, a)

when the policy and cost are 7% and c¥, respectively.

Simplifying assumptions. Similarly to Jin et al.|(2022), we
assume that K, D and d,,, are known. This assumption

'Tf d* = 0, we get standard online learning in adversarial MDP.

Algorithm 1 DAPO with Known Transitions (Tabular)
Initialization: Set 7} (a | s) = 1/ for every (s, a, h).
fork=1,2,...,Kdo

Play episode k with policy 7*.

# Policy Evaluation

for jsuchthatj+d’ =kdo
Observe bandit feedback {c, (s}, a3,) 1L
Compute delay-adapted estimator ()7 (s, a) defined
in Eq. (3). _
Compute delay-adapted bonus Bj(s,a) as the
Q-function of 7/ with respect to the costs
by (s) defined in Eq. . L.e., compute recur-
sively for h = H,..., 1, 'Bfl(s,a) = b)(s) +

. J o

By mnClsayainm (s Bhar (85 0).

end for

# Policy Improvement

Define the policy 7%+ for every (s, a, h) by:

7T£+1(a | S) o e_nzjvq,djgk(QA{] (s,a)—B}jL(&a)) (1)

end for

simplifies presentation and can be easily removed with dou-
bling for delayed feedback (Bistritz et al.||2021; Lancewicki
et al.,2022b). Bounds in the main text hide low-order terms
and additive dependence in d,,,, (see Remark on re-
moving d,,,, dependence). For full bounds see Appendix.

3. DAPO for Tabular MDP

In this section we present our novel Delayed-Adapted Policy
Optimization algorithm (DAPO; presented in Algorithm
for the tabular case, where the number of states is finite. We
use this fundamental model to develop a generic method for
handling delayed feedback with Policy Optimization. Our
approach consists of two important algorithmic features: a
new delay-adapted importance-sampling estimator for the
Q@-function and a novel delay-adapted bonus term to drive
exploration. Remarkably, this method extends naturally to
both linear function approximation as we show in Section 4]
and to deep RL with the extremely practical PPO algorithm
(Schulman et al., 2017) as we show in Section 3}

To simplify presentation and focus on the contributions of
our delay adaptation method, in this section we assume that
the agent knows the transition function in advance. Gener-
alizing DAPO to unknown transitions in the tabular case is
fairly straightforward, and follows the common approach
of optimism and confidence sets (Jaksch et al.,[2010). Due
to lack of space, in the main text we only provide sketches
for the algorithms and proofs. The full versions (for both
known and unknown transitions), together with the detailed
analyses, can be found in Appendices [B]and [C]
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PO algorithms follow the algorithmic paradigm of Policy
Iteration (see, e.g., Sutton & Barto|(2018))). That is, in every
iteration they perform an evaluation of the current policy and
then a step of policy improvement. The improvement step
is regularized to be “soft”, and is practically implemented
by running an online multi-armed bandit algorithm, such
as Hedge (Freund & Schapirel [1997)), locally in each state.
The losses that are fed to the algorithm are the estimated
Q-functions, but in order to achieve the optimal regret, they
are also combined with a bonus term which aims to stabilize
the algorithm and drive exploration (keeping the estimated
@-function optimistic). The actual policy update step is
based on exponential weights and presented in Eq. ().

DAPO adapts to delays through the policy evaluation step.
Remarkably, it adapts to delays near-optimally by comput-
ing the following simple ratio, which measures the local
change in the agent’s policy through the time of the delay,

k
k _ mh(a | s) )
’f'h(Sga) max{’ﬂ'}]i(a | 8)77T£+dk (a | S)} ( )

In order to get our delay-adapted @-function estimation,
we simply multiply 7'2(3, a) by the standard importance-
sampling estimator from the non-delayed setting (Luo et al.|
2021). The result is:

I{sk = s,ak = a}Lk

G
F@mal sty O

QQ(SMI) = TZ(S,(J,) ’

where LF = Zﬁ: b Ch(sk,, ak)) is the realized cost-to-go
from step / and 7 is an exploration parameter (Neu, 2015)
needed to guarantee regret with high probability.

Intuitively, incorporating 7 (s, a) helps us control the vari-
ance of the estimator Q’fb(s, a) in the presence of delays,
since it will be used only in episode k + d* where actions
are chosen according to 7*+4" and not 7*. The maximum
in the denominator is needed in order to keep the bias small.
‘We note that this estimator is inspired by [Jin et al.[(2022),
but there are two major differences. First, as|/Jin et al.| (2022)
perform their update globally in the space of state-action oc-
cupancy measures, their adaptation occurs in the state space
as well. On the other hand we perform the update locally in
each state, so our adaptation takes place only in the action
space. Second, they directly change importance-sampling
weighting, while we simply multiply standard estimators
by the delay-adapted ratio. This seemingly minor nuance
is critical in more complex (non-tabular) regimes, where
its generality allows to utilize existing procedures from the
non-delayed case (see more details in Sections ] and [3)).

Finally, to complement our new estimator, we devise an
appropriate delay-adapted bonus Bf (s, a) based on the fol-
lowing delay-adapted local bonus (again obtained by com-
bining rF (s, a) with the original local bonus of [Luo et al.

(2021)),

3vH /f-‘:-d’€
bﬁ(s)zzrﬁ(&a). kj WZ (als) .
by qp(s)mi(a|s) +

“

At this point, Luo et al.|(2021) compute B,’f (s, a) using a di-
lated Bellman equation that is not very intuitive. Instead, we
compute B,’j (s, a) with the regular Bellman equations, mak-
ing it a proper -function. This is an important contribution
that might be of independent interest for two reasons — theo-
retically the analysis becomes much simpler, and practically
the bonuses can be approximated like a Q-function.

Next, we present the regret guarantees of DAPO in tabular
MDPs, and the key steps in the analysis, which highlight
the intuition behind our algorithm design.

Theorem 3.1. Running DAPO in a tabular adversarial
MDP guarantees with probability 1 — 6, for known transi-

tion,
Ri = O(H?>VSAK + H*VK + D)

when setting n = (H?*SAK + H*(K + D))_l/2 and vy =
2nH, and for unknown transition,

Rk = O(H*SVAK + H*VD)

when setting n = H (HzSAK+H4(K+ D))—1/2 and
v =2nH.

This is a big improvement compared to the best known regret
for PO (Lancewicki et al., 2022b) that scales as (K + D)?/3
(ignoring dependencies in H, S, A). It is also better than the
current state-of-the-art regret bound of Jin et al.| (2022)) in
the case that there is significant delay and S > H (which
occurs in almost every practical application). While their
bound has better dependency in H (this is a known weakness
of PO (Chen et al.||2022b))), we improve the dependency in
S and A. Lancewicki et al.| (2022b)) also show a lower bound
of Q(H3/?\/SAK + H+/D). Thus, our bound shows for
the first time that under the optimal regret, the delay term
does not scale with S or A. The first term in our regret
bound matches the state-of-the-art regret of non-delayed PO
(Luo et al.l |2021)), and matches the best known regret for
(non-delayed) adversarial MDPs in general up to factors of
H (Jin et al.,[2020al). Moreover, DAPO is the first efficient
algorithm to be consistent with the optimal regret in delayed
MAB, i.e., for H = S = 1 we get the optimal regret of
Thune et al.| (2019); Bistritz et al.| (2019). Finally, it is
important to emphasize that PO algorithms are much more
practical than O-REPS algorithms, and extend naturally to
function approximation, as we show in Sections 4 and 5]

Proof sketch of Theorem[3.1] Much of the intuition for PO
algorithms stems from a classic regret decomposition known
as the value difference lemma (Even-Dar et al. 2009):
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RK = Zkﬁ Esqu <7T}l§( ‘ S) - 7T;:( | S)aQﬁ(Sv» Fix-
ing a state s and step h, the sum over k can be viewed
as the regret of an online experts algorithm (e.g., Hedge)
with respect to the losses Q% (s, -). We propose to further
decompose the regret as follows,

Ry = ZIEW,h U 19),Qh (s, ) — QR(s,0))

BIAS,
+ > B (mh( 1 5), QF(5,) — Qf(s,))
k,h
BIASo
+ 3 Eang: (Th (- | 8) = 7i(- | 5), BE(s, ) )
k,h
BoONUS
+ ZEM B sy — (| 5), QR (s, ) — BE(s, )
REG
- ZE% af (| s) =it ] s), Qs ) — BE(s, ) .

DRIFT

Indeed, the policy update step in Eq. (I is an Hedge-style
exponential weights update. This allows us to bound REG
term as it represents the regret of Hedge with respect to the
losses Q% (s,a) — BE(s,a). Note that the delayed feedback
causes a shift of the agent’s policies from 7" to rh+d" As
a result, we can bound (using Corollary [E.7]in Appendix [E):

H .
REG < ; +77 Z qh k+d ( |S)(QZ(37Q) -

k,h,s,a

FHK 4 S gi(s)mr Y (als)Qf
k,h,s,a

H
Ui

(s, a)?

()

where the second inequality is since |BY(s,a)| < H2. To
bound the last term, we start with a concentration bound.
This allows us to substitute the indicator in Eq. (3] by its ex-
pectation (which is ¢ (s, a)) and cancel out the denominator
once. The resulting bound is:

s G (als) g
(¥) S nH k;ﬂqh(s) s, 0 ©

Now, the first issue we need to address is the mismatch
between ¢; (s) in the nominator and ¢ (s) in the denomi-
nator. A similar challenge also arises in the non-delayed
analysis, but in the case of delayed feedback, this requires
a carefully constructed delay- adapted local bonus (defined

(E])) Note that our definition of b} (s) with = 3v/H
1mp11es that Eq. @ is equal to Y=, ;i (s)bfi(s). Next, we

apply the value difference lemma a second time, to show
that BONUS = 37, , 455 (5)b};(5) =2 .o 07 ()0 (5). Es-
sentially, this means that by summing REG and BONUS, we
can substitute g (s) in Eq. (6) by ¢ (s).

The second issue, which is unique to delayed feedback,
k
is the mismatch between 7, ™% (a|s) and 7f(als). It is

important to note that while in MAB 7% (a|s) /7% (als)
is always bounded by a constant, in MDPs this ratio can be
as large as e?mas (see Remarkin Appendix. Thus, the
standard importance-sampling estimator (without r],j (s,a))
will not work in this type of analysis. The main idea behind

our delay-adapted estimator is that r¥ (s, a)mt 4" (a|s) <

77 (a|s) which guarantees that the ratio is simply bounded
by 1. Overall, we get (*) + BoNUs S nH?Y, , ., 1=
nH3SAK, and then, REG + BONUS < % + nHK +

nH3SAK.

While rf (s, a) in our delay-adapted estimator reduces vari-
ance, it increases bias. Remarkably, this additional bias
scales similarly to the DRIFT term. More specifically, for
B1AS; we first use a variant of Freedman’s inequality which
is highly sensitive to the estimator’s variance. This brings
similar issues to the ones we faced in Eq. @, which are
treated in a similar manner. Then, we show that the addi-
tional bias introduced by the ratio 77 (s, a) scales as

37 gi(s)mft Y (als) (1 — rE(s,a))Q (s, a)

k,h,s,a

SHZ%

k,h,s

k+d | )

— i (1s)l, (D

B,’f(s, a))?where the inequality follows by plugging in the definition

of 7% (s, a) and some simple algebra (and |Q% (s, a)| < H).

Utilizing the exponential weights update form, we bound the

{1-distance above by 1>y Do, 7rj+d (als)@) (s, a),
where M is the set of episodes that their feedback arrives
between episodes k and k + d*. Then, we sum over k and
apply a concentration bound over Qﬁ (s, a), which is smaller
than Q¥ (s, a) in expectation (since 75 (s, a) < 1). Thus, we
get that the right-hand-side (RHS) of Eq. is bounded
by nH?3 ", M*, which in turn we bound by nH?*(K + D)
using standard delayed feedback analysis (Lemma [E.T0).

We can also bound the DRIFT term by the RHS of Eq. (7)),
up to a factor of H? since |QF (s,a)| + |BF(s,a)| < H?.
Thus, we get that DRIFT < nH5(K + D) in total. The
previous state-of-the-art (Jin et al.,[2022) was only able to
bound the DRIFT term with an additional v/S A factor, in
part due to their complex update rule that requires solving a
global optimization problem. This is a great demonstration
of how a simple update rule is not only beneficial on the
practical side, but also for enhanced provable guarantees.

Finally, BIASy < H/~ by standard arguments for optimistic
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Algorithm 2 DAPO for Linear Q-function
Initialization: Define 7} (a|s) = 1/4 for every (s, a, h).
fork=1,2,...,Kdo
Play episode k with policy 7*.
# Policy Evaluation
for jsuchthatj+d’ =kdo
Observe bandit feedback {c}, (s}, a7 )}_,.
Compute the estimated inverse covariance matrix
{ifl’+}f:1 via Matrix Geometric Resampling, and
the estimated Q-function weights {47 }/L_ | defined
in Eq. (8). B
Define the delay-adapted estimator (; (s, a) using
Eq. (@), and estimate the bonus Bfl(s, a) using Al-
gorithm [6] with respect to the local bonuses defined
in Eq. (10).
end for
# Policy Update
Define the policy 7

k+1 for every (s, a, h) by:
7T£+1((1 | S) x 6777 Zj;j+djgk(Qi(sﬁa)féi(saa))

end for

estimators. To finish the proof, sum the regret from all terms
andsety = 1/y/SAK + H2(K + D) andn=~/H. O

4. DAPO for Linear-()

In this section we extend DAPO to linear function ap-
proximation under the Linear-() assumption (see Assump-
tion @]), which generalizes Linear MDPs (Jin et al.,2020b)
and in particular is much more general than the tabular set-
ting. This enables our algorithm to scale to MDPs with a
huge (possibly infinite) number of states, and gives the first
regret bound for delayed feedback in non-tabular MDPs.

DAPO for Linear-@ (presented in Algorithm [2) follows the
same framework as in Section E} That is, in each episode
there is a policy evaluation step and then a policy improve-
ment step. Since the improvement takes the same exponen-
tial weights form, we focus on the evaluation step. Specif-
ically, we describe the new estimator Q’fl(s, a) and bonus
B,’f(s, a), as these are the only changes compared to the tab-
ular setting. Here we only provide sketches for the algorithm
and analysis, but the full details are found in Appendix

Just like in the tabular case, our Q-function estimator will
simply take the original estimator from the non-delayed set-
ting (Luo et al.,|2021) and multiply it by the delay-adapted
ratio. Here, the difference between our delay adaptation ap-
proach and that of Jin et al.| (2022) becomes evident. While
their approach of directly changing the importance-sampling
weights simply does not apply anymore, our delay-adapted

ratio is easily computed locally in the current state. For
completeness, we now briefly describe the estimator.

