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Abstract

There are many algorithms for regret minimi-
sation in episodic reinforcement learning. This
problem is well-understood from a theoretical
perspective, providing that the sequences of
states, actions and rewards associated with each
episode are available to the algorithm updating
the policy immediately after every interaction
with the environment. However, feedback is al-
most always delayed in practice. In this pa-
per, we study the impact of delayed feedback in
episodic reinforcement learning from a theoreti-
cal perspective and propose two general-purpose
approaches to handling the delays. The first in-
volves updating as soon as new information be-
comes available, whereas the second waits be-
fore using newly observed information to update
the policy. For the class of optimistic algorithms
and either approach, we show that the regret in-
creases by an additive term involving the number
of states, actions, episode length, the expected
delay and an algorithm-dependent constant. We
empirically investigate the impact of various de-
lay distributions on the regret of optimistic algo-
rithms to validate our theoretical results.

1 INTRODUCTION

Episodic Reinforcement Learning (RL) considers the prob-
lem of an agent learning how to act in an unknown envi-
ronment to maximise its cumulative reward. The problem
formulation is broad enough to capture the nature of se-
quential decision-making in many real-world scenarios as
it permits complex dependencies between actions, rewards
and future environmental states. Despite the complexity
of the learning problem, there are many provably efficient
algorithms for this problem setting (Jaksch et al., 2010; Fil-
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ippi et al., 2010; Fruit et al., 2020; Azar et al., 2017; Dann
et al., 2017).

These existing algorithms focus on the traditional model
where one assumes that the algorithm updating the policy
observes the sequence of states, actions and rewards at the
end of every episode. Unfortunately, this immediate feed-
back assumption is unrealistic in almost all practical appli-
cations. In healthcare, for example, feedback relating to
a patient on a particular treatment protocol is not observ-
able to the policy maker until they return to the clinic at a
scheduled time point in the future. In e-commerce, one ob-
serves a conversion at some unknown time long after a se-
quence of recommendations. Yet another example is wear-
able technology. Here, the heavy computation involved in
policy updating must occur on a separate machine, forcing
the communication of information, which naturally intro-
duces a delay between the agent collecting feedback and
the policy updater. In any of these scenarios, the algorithm
must continue operating, despite lacking information from
its past choices.

The above examples illustrate that delayed feedback is a
fundamental challenge in real world reinforcement learn-
ing. Unfortunately, there is little theoretical understanding
of the impact of delays in episodic reinforcement learning
in the existing literature. We seek to fill this gap in the lit-
erature in this paper.

1.1 Related Work

Recently, the topic of delays has attracted a lot of atten-
tion in the bandit setting (Agarwal and Duchi, 2011; Dudik
et al., 2011; Joulani et al., 2013; Mandel et al., 2015; Ver-
nade et al., 2017; Pike-Burke et al., 2018; Zhou et al., 2019;
Manegueu et al., 2020; Vernade et al., 2020). Here, the
feedback is the reward associated with the chosen action in
each round. Perhaps the most appealing approach in the
multi-armed bandit setting is the queuing technique, which
shows that the delays cause an additive penalty involving
the expected delay for any base algorithm (Joulani et al.,
2013; Mandel et al., 2015). The high-level idea is to build
a meta-algorithm that creates a simulated non-delayed en-
vironment for any base algorithm designed for immediate
feedback, such as UCB1 or KL-UCB. They achieve this by
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introducing a mechanism that stores the rewards for each
action in separate queues and having the base algorithm in-
teract with these rather than the actual environment. Unfor-
tunately, the queuing technique does not readily extend to
the delayed feedback setting in RL, as forming the queues
would require knowledge of the state and action seen in
each step of an episode; this information is delayed in our
setting.

Joulani et al. (2013) present another meta-algorithm for ad-
versarial multi-armed bandits with delayed rewards that is
trivial to adapt to our setting. They propose creating a new
instance of the chosen base algorithm whenever there is no
feedback, allowing one to bound the regret of each instance
separately using standard techniques. More precisely, this
involves maintaining 7,5 + 1 versions of the algorithm,
where 7 < 7Ty,,x almost surely (Joulani et al., 2013). Thus,
the regret of taking this approach is multiplicative, as the
maximal delay scales the regret of the base algorithm.

Previous work in RL has considered constant delays in
observing the current state in Markov Decision Processes
(MDPs) (Katsikopoulos and Engelbrecht, 2003). More re-
cent work considers delayed feedback in adversarial MDPs
(Lancewicki et al., 2021). They developed an algorithm
that computes stochastic policies based on policy optimi-
sation. The regret of this algorithm depends on the sum of
the delays, the number of states and the number of steps per
episode. For stochastic MDPs, they state a regret bound of
the form H3/2S5v/ AT + H?STmax, where H is the number
of decisions the learner must make per episode, ' = K H
is the total number of decisions made across all K episodes,
S is the number of states in the environment, A is the num-
ber of actions and 7, < T.x. However, the leading or-
der term in their regret bound is loose for many base al-
gorithms. Their approach also requires a-priori knowledge
of the maximal delay to define a phase of explicit explo-
ration; this quantity is often unknown in many practical
applications. Further, the base algorithm accrues linear re-
gret in this exploration phase, and the maximal delay can
be prohibitively large. We propose two approaches that
avoid such prior knowledge and can leverage new infor-
mation in the early episodes much faster, leading to tighter
algorithm-specific theoretical results and better empirical
performance. In addition to the improved theoretical re-
sults, we relax the assumption that the delay distribution
has a finite and known maximum, and instead only require
that the delays have a finite expectation that we assume is
unknown.

1.2 Contributions

The delayed feedback model studied in this paper poses
several theoretical challenges that do not arise in the stan-
dard episodic reinforcement learning problem, such as de-
layed updates and disentangling the delays from the diffi-

culty of the learning problem in the theoretical analysis.

We introduce two novel meta-algorithms to overcome these
challenges, namely active and lazy updating. Both take any
algorithm as input and transform it into an algorithm that
can handle delayed feedback. Henceforth, we refer to the
input algorithm as the base algorithm. Using these meta-
algorithms, we obtain high probability regret bounds for
any optimistic model-based base algorithm in the delayed
feedback setting. For both active and lazy updating, the
penalty for delayed feedback is an additive term involving
the expected delay. Although they obtain similar theoreti-
cal results, active and lazy updating employ different algo-
rithmic ideas to separate the delays from the learning prob-
lem in the theoretical analysis.

The active updating meta-algorithm uses the base algo-
rithm to update the policy as soon as it observes feedback
from the environment. Deriving theoretical guarantees for
active updating involves tackling the delays head-on, as the
delays force the policy to remain constant across numerous
episodes. Consequently, the learner can repeatedly make
sub-optimal decisions. To quantify the impact of delayed
feedback, we introduce several techniques that carefully
separate the difficulty of the learning problem from the de-
lays.

The lazy meta-algorithm works slightly differently. Instead
of updating immediately, it waits for the amount of feed-
back to surpass some threshold before updating the policy.
One can control this threshold, and therefore the frequency
of policy updates, through a hyperparameter . By waiting
to update, lazy creates a simulated non-delayed version of
the environment for the input algorithm, allowing us to han-
dle the delays separately from the difficulty of the learning
problem.

2 PRELIMINARIES

We consider the task of learning to act optimally in an un-
known episodic finite-horizon Markov Decision Process,
EFH-MDP. An EFH-MDP is formalised as a quintuple:
M = (S, A H,P,R). Here, S is the set of states, A is
the set of actions, H is the horizon and gives the num-
ber of steps per episode, P = {Py(+|s,a)}h,s.q is the set
of probability distributions over the next state and R =
{Rn(s,a)}n,s,q is the set of reward functions. For con-
ciseness, we assume that the reward function is known, de-
terministic and bounded between zero and one for all state-
action-step triples.!

In the episodic reinforcement learning problem, the base al-
gorithm interacts with an MDP in a sequence of episodes:
k = 1,2,..., K. We denote the set of episodes by:

'The main challenge in model-based reinforcement learning
lies in estimating the transition function. Thus, an extension to un-
known bounded stochastic rewards is relatively straightforward.
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[K] = {1,2,...K}; a convention that we adopt for sets
of integers. In this paper, we consider base algorithms that
compute a deterministic policy 7, : S x [H] — A at
the start of each episode & € [K]. It is known that in fi-
nite horizon stochastic MDPs, if an optimal policy exists,
there is a deterministic optimal policy (Puterman, 1994).
Once the base algorithm has computed a policy, an agent
uses said policy to sample feedback from the environment
by: selecting an action, af = mj(s¥, h); receiving a re-
ward, r,’i = Rh(sﬁ, aﬁ); and transitioning to the next state,
sf 1 ~ Pu(|sy,af); foreach h = 1,---, H. The feed-
back associated with the h-th step of the k-th episode is
given by:

DZ = {(Sﬁ’aﬁﬁrzvsﬁ-&-l)} : ey
We measure the quality of a policy, m, using the value func-
tion, which is the expected return at the end of the episode
from the current step, given the current state:

H
Z TZ/’S;CL/ = s] . 2

h'=h

Vi (s) =Ex

Further, we denote the optimal value function by: V,*(s) =
max,{V;7(s)}, which gives the maximum expected return
over deterministic policies V(s, h) € S x [H]. When eval-
uating reinforcement learning algorithms, it is common to
use regret:

K
R =Y W (sh) =™ (sh) =D Ak 3
k=1 k=1
Throughout, 7' = K H denotes the total number of steps.
Domingues et al. (2020) show that the lower bound for the
regret in the standard episodic reinforcement learning set-
ting with stage-dependent transitions is: Q(H+v SAT).

2.1 Regret Minimisation in Model-Based RL

Many provably efficient algorithms exist for learning in
EFH-MDPs when feedback is immediate. In this pa-
per, we focus on the large class of optimistic model-
based reinforcement learning algorithms. These algorithms
maintain estimators of the transition probabilities for each
(s,a,8') e Sx AXS:

Diick 1 {52+1 =5 (327 azflz,) = (s, a)}

Pk'h (SI|570’) = Nkh (S CL)
where
Nip(s,a) = max{l, Z 1{(s} =s,a} = a)}}
i<k

is the total visitation count. There are two main ways of en-
suring optimism using model-based algorithms. The first
is the model-optimistic approach, which maintains a con-
fidence set around th that contains P, with high proba-
bility (Jaksch et al., 2010; Filippi et al., 2010; Fruit et al.,

2020). The second is the value-optimistic approach, which
involves directly upper bounding the optimal value func-
tion with high probability by adding a bonus to the value
function of a policy under the estimated transition density
th (Dann et al., 2017; Azar et al., 2017). Recent work
has shown that all model-based optimistic algorithms have
a value-optimistic representation, meaning they all com-
pute a value function of the following form (Neu and Pike-
Burke, 2020):

V= (' + ) A (Ru+ (P, Vi) + B5) @)

where H' = H — h and

+ — g’ B b
Jin (s = <W+ Nkh@,a))

= H' A Byn (s,a) 5)

is the exploration bonus and A y = min{x,y}. Here,
B and B, are algorithm-dependent quantities which may
depend on S, A, H,log(T) or the empirical variance of the
optimistic value function. A suitably chosen exploration
bonus ensures the computed value function is optimistic
with high probability. For our theoretical results to hold,
we require the following assumption on the base algorithm.

