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Abstract

We propose a black-box reduction that turns a certain reinforcement learning algorithm with opti-
mal regret in a (near-)stationary environment into another algorithm with optimal dynamic regret
in a non-stationary environment, importantly without any prior knowledge on the degree of non-
stationarity. By plugging different algorithms into our black-box, we provide a list of examples
showing that our approach not only recovers recent results for (contextual) multi-armed bandits
achieved by very specialized algorithms, but also significantly improves the state of the art for
(generalized) linear bandits, episodic MDPs, and infinite-horizon MDPs in various ways. Specifi-
cally, in most cases our algorithm achieves the optimal dynamic regret O(min{+/LT, A"/*T*?})
where T is the number of rounds and L and A are the number and amount of changes of the world

respectively, while previous works only obtain suboptimal bounds and/or require the knowledge of
L and A.

1. Introduction

Most existing works on reinforcement learning consider a stationary environment and aim to find
or be comparable to an optimal policy (known as having low static regret). In many applications,
however, the environment is far from being stationary. In these cases, it is much more meaningful
to minimize dynamic regret, the gap between the total reward of the optimal sequence of policies
and that of the learner. Indeed, there is a surge of studies on this topic recently (Jaksch et al., 2010;
Gajane et al., 2018; Li and Li, 2019; Ortner et al., 2020; Cheung et al., 2020; Fei et al., 2020;
Domingues et al., 2021; Mao et al., 2021; Zhou et al., 2020; Touati and Vincent, 2020).

One common issue of all these works, however, is that their algorithms crucially rely on having
some prior knowledge on the degree of non-stationarity of the world, such as how much or how
many times the distribution changes, which is often unavailable in practice. Cheung et al. (2020)
develop a Bandit-over-Reinforcement-Learning (BoRL) framework to relax this assumption, but it
introduces extra overhead and leads to suboptimal regret. Indeed, as discussed in their work, there
are multiple aspects (which they call endogeneity, exogeneity, uncertainty, and bandit feedback)
combined in non-stationary reinforcement learning that make the problem highly challenging.

For bandit problems, the special case of reinforcement learning, the works of Auer et al. (2019)
and Chen et al. (2019) are the first to achieve near-optimal dynamic regret without any prior knowl-
edge on the degree of non-stationarity. The same technique has later been adopted by Chen et al.
(2020) for the case of combinatorial semi-bandits. Their algorithms maintain a distribution over
arms (or policies/super-arms in the contextual/combinatorial case (Chen et al., 2019, 2020)) with
properly controlled variance for all reward estimators. This approach is generally incompatible with
standard reinforcement learning algorithms, which are usually built upon the optimism in the face
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of uncertainty principle and do not maintain a distribution over policies (see also (Lykouris et al.,
2021; Wang et al., 2020) for related discussions). Another drawback is that their algorithms are very
specialized to their problems, and it is highly unclear whether the ideas can be extended to other
problems.

In this work, we address all these issues and make significant progress in this direction. Specif-
ically, we propose a general approach that is applicable to various reinforcement learning settings
(including bandits, episodic MDPs, infinite-horizon MDPs, etc.) and achieves optimal dynamic re-
gret without any prior knowledge on the degree of non-stationarity. Our approach, called MASTER,
is a black-box reduction that turns any algorithm with optimal performance in a (near-)stationary
environment and additionally some mild requirements into another algorithm with optimal dynamic
regret in a non-stationary environment, again, without the need of any prior knowledge. For exam-
ple, all existing UCB-based algorithms satisfy the conditions of our reduction and are readily to be
plugged into our black-box.

Applications and comparisons To showcase the versatility of our approach, we provide a list
of examples by considering different settings and applying our reduction with different base algo-
rithms. These examples, summarized in Table 1, recover the results of Auer et al. (2019) and Chen
et al. (2019) for (contextual) multi-armed bandits, and more importantly, improve the best known
results for (generalized) linear bandits, episodic MDPs, and infinite-horizon MDPs in various ways.
More specifically, let L and A be the number and amount of changes of the environment respectively
(see Section 2.1 for formal definition). For all settings except infinite-horizon MDPs, ignoring other
parameters, our algorithms achieve dynamic regret min{Reg7 ,Reg’y } without knowing L and A,
where Regt = /LT, Regh = AY3T%? 4 /T, and T is the number of rounds. These bounds are
known to be optimal even when L and A are known, and they improve over (Cheung et al., 2019;
Russac et al., 2019; Kim and Tewari, 2020; Zhao et al., 2020; Zhao and Zhang, 2021) for linear ban-
dits, (Russac et al., 2020; Faury et al., 2021) for generalized linear bandits, (Mao et al., 2021) for
episodic tabular MDPs, and (Touati and Vincent, 2020; Zhou et al., 2020) for episodic linear MDPs.
For infinite-horizon MDPs, we achieve the same optimal regret when the maximum diameter of the
MDPs is known, or when L and A are known, improving over the best existing results by (Gajane
et al., 2018) and (Cheung et al., 2020). When none of them is known, we can still adopt the BoRL
technique (Cheung et al., 2020) with the price of paying extra T%/* regret, which is suboptimal but
still outperforms best known results.

In particular, we emphasize that achieving dynamic regret Reg; beyond (contextual) multi-
armed bandits is one notable breakthrough we make. Indeed, even when L is known, previous
approaches based on restarting after a fixed period, a sliding window with a fixed size, or discounting
with a fixed discount factor, all lead to a suboptimal bound of O(L"*T%?) at best (Gajane et al.,
2018). Since this bound is subsumed by Regy , related discussions are also often omitted in previous
works.

We also emphasize that when dealing with problems with linear structures (including linear
bandits, generalized linear bandits, and linear MDPs), our bounds Reg’y is also new even when A
is known. Indeed, although several existing works on non-stationary linear bandits (Cheung et al.,
2019; Russac et al., 2019; Kim and Tewari, 2020; Zhao et al., 2020) claim that their algorithms
achieve the bound Reg’y, there is in fact a technical flaw in all of them, as explained and corrected
recently in (Zhao and Zhang, 2021; Touati and Vincent, 2020). After the correction, their bounds all
deteriorate to A"4T%* /T, which is no longer near-optimal. On the other hand, our approach not
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Table 1: A summary of our results and comparisons with the state-of-the-art. Our algorithms are
named in the form of “MASTER + X where X is the base algorithm used in our reduction. Here,
Reg; = VLT and Regh = AY3T%3 + /T, where T is the number of rounds and L and A are
the number and amount of changes of the world respectively (dependence on other parameters is
omitted). D, is the maximum diameters of the MDPs.

. . .o~ Required
Setting Algorithm Regret in O(+) knowledge
Auer et al., 201 Reg*
Multi-armed bandits (Auer et al,, 2019) . efL -
MASTER + UCBI1 min{Reg} ,Regh }
(Chen et al., 2019)
Contextual bandits MASTER + ILTCB min{Reg} ,Regh }
MASTER + FALCON
(Cheung et al., 2019) AATY 4 /T A
Linear bandits (Cheung et al., 2019) AT 4 T4
MASTER + OFUL min{Reg} ,Regh }
(Russac et al., 2020) LT3 L
Generalized linear bandits (Faury et al., 2021) AT 4 T4
MASTER + GLM-UCB min{Reg}, Regh }
Episodic MDPs (Mao et al., 2021) Regi A
(tabular case) MASTER + Q-UCB min{Reg} , Reg’ }
Episodic MDPs (Touati and Vincent, 2020) AT 4 T A
(linear case) MASTER + LSVI-UCB min{Reg},Regh }
(Gajane et al., 2018) LY/s3 L
. . (Cheung et al., 2020) AT /T A
Infinite-horizon (Cheung et al., 2020) AT T
communicating MDPs " <
(tabular case) MASTER + UCRL Reg} or Regi Lor A
MASTER + UCRL min{Reg}, Regh } Dinax
MASTER + UCRL + BoRL | min{Reg},Regh } + 7"

only sidesteps the difficulty of getting the optimal bound met in all these works, but also avoids the
requirement of knowing A. Similar technical difficulties also appear in generalized linear bandits
(Russac et al., 2020; Faury et al., 2021) and linear MDPs (Touati and Vincent, 2020; Zhou et al.,
2020), and our approach overcomes them similarly.

High-level ideas The high-level idea of our reduction is to schedule multiple instances of the
base algorithm with different durations in a carefully-designed randomized scheme, which facili-
tates non-stationarity detection with little overhead. A related and well-known approach for non-
stationary environments is to maintain multiple instances of a base algorithm with different param-
eter tunings or different starting points and to learn the best of them via another “expert” algorithm,
which can be very successful when learning with full information (Hazan and Seshadhri, 2007; Luo



WEI Luo

and Schapire, 2015; Daniely et al., 2015; Jun et al., 2017) but is suboptimal and has many limi-
tations when learning with partial information (Luo et al., 2018; Cheung et al., 2019, 2020). Our
approach is different as we do not try to learn the best instance; instead, we always follow the deci-
sion suggested by the instance with the currently shortest scheduled duration, and also only update
this instance after receiving feedback from the environment. The is because base algorithms with
shorter duration are responsible for detecting larger distribution changes, and always following the
shortest one ensure that it is not blocked by the longer ones and thus every scale of distribution
change is detected in a timely manner.

Another related approach is regret balancing, developed recently for model selection in bandit
problems (Abbasi-Yadkori et al., 2020; Pacchiano et al., 2020). The idea is also to run multiple base
algorithms in parallel, each with a putative regret upper bound. The learner executes one of them
in each round which incurs the least regret so far, and also constantly compares the performance
among base algorithms, eliminating those whose putative regret bounds are violated. While our
algorithm resembles regret balancing in some aspects, the way it chooses the base algorithm in each
round is clearly quite different, which is also crucial for our problem.

Other related work There are also a series of works on learning MDPs with adversarial rewards
and a fixed transition (Even-Dar et al., 2009; Neu et al., 2010; Arora et al., 2012; Neu et al., 2012;
Dekel and Hazan, 2013; Neu et al., 2013; Zimin and Neu, 2013; Dick et al., 2014; Rosenberg and
Mansour, 2019; Cai et al., 2020; Jin et al., 2020a; Shani et al., 2020; Rosenberg and Mansour, 2020;
Lee et al., 2020; Jin and Luo, 2020; Chen et al., 2021; Lancewicki et al., 2020). These models can
potentially handle non-stationarity in the reward function but not the transition kernel (in fact, most
of these works also only consider static regret). Lykouris et al. (2021) investigate an episodic MDP
setting where an adversary can corrupt both the reward and the transition for up to L’ episodes, and
achieve dynamic regret O(min{L'v/T, L' /gap}) without knowing L', where gap is the minimal
suboptimality gap and could be arbitrarily small. Since corruption of up to L’ episodes implies that
the world changes at most L = 2L’ times, our result improves theirs from O(L'\/T) to O(v/L'T)
when 1/gap > +/T. On the other hand, it is possible that L is much smaller than L' (e.g. L = O(1)
while L' = ©(T)), in which case our results are also significantly better.

2. Problem Setting, Main Results, and High-level Ideas
Throughout the paper, we fix a probability parameter J of order 1/poly(7), and write hy(z) =

O(hy(z)) or ha(x) = Q(hy(2)) if hy(z) = O (poly(log(T'/6))ha(x)). We say “with high proba-
bility, hy = O(ho(x))” if “with probability 1 — §, hy = O(ha(z))”. For an integer n, we denote

the set {1,2,...,n} by [n]; and for integers s and e, we denote the set {s,s + 1,...,e} by [s, e].

2.1. Problem setting

We consider the following general reinforcement learning (RL) framework that covers a wide range
of problems. Ahead of time, the learner is given a policy set I, and the environment decides
T reward functions fi,..., fr : II — [0, 1] unknown to the learner. Then, in each round ¢ =
1,...,T, the learner chooses a policy 7; € II and receives a noisy reward R; € [0, 1] whose mean
is fi(m).! The dynamic regret of the learner is defined as D-REG = Zthl (ff — Rt), where
fi = maxqen fi(m) is the expected reward of the optimal policy for round ¢.

1. The range [0, 1] is only for simplicity. Our results can be directly extended to the case with sub-Gaussian noise.
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Many heavily-studied problems fall into this framework. For example, in the classic multi-
armed bandit problem (Lai and Robbins, 1985), it suffices to treat each arm as a policy; for finite-
horizon episodic RL (e.g. (Jin et al., 2018)), each state-to-action mapping is considered as a policy,
and f;(m) is the expected reward of executing 7 in the ¢-th episode’s MDP with some transition
kernel and some reward function. See more examples in Appendix I. Note that our framework
ignores many details of the actual problem we are trying to solve (e.g. not even mentioning the
MDPs for RL). This is because our results only rely on certain guarantees provided by a base
algorithm, making these details irrelevant to our presentation. There is also some technicality to fit
the infinite-horizon RL problem into our framework, which we will discuss in detail in Section 4.

Non-stationarity measure A natural way to measure the distribution drift between rounds ¢ and
t + 1 is to see how much the expected reward of any policy could change, that is, max ¢y | fi(7) —
fr+1(m)|. However, to make our results more general, we take a sligtly more abstract way to define
non-stationarity whose exact form eventually depends on what guarantees the base algorithm can
provide for a concrete problem. To this end, we define the following.

Definition 1 A : [T] — R is a non-stationarity measure if it satisfies A(t) > maxqer | fe(7) —
fix1(m)| for all t. Define for any interval T = [s,e], Az = Zi;ﬁ, A(7) (note Ajs g = 0) and
Lz =1+ Zi;i, L[A(7) # 0]. With slight abuse of notation, we write A = Ay y and L = Ly 7.

Base algorithm and requirements As mentioned, our approach takes a base algorithm that tack-
les the problem when the environment is (near-)stationary, and turns it into another algorithm that
can deal with non-stationary environments. Throughout the paper, we denote the base algorithm by
ALG and assumes that it satisfies the following mild requirements when run alone.

Assumption 1 ALG outputs an auxiliary quantity .]?t € [0,1] at the beginning of each round t.
There exist a non-stationarity measure A and a non-increasing function p : [T] — R such that
running ALG satisfies the following: for all t € [T, as long as Ay < p(t), without knowing Ay 4

ALG ensures with probability at least 1 — %

foz min f1—Apg  and
Te[lt

| =

t
S (F=Re) < plt) + Ay, (1)
=1

Furthermore, we assume that p(t) > % and C(t) = tp(t) is a non-decreasing function.

We unpack the meaning of this assumption and explain why this is a mild requirement via a few
remarks below, followed by examples of existing algorithms that do satisfy our assumption.