Recall that, by Assumption the Q-function of policy 7*
is parameterized by H vectors {05 }Z | so instead of con-

structing an estimate Qﬁ(s, a) for each state (which is not
feasible anymore), we directly estimate 9,’3. To that end, we
first construct an estimate EZ’JF of the inverse covariance ma-
trix (Z;Cz +71)_1’ where EZ = Es,awq}’j [¢h (37 CL)(bh(S, a)T]
and v > 0 is an exploration parameter. ﬁlfﬁ is computed
via the Matrix Geometric Resampling procedure (Neu &
Olkhovskayal [2021) which samples trajectories of the policy
using the simulator. Now, the estimator of 6% is defined by

0F = SEF g (sh, af)LE, ®)

where L¥ is the cost-to-go from (s, a¥). Now, to get

Q% (s,a) we compute the delay adapted-ratio 5 (s,a) (as
in Eq. ) and multiply it by ¢5(s,a) " 0F, i.e.,

QZ(S, a) = r;’j(s, a) - én(s, a)Té,li. )

Intuitively, this estimator is a direct generalization of the
tabular importance-sampling estimator (Eq. ) since EE’JF

corresponds to e making Q¥ (s, a) an unbiased es-

1
h(s:0)+7’
timate of Qﬁ(s, a) up to «y and approximation errors.

Next, we design the local bonus b¥ (s, a) to go with our
delay-adapted estimator. It is defined as the sum of the 6
following local bonuses (where {3; }; are parameters):

» k k
bli? (s) = ﬂvmk+d ZTZ(S,Q)WZ'W (als) ||¢h(s,a)||22:£,+

bt (s) = By rh(s, )™ (als)l|dn (s, ) g

a

by (s,a) = Bari (s, a) | én(s. @) | s
by (5,0) = B, (1 =7} (s,0)) (10)
b (s) = By 3 rh(s )l  (als) on (5. ) 3.

by (s, a) = Byry (s, a)l|én(s, a)HQiZ‘+’

where ||z]|4 = VT Az for 2 € R™ and A € R"*". Each
of these terms plays a different important role in the analysis.
bZ”” (s) helps us control the variance of the estimator. It is in-
spired by |Luo et al.[(2021)) and adapted to delay via the ratio
7¥(s,a). by (s) and b)"* (s, a) help us to control the bias of
the estimator. These, on the other hand, are constructed in
a different manner than|Luo et al.| (2021)). Importantly, the
corresponding bonus terms in (Luo et al., 2021)) might be
of order K1/ 3, while with our construction the local bonus
is bounded by O(H+/n). This novel construction is what
allows us to avoid dilated Bellman equations in the defi-
nition of the global bonus B (s, a), and by that to greatly
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simplify both the algorithm and the analysis. bZ’T(s, a) is
specifically designed to enhance exploration under delayed
feedback, and in particular to control the additional bias
due to the delay-adapted ratio rﬁ(s, a). Finally, we add
the novel terms b’,j’f (s) and b’,j’g (s, a) to ensure regret with
high probability (see events £/ and E9 in Lemma in
Appendix [D). The exact role and interpretation of each of
the bonus terms is further described through the main steps
in the proof sketch of Theorem [{.1]

Given the local bonuses, we define B;f(s, a) to be the Q-
function with respect to b (s, a). However, due to the pos-
sibly infinite number of states, B* is infeasible to compute
without additional structure. Instead we compute an unbi-
ased estimate B* using the simulator (see further details in
Appendix D). Importantly, this estimate satisfies the Bell-
man equations in expectation and thus inherit some of the
desired properties of @Q-functions such as the validity of
the value difference lemma. We note that while 7%, Qk , BF
are defined for all states, it is sufficient to calculate them
on-the-fly only over the visited states. Finally, Algorithm [6]
(which we borrow from |[Luo et al.| (2021))) that computes
B is not sample efficient. However, with some additional
structure we can replace it with an efficient procedure re-
cently presented by [Sherman et al.| (2023 and obtain the
same regret (see Remark [D.2).

Theorem 4.1. Running DAPO in a Linear-Q adversarial

MDP with v = \/n/K, n = min{ 57—, H(KjD)3/4}
and access to a simulator guarantees, with probability 1 —§,
that

S @(H3n5/4K3/4 +H2D3/4).

This is the first sub-linear regret for non-tabular MDPs with
delayed feedback. Moreover, like the optimal bound for
tabular MDP, the delay term does not depend on the dimen-
sion n. Importantly, our analysis is relatively simple even
compared to the non-delayed case. By that we lay solid
foundations for improved regret bounds in future work, and
manage to bound the regret with high probability and not
just in expectation. One significant difference between the
tabular case and Linear-(Q is that now the estimator QIZ (s,a)
might be negative (specifically, —H /+). This is not a prob-
lem in the non-delayed setting which does not have a DRIFT
term, and in fact, with proper hyper-parameter tuning we
get the same O(H?2n2/3K2/3) bound of [Luo et al.| (2021)
without delays. However, in the presence of delays this
issue induces new challenges and requires a more involved
analysis and algorithmic design (and leads to worse regret).

Proof sketch of Theorem We start by decomposing the
regret as in Eq. (5). To bound REG we can no longer apply
Corollary like we did in the tabular case, because it
heavily relies on the losses being not too negative (now
they might be O(—H /~)). Instead, we prove a novel bound

(Lemma [E.8)) that bounds REG, for sufficiently small 7, by

H .
;+772E5Nq;7a~ﬂ;c+dk[ k+d (Q (s, )—B,’f(s,a))ﬂ,

where m* = : j + & = k}|. Next, follow similar steps
to Theorem Specifically, we use \Bh (s,a)| < H?y/n,
apply a concentration bound on Qh(s a)? around its
expectation and further bound the expectation. This
allows us to show that: REG < % + nH>nK +

R
77H2k2};1@8~q} S [mk+d rﬁ(s,a)|‘q§h(5,aw%i,+].

*
Now we once again face tl(le) issue that the expectation is
taken over states generated by ¢; and actions generated
by 7", while ¥ is constructed from trajectories
generated by 7¥. Remarkably, our technique from the
tabular case extends naturally to Linear-Q): Since B,’j (s,a)
satisfies the Bellman equations in expectation, we can

use the value difference lemma to show that: BONUS =
Zk,h ES’U«NQZ [bZ (S’ a)] - Zk,h ]Es,awqh' [bﬁ(s’ a)] :

Recall that b (s, a) is the sum of the 6 local bonuses de-
fined in Eq. @ so we can write BONUS = BONUS,, +
BONUS; + BONUS; + BONUS, + BONUS; + BONUS,,
where each term corresponds to its local bonus. We set
By = nH? to get that () = >, Eguyr [bg’”(s)], so fi-
nally (*) + BONUS,, is bounded by,

nH*Y E
k.h

k
S 77H2ZESNQ§',@N7T§ [mk+d ||¢h(87a)||22:7+:|7 (11)
k,h )

it [T (5,00 (5, ) ]

where the last step is due to our delay-adapted ratio,
demonstrating its power compared to directly changing the
importance-sampling weights (Jin et al., 2022). It lets us
adjust the expectation to be over trajectories sampled with

7*, so it is aligned with the construction of E * via Matrix
Geometrlc Resampling. To further bound Eq. @) we may
now utilize standard techniques from non-delayed analysis
(e.g.,Jin et al.| (2020b); [Luo et al.| (2021))). We plug in the
definition of the matrix norm, then we can consider its trace
and use its linearity and invariance under cyclic permuta-
tions. This enables us to bound the expectation in Eq. (T1)
by tr(E;‘;’JrIES’aNq}kL [n(s,a)pn(s,a)T]) = tr(EZ’+Eﬁ).
Finally, since XAJEH“ approximates (XF + yI)~1, the last
term is approximately bounded by n. Thus, we get that
BONUS, +REG < % +nH 1K because Y, mh 1" < K.

For the analysis of BIAS1, we first show it is mainly bounded
by two terms: the first comes from the standard estimator
while the second is the additional bias due to the delay-
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adapted ratio 77 (s, a). That is, we bound BI1AS; by:

H\/%Z E

o s~q} anmh

+HYnY E
k,h

Lk a)llon(s, a)llge+] (12)

wrar [(1 =15 (s,))]. (13)

s~qp,anvmy

Once again, with the proper tuning 5; = H./yn, we can
get = > Bsngp (b7 ()], and then combine with
the corresponding BONUS term BONUS;, while utilizing
the delay-adapted ratio. This gives us: (I2) + BONUS; <

H\/ mn Zk,h Es,arwq;f U|¢h(8, a’)”ﬁ}ﬁ*] S \/’VHZ’,LK
For Eq. ( , we first bound E bt [(1—rf(s,a))] <

|75t (-|s) — 7X(:|s)||1 and then follow similar arguments
to the tabular case regarding the multlphcatlve weights up-
date form. The main difference is that now Q¥ (s, a) can be
negative, resulting in weaker guarantees (see more details in

Appendix . Overall, we get: (T3) < 3H5\/7L(K + D).

The analysis of BIASs is very different from both the tab-
ular case and the non-delayed Linear-() (Luo et al.| [2021}).
This is mainly for two reasons: First, in the tabular case,
the added bias v makes the estimator Q’fb(s, @) optimistic,
but this is no longer the case in Linear-@) since now the
estimator might also be negative. Second, BIAS, contains
the inner product with 7, (-|s) which cannot be aligned with
the denominator of the delay-adapted ratio 77 (s, a). Thus,
we need a novel more involved analysis for BIASs.

k+d®

We start in a similar way to BI1AS;, and bound BIAS, by:

H\/%Z]Es,w\/q; [TZ(Saa)‘I(bh(S’a’)Hﬁ}ﬁ’Jr] (14)

k,h

+ H\/ﬁz Es,awq;‘l [(

k,h

We handle Eq. (14) like Eq. , so for o = H./4m we
get that (T4) + BONUS2 < fHQnK Term (I3) on the

other hand might be of order of K due to mismatch between

1—rp(s,a))l. (15)

7% (als) in the expectation and max{r+%" (a|s), 7% (a|s)}
in the denominator of 7F(s,a). To address that, we
design the novel bonus term b} (s,a). Summing
Eq. with BONUS,. essentially allows us to substi-
tute 77 (als) by ﬂh(a| s), which gives: (T4) + Bonus, <
St Bomgi 1T (1s) = 7 (1s) 1 S ZHP/A(K + D).

Finally, DRIFT is also bounded by the ¢;-distance above
and further by gH 4(K + D). Summing the regret from all
terms and optimizing over 7 and vy completes the proof. [

5. Delay-Adapted PPO and Experiments

In this section we show how our generic delay adaptation
method extends to state-of-the-art deep RL methods, and

demonstrate its great potential through simple experiments
on popular MuJoCo environments (Todorov et al., [2012).
We note that here we follow the standard convention that use
rewards in deep RL rather than costs as in the rest of the pa-
per. Due to lack of space, here we only provide an overview
of the method and main experiment. For additional experi-
ments and full implementation details see Appendix [F

The highly successful TRPO algorithm (Schulman et al.,
2015) is a deep RL policy-gradient method that builds on
the same PO principles discussed in this paper. Specifically,
it follows the Policy Iteration paradigm with a “soft” policy
improvement step, where the policy is now approximated by
a Deep Neural Network with parameters 6. While our up-
date step (Eq. (I)) is equivalent to maximizing an objective
with a KL-regularization term (Shani et al., |2020a), TRPO
replaces it by a constraint which results in maximizing the

Zh 1 gk(ah‘gh) Ay, subject to a

(anlsn)
constraint that keeps the new and the old policies close in

terms of KL-divergence. Here, flh is an estimate of the
advantage function which replaces the Q-function in our
formulation to further reduce variance (Sutton et al.,|1999).

objective L ppo(0) =

While successful, TRPO’s constrained optimization is com-
putationally expensive. Thus, PPO (Schulman et al.,|2017)
removes the explicit constraint and replaces it with a so-
phisticated clipping technique that allows to keep strong
empirical performance while only optimizing the following
(non-constrained) objective:

H
k ) = Zmin {gﬁ(@)fi;ﬂb,cliplie (g}’j(&)) Ah} , (16)

h=1

=% (an|sn)

7" (an|sn)
1 — e and 1 + . This objective essentially zeros the gradient
whenever the policy changes too much, and thus replaces the
need for an explicit constraint (see more details in (Schul-
man et al., 2017)). Next, we adapt PPO to delayed feedback.

where g7 (0) = and clip, , .(x) clips = between

With delayed feedback, the trajectory that arrives at time k
was generated using polic JLCA Thus, a naive adaptation
would be to optimize Eq. but replacing 70" with 70"
We will refer to this algorithm as Delayed PPO (DPPO). As
this paper shows, DPPO is likely to suffer from large vari-
ance which can be reduced when multiplying the objective
by the delay-adapted ratio 7% (s, a). The result is our novel
Delay-Adapted PPO (DAPPO) which optimizes:

H
6) =" min {R;;’(e)/ih, clip,. (RE(0)) Ah} :

for RF(0) = m (anlsn)
h max{ﬂek*d(ah,\Sh),ﬂek(ah|5h)

native, which we call Non-Delayed PPO (NDPPO), is to
run the original PPO and ignore the fact that feedback is

. Another alter-
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Figure 1. Training curves: DAPPO vs DPPO. Plots show average reward and std over 5 seeds. x-axis is number of timesteps up to SM.
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Figure 2. Training curves with different fixed delay length: DAPPO vs DPPO with different delay, alongside PPO without delays. Plots
show average reward and std over 5 seeds. x-axis is number of timesteps up to SM.

delayed. This results in a highly unstable algorithm which is
likely to suffer from large bias due to the mismatch between
the policy 7" that generated the trajectory and the policy
70 which is used to re-weight the estimator.

Fig. [I] compares the performance of DPPO and DAPPO
over 8 MuJoCo environments. We use a fixed delay of 10°
timesteps while the total number of timestamps is 5 - 10°.
Results are averaged over 5 runs and the shaded areas around
the curves indicate standard deviation. Note that the only
difference between the algorithms is the objective, we did
not tune hyper-parameters or modify network architecture.
DAPPO outperforms DPPO in at least 4 environments and
is on par with DPPO in the rest. The only exception is
InvertedDoublePendulum, but it is important to note
that this environment is extremely noisy.

Fig. 2] compares the training curves of DPPO vs
DAPPO in the SWIMMER environment (for more en-
vironments see Appendix [F3) with different delays
in {10000, 25000, 50000, 75000, 100000}, alongside the
training curve of PPO without delay. As expected, when the
delay is relatively small (e.g., 10000), there is no significant
difference between learning with or without delayed feed-
back. As the delay becomes larger, the performance of all
algorithms drops (but at different rates).