Assumption 1. The exploration bonus upper bounds the
estimation error with high probability. Mathematically:
Bin(s,a) > ((Pen — Pr)(-[s,a), Vi, () for all time-
steps, with probability 1 — 0.

All value-optimistic algorithms explicitly use the estima-
tion error to derive suitable bonuses. Further, model-
optimistic algorithms compute bonuses satisfying this as-
sumption implicitly (Neu and Pike-Burke, 2020). There-
fore, Assumption 1 allows us to capture a wide range of
model-based algorithms.

For our analysis, it will be helpful to define an algorithm-
dependent variable C', which indicates whether the algo-
rithm’s bonuses satisfy the following inequality:

Bi(s,a) < ( (P = P) (1s,0), Vi () ©)

for all s, a, h, k with probability 1 — §. Intuitively, C' =1
corresponds to a bonuses that sits somewhere between the
estimation error and the difference between the expecta-
tion of the optimistic value function under the estimated
and true transition function. Since these bonuses must
sit within a specific (potentially narrow) interval, they are
tighter. However, as we will see later, such bonuses come
at the expense of lower-order terms. UBEV and UCBVI
are algorithms where C' = 1. Whereas UCRL2, UCRL2B,
KL-UCRL and x2-UCRL are algorithms with C' = 0.
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3 DELAYED FEEDBACK

Under stochastic delays, the feedback from an episode does
not return to the base algorithm immediately after the in-
teraction. Instead, it returns at some unknown time in the
future, k + 7. Here, 7, denotes the random delay between
the agent playing the k" episode and the base algorithm
receiving the corresponding feedback. Throughout this pa-
per, we make the following assumption about the delays:

Assumption 2. The delays are positive, independent and
identically distributed random variables with a finite ex-
pected value, E[1;;] < cc.

The introduction of delays causes the feedback associated
with an episode to return at some unknown time in the fu-
ture, k + 7. As a result, the base algorithm cannot up-
date its policy using feedback from episode k at the start
of episode k£ + 1. Instead, it can only use feedback it
has observed, e.g. the feedback associated with episodes
i+ <k+1

When working with delayed feedback in RL, it is helpful
to introduce the observed and missing visitation counters:

Nip(sa)= > 1{(s},a) =(s,0)} (7

it <k
Ny (s,0) = > 1{(sh,ai) = (s,a)}.  (®
T >k

These are related to the total visitation counter by
Nin (s,a) = Ni, (s,a) + Ny (s,a) . )

When the feedback is delayed, optimistic algorithms can
only compute their bonuses and any required estimators
using the observed visitation counter. The corresponding
value functions are still optimistic, but they contract to
the optimal value function more slowly since Ny (s,a) >
N/i‘h (87 a) .

3.1 Bounding the Missing Episodes

In our analysis, it is helpful to bound the number of missing
episodes to get an upper bound on the amount of informa-
tion missing for each state-action-step. This is done in the
following lemma.

Lemma 1. Let S, = Zf;ll 1{i + n» > k}, where
T1, T2, Tk—1 ~ fr(-) are independent and identically
distributed random variables with finite expected value. We
define

FT = {Sk > E[r] + log <§§T> + \/2IE [r]log (g)}

to be the failure event for a single k. Then, P(F;) =
P(U  FY) < .

Proof. Firstly, notice that S}, is a sum of Bernoulli random
variables, meaning it is subgaussian. Therefore, one can
apply Bernstein’s inequality to obtain the following upper
bound that holds with probability 1 — ¢':.

2 km km
< z R —
Sy < E[Sk] + 3 log (65’) + \/2Var(5k)log (65’)

The remainder of the proof follows from noticing that
E[Sk] < 32 o P(7 > i), which is the tail probability func-
tion of the delay distribution and is equal to the expected
delay. Similarly, one can show that Var (S;) < E[Si] <
E[r]. Substituting these values into the above inequality
gives the result. See Appendix A.1 for a full proof. O

A direct consequence of this lemma is an upper bound on
the number of missing episodes Sy, < 97, for

W7 = E[7] + log <§;) + \/ZIE 7] log (2(5”)

which holds for all k£ € [K] with probability 1 — ¢’. Es-
sentially, 17 allows us to bound the amount of missing
information in any given episode due to the delays.

4 META-ALGORITHMS FOR DELAYED
FEEDBACK

Here, we describe two flexible approaches that allow any
base algorithm to handle delayed feedback. Additionally,
we prove regret guarantees for both procedures, providing
the base algorithm satisfies Assumption 1. Regardless of
the approach, we utilise the following regret decomposi-
tion for optimistic base algorithms that holds for both the
delayed and non-delayed settings.

Lemma 2. Under Assumption 1, with probability 1 — 44/,
we can upper bound the regret by:

K
Rk < 6(H+C) Tlog( ”)

60’
K H K H
3CH?2SL
+6> > B, (Sﬁ,aﬁ)+6ZZW
k=1h=1 k—=1h—1""kh (Sh7ah)

where L = log (S>AH7?/66') and C' indicates whether
the bonuses of the algorithm satisfy Equation (6).

Proof. See Appendix B.1. O

4.1 Active Updating

The first meta-algorithm we propose is active updating,
which leverages new information by updating as soon as
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Algorithm 1 Active Updating

Input. Base(N’, M) (any base algorithm).
Initialise. N’ = {N} (s,a) = 0}, 5, and
M’ ={M] sas)—O}hsawnh

Z ]l{(sh’ahvsthl)

it <k

Mj (s,a,s") = (s,a,s")}

Compute policy: 7 =
for k =1to K do
ifdi:k—2<i+7 <k—1then
Update the counters: N’ and M.
Update the policy: 7, = Base(N', M)
else
Reuse previous policy: 7 = mp_1
end if
An agent samples an episode using policy 7.
end for

Base(N', M)

it becomes available. The remainder of this subsection fo-
cuses on bounding the regret for model-based optimistic al-
gorithms using active updating, whose pseudo-code is out-
lined in Algorithm 1.

Base(NN’, M) is the only input parameter for our algorithm
and is the base algorithm. One could view it as a function
that takes in the observed number of visits (N') and tran-
sitions (M"), among other algorithm-dependent hyperpa-
rameters, and returns a policy. For the class of optimistic
algorithms, the additional hyperparameter is the confidence
level, 6.

Theorem 1 (Active Updating). Under Assumption 1 and
2, with probability 1 — 6, the regret of any model-based
algorithm under delayed feedback:

Rk S BVHSAT + max {B, B, CH*S} HSAE 1]

where < suppresses numeric constants, poly-log and lower
order terms, and B > B is a upper bound on the leading-
order term in the numerator of the exploration bonus that is
a function of H and S, and holds for all (k, h) € [K]x[H].

Proof. From Lemma 2, it is clear that we must bound the
summation of the bonuses to bound the regret. When there
are no delays, one can utilise the fact that the visitation
count for (s,a, h) at the start of episode k + 1 increases
by one if the agent observed (s, a, k) in the k-th episode to
bound this term. However, this is no longer the case under
delayed feedback. Therefore, we introduce the following
lemma to bound the delay-dependent visitation counter.

= S Sl /(N (sk af )P,

Lemma 3. Let Z7

Then,
o < 4VHSAT + 3HS AT, ifp=1
T = 1 2HSAlog (8T) + HS Ay log(164%) ifp=1

with probability 1 — §'.

Proof. To prove the claim, we relate the sum involving the
observed visitation counters to a sum involving the total
visitation counters. To do so, we artificially introduce it
into the summation by multiplying by one:

K
k=1h=1

K H
-y ( n N, (s, af) )p
o \ Nk Slwah) Ny (sk, ag)Nin(sy, af)

H
Z (Nkh sy, af) + Nllc/h(shaah)>p

Nllfh Sh,ah)Nkh(Sh, aﬁ)

The term in the numerator of the first line is equivalent to
the total visitation counter by the equivalence relation given
in Equation (9). One can handle the first term using stan-
dard results from the immediate feedback setting. The re-
mainder of the proof follows from carefully splitting the
second term in the sum on the second line into two disjoint
sets. Namely, we split the summation using two indicators:
L{N},(s,a) > Y%} and T{N],(s,a) < ¥}k }. After a
little algebra, we find that we are able to apply results from
the immediate feedback setting, which gives the final re-
sult. See Appendix A.2 for further details. O

For many algorithms, B; depends polynomially on quan-
tities related to the environment, e.g. H and S. For such
algorithms, a direct application of Lemma 3 is able to sepa-
rate the expected delay from the total number of decisions.
This is in line with the intuition that the impact of delays
are negligible once we have a reasonable model of the en-
vironment. However, for algorithms such as for UCRL2B,
XQ-UCRL and UCBVI (Fruit et al., 2020; Neu and Pike-
Burke, 2020; Azar et al., 2017):

Bl =0 (\/Vs’le’kh(-|s,a) (VhﬂJrl(S/)))

Typically, one uses an application of Cauchy-Schwarz to
separate the terms involving the variance from those involv-
ing the counters, which gives:

Z Var,_p, (Visa (1))

Nl;h(smaﬁ)

Z VarS,Nph (Vthl (31)) Z N

k &
k,h k,h kh(sh’ ah)

1

Lemma 3 shows that doing so would lead to the delays
multiplying the leading order term, as the summation of
the variances found underneath the square root is of order
HT and multiplies the HSAvy7, that arises from bound-
ing the summation of the observed visitation counter. Set-
ting B = H/2 gives us an upper bound for these types of
bonuses and avoids this multiplicative dependence.
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Using a uniform upper bound on B; in conjunction with
Lemma 3 allows us to handle the summation of the bonuses
as follows:

zK: zH: By +3CH?SL
k=1h=1 \/ Nj,, (sﬁ, af) Ny (sh> af)

K H )
<y B By +3CH?SL

Ni, (sk,ak) Niy, (55 af;)

< 4BVHSAT + 3BHS Ay}
+2 (B +3CH?SL) HSAlog(8T)
+ (B2 + 3CH?SL) HSAY log (16¢%)

Substituting the above upper bound of the terms in Lemma
2 and setting § = 50’ gives the stated result. O

Table 1 in Section 4.3 presents regret bounds for various
optimistic algorithms using active updating under delayed
feedback that fit into our framework. Further discussion of
the results can be found in Section 4.3.