First, consider choosing A(t) = maxyer | ft(7) — fi+1(7)| and see what the assumption means
for a stationary environment with f; = f and A(t) = 0 for all ¢. In this case, Eq. (1) simply

becomes f; > maxyerr f() and St (f; - RT) < (C(t), which are standard properties of

Upper-Confidence-Bound (UCB)-based algorithms, where ﬁ is an optimistic estimator of the op-
timal reward and C(t) is the regret bound usually of order v/#. In fact, even for non-UCB-based
algorithms that do not explicitly maintain optimistic estimators, by looking into their analysis, it is
still possible to extract a quantity f; satisfying these two properties (see our example for contextual
bandits in Appendix I). We also note that this requirement for the special stationary case is in fact
all we need to achieve our claimed regret bound Reg7 .
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Second, to simultaneously achieve the regret bound Reg)y as well, we require slightly more from
the base algorithm: in a near-stationary environment with Ap ;; < p(t), the two aforementioned
properties still hold approximately with degradation A[; 4 (that is, Eq. (1)).2 We call this a near-
stationary environment because A[; ;) can be of order O(t) in a highly non-stationary environment,
while here we restrict it to be at most p(t), which is non-increasing in ¢ (and in fact of order 1/+/t
in all our examples). To the best of our knowledge, all UCB-based algorithms satisfy Assumption 1
with some suitable choice of A. The fact that we only require Eq. (1) to hold for near-stationary
environments is the key to bypassing the technical difficulty of getting the optimal bound Reg’y met
in (Cheung et al., 2019; Russac et al., 2019; Zhao et al., 2020; Russac et al., 2020; Faury et al.,
2021; Touati and Vincent, 2020; Zhou et al., 2020) for linear bandits, generalized linear bandits,
and linear MDPs, as mentioned in Section 1.

Finally, noting that p(¢) and C(t) represent an average and an cumulative regret bound respec-
tively, the monotonicity requirement on them is more than natural. The requirement p(t) > %
is also usually unavoidable without further structures in the problem. Note that while we write p
and C as a function of ¢ only, they can depend on log(1/9), log T', the complexity of II, and other
problem-dependent parameters such as the number of states/actions of an MDP.

Following the order in Table 1, we now give a list of existing algorithms that satisfy Assump-
tion 1 in different problem settings with proper non-stationarity measure A and regret bound C.
We defer the concrete form of f; (which requires introducing other notations) and all the proofs to
Appendix 1.

« UCBI (Auer et al., 2002a): C(t) = O(VAt + A) and A(t) = O(||r; — re41|00), where A is
the number of arms, and r; is the expected reward vector at time ¢.

* ILTCB (Agarwal et al 2014, short for ILOVETOCONBANDITS): C(t) = O(y/Atlog [T+
Alog |]) and A(t O ([ [, IDe(z,7) — Dyy1(x,7)|dzdr), where A is the number of
actions and D is the joint distribution of the context-reward pair (z, ) at time ¢.

* FALCON (Simchi-Levi and Xu, 2020): C(¢ O(y/Atlog [®] + Alog |®|) and A(t) =
O(VAmax, q |9 (z,a) — ¢f(z,a)| + fx ]Dt — Dyy1(x)|dx), where A is the number
of actions, ® is the set of regressors (each of which maps a context-action pair to a predicted
reward), ¢; € @ is the true regressor at time ¢, and D is the distribution of contexts at time ¢.

« OFUL (Abbasi-Yadkori et al., 2011): C(t) = O (dv/t) and A(t) = O(d||6; — 0y+1]|2), where
d is the feature dimension and 6; € R? parameterizes the linear reward function at time .

« GLM-UCB (Filippi et al., 2010): C(t) = O (%ﬁﬁ) and A(t) = © <%d\\9t — 9t+1|!2),

where d is the feature dimension, 6; € R¢ parameterizes the linear reward function at time ¢,
and £, ¢, are the upper and lower bounds of the gradient of the link function.

« Q-UCB (Jin et al., 2018, short for Q-learning UCB-H):* C(t) = O(VH5SAt + H3*SA)
and A(t) = O(H Y31 maxsg [rf,(s,a) — " (s, )| + H? 30 maxgq 9, (-], a) —
pzﬂ( |s,a)||1), where H, S and A are the numbers of layers, states, and actions of the MDP

respectively, and p}, and r}, are the transition and reward functions for layer h of episode .

2. We use min,¢; ¢ fr instead of the more natural one f;* since the former is weaker and the difference between these
two is at most Ap; 4 anyway.
3. For ease of comparison, here, the reward range is changed from [0, 1] to the more common [0, H].



BLACK-BOX NON-STATIONARY RL

« LSVI-UCB (Jin et al., 2020b):* C(t) = O(Vd3Ht) and A(t) = O(dH Y1, |16} —
012 + dH? Zthl |uh, — wi | ), where d is the feature dimension, H is the number

of layers, and 0} and p!, are the parameters of the linear MDP for layer h of episode ¢.

2.2. Main results

Our main result is that, with an algorithm satisfying Assumption 1 at hand, our proposed black-box
reduction, MASTER (Algorithm 3), ensures the following dynamic regret bound.

Theorem 2 [f Assumption 1 holds with C(t) = c1tP + ¢y for some p € [%, 1) and c1, ¢y > 0, then
MASTER (Algorithm 3), without knowing L and A, guarantees with high probability:

D-REG = O <min { <61 - CQ) VLT, (ci/?’ + cch4/3> AT 4 (Cl 4 02) ﬁ})
(&) 1

~ 1
when p = %, and D-REG = O (min {clLl_pr, (clAl_pT)fP + clTp}) when p > % (omit-

ting some lower-order terms).

For ease of presentation, in this theorem we assume that C'(-) takes a certain form that is com-
1

mon in the literature and holds for all our examples with p = 5. Applying this theorem to all
the examples discussed earlier, we achieve all the optimal min{Reg} , Reg’ } bounds listed in Ta-
ble 1 (except for infinite-horizon MDPs which will be discussed in Section 4). Our definitions of L
are the same as in previous works, and our definitions of A are sometimes larger by some problem-
dependent factors (such as d and H) in order to fit Assumption 1. More specifically, for (contextual)
bandits, our MASTER combined with UCB1 and ILTCB recovers the same optimal bounds (in terms
of all parameters) achieved by (Auer et al., 2019; Chen et al., 2019). MASTER with FALCON ob-
tains a similar bound as in (Chen et al., 2019) but with a different definition of A specific to the
regressor setting. For other settings, we present our results in terms of the common definition of the

non-stationarity measure (denoted by A) and compare them with the state of the art:

* MASTER + OFUL: D-REG = O(min{dv/LT,dA"*T%* + d\/T}), where A = 3, ||6; —
0;+1||2- This improves (Cheung et al., 2019; Rus~sac etgl., 2019; Kim and Tewarj, 2020; Zhao
et al., 2020; Zhao and Zhang, 2021) which get (’)(d7/8A1/4T3/4 + d\/T) when A is known.

~ RCIIPN
« MASTER + GLM-UCB: D-REG = O ( min {’z—ﬁd\/LT, B gAY + %dﬁ}), where
A= > 16: — 0¢41]|2. This improves (Russac et al., 2020) which gets (5(%d2/3L1/3T2/3)
when L is known, and (Faury et al., 2021) which gets (’)(lz—;‘dg/ A Y5 °).
 MASTER + Q-UCB: D-REG = O(min{VH?SALT, (H"SAN)/*T%* + VHSSATY}),

where A = S pmaxgq(|rh (s,a) — i (s, a)| + ||pk(-]s, @) —pi (s, @) 1).> (Mao et al.,
2021, Theorem 3) gets (5((H5SA3)1/3T2/3 + VH3SAT) when A is known.f

4. Same as Footnote 3.

5. Due to the scaling mentioned in Footnote 3, here, we first scale down C(-) and A by an H factor, then apply
Theorem 2, and finally scale up the final bound by an H factor.

6. The bound reported in (Mao et al., 2021) is (H 3SA&)I/ 3T%3 4+ /H2S AT however, their T is the total number
of timesteps while our 7 is the number of episodes, and we have performed a proper translation between notations
here. Their bound has a better H dependency thanks to the use of Freedman-style confidence bounds. The same idea
unfortunately does not improve our bound due to the lower-order term c2 in the definition of C'(t).
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Figure 1: An illustration of how we detect non-stationarity via multiple instances of ALG

 MASTER + LSVI-UCB: D-REG = O(min{Vd3HLT, (d*HA)"/*TY* + VB HTY),
where A =37, . ([167, — i+t ||3+ |ph, — pit|| 7). This improves (Zhou et al., 2020; Touati
and Vincent, 2020) which get O((d® H8A)/*T%* + \/d3HAT) when A is known.”

2.3. High-level ideas

To get a high-level idea of our approach, first consider what could go wrong when running ALG
alone in a non-stationary environment and how to fix that intuitively. Decompose the dynamic
regret as follows:

t

S (=) + > (- R). @)

T=1 T=1

Vv
term; termo

As mentioned, in a stationary environment, ALG ensures that term; is simply non-positive and
term; is bounded by C(t) directly. In a non-stationary environment, however, both terms can be
substantially larger. If we can detect the event that either of them is abnormally large, we know that
the environment has changed substantially, and should just restart ALG. This detection can be easily
done for termy since both ]?T and R, are observable, but not for term; since f is of course un-
known. Note that, a large term; implies that a policy, possibly suboptimal in the past, now becomes
the optimal one with a much larger reward. A single instance of ALG run from the beginning thus
cannot detect this because suboptimal polices are naturally selected very infrequently.

To address this issue, our main idea is to maintain different instances of ALG to facilitates non-
stationarity detection, illustrated via an example in Figure 1. Here, there is one distribution change
that happens in interval Z, making the value of f* (the blue curve) drastically increase. If within
this interval, we start running another instance of ALG (the red interval), then its performance (the
black curve) will gradually approach f* due to its regret guarantee in a stationary environment. Hy-
pothetically, if another instance of ALG run from the beginning could coexist with this new instance,
we would see that the latter significantly outperforms the former and infer that the environment has
changed. The issue is that we cannot have multiple instances running and making decisions simul-
taneously, and here is where the optimistic estimators f;’s can help. Specifically, since the quantity
U; = mins<, f (the green non-increasing curve) should always be an upper bound of the learner’s

7. The same scaling as in Footnote 5 and Footnote 6 has been performed here.
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Procedure 1: A procedure that randomly schedules ALG of different lengths within 2" rounds

input: n, p(-)
forr=0,...,2" —1do
form=n,n—1,...,0do
If 7 is a multiple of 2™, with probability 5 (22;)), schedule a new instance alg of ALG

that starts at alg.s = 7 + 1 and ends at alg.e = 7 + 2™,
end

end

Algorithm 2: MALG (Multi-scale ALG)

input: n, p(-)

Initialization: run Procedure 1 with inputs n and p(-). _

At each time t, let the unique active instance be alg, output g; (which is the f; output by alg),
follow alg’s decision 7, and update alg after receiving feedback from the environment.

performance in a stationary environment, if we find that the new instance of ALG significantly out-
performs this quantity at some point (as shown in Figure 1), we can also infer that the environment
has changed, and prevent term; < ZtT=1( fr —U;) from growing too large by restarting.

To formally implement the ideas above, we need to decide when to start a new instance, how
long it should last, which instance should be active if multiple exist, and others. In Section 3, we
propose a randomized multi-scale scheme to do so, which is reminiscent of the ideas of sampling
obligation in (Auer et al., 2019) and replay phase in (Chen et al., 2019), although their mechanisms
are highly specific to their algorithms and problems.

3. Algorithm

In this section, we first introduce MALG, an algorithm that schedules and runs multiple instances
of the base algorithm ALG in a multi-scale manner (Section 3.1). Then, equipping MALG with
non-stationarity detection, we introduce our final black-box reduction MASTER (Section 3.2).

3.1. MALG: Running the Base Algorithm with Multiple Scales

We always run MALG for an interval of length 2", which we call a block, for some integer n (unless
it is terminated by the non-stationarity detection mechanism). During initialization, MALG uses
Procedure 1 to schedule multiple instances of ALG within the block in the following way: for every
m=mn,n—1,...,0, partition the block equally into 2"~ sub-intervals of length 2", and for each
of these sub-intervals, with probability 5 ((22:,)) < 1 schedule an instance of ALG (otherwise skip this
sub-interval). We call these instances of length 2™ order-m instances.

Note that by definition there is always an order-n instance covering the entire block. We use alg
to denote a particular instance of ALG, and use alg.s and alg.e to denote its start and end time.

After the initialization, MALG starts interacting with the environment as follows. In each time
t, the unique instance covering this time step with the shortest length is considered as being active,
while all others are inactive. MALG follows the decision of the active instance, and update it after
receiving feedback from the environment. All inactive instances do not make any decisions or
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Figure 2: An illustration of MALG with n = 4 (see detailed explanation in Section 3.1)

updates, that is, they are paused (they might be resumed at some point though). We use g; to denote
the scalar f; output by the active instance. See Algorithm 2 for the pseudocode.

For better illustration, we give an example with n = 4 in Figure 2. Suppose that the realization
of the random scheduling by Procedure 1 is: one order-4 instance (red), zero order-3 instance, two
order-2 instances (green), two order-1 instances (blue), and five order-0 instances (purple). The
bolder part of the segment indicates the period of time when the instances are active, while the
thinner part indicates the inactive period. For example, the red order-4 instance is active for the
first round, then paused for the next 8 rounds, and then resumed (from the frozen internal states)
for another 3 rounds before becoming inactive again. The dashed black arrow marked with (1)
indicates that ALG is executed as if the two sides of the arrow are concatenated. On the other hand,
as another example, the two purple instances on the two sides of the dashed line marked with (2)
are two different order-0 instances, so the second one should start from scratch even though they are
consecutive. One can see that at any point of time, the active instance is always the one with the
shortest length.

Regret analysis of MALG The multi-scale nature of MALG allows the learner’s regret to also
enjoy a multi-scale structure, as shown in the next lemma (proof deferred to Appendix B).

Lemma3 Lern = logy T + 1 and p(t) = 6nlog(T/d)p(t). MALG with input n < logy T
guarantees the following: for any instance alg that MALG maintains and any t € [alg.s,alg.€], as
long as Apg s < p(t') where t' =t — alg.s + 1, we have with probability at least 1 — %:

t
S @~ Re) < A1) + g, 3

T=alg.s

1

gt > min f: - A[alg.s,t]v ?

TEalg.s,t]

and the number of instances started within [alg.s, t| is upper bounded by 61 log(T'/¢) g((tl’)) .