These empirical results support our claim that handling

delays via the delay-adapted ratio extends naturally beyond
the tabular and Linear-@) settings to practical deep function
approximation. Surprisingly, even in this simple case, delays
cause significant drop in performance which demonstrates
the great importance of delay-adapted algorithms. Our novel
method makes a significant step towards practical deep RL
algorithms that are robust to delayed feedback. Finally, we
note that NDPPO is omitted from the graphs because it does
not converge (as expected). Instead, it oscillates between
high and low reward (see Appendix [F] for more details).

6. Future Work

We leave a few open questions for future work. In the tabular
case, it still remains unclear what is the optimal dependency
under delayed feedback in terms of the horizon H. Another
future direction is to further improve our results in the Linear
Function Approximation setting and extend them to the
case where a simulator is unavailable. This is in particular
important in light of very recent advancement in the non-
delayed setting (Sherman et al., 2023} |Dai et al.| [2023)
which significantly improve |Luo et al.|(2021). Finally, our
experiment demonstrate the potential that delay-adaptation
methods have for deep RL applications. However, a much
more thorough empirical study needs to be done in order to
fully understand the implications of these methods on deep
RL.
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A. Related Work

In this section we provide a full review of the literature related to regret minimization in adversarial MDP with delayed
feedback. For completeness, we include topics that are not directly related to this paper.

Delays in RL without Regret Analysis. Delays were studied in the practical RL literature (Schuitema et al., 2010; |Liu
et al., 2014;|Changuel et al., 2012; |[Mahmood et al.,|2018}; |Derman et al., 2021), but this is not related the topic of this paper.
In the theory literature, most previous work (Katsikopoulos & Engelbrecht, |2003; Walsh et al., [2009) considered delays
in the observation of the state. That is, when the agent takes an action she is not certain what is the current state, and will
only observe it in delay. This setting is much more related to partially observable MDPs (POMDPs) and motivated by
scenarios like robotics system delays. Unfortunately, even planning is computationally hard (exponential in the delay d)
for delayed state observability (Walsh et al.|[2009). The topic studied in this paper (i.e., delayed feedback) is inherently
different, and is motivated by settings like recommendation systems. Importantly, unlike delayed state observability, it is
not computationally hard to handle delayed feedback. The challenges of delayed feedback are very different than the ones
of delayed state observability, and include policy updates that occur in delay and exploration without observing feedback
(Lancewicki et al.| [2022b).

Delays in RL with Regret Analysis. This line of work is related to this paper the most. [Howson et al.|(2021) studied
delayed feedback in stochastic MDPs, and assume that the delays are also stochastic, i.e., sampled i.i.d from a fixed
(unknown) distribution. This is a restrictive assumption since it does not allow dependencies between costs and delays
that are very common in practice. In adversarial MDPs, delayed feedback was first studied by [Lancewicki et al.| (2022b).
They proposed Policy Optimization algorithms that handle delays, but focused on the case of full-information feedback
where the agent observes the entire cost function in the end of the episode instead of bandit feedback (where the agent
observes only costs along its trajectory). Full-information feedback is not a realistic assumption in most applications, and
for bandit feedback they only prove sub-optimal regret of (K + D)?/3 (ignoring dependencies in S, A, H). Later, Jin et al.
(2022) managed to achive a near-optimal regret bound of O(H+/SAK + (HSA)'/*H+/D) for the case of known transition
function and O(H2Sv/AK + (HSA)Y/*H+/D) for the case of unknown transitions. However, their algorithm is based on
the O-REPS method (Zimin & Neu, |2013) which requires solving a computationally expensive global optimization problem
and cannot be extended to function approximation. Recently, Dai et al.|(2022) showed that delayed feedback in adversarial
MDPs can also be dealt with using Follow-The-Perturbed-Leader (FTPL) algorithms. The efficiency of FTPL algorithms is
similar to Policy Optimization, but their regret bound is only O(H?SvAK + HSA - H\/D).

Delays in multi-arm bandit (MAB). Delays were extensively studied in MAB and online optimization both in the
stochastic setting (Dudik et al.,[2011; |Agarwal & Duchi, [2012; |Vernade et al.,|2017; 2020; Pike-Burke et al., 2018} |Cesa-
Bianchi et al., 2018}, |Zhou et al., 2019} |Gael et al.,[2020; [Lancewicki et al., 2021; /Cohen et al., 2021a; Howson et al., [2022),
and the adversarial setting (Quanrud & Khashabi, 2015j|Cesa-Bianchi et al., [2016} [Thune et al.,|2019; |Bistritz et al.| 2019;
Zimmert & Seldinl 2020; [Ito et al., [2020; |Gyorgy & Joulani, [2021} |Van Der Hoeven & Cesa-Bianchi| [2022}; Masoudian
et al., 2022). However, as discussed in (Lancewicki et al.| 2022b)), delays introduce new challenges in MDPs that do not
appear in MAB.

Regret minimization in Tabular RL. There exists a rich literature on regret minimization in tabular MDPs. In the
stochastic case, the algorithms are mainly built on the optimism in face of uncertainty approach (Jaksch et al.,[2010; |Azar
et al.,|2017; Dann et al., 2017} Jin et al., [2018}; |Efroni et al.,[2019; |Tarbouriech et al.,|2020; 2021; Rosenberg & Mansour,
2021aj;|[Rosenberg et al., 2020; |Cohen et al.,2021b; |Chen et al., 2021)). In the adversarial case, while a few algorithms use
FTPL (Neu et al., 2012; Dai et al.,|2022), most algorithms are based on either the O-REPS method (Zimin & Neu, [2013;
Rosenberg & Mansour, 2019bjaj |2021b; Jin et al.|, 20204} |2021; Jin & Luol [2020; Lancewicki et al., [2022a}; (Chen et al.,
2020bj |(Chen & Luo, |2021) or on Policy Optimization (Even-Dar et al., 2009; |Neu et al., 2010aib; 2014; |Shani et al., 2020b;
Luo et al.} 2021} |Chen et al.,|2022b)). Note that regret minimization in standard episodic MDPs is a special case of the model
considered in this paper where d* = 0 for every episode k.

Regret minimization in RL with Linear Function Approximation. In recent years the literature on regret minimization
in RL has expanded to linear function approximation. While in the stochastic case algorithms are still based on optimism
(Jin et al., [2020b; |Yang & Wang| 2019; |Zanette et al., 2020a}b; |Ayoub et al., 2020} Zhou et al.} 2021;|Zhou & Gul 2022; [Vial
et al., [2022; |Chen et al.| [2022a; [Min et al.| [2022), in the adversarial case O-REPS cannot be extended to linear function
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approximation without additional assumptions so algorithms are mostly based on Policy Optimization (Cai et al.| 2020;
Abbasi-Yadkori et al.| 2019;|Agarwal et al.| 2020; He et al., [2022; Neu & Olkhovskayal 2021} Luo et al., 2021} [Wei et al.}
2021).

Policy Optimization in Deep RL. Policy Optimization is among the most widely used methods in deep Reinforcement
Learning (Lillicrap et al., 2015} |Levine et al.,[2016; \Gu et al., 2017). The origins of these algorithms are Policy Gradient
(Sutton & Bartol [2018)), Conservative Policy Iteration (Kakade & Langford} 2002) and Natural Policy Gradient (Kakade,
2001)). These have evolved into some of the state-of-the-art algorithms in RL, e.g., Trust Region Policy Optimization (TRPO)
(Schulman et al.,[2015), Proximal Policy Optimization (PPO) (Schulman et al.,[2017) and Soft Actor-Critic (SAC) (Haarnoja
et al.| [2018). Recently, the connections between deep RL policy optimization algorithms and online learning regularization
methods (like Follow-The-Regularized-Leader and Online-Mirror-Descent) were studied and explained (Shanti et al., [2020a;
Tomar et al.||2022).

Remark A.1 (The Loop-Free Assumption). We warn the readers that some of the works mentioned in this section (mainly
in the adversarial MDP literature, e.g., [Luo et al.| (2021)) present a slightly different dependence in the horizon H. The
reason is that they make the loop-free assumption, i.e., they assume that the state space consists of H disjoint sets
S =851US2U---USy such that in step h the agent can only be found in states from the set Sy,. Effectively, this means that
their state space is larger than ours by a factor of H. So when they present a regret bound of @(H 25V AK), this implies a
bound of (7)(H 35V AK) in the model presented in this paper. We emphasize that these differences are only due to different
models, and not due to actual different regret bounds.
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B. Delay-Adapted Policy Optimization for (Tabular) Adversarial MDP with Known Transition

Algorithm 3 Delay-Adapted Policy Optimization with Known Transition Function (Tabular)
Input: state space S, action space A, horizon H, transition function p, learning rate > 0, exploration parameter v > 0.
Initialization: Set 7}, (a | s) = 1/a for every (s,a,h) € S x A x [H].
fork=1,2,..., K do
Play episode k with policy 7%, observe trajectory {(s¥,ay)}L | and compute ¢ (s) for every (s,h) € S x [H].
# Policy Evaluation
for jsuchthatj +d’ = kdo A
Observe bandit feedback {c; (s7, aj,)}, and set B}, (s, a) = 0 for every (s,a) € S x A.
forh=H,H—-1,...,1do
for (s,a) € S x Ado

. I (als . I . . .
Compute 17 (s,a) = max{ﬂi(’;(‘s)l)iﬁ(a‘s)} and Ly, = >y o (57,0, az)).

Aj g ]I{S{L:s,ai:a}LfL 5§ o 37Hﬂ,’j(a|s)r¥b(s7a)
Compute Q7 (s,a) =77 (s, a)iqﬁ(s)ﬂ'i(a\s)—ky and by, (s) = >-,ca “a O @

Compute By (s,a) = by (s) + X cs.arcaPn(s’ | s,a)m (a | ) By (s, a").
end for
end for
end for
# Policy Improvement
Define the policy 7**! for every (s,a,h) € S x A x [H]| by:

mh(a] s exp (<0340 (@) (s.0) = Bl(s,0)))

7T}1j+1(a | s) = - 4 :
Swearh(@ | 9)exp (=0 (Qh(s, @) = Bl(s,)))

end for

Theorem B.1. Set n = (H>SAK + H*(K + D)) 2 and ~v = 2nH. Running Algorithm 3|in an adversarial MDP
M = (S, A, H,p, {cF}E ) with known transition function and delays {d*}£_, guarantees, with probability at least 1 — 6,

KHSA KHSA KHSA
Rg =0 (HQ\/SAKlog 55 + H*VEK + Dlog 5S 55 )

+ H4dmuw 10g

B.1. The good event

Let ¢ = 10log 10KHSA 37k pe the history of episodes {j : j + d7 < k}, and define Ex[-] = E[- | #*+%"] Define the
following events:

2 10HS
10H*dpmqz log =5=

K K
E? = {VY(h,s). ZZZH{J' <k+d" <j+ dj}w;w(a | 8)(QF (s,a) — Q¥ (s,a)) < :
k=1j=1 a
us A H2 oo 10HSA
B ={S S s, ) (Qh(s,0) — Qh(s,0) < ——2 20—

k=1 h,s,a v

B — {i 5 am | i alsh = sof =a) 5~ giom (@l k() A 108

k=1h,s,a (g5(s, @) +7)? k=1h,s,a a5 (s,a) + kG 0
K . K i
B Bi [ S0 ai() (rb (190, Q5 ) | = D0 ais) (1), Qls, )
k=1 h,s k=1 h,s
K
1 " b H? 10
<322 Gb(s) + I
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The good event is the intersection of the above events. The following lemma establishes that the good event holds with high
probability.

Lemma B.2 (The Good Event). Let G = E4N E* N E* N EY be the good event. It holds that Pr[G] > 1 — 4.

Proof. We’ll show that each of the events ~E¢, -E*, =E® ~E/ holds with probability of at most §/4 and so by the union
bound Pr[G] > 1 — .

Event £“: Fix s and h. For every (h/, s, a) set:

K
28 (s a) =1{s' = s,h/ = h} Zﬂ{j <k+d <j+ dj}wllfdk (a| s)r,’i(s,a)Q%(s,a)
j=1
K A .
Zk (s a) =T{s =s,h/ = h}Z]I{j <k+d¥ <j+dYnt (a| s)rp(s,a)My(s,a)
j=1
H
Mji(s,a) = sy = s,af = a} Y ck (s}, af) + (1 = I{s} = s,af = a})Q} (s, a).
h=1

Note that E;[ZF, (8", a)] = 2. (s, a) and,

I{sk = k_ g\ 7k K . k A
v Mo = 800 = S 20(80) S S b < di b o | )0 (s )

h',s",a q}li (S’ a) T j=1 a
K K
3 2h(s,0) <3N I <k +df <+ d it (o] 5)Q) (s, a),
h’,s’,a j=1 a

where in the inequality we used the fact that rf(s,a) < 1. Finally, we use Lemma with ¢¥(s,a) = q¢F(s,a) and
R < 2Hd, 4, since the number of js such that j < k + dF < j 4+ &’ is at most 2d,,4,. Thus, the event holds for (s, h)
with probability 1 — ﬁ. By taking the union bound over all 4 and s, E¢ holds with probability 1 — 1%.

Event E£* (Lemma C.2 of Luo et al.| (2021)): E* holds with probability of at least 1 — §/10 by applying Lemmawith

QZ,(S', a) = q,’i,(s’a), zﬁ(s, a) = qj.(s, a)rﬁ(s, z:L)Q],?L(s7 a) and,

H
Z;’f(s,a) = q;(saa)ri(saa) (H{SZ = Svaﬁ = a} Z Cﬁ’(si/aalﬁ/) + (1 - H{S;CL = Svaﬁ = CL})Q%(&@) :

h'=1

k_ k__ k A~ k k
Note that B < H, H=5gn 202 = i (s, a)Qf (s, a) and S0 < gi (s, a)Qf (5. ).