4.2 Lazy Updating

Instead of updating the policy via the base algorithm as
soon as new feedback becomes observable, we now con-
sider waiting. We name the meta-algorithm that employs
this technique lazy updating. Algorithm 2 presents the
pseudo-code for this meta-algorithm.

Algorithm 2 Lazy Updating
Input. Base(N’,M’,---
(activity parameter).
Initialise epoch: j = 1 and k; = 1.

Initialise counters: N, (s,a) = M}, (s,a,s") = 0.
Compute policy: T, = Base(Ny,,, My;,)
for k = 1to K do
Update counters, e.g. Equation (7).
if3(s,a,h) : N (s,a) = (1+1/a)Nj (s, a) then
Update epoch: j =7+ 1,k; =k
Update epoch counter: N, (s, a) = N/, (s,a)
Update the policy: 7y, = Base(N,;jh, M,’th)
end if
An agent samples an episode using policy 7, .
end for

) (any base algorithm) and «

Lazy updating works in batches of episodes which we call
epochs and denote by 57 = 1,2,---,J. At the start of
the j-th epoch, lazy updating uses the base algorithm to
compute a policy using all the available information. The
meta-algorithm uses this policy in every episode until the
next epoch begins. Therefore, each epoch is just a set of
episodes where the lazy updating algorithm uses the same
policy.

A new epoch begins as soon as there is an (s, a, h) whose
observed visitation counter reaches 1 + 1/« times the ob-
served visits at the start of the epoch, where o € [1, 00).
Note that o = 1 corresponds to the well-known doubling
trick from Jaksch et al. (2010), and o > 1 represents more
frequent updating. Once the observed visitation counter
triggers this condition, a new epoch begins, and the meta-
algorithm uses the base algorithm to update the policy. For-
mally, we start epoch j 4 1 in episode k1, which occurs
when:

ijrl:argmin{Nkh (1+ >N,’€_h}
k>k; ’

(10)
el -
=argmin<ng > —Np
k>k‘] J e J
where
-1
”kh s, a) le{sh—sah—a) erngl} an
i=k

counts the observed number of visits between episodes k
and [ for [ > k. Intuitively, this updating scheme forces the
number of samples needed for any particular (s,a,h) to
trigger an update to increase exponentially quickly, mean-
ing that the total number of epochs should grow logarithmi-
cally in K. Lemma 4 confirms that this is indeed the case.

Lemma 4. For K > SA and o > 1, Algorithm 2 ensures
that the number of epochs has the following upper bound:

HSAlog (QK +1)
log(1+ 3)

Proof. See Appendix A.3 for further details. ]

In contrast to active updating, we will later see that the
lazy updating scheme lets us bound the summation of the
bonuses independently of the delays. This property means
we can avoid upper bounding the numerator of the explo-
ration bonus, B1, and get tighter leading order terms in the
regret bound of the chosen base algorithm. In the regret
analysis, we will utilise the following extension of the clas-
sic result by Jaksch et al. (2010) that illustrates the delay-
independence of the bonuses:

Lemma 5. Ifng,nq,--- ,ny are an arbitrary sequence of
real-valued numbers satisfying no = 0 and 0 < n; <
LNy with Nj_y = max{1, ") n;} for all j < J,
then

Son _[(V20+ D) VNS =
j:1NJP—1_ (1+é)+(1+é)10g(NJ) ifp=1

Proof. We prove the claim for each case using an inductive
argument similar to Jaksch et al. (2010). See Appendix
A3. O
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Using Lemmas 4 and 5, we can derive regret bounds for
any optimistic base algorithm satisfying Assumption 1.

Theorem 2. Let K > SA and o > 1. Under Assumption 1
and 2, with probability 1 — 9§, the regret of any model-based
algorithm under delayed feedback is upper bounded by:

mK§<1+

where E)A%K(Base) is an upper bound on the regret of the
chosen base algorithm under immediate feedback.

H2SAE[r]

1\ .
YR (B A oABRT]
a) K ( ase)Jrlog(l—l—é)

Proof. By optimism and utilising the fact that epochs are
disjoint sets of episodes, with probability 1 — ¢’

K J kjt1
9%K§97{K:ZA’{ 81 :Z ZA? 81
k=1 j=1 k=k;
J kjt1—-1
cHI+Y Y Ab(sh)
j=1k=k;+1

where the final inequality follows from separating the
episodes where we update and bounding their contribution
to the regret by H.J.

Handling the remaining summation in the regret bound re-
quires a little more care, which we do by splitting the re-
maining sum into two sets; episodes with short and long
delays. An episode has a short delay if it is played and ob-
served in the same epoch, 1{k + 7, < k;11}. Otherwise,
it has a long delay, 1{k + 7, > k;1}.

One can show that the regret of episodes with long delays
has the following upper bound:

J kjr1—1
> Ab(st 1{k+m>k7+1}<H25km
j=1k=k;+1 j=1

Aforementioned, Sy, < 9} for all k& < K with probability
1—4’. Therefore, we can upper bound the regret of episodes
with long delays by H Jy%.

All that remains is bounding the regret of episodes with
short delays. Applying Lemma 2 to these episodes and re-
arranging gives:’

<> anm 5,a)Brn (5,a) 1{k + 73, < kj11}

s,a,h =1

where we have omitted the state-action-step triples that
caused the update from the summation. By construction,

2Here, we have omitted lower order terms for brevity.

all the state-action-step triples satisfy the conditions of
Lemma 5. Applying this result to the summation of the
bonuses and combining the contributions of the other terms
gives the result. See Appendix A.4 for a full proof of the
claim. O

4.3 Discussion

Table 1 presents a selection of algorithms that fit into our
framework and their accompanying theoretical guarantees
when using the active and lazy updating meta-algorithms
to handle delayed feedback. In particular, we see that act-
ing in delayed environments causes an additive increase in
regret for almost all combinations of optimistic base algo-
rithms and meta-algorithms considered. This result mirrors
what is seen in the bandit setting where algorithms incur an
additive regret penalty involving E[7] (Joulani et al., 2013).

For active updating and some base algorithms, we found
that the additive delay dependence comes at the price of
a penalty to the leading order term in the regret bound.
Namely, an extra VH. This extra penalty multiplying the
leading order term is a feature of the theoretical analysis.
Another important factor influencing the impact of the de-
lays when using active updating is the parameter C'. The
penalty for delayed feedback is higher when C' = 1. The
worsened delay dependence for these algorithms is due
to the introduction of lower-order terms in the probabilis-
tic analysis under immediate feedback, which allows for
tighter bonuses. Unfortunately, these lower-order terms be-
come dependent on the delays in our setting and thus lead
to a worse delay dependence.

To rectify the undesirable penalty to the leading order terms
and the dependence on C, we developed an alternative ap-
proach called lazy updating, which achieves the same ad-
ditive delay dependence for all algorithms that fit into our
framework with only a logarithmic penalty to the leading
order term in the regret bound of the base algorithm un-
der immediate feedback. This approach works by intro-
ducing an additional hyperparameter that controls how fre-
quently the base algorithm updates its policy. We denote
this hyperparameter by « and name it the activity param-
eter. Theorem 2 indicates that there is a trade-off when
selecting . On the one hand, we would like to choose
a large value of a to minimise the penalty to the leading
order term, which is arises from the slower updating. On
the other hand, the penalty introduced by the delays is a
strictly increasing function of o, making large values un-
desirable. As o« — o0, lazy updating tends to active up-
dating; at this limiting value, lazy updating will update as
soon as it receives new feedback, just like active updating.
Thus, the empirical performance of lazy updating should
get closer to active updating as « increases. In Section 5,
we demonstrate that this is the case and show that it is pos-
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Table 1: Example Delayed Feedback Regret Bounds

Base Algorithm c R x (Base) Active Updating Lazy Updating

UBEV (Dann et al., 2017) 1 H32/SAT Rk (Base)+ H3S2AE[r] (1+ 1) R (Base) + 2L ;Sfﬂg]
UCBVI-CH (Azar et al., 2017) 1 H32JSAT Rk (Base)+ H3S?AR[r] (1+ 1) Ry(Base) + ﬁ;sffj
UCRL2 (Jaksch et al., 2010) 0 H¥2SVAT SRy (Base) + H2S32AE[r] (14 1)Rg(Base) + ﬁgff‘fg
KL-UCRL (Filippi et al., 2010) 0 H32SVAT HRy(Base) + H2S32AE[r] (14 1)Rx(Base) + f’f;‘fjj]
UCRL2B (Fruit et al., 2020) 0 HVSTAT  VH%g(Base) + H2S?AE[7r] (1 + L) Rp(Base) + 2 iffg
x?-UCRL (Neu and Pike-Burke, 2020) 0  HSvAT VHRk (Base) + H2S2AE[r]  (1+ 1) Ry (Base) + ﬁ;sﬁEg
UCBVI-BF (Azar et al., 2017) 1 HVSAT  H%g(Base) + HS?AE[r] (1 + L)%k (Base) + i sz;]

sible to get most of the benefits of active updating with a
relatively modest value of «, which has better worst-case
regret bounds in the delayed feedback setting.

Comparatively, our work significantly improves the regret
bounds for many algorithms in the delayed feedback set-
ting. Lancewicki et al. (2021) presents regret bounds for
stochastic MDPs of the form H3/2SVAT + H2STmax
for all optimistic algorithms. Except for UCRL2 and KL-
UCRL, the leading order term in their regret bound is loose
in either H, S or both. Conversely, the leading order terms
in our regret bounds are tight for all algorithms when utilis-
ing lazy updating and are only loose by a factor of \/H for
a few algorithms when utilising active updating. Further-
more, E[7] < Tyax in almost all scenarios. As a result, our
regret bounds have a tighter delay dependence. Our algo-
rithms also remove the need for a-priori knowledge of the
maximal delay.