Note that Eq. (3) is essentially the analogue of Eq. (1) (up to logarithmic terms) with the starting
time changed from 1 to alg.s. It shows that even if we have multiple instances interleaving in a
complicated way, the regret for a specific interval is still almost the same as running ALG alone
on this interval, thanks to the carefully chosen probability in Procedure 1. Recall that there is
always an order-n instance starting from the beginning of the block, so MALG is always providing

10
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Algorithm 3: MALG with Stationarity TEsts and Restarts (MASTER)
input: p(-) (defined in Lemma 3)
Initialize: ¢ < 1
forn=20,1,...do
Set t,, < t and initialize an MALG (Algorithm 2) for the block [t,,, t, + 2" — 1].
while ¢t < t,, + 2" do
Receive g; and 7; from MALG, execute 7, and receive reward R;.
Update MALG with any feedback from the environment, and set Uy = min ¢y, 4 gr-
Perform Test 1 and Test 2 (see below). Increment £ < ¢t + 1.
if either test returns fail then restart from Line 3.
end

end
Test 1: If ¢ = alg.e for some order-m alg and 55 S48E R, > Uy + 9p(2™), return fail.

T=alg.s

Test 2: If ﬁ Z’;:tn (gr — R+) > 3p(t — t, + 1), return fail.

a stronger multi-scale guarantee compared to running ALG alone. This richer guarantee facilitates
non-stationarity detection as we show next.

3.2. MASTER: Equipping MALG with Stationarity Tests

We are now ready to present our final algorithm MASTER, short for MALG with Stationarity TEsts
and Restarts (see Algorithm 3). MASTER runs MALG in a sequence of blocks with doubling lengths
(2°,2,...). Within each block of length 2" (with ¢, being the starting time), MASTER simply
runs a new instance of MALG and records the minimum optimistic predictor thus far for this block
Ut = min, ¢, 4 gr- At the end of each time, MASTER performs two tests (Test 1 and Test 2), and
if either of them returns fail, MASTER restarts from scratch.

The two tests exactly follow the ideas described in Section 2.3 (recall Figure 1). Following
Eq. (2), we decompose the regret on [t,,, t] as term; + termy where term; = Ziztn (f* —g-)and
termy = Ziztn (gr — R;). Test 1 prevents term; < ZtT:tn (fr — U;) from growing too large by
testing if there is some order-m instance’s interval during which the learner’s average performance
2% Zilﬁ;l 2.5 R; is larger than the promised performance upper bound U; by an amount of 9p(2™).
On the other hand, Test 2 presents termy from growing too large by directly testing if its average is
large than something close to the promised regret bound 3p(t — t,, + 1).

It is now clear that MASTER indeed does not require the knowledge of L or A at all. To analyze
MASTER, we prove the following key lemma that bounds the regret on a single block [¢,,, F;,] where
FE, is either ¢, + 2™ — 1 or something smaller in the case where a restart is triggered.

Lemma 4 With high probability, the dynamic regret of MASTER on any block J = |t,,, E,] where
E, <t,+ 2" — 1is bounded as

14 n m
S (- R)<O (Z oz + Y ffén))c@m)) . @
i=1 m=0

TeJ

where {1}, ..., I;} is any partition of J such that Az, < p(|Z}) for all i.
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See Appendix C for the proof. When p(t) = ©(1/ V/1) (as in all our examples), the first term
is O(Zle IZIl) = O(\/{|J]) by Cauchy-Schwarz; the second term is of order O(v/27). To
derive a bound in terms of L, we can simply choose the partition {Z7,...,Z;} in a way such that
Az = 0and ¢ = L, while to derive a bound in terms of A, the partition needs to be chosen more
caréfully depending on the value of A . Noting that the number of blocks between two restarts
is always at most logy T, to finally prove Theorem 2, it remains to bound the number of restarts,
which intuitively should scale with L or A because by design a restart will not be triggered when
the environment is stationary. The complete proof is deferred to Appendix D—Appendix F.

4. Extension to Reinforcement Learning in Infinite-horizon Communicating MDPs

As mentioned, applying our results to infinite-horizon RL (Jaksch et al., 2010) requires some ex-
tra care and extensions. We refer the reader to (Cheung et al., 2020) for a thorough introduction
on the problem setup of infinite-horizon RL in time-varying communicating MDPs. Here, we only
highlight its difference compared to episode RL and explain how to fit it into our framework. Specif-
ically, in episodic RL, we have treated each episode (consisting of multiple steps in an MDP) as one
round of our framework, each state-to-action mapping as a policy 7, and the expected reward of
executing 7 in the MDP for round ¢ as f;(7). In infinite-horizon RL, while the meaning of 7 and
ft remains the same, there is no episode any more and the learner interacts with the changing MDP
from the start to the end without any reset on her state. In this case, we treat each step (that is, each
state transition) in the MDP as one round in our framework, and the meaning of the reward feedback
R, has now changed from a noisy observation of the policy’s reward f;(m;) to just the reward of 7y
for this single step. With this change, the dynamic regret definition remains the same.

Due to the black-box nature of our approach, if one has a base algorithm that satisfies something
close to Assumption 1 within this setup, then it is not hard to imagine that the same idea of MASTER
can be applied. In Section 4.1, we provide such a base algorithm, and in Section 4.2, we combine it
with appropriate multi-scale scheduling and detection to obtain our final results.

4.1. UCRL with Adaptive Confidence Widening

Our base algorithm, UCRL-ACW, is an improvement of the standard UCRL algorithm (Jaksch et al.,
2010) and its variant UCRL-CW (Cheung et al., 2020). The pseudocode is shown in Algorithm 4
(Appendix A), where we highlight the differences compared to UCRL and UCRL-CW in blue.

The first difference is the explicit mention that the next state of the learner might sometime be
arbitrarily assigned instead of following the transition of the current MDP (Line 4). This is neces-
sary because of the multi-scale scheduling of MALG. Indeed, recall that in MALG, an instance of the
base algorithm can sometimes be paused and then resumed later. In the infinite-horizon RL setup,
this means that the instance can be resumed from an arbitrary state. Other than making this detail ex-
plicit, however, nothing really needs to be changed in the algorithm, since this happens infrequently
and only incurs small additional regret due to the communicating property of the MDPs.

The second key difference is an adaptive version of the Confidence Widening technique of (Che-
ung et al., 2020) (see Line 4-Line 4). As pointed out in (Cheung et al., 2020), in non-stationary
environments, the Extended Value Iteration (EVI) subroutine of UCRL might return a bias vector
(hy) with span much larger than Dy, the maximum diameters of all the MDPs. To address this
issue, their confidence widening technique adds a constant 7, tuned based on A, to the confidence
level of the confidence set Py, which eventually leads to sub-optimal regret AAT?% Our adaptive

12
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confidence widening, on the other hand, adaptively selects the value of n in a doubling manner,
so that in a relatively stationary environment we only widen the confidence set slightly, while in a
more non-stationary environment the widening is more significant. To avoid incurring too much ad-
ditional regret in the latter case, we also monitor the cumulative widening amount and terminate the
algorithm if it exceeds a certain threshold (Line 4—Line 4), because this implies that the environment
is highly non-stationary. (This termination will also be a restart signal for MASTER.)

Finally, notice that our black-box approach requires knowing the regret bound p(-) of the base
algorithm, which in this case depends on Dy .y, a potentially unknown quantity. To deal with
this issue, UCRL-ACW takes a guess D on the value of Dy, as an additional input. In the next
subsection, we discuss how MASTER decides the value of D when Dy, is unknown.

With all these modifications, our base algorithm UCRL-ACW indeed provides a guarantee simi-
lar to Eq. (1) of Assumption 1; see Lemma 11.

4.2. Multi-scale UCRL-ACW and Its Combination with MASTER

Now, we use the same idea as in Section 3.1 to create a multi-scale version of UCRL-ACW, under
a fixed input D. The resulted algorithm is called Multi-scale UCRL-ACW or MUCRL for short
(see Algorithm 5). MUCRL is basically identical to MALG with UCRL-ACW as the base algorithm,
except that we let MUCRL terminate whenever the currently active UCRL-ACW instance makes a
restart signal (due to having an abnormally large cumulative widening amount). The guarantee for
MUCRL is provided in Lemma 12, which parallels Lemma 3.

Next, as in Section 3.2, we further combine MUCRL with non-stationarity tests, leading to
MASTER-UCRL (see Algorithm 6). The only difference compared to MASTER is an additional
condition to restart (highlighted in blue) — when MUCRL terminates due to a restart signal from an
UCRL-ACW instance. We provide a single-block regret bound guarantee for MASTER-UCRL under
a fixed D in Lemma 13, which parallels Lemma 4. Finally, we discuss three different cases with
knowledge of different parameters (if any), leading to the three results listed in Table 1.

Known D,,,, When D,,., is known, we simply set D = D,.... In this case, all restarts of
MASTER-UCRL are due to non-stationarity, and we can bound their number in terms of L or A.
Together with the single-block regret guarantee from Lemma 13, we prove that MASTER-UCRL’s
dynamic regret is O(min{Reg} , Reg} }); see Theorem 28 for the dependence on other parameters.

Unknown Dy,,x and Known L or A When D,y is unknown, we unfortunately require the
knowledge of L to get Reg} and the knowledge of A to get Reg),. However, as shown in Table 1,
this still significantly improves over the best existing bounds O(L*T%3) and O(AY*T**) when
L and A are known. Specifically, we apply a doubling trick to set the value of D following the
strategy below, where we call the interval between two restarts an epoch:

1. Initialize D < 1.

2. Run MASTER-UCRL with D. If the number of epochs exceeds N, then double D and repeat
this step. Here, N is set to L if L is known or 1 + 3(S™2A~TA2T)"/3 if A is known.

The rationale behind monitoring the number of epochs is that, when D is too small, UCRL-ACW
might have an abnormally large cumulative widening amount and signal a restart even in a fairly
stationary environment. In Lemma 26, we show that if D > Dyax, the number of epochs produced
by MASTER-UCRL is upper bounded by the value of N set above. Therefore, if it exceeds this
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number, we can infer D < D,,.x and double its value. This allows us to prove the regret bound
Reg’ or Reg)y again; see Theorem 29 for the details.

No prior knowledge at all When nothing is known, we apply the Bandit-over-Reinforcment-
Learning (BoRL) framework of (Cheung et al., 2019, 2020) to get a suboptimal bound of order
O(min{Reg} ,Regh } + T o *). BoRL also serves as a black-box reduction to obtain parameter-
free algorithms (albeit suboptimal), so applying it to our algorithm is straightforward. We omit the
details and only give the concrete bound in Appendix H. We leave the question of whether the
optimal bound is achievable when L, A, and Dy, are all unknown as a future direction.

5. Conclusion and Future Directions

In this work, we study reinforcement learning in non-stationary environments. We propose a general
black-box approach that can convert an algorithm with near-optimal regret in a (near-)stationary en-
vironment to another algorithm with near-optimal dynamic regret in a non-stationary environment.
Prior to our work, the bound of (5(A1/ 3T°/3) is only achievable with the knowledge of A, and no
algorithm achieves the bound of o (VLT) even with the knowledge of L. Our algorithm achieves
both bounds simultaneously without any prior knowledge.

It would be interesting to see whether algorithms with data-dependent bounds work with our
black-box approach. Previous work in this direction (Wei et al., 2016) achieves an improved dy-
namic regret bound for multi-armed bandits when the cumulative variance of the loss is small;
however, their approach crucially relies on the knowledge on the degree of non-stationarity as well
as the cumulative variance. On the other hand, there are some immediate difficulties in applying
our black-box approach to data-dependent algorithms. For example, the monotonicity of the the
average regret p(-) may not hold anymore, and it is unclear how to set the probability of initiating a
new base algorithm. Therefore, the task of achieving data-dependent dynamic bounds without prior
knowledge seems to be challenging and requires other innovations.

Another future direction is to study a class of contextual bandit problems where the context
is adversarially generated (Abbasi-Yadkori et al., 2011; Cheung et al., 2019; Foster and Rakhlin,
2020). In this case, the expected reward of the optimal policy changes over time even if the environ-
ment is stationary, so our current algorithm cannot be directly applied. For linear contextual bandits
with adversarial contexts (Abbasi-Yadkori et al., 2011; Cheung et al., 2019), the fix is straightfor-
ward though: instead of requiring the base algorithm to generate a scalar ft in each round, we let it
generate a confidence set for the hidden parameter, and check the inconsistency of the confidence
set over time. However, for general contextual bandits with adversarial contexts, where algorithms
do not necessarily maintain a confident set for the hidden parameter (Foster and Rakhlin, 2020), the
extension is less clear and is left for future investigation.

Finally, we are not aware of any near-optimal convex bandit algorithm satisfying our Assump-
tion 1, so achieving near-optimal dynamic regret bound in general convex bandits is also left open.
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Appendix A. Omitted Algorithms and Main Results in Section 4

Algorithm 4: UCRL with Adaptive Confidence Widening (UCRL-ACW)
input: D > 1
t < 1. Ni(s,a) + Oforall s,a. I'< 0
for episode k =1, ..., do
Set ty, = t, vi(s,a) = 0 for all s, a.
Define for all s, a:

-1
Ef’:l ]l[(s7'7 Qr, 82—4_1) = (S, a, S/)]

Dr(s]s,a) = N,j(s,a) ’
?k(s CL) — Zf’_zll RTH[(ST7CL7’) = (S,CL)] .
’ N,j(s,a)

and for any #:

Pi(s,a) = {B(1s.a) € As : [(]s,a) = il-|s.a) |1 < VS - confi(s, ) +n}
Rk(sva) = {’F(sva’) € [07 1] : |77(S,CL) - ?k(sva” < Confk(57a)}

where conf;,(s,a) = 8 lo]g\gf%l/)é) and N,' (s,a) = max{1, Ny(s,a)}.
k b
N 7
while true do
Perform EVI on (P,Z, Ry.) with error parameter €, = \/; , and obtain T, %, J.

if sp(h) < 2D then break
n =21
end
Tk < T, Iy E, Ji, — j, Ne 1N < Adaptive confidence widening

while v (s, a) < N]j(s, a) for all s,a do
Choose action a; ~ 7p(s¢).
Vk(st,ar) < vi(se,ar) +1
T+
if ' > 45,/ Atlog(SAT/)) then terminate and signal restart < Early termination
Observe the reward R, with E[R;] = 7¢(s¢, ar)
Observe s}, ~ pe(-|s¢, ar).
The next state s;1 is either equal to s} |, or re-assigned as an arbitrary state
< The next state might be re-assigned

t—t+1
end

Niy1(s,a) < Ni(s,a) + vg(s,a) for all s, a.

end

The following is the main result for the infinite-horizon MDP case. Its proof requires several lemmas
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Algorithm 5: Multi-scale UCRL-ACW (MUCRL)

input: n, pycrL(-; D), D

Initialization: run Procedure 1 with base algorithm UCRL-ACW and inputs n and pycRy-

At each time ¢, let the unique active instance be alg, output g; (which is the quantity jk,(t) of
alg), follow alg’s decision, and update alg after receiving feedback from the environment.
Additionally, terminate if the alg signals restart.