Event E°: Similar to the last two events, E® holds with probability of at least 1 — §/10 by applying Lemma with

. k
@i ($)m T (als)rf (s,a)
qf (s,a)+

Event E/: LetY;, = Zh}S qr(s) <7r}’j+dk (1), Qﬁ(s, )> We’ll use a variant of Freedman’s inequality (Lemma b to

(f,’fb,(s',a) = q,]j,(s/,a) and z;‘;(s,a) = Z’,j(s,a) =
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bound Zszl Ex[Yr] — 25:1 Y. Note that:

B [V2] =B | | Y ai(s)mh ™ (a | $)Qf(s0)

h,s,a

<E [ | Y g @l s) | [ S ae)mt (@] )(Qhls. a)?

h,s,a h,s,a

r#(s,a)?(LF)I{st =s,aF =a
< HEL | 3 (o) (o | ) A0 (RISt = 5.0} = )

h,s,a
H3 Z q k—i—d ‘ S) q,’f(s,a)rﬁ(s,a)
P (dh(5,0) + )2

< i3 Z (s )7"}]?Ir (a|s)r (s,a)

qr(s,a) +v

h,s,a

where the first inequality is Cauchy-Schwartz inequality. Also, |Y;| < “-. Therefore by Lemma with probability
1-4/10,

K K K *( o) phtd” & 9
q(8)m, " (a | s)ry(s,a) H 10
EplYi] = ) Yi <~H +—1In—
2y S 2 G g
K
1 * k H2 10
=32 D G)b(s) + - O

B.2. Proof of the main theorem

Proof of Theorem|B.1} By Lemma|B.2] the good event holds with probability 1 — §. We now analyze the regret under the
assumption that the good event holds. We start with the following regret decomposition,

R =30 6 (1) - w190, @G0} = 30 S i ) (7E 1), @b (s, ) — Qh(s,0))

k=1 h,s k=1 h,s
BIAS
K R K
30 a () (R 19), Qh(s,) = Qhi(s,)) + 30 D ai(s) (k- ) = mil- | 9), Bh(s.)
k=1 h,s k=1 h,s
BIASo BoNUS
K . R
3D ais) (mi ) =i | 9). Qh(s,) = Bi(s.))
k=1 h,s
p REG
+ 303 i) (k) = 7] 9), Qh(s ) — Bh(s. )
k=1 h,s
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where the first equality is by Lemma (value difference lemma). BIAS5 is bounded under event E* by O ( ) The
other four terms are bounded in Lemmas|B.3} [B.4] [B.6]and[B.7} Overall,

k=1 h,s Y Y
Barss BAISo
K K
. HlnA 1 . 3
+ 3vH?SAK — Z qi(s)bk (s) 3 Z ai(s)bF(s) + O <77H5K +n— >
k=1 h,s k=1 h,s
BoNus REG
H?d, ..
+0 (nH5(K+D)+ BH Gmast ““’L>
y

DRIFT

HlnA
§o< ; + H2SAK+77HJ(K+D)+7;—+— +

H3, H? 77H5dmamb)
ot ol '

— 1 _ . 2 3 3 4
Forn = S AR+ KTD) and v = 2nH, we get: Rx < O (H VSAK.+ H*Du+ HK.+ H dmawb) . O
B.3. Bound on BIAS,

Lemma B.3. Under the good event, BIAS; < 2 ZkK:1 D ohs q;(s)bk(s) + O (nH4(K + D)+ W + Hsz) .

Proof. LetYi = ¥, . 4;.(s) <7r;j+d (- |s),Q'g(s,-)>. It holds that

K

K K
BIAS, = Zth < h+d" |s),Q;§(s,.)> S AR M AP
k=1 k=1

k=1 h,s k=1

Under event EY it holds that

y H—gnE
ah ()b (s) + —=1

IA
W =
M=
:‘*

Ry [Vi] — EK: i

gt

£l
Il
-
E
Il
-
=
V)
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In addition,

> ai() (7h T 19),Qhs.) ) - D] =

k=1 h,s
k+d qh rh(s a)
K
= k+d (af(s,a) +7)ri(s, a))
7;’%2“1(]}1() (a‘SQhSGJ (1 qhsa)+7
S ket d k vy (s, a)
+;h’zs;aqh( ) (a | S)Qh(saa)m
<! k-t
SZZ ()k+d (a]8)Q¥(s,a)(1 — 15 (s,a)) +ZZ vah (a| s)rk(s,a)
k=1h,s,a k=1h,sa ar(s,a) +
K H k+dF k ’
<H Y3 G0 (st 0 m (e ) = ) + ZZ T e )
K
<H ZZ )T+ s) = 7hC | 8)h + 5 quh e
k=1 h,s St hos

Finally, using Lemma B.8]

K
2 k H?
BIA51§§ZZq s)—|—Hth ZHW’”’}’ | ) —mh (- ‘S)||1+7L
=1 h,s h,s
S22y H H2 (K + D) 4 M fmaat H
2 & . LA
=1 h,s

B.4. Bound on BONUS

Lemma B.4. It holds that BONUS < 3yH2SAK — 37, ;a5 (s)bj(s).

Proof. Note that B’fj is the Q-function of policy 7 with respect to the cost function b*. Hence, by the value difference
difference lemma (Lemma[E-T)),

k
ZQh bk Z Qh bk Vﬂ (Sinit§ bk) - Vﬂ Smm th | 8) - ﬂ—h( | 5)7 BZ(Sv )> :

Summing over k we get: BONUS = Y7, gy (s)bj(s) — X_p 1., €5: (5)05: (s). For last,

. B (s)bl( qp (s ”ZM (a|s)ri(s, a) 2
> ak(s)bh(s) = ?WHZ > AP < 3yH?SAK.
k=1 h,s k=1h,s,a v
where the last uses the fact that 7rk+d (a|s)rk(s,a) < wr(al s). O

Remark B.5. The adaptation to delay via the ratio 77 (s, a) is simple, yet crucial. The main reason is the following. While in
MAB the ratio 7T}}§+dk (a | s)/mk(a | s) is always bounded by a constant (Thune et al., 2019, Lemma 11), in MDPs it can be
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dmaz_In fact, even the ratio 7} ! (a | s)/7F(a | s) can be of order e?me=, because even if an action a is chosen

with probability close to 1, the estimator Qﬁ(s, a) can be as large as 2(1/+), as long as the visitation probability to state s is
smaller than 1/+. This can cause radical changes in the probability to take action a (and as a consequence in the probability
of the rest of the actions in that state). For example, assume we have two actions a1, az with 75 (a1 | s) = 1/(e~%me= + 1),
7f(ag | 8) = e~9mas /(e=Imaz 4 1) and ¥ (s) < +. Now, assume that the feedback from d,, ... episodes arrive at at the end of
episode k for which the agent visited in the state-action pair (s, a; ). Further assume the cost-to-go from (s, a;) was of order
H. This would imply that >, ., ;;_ k(@fl (s,a) — Bj(s,a)) & dyqs- Hence, the probability to take each of the actions
under 7%+! would be approximately 1/2. In particular, 71! (ay | s)/7f (ag | ) = Q((e~%maz 4 1) /e~ dmaz) = Q(edmas),

as large as e

B.5. Bound on REG

Lemma B.6. Forn < 5% it holds that REG < # + %Z,ﬁh,s qi(s)bk(s) + O (nH5K + nzzL) .

Proof. By Corollary since maxy, p, s.o BY(s,a) < 3H?,

HlnA R 2
REG < ; +20 Y gi(s)mt (a ] ) (Q’Z(&a)—B’ﬁ(s,a)) + O(H°K)

k,h,s,a
HInA
< +21 > qi(s) )it (a | $)Qf(s,a)? +2n > a i+ (a | 5)Bf(s,a)® + O(H’K).  (17)
n k,h,s,a k,h,s,a
For the middle term
on Z k+dl¢ o )0k (s a)? < 2n Z k+dk @ 8)H2rl’§(s7a]22]l{sﬁ :s,Qa’fL =a}
k,h,s,a k,h,s,a (qh(s’a)_’_’y)
k+d¥
o 3 BT @Sk o (+11)
k,h,s,a qh(s Cl) +7 v
3
H Y G5} =
-— qh b +O( B} )
3 k,h,s v
1 H3,
< = O ,
<5 i) o (i75)

where the second inequality if by E° and the last is since 1 < 577~ For the last term in Eq. we use bﬁ(s) < 3H and
therefore B (s,a) < 3H?. Thus: 7Y, 1, ., g (s)mE " (a | 5)BE(s, a)? < 9pHO K. Overall,

HInA 1 H3

REG < - fE qr(s bk +(’)(77H5K+77 L) O

72
k,h,s

B.6. Bound on DRIFT

Lemma B.7. If event E? holds then, DRIFT < O (77H5(K + D)+ %) .
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Proof. We use Lemmaand the fact that | Q% (s,a) — B (s,a)| < 3H? to obtain

DrirT = 3° 3 g 6) o | ) — 7 (0 | )(Qh(s.0) — B,

k=1h,s,a
k
<3S Gk al9) — wt (o )] [QhGs.a) — BhGs.0)
k=1 h,s,a
<3S Y g 8 — A )l
k=1 h,s
H5d
go(nH5(K+D)+”m“”L). O
Lemma B.8. If event E? holds then, Zk 1y k+d* (ls)—mk(|s) <0 (UHQ(K—FD) + %) )
Proof. We first bound,
X K k+d*—1 ‘
leﬁkﬂl Clo)=mhC sl <D > I 1) —m19)h
k=1 j=k
K k+d*—1
=2 2 2l —mal )l
k=1 : a
Now, we ap;zly Lemmafor each j in the summation above with 7(-) = Wffl( | s), w(:) = {7( | s)and ¢() =
Disivai=j (Qn(5:2) = Bi(s,)) 2 = X iiipaizy GH? and observe that,
k K k+d"—1
ZIIW’“” ()= mhCIs)li<nd > Y mlals) DY (Qi(s,a)+6H?)
k=1 j=k a iritdi=j
K k+d"—1 ‘
a3 Y YAt S @) Y (@) + o)
k=1 j=k a a’ iit-di=j
=1
K k+d"—1 '
=2y, >, Y mlals) Y (Qila]s)+6H?)
k=1 j=k a ditdi=j
K k+d"—1
_2772 Z Z Zﬂ'ha|tha|s +12nHQZZ]I{k<z+d’<k+dk}
k=1 j=k di+di=j a k=1 1i=1
K k+d -1

<29y Y > Y mlals)Qilals)+129H* (D + K),
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where the last inequality is by Lemma For the first term we use event £%:

K k+dF-1 K k+dF-1
XYY Yralaala=3 Y X Sl 9l s)
k=1 j=k idi+di=j a k=1 j=k idit+di=j a

RN
-

Hk<it+d <k+ dk}w”d (a]s)Qi(als)

] =

> 2.
2

IN

. i k_i+d* i H2dmamb
Hk<i+d <k+d"}m™ (a]s)Qy(a]s)+ 0O —

=~
Il

1:=1 a

2
Zﬂ{k§i+di<k+dk}+O<Hdm”L>
0

i=1

o
Il

IN

M=

H
k

H2
H(D+K)+0 (dmL) .
v

Il
—

IN
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C. Delay-Adapted Policy Optimization for (Tabular) Adversarial MDP with Unknown Transition

Algorithm 4 Delay-Adapted Policy Optimization with Unknown Transition Function (Tabular)
Input: state space S, action space .4, horizon H, learning rate > 0, exploration parameter v > 0, confidence parameter
0> 0.
Initialization: Set 7} (a | s) = 1/a for every (s,a,h) € S x A x [H].
fork=1,2,...,Kdo
Play episode k with policy 7% and observe trajectory {(sf,af )} .
Compute visit counters for every (h, s,a,s’) € [H] X S x A X S:

k "N J _ J o Jo . k _ J Jj
ny(s,a,s") = E s} =s,a), = a8 1 =5 } ; ny(s,a) = g s} =s,aj, = a}.
Jijt+di<k jij+di<k
.. .. . k(o nk(sAa,s') k k
Compute empirical transition function py (s’ | s,a) = —2==+— and confidence set P* = {P; (s, a)}s,q,n such

max{nf’(s,a),l}

that p), (- | s,a) € PF(s,a)ifand only if }__, p},(s' | s,a) = 1 and for every s’ € S:

ﬁﬁ(s/ | s, a) IOg 1OH§AK 10 IOg 1OH§AK

nk(s,a) V1 nk(s,a) V1

i (s" | 5,0) = ph(s" | s,a)] < 4\/

Compute occupancy measures gy, (s) = max, cpr qgk’p,(s) and g’;(s) = min, cpr qzk’p,(s).
# Policy Evaluation /
for jsuchthatj +d’ =kdo 4
Observe bandit feedback {c},(sy , a;,) }f_, and set B, (s,a) = 0 for every (s,a) € S x A.
forh=H H—-1,...,1do
for (s,a) € S x Ado ‘
Compute 77 (s, a) = . jTr(;'(‘a)ls)k( 7 and L =0, ch(sh,al).
max {77} (als),n} (a|s » » v
Fi oy SyHmb (als)rd(s:0) 17y _ 27 (als)r (5,0) (@) (5,0) g, (5:0))
Compute b3(5) = 2 act “gGimt @iy M) = Lacad = g T iy '
Compute b),(s) = bj (s) + b, (s) and @}, (s, a) = ] (s, a)Len=sap=a}ly,
. (8) 40y TGl (als)+ '
Compute B} (s, a) = b} (s) + MAaX e pi (5.q) Yvesarealn(s' | s,a)m  (a" | 8)B), (s',a).
end for
end for
end for
# Policy Improvement
Define the policy 7**! for every (s,a,h) € S x A x [H]| by:

mhia | s)exp (Y, 1(Qh(s.) - Bi(s.a))

k+1
it . _ .
' Sweamh (@ |5 exp (=15 amn(@h(s,a) = B (s,0))

als)=

end for

Theorem C.1. Sern = H (H>SAK + H*(K + D)) 2 and ~v = 2nH. Running Algorithmin an adversarial MDP
M = (8, A, H,p,{c"HE_ ) with unknown transition function and delays {d*}X_, guarantees, with probability at least
1-19,

SAK

. H .
+ H3*VK + Dlog + H*S% Ad 00 + H*S3 Alog

HSAK HSAK
Rg <O <H35\/AKlog 5 2 5 )
Remark C.2 (Dependence in d,,q,). All our regret bounds contain additive terms that scale linearly with d,,4,. While these
are low-order terms when d,,, is smaller than v/D, they may become dominant for large maximal delay. The dependence

in dp,q, can be removed altogether using the skipping technique (Thune et al., 2019; [Bistritz et al., |2019; |Lancewicki
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et al., |2022b), i.e., ignoring episodes that their delay is larger than some threshold S. In the case of known transitions
(Theoremin Appendix, we can set 3 = v/D/H and remove the dependence in d,, 4, without hurting our original
regret bound, i.e., we get the bound R = O(H 2/SAK + H*VK + D). However, in the case of unknown transitions

(Theorem in Appendix , we get a slightly worse regret bound. Specifically, we can set 5 = H%QA and obtain

the regret Ry = @(H‘Q’S\ /A(K + D)).Jin et al|(2022) encounter the same issue in their regret bounds, so it remains an
open problem whether the dependence in d,,, can be removed without hurting the original regret bound in the unknown
transitions case.