The setting of delayed feedback also generalises the case
where only the rewards are delayed. Thus, our theoreti-
cal results also hold for this setting if we directly apply
active or lazy updating. However, one could do better
in this case by realising that it is only the delays impact-
ing the rewards, meaning it is only necessary to apply the
meta-algorithms to the estimation of the rewards. We ex-
pect the additive penalty to be HSAE[r]. Indeed, the im-
proved delay-dependence is due to the fact that learning
the expected reward function is an easier task than learning
the transitions. We prove that this is indeed the case for
UCRL2 algorithm of Jaksch et al. (2010) in Appendix B.2.

5 EXPERIMENTAL RESULTS

In this section, we investigate the impact of delayed feed-
back on the regret of active and lazy updating in the chain
environment of Osband and Van Roy (2017). Briefly, this
environment consists of a sequence of S states arranged
side-by-side. The learner starts in the left-most state and
has to decide between A = 2 actions, head left or right.
Each episode consists of H = S decisions and the only

state with a reward is the right-most state. Thus, the opti-
mal policy is to head right at every step. Heading left is al-
ways successful. However, heading right is successful with
probability 1 —1/S. If unsuccessful, the learner moves one
state to the left. Notably, any inefficient exploration strat-
egy will take at least 2° episodes to learn the optimal policy
(Osband and Van Roy, 2017).

We consider chains with H = S € {5, 10,20, 30} and use
UCBVI-BF as the base algorithm in all of our experiments
as it has the best regret guarantees under immediate feed-
back. For our lazy updating approach, we selected several
values for the activity hyperparameter, « € {1, 10, 100}. In
all our experiments, we set the confidence parameter of the
base algorithm so that the regret bounds hold with probabil-
ity 0.95. Additionally, we compare our meta-algorithms to
the explicit exploration procedure proposed by Lancewicki
et al. (2021). Their procedure requires prior knowledge of
the maximum delay, which we provide by generating all the
delays before the first episode and taking the maximum. In
practice, the maximum delay is often unknown and possi-
bly infinite, making this approach infeasible.

Our experiments consider Constant, Geometric, Poisson
and Uniform delays. For each of these distributions,
we consider the following expected delays: E[r] €
{0,100, 200, 300,400, 500}.> All results are averaged over
30 independent runs and the shaded regions in all the fig-
ures contain 95% of our empirical results.

Figure 1 displays the results for our experiments in the
chain environment with S = 30 and E[r] = 100. The
results for the other chain lengths and expected values are
in Appendix C. Empirically, active updating achieves the
best performance of all three meta-algorithms. However,
our experimental results suggest that it is possible to get
near identical performance with lazy updating by setting «
to be a large enough constant. Both active and lazy updat-
ing offer superior performance to the explicit exploration
approach of Lancewicki et al. (2021) in all of our exper-

3For the uniformly distributed delays, we set the lower and
upper limits to 0 and 2E[7], respectively.
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Figure 1: Cumulative Regret (S = 30, E[7] = 100).
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Figure 2: Delay Dependence (S = 30).

iments, despite their meta-algorithm having prior knowl-
edge of the delays. In some cases, our meta-algorithms
have converged to the optimal policy before the explicit ex-
ploration procedure finishes; e.g. see Appendix C.

Next, we turn to considering the impact of different delay
distributions on the regret of our meta-algorithms. Empir-
ically, Figure 2 shows that the regret penalty of delays at
the end of the final episode is linear in the expected delay
for active updating and lazy updating, as our theory pre-
dicts. For lazy updating, the gradient of this linear rela-
tionship decreases with «, which is to be expected based
on the log(1 + 1/a) term in the denominator of the delay-
dependent terms in our regret bounds. Interestingly, lazy
updating with o = 1 is the most robust to the delay distri-
bution. We believe that this is due to forcing the base al-
gorithm to wait for long periods of time between updates.
Intuitively, if the epochs are long enough, most information
within an epoch will be received before an update, leading
to little loss of information. Investigating this further is an
interesting avenue for future work.

6 CONCLUSION

In this paper, we provide two generic meta-algorithms that
can extend any episodic reinforcement learning base algo-
rithm to the setting of delayed feedback. Under mild as-
sumptions on the algorithm and the delays, we show that

both maintain the sub-linear theoretical guarantees of the
chosen base algorithm and provide good empirical perfor-
mance, regardless of the delay distribution. These first pos-
itive results for stochastically delayed feedback in episodic
reinforcement learning prove that the penalty for delays is
an additive term involving the expected delay that is inde-
pendent of the number of episodes. This additive penalty
matches what is seen in the multi-armed bandit setting,
despite the additional complexities of the reinforcement
learning problem.

Our framework is broad enough to cover the theoretically
successful class of optimistic model-based algorithms, and
many existing algorithms fit into our framework. However,
we believe that both updating procedures could be used
for a wider class of base algorithms. For example, model-
free optimistic algorithms and posterior sampling (Jin et al.,
2018; Osband and Van Roy, 2017). Extending our analyses
to cover these algorithms is left to future work.
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A  MISSING PROOFS

A.1 Bounding the Missing Episodes

An important aspect in our proofs is to bound the amount of missing information. Since we see only one state-action pair
per step of an episode, an upper bound on the missing visitation counter is simply the number of missing episodes. Lemma
1 bounds the number of missing episodes with high probability and only requires the delays have a finite expected value.

Lemma 1. Let S, = Zf;l 1{i + 7, > k}, where 11,72, Tk—1 ~ [f+(-) are independent and identically distributed
random variables with finite expected value. We define

FT = {sk > E [7] + log (g) + \/2E (] log <§;>}

to be the failure event for a single k. Then, P(F;) = P(Ug, F) < 0.

Proof. By definition, the summation involves a sequence of independent indicator random variables. Considering its
expectation reveals that:

k—1 k—1 k—1 k—2
E[Sk]=ZE[11{i+Tizk}]=ZP[11{Z'+T¢Zk}}=ZP[W¢>Z’]=ZP[TH+1>i]
<Y Plr>i]=) Y Plr=j]=) 3 Plr=j]=> jP[r=j]
i=0 i=0 j=i+1 j=114=0 j=1
=E|r].

Next, looking at its variance reveals that:

k—1 k—1
Var (S) = > Var (L{i+ 7 = k}) = D E [(1{i + 73 = k} —~E[1{i + 73 > k}])’]

k—1 k—1
<STE[U{i+7 2] = S E[@{i+7 > k)] =E[Sy]
=1 i=1

<E[r]

By Bernstein’s inequality, we have that:

€ 60’
P(Sk —E[Sk] > €) <exp NVar (S +E)
3

Rearranging the above reveals that:

1 (km)? (km)? 2 km km
< — < — N _—
€< 3 log < 5 > + 4| Var (Sy) log ( o | =3 log 5 + 1/2E [r]log o

Since k£ < K, we have that:

o= (s-nrr=on () o i () 5

By Boole’s inequality, we have that:

as required. O
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A.2 Missing Proofs for Active Updating

Lemma 2 (the regret decomposition) and Equation (5) (the form of the exploration bonuses) reveal that the summation of
the counters is an important quantity in determining the regret of an optimistic algorithm. Whenever 7, = 0 forall £ < K,
e.g. immediate feedback, we can use standard results that utilise the fact the counters increase by one between successive
plays of a state-action pair at a given step.

Lemma 6. Let ZP = Zf:’:o 1/(1V n)P. Then, ZE has the following upper bound:

. 1
ZPS 2\/N 1fp€§
log (8N) ifp =1

forp=1/2andp = 1.

Proof. Removing the first two terms from the summation and upper bounding the remaining terms by an integral gives:

N N . 1

! 1 o/N—2 ifpel

zr=2+% — <24 | —dn<2+ N
n n:2np 1 np

log(N) ifp=1
_J2VN ifpeg
~ llog(8N) ifp=1

as required. O

When 7, is random, the observed visitation counter need not increase by one between successive plays of the same state-
action-step. Instead, the counter only increases by one (or more in some cases) after a random number of episodes. In
the worst-case scenario, the counter will remain constant between playing and observing the feedback associated with
a specific state-action-step. Thus, the standard techniques no longer apply, and we must find another way to bound the
summation of counters than can remain unchanged for numerous episodes due to the delays. We do this by relating the
summation involving the observed visitation counter to one involving the total visitation counter, thereby splitting the terms
affected by the delays from those that are not.

Lemma 3. Ler 28 = % SN0 1/(N], (sk, ak))P. Then,

20 < 4VHSAT + 3HS Ay, ifp=1
T = 12HSAlog (8T) + HS Ay, log(169%) ifp=1

with probability 1 — §'.

Proof. Unless otherwise stated, we let: Nip,(s,a) = 1V Ngp(s,a) and Nj, (s,a) = 1V N, (s, a) for notational conve-
nience. First, we use the relationships between the observed, missing and total visitation counters to split the summation
into two parts. To do so, in a similar manner to Lancewicki et al. (2021), we start by artificially introducing the total

visitation counter:
ZZ( )p=z< : )”(Nkh(s;z,a',z))”
= \ NV 8h7ah) o \Ven (s, ak) Nj, (sk,ak)

From Equation (9), Ny (s,a) = N}, (s,a) + NJ, (s, a), for any (s,a,h) € S x A x [H]. Consequently,

L NG Gshhap) )
78 < + . v
T Z (Nkh Shvah > Z (Nkh Shvah) Nllch ( Sho aﬁ))

(4) (i7)

since (1 +x)? <14 2P forp =1/2and p = 1 and any = > 0. Term (7) is the summation of the total visitation counter.
Thus, Lemma 6 applies.
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Bounding (4¢) requires more care, as it involves the observed and missing visitation counters. Recall that the algorithm
plays one state-action pair at each step in every episode. Thus, the missing visitation counter is upper bounded by the
number of missing episodes: N}/, (s,a) < Si. Lemma 1 bounds the number of missing episodes: with probability 1 — &',
Sy < 4% across all k € Z*. Splitting (4¢) using the observed visitation counts and the upper bound on S, gives:

<y (ﬂ{Nkh shaf) > mwK) iy (ﬂ{N,;h (oh.af) <w;<}wz(>p

Nin Sh»ah> Nip, (Sh»alﬁ) kb Nn ( h’ah) Ny, (s ( haaﬁ)

1{Ny, (si,a5) > 1/’%} L{N, (sk,af) <L} vk
> ( New (i) ) 2 N (o) N (b

R Qh k,h R Qh

(ii.a) (id.b)
The last inequality follows since for the first sum, Ny, (s, a) > .