Algorithm 6: MASTER-UCRL
input: pycpL(-; D), D
Initialize: ¢ < 1
forn =0,1,...do
Set t,, +— ¢ and initialize an MUCRL (Algorithm 5) for the block [¢,,, t,, + 2" — 1].
while ¢t < t,, + 2" do
Receive g; and m; from MUCRL, execute 7, and receive reward Ry.
Update MUCRL with any feedback from the environment, and set Uy = min,¢(;,, 1] gr-
Perform Test 1 and Test 2 (see below). Increment ¢t < ¢ + 1.
if either test returns fail or MUCRL terminates then restart from Line 6.

end
end
Test 1: Ift = alg.e for some order-m alg and 2% Zili}flg,s R, > Uy +9pycrL(2™; D), return
fail.

Test 2: If S, (3 — R:) > 3puchL(t — tn + 1; D), return fail.

in the rest of this section, in addition to those from Appendix B—Appendix E whose ideas are mostly
aligned with the standard setting. The final analysis is done in Appendix G and Appendix H (see
Theorem 28, Theorem 29, and the discussions in Appendix H). Note that to be consistent with
prior works in this setting, we adopt the notation J;(7), which is the expected average reward of
executing 7 under the MDP for time ¢, and corresponds to the notation f;(7) we use in our general
framework. Similarly, define J} = max, J;(7).

Theorem 5 Define non-stationarity measures

-1

A= (max|rt s,a) — ri1(s, a)l +maprt( |s,a) — pt+1(‘|s,a)H1> ,
t=1
T-1
L=1+ Z 1 {max Ire(s,a) — rep1(s,a)| + max ||pe(-|s, a) — pryi1(|s, a)||1 # O} .
P s,a s,a

There exists an algorithm that takes D.yy.x as input and achieves

i (J; = Re) = O (min { Dyax SVALT, DyaxS3 ASAST + Dy SVAT )

t=1
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without knowing L or A. There is also an algorithm that takes L or A as input and achieves

ZT: (DmaxS\/m) XT: (DmaXSsA3A3T3 + DmaXS\/ﬁ)

t=1 t=1

respectively, without knowing Dy ax. Finally, there is an algorithm that achieves

T
SN (Jf-R)=0 <Dmax(SQA)1/4T3/4 + min {DmaXS\/ALT, Dinax(S2A)5 AST'S })

t=1

without knowing L, A\, or D ax.

A.1. Auxiliary Lemmas related to Extended Value Iteration and Bellman Equation

In this subsection, we provide auxiliary lemmas related to EVI and Bellman Equation. The results
are extracted from (Jaksch et al., 2010; Cheung et al., 2020; Ortner et al., 2020). We restate them
here for completeness.

Lemma 6 (Properties 1 and 2 in (Cheung et al., 2020)) Let j ?L and T be the set of solution ob-
tained from EVI with confidence set 'R and ‘P for reward and transition respectively, and error
parameter €. Then

j—l—ﬁ S) > max max 7(Ss,a)-+ max S, a ?L s 5 5
( ) ~ a (7'672(3 a) ( ) pEP(s, a) p( ’ ) ( )> ( )
J+h(s) < max r(s,7(s)) + max E s,7( €. 6

( ) FER(s,7(s)) ( ( ) DEP(s,7(s) p ’ ) ©)

Lemma 7 (Lemma 2 of (Cheung et al., 2020)) Let j, i~L, and T be the set of solution obtained
JSrom EVI with confidence set R and P for reward and transition respectively. If P and R contain
an MDP with diameter upper bounded by D, then sp(h) < 2D.

Lemma 8 (Eq. (16) of (Cheung et al., 2020)) Let r, p define the reward function and the transi-
tion kernel for a communicating MDP, respectively. Let J € R, h € R® be bounded and satisfy

J 4 h(s) > r(s,a) + Zp(s’|s, a)h(s)

8/

forall s and a. Then J > J*, where J* is the average reward of the optimal policy under the MDP.

A.2. Guarantees of the UCRL-ACW Algorithm (when running alone with an input D)

A A

Definition 9 Define A”(t) = maxg,|ri(s,a) — r41(8,a), AP(t) = maxg, ||p(-|s,a) —
pir1(]s,a)|li, AY(t) £ maxg|Ji(7) — Jepa(w)|.  Similar to Definition 1, define AT
Zf_;}; AB(7) for interval T = [s,e], where 0 = r,p, or J. Finally, we define Arp
A+ 2DAL + AL

L

Lemma 10 (Theorem 1 of (Ortner et al., 2020)) A”(t) < A™(t) + Dyax AP ().
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Lemma 11 (c.f. Assumption 1) When run alone, Algorithm 4 with input D guarantees for all t
before it terminates:

Je(r) > JF— Ay gD
k(t) Trél[llnﬂ [1,1;D

S

t
. 2
> (Jk(r) ) < pucet (t; D) + T Ddisepy + Ap g5

T=1

where pUCRL(t;E) = @ <H1111 {DS\/>+ DSA, D}), diSCI =S Ztel’ ]l[st lead

Pr—1(-|St—1,at—1)] is the number of state re-assignments within T (Line 4 of Algorithm 4), and
k(t) is the index of the episode time t belongs to.

Proof Suppose that at time ¢ the algorithm has not terminated. For any episode £ that starts before
t, we have

>ry rr(s,a)L(sr, ar) = (s, )]

YU pe(s')s, )1 (s, ar) = (s, @)]
N]j(s,a) ’

Py (s s,a) =
pk( | ) N]j»(s’a)

Tr(s,a) =

By Azuma’s inequality, 71 (s, a) € Ri(s,a) and Dy (-|s,a) € P;* (s, a) with high probability for all
k,s,a.
To show the first part of the lemma, we lower bound the right-hand side of Eq. (5):

Je+ hi(s) > 7(s,a) + > p(s|s, a)hi(s)

S/

> TT(‘S? CL) + ZPT(S/|S7 a)%k(s ) <A[1 t] + 2EAZ[)1¢}) ) (fOI‘ any 7 € [17 t])
s/
where in Ele last inequality we use |7(s, al — r:(s,a)] < Aﬁ,t] and Y, |p(s'|s,a) —
pr(8'|s, a)|hi(s") < ||p(-|s,a) — pr(-|s, a)||1sp(hy) < 2A1E’1 t]ﬁ. Using Lemma 8, we get

Ji+ Dygp = T+ (Af g +2DAY ) = 2,

implying the first part of the lemma.
To show the second part of the lemma, starting from Eq. (6), we have with high probability

i + T(s) @
< 7(s,m(s)) + Epk |5, 7 (8)) i (s') + 2DV'S - confy (s, m(s)) + 2Dy, + €k
(Tr(s,a) € Ri(s,a) and pi(s,a) € Pr(s,a))
<r;(s,m(s)) + pr |5, 7 () hi(s') + 2DV'S - conf, (s, mi(s)) + ( ihha 2DA[1 t]> + 2Dy, + €.
(®)

Now, we apply Eq. (8) with (k, 7, s) = {k(7), T, s }L_, respectively, and sum them up. Notice
that a,; = my(;)(s7). Then we get

t t
> (Jun — Br) < <pr<s’|sn ar)hyy (') - %m)(s») +3" (7 (sr.ar) — Ry)
=1 s/ =1

t
=1

T
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t

t t
+ Z 2DV'S - COl’lfk(T) (87—, GT) + tA[l,t];ﬁ + 252 Mi(r) + Z €k(r)-

T=1 T=1 =1

We bound the terms on the right-hand side individually: for the first term, notice that when there is
no state-reassignment at time 7 + 1, B [hy (- (sr11)] = >y 0r(8'[S7, ar)hy(r) (8"). Therefore,

Z (Z pT(S/‘S’Ta aT)le(T)(S/) - Ek(T)(87)>

=1

Z < { 87—_;,_1)} - Ek(T)(sT)) + 2Ddiscy 4

t
< 2D\/tlog(SAT) +2D Y 1 [Ekm ” Ek(m)] +2Ddiscy  (by Azuma’s inequality)
=1

< 2D+/tlog(SAT) 4+ 2DSAlogy T + 2Ddiscyy 4,
where in the last inequality we use the fact that the number of episodes cannot exceed S AlﬁgQ T
For the other terms: Zi L (rr(sryar) — Rr) < O (V) by Azuma’s inequality; Y0, 2DV/S -
confy i (sryar) = (DS V t) by the standard pigeonhole argument; 2D % _, Mh(r) =

O (ES vV At) by the termination condition specified in Line 4; 27:1 €x(7) 1s also upper bounded

by o (ES vV At) by the way we choose the error parameter. Combining all the above arguments,
we get

t
> (fkm —~ RT) <0 (ﬁSVAt - ESA) +2Ddiscyy g + tAy 4
T=1
with high probability. On the other hand, 3™ _, (f,,C(T) . RT> < Dt is trivially true. Combining
them we get the second claim of the lemma. |

Appendix B. Analysis for the Multi-scale Algorithms

Proof of Lemma 3 Below, we fix an alg and fix a ¢t € lalg.s,alg.e], and consider the case
Apg.sy) < p(t') as specified in the lemma statement. For the first part of the lemma, note that

g: of MALG is defined as ftalg, where alg’ is the active instance of ALG at round ¢. By Procedure 1,
alg’ can only be an instance that starts within [alg.s, t] (i.e., alg’.s > alg.s). Therefore, the distri-
bution drift undergone by alg’ up to t is upper bounded by Aprg.s) < p(t'), which is further upper
bounded by p(t”) where t” is the number of active rounds alg’ runs within [alg.s, ], because p(-) is
a decreasing function. Therefore, the conditions in Assumption 1 is satisfied for this alg’, and thus
we have

gt = ﬁalg > min f A[alg .8, > min f A[alg.s,t]a

7<t: alg’ is active at T TEalg.s,t]

proving the first part.
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Next, we prove the second part of the lemma. We use .S, to denote the set of order-m instances
which start within [alg.s, t]. Note that

Z Zt: Zn: Z 1[alg’ is active at 7] ( fae’ )

T=alg.s sm=0alg’€S,,

Z Z 1[alg’ is active at 7] <ﬁ”gl - RT) : 9)

m=0 alg' €Sy, T=alg.s

(%)

The first equality holds because g, of MALG is defined as the f; of the active instance at round .

Next, we focus on a specific m, and bound the () term in Eq. (9). Let |S,,| = £ and S,, =
{alg), ... alg)}, and let T; = [alg}.s,alg}.e] N [alg.s,t] fori = 1,...,/ (i.e., Z; are the rounds
within [alg.s, t] where alg} is scheduled). Clearly, |Z;| < min{alg;.e — alg}.s + 1,t —alg.s + 1} =
min {2, ¢'}. By Assumption 1, we have

¢t
(%) = Z Z 1[alg) is active at 7] (f i _ RT)

1=1 T=alg.s

IN

(C(1Zi]) + |Zi|Az,)

—_

1=

< C(min{2m7 t/}) + t/A[alg.s,t]a (10)

where in the first inequality we use Assumption 1, and that alg, updates for no more than |Z;]
rounds in the interval [alg.s,t] (also, the condition in Assumption 1 is satisfied because Az, <
Ajaig.s,) < p(t') < p(|Zi])). In the last inequality, for the first term, we use that C'(-) is increasing;
for the second term, we use |Z;| < t/, and that Az, + --- + Az, < Ay, since Iy, ..., Zy are
non-overlapping intervals lying within [alg.s, ].

By Procedure 1, for every m, the expected number of order-m ALG’s that starts within the
interval [alg.s, t] can be upper bounded as

p(2") [ ¥ p(2") (¥ p(2") ¥
Blisnl < 255 3] < o (37 1) < fpmf +1 an

By Bernstein’s inequality, with probability 1 — 2, |Sy| < E[|Si|] + +/2E[|Sm[] log(T/5) +
log(T'/0) < 2E[|Sy,|] + 2log(T"/§). Thus, continuing from Eq. (10), we have with probability at
least 1 —

T»

n /
(x) <2- (p(2 ))t + 1) C(min{2™,'}) + 21og(T/§)C(min{2™,¢'}) + t,A[alg.s,t]
6C (¢ log(T /8) +t' Altg.s. (C(+) is an increasing function)
12)

(2m
( /

| /\

+2> log(T/8)C(min{2™,¢'}) + ' Apug.s0) (02" < p(t')t' = C(t))
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Finally, using this in Eq. (9), we get the second claim of the lemma: with probability at least 1 — %,

t
> (- — Rr) <6(n+1)C(#)10g(1/6) + ' (n+ 1) Apg.s g (13)

T=alg.s

For the third part of the lemma, as we calculated above, with probability at least 1 — %, the
number of instances started within [alg.s, t] is upper bounded by

5o (2 ) i <0 (S )t < 8t

m=0

where we use p(2™)2™ = C'(2™) > C(1) and p(2™)t' < p(t)t' = C(t). [

Lemma 12 (c.f. Lemma 3) Before MUCRL terminates, for every alg and t € [alg.s,alg.e], MU-
CRL guarantees with high probability

gt> min JF—A 5
I = TEalg.s,t] lalg-s,t]; D

t
1 - ~ — —~
7 E (g- — R7) < puchL (t'; D) + A e 5.5

T=alg.s
wheret' =t —alg.s+ 1, n =logy, T + 1, and pycrL (t;ﬁ) = 18nlog(T/d)pucrL (t; D).

Proof This proof is similar to that of Lemma 3. For the first part of the lemma, we can simply
follow the proof of the first part of Lemma 3, with f; replaced by jk,(t), and Ay .4 by A[a, ¢.5.4):D"

For the second part, the analysis still tightly follows that of Lemma 3, but we need to add the
additional cost caused by state re-assignment (i.e., the ﬁdisc[lvt} term in Lemma 11). Following the
same arguments as in proof as in Eq. (9) and Eq. (10), we get

n t
Z (9r — Rr) = Z Z Z 1[alg’ is active at 7] <}’V$lg/ — RT)

T=alg.s m=0qlg’€S,, T=alg.s
(S = the set of order-m ALG initiated within [alg.s, t])

n |Sm| ¢ /
< Z Z Z ]L[alg;n’i is active at 7| (fflgmﬁi — Rr>

m=0 i=1 T=alg.s
(Let Sy, = {alg), 1, alg, 5, - - -})

Z (CUCRL |Im z| D) + |Im 1|A D + 2DdlSCI myi)
m=0 =1
(by Lemma 11)
(14)
where in the last expression, we denote Z,,; = lalg, ;.5 alg, ;-] N [alg.s,t] (the time within

/
lalg.s, t] where alg;,, ; is scheduled), and disc%lg is the total number of times within Z when alg’
encounters state-reassignments.
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For a fixed m, observe that all order-m instances are non-overlapping. Also, the aggregated
number of state re-assignment for all order-m instances started within [alg.s, t] is upper bounded

by the total number of new instances of order not larger than m — 1 started within [alg.s, t]. The

CUCRL(t ;D)

latter is further upper bounded by 67 log(7/ 5) D)

according to the last claim of Lemma 3.