C.1. The good event

Let . = 10log %, H* be the history of episodes {j : j + d’ < k}, and H* be the history of episodes {j : j < k}.
Define the following events:

log L0HSAK log L0HSAK
E? = ¢ V(k / h). ! _pF(s <4 ph(3|SCL) 10—
(k,s',s,a,h). |pu(s’ | s,a) = pi(s | s,0)| < \/ —— T + e (nF (o). 1]
Fest — { Z @ (s,0) — ¢} (s,a)| < O (\/H4S2AKlogM§[SA + H3S% Alog? w +H352Admaz>
h,s,a,k
N 2 10HS
: : ; 10H2d, ., log 10HS
B! = {V Zzzﬂ{jékm’“ <j+d (@] )(QF(s,a) — QF(s,a)) < : 08 5
k=1j=1 a
il 21, 10HSA
. N A H*log =522
E* = {Z Z ai(s,0)(QF(s,a) — Q¥ (s,a) < ————0—
k=1h,s,a Y
K
E'=3> > QLG |,S,3T’I§(S’Q)H{S§ = s, = a} Z 3 a; ()Tt (a | s)rk(s, a) - gln 10H
k=1h,s,a (qh(s’a)+’y)2 k=1h,s,a qhsa’)—’—’y v 1)
K ) K k
B = ¢ B |3 ais) (w19 QR )) | = D0 D ai(s) (7 119).Qhls, )
k=1 h,s k=1 h,s

The good event is the intersection of the above events. The following lemma establishes that the good event holds with high
probability.

Lemma C.3 (The Good Event). Let G = EP N E*** N EYN E* N E* N E7 be the good event. It holds that Pr[G]
Moreover, under the good event, it holds that p € P* and gi(s,a) < qf(s,a) < Gh(s,a) for every (k,h,
[K] x [H] xS x A

>1-6.
s,a) €

Proof. We’ll show that each of the events ~EP, ~E?, —~E* ~E® —Ef holds with probability of at most § /5 and so by the
union bound Pr[G] > 1 — 4.

Event E?: Holds with probability 1 — §/10 by standard Bernstein inequality (see, e.g., Lemma 2 inJin et al.| (2020a))). As a
consequence of event E7, p € P* for all k. In particular, g} (s,a) > ¥ (s, a) for all k, h, s and a.

Event E¢5t: Holds with probability 1 — §/10 by Jin et al.[ (2022, Lemma D.12) (see also (Jin et al.,[2020a, Lemma 4))
which is a standard techniques (adapted to delays) of summing the the confidence radius on the trajectory.

Event F9: We show the proof under event £” which occurs with probability 1 — §/10. Fix s and h. Similar to the proof of
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Lemma we apply Lemma For every (W', s, a), set §&,(s',a) = g5, (s',a) and
K
28(s' a) =1{s' = s,h/ = h} Z]I{j <k+d"<j+ dj}ﬂ',’frdk(a | 8)rF(s,a)Q) (s, a)

j=1

K
Zk (s a) =T{s =s,h = h}Z]I{j <k+d' <j+ dj}wﬁ“lk(a | s)r¥(s,a)MF (s, a)
j=1

H
Mf(s,a) =I{s) = s,af =a} Y i (sk,af) + (1 - I{s} = s,af, = a})Qf(s,a).
h=1

Note that E;[ZF,(s',a)] = 2, (s, a) and

ko ok k K ‘ )
s Mo =00 =9 20(.0) _ S S <t <t it o] 5)0k (5, a)

k
h',s',a qh(87a) +’7 j—l a

qk(s,a)2F (s, a)

h',s",a qh(s a

ZZH{J <k+d" <j+d it (a] 5)Qf (s, a),

j=1 a

where in the inequality we used the fact that @k (s,a) < g¥(s,a) under the event EP. Finally, we use Lemma with
R < 2Hd 44 as in the proof of Lemma Thus, the event holds for (s, h) with probability 1 — 15 H Tos- By taking the
union bound over all h and s, E¢ holds with probability 1 — 2

Event £* (Lemma C.2 of Luo et al.[(2021)): We show the proof under event EP which occurs with probability 1 — §/10.
Again, E* holds with probability of at least 1 — /10 by applying Lemma with ¢&, (s',a) = @, (s, a), 2F(s,a) =
i (s,a)rF(s,a)Q¥ (s, a) and,

H
Z(5,) = (5,510 (H{sz ek —a} 3 (shal) + (1~ I(sE = 5.0 — a)) QLG a>) |

h'=1

Note that R < H, H{Sh_; a(’s';ﬁjh (=:9) — 4% (s,a)QF (s, a) and % < q;(s,a)Q% (s, a) where similar to before,
h h

the inequality holds under event EP.
Event E”: We show the proof under event EP which occurs with probability 1 — §/10. Similar to before, E® holds
with probability of at least 1 — §/10 by applying Lemma with §¥ (s',a) = @i (s',a) and 2 (s,a) = ZF(s,a) =

* k+dF
an()mp " (als)rf (s,a)
qr (s,a)+y

Event E/: We show the proof under event EP which occurs with probability 1 — §/10. Let Y, =
> ons 4 (8) < k+d* (- | 5), Q (s, )> Similar to the proof of Lemma we use a variant of Freedman’s inequality

(Lemma to bound Zk:l Ex[Yr] — Zszl Y

2

e[V =B | | 3 aio)mi (@ | $)Qh(s,a)

h,s,a

<E || X ai@mt @ls) | | 3 aom @] $)(@h(s,)?

h,s,a h,s,a

k 2(17k\2 k k
rp(S,a L {sy = S,ap = a
< HE, E qh k+d | S) h( ) ( h) { h h }

h,s,a (qi(sva) +7)2
k+d"
< H3 Z q k+d a | S)TZ(Sva)qli S,(l 3 Z Qh 7Th+ (a | s)rﬁ(s,a)
= (@ (s, a) + = ai(s,a) +v
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where the first inequality is Cauchy-Schwartz inequality and the last inequality holds under event EP. Also, |Yj| < HTz
Therefore by Lemma with probability 1 — §/10,

K K
S E ZYM’VHZ 5 G @ ks a) ) | H 10 L= S GG +£21n%%

k=1 k=1 \h,s,a tha)_"’y v k=1 h,s

C.2. Proof of the main theorem

Proof of Theorem By Lemma|C.3] the good event holds with probability of at least 1 — J. As in the previous section,
we analyze the regret under the assumption that the good event holds. We start with the following regret decomposition,

K
RK:ZZQZ(S) <7TZ('\5)—7TII( | s), Qh ZZ% < pord” (1), Qh( )= Qﬁ(57)>

k=1 h,s k=1 h,s
BIAS
30D a () (R 19), QR (s,) = Qhi(s,)) + 30 D ais) (k- ) = mil- | 9), Bh(s.)
k=1 h,s k=1 h,s
BIASo BoNUSs
K . )
30D i) (T ) =i |8), Qh(s, ) — Bh(s. )
k=1 h,s
. REG}C
32 ai () (mhC | 5) = kT (1 9), Qi (s, ) = Bh(s, ),
k=1 h,s

~

where the first is by Lemma Bi1AS; is bounded under event E* by O H—ZL>, and DRIFT <
@ (nH (K + D)+ %L) by Lemma The other three term are bounded in Lemmas to Overall,

) 2
Ry ?’,;th b’C +Zth bk()+0(77H4(K+D) M H)

k=1 h,s v v

BAI1sq

2 K
o (Pyb> o (7HQSAK + HSVAK. + HYSP A2 + H4S2Adm) W ACLAD)

k=1 h,s
BAISy
BoONUS
L HInA i3
= Z )+ 0 (77H5K +n L)
P ’Y
REG
Hsdmaz
+0 <nH5(K + D)+ "L>

DRIFT

HlnA
g(’)( ;l +yH?SAK +nH®(K + D) + H3SVAK.
H3, H? H5%d 00
+772L+L+77L+H452Admax+H4SSAL2>'
v v g
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1
VH2SAK+H4(K+D)

Forn = and v = 2nH we get:

Rx <O (HSS\/AKL + H3EK + D+ H*S?Ad,, ., + H453AL2) .

C.3. Bound on BIAS;

Lemma C.4. Under the good event,

K
Bias; < = Zth \AC ZZ _5_0(77H4(K+D)+77H%”W+H2L)_
k=1 hs

klha )8 7 Y

Proof. Let Yi = Y, . 4;.(5) <7r,]f+dk( | 5), Ok (s, )>. It holds that

K K K
O ) (1), Qh(s, ) = YO Bl + Y Eali] = Y Vi
1 k=1 k=1

k=1 h,s k=

Under event E7 it holds that Zkl,(zl Ex[Yr] — Zszl Vi < % Zkl,(zl Yohs 4 (s)bk (s) + HTQ In 2. In addition,

3 s ) (7R (1), Qhs,)) - f}mm—

k=1 h,s
*;}quh it (@ | )Qk(s,a) (1 s;hff)>
- g,gﬁ Tt (a | 5)Qh (s, (1 S +7+qqh((: 5))+;12(8,a))rﬁ(s7a)>
+;h§qh T (0 | $)Qh (s, a)m
+ ; }Z:aqh A (0 | )0k (5, a) (s, a)%ﬁ(is’»ac;)+;1§j(s, a))
iZq b (@ | 5)Qh(s, ) ((q'f“L(Svaz]Z-F(;{j)l;;Z(s,a)))

(9)
’I’kSCL ksa - kS
+Y Y a|s>c22<s,a>( ot )7%( ”)

k=1h,s,a qh(S?a)_‘_

(i)
K

3 () (0 | )@k (s,0) LA

k=1h,s,a dp (5 a’) +7

(#id)

+ i Z q}i(s)ﬂ;ﬁdk (a]5)Q"(s,a) rﬁ(S,a)S@ﬁ(S,a) —q;(s,a)) |

k=1h,s,a qz(sﬂ a’) +y

(iv)
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Terms (¢) and (¢i7) are bounded similarly to the known dynamics: case:

K K
() < HY 3 ais) (max{rhia | o), 7 (@ 9)} —nhla] 9)) < HY S ah)lnk ¢ 15) =75 [ 9l
k=1h,s,a k=1 h,s
K k+d®
i v Th (a|s)rk(s,a fyH
( )Sggqh() qk(s a,)‘i"y ;;

In total, using Lemma B8]

9 K 3 K B K I
Bias; < gZZqZ(S)bQ(S)+qu2(8)b’ﬁ(8)+HZZq (8[| (- | 8) — w( |8)H1+7L

k=1 h,s k=1 h,s h,s k=1
NHd mant N H2L> .
o

C.4. Bound on BONUS

Lemma C.5. It holds that

K
BONUS < O (yHQSAK + H3SVAK. + H*S3 A2 + H4S2Admaz) I ACLAC)
k=1 h,s

Proof. Let ﬁk be the transition function chosen by the algorithm when calculating B*. It holds that

Do) (s 1) =i 1. B (s) =
= Z qr(s s)By (s, a) Z a4, (s)m5(a | $)By(s, a)

h,s,a h,s,a

= Z qn (s Wh(a | s Bh s,a) Z ap(s)mp(a | s) bZ(S) + Zﬁ]}i(sl | Sva’)ﬂz—kl(a/ | SI)BIIfH(S/»a/)

h,s,a h,s,a s’,a’

<> ails $)Bh(s,a) = > ai(s)mi(a] s) | bi(s)+ > puls’ | s,a)mhiy(a’ | ) By (s a)
h,s,a h,s,a s’,a’

= Z qn(s 7Th(®| Bh s,a) ZQh bk Z Tt ( )7Th+1(a\ )Bthl(S a)
h,s,a h,s,a

_qu )k (a | s)BE(s,a) — th )bl (s
—qu yrk(a | s)BE(s,a) — }th )b (s
<Zq1 " s7r1a|sBlsaHth HE
= qh th )bi (s

<th bk th b’C
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where the first two inequalities are by definition of $* and the fact that p € P* under event EP; and the last inequality
is since, by definition, g7 (s) maximize the probability to visit s at time h among all the occupancy measures within P*.
Summing over k£ and bounding the first term above as follows completes the proof:

qu’ b ZZ 37HQ}L ( ‘ )]h“(s,a)

k=1 h,s k=1 h,s,a Sa)+’y

Z > 2Hg} (s)mp " (a | $)rf(s, a)(@h(s,0) — ¢¥(5,0))

k=1h,s,a Tr(s.a) +v

K
< 3yH2SAK +2HY Y (@h(s,a) — ¥ (s,0))
k=1 h,s,a

<0 (yHQSAK + H3SVAK .+ H P A2 + H432Admm> ,
where the last is by event E£°5¢, O

C.5. Bound on REG

Lemma C.6. Forn < 5% it holds that REG < %“A + 3 D kb q(s)bk(s) + O (nH5K + nlfyzb) .

Proof. By Corollary since maxy, 5., B (s, a) < 5H?,

HInA A 2

REG < == 420 37 gi(s)mi™ (a | ) (Qh(s,a) - Bﬁ<s,a>) +O(mH"K)
k,h,s,a

Hln

IN

i S Gt @] )0 a +20 Y aie)nl (@] $)BL(s,a) + OMESK). (18)
k,h,s,a k,h,s,a

For the middle term

k 27727 ( ok k
ri(s,a)*HI{s} = s,ay =a
2n 2 : qh k+d |S) sa <2,’7 2 : qh Ic+d |8) h( ) {h h }

k,h,s,a k,h,s,a (qfl(s,a)+'y)2
k+d* 3
< onH? Z g (s)m, ™ (a | )Th(s a)+0<77H2L)
k,h,s,a qh(s7a)+w v
77 Tk HL
?quh Pl +O( 72)
k,h,s
1 H3,
< = O
_32,; )+ ( 72>’

where the second inequality is by E° and the last is since 7 < < 57 - For the last term in Eq. (18) we use bﬁ(s) < 5H and
therefore BY (s, a) < 5H?. Thus,

0> gt (@] )BE(s,a)? < 25nH°K
k,h,s,a
Overall, ;
H1 1 H
REG < nA fz +O<17H5K+n L) O
3 k,h,s

s, S
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D. Delay-Adapted Policy Optimization for Adversarial MDP with Linear ()-function

Algorithm 5 Delay-Adapted Policy Optimization with Linear Q-function

Input: feature dimension n, action space A, horizon H, feature map {¢, : S x A — R"}le, simulator of the
environment, horizon H, learning rate n > 0, exploration parameter vy > 0, confidence parameter 6 > 0.
Initialization: Set approximation parameter ¢ = (HnK)~!, bonus parameters 3; = H VA, B2 = H\ /A, B = 2H\/n,
By = 4nH?, By = vH, B, = vH and Geometric Resampling parameters M = [ 35 In WK N = [2log 2].
Define 7} (a | s) = 1/ for every (s,a,h) € S x A x [H].
fork=1,2,...,Kdo
Play episode k with policy 7% and observe trajectory {(s¥,af)}L .
# Policy Evaluation
for j such that j + d’ = k do
Observe bandit feedback {ch(sh7 al )V
Collect M N trajectories 77 using the simulator and 7.
Compute estimated inverse covariance matrix {E] +} H_| = GEOMETRICRESAMPLING(77, M, N,~) using the
Matrix Geometric Resampling procedure (Neu & Olkhovskaya, 2021) (which samples trajectories of the policy
using the simulator).
Compute Monte-Carlo estimates L] = 7, _ h c{L, (s1,,a),) for every h € [H].
Compute estimated Q-function weights 7 = 337 +q§h(sh, ah)L] for every h € [H].