Clearly, (ii.a) < (%), as it is a summation over a subset of all the episodes. Using (9), it is possible to rewrite the indicator
in the remaining term as: 1{ Ny (s,a) — N/, (s,a) < ¢%}, for any (s,a,h) € S x A x [H]|. Further, N}/, (s,a) < ¢%
and N}, (s,a) > 1. Therefore,

(ii.b) < (w;{)pz (11 {Nin (s§,af) < 2111}(})

ke.h N ( h’ag)

2%

= (k)" ZZ 1\/n

s,a,h n= O

Lemma 6 gives an upper bound of ZTZLO 1/(1 V n)P. Summing this upper bound over all state-action-step triples gives:

T : _ 1
(ii.b) < SHS AV itp =5
HS Ay log (16¢%) ifp=1
Therefore:
Z <2A+ B.2
AVHSAT +3HS AV}, ifp= %
HSA(2log (8T) + ¢} log (169y%)) ifp=1
as required. O

A.3 Missing Proofs for Lazy Updating

When using active updating, we prove that the bound on the counts depends on the delay. However, we can mitigate this
delay-dependence by taking a slower approach to updating, providing that the number of epochs is bounded and the counts
between epochs satisfy certain constraints outlined in Section 4.2.

Lemma 4. For K > SA and a > 1, Algorithm 2 ensures that the number of epochs has the following upper bound:

HSAlog( + 1)
log(1+1)

Proof. In this proof, we extend arguments from the standard doubling trick of Jaksch et al. (2010) so that the learner can
update more frequently. Firstly, we recall the definition of the observed visitation counter:*

k—1

Nj (s,a,h) 221{(52,%) =(s,a),i+1; <k}

=1

“We move the subscript denoting the step into the bracket for notational convenience
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and the updating rule for j > 1:

1
kji1 = argmin {Es,a,h : Nj(s,a,h) > (1 + ) Nj. (s,a, h)}
k>k; @ ’

Now, we define a counter that counts the observed number of visits between two episodes:

w(s,a,h) Z]l{sh,ah (s,a) k<i+m<l}

Direct computation allows us to relate the observed visitation counter at the start of the (j + 1)-th epoch to the sum of the
observed visitation counts within each of the previous epochs:

kjp1—1

Nli:j+1 (S,O,,h) = Z 1 {(SZ,CEZ) = (s,a),i—&—n < kj}

i=1

Jj kg1

:Z Z 1{(sh,ap,) = (s,a),i+7 <k}
=1 i=k;
Jj kit

—ZZ]I{Sh,ah (s,a), ki <i+7 <k}
=1 i=1

where the second equality follows from the fact that an epoch is a disjoint set of episodes and the final equality follows
from the definition of the between episodes visitation counter. From the above, it is easy to see that

j—1
N, (s,a,h) = ny "t (s, a, h) —i—anl“ (s,a,h) :nﬁj“ (s,a,h) + Ny, (s,a,h)
=1

Thus, we can re-write the updating rule using the within episode counter as:

1
kji1 = argmin {Hs,a,h : Nj(s,a,h) > (1 + ) N,;v(s,a,h)}
k>k; e !

1
= arg min {Els,cuh : Ni(s,a,h) — Nj, (s,a,h) > —Nj, (s, a, h)}
k>k; ! a

= argmln{zls a,h: nk_”l (s,a,h) > Nk (s,a, h)}
k>k

providing that we have seen the state-action-step at least once.’ Therefore, at the end of each epoch there is a state-action-
step with nﬁj*l (s,a,h) = Ny (s,a,h) /o

Suppose Ny q),(s,a) > 0 for a fixed (s,a,h) € S x A x [H]. Define J(s,a,h) as the number of epochs with
5,0,h) 2 (1+1/a) N (5,a,h).

nl,z;“ (s;a,h) = Ny p,(s,a)/a. Or, equivalently, it is the number of epochs with Ny, ., (

SWe handle the case for the epochs where the observed visitation count is zero later on in the proof.
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Then,

J
> 14+ > " (s, a,h)

s
gy T (5,0, 2] (s,0,h) /@

1
214 > Ny, (s,a,h)

gy (5,0, 2NY (s,0,h) /e
J(s,a,h)

>1+£z:1+lj
- e} e}

j=1

The first inequality follows from focusing only on the epochs where we update due to (s, a, h), where the 41 accounts for
the first update due to the observing the given state-action-step triple. The second inequality follows from the condition
in the subscript of the summation, e.g. we are updating due to (s, a, h). The final inequality follows from the definition
of how we trigger updates and because we update J (s, a, h) times due to (s, a, h). Since o € [1,00), Lemma 7 applies.
Rearranging terms reveals that:

J(s,a,h) j J(s,a,h)+1
1 1 1
= (0% « «

Therefore, for Ny ,(s,a,h) > 0:

J(s,a,h)+1
1 1 1 1
N}(Jrl(suavh) 21_* <1+Oé> "‘E (1+a)

1 1 J(s,a,h)+1 1 1
>=(14= —— (14 -
« « « «

If N, (s,a,h) = 0 it follows we never update due to this state-action-step triple, which means that J (s, a, ) = 0 too.
Plugging this into the above expression reveals that:

J(s,a,h)+1
1 1 1 1
N;(+1(S,a,h)a(1+a) a<1+>0

Thus, for all possible values of the observed visitation counter, we have that:
J(s,a,h)+1
1 1 1 1
N; ,a,h) > — (14— -—— 14+ =
K+1(Sa)a<+a> <+a)

Using the above inequality, we have that

T = Z Ni+1(s,a,h)

s,a,h

Z Z N}(+1(57a7h)

s,a,h

1 1 J(s,a,h)+1 1 1
S s
« « « «

s,a,h
1 ( 1 > J(s,a,h)+1
— 11 + —
« (%

HSA 1
LTRSS

Y]
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HSA+ZS,a'h J(s,a,h)

HSA 1 HSA 1 HSA . .
> - 14 - - _|_ (Jensen’s inequality)
HSA 1\  HSA 1) 75
>———14+— )+ 14—
o (6% (6% (0%

where the final line follows from the fact that J < HSA + )
state-action-step. Rearranging this gives:

s.ah J(s,a,h) because we may or may not visit every

Taking logs of both sides and rearranging one last time gives:

T
J < HSAlog /4 <a +1>

HSA
HSAlog (HSA + 1)
log(1+ 1)
_ HSAlog (K554)
o log(1 + %)
as required. O
Lemma 5. If ng,ny,--- ,ny are an arbitrary sequence of real-valued numbers satisfying ng := 0 and 0 < n; < éNj,l

with N;_1 = max{L, Zf;& n;} forall j < J, then

XJI n <{(ﬂ(1+;>+1)m ifp=1%
=N T !

(I+3)+(1+1)log(Ny) ifp=

Proof. We prove the claim via induction in a similar manner to Jaksch et al. (2010). First, consider the case where p = 1/2.
Suppose

<

—1
n; <1l = N1:N2:"':NJ_1:1 (Nj_lzmax{l,zg;ém})
1

J

1
—— nj € [O,Njfl] = |:0,:|
«

Then,
J . J J—1 1
Z ijlzz:n]:nJ—FZn]Sa—i-lSc\/NJ (FOI‘CZl—Fl/O[)
j=1 - j=1 j=1

because N; > 1. The above is our base case and covers us as long as Z 1 n; < le.g,when J = 1duetong := 1.

Now, we assume the above holds for Z = 1 n; > 1

J—1

<cy/Nj_y
T VN

<.
Il
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Finally, we prove the claim holds for J:

J-1
Z nyg Z n;
Jr
\/N_] 1 \/NJ—l — /Nj—1

nJ

+ Njy_1 (Induction Hypothesis)

2
+c N.]l)
\/ +2cny 4+ c2Nj_4

§\/anJ+2an+02NJ 1 (Asny €[0,Nj_1/)

S\/TLJ+267LJ+C2NJ_1 (Asa>1)
V(I +2¢)ny+ 2Ny,

NI R (Pick ¢ : 2 > 1+ 2¢)
=c\/Ny

where the final inequality follows from the fact that E;]:_ll nj >1 = Nj =ny+ Nj_i. All that remains is selecting
c. Using the quadratic formula to find the roots of ¢ — 2c — 1 = 0, one can deduce that selecting:

IN

01+\/§(1+;)

satisfies ¢ > 1+ 1/« and

1 1\?2
02_1+2ﬁ<1+>+2<1+>
Q «

21+2\/§<1+;>+ (@>1)

e )

=14 2c

giving the required result. All that remains is to prove the claim for p = 1. Similarly to before, suppose:

J—1
dnj<l = Ny=Ny=---=N, =1 (Nj_1 = max{1,57 "' n;})
j=1

1
— nj € [O,Njfl]: |:0,a:|

Then,

J N J J—1 1 1 1
J R . - —
jEle ) jgln] nJ+j§1nJ< +1<<1+ )+<1+ )log(NJ)

because N; > 1. The above is our base case and covers us as long as Z _1 n; < le.g.,whenJ = 1duetong:= 1.
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Now, we assume the above holds for 57~ = 1 n; > 1
J=1
n; 1 1
> < (1 - ) - (1 + ) log(Ny_1)
a a

Finally, we prove the claim holds for .J:

J n n = n
jg: j J j{: j
p— +

N NJ_l = Nj—l

j=1 "1

IN

1 1
nJ + (1 + ) + <1 + ) log(Ny_1) (Induction Hypothesis)
Njy_4 « «

1 nJ 1 1 ,
(1+a> log (N —|—1> + (1+a> + (1+a> log(Nj—1)  (n;/N;j—1 €0,1]forall j <.J)

J

(H;>+(H£§1 (o (55 0)

1
= <1+Oé> <1+ IOg nJ+NJ_1)

— <1+ ;) + <1+ a) log (N,)

where the final inequality follows from the fact that Z 1 nj>1 = Njy_,= Zj:_ll n;. O

n 1 7 1 n+1 1
d{1+=) = (1+= —=
(0% « (0%

=0

IN

Lemma 7. Let o € [1,00). Then

Proof. Trivially, the statement is true for n = 0, because (1 + 1/a)? = 1 and (1 + 1/a)! — 1/a = 1. Thus, we proceed

by induction. Suppose
n 1 7 1 n+1 1
d{1+=) = (1+= —=
~ @ e @

g(H;)L(Hl)”Z ; (Hl)i
= (

for some n. Then

n+1
1 1
) )
« o«
n+1
1
i (1 + ) 1
«
1 .
> <1—|— ) ( ) (Since2 > 1+ 1/)
Q
1\ 1
= (1 + ) - —
« «
Thus, the claim holds for n + 1, which proves the lemma for all n > 0. O