In other words, for every m, with probability 1 — T’

[Sml -

ro N C t':D
S discmi = 67 1og(1/5) LR D)
; ! CucrL(1; D)

Following the same calculation as in Eq. (10), Eq. (11) and Eq. (12), we also have that for every m,
with probability 1 — 2,

‘Sm|

Z (CUCRL(‘Im,i|§b) + ’Im,i\AIm,,ﬁ) < 67 log(T'/8)CucrL(t'; D) + ' Ay 05
=1

Using the above two bounds in Eq. (14), we get

t —

- . — — C t':D
S (G — Rr) = 6710g(T/8)Cucau (¢ D) + Ay , 5 + 2 x 67 log(T/5) 0B D)
T=adlg.s o Cucre(1; D)

= 18nlog(T/§)CuycrL(t'; D) + W' Ay s 1.5

where we use CycprL(1; D) > D (by the definition of pycpe (- , D) in Lemma 11). Dividing both
sides by ' finishes the proof. [ |

Appendix C. Single-block Regret Analysis I

In this section, we focus on the regret in a block of index n. The analysis applies to both the standard
case (Lemma 4), and the infinite-horizon RL case summarized in the following lemma.

Lemma 13 (c.f. Lemma 4) [n a block of index n that starts from t,, and ends on E,, (E, could be
equal to t, + 2™ — 1, or smaller, if any stationarity test fails or MUCRL terminates), we have

E l n
n . - 2m D —
Y (ff-R)<O (Z CucrL(|Z{]; D) + Z (2. D) CUCRL( ;D)>

T=tn =1 m=0

where I, . .., T, are intervals that partition [t,,, Ey) such that AI, < pucrL(|Z!|; D) for all i.

Throughout this section, if infinite-horizon RL is considered, p(-) = pycrL(- ; D), () =
pucrL(-; D), Az = Arp=A7+ 2DAL + AJ with a fixed D, and f; = J;.

For the purpose of conductlng analysis, we divide [t,,t, + 2" — 1] into consecutive intervals
I, = [81,61],1—2 = [82,62], eI = [SK,GK] (s1=tn,e;+1=si11,eg =t, +2" —1)ina
way such that for all 2:

Az, < p(|Zil) (15
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One simple way to divide the intervals is to let Az, = 0 in each Z;. Then the number of intervals K
would be upper bounded by the number of stationary intervals within [t,, t,, + 2" — 1]. Intuitively,
the number of intervals can also be related to Ay, ;. 4 on_1). We defer the calculation of the required
number of intervals to Lemma 19. For now, we only need the fact that the partition satisfies Eq. (15).
From a high level, this partition makes the distribution in each interval close to stationary. Notice
that this partition is independent of the learner’s behavior in block n.

For convenience, we further define the following quantities that depend on the learner’s behavior
in block n:

Definition 14 Define E,, as the index of the last round in block n. Since the block might terminate
earlier than planned, we have E,, < t, + 2™ — 1. Let { € [K]| be such that E,, € Iy (that is, { is
the index of the interval where block n ends). Define €, = min{e;, E,,} and I| = [s;, €}] (therefore,
Il =0 fori>{).

Recall the definition of 71 and p(¢) from Lemma 3 (or Lemma 12). For simplicity, we define
am = p(2™), Ay = p(2™), and also C(t) £ tp(t). Furthermore, we define the following technical
quantities.

Definition 15 Foreveryi € {1,..., K}, and everym € {0,1,...,n}, define
Ti(m) = min{T €Il fr—g-> 1262m} :

that is, 7;(m) is the first time T in I] = Z; N [ty, Ey] such that f* — g, exceeds 120y,. If such T
does not exist or I is empty, we let 7;(m) = co.

Besides, we define §;(m) = [e] — 7;(m) + 1]+ where [a]4 = max{0, a} (which is the length of
the interval [T;(m), e}] when 7;(m) is not o).

The intuition for 7;(m) and &;(m) is as follows. Suppose that block n has not ended at 7. If there
exists some 7 € Z; such that f*—g,; > 12, (which first happens at 7;(m)), and if Z; is long enough
(i.e., &(m) is large enough) so that after 7;(m), an order-m instance of ALG can run entirely within
Z;, then the learner is able to discover the fact that f* — g, is large, and then restart. This coincides

with our explanation in Figure 1. The derivation in this section will formalize this intuition.

Lemma 16 Let the high-probability events described in Lemma 3 (or Lemma 12) hold. Then with
high probability,

En

Z (er - R‘r) < 46(271)’
T=1ln

En L R n o

> (=g <960y C(Ti|) +60 Y —=C(2™)log(T/9)
T=ty, i=1 m=0 "

(notations are defined at the beginning of this section).

Proof Zfﬁtn (G- — R,) is trivially upper bounded by 3C(E,, — t, + 1) + 1 < 4C(2") because it
is guarded by Test 2. Below we focus on the second claim.
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Note that we can write foralli =1,... K,
> —ar)
TEL]

n

<12y <11 [f; _G. < 12&4 an+ 31 [12am <f -G < 12am_1}am_1 +1 [f: — G > 12&0} 1)

TEL] m=1
n
<12 (|I£|an + ) Amr&i(m) + p(l)&-(m) (p(1) > 1 by Assumption 1)
m=1
n - - 41
< 12T)[an + 24 Améi(m) @ = S0 < COT) = 928,,11)
m=0

where in the second-to-last inequality we use > o7/ 1[fF — gr > 120, = Dorelni(m)el] 1 [fr -
gr > 12ap,] < &(m) by the definition of 7;(m).
Summing the above over intervals 7 and notice that Zle |Z!| < 2", we get

En n V4 n V4
DG <12 2% +24 )Y ambi(m) =1202") +24 )Y S ambi(m).  (16)
T=tn m=0 i=1 m=0 =1

Next, we upper bound Ele am&i(m) for each m.

l l L
S @nbi(m) = 3 @pmin {&(m) 42" + 3 G 6lm) 42", . A7)
i=1 i=1 i=1
(using @ = min{a, b} + [a — b]4)
The first term on the right-hand side of Eq. (17) can be bounded as below:
‘ ¢
> @ min{&(m),4-2M} <4 H(2™) x min {&(m), 27}
i=1

=1

l
<4 plmin{g(m), 2™}) x min {&(m), 2"}
=1

(p(+) is a decreasing function)

y4
=4 Z a(min{fi(m)a 2"})

i=1

¢
<4 Z C (Z7)). © (+) is an increasing function)
i=1

The second term on the right-hand side of Eq. (17) is bounded using Lemma 17 below. Combining
them into Eq. (16) finishes the proof. |
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Lemma 17 Let the high probability events described in Lemma 3 (or Lemma 12) hold. Then with
high probability,

200, ~

C(2™)log(T/9).

n

4
> am [Gi(m) —4-27], <
=1

Proof Using the fact that [[a]+ — b]+ = [a — b]+ when b > 0, we have
[&i(m) —4-27] 1 = [ef —7i(m) +1—4-2"]_ . (18)

Next, we consider the following quantity: “the number of rounds in the interval [7;(m), e} — 2 -
2™ B] which are candidate starting points of an order-m ALG”. By Procedure 1, this quantity can be
written and lower bounded as

e} —Ti(m) +1—4-2m]
2m

AiéZ]L[te[n(m), ¢ —2.2M, (t—t,) mod 2™ = 0] >
teZ;

where we use the fact in an interval of length w, there are at least W points whose indices

are multiples of u. Notice that the right-hand side is related to what we want to upper bound in the
lemma according to Eq. (18). Thus we continue to upper bound the left-hand side above. We define
the following events:

Wy ={mi(m) <t <e; —2-2™ where i is such that t € Z;},
X, ={t<E,—2-2m},

Y, ={t < E,and (t — t,) mod 2™ = 0},

Z; = {3 order-m alg such that alg.s =t} ,

Vi = {37 € [tn,t] suchthat W. NY, N Z}.

Then we can write (recall the definition of K in the beginning of this section)

0 K tn+2"—1 tn+2"—1 tn+2"—1
DA=Y A= N AWLX, V< Y WYL+ Y 1K, V)
=1 =1 t=tn t=tn t=tn

terms termy

For termg, notice that conditioned on W; MYy, the event Z; happens with a constant probability ==

(by Procedure 1). Therefore, terms counts the number of trials up to the first success in a repeated
trial with success probabiliy a‘”‘—: Therefore, with probability 1 — %, termz < 1+ I:;g((lT/?n) <
% log(T/9).

Next, we deal with termy. Below we show that termy = 0. The event V; implies that there exists
some order-m alg which starts at alg.s = t*, where t* < t and 7;(m) < t* < e; —2-2™. Therefore,
we have alg.e = alg.s +2™ — 1 =t*+ 2™ — 1 < ¢; — 2™ — 1 < ¢;, and thus [alg.s, alg.e] C T;.
Together with X4, the event V; N X; implies that alg.e = alg.s + 2™ —1 <t+4+ 2™ —1 < E,, and
therefore, and time alg.e, block n has not ended.
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Since at time alg.e, block n is still on-going, the learner performs Test 1. By Lemma 3 (or
Lemma 12 for the infinite-horizon RL case), with high probability, we have

alg.e alg.e

1 1 ~ A ~
om Z R > om Z Gr — Qm — NAg.s.alg.e] (Lemma 3 or Lemma 12)
T=alg.s T=alg.s
> miIn fF—=am— (m+1)Ag (because [alg.s,alg.e] C T;)
TEL;
> o — Gm — (4 3)Ag, (Iminrez, 2 — £ | < 2A7)

(by the definition of 7;(m) and Az, < p(|Z;]) < p(2™) < G
> Uig.e + 1000, (Because alg.e > 7;(m), Unig.e < gr,(m) by the algorithm)
This should trigger the restart at time alg.e < FE,, contradicting the definition of E,. Therefore,

1[Xy, V4] = 0.
Finally, combining all previous arguments, we have that with high probability,

finishing the proof. |

Appendix D. Single-block Regret Analysis II (under a Special Form of C/-))

In Appendix C, we have derived the regret bound in a single block for both the standard setting and
the infinite-horizon MDP setting (Lemma 4 and Lemma 13). They are both of the form

L n n
S (- R =0 (Z SCAEDS 55;))0(2"1)) . (19)
i=1 m=0

TeJ

(replacing C(+) and p(-) by Cycge(+; D) and p(+; D) for the case of infinite-horizon MDP).

In this section, we further derive more concrete dynamic regret bounds for both cases by assum-
ing that C/(+) is of some specific form. The form of C(-) we consider in this section is defined as
follows:

Definition 18 We define a form of C(t) as C(t) = min{c1t? + ca, cst} for some p € [%,1) and
some c1, ca, c3 (c3 > 1) that capture dependencies on log(T'/d) and other problem-dependent
constants.

In fact, usually, a regret bound is only written in the form of ¢;t” + co. However, since the reward is
bounded between 0 and 1, the regret bound of min{c;tP+co, t} is also trivially correct. Definition 18
is slightly more general than this by allowing a coefficient c3 > 1 (the regret bound would still be
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trivially correct). In some cases, we make c1, co, c3 larger than their tightest possible values to make
the final regret bound better — notice that the choice of ¢y, ¢z, c3 affects the probability specified
in Procedure 1, and thus smaller ¢y, c2, c3 does not necessarily make the final regret bound smaller.
This subtle issue can be observed from the analysis.

To get a concrete bound, we also need to decide the number £ in the single-block regret bound
above. In Appendix C, we have stated the condition (i.e., Eq. (15)) that should be satisfied by
Ii,...,Z; (or Iy, ...,Zk). In the next lemma, we upper bound the value of ¢ that is required to
fulfill the condition.

Lemma 19 Let J = [t,, Ey,]. Then we have £ < L. Furthermore, if C(t) is in the form specified
1
in Definition 18, we also have £ <1 + 2 (cflAj\jP_p) P 4+ c3tAg.

Proof The fact that £ < L 7 is straightforward to see (and has been explained in Appendix C): to
satisfy the condition Eq. (15), one way to divide the block is to make each Z; a stationary interval,
which makes Az, = 0 for all 7 € [K]. This way of division leads to £ < L 7.

For the second claim, we follow the same procedure as decribed in the proof of Lemma 5 in
(Chen et al., 2019). Basically, the procedure divides [¢,, ¢, + 2" — 1] in a greedy way, making all
T; = [si, ei] satisfy A, o) < plei —s; + 1) and Ay, o1 > ple; — s; +2) foralli € [K — 1]
(i.e., except for the last interval). Then we have

-1
Ay > Z A, ei41] (by the definition of Ay, )

.

i=1

-1

> Zp(ei—si+2)
i=1

/-1
> “min {ci(e; — s +2)P 1 c3} (by Definition 18)
i=1

-1
1
> z;min {QCl(ei — s+ l)p_1,03}
=
(x42)P 1> @2 +1)P > $(z+1)P"t forany x > Oand p < 1)

where in the last equality we separate the intervals where min { %cl(ei — s+ 1)P7L 03} takes the
former or the latter value. Note that /1 4+ fo = ¢ — 1.

The above inequality implies that A 7 upper bounds both % 251:1 c1(e;—s;+1)P~tand Zfil cs.
Thus, {2 < c; A 7, and by Holder’s inequality,

1 1—p
2 =p [ O =p 1
— 2A 2—p 1-p
s (Gner) " Gane) ()0
=1 =1
Combining them finishes the proof. |
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In the following Lemma 20, we bound the regret within a block by combining Eq. (19) and
Lemma 19. We will frequently use the following two properties: let {S, Sa, . .., Sk } be a partition
of the interval S. Then

K
> Ls, < Ls+ (K —1), (20)
i=1
K
Y As < As. (21)
=1

They can be derived using the definitions of L. j and A, ;.