Define delay-adapted ratio 77 (s, a) = i (als) for every (s,a,h) € S x A x [H].

max{ﬂfl(‘a|s),7rﬁ(a|s)} o
Define delay-adapted estimated Q-function Q7 (s, a) = r7,(s,a)dn (s, a) T 07 for every (s,a,h) € S x A x [H].
Define bonus b/ (s, a) = bl (s) 4+ b7 (s,a) 4+ b7 (s) + b2 (s,a) 4+ b17 (s) + b2 (s, a) for every (s, a, h), where:

b (s 512%5@ )T @l lon(s sy 0 (s,0) = Bar (s, ) [9n(s, @)l e
b (s) = B+ Z et (@ s) lon(s )50 5 B (s,0) = B (1 =7 (s,0))
bl (s /szrh (sam @] lon(s.a)lZe 5 0(s.a) = Byri(s.a)lon(s. )l

end for
# Policy Improvement
Define the policy 75*! for every (s, a,h) € S x A x [H] by:

b

i __THEl e (=7 a2 (@) (5,0) = B;xs,q)))
Sweamh (@ [ 9)exp (=0, pa-(Qh(s, @) = Bl(s, )

where Bfl(s, a) estimates Bi(s7 a) using the bonus procedure in Algorithm@
end for

Theorem D.1. Set v = \/n/K and n = min{ 1574
Running Algorlthm@m an adversarial MDP M = (S, A, H, p, {c*} K ie_1) With linear Q-function, access to a simulator of
the environment, a known features map {¢ : S x A — R} n—q and delays {d*} K 1 guarantees, with probability at least
1-4,

, H(K+1D)3/4} and skip episodes with delay larger than 3 = D/*.

KHA KHA KHA
Rk <O <H3n5/4K3/4 log —— + H?D3*1og —— H®nlog 5 ) .
Remark D.2. As noted in the main text, Algorithm E] is not sample efficient, and may require (K AH )O(H ) calls to the
simulator. However, under the stronger assumption that the MDP is linear (e.g., see assumption 2.1 in|Sherman et al.|(2023))),
we can replace this procedure with the OLSPE procedure of Sherman et al.| (2023)) which would make our algorithm fully
efficient while achieving the same regret guarantee of Theorem
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Algorithm 6 Bonus Procedure (Algorithm 3 in|Luo et al.|(2021) adapted to non-dilated bonuses)

Input: episode j, horizon h state s, action a, local bonus function b7, simulator of the environment.
if B} (s, a) was computed before then

Return the previously computed value of Bi(s, a).
end if )
Compute W{L( | s) and wf‘fd] (- | s) (which involves recursive calls to Bonus Procedure to compute B7" for j’ : j/ +di’ <
j+d).
Sample s’ ~ py (- | s, a) using the simulator.
Compute 77{#1(' | s") and sample o’ ~ Wi+1(' | ).
Return b),(s,a) + B}, ,(s',a').

D.1. The good event

Let . = 10log 12KHA [¥ be the history of all episodes {j : j + &/ < k} and define E;[-] = E[- | H*+"]. Let I, be
All,, == inf{c > 0: |Az|| < c¢||z||Vz € R"}. Define the following

the operator norm. That is, give a matrix A € R™*",
events:

EE

<1+2e
op

Vk € [K],h € [H] : Hg:# — (v 45k

< 2cand |55}
op

E'={Vhe[H]: iZESNq; [Wk+dk (a | s)mk+dk (Qﬁ(s,a))z]

k=1 a

i : : A 2]] | 4H%dpaq log 252
< 222&35%; [ﬂ-kﬂzk(a | S)mk+deEk {(Qﬁ(s,a)) H + = g =5
k=1

a

K K
b= EIE“§:Em%<ﬂ?dV*S%Qﬂ&?>]—EZEZE%ﬁ<w$dstL@mao>
k=1 h k=1 h
K 2110
SE:EF&WMWQ)%+H1f5 +O(vH?Ke)
k=1 h
K R K )
EY = E:E:E”%<Wﬂw3%@%&)>‘§2E¢§2Em%<ﬁﬂ~sLQﬂ&)>
k=1 h 1 h
K 2 10
<3S By B (s, 0)] + If;g S+ O(H2Ke)
k=1 h

K H
B =SS B (k019 = il 9, B )

+ O(H*VnK In %)

D Eag [(7hC ) = i (-1 5), Bh(s,)) |
h

The good event is the intersection of the above events. The following lemma establishes that the good event holds with high
probability.
Lemma D.3 (The Good Event). Let G = E* N E* N Ef N E9 N EP be the good event. It holds that Pr[G] > 1 — 6.

Proof. We’ll show that each of the events ~E*, =E® ~Ef —E9 ~E® occures with probability < §/5. By taking the

34



Delay-Adapted Policy Optimization and Improved Regret for Adversarial MDP with Delayed Bandit Feedback

union bound we’ll get that Pr[G] > 1 — 4.

Event E>: We use GEOMETRICRESAMPLING with M > v?jiz In 10H§ Kn and N > 2 21In i Thus, by Lemma the

event holds for each / and k separately with probability of at least 1 — 150+ By taklng the union bound over [H| and [K]
we get that Pr[E*] > 1 — §/10.

R R 2
Event E£’: Fix h. By Lemrna |QF (s,a)| < % and thus }° E. g rh+d® (g | symk+d” (Qﬁ(s,a)) ] < %

Also note that 7%+4" is determined by the history Z*+¢". Thus, by Lemma|E.4|the event holds with probability 1—&/(10H ).
The proof is finished by a union bound over h.

Event E/: Let Y, = 3, Esngr < kot (-] s), Qk (s, )> Similarly to the tabular case, we use a variant of Freedman’s
inequality (Lemma D to bound Zk:l X = Zk:l Ex[Yr] — Z,If:l Yk.

2

Ex [X7] < Ex [Y7] = Ey ZEM, 7 (] 5)Qh(s. )]

h

< HE |} (quwawﬁd (o) [Q’Z(&a)}) 1
h

< HE S B,y ot | QA a>)2H
_ HE, ZEM, lzwdk s) (Qhes ))2H
_ HZE5~q lz 7Tk+al (a] s)E [(QZ(S’Q))QH

<H32E5~q lzﬂmd (a] s)rk(s,a) ||¢h(s,a)H2§1;,+

r 2
Ky <Z Es~q27a~‘n’:+dk(.|5) [QZ(Sﬂa)}> ]
2

+ O(H%)

where the first inequality is since ||x||? < n|x||3 for any 2 € R", the second inequality is by Jensen’s inequality, and the
last inequality is by Lemma Also, |Y;| < HTQ Therefore by Lemmawith probability 1 — /10,

K 2 10
H<log =

> By ZYk<vHZZEs~q, lZw’”d (a | s)rf(s,a)llgn(s, a)lEes | + —— + O(yHKe)
k=1 k=1 h v

K

H?1log L0
=" Y B [ )}+75+O(7H2Ke).
k=1 h v

Event £9: The proof is similar to event £/,

Event EZ: Define,

X —Zﬂzwqh (k1) = mil- 1), Bis, )] - ZEk lZEMh [(mh( 1) = mil- | 9). B, >>]]

and note that | X| < O(H?\/n). By Azuma-Hoeffding inequality (Lemma we get that the event holds with probability
1—6/10. O
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Lemma D.4. Forany (k,h,s,a) € [K] x [H] x S x A, it holds that |Q¥ (s, a)| < %

Proof. By Cauchy-Schwartz, Eq. in Lemma[E.TT]and Assumption [2.1

Qh(s,0)| = Irh(s, )0 (5, @)D (s, ah) L] < H 1ot )l || S5 ot o) |, < o[£ lotsh abll, < =

O

Lemma D.5 (Lemma D.1 inLuo et al. (2021)). Fix a policy 7 with a covariance matrix X, = Es gnqr [p(s,a)p(s,a)T].
Let XA];: be the output of GEOMETRICRESAMPLING (7, M, N, ~) with M > fy%i’z In % and N > % In i and T are M N
sH < L, and with probability 1 — 6,

trajectories collected with . Then,

op

|5 - 1+ 20

< 2e ; HXA];‘;E;L

<1+ 2e.
op op

D.2. Proof of the main theorem

Proof of Theorem|D.1] By Lemma|D.3] the good event holds with probability of at least 1 — d. As in the previous section,
we analyze the regret under the assumption that the good event holds. We start with the following regret decomposition,

R =3 By [k 19) = 7196 )] = 30 Sy (b 19), Qb (s,) = Qhs, )
k=1 k=1 h
. . Bias;
DY By [(Ti19), Qb5 ) = Qs )]+ DD B [(7RC 1) = il 119), Bh(s, )]
k=1 h k=1 h
) ({7l (1) = i |9, @ (s,) = Bi(s, )]
k=1 h
REG
K
3D B [(7RC 1) = 7E 1 9), Qb (s ) — Bh(s.)].
k=1 h
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where the first is by Lemma [E.I] The five terms above are bounded in Lemmas D9l and For

N < tomg. and € < (HnK)=!

2
Rk < ZZE [b’“ Y(s) + bf;f(s)} +0 <ZH3(K+D)\/E+ I{yb—kH,/fynKG—!-’szKe)

k=1 h
Bias;

K 772

+ Z Z]Eaqu;f* {bﬁ’Z(s a) + by (s,a) 4+ b9 (s, a)} +0 (7L + H\/ynKe+ ’YH2K6>
k=1 h

B1ASo

X ko H. H% /-

+ ZZESNQZ {bh’ (s)} +0 (7) +nHnK + — + T]HSG) +0 (,),H Vn(K + D)) :
k=1 h

REG DRIFT

K H
+0 (ﬁHZnK +pH2nK + LH3/n(K + D) + HS\/nKL) > Y E, ..
5 :

k=1h=1

[bi(s, a)]

gt
ap

BonNuUs

H
<0 (7; F K 4 Ha(K + D)+ T K + H‘”’vﬂfﬂ) -

Fory = H /% and n = min { H(KJ:D)3/4, Ty - }, we get:
Rk <O <H3n,5/4K3/4/, + H2D¥* + H*n K4 + H3>VnK .+ H2dmm\/K/m) .

Finally, by skipping rounds larger than 8 = D4, we get: R < O(H3n>/*K3/*, + H?D3/*, + H%n4). O

D.3. Bound on BIAS;

Lemma D.6. Under the good event,

. . 2
BIAS; < Z > E,., [bk Y(s) + b’fb’f(s)} +0 <ZH5\/E(K + D) + HTL + H\/AnKe+ VH2KE) .

k=1 h

Proof. We first decompose BIAS; as,

BIiAs; = ZZ]EM% [< ] ), QE (s, ) — Qﬁ(s,.)ﬂ

k=1 h
Y Y B [ 0 [0 5~ Q)] )]
k=1 h
(4)
K
30D By [{7h (19, B [Qhls, )] — Qh(s.))].

k=1 h

(B)
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where the (B) < 3, Esvgr [bff(s)] + HTQL + O(yH?Ke) by event E/. For (A) we use Lemma

K
A<D D By [W’Z*d (a|s)¢n(s,a)" (I + 2’;;)*195}

k=1 h,a

+ZZE o [ it (q \s)(l—r;’i(s,a))¢;z<s7a>T(vI+25)42295] +O(cH*K)

k=1 h,a
K
=Y D By (s a)m T (] $)én(s,0)T (0 + 25) 70}
k=1 h,a
(%)
K
ZZ i [ @] )1 = rh(s,)dn(s, )T (21 + 55) 6
k=1 h,a

(@)

K
YD B 7 @] 9) (1 = rh(s.a)én(s, @) (7] +TF) T ThoE | +O(eH?K).

(d4d)
Using Cauchy-Schwarz inequality,

Z E,. [’Wh s Q)W]ZM (a] 5)||¢h(57a)||(71+2’;)71||9;j||(y1+2;3)71]

h,a,k
<H/m Y E, . [rh(s Q)i (a | s)||¢h(s,a)u(7,+zﬁ),l}
h,a,k
< HWnZESNq;{* [Z (s, )it (@ ] 8) [ on(s, a)llges | + O(HK /AT)
—ZE [ )} + O(eHK \/yn),
where the second inequality is since ||9"||(7,+2k) —_— \/OkT(fyI+ YEy-ler < 119k 11, H\/7 by Eq. (31) of

LemmalE.11]and Assumption 2.1} and the third is by Cauchy—Schwarz and event E* in a s1m11ar way to Eq. (21)). For term
(41), note that

(19)

_ _ 1 H+/n
|6 (s,a) T (VI +35) 7105 < [lon(s, a)lla - | (v + ) 71052 < ;ll@'ﬁllz < ;ﬁ

where the first inequality is by Cauchy—Schwarz, and the second inequality is by Eq. (32) in Lemma|[E.T1] Therefore,
k+d” _ Lk
(ii) < Hy'n Z Eogr [ (a|s) rh(s,a))}

h,a,k

S HE Y E [ﬁ;ﬁd (o] o)A (@] 9) wha] )}~ wh(a s)]

k
hak max{m; " (a | s),7f(a | 5)}

<HVI Y By e [max{aft (] s),7(a | )} — wh(a | 5)]

h,a,k

<SHVRY By e [Imk (1 5) = 7 | 9)lh
h,k

<0 (zHS\/ﬁ(K+ D)) :
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where the lIsat is by Lemma[D.12] Similarly, using Eq. (33) in Lemma[E:TT]
o (s,a) " (Y] +55) 7 505 < llon(s,a)llz - [|(6] + 25) " i3l < 1651l < HV/n. (20)
Thus, (i4¢) is bounded in the same way as (i7). O

Lemma D.7. Under the good event, for every (k, h,s,a) € [K] x [H] x 8 x A, it holds that

[Ex [Qh(5.0) = Qh(s,0)] = 7@n(s, )T (VT + T5) 7105 + (1 = rh(s,))én(s.0) T (v] +T4) T Shof| < O(el).