Lemma 8. Algorithm 2 ensures that the summation of the counters across the episodes where we do not update have the
following upper bounds:

nk’j_llhsa 1 1 K 1 K
1+—-)HSA 1+— ) HSA] — | <2(14+— | HSA
S Y (e g msa (v s () =2 (1 ) o (35)

where theﬁnal inequality holds for K/SA > exp(1).
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Proof. To prove the result, we extend the summation to include the state-action-step triples in episode %; that did not
trigger the update rule:

nk7111 w(s,a) J nij};l(s,a) 1.,
Z Z < Z Z mﬂ nkjh(sya) < aNkjh(Saa)
s,a,h j=1 s,a,h j=1 J ’
1 1
<> <<1 +- )+ (1 + a) log (Ns(s,a, h))> (Lemma 5)
s,a,h
1
= (1 + ) HSA+ 1+ Z log (Ns(s,a,h)) (Expand Summation)
Q

s,a,h

IN
—_
+

(Jensen’s)

>sanNi(s,a,h)
HSA

INA

o N
Jr

Ql— Qfr Q|r

—_
+

HSAlog (K) (T'=KH)

IN

Q=
T
wn
=
+
NN T
+

)
)
) HSAlog (HTSA) (Xsan Nals,a,h) <T)
)
)

for K/SA > exp(1), as required. O

A4 Proof of Regret Bound for Lazy Updating

Theorem 2. Let K > SA and o > 1. Under Assumption 1 and 2, with probability 1 — 6, the regret of any model-based
algorithm under delayed feedback is upper bounded by:

H2SAE[7]

1 ~
Rre < [1+— ) Rk(B _
K~ ( +oc> x( ase)—i_log(l—ki)

where R k (Base) is an upper bound on the regret of the chosen base algorithm under immediate feedback.

Proof. Let AF(s) = V™ (s) — V;™ (s) denote the difference between the optimistic and actual value of policy 7, from
state s and step h. By definition, the regret of any episodic reinforcement learning algorithm is given by:

Rr

S (sh) - v ()

k

Il
N

IN

(3 () =¥ () - 3 () = 3 3 84 ()

kjr1—1

. -

- 1
—
T
Il
3
<
Il
i
x>
Il
o
Q

J J
Af (1) T{k +7 > kypa} = Y AY (S]f7) +Y A (s1)

1 k=k; Jj=1 J

J

<

J kjy1—1

J
Ak (31)+Z S AN Lk > kb Y AR ()1 {k + 7 < kja}

j=1 j=1k=k;+1 j=1k=k;+1

(#) (i4) (ii1)

where the inequality follows from optimism, the penultimate equality follows from epochs consisting of disjoint sets of
episodes and the final equality follows from splitting the episodes into three disjoint sets, (), (i7), and (ii):

(7) episodes where we perform a policy update,

(7i) episodes played in the j-th epoch but observed in epoch j' > 7,
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(#4i) episodes played in the j-th epoch and observed in the j-th epoch.

First, we focus on the episodes where we perform a policy update, e.g. (7). Recall that Lemma 4 tells us the total number
of updates is logarithmic in the number of episodes. Further, the rewards are bounded between zero and one, meaning the
regret of any episode is at most H. Combining these two results gives a trivial bound on regret of this term: (i) < HJ.

Next, we bound the regret of the episodes whose feedback is not observable before the start of the next epoch e.g., (i%).

Once again, we can rely on Lemma 4 and the fact that the regret of any episode is at most H to get a bound on this term
that is logarithmic in K. Doing so gives the following result:

(i1) = Z Z A]f (s’f) 1{k+m > kj+1}

<HZ Z 1{k+ 1 > kj11}

J
=H Z Sk
j=1

< HJY}k (Sk < ¥ < ¥k)

Finally, we handle the episodes that are played and observed in the same epoch e.g., term (¢i7). Lemma 2 allows us to
make a start on bounding this term:

kjp1—1

(idi) = AV (sH) L {k + 7k < Kjp1}

J=1k=k;+1

I ot & 3CH?SL
(H+C) T10g<66,>+62 Z Z(ﬁkh Sh7ah k)>]].{k+7—k<k+1}

!
j=1k=k;+1 h=1 Nkh(sh’ah

K
—6(H+C) T10g<657f>

J kjt1—-1 H

3C’H25L
+ 62 Z N - )]1 {k+ 7, < kjs1} (i1.a)
j=1k=k;+1h=1 /fh h’ h

kjiy1i—1 H

J
+6) > Bun (skaf) L{k + 7 < kjia} (iii.b)

j=1k=k;+1h=1
Thus, bounding (#¢7) now amounts to finding an upper bounds for (¢4¢.a) and (4i:.b). Since k; does not feature in either
summation, we know that
2 1
iy, (s,a) < EN/::jh(s7a)

forall (s,a,h) € S x A x [H] and k' > k; + 1. By introducing a summation over all the states-actions and steps, we can
easily bound (7ii.a) via Lemma 8:

J kjit1i—-1 H

(iti.a) = 3CH?SLY > Z]l{k+7k<kj+1}

k
j=1k=k;+1 h=1 kh h’ah)
> ZJ ’“Jz“‘l 1{sk =s,af =ak k
_ 3CH2SL {sh =s,a =a,k+ 1 < j+1}
B Nj , (s,a)
s,ah j=1 k=k;+1 kjh \%
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1—1
(Bz+3CH25L ZZ +k+1]1{5h s,a’,j:a,k+7k<kj+l}

s,a,h j=1 Nléjh(&a)
CH2SI, kH—:l n(s,a) finition i .
=3 Z Z W (Definition in Equation (11))
s,a,h j=1
9 1 K
<3CH-SL |2 HSAlog SA (By Lemma 8)

K
— 3 @2
—6( )C’HSALlog(SA>

Bounding (#4i.b) requires some care due to the various forms of Bj e.g., those that remain constant and those that utilise
variance reduction techniques. By Lemma 5, it is clear that the summation of the visitation counters no longer depends
on the delay. Therefore, we begin by an application of Cauchy-Schwarz (CS) to separate the numerator of the exploration
bonus from the summation of the visitation counters:

J kjy1—1 H
sh, ) kih 8h7ah)

j=1 k=k;+1 h=1

kjr1—1

Bil{k+m < kJH} 4 1{k+ 7k < kji1}
>

Nin (7. ak) J=1k=k;+1 h=1 Nin (s5- ar)

<.
Il
—_
=
Il
x>
<.
+
=
>
Il
—_

J kjiti—-1 H

H
S B {k+7e <kji1} >

j=1k=k;+1 h=1 Nk h(sh’aé)

]]. {k -+ Tk < kj+l}

IN
_
M-

bl

yr

<

=

&
N

ZH: ]l{k+Tk < kj-‘rl}
k .k
j=1k=k;+1 h=1 Nléjh (Sh7ah)

J kj«#l*1 H J k‘]‘+171
]l{s =s,ak ak‘—‘er<k‘+1}
= 1> S BIU{k+ T <k} DD D h h /
J=1k=k;j+1h=1 ’ s,a,h j=1 k=k;+1 N//fjh (Sﬁ’aﬁ)
J kjp1—1
k ]l{shfs ah ak+7k<k]+1}
+ By
s;hj; k—kzj-u N/ (sh,ai)
J kjy1—1 H ]+171]1{3k28ak:ak+Tk<k‘+1}
= B2 1{k + 7 < kj41} R S R i
;k %:thl " Zh; N, (sh-af)

1
]+,j+1]l{s’ﬁ:s ak =a k+7k<kj+1}

+BQZZ N];;(Zk k’)

s,a,h j=1 ho Qn
J kjti—-1 H k”llh kJ+11 h(
-3 S BRU{k+ i < kjga} ZZ * +BQZZ hs oy (Ba (D)
j=1k=k;+1 h=1 s,a,h j=1 kh s,a,h j= 1 Sho h)
1 K kjit1—1 H
§\2(1+a) HSAlog (A) Z ZB%]l{k—l-Tk <kjt1}
j=1k=k;+1 h=1
1 K
+2(1+— ) ByHSAlog | — (Lemma 8)
« SA
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< <1 + ;) R (Base) log (;;)

1 A
< (1 + ) Rk (Base)
a

The penultimate line in the above is simply the sum of the bonuses for the chosen base algorithm under immediate feedback
scaled by a logarithmic factor, which is introduced by the slower updating. For B; ~ B e.g., the upper bound only involves
inflating terms inside logarithms, one can upper bound the summation under the square-root by 7'B2, which is tight up to
logarithmic factors. When B; involves some form of empirical variance term, one can use the techniques outlined by Neu
and Pike-Burke (2020); Azar et al. (2017); Fruit et al. (2020) to bound the summation under the square-root by ~ HT';
once again this too is tight up to logarithmic factors. More simply, the epochs form a simulated non-delayed version of the
environment for the base algorithm. Therefore, (iii.b) can be replaced with the upper bound of the regret in the non-delayed
environment multiplied by the extra logarithmic factors that arise from the slower updating, because the summation of the
bonuses are the leading term in the regret bound.

Bringing everything together gives:
+ (41) + (vii.a) + (¢ii.b)
1+ ) Ry (Base) + HJIVg

H2SAY7,
log(1 + é)

Plugging in 9% (and suppressing poly-logarithmic factors) gives the stated result. ]

B ADDITIONAL THEORETICAL RESULTS

Here, we present a brief overview of the results that unify model-optimistic and value-optimistic model-based episodic
reinforcement learning algorithms (Neu and Pike-Burke, 2020). The class of model-optimistic algorithms explicitly define
the following failure event for some divergence D(Pyh(-|s,a), Pr(:|s,a):

F} = {3 s,a,h: D (th (‘|s,a), Py (~|s,a)) >y (s,a)}

which holds across all episodes with probability ¢’. Indeed, D must satisfy some conditions. Namely, D must be jointly
convex in its arguments so that Py, (defined below) is convex, and it must be positive homogeneous.® Outside the failure
event, with probability 1 — ¢’, the divergence between the empirical and actual transition density of the h!" step at the start
of the k™ episode is therefore, at most: D(Pyy(-|s, a), P (-|s,a)) < €}, (s, a). Using €}, (s, a) as the maximum divergence
allows for the construction of the following plausible set:

P = { P (1s,a) € A: D (P, (ls.0), Pun (1s,0)) < b, (5,0)}

for each (s,a,h) € S x A x [H]. Here, A denotes the set of valid transition densities. From here, it is possible to derive
the bonus by finding the conjugate of the divergence:

Biy (s,a) =  max {<v By (15, a) — By (|5, a) >}

Ph,(-\s,a)EA

By, (s,a) = _ max {<—V,15h (-|s,a)—]5h (-|s,a)>}

P (|s,a)en
6kh (57 CI,) 2 max {/Bzh (37 CL) aﬁk_h (57 a’)}

by introducing a Lagrange multiplier. For a derivation of the bonuses associated with each divergence, we refer the reader
to Appendix A.5 of Neu and Pike-Burke (2020).