Lemma 20 If C(t) is of the form specified in Definition 18, then

Ey, _ 2
S (ff-R)<O (rnin {Reg, (7). Rega () | + 12 + Z297077) 4 2) ,
T=tn 1 3

where Reg; (J) = clL}{p\jV’ + coL 7 and

1 1
Rega(7) 2 (a1 71T1) ™ 4+ atl TP + (e Ag) 1TV + ez (7 AglT[F) 77 + 2 4 o' Ay
Proof We bound each term in Eq. (19) using Definition 18. First, notice that
A A
O (Z cqz;p) =0 (Z min {¢1[Z][P + ca, 03t}>
i=1 i=1

l
<0 (Z(cl\fﬂp + Cz)) <O (lel_p]j\p + CQE) . (22)

i=1

Using the first upper bound for ¢ given in Lemma 19, Eq. (22) can be bounded by o (Reg; (TJ));
using the second upper bound, Eq. (22) can be bounded by O (Rega (J)). Next, we have

~ m ~ 2 2
O <p(2 )C(Qm)> -0 (CIan + %211(17@ + 0712m(2p71) + C22m) )
p(2m) c1 €3 C3

by Lemma 21 below. Notice that because c3 > 1 and p > L %Qm@p_l) < 0%2”(21)_1) < ¢12"P
when ¢ < 2n(1=P) " This is indeed the regime we care about since if ¢; > 27(1=P) then the first
term c;2"P > 2", which is a vacuous bound for the regret of block n. Therefore, we can drop this
term. Thus, the dynamic regret in block n can be summarized as the following based on Eq. (19):

@) <min {RegL(j),RegA(j)} 4+ 12" +

2
Q2 on(1-p) | 02> ’ (23)
C1 C3

finishing the proof. n
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Lemma 21 Let C(t) be of the form in Definition 18. Then

2 2
p(2m) C(2m) -0 <612np + %211(1—1)) + ﬁ2m(2p—1) + 622—m> )
p(2m) 1 3 €3
Proof This is by direct calculation:
2m C(2m)?
p2") oy _ Oy
p(2") c(2")

WGP ¢ P L min{2 4 G P,
c12™P + co c32"
3 3 3 c3
min { ¢ 2P (1=2p) | Zon(l—p)=m  Z3on(l—p)+m L 4 Z1om(2p—1) | 29-m
cl "o & 3
3 c2 c c3
-0 (6127117 + min {22"(110)m7 32”(1p)+m} 4 Lom(2p—1) 4 22m>

C1 C1 €3 C3
np | €283 5n(1—p) C% m(2p—1) C% —m
2™+ —=2 + =2 + =2 .
a c3 €3

Appendix E. Single-epoch Regret Analysis

We call [to, E] an epoch if t is the first step after restart (or ty = 1), and F is the first time after
round o when the restart is triggered. In this section, we continue the discussion in Appendix D and
bound the regret in a single epoch. Recall that the we consider cases where the single-block regret
can be written as Eq. (19) and C|(+) is in the form of Definition 18. This holds both for the case of
the standard setting and the infinite-horizon MDP setting.

Lemma 22 Let € be an epoch. Then

~ 2
Y <0 <min{RegL(5),RegA(5)} + %’ﬂl—? + Zz)
TEE

(Reg; (-) and Regx (-) are defined in Lemma 20)

Proof Let &£ be an epoch whose last block is indexed by n. Then |£| = ©(2"). Let J1, ..., J, be
blocks in £. Then by Lemma 20, the dynamic regret in £ is upper bounded by

_ n n n n n 2
O (min { Z Reg; (Tm), Z RegA(jm)} +a Z 2MP 4 % Z om1-p) 4 Z 2) .
m=0 m=0 m=0 m=0 m=0

By Holder’s inequality,

n n 1-p n p n
Z Regp(Tm) = 1 (Z ij> (Z |u7m|> +c2 Z Ly,
m=0 m=0 m=0 m=0
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<1 (Le +n) P |EP 4¢3 (Le +n) (using Eq. (20))
<O (clL};pW n CQLg) = O (Reg, (£)) (because n = O(log T) = O(1))

Similarly,  >"" _ Rega (JIm) = O (Regn (£)). On the other hand,
2 ~ 2
A g2+ SRV 2P g S (8 = O (a2r 4 amrir 1 2) -

~ 2
O (cl EP + 22| |1=P + Z—ﬁ) In summary, the dynamic regret within an epoch is of order

N 2
O <min{RegL(E),RegA(5)} + Ciﬁ\ﬂl*p + Z2> (24)
1 3

(the ¢1|&|P term is absorbed into min {Reg; (£),Rega (£)}). [

Appendix F. Proof of Theorem 2

We are now ready to prove Theorem 2 after showing the following two lemmas.

Lemma 23 Let t be in an epoch starting from to. If Ay, g < p(t — to + 1), then with high
probability, no restart would be triggered at time t.

Proof We first verify that Test 1 would not fail with high probability. Let ¢t = alg.e where alg is
any order-m ALG in block n. Then with high probability,

U;= min g,

TE[tn,t]
> min fF— Ay g (by Lemma 3)
TE[tn,t] ’
1 *
TR DR e (lalg.s,1) C [tn. 1)
T€E[alg.s,t]
1 log(T'/90)
> o > RT—Q\/;m/—?)p(t—to+1)
TEalg.s,t]
(E[R;] = E[f-(m)] < fF and we use Azuma’s inequality)
1 ~
> o ST R-—5(2™) = 3p(t —to + 1)
T€E[alg.s,t]
(By Assumption 1, p(2") > 6log(T/)p(2™) > 6log(T/9) \/2Im)
1
2 om Z R —2p(2™). (p(t —to + 1) < p(2™) because p(-) is decreasing)
T€alg.s,t]

So with high probability, Test 1 will not return fail.
Furthermore, by Lemma 3, with high probability,

t
> (G —Re) <Pt —tn+ 1)+ Ay, g < 25(t — ty +1).

T=tn

1
t—tn +1
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Therefore, with high probability, Test 2 will not return fail either. |

Lemma 24 With high probability, the number of epochs is upper bounded by L. If C(-) is in the
a
form of Definition 18, the number of epochs is also upper bounded by 1+2 (cl_lATl_p) 2-p —i—cglA.

Proof By Lemma 23, if [to, E] is not the last epoch, then A, g > p(E — to + 1) with high
probability. Then following the exact same arguments as in Lemma 19 proves the lemma. |

Proof [Proof of Theorem 2] If C'(t) = c1tP + o satisfies Assumption 1, then C(t) = min{c;tP +
c9, t} also satisfies it (since the reward is bounded in [0, 1]). Below we use C'(t) = min{c1tP+co, ¢}
as the input to our algorithm. Notice that this is in the form of Definition 18 with c3 = 1. Let
&1,...,EN be epochs in [1,T]. Then by Lemma 22, the dynamic regret in [1, 7] is upper bounded
by

N N N
o (min {ZRegL(&-), ZRegA(&-)} + % STlE T + c§N> . (25)
i=1 =1

=1

By Holder’s inequality and Eq. (20),
N ~ ~
Y Reg; (&) < O (01 (L+N—1)"PTP 4 (L + N — 1)) <O (aLPTP + ¢oL) |
i=1

where in the last inequality we use Lemma 24 to bound N.
Similarly,

N
ZRegA(gi)
i=1
~ _1 1
<O <(01A1_pT) =0 4 g NYPTP 4 o) AVPTP 4 ¢y (cflATl_p) 2=p 4 coN + CQA)

~ _1 1
<Q <(61A1PT) 2= L TP + ClAlipr + ¢y (Cl_lﬁTlfp) 27P 4 ¢ + CQA) .
(using Lemma 24 to bound V)

Then we deal with the second term in Eq. (25):

N
C2 _ C2 _
=Y &P < =NPTR,
C1 4 1 C1
1=

which can be either bounded by 9} <%LPT1*p) or

1
O (Clep + @2 (cl—PApT%?p) P CQApTlp)
C1 C1 C1
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using the upper bound for N in Lemma 24. Finally, the third term in Eq. (25) can be upper bounded
either by O (c3L) or

~ 1
(@] (c% + c3 (cl_lATlfp) =r c%A) .

With all terms expanded, below, we collect the dominant terms for the cases of p = % and

p > 1. We say term a(T) is dominated by b(T) if lim7_,c a(T)/b(T) = 0 under any sublinear
growth rate of L or A (e.g., VAT is dominated by A/*T** and L is dominated by /LT). And
below we only write down terms that are not dominated by other terms.

The case for p = 3:

1) <min { <01 + 02> VLT, <ci/3 + 02c1_4/3> AT 4 <01 + CZ) \/f}) :

C1 C1

The case for p > %:

1
@) (min {clLl_pr, (clAl_pT)rP + clTp}> .

This finishes the proof. n

Appendix G. Main Results for Infinite-horizon MDP
Lemma 25 (c.f. Lemma 23) Let t be in an epoch started from round to. If A[to,t] D <
DS,/ ﬁ and D > Dy, then with high probability, no restart will be triggered at time t.

Proof To verify that Test 1 will not fail with high probability, we follow very similar steps as in
Lemma 23. Let t = alg.e where alg is an order-m ALG in block n. Then with high probability (the
following calculation is same as that in the proof of Lemma 23 except for the third inequality),

U= min g,

TE[tn,t]
> Tgﬂtint] Jr— A[tn,t};ﬁ (by Lemma 12)
1
> w2 T35 ([alg.s, ] C [to.1])
TEalg.s,t]
1 — [log(T/é .
Z om Z Rr — 4D\ gém/) — 40y 2D (explained below)
TEalg.s,t]
1 F _
2 om Z Ry — 4pycrL(2™; D) — 4pycrL(t —to + 15 D)
TEalg.s,t]
1 _
> Z R: —8pucrr(2™; D). (p(t —to+ 1) < p(2™) because p(-) is decreasing)
TEalg.s,t]
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where the third inequality is based on the following calculation: for all 7 € [alg.s, t],

Tt =ri(sr,a0) + > puls|sr, ar)hi(s') — hi(sr)

)

> rr(sryar) + ZPT<SI|577 aT)hf(s') — hi(sr) — ( falg.s,t] + DmﬂxA;[Zzlg.s,t])

E)

2 TT(STa aT) + ZPT(S/"SW aT)h:(S/) - h:(ST) - < 7[nalg.s,t] + EA:Falg,s,t])

Sl

(by the assumption D > Dyyax)

and thus

1 J
27m Z J: > JZ( - A[alg.s,t‘]

TEalg.s,t]

1 *
> om Z (TT(S% ar) + Zp7(5/’3ﬁ ar)hi(s') — hy <ST)> - A[alg.s,t};ﬁ

T€E[alg.s,t] s
1 . " 2log(SAT/6)
> 27171 Z (RT + ht (ST+1) - ht (ST)> — 2Dyax 2—m — A[ulg.s,t];b
T€alg.s,t]
(Azuma’s inequality)
1 _ [1og(SAT/3) _
Z 7177, E[ZI: t] RT - 4D T - A[alg,&t};ﬁ‘ (Dmax S -D)
T€lalg.s,

So with high probability, Test 1 will not return fail.
Furthremore, by Lemma 12, with high probability,

t
Z (Gr — Rr) < pucrL(t —tn + D) + Ay, 35 < 2PucRL(t — tn + 15 D)

T=tn

1
t—ty + 1

where the last inequality is by the condition on A[to,t] - Therefore, with high probability, Test 2
will not return fail either.

It remains to show that the UCRL-ACW will not terminate and call for restart under the specified
condition. By Lemma 7, if P}’ contains an MDP whose diameter is upper bounded by D, then
the span of the output bias vector is upper bounded by 2D, and then the if-statement in Line 4 of
Algorithm 4 will be triggered. Therefore, to show that UCRL-ACW will not terminate, we upper
bound the 7y, that needs to be added to Py, in order to make at least one true MDP (whose diameter
is upper bounded by Dy, < D) lie in P,Z’“. Then we further argue that Zi:tg Nk(r) 1s not large
enough to reach the condition in Line 4 of Algorithm 4.

For all episode k that starts before ¢, by Azuma’s inequality,

Slog(1/6)

D.(¢|s, — - , <92 .
1Pk (|5, a) = Pi(-]s,a)[l; < N (5,q)

37



WEI Luo

By the condition on A[tm > we have

_ 1 A
lpto (+s, @) — Di(v]s, a)[|; < fA[to,t];B < S\/I'

Combining them, we get

) STog(1/9) \/T
Hpto( |S7a) pk( |s,a)||1 - N:(S,a) +S t_t0_|_1

Therefore, we see that in Line 4 of Algorithm 4, as long asn > .S,/ ﬁ, D, 1S contained in 73,? .
Then we have sp(l~L) < 2Dmax < 2D by Lemma 7, and the for-loop will be broken at this 7.

Thus we conclude that g, < 2.5 for all episode k started before ¢. Thus, ZT to Mh(r) <

tt+1

(t—to+1) x 28/ t =71 = 25V A(t —to+ 1), and thus the algorithm will not terminate and

call for restart at time ¢. |

Lemma 26 (c.f. Lemma 24) If D > Dy, then the number of epochs is upper bounded by
2
. AT+AP \ 3 i
mln{L, 1+3< VA ) Ts}.

Proof Let &;,...,EN be the epochs. By Lemma 25, for ¢ < N — 1, we must have A&-'ﬁ >

DS =] 5 - By Holder’s inequality,

% N—-1 % A[lT]'ﬁ % .
e () (B <G

We can further upper bound the term %A[LT] p as follows:

1 1
=A1110 = 5 (A" +2DAP + A7)
1
< ) (QAT (2D + DmaX)Ap) (by Lemma 10)
3
< = (A" + DAP
<2 )
< 3(A" 4 AP).
Thus we get
2
A"+ AP\ 3
vees (S0
SVA
Also, by Lemma 25, when D > Dpax, an epoch is created only when the reward function or
the transition function changes. Thus the number of epochs is also upper bounded by L. |
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Lemma 27 In every epoch &, the dynamic regret of MASTER-UCRL is upper bounded by
o (X + DSVAE] + 552A2> ,
where X is the minimum of the following two terms:
DS\/ALg|€| + DSALg
and

_ y — _ y
(D°52A0,5lER) " + 54,/ DA plE] + (DSA2AZ1E]) " + 548

Proof Let &y, ..., EN be the epochs. By Lemma 22, we know that the regret within an epoch & is
~ 2
O <m1n {Reg, (€),Rega(E)} + 22|EP + f) with

Reg; (£) = clLé_pIE\p +coLg,

1 1
Reg, (£) = (clA}g%ﬂa) T4 ClEP + erles D) PIER + e (CflAgﬁ]ﬂl_p) T ety Mg
when C(t) is in the form of Definition 18. In our case Cycgy(t; D) is in this form with ¢; =

DSVA, ¢o = DSA, c3 =D, and p= % Using them in the bound above, we get that in an epoch,
the dynamic regret is upper bounded by

O (min {Reg; (£),RegA (£)} + D/A|E| + ﬁSzAQ)
where
Reg; (£) = DS\/AL¢g|E| + DSAL
Reg (€) = (5252AA5;5]8|2> P DSVAE] + SA, /DA plE] + <ESA2A(2€;5|£]> " Dsa+ SAA, p.