Proof. By the definition of Q¥ (s, a), Q¥ (s,a) and é,’f

—r

T (0~ rhs 0B 1]
( (S,a) {E ’+} Ek {QSh(Sh,ah)LJ})
= on(s, )" (0F = rk(s, @) (01 + S5) B [on(sh, ah)LE] ) + O(eR)
(6 = 7h(s, )T + 25) "B [on(sh, ab)E [ L, | sk, ak]]) + O(eH)
(6 = rh(s. @) (0T +35) 7 i [on(sh, ab) QA (s% ah) | ) + O(er)
O — (s, ) (7] + 55) " Ex [n(sh, ap)dn(sh, ar) ' 04]) + O(eH)
r (vI +Z5)7ISE0r) + O(eH)
(71 +E0)0F —ri(s,a) (I + XF)TISE0F) + O(eH)
0+ (1= rh(s,)¢n(s,a) " (VI + )~ S0 + O(cH)

1
0F —r¥(s,a)
I +355)7!
I + X5~

Il
=2
S
=
—
»
&

4|

— —~

where the third equality is since,
bn(s,a) ri(s, a)(Ey [E ] (v + 25 "HE, [ﬁbh(SZ,GZ)L{I] <
< llon(s. )l || B [E57] = (7 +25) 7 [on(sh, a4 |

<H|(Eht - 1+ Z’,j)—l)H By [||on(sh,ab)|,] < 2He, 21)

where the first inequality is by Cauchy—Schwarz, the second inequality is by Assumption and the last is by event £~ and
Assumption 2.1} In the same way we have,

7¢h(87a)—r('y[+ Elfi)_leilz + (1 - TZ(SJG))¢h(Sva)T(71+ 22)—121}392 — Ex [QQ(S,(I) - Qi(&a)} < O(GH) O

D.4. Bound on BIAS,

Lemma D.8. Under the good event,

H2
Biasy < g E samar [ (s a)+b (s,a)—l—bz’g(s,a)}—l—(’)(L—|—H\/7nKe—|—'yH2Ke).
Y
k=1 h
Proof. Similarly to B1AS;, we first decompose,

BiAS, = izqu; (T 19), @h(5,) = Qhs, )]

k=1 h

ZEM (7 15) Bx [@h(5,) = Qh(s, )] )] S R, (7 15), Qhi(s,) — Ei [Qhs.0)] )],
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where (B) <37, Es angr [0 (s,a)] + HTQL + O(yH?Ke¢) by event EY, and for (A) we use again Lemma

K
(A) <D D By [ymial 9)lgn(s,a) T (] + 25) 764

K
+ 3N By [milal $)(rf(s,a) = Den(s,a)T (41 + S5)ISE0F] + O(eH?K)
k=1 h,a

K
=D > E g brk(s.a)mi(a ] 8)lon(s,a)T (3] + £5) 7163

(@)

K
Y D B g [ymilal s) (L =rii(s,a)lén(s,a) (4] + ) 65 ]

(44)

K
+ Y D B [mila | $) (0 (s,a) = Dgn(s,a) T (v] + 35) 7' Sh05] +O(cH?K)
k=1 h,a

(iii)
Similar to (¢) in Lemma [D.6|
) < ZE {'77'}1 s,a)mp(a | s)|on(s, a) (VI+=k)- 1||9h|| (vI+=k )71}
< H\FmZEswq;* (s, a)mi(a | $)ll6n(s, )l rempy |
h,a

<H/AmY E, . [Z mh(a | s)rh(s,a)|on(s, a)llgr+ | + O(eH/An)
h a

=S E, [bZ’Q(s, a)} + O(eH /7).
h

Using Eq. (I9) and Eq. (20),
. N 1 r
(1) < BV Y By [mila | $)(1 = rh(s,0))] = 5 DB, g [ (s5,0)]
h,a h
. 1 .
(1) < HVAS By [mila | 8)(1 = ri(s,0)] = 5 DB, o [h7(s5,0)]
h,a

D.S. Bound on REG

Lemma D.9. Under the good event, for n < W’

K

HlogA H?

REG < 303 Bugy [t57(9)] + O (witPnk + B2 4 2t i)
k=1 h
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Proof. Note that 7(Q% (s, a) — BE(s,a)) > —1. Thus, using lemma Lemmafor each (h, s),

K
(a1 8) =il | 9), Qh(s ) = Bi(s. ) <

k=1

logA+ ZZ”M (a| sym*H (Q (s,a)—f"f'?(s’a))2

k=1 a
1 A R 2
o8 + 27 Z Zwk+d als) mk+d" ( QF(s,a ) + 2772 Zﬂk+d als) mk+d* (B,’f(s,a)) .22
k=1 a k=1 a
Note that b (s, a) < O(H+/n). Thus B (s, a) < O(H?\/n), and the last sum can be bounded by,
k k ~ 2 -1k 1 dF K
Zﬂkﬂi (a| s)ymk+d (BZ(&@)) < O(H*n) Zwk+d (a|s)m*t® = ka+d < O(H*nK). (23)
k,a k=1

Taking the expectation with respect to s ~ g;: on the first sum in (22)), by event EY,

K
2D Y Eag; {Wlwrd"‘(a | s)m+d" (Q’fb(s,a))2:| <

k=1 a

X fetd" kt+d" Ak 2 8nH?dmazt
<Y D By |7 (@] ) B | (Qh(s,a)) ||+ e

k=1 a Y
& k+d® k+d® Ak 2 H.

< 47]2 ZESNqZ ™ (a|s)m T Ey (Qh(s, a)) + o (24)
k=1 a

where the last is since 1) < 1777 Finally, by Lemma|D.10}

k k A 2 k k
47]Z7rk+d (a | s)ymF TRy, {(Qﬁ(s,a)) ] < dnH? Zﬂ'k+d (a| s)ym" 1k (s, a) ||¢h(s,a)||2i:,+ + O(nH?),
= by (s) + O(nH?Z). (25)
Combining the above with Eqs. (22) to (23), summing over % and taking the expectation completes the proof. O

Lemma D.10. Under event E*, for every (k,h,s,a) € [K] x [H] x S x A, it holds that

e | (Qh0) | < #2rhev) lons )y -+ OLE20),

Proof. By the definition of Q¥ (s, a) and é,’j

< 1B, [(r,%(s,a)f ¢h<s7a)ﬁkv*m(s,’i,a,’:wh(sﬁ,aﬁ)ﬁ“m(s,a)}

= H? (rﬁ(s,a))2 on(s,a) Zk TRy [gbh(sh,ah)(bh(sh,ah) ] Ek +¢h(s a)

— H2 (TZ(S )) ¢h(5 a)TEZ’JrEkEk +¢h(3 a)

< ngﬁ(s,a)th(s,a)TEA]Z’+EZ§Z’+¢h(S,a). (26)
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We rewrite,
On(s,) TSN SESS T 6n(s,a) = on(s, @) SETSE (SR - (T +2H)7) nls. )
(@)
+on(s,0)" (ShF = (T + TH) ) SEGT+ £5) " on(s,a)
(@)
+ ¢n(s,a) T (Y + SE) TSR (v + 25)  gu(s.a) . 27)
(i44)

‘We now bound each of the above as follows:
i) < H(bh(s, a)f)’fﬁ'ZfLHQ H (XA]E"' —(vI + Eﬁ)fl) on(s, a)H (Cauchy—Schwarz)

2
< llon(s.a)llo | 22| | (B~ I+ llents. )l

op

< HE’ZJFEZ o (i:+ — (vI + Z’,j)_l) o (|on(s,a)|| < 1)
< (1+ €)2e, (28)

where the last inequality is by event E>. Similarly,
(i) < lon(s, )l || (S8 = (0 +25)71) ShGT + 55 on(s,0)|
<H( SR (v 428 )H HEk (C7 1¢hsa||2

< 2€||SF(vI + Z5) on(s,a ),
< 2¢||gn(s, a)lly < 2, (29)

where the third inequality is by event E* and the forth inequality uses Eq. in Lemma Finally, using Eq. in
Lemmal[ETT]

(1) < ¢n(s,a) " (Y] +X5) " pn(s, a)
= én(s,0)" (VI +ZH) 7 = Zp) 6n(s,0) + lén (s )13+
< lon(s, @)l || (0T +2H) 7 = E0F) dnls. )|+ llén(s. @) 3ss
<[ (@r+sh= —SE)|| + llonts. )l

< 26+ [[én(s,a) e (30)

Combining Egs. (26) to (30) completes the proof. O

D.6. Bound on DRIFT

Lemma D.11. Ify <

Hf andn < 413&{,21 then, DRIFT < O (%H‘l\/ﬁ(K + D)) }

Proof. Note that if ) < 173" then b} (s,a) < O(H./n) and thus B} (s,a) < O(H2\/n). Now, using Lemma ,

DrirT=3 Y5, - (k1) = 7h (1 9). Qh(s,) = Bh(s.))]
k=1 h
:1;114: ke 19 = ol < 0 (Zatvats + ). 0
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Lemma D.12. Ify < andn < 4}}[ then for each (h, s): Zk 1 ||7Tk+dk( | ) —mh(- | s)]1 < O(1H(K + D)).

VR

Proof. We apply lemma Lemmachr each (k, h, s,a) with £(a) = >, k<j+dj<k+dk(Qh(s a) — Bl(s,a)) and M =
D k< jdi <kt dk OH since |Q¥ (s, a)] < & - by Lemma | and b} (s, a) < 6H/n whenever 1) < 4I}£M which implies
that Bf(s,a) < 6H2f < 65. We get that,

I+ (| s) = x| 8)lh = Z it (@ | s) — 7l (a ] 5)]
<nZw’“+da|s)Zwﬁ(a’ls> > (|Qﬂ(sa)|+|33<sa)|+1f{)

Jik<j+di <k+d*

+n) mals) (lQh<sa)|+B (sa)|+°f)

J:k<j+dI <k4dF

<Y ) S ak )Y ngﬂﬁ(als) R
a a’

§:k<j+di <k+dF a j:k<j+di <k+dF v
40H
S
Jik<j+di<k+d* v
Summing the above over k and applying Lemma [E.T0|completes the proof. O

D.7. Bound on BONUS

Lemma D.13. Under the good event,

K H
BONUS < ZZ samap” [Ph(s,0)] + O (fH2nK+nH2nK+ T3 /n(K + D) + H3VnK L)
k: :

Proof. Under event EB,

> Frvay [(7h 1) = w1 9), Bh(s, )] < ZEk[ o [ C L) =i 19, Bls.)]| + o vy
—Z camap® (VR (5:0)] ZESM (b1 (s, )] + O(H*VnEKu),

where the equality is by Lemma Recall that b (s, a) = bfl’l (s)+ b§’2(s, a)+ bi’”(s) -i—b’,j”"(s7 a) +b2’f(s) + bi’g(s, a).
Now, the expectation E&awqgk [-] of each of the bonus terms is bounded in Lemmas to O

Lemma D.14. For any k, let b} (s, a) be a loss function determined by the history 4" and let B,’f (s, a) be a randomized
bonus function such that, for every (h,s,a) € [H] x S X A,

Ex[B}(s,0)] = U3(5,0) + Egp, (1s,0)Barmnt (1) Ex[Bh11 (5", a)]

Then, B [T, Eongy [(mh( 1 8) =73 | 9, Bi(5.))] | = T4, 10 5 (5 0)] = T, Basany B (51 ).
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Proof. Fix some h € [H],

Bt | [Eong; [(mh(- | 8) = mi(- | ), Bf(s, )] | = Ex ~Eoamay [Ec[B} (5.0

=E; lEsqu lz 7 (a | s)éf(s,a)l

= ExEsnyg; [Z 7 (a | S)B,’f(s,a)] —Eyngs,, []Ea,N7r Cls /)Ek[Bh+1(s a )]] = Es ang; [bfl(s,a)]

I [z e 5)BEGs,a)

~ Esangy |Dh(5,0) + Bopy (o Barnn 1) Br Bl (5',0))]

BB | o 98K 00| Bint, | ko] 9B 10| - B 0]

Summing over h we get,

> B [Eogy [(7hC|8) =i (- | ), BE(,))] | = ExBongg [Z 7h(a | 5) Bl (s,0)
h

:EkEs, ~q k:]Ek |:B1 S ai| ZES a~qy bh s a)}

=D Euang; i (5,0)]

h

For last,

B [B (s,a)] =E,, {b’f(s @) +Eqg o, (5,00 Bt (\quk[BS(s',a/)ﬂ
=E w [V (s,a)] +E

s,a~qr

s,an~

ok B '~Pi(c]s, a)]Ea ~mh(-]s )Ek[Bi’Lrl(s/a a/)]

s,a~qT

H
= Es,ar\/q{'k [blf(57a)] +Es,a~q;‘kEk [BS(S a :| = . Z s a~q} bh s &)] O

Lemma D.15. Under the good event, Zszl Zthl By g {bk i } <0 ( /A + e HQnK)
Proof. For any k and h,

Eogs [0(9)] = B2 By (s, @ | 9)lon(s,a)llges | < B3 Eongy [7ha | 9)lon(s a)llge -]

= BByt Mh(s,ami%h(s,w] < ﬁl\/E(s,a)Nq; [6(5,0)TSE* 01 (s, )]

= B1\[Es.a) gt [tr <¢h(5aa)Tﬁ:Z7+¢h(3aa))} = By E(s.a)~gr {tr <i§’+¢h(5aa)¢h(sva)T>}

= B4/ tr (i}i’—FE(s,a)N(]ﬁ [Pn(s,a)pn(s,a)” ]) ﬁl\/ ( k+2k)

where the second inequality is Jensen’s inequality, and in the last three equalities we use the cyclic property of trace, the
linearity of trace and the definition of 22- Finally,

tr (2’;*22) ZJZQ Txke, < Z leill, Hz’“ txke,

n
é Z HEI}CL,+EIC
=1

where the first inequality is Cauchy—Schwarz and the last inequality is by E*. O

Z1+Qe =n(1+ 2e),

Lemma D.16. Under the good event, Zszl Ethl Eq angt {bk ( } <0 («/ (1+e H2nK>
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Proof. For any h and k,

k.2 :
Ey o [0 (5:0)| = BoEy gy |Ph (s, @)ll0n (5,0l | < BB gy |90, ) | < Bay/m(1+26),
where the last is as in the proof of Lemma[D.13]

Lemma D.17. Under the good event, Zszl Ethl B, angt [bZ’T(S, a)} <0 (%HS\/H(K + D)) .

Proof. For any s and h,

IEs7a~q;f I:bé?r(&a):l = B’I‘Es,awq [1 - ’I"h(S a) BT s~q [Z Th a| 1 - Th(s a))]

[ maxwask“las—was
A | ka1 {rh(al ), my*" (o] 5)} — f(a >]

max{7F¥(a | ),W§+dk (a|s)}

< BrEggh Zmax{whws) " (a |s)}—w£‘(as)1

< BBy [IEH 1) = b 9]

Finally, taking the sum and applying Lemma[D.12] completes the proof.

Lemma D.18. Under the good event, Zszl Zle E [bﬁv(s)} <O (n(1+2e)H?nK).

s,awq,’f

Proof. For any s and h,

By [057(5)] = BB,y [Z 4 (@ | s)rk(s,a) ||¢h<s,a>|§;,+]

k 2
< vak+d Es~q,’§ [Z wk(a | s) ||¢h(s,a)||§:,+]
k %
= Bym*te ]ES,aNq,’j |:H¢h(3v a)”%f]*’} < BymFte n(1+ 2e).

Summing over  and k and noting that ) _, mh+d" < K completes the proof.

Lemma D.19. Under the good event, Zszl Ethl B, angt [bi”f(s)] <O (y(1+2¢)HnK).