SThe distance ||p — p'|| for any norm and all f -divergences satisfy these conditions (Liese and Vajda, 2006).
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B.1 Missing Proofs for the Regret Decomposition

In this subsection, we utilise the fact that all model-based algorithms compute an optimistic value function of the form
(4) to derive an adaptable regret decomposition. The decomposition is adaptable in the sense it allows for tighter delay-
dependence when the bonuses satisfy a symmetry-like property.

Throughout, we assume that the model-based algorithm is optimistic with high probability. That is, V;™ (s) > V;*(s) >
V,*(s) with high probability at least 1 — ¢’. Further, C'is defined as the event where:

Bin(s.0) = ( (Po = Pa) (1s.0), Vit ()

which holds across all episodes for every state-action-step triple conditional on the complement of the failure event.

Lemma 2. Under Assumption 1, with probability 1 — 4¢', we can upper bound the regret by:

K
Rk <6(H+C) Tlog(G(;f)

K H K H 9
+6225;h(sg,ag)+ﬁzz?m,fi)

!
k=1h=1 k=1h=1 Nkh (Sh7 ah

where L = log (S’ 2AHT? /60 ) and C' indicates whether the bonuses of the algorithm satisfy Equation (6).

Proof. By definition, the regret of any episodic reinforcement learning algorithm is given by:

K
Ri = Z Vi (Slf) — Vi (s’f)
k=1
K ~
<D V() = Vi (sh)
k=1

where the final inequality holds by optimism, which holds across all episodes with probability at least 1 — ¢’. Consider
the more general case of bounding the regret from the h-th step of each episode, rather than just the first step. Define
A =V (sk) — V"™ (sF). Applying Lemma 9 gives, with probability at least 1 — §':

- C\ « 6CH2SL =
Aj(sp) < (1 + H) AZ+1 (SZH) + 2Bk (sﬁ,a’,ﬁ) + ) + CZH + CCZH

/ k Kk
Ngy, (Sh’ah

where
Cllvarl = <Ph ( ‘ SZ»GZ) ) AIZH () > - A]ZH (SZH)
E;Ierl =AY TR R 41;6 % Z P, (S/ | Sﬁaaﬁ) Aerl ) - AIZ+1 (Sle)
Niy, (shap) 'eq Py, (8| sk, ak) \/P (sk. i sk, af)
s kh h h'%h h h+1 h*»“h
and

Grn = {s : Py (5’ \ 5],2, alfl) Nj,, (slfl, a]fL) > 4H?L}

Now, we can utilise the recursive decomposition above to show that:

- c\" & 6CH2SL -
Ak (sh) < (1 + H) ; 2Bk (sy, af) + m + i1 + O
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which we do by induction. Recall that: ‘N/H”’;l = Vi =V, = 0. Therefore, the statement holds when j = H,
because: Ak, 41 = 0. Now assume the statement holds for 4 = j + 1. Then,

< C\ - X 6CH2SL
A? (Sf) < <1 + H) A?H (S§+1) + <2ﬁkh (SZWZ) + m + Ch+1 + C<h+1>

c o\~ XA 6CH?SL
< <1 4 H> (1 + > Z 2Bkn (Sﬁ, a’,fb) + 7) + Ch-i-l + C(Ch+1

H h=j+1 Nip, (Sh’ah
6CH?SL
+ (%xm (87 @h) + N7 o iy T Sh1 + Cch+1>
kh ( h7 h)
o\ & 6CH2SL
= 1+> 2Bn (s, a5) + 55 + Sh1 + CClia
< H h_zj:ﬂ Niy, (st af) i !

6CH2SL
— (L + O
Nin (sfaah) " "

+ (25kh (sf,af) +

H

o\"#I 6CH2SL
< 1+) 2Bk (s, a1) + ——— + Chir + CCF 1>
( H h:zj;-l ( Nip (i af) i !

c\" 6CH2SL
+ (1 + H) (25}’@}1 (82,&@) + m + <h+1 + CCthl)

c\" & 6CH2SL
< <1 + H) > (25kh (shraf) + N, (hak) +Cir T CChH)

/
heyj Npy, (s5.af

Therefore, we are now able to upper bound the regret as follows:

K
k=1
N L K I 6CH2SL
< (1) (CL Nt oY ka2 Y (hek) + 13 )
- k=1h=1 k=1h=1 k=1h=1 k=1h=1" kh \"h’"h
K2 18cH?SL
h+1+3ZZCh+1+GZZBkh Sh,ah +ZZW
k=1h=1 k=1h=1 k=1h=1""kh (st ap)

ﬁMm uMm &

"
<3022
K 3CH2SL

033 )

K
h+1_|'3 Z h+1+ ZZ ﬂkh Shvah +N’ k Kk
k=1h=1 k=1h=1 i (5, k)
Recall the definitions of ¥ 41 and ¢k 1

G = (Pa(-Ihoak) Ak () ) = Bb(shi)

4L Z Py (s'|s), af) AZ+1( ) _ Afiys (She1)

R .
" Ni, (sh» ak) s'€Gxn Py (s'|sy, ap) by, (Sh+1|sh7 az;)

with

Grn ={s": Py (s | sk, af) Ny, (si,ai) > 4H?L}
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Let Fip, = 0({Hi}izitr<k) be the natural filtration of the observed information. Then |¢ 41| < 2H and
]EserlNPh,(- | sﬁ,aﬁ) [CII:+1 ‘ fkh U {827 az}]

o staty [(Pa (- Tshoah) Ak () ) = Ak (sna) | Fon U s}, ok )]

= <Ph ( | SZa GZ) aAZH () > - ]Es’,;+1~Ph(- | sk,ak) {AI}CL—H (5]ﬁ+1) ‘ Frn U {527 a’}i}}

= (P (-Ish.af)  Afia () = (Pu (I shaf) A ()) =0

Similarly, |¢f, || < 2 and By P sk,ab) [Chyr | FrnU{sy,ar}, sf. € Grn| = 0. Therefore, ¢f, and (f,, are
martingale differences, which are easily bounded using Azuma-Hoeffding:

H
/ K
> (b <2Hy|Tlog ( o ;) (with probability at least 1 — &)
1

_ K
ll:-&-l < 24/Tlog ( 6(57;) (with probability at least 1 — ")

M TP
M= T

el
Il

1

>
[

1

Therefore, with probability 1 — 44”:
K H
SRK§6C T10g<65/>+6H Tlog(65,)+6 E E <Bkh(sh7ah)+]vk/h(82,ai>

Kr KA 3CH2SL
< 6(H T1 kogh) 27 0%
<o 0y frio(57) + 232 (s Cho) + 5T

as required. O

Lemma 9. Let C' be an algorithm dependent-constant indicating whether it is model-optimistic or value-optimistic. Under
Assumption 1, the regret of any optimistic model-based algorithm from the h-th step of the k-th episode upper bounded by:
- C\ « 6CH2SL
Aj(sh) < <1 + ) Aj1 (sher) +28un (shy ) + 5y
s Hj * Nin (5a5)
+ <P}L ( Isiva;ﬂ) ) Aﬁ-{-l () > - AE—&-I (Sﬁ-&-l)

Ifi+1 (s) A;i-&-l (5124-1)

A
i || 2 A -
N (ssar) |\ &5, VP ska) ) /P (sl shoaf)

where L = log(S?AH7?/64") and
Grn = {s": Py (5| s}, af)) Niy, (sk,ay) > 4AH?L}
with probability 1 — §'.

Proof. By Proposition 2 of Neu and Pike-Burke (2020) and by definition of the value-optimistic algorithms, we have that:

AR (si) = Vi (sk) = Vi (i)

= ﬂljh (Sﬁaﬁ) + < Akh ( | 'shs alfi) Vhﬂf1> <Ph ( | 327 aﬁ) szrf1>

= B (sh-ak) + (Pen (- sh.ak) = P (- sh.ak)  Viigy) + (Pu (s a) Vi, = Vity)

= B (sh-ak) + (Pan (- sk ah) = P (- sh,ap)  Viity) + (Pa (| s, ah)  Aj )

< Bin (sk,af) + (Pen (-1 s, a) = P (| sk af)  Viky) + (Pa (| sh,a5) , AF L)

= Dby (shir) + Brn (s, ak) + (P (| sy ak) = Po ([ shap) , Vilky) + (Pu (I sy ak) A ) = Aj iy (shia)
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where the inequality follows from the fact that S (s, a)™ < Bk (s, a). For model-optimistic algorithms, from the defini-
tion of the bonuses, we have that:

<pkh (-] Sﬁ’a’ﬁ) Py (- |5hvah) V1f+1> < Bin (shvah) < Bkn (SZ,GZ)

However, this term cannot be bound as easily for the value-optimistic algorithms. But, Assumption 1 allows us to show
that:

<th ('|Sﬁ,aﬁ) ( Ishvah> VhﬂJI;1>

= <th ( | slf“ah) - P, ( | sh,ah) ,Vh+1> + <th ( | Slﬁﬂﬁ) — Py ( | sﬁ,ah) Vhﬂ+1 Vh*+1>

< Bun (shsah) + (Pen (- sk, ak) = P (-] sk, ak) Vs = Vi) (By Assumption 1)
< Brn (s, ar) + (| Pon (| s, af) — Py (- ‘3i7ah)|vvh+1 - Vi)

< Brn (5§, al) + (1B, (-] sk al) — P (-] sk, al) |, Vi, — Vi, (Vi (8) > V™ (s))
= Ben (sk,a) + (|Pen (- s, ak) — Pu (-] sk, af) |, Ak )

< B (sh. ) + Ak (skL) . 2HSL 4H?SL

_|_
Nin (shrak) - Nip (ks ap)

H
/ Ak k
( > Pu(s'Iskaf) Al () ) o1 (1) ] (By Lemma 10)
s'€Grn \/Ph (s"] sk, ak) \/Ph (shialshsap)

with probability 1 — ¢’. Thus, utilising the indicator variable, we have that:

4]
Nip (s ( h?aZ)