Collecting terms finishes the proof. |

Theorem 28 If Doy < D < 2Dpay, then MASTER-UCRL guarantees the following dynamic
regret bound.:

O (win { Do SVALT, Dy (52A4) 7" (A7 + AT 4 Dy SVAT} )

Proof Let &, ...,EN be the epochs. The per epoch dynamic regret is given by Lemma 27. Com-
bining them with Holder’s inequality and Eq. (20), Eq. (21), the dynamic regret in [1, 7] can be
upper bounded by

0] (mm{Reg ., Regp} + DSVANT + ﬁ52A2N) (26)
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where

Reg; = DS\/A(L+ N)T + DSA(L + N) 27

and

_ =2 2 2 1/3 — f— 242 1/3
Regs = (D*S2AA 1y 5T2) " + SAy/ DAL 15T + (DSA2AZ | 5T) "+ SAN 1.5
(28)

Since D > Dy ax, the number of epochs can be bounded using Lemma 26:

2
T P\ 3
N <min{ L, 1+3<A+A>3T§ :
SV A

With N < L, Eq. (26), and Eq. (27), the dynamic regret in [1, 7] can bounded by (omitting
lower order terms)

3] (ﬁsm) . (29)

2
With N < 143 <A;\+/%p) ° T%, Eq. (26), and Eq. (28), the regret can alternatively be upper

bounded by (omitting lower order terms)
~ —_ 1 pR— p—
O <(D282AA[LT];DT2) " DSVAT + D(S%A)? (AT + Ap)1/3T2/3> : (30)

Then notice that D < 2D, and thus A[l 7D = A" 4+ 2DAP + A = O(A" 4 DpyaxAP) where
we use Lemma 10. Using these in Eq. (29) and Eq. (30) finishes the proof. |

Theorem 29 The doubling trick strategy described in Section 4.2 for the unknown Dy, and
known L case has a dynamic regret bound of O (DmaxS vV ALT) ; for the unknown Dy, and

known A case, the bound is
o (DmaxS\/AT + Dina(S2A) (AT + Ap)1/3T2/3) .

Proof For the known L case, when D < D,,.x, recall that the number of epochs is forced to be
N < L. Similar to the proof of Theorem 28, the regret in any of these epochs is upper bounded by

o (ﬁS\/ANT) ~0 (ﬁwm) .

Summing the above over D = 1,2.4, ..., Dpax, we get O (DmaXS V ALT). When D first enters
[Dmax; 2Dmax|, we use Theorem 28 to bound the regret in the rest of the rounds, which is still of
order O (DmaXS VALT )
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For the case of known A = A" + AP, the analysis is similar: when D < D,,.,, we force
N =1+ 3(S"2A"1A2T)"/3, and thus the regret within any of these epochs is upper bounded by
(similarly to the proof of Theorem 28)

~ — 1 JR— JE—
O ((DQSQAA[LT];DTQ) " DSVAT + D(s2A) (AT + Ap)1/3T2/3) .

Summing this over D = 1,2, ..., Dy« and using A[l D = A" + 2DAP + AT = O(A” +
Dipax ) for D = O(Dyax), we get O (D (S*AAT2) " 4 Do SVAT ). When D first

enters [Dmax, 2Dmax), we use Theorem 28 to bound the regret in the rest of the rounds, which is
still of the same order. |

Appendix H. Bandit-over-Reinforcement-Learning Approach

The idea of the BoRL framework is to run a multi-armed bandit algorithm over a set of sub-
algorithms each using a different parameter. In our case, each sub-algorithm is a MASTER-UCRL
with a different guess on Dy.,. The set of D only needs to span the range of [1,/T], since if
Diax = Q(V/T), the regret bound would be vacuous.

We divide the horizon into % equal-length intervals each of length B = Sv/AT. In each
interval, sub-algorithm i restarts a MASTER-UCRL with D = 2/~!. The reward of sub-algorithm
7 in interval b € [%] is its total reward gained in the MDP for this interval. We denote ¢* as the
sub-algorithm that uses D € [Dyax, 2Dmax]-

On top of these sub-algorithms, we run the EXP3.P algorithm (Auer et al., 2002b). The “arms”
are the sub-algorithms. From the above description, for this EXP3.P, there are M = [logy v/T'|
arms, the algorithm proceeds for % rounds, and in each round the reward range is B. By the
standard regret bound of EXP3.P, the learner’s regret against sub-algorithm 7* is of order

(5<B\/E+BM> =0 (VBT).

with high probability.
On the other hand, in each interval b € [%], since sub-algorithm i* uses a correct guess of D,
by Theorem 28, its regret against the best sequence of policy in that interval is

O (min {DmaXS\/ALbB, Dumax(S2A)3 (Ay)3 B5 + Dmaxsm})

where we abuse notations and denote Ly = Liy—1)B+1,6B)> Db = A[v—1)B+1,bB]-
Combining the two bounds above, we get that the regret of the learner against the best sequence
of policies in [1, 77 is

T
B
O (VBT +) min {DmaXS\/ALbB, Dimax(S2A)3 (Ay)3 B3 + DmaXS\/AB}
b=1

B
(using Eq. (20) and Eq. (21))

-0 (\/BT + min {Dmaxs A <L + g) T, Duax(S2A)3(A)3T5 + Dy SVAB x T})
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-0 (\/BT + DynaxSy/ %T + min {DmaXS\/ALT, Dinax(S2A)5 AST3 }) :

Using the B that we specified above, we get

Appendix I. Verifying Assumption 1 for Several Algorithms
To prove Eq. (1), it suffices to prove the following.

Assumption 1’ There exist universal constants ci,ca,C3,Cq,Cs5,¢c6 > 0 such that for all t =
1,2,..., as long as Ap 4 < c1p(t), the following holds with probability 1 — %:

iz min, 72 = el oy

15

E Z (fT - RT) < CBP(t) + C4A[1,t]‘ (32)
T=1

Furthermore, p(t) > \% A(t) > cgmaxy | fi(m) — frp1(m)|.
This is because for an algorithm satisfying Assumption 1°, we can redefine A(t) < (c3/c1 + c2 +
ca+ 1/(c1cs) + 1/cg)A(t) and p(t) < (c3 + c1ca + c1ca + 1/c5 + c1/c)p(t). Then Eq. (1) is
satisfied. Our verification below is thus mostly based on Assumption 1’ for simplicity.

The following proofs are brief (some of them are just sketches) since they follow standard
analysis and mostly appear in previous works. Please find more details in the references. We
sometimes make minor modifications to the original algorithm to make them more aligned with our
framework.

I.1. UCBI1 for Multi-armed Bandits

Algorithm 7: UCB1 for multi-armed bandits
input: A (number of arms), 7', §.
fort=1,...,7T do

Choose a; = argmax,e(4] (ﬂ,a +c W) < ¢ > 0 is some universal constant
t,a
where
_ t—1
P Ef—:ll R:1ja; = al L B
Tta = N , Ny, = max {1, Z llar =a] p. (33)
’ ’7'—1
Receive R; with E[R;] = 1 q,.

end

In this subsection, we consider the multi-armed bandit problem and the UCB1 algorithm by
Auer et al. (2002a). Suppose there are A arms, and let r; , denote the expected reward of arm a at
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time ¢. Then the multi-armed bandit problem fits in our framework with IT = [A] and fi(a) = r¢ 4.
Below, we show that the UCB1 algorithm satisfies Assumption 1°.

The pseudocode of UCBI is presented in Algorithm 7. At time ¢, UCB1 chooses the arm that
log(T'/6)
NS,
mean of the reward of arm a up to time ¢t — 1, Ny , is the cumulative number of pulls of arm a up to
time ¢t — 1 and Ntfa = max{1, Ny 4}, all defined in Eq. (33); ¢ > 0 is some universal constant that

is determined by Azuma’s inequality.
To see that UCB1 satisfies Assumption 1°, we define

has the highest optimistic reward estimator 7 , = Tta + C , where 7, is the empirical

~ ~ Alog(T/é Alog(T/6
AW =maxlre —reral  fimmaxie,  p(t) = [ oB0/0) ALBE)
t—1 _
Furthermore, denote 7y , = W (define 7y , = 1if NV}, = 0 for simplicity). Note that
with high probability, 7

fe = max7y, > max MaxTra Apyg > 1;n<1? maxrrq — Ap g,
where the first inequality is because with high probability, 7; , > 7 , by Azuma’s inequality. This
verifies Eq. (31).
On the other hand, by the selection rule a; = argmax, 7 4, we have with probability 1 — §,

t t
Z < Z TT ar — T'r a-r + Z(T’T,(ZT - RT)
T=1

t
T=1 T=1
t

[log(T'/9)
Z(T(IT Trar, T C g]\[""/ >+Z TTa.,-_ T
=1 T,

<tApg+0 (\/At log(T/0) + Alog(T/a))

where in the last inequality we use 7' o, — 77,4, < A[j 4 and the standard pigeonhole argument, and

use Azuma’s inequality to bound ZtT=1 (rr.a, — R;). This proves Eq. (32). Note that the condition
A = O(p(t)) in Assumption 1’ is even not needed.

I.2. OFUL for Linear Bandits

In this subsection, we consider linear bandits with a fixed action set, and the OFUL algorithm by
Abbasi-Yadkori et al. (2011). The original OFUL algorithm handles the case where the action set
can change over time (also known as the linear contextual bandit setting), but this is beyond the
main focus of this paper. Let A be the action set, and 6, be the reward vector at time ¢. Then the
linear bandit problem fits in our framework with II = A and f;(a) = a' ;.

The pseudocode of OFUL (with a fixed action set) is presented in Algorithm 8. For simplicity,
assume that for all actions a € A, ||al|2 < 1, and for all ¢, the reward vector 6, satisfies ||6;]2 < 1.
The OFUL algorithm chooses the action a; = argmax, a’6; + 28]|al a1 at time ¢, where B,

A =T+ ZT Laral, and 0, are defined in Eq. (35).
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Algorithm 8: OFUL for linear bandits
input: A C R? (action set), T, J.
fort=1,2,...,Tdo
Choose a; = argmax, ¢ 4 <aT§t + 25HaHA;1),
where

t—1 t—1
B=4y/dlog(T/5), M=I+ axal, 6 =A"> Rea.. (35
T=1 T=1

Receive R; with E[R;] = a/ 0;.
end

Then we define

dlog(T/9)

A(t) = dV10g(T/0)100 — rialla. Jo = mase (aT8: +28llally 1), o(t) = BY/ =2,

(36)

Below, we verify that OFUL satisfies Assumption 1’ with the choices in Eq. (36). Under the as-
sumption that A[l’ﬂ < p(t), for any action a, by similar arguments as in (Zhao et al., 2020, Lemma
D),

TA IZGT
< Z ’aTA;IaT
T=1

[a" (0~ )| < )|+ Bllally

al (6, = 09)| + Bllall-

£ T
< d\/m <Z|GHA 1||a"l'||/\_ > +5Ha”/\t_l

(al (0, — 0:) < [0, — 0|2 < “’;N

 Apy

t—1
- t—1 12 -
d\/T/(S HaHAt1 X 4| ( );Ha HAtl +5”aHAt1

(Cauchy-Schwarz)

t
< <5+A[u} CW) lall 1
(2 llarlf oy = (A7 Il g al) < d)

< 25”“"1\;1- (by the assumption Ay < p(t))
(37
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Thus,

3 (F ) = 3 (7 - o) + Y (w0, - )

- ZT (0-—0.) + 2§tjm|a7||ml +0 (v/1log(T/5))
=1 =1

(by the definition of f, and that OFUL chooses a, = argmax, (aT@ + 28]|al| A;l))

¢
=0 (Z 5”%||Asl> +0 < tlog(T/d)) (by Eq. (37))
s=1

~0 (Bx/dt log t) — O (tp(1)) < O (tp(t) + tAp) -

=1

This verifies Eq. (32). Also, by Eq. (37),

ﬁ = HICE}X ((IT@ + 2BHa||At_1) 2 mélXaTet = ft* 2 Iél[]lnt} f: — A[l,t]'

This verifies Eq. (31).

1.3. GLM-UCSB for Generalized Linear Bandits

Algorithm 9: GLM-UCB for generalized linear bandits
input: A C R% T, 8, i1 (link function), \.
define: £, = sup,¢(o 1 d‘é—gf), ¢ = infyepo ]
fort=1,...,T do
Choose a; = argmax, ¢ 4 (u(aT@) + 2B|]aHA;1>

du(x)
> 0.

where

4k —
B = C—: <\/dlog(cHT/()\6)) + cu\f)\> , Ay =M+ ;aTa;r,

and é\t is the unique solution of the following set of equations (define

gi() = ey + Zt;:ll M(al—x)ar)i

t—1
w(@) =D Feor, b= argin (%) — 9O 571

Receive R; with E[R;] = p(a/ 6;).
end

Generalized linear bandit is proposed by Filippi et al. (2010) and extended to the non-stationary
case by Cheung et al. (2019); Zhao et al. (2020); Russac et al. (2020); Faury et al. (2021). We refer
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the readers to these papers for the introduction of the setting. Again, we consider the special case
where the action set is fixed over time, and for simplicity, we assume that the action set A is a subset
of {a € R?: |lallz < 1} and the hidden parameter 6; satisfies ||0;||2 < 1. The generalized linear
bandit problem is accompanied with an increasing link function p : R — R. It fits in our framework
with IT = A and f;(a) = p(a'6y).

The standard GLM-UCB is presented in Algorithm 9. Below we show that GLM-UCB satisfies
Assumption 1’ with the following definitions:

2d -~ ~ dl 1)
B SR TTaN0: — Ol T = mas (a0 + 28all 1) otr) = By TR,
” a

where CM and £, are the inifimum and supremum of the derivative of ;. (defined in Algorithm 9). De-
fine Gy & Zt 1 [ v1:0 I ((aT, (1-— v)HAt + v0t>dv)] ara; + el = cuA¢. Under the assumption
that A(t) < p(t ) foralla € A,

ua’6) — ula’ )| <

aT(0:= )| < b |a" G (gu(00) — 9:(00)

Kullallg, |00 = 9:@0)|
t
ku ~
< alyr [90000) - @),
m t
k

IN

o lallaz [lae(®e) = (@)

( (al,) — (aIeT)> ar +i§1 (u(ajeT) - RT)> ar + Acpby

t—1
= HHa”A 1

T=1

Al

| /\

7;
E
>|—

Fy, max Het 0, H2Z||aTHA—1+ + Ve,

Z NrGr

T=1

At
(define 1, = p(a 6,) — R;)

<ku kzd\/w\/»%— \/dlog(c, T/5) + \F)\cu>

k
< iHa’HA 1
k cup(t)
< J - “ 1/ \/dl T/6) +
< ||a||A , dlog T/5 + og(c,T/9) fcu)
(by the assumption Ay < p(t))
< 28]lal|+. (38)

Thus,

t

i (fT - RT) = Z (f‘r - M(CLIQTD + Z (u(a:(%) — RT)

=1 T=1 =1
t t
<3 (0] 0r) = w(al6:)) +283 sy + O (VElog(T79))
T=1 T=1
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SO@E:WMg>=O@tM%@w»

= O (tp(t)) = O (tp(t) + tApy) -

This verifies Eq. (32). Furthermore, by Eq. (38),
fy = max (H(aTet) + 26Ha||A;1) > r(?eaﬁ(u(aTGt) = ff> min ff— Apy.
This verifies Eq. (31).