Proof. Similarly to Lemma|D.18| E, [bi’f (s)] < Bpn(1 + 2e).

Lemma D.20. Under the good event, Zszl Zle E [bfb’g(s, a)} <O (y(1+2¢)H*nK) .

s,aNqE

Proof. Again, similarly to Lemma|D.18 ]ES’GNqE {b’;’g(s, a)} < Byn(1 + 2¢).
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E. Auxiliary Lemmas

Lemma E.1 (Value Difference Lemma (Even-Dar et al.,2009)). For any two policies w and 7*,

VY (sin) = Vi™ (s ZEM[ (1) =1 9),QR(s, ) |-

Lemma E.2 (Azuma—Hoeffding inequality). Let {X;},>1 be a real valued martingale difference sequence adapted to a
filtration F1 C Fo C ... (i.e, E[X; | F¢] = 0). If | X¢| < R a.s. then with probability at least 1 — 6,

r [ 1
th <R Tlng.
t=1

Lemma E.3 (A special form of Freedman’s Inequality, Theorem 1 of Beygelzimer et al.| (2011)). Let {X;};>1 be a real
valued martingale difference sequence adapted to a filtration Fy C Fo C ... (i.e., E[X; | F¢] = 0). If | X¢| < R a.s. then
forany a € (0,1/R), T € N it holds with probability at least 1 — 6,

T T

> X gaZE[Xﬂft]JrM.

«
t=1 t=1

Lemma E.4 (Consequence of Freedman’s Inequality, e.g., Lemma E.2 in (Cohen et al.,|2021b)). Let {Xt}t21 be a sequence
of random variables, supported in [0, R], and adapted to a filtration F; C Fo C .... For any T, with probability 1 — 6,

T
1
Z X, < 2E[X; | Fi] + 4Rlog 5
t=1

Lemma E.5 (Lemma A.2 of|Luo et al.[(2021)). Given a filtration Fo C F; C ..., let 2 (s,a) € [0, R] and i (s, a) € [0,1]
be sequences of Fi.-measurable functions. If ZF (s, a) € [0, R] is a sequence of random variables such that E[Z} (s, a) |
Fi) = 2¥(s, a) then with probability 1 — 6,

Zzl{sh—sah—s}Z s,a _quhsazhsa)_féfln?

k=1h,s,a Sa)+’)/ k=1 h,s,a qhsa

Lemma E.6 (Lemma 9 of Thune et al.| (2019)). Let n > 0, variables delays {d*}X_,, and loss vectors £* € [0,00)* for all
k € [K]. Define,

! 1 k+1 7% (a)e ™" Xiistai=k t(a)
m@)=~ 3 ™ (4= G
Ea’eAﬂ- (a )e jij+di=
Then, for any ™™ € A 5:
- k+d’“ o k InA k+dk i
> St o < B S
k=1acA k=1acA

Corollary E.7. Letn > 0, variables delays {d*}X_,, and loss vectors (% € [—M, 0o)? for all k € [K|. Define,

! F(g)e M Zg+ai=k ¥ (@)
M@=y o )= —r
A ZGIEA Wk(a/)e_nzjlj-%—rﬂ:k,e (a")
Then, for any ™ € A 4:
- k In A
D0 Do @) — @) a) < = 2 Zzﬁw (@) + KL,
k=1acA k=1acA
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Proof. Note that,

Ly = L k+1g,\ _ 7 (a)e™" jjrai=k (¥ (@) +M)
m(a)=— ; 7" (a)= - — G
A Za’eA Wk(a’)e N2 rai =k (a)+
The statement now follows immediately by applying Lemmaon the losses /% + M. .

Lemma E.8. Let ) > 0, variables delays {d*}E_,, and loss vectors (¥ € [—M,o0)? for all k € [K]. Define,

exp (_77 Zj:j+dj <k 0 (a))
> ar €XP (_77 D jedi<k gj(a/)) 7

7 (a) =

where the empty sum is zero. If n > ¢*(a) > —1forall k € [K], then,

jij+di=k

ZZ( k+dk *(a)) Ek( < M +nzzﬁk+dk mk+d* (gk(a))27

k=1 a k=1 a

where m* = |{j : j +d’ = k}|.

Proof. The proof is based in part on the proof of Thune et al| (2019, Lemma 9). Denote Wk =
> 0 €XP <777 D jirdi<k Ek(a)). We have that

Whtl B D a XD (_77 Zj;j+dj<k, gj(a)) exp <_77 Zj;j-ﬁ,—di:k 2 (a))

Wk Wk
—Zﬂ' a)exp | —n Z Vi (a
Jijtdi=k
2
<> aka)[1-n Y L@+t D Pla)
a jij+di=k jij+di=k
<N @) |17 Y Hd@+n* Y mk(P(a)
a jiit+di=k jij+di=k
=1-7 Y Y d@l@+gt Y Y at(a)m" (¢(a)”
jij+di=k a jijt+di=k a
=exp | —n Z Zﬂk(a)éj(a)—&-nz Z X:Wk(a)mk(Ej(a))2 ,
jijtdi=k a jiitdi=k a

where the first inequality is since e* < 1+ x + 22 for # < 1, the second inequality is since ||z||? < n||z||3 for any z € R™,
and the last inequality is since 1 4+ x < e”. Telescoping the ratio above for k = 1, ...., K we get,

WKL K , K L2
W g3 ¥ Srw@e@ ey X St ()

k=1j:j+di=k a k=1j:j4+di=k a
K k K k k 2

< exp <—77 Z Z it (@) ek (a) + 1P Z Z i (g)mbTd (@k(a)) ) .
k=1 a k=1 a
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where we used that for all j, j +d’ < K (we can assume w.l.0.g that all the missing feedback is observed in the end of the
interaction). On the other hand,

Wi T e (05 @)

wt = A
- maxq exp (_77 Zj;jerng Z (a))
- A
N exp (— ming 1 gi<i éj(a))
- A
S €Xp <_77 Zj:j+d.7§K DT (a)t/ (a))
- A
exp (—1 340, 3, 7 (@) (a)

where again we used that for all j, j + d’ < K for the last equality. Combining the last two inequalities taking In on both
sides and rearranging the terms we get,

ZZ( E+4" (a) — 7(a) ) *(a) <M+nzzwk+d’° m*+d (¢%(a))”. O

k=1 a k=1 a

Lemma E.9 (Lemma 1 of |Cesa-Bianchi et al.| (2019) adapted to negative losses). Let m,7 € Ay and { € [—M, oo)A such
that
W(a[)efnz(a)

S m(a)e= e’

7(a) =

It holds that,
—nm(a) (£(a) + M) < 7(a) — w(a) < nF(a) Y _ 7(d) (L(d') + M).

Proof. By the condition in the lemma,

>

o Za’ ﬂ-(al)

= m(a) exp (—n(£(a) + M))

> m(a) (1 =n(t(a) + M)),
where in the first inequality we use the fact that £(a’) + M > 0 and so the exponent at the denominator < 1; and the second
inequality is by e™* > 1 — z. Thus,

7(a) — w(a) > —nm(a) (U(a) + M) .

Similarly,
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where the inequality is since ¢(a) + M > 0. Thus,

a’

Lemma E.10 (Thune et al.| (2019)). Let {d*}X_| be a sequence of non-negative delays such that Zszl d* = D. Then,

K
Y>> Hk<itd <k+d'}<D+K.
k=1 i=1

Proof. The proof appears as part of the proof of Theorem 1 in|Thune et al.|(2019) or as a separate lemma in Jin et al.| (2022}
Lemma C.7) O

Lemma E.11. If A is a positive semi-definite (PSD) matrix and vy > 0, then for any vector x € R?,

1
e (A+~I) e < ;lellé 31)
1
g (A4+~I) Pz < ﬁlx“% (32)
2T (A + 1) Az < |23 (33)
el (A+ D) T AP A+ D) e < )3 (34)
T (A+ D) TAA+ D) e < 2T (A+ D)2 (35)

Proof. By the spectral decomposition A = UT DU where U is orthogonal matrix and D = diag(\1, ..., Ag) with \; > 0.
Note that,

A+yI =UT(D4+~NU = (A+~I)"' =UT(D +~I)"'U.

Denote y = Uz. Then,

d

" (A+yD) e =y"(D+~D)" "y

I
M=~
+ |+
2
o

IN
]

1 1
2 2 2
yi = —llyllz = =ll=3,

-

Ai

=1

which establishes Eq. . Eq. is done similarly by noting that (A + vI)~2 = UT(D + ~1I)~2U since UTU = I. For
Eq. @,

(A+~I)"tA=UT(D+~I)"'DU.

Hence,

Ai
Ai +

d d
(At Al Az =y (D441 Dy =Y g <3y = [yl = el
1=1 =1

Eq. (34) is done similarly. For Eq. (33)),
(A+~AD)TAA+~D) ™ =UT (D +~I)"'D(D +~I)7'U.
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Thus,

2

N
Qi+

d
2T (A4 D) T AA+ D) Tz =y (D + 4D D(D +4D) Ty =
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i+
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d
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F. DAPPO Implementation Details and Additional Experiments
F.1. DAPPO Implementation Details

Our experiments are based on the implementation of PPO from the Stable-Baselines3 library (Raffin et al.,2021). All of
the implementation details remain identical to the original implementation (including the architecture of the Deep Neural
Networks and the default hyper-parameters), except for the two following modifications: (i) The objective of DAPPO, and
(i) We mimic learning with delayed feedback by withholding feedback from the algorithm for d steps.

PPO maintains a policy network 7% and a value network V?. In each round k, the algorithm collects a rollout
(sk,ak k. ... s%, ak %) of length H = 2048 (notice that for the experiments we switched from costs to rewards).
Note that the rollout is of length H, regardless of the number of episodes it takes to fill the rollout buffer to be of that length.
That is, if for example the environment has a termination state and the episode ends before time H, we start a new episode
and keep filling the buffer until we reach H interactions of the policy with the environment. That way, we can emulate fixed
finite horizon MDPs as in our setting, even if the environment is not of fixed horizon. To this end, we treat each rollout of
length H as a single episode. Apart from the state, action, reward and next state, the rollout buffer also stores the probability
to take the chosen action 7%° (a¥ | s¥) for each h € [H].

Now, since we want to simulate delayed feedback, we do not use the buffer of round % to update 7 " Instead, we store this
buffer and load the buffer from round k£ — d, where d is the delay in terms of episodes and not in terms of timesteps. L.e., if
the delay in terms of timesteps is d, then d = LJ /H |. At this point, the policy network objectives for DPPO and DAPPO are
L% (0) and L% ,(0), respectively, where,

H
L(0) = Y min {gf(0) A}~ clip, 1, (5(60)) AF "}

6, k—d| k—d 6/ k—d| k—d ~
for gf(0) = —imlrigir? T bt ey A = L = VO(sh ) s an
h h

w0 T (ay sy ) max {0 (af~ s~ D)0
estimate of the advantage function, where Llfb_d is the realized cost-to-go from (s’fb_d7 a’fb_d) until the first termination state
in the rollout buffer. Note that L% (6) is computed solely based on the parameters @ and on data stored in rollout buffer,
and does not require any modification to the the original algorithm. On the other hand, DAPPO computes, in addition, the
probabilities of the last policy 70" over the trajectory of A (which has a relatively small computational cost).

and RF(0) =

The value network is trained simply by optimizing the mean-squared error (MSE) loss Zthl (L34 — V¢(sF~))2. Finally,
the optimization of both the policy network and the value network is done using the Adam optimizer (Kingma & Ba,|2014)
with learning rate 7 = 0.0003, batch size of 64 and for 10 epochs over the rollout buffer (these parameters remain unchanged
from the original implementation of Raffin et al.| (2021)).
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Figure 3. Instability of NDPPO: The learning curve of NDPPO vs DAPPO and DPPO under various settings. Plots show reward over a
single run. x-axis is the number of timesteps until massive drop in performance (or up to SM)

F.2. Additional Experiments — Instability of NDPPO

We conducted experiments to show that NDPPO is an unstable algorithm. Note that o (ai_d | s’;_d) is not likely to be
very small since a}~* was sampled from o (- | sF=%). On the other hand, " (af=* | s~%) may be effectively 0 if
the probability to choose af;d has decreased dramatically between time k£ — d and time k. This emphasizes that NDPPO
(described in Section[5) does not only optimize over a biased objective, but is also highly unstable since the gradient of
L% (9) is inversely proportional to " (ak= | sk=). To demonstrate this phenomena, we present in Fig. [3{a few runs of
NDPPO (compared to DPPO and DAPPO) under various settings. In some cases, such as in the SWIMMER-V2 environment,
NDPPO is not able to improve the policy due to the large bias of its estimator. In other cases, such as the REACHER-V2 or
HALFCHEETAH-V?2 environments, the learning curve initially behaves similarly to DAPPO and DPPO, and sometimes even
slightly better. This is due to the fact that 7¢" (ab~ | sF77) is likely to be smaller then o (af= | sF~%), leading to larger
updates (compared to DPPO and DAPPO). However, at some point, the NDPPO’s learning curve becomes much noisier due
to the dramatic updates whenever " (a’;_d | si_d) ~ (. This may results in an unrecoverable drop in performance even
when the delay is small (as presented in Fig.[3), and in general, it gives an unstable algorithm with huge variance. DAPPO

. .. . . k _ _ k—d _ _
naturally avoids this issue by taking the maximum between 7% (a)y ¢ | sy~%) and 7" " (af = | sF~%).

F.3. Additional Experiments — Drop in Performance as Delay Length Increases

We conducted experiments to exhibit the drop in performance that occurs when delay length increases. Fig. |4|compares
the training curves of DPPO vs DAPPO with different lengths of d € {10000, 25000, 50000, 75000, 100000}, alongside
the training curve of PPO without delay. As expected, when the delay is relatively small (e.g., d = 10000), there is no
significant difference between learning with or without delayed feedback. As the delay becomes larger, the performance of
all algorithms drops (but at different rates).

One exception is HalfCheetah-v2 where even for small delay performance drops. However, this is mainly due to the
fact that the performance across different seeds is very noisy. Specifically, in 3 out of the 5 seeds, PPO without delays
converges to a local maxima which has average reward of ~ 1500 (similar to DPPO and DAPPO with sufficiently large
delay). In the two other seeds it converges to a much better policy, which explains the large std in these graphs.

Whenever the delay becomes sufficiently large (~ 25K — 50K), there is a massive drop in the performance. This emphasize
the great challenge that online algorithms need to face in the presence of delays. Namely, the algorithm updates its current
policy based on estimated advantage function of a very different policy than the current one. This is also the point where the
way we estimate the advantage function becomes important and the difference between DPPO and DAPPO becomes much
more significant.
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Figure 4. Training curves in different enviorments and different fixed delay length: DAPPO vs DPPO with different delay, alongside
PPO without delays. Plots show average reward and std over 5 seeds. x-axis is number of timesteps up to SM.
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