_|_

) C\ - 2CHSL A4CH?SL
Ak, k < (1 —_ Ak k 2 Kk oak
p(sp) < ( + H) ha1 (k1) + 2Bkn (s, a5) + Nj, (sk.ak) N, (sk.af)

+ < ( |5ha ah) AZJA (- )> - AEJA (3£+1)

4CL ( Z (5" 55, o) AfLi(s) ) B Afii (shia) ]

/ k ok
Ni (sh»arp) S EGun Py, (8| sk, ak) \/P;L (sF 1lsk,af)

_|_

C\ « 6CH?SL
< (1 ~ Ak k 2 k _k e
< (14 5) B Gh) + 230 (o) + (00

+ < ( |5ha ah) AZJA (- )> - AEJA (3£+1)

4CL S Aﬁ-{-l (s) AQH (324-1)
Z |Slu ah -

/ k Kk
Niy (sh-af) s'€Grn \/Ph "| sy, ay) \/Ph (sk1 Ishoak)

_|_

as required. O

Lemma 10. Let vy, (sF, af) == <P;€h ( | sk aZ) - P, ( | sk, a’,ﬁ) ,A,L_H) Then, with probability at least 1 — ¢§':

Ak (sk ) 2HSL 4H2SL
k k h+1 h+1
Yen (si,apy) < H + N, (sk,ak) * Nip (sk,af)
+ 47 Z Ph |Sh ah Aﬁ-&-l (s) A’H‘l (s"+1)
VoGl [\ 22, Plskal)) P ok lshoab)

where L = log(S?AHm?/68') and
Gin = {s": Py (s'| sy, a};) Npy, (sii, af) > 4H?L}

forall S x A x Hand K € Ny.
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Proof. For completeness, we present proof of this claim and note that the ideas found here were first introduced by Azar
et al. (2017).

We upper bound the so-called “correction term”, C’(th ( | sk, ah) P, ( | sk, ah) AZH) Following Azar et al. (2017)
and applying Bernstein’s inequality to bound the difference between the estimated and actual transitions gives us, with
probability 1 — 4:

Ven (si.af) = < (th - Ph) (-|sy.af) 7AIZ+1>

L Py (s'|sh.ah) L\ &
<2 + Af L (8) (Bernstein’s Inequality)
; (Nllm( hear) Ny, (st ap) L
HSL Py ('] 5%, ak) L -

<2 / k + Z - </ | i 2) A’iz+1 (S/)

Nip, (i ary) Niy (i af)
_ HSL Py (s'] s an) L <y / ’\sﬁ,ai P (8" s, a5) L 5 /
=2 T (kA k ok ok he1 () + ; (s") (12)

Nip (shap) S ECrn Ny, (sh»af) S’ E€CGrn Nkh sk, ap)

By definition, P, (s'|s,a) < 4H2L/Nj, (s,a) whenever s’ & Gy, which follows simply from rearranging terms in the
definition of Gj,. Therefore,

Py (8| sk af) L 2HL 2H2SL
i A (8) < — T SAL () S
s’%ch Nin (Sﬁ’ al’i) " s'%h N (8 ( ho ah) " Nip (s ( h? aﬁ)

Now, we focus on the s’ € Gyp,.

Py (s'|sF,a
DR it 2 LS CN)

s'€Grn N]/Ch (sh7ah)

L < L -
_ Ak (k) — Ak (g
\/Ph (o o) g (o)t () \/Ph(SZHIS;?a’Z)Néh (o o ()

L
+ Z Ph |sh7ah)\/Ph( k k

s'| s, ah) Nin (Sﬁ’ alﬁ)

s'€Gkhn
Ak k
< Ah+1 (5h+1) L Z P \s a ) h+1 h+1 5h+1)
=T 2H N, (5%, aF) b (<" s VB (1 a)
kh \Shy Qp, S'EGHN |sh,ah \/Ph sh+1|sh,ah)

where the inequality follows from the fact that s’ € Gy, implying that Py, (s’ | sf, af) N}, (s, af) > 4H?L. Substitut-
ing both of the above into (12) gives:

by < Abii (shi) I 2HSL ak) AH?SL

Yin (s), Vi N (s, af N (sy,af)
+ 4L Z P, (s’ | ok ak) A]iiﬂ (s) _ AIZH (SIZH)
N{, (sk,ak) , o Th 1ok gk k k &
kh \"h> %h s'€Grn Py (8| sk, ak) Py (sf, 1| sk af)
completing the proof. O

B.2 Missing Theoretical Results for Delayed Rewards

In this section, we describe how to use active or lazy updating in the setting where only the rewards return in delay. We
assume the rewards are stochastic and their expected values are unknown.

In the setting of delayed rewards, the agent returns the state-action pairs {s’,j, aﬁ}hH: ; at the end of episode k, immediately.
However, the rewards {rﬁ}thl return with a random delay 7. Since it is only the rewards that return in delay, we can
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estimate the transitions at the start of each episode, as usual. Thus, we apply active or lazy updating to the estimation of
the expected reward function only.

For active updating, this amounts to estimating the expected reward function as soon as new feedback arrives:

k—1

Cl) ZT;L]I{S;L = S,a’liz = a7i+7—i < k}

i (520) = Jr o
kh A0 % =1

For lazy updating, this amounts to waiting until the observed number of rewards for a state-action-step triple have doubled
before starting a new epoch. When estimating the expected reward function for 5" epoch, the base algorithm will use all
the available rewards:

Tr;n (8,0) = W ; ril{s} =s,a}, =a,i+7 <k}

Using Hoeffding’s inequality, one can construct confidence sets around the above estimators and derive another estimator
that is optimistic, with high probability. We derive the width of the confidence set in the proof below.

Theorem 3. Let RE. denote the regret of UCRL2 from estimating the transition densities under immediate feedback. Then,
with probability 1 — 0, the regret of UCRL2 under delayed reward is:

R SR + HS AV,

for active updating.

Proof. First, since the rewards are stochastic and their expected values are unknown, we must derive an estimator. Natu-
rally, we use only the observed information to compute the expected value, as it is an unbiased estimator:

k-1
. 1 i i i .
Trn (s,a) = 7N12h ) ;rhl{sh =s,a;, =a,i+71; <k}

Now, assume that the rewards are bounded in [0, 1]. Using Hoeffding’s inequality, we can define an additional failure event
to account for the fact that we are estimating the expected reward function:

. 6log (2S AT /65")
F =<3 : — > =€),
k { S,G,h |rk>h (S,CL) Th (87a)| ft \/ N]/fh (8,(1) €kh (S7a)

which holds across all episodes with probability 1 — ¢’. Recall, we have a failure event for the transitions that holds with
probability 1 — §’ too. Thus, we get the following optimistic estimator of the expected reward function:

Tkh (S,a) = min {17@% (s,a) + \/610g (2SAT7/65) }

Nl/ch (87 CL)

which upper bounds the true expected reward function with probability 1 — &’ across all episodes. As in the immediate
feedback setting, the failure event for the transition densities is:

N /
=4 3s,0,h B (1s,0) — Py (s, )y > | S208ATT/60) o (o o)
Nkh (S, a)

where
Ppn (+]s,0) €e{Q € A |Q — Py (*]s,a)|| < &), (s,a)}
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By optimism, and due to UCRL2 having C' = 1: with probability 1 — 24":

K K
Mpe =D AP =) Vi (s1) - V7™ (s1)
k=1 k=1
K ~ K ~
< SCAE= D (eh) - v (o) -
k=1 k=1
K H
< ZZ 2HEY, (sf,af) + 2ep, (sk,ar) + ¢ (s, ar)
k=1h=1
K H K H
<2H,|Tlog ( ) Z Hekh sh,ah + ZZQekh Sh,ah
k=1 h=1 k=1h=1
K K H 1 K H
< 2H,|Tlog (6 ) +2H/6Slog ( AT7T/65’)Z: Tt 222% sk, ak)
k=1h=1\/Nin (s, aF)  i=1h=1
Kn K H
< 2H, [T log ( . 5,) +4H\/6SHSAT log (AT /60') + > > " 2ep, (sh,ay)
k=1h=1
Kn K H
< 2H|Tlog (65, ) +10H*/28\/AT log (AT /65" + ;’; 2¢iy, (sk.af)
K H
kDD 26 (shyap) (14)
k=1h=1

The penultimate inequality follows from Lemma 6. Further, RY, = 2H/Tlog (£7) + 10H?/%S\/AT log (AT /65")

is the regret of the base algorithm (UCRL?2) in an immediate feedback environment with know reward functions. Now, to
prove the statements of the corollary, we must bound the summation of the estimation error for the rewards. Doing so is
just a matter of applying Lemma 3:

ZZQGkh sk, ay,) 222 Glogz\iSAjz)/Ei&)
kh

k=1h=1 k=1h=1
< 8V/6HSAT log (SAT7/60") + 6HS Ay} /6 log (SATT/65")

Substituting the above into Equation (14) and omitting poly-logarithmic factors gives the stated result.

C ADDITIONAL EXPERIMENTS

Here, we present additional experimental results for the chain environments with H = S € {5,10,20} and E[r] €
{100, 300, 500}. In all combinations of chain length and expected delay, our updating procedures give better empirical
performance, especially for the delay distributions with higher variances. For all expected delays, active updating gives the
best performance. However, our experiments indicate that lazy updating with o« = 10 or 100 is comparable, as one would
expect based on the intuition that it is an approximation to active updating that converges in the limit as o — 0.
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C.1 Chain Environment with H = S =5
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Figure 3: Cumulative Regret (S = 5, E[r] = 100).
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Figure 4: Cumulative Regret (S = 5, E[r] = 300).
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Figure 5: Cumulative Regret (S = 5, E[r] = 500).



Optimism and Delays in Episodic Reinforcement Learning
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Figure 6: Delay Dependence (S = 5)
C.2 Chain Environment with 4 = S = 10
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Figure 7: Cumulative Regret (S = 10, E[r] = 100).
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Figure 8: Cumulative Regret (S = 10, E[r] = 300).
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Figure 9: Cumulative Regret (S = 10, E[7] = 500).
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Figure 10: Delay Dependence (S = 10)
C.3 Chain Environment with 4 = S = 20
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Figure 11: Cumulative Regret (S = 20, E[r] = 100).
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Figure 12: Cumulative Regret (S = 20, E[r] = 300).
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Figure 13: Cumulative Regret (S = 20, E[7] = 500).
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Figure 14: Delay Dependence (S = 20)
C.4 Chain Environment with H = S = 30
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Figure 15: Cumulative Regret (S = 30, E[r] = 300).
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Figure 16: Cumulative Regret (S = 30, E[r] = 500).