I.4. Q-UCB for Finite-horizon Tabular MDPs

Algorithm 10: Q-UCB for finite-horizon tabular MDPs

input: S (number of states), A (number of actions), H, T, §.
Qn(s,a) < H, Ny(s,a) <« 0forall h,s,a.
fort=1,...,Tdo
forh=1,...,Hdo
Choose a}, + argmax, Qp(s!,a).
T = Np(sh,al) < Np(sh,al) +1, by < c\/H3log(SAT/S)/T.
< c is a universal constant
Qu(st ) (1 — ar)Qn(sh,ay) + ar [rh(shah) + Vira(sh 1) + br]. <o, & 221
Vi(sh,) < min { H, max, Qn(s},a)}.
end

end

The finite-horizon tabular MDP problem fits in our framework with II being the set of deter-
ministic polices on the MDP, and f;(7) being the expected reward of policy 7 in episode ¢. Q-UCB
(Hoeffding-style) is a model-free algorithm for finite-horizon tabular MDPs proposed by Jin et al.
(2018), whose pseudocode is in Algorithm 10. Let H denote the horizon length, 327 az denote the
state and actions visited at step h of episode ¢, and '}, p!, denote the reward and transition functions
at step h of episode ¢. Without loss of generality, we assume that s{ = s; for all ¢ (i.e., the initial

state is fixed).

It has been shown in the proof of (Mao et al., 2021, Theorem 1) that Q-UCB satisfy Assumption

1’ with the following choices:

H H
_ ¢ t+1 2 ¢ t+1
At) = H Y max|ri(s,a) =" (s,0)| + H* }_max [|pj, (5, 0) = 5" (s, )l
h=1 h=1
fi = Vii(s1), (V}! is the Vj, in Algorithm 10 at the beginning of episode )

_ 3
o) = O ( /H5tSA ! tSA) |

The proof details are omitted here.
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Algorithm 11: LSVI-UCB for finite-horizon linear MDP
input: S (state space), A (action space), ¢(-,-) : S x A — R¢ H, T, 6.
fort=1,...,Tdo
forh=H,...,1do
Ap Zi 11 ¢(5h, ar,)o(shs ah) + 1.
wp Ay i o(s7,, af,) [r7 (], af,) + maxae 4 Qni1 (], 1, a)].
Qn(,) = min {wl () +28 (6, A7 o) H .
< B = cdH /log(T'/5) for some universal constant c

end
forh=1,...,Hdo

| Take action a}, + argmax,c 4 Qp (s}, a).
end

end

I.5. LSVI-UCB for Finite-horizon Linear MDPs

See (Zhou et al., 2020; Touati and Vincent, 2020) for the non-stationary finite-horizon linear MDP
setting. We assume that the reward function and the transition function at step h of episode ¢ are
i (s,a) = ¢(s,a)" 0% and p! (s'|s,a) = ¢(s,a)" ut (s') where ¢(,-) is the feature function that
maps a state-action pair to a d-dimensional feature vector. The problem fits in our framework with
IT being the set of deterministic policies, and f;(7) being the expected reward of policy 7 in episode
t. The LSVI-UCB algorithm is an optimism-based algorithm proposed by Jin et al. (2020b), whose
pseudocode is shown in Algorithm 11. We define Q?, wh, At to be the Qp,, wp, Ay, at Line 11 of
round ¢. Furthermore, define V/!(s) = max,e4 Q} (s, a). Agam without loss of generality, we
assume sﬁ = s1 (the initial state is fixed).
We define

) = dH /log(T/5) (Zneh 9t+1H2+HZH/~Lh ut“\lF)a

ft Vl 51),

/d5H4 [dlog(T 5
log(T/90) og / (c and 3 defined in Algorithm 11)

Below, we verify that LSVI-UCB satisfies Assumption 1’ with the A, f, and p defined above.
Assume that Af; 4 < p(t). By similar arguments as in the proof of (Zhou et al., 2020, Lemma 3),
we have

95, @) T}, = Qi(s,0) = Ph(Vi = Vi))(s. )| < (8 + VatBogg+ HVAB,p1.0) [9(5,0)] )
(39)

where By 1 = Y0y Sor, 107 — 67 2 and By, g = S0y S0 (g — py, |- By the
definition of A(t), the right-hand side of Eq. (39) can be further upper bound by

1 t
(ﬂ + 5 CWA[M]> 16(s, @)l ()1 < 281165, @)l 0y (40)
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where the inequality is by the assumption that Ay 5 < p(t). Similar to the proof of (Zhou et al.,
2020, Lemma 4), we can then show that for any ¢, h,

QZ('S?CL) - Q;’(L(S’ (l) = ¢(57 a)Tw}%L - QZ(Sa CL) + 2B||¢(87 a)H(Az)_l
> max (Vi1 (s) = Vi (s))) (by Eq. (39) and Eq. (40))

and further using induction to show that V{(s) > V;*(s). Thus, f; = Vi{(s1) > V{*(s1), which
verifies Eq. (31). One can also show that Zizl (f; — RT) = O(tp(t)) using the standard analysis

of LSVI-UCB (e.g., (Jin et al., 2020b, Theorem 3.1), (Zhou et al., 2020, Theorem 5)). This verifies
Eq. (32).

1.6. ILOVETOCONBANDITS for Contextual Bandits

Algorithm 12: ILOVETOCONBANDITS for contextual bandits
input: II (policy set), A (action set), T, d.

fort=1,...,7Tdo
Calculate (); € Ay that satisfies the following constraints with some universal constant

d>0:

ZQ Reglt 1]( ) < 2 Apy

—

1 1 Reg; ;1 ()
< I el Ll B
vrell,  — ; e < 2A + o

where i £ /ST Qn(alz) £ (1 - Ap) Y, q Q(m)1[m(x) = a] + pr, and

Reg, () maxz (7' () — Pr(m(2r))) mr(a) 2

Let pi() = Q**(+|z¢) and sample a; ~ p;.
end

In the contextual bandit problem, in each round, the learner first sees a context x; € X', and
then chooses an action a; € [A] based on it. The learner then receives the reward r(a;) € R. We
assume that (x4, ;) is sampled from the distribution D;. The goal of the learner is to be comparable
to the best mapping 7 : X — [A] within a given set of mappings IT (which are called policies), i.e.,
the learner wants to minimize Y, (¢ (7} (1)) — r¢(a;) where 77 £ maxer B, ) op, [r(7'(x))].
See (Agarwal et al., 2014) for more detailed description of the problem. This problem fits in our
framework with the same IT and f;(7) = E(; ,yp, [r(7(2))].

The algorithm ILOVETOCONBANDITS (Algorithm 12) by Agarwal et al. (2014) achieves
the optimal regret bound in the i.i.d. case. The analysis for ILOVETOCONBANDITS is more
involved. Fortunately, Chen et al. (2019) already has helpful lemmas for ILOVETOCONBANDITS
in the non-stationary case, and we can simply reuse them. We show a more general result that
Assumption 1 is satisfied no matter how large Ay 4 is.
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Let Rz(w) = ﬁ > rez E@ry~p, [r(7(x))] be the expected of policy 7 in the interval Z,

Re(n) = \%I > ez Tr(m(x7)) be an unbiased estimator of Rz(m), with 7> an unbiased estima-
tor for the action reward constructed with inverse propensity weighting at time 7. Let Regy(7) =
max, Rz(n")—Rz () and ﬁe:gl(w) = max, Rz(n')—Rz(r). Below, we will show that ILOVE-
TOCONBANDITS satisfies Assumption 1’ with the following definitions:

A(t) 2 ||D; — Dy v = / / Dy(e, ) — Do, )| dedr,
T X

fi & max 7%[17,5,1] (m) + coApe—1 (for some universal constant ca > 0)

Alog(|T[T/5)

p(t) = - 5

||>

Note that A(t) upper bounds [E, ,yp, [7(7(2))] — E(z p)~p,,, [1(7(2))]].
Combining the proofs of Lemma 14 and Lemma 16 in (Chen et al., 2019), we get the following
guarantee with probability at least 1 — 9 for any policy 7:

[ Rivg (%) = iy g(m)| < caRegyy (m) + cope + calyu, )

where p; = 71%('1;‘[?/ %)

Eq. (41), notice that Lemma 14 of (Chen et al., 2019) gives ‘7/—\;,[1775](71') —R[Lt](ﬂ')‘ <

O (% St U+ 71%(%‘?/ 5)), and they further upper bound U, by O (Lei[:’t] + A+ L/[jt‘t]
the second-to-last line in their proof of Lemma 16. Combining them yields Eq. (41). Notice that
they have an additional log I" factor which we do not suffer.

Below, let 77; = argmax, R(; (7). Then we have

and cjp,co,c3 are universal constants. To see how to get

in

max 7€[1,1r,] (m) > 7%[1,1;] (7t) > Rp1q(Te) — 3B — coApe

= mfrxx R[Lt] (7‘() — CSA[I,t] — co Ay, (42)

where in the second inequality we use Eq. (41) with the fact that Reg (7¢) = 0. Therefore, if we
choose f; = max, 75[17t,1] (m) + coApg—1, then

f’; > max Ry 4 q)(7) — c3Ap 1) (using Eq. (42) and the definition of f;)
> max mﬁx] Rr(m) = (es + 1)Apy (43)
™ Te(lt

which proves Eq. (31). Next, we show Eq. (32):

fo— B <3 Qulm) (fi = Ralm)) + O(Aw)

(by the algorithm, which uses O(Apu;) probability to explore actions)
= 5 Qu(m) (R ()~ Relm) ) + Ol
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< Z Qt() (lef}Xfé[l,tl] (') — R[l,tl}(ﬂ')> + O (Aps + Apy)

= Z Qi(m (Reg 14—1)(m) + ﬁ[l,t—l} (m) = Rp1e—1j UT)) +O (Ape + Apg)

< Z Qu(n (Reg Loy (T) + eiRegp ) (w)) +O (A +Ap ) (by Eq. (41))
(1+2c1) Z Qu(m Reg[1 —qy(m) + O (Ape + Apg) (44)

where the last inequality is by Lemma 16 of (Chen et al., 2019), which bounds Reg; ,_4;(7) by
21@[171&_1] (m) + O (A + Ap y)- By the algorithm, Y- Qt(w)ﬁe\g[l’t_l] (m) is of order O (Ap).
Therefore, the last expression can further be upper bounded by O (Aut + Ap g ) Finally, with the
above calculation and Azuma’s inequality, we get

zt: (F-R) < zt: (Jr —Ee[RA]) + zt: (B, [R:] = Ry) < O (V/At1og([TIIT/6) + Apy )

T= T= T=1

Since we choose p(t) = 1/ w, Eq. (32) is also satisfied.

1.7. FALCON for Contextual Bandits

Algorithm 13: FALCON for realizable contextual bandits
input: ® (reward function class), A (action sets), T, J.
fort=1,...,7T do
Lety = \/At/ log(|®|T/9).

Compute ¢; = argmin,eq S V(p(xr, ar) — e(ar))?
Observe context ;.
Let a; = argmax, ¢ 4 (}E(azt, a). Define

1
pt(a) £ A+’Yz(¢t($t,6t)—¢t(:ct,a))’

L—=> 0 sa, pe(d), for a = ay.

for a # ay,

Sample a; ~ p; and observe reward R;.
end

FALCON is an algorithm for stationary contextual bandits. It relies on the assumption that the
expected reward of action a under context x is given by an unknown function ¢*(x,a) : X x A —
[0, 1]. The learner is given the function class ® that contains ¢*. For each ¢ € ®, one can derive
a policy mg : X — A such that 74(x) = argmax,c 4 ¢(x,a). It is straightforward to see that the
optimal policy is 74+, and the learner’s goal is to be competitive with it. This problem falls into our
framework with IT = {7y : ¢ € ®} and fi(7) = Eyep, [¢*(z, w(z))] where D; is the distribution
of context at time ¢. The algorithm FALCON is shown in Algorithm 13.

Below, we show that it also satisfies Assumption 1°.
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At time ¢, the context x; is sampled from D,, and the reward is generated by E[r.(z, a;)] =
oy (x4, ar). We slightly modify their algorithm so that at every round ¢, the algorithm call the re-
gression oracle once and obtain ¢; = argmin ¢ g S 1( (xr,a;) — R;)? (the original algorithm
does this only when the time index doubles), and then construct a mapping from context to action
distribution py(-|-) as specified in their algorithm. Analogous to their definitions, we define

=
Rup-(m) = 5= 2 Bonp, [d7(z,7(2))],
T=1
N 1 = N
R[Lt—l]( m) = —1 Ezop, [Qﬁt(%ﬁ(x))],

=1
@[u—u (m) = 7%[1,15—1] (W(gt) - 7%[1,75—1] (),
R = Ry i— —Ri1— ,
eg[l,tq](”) %25 [1,t 1](7%) [1,t 1](77)
1

Vi(p, ) = Eznp, [p(w(x)\x)] ’

Vi(m) = max Vs Vi (pr, 7).

We will show that FALCON satisfies Assumption 1’ with the following definitions:
A(®) = VAmax |67(2.0) - (.0 + [ [Pile) = D (),
’ x

1) = |/ RSP

By the same calculation as in Lemma 7 of (Simchi-Levi and Xu, 2020), for any 7,
~ 2
(t—1) ‘R[l,t—l] (m) — R[l,t—l] (TF)‘

t 2
: (ZIEMT G, m(a)) - ¢:<x,w<x>>})

Ti-1

< Z (Eamr. [8e07(2) = 92 (,m(@)])

_ 2
_ 1 - 2
< ; (ExNDT \/MPT(W(HT)’&?) (¢t(ac, m(x)) — ng(x,w(a;))) ])
o« | 1 5 2
<3 (Ben ||y Pt (B0 - 000 |
1

< EE%DT L%(?r(fv)!:v)} B, Bamp. (o) [@t(ﬂc, a) - ¢¢(9«“,a))2]
< gVT(pT,W)EMW) [(@(% a) = ¢7(z, “))2]
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t—1

<Vi_1(m) ZEaNpT(.‘x) [((Et(x, a) — ¢:(x,a)>2] .

T=1

Using Lemma 30 and Lemma 31 below, when K[M} < O (p(t)), we have
. 2
Z o amar(in | (10.0) = 9560, 0))| < O (1ol 9)

and V;—1(m) < O(A) + max ¢ 4—9 %1%[1;] (), where v, = O ( logﬂf}}W). Note that
they are actually of the same order as in the Lemma 7 of (Simchi-Levi and Xu, 2020) since the
additional terms contributed by A, ;; are dominated by other terms. Thus, the bound we get for

‘R[Lt_l} — ﬁ[l’t_l] ‘ is of the same order as their Lemma 7, which is

~ log(T'|®|/6
’R[l,t—l] () = Ry -1 (W)‘ <0 (\/og(\|/) (A + max ’YTReg[LT] (ﬂ)) (45)

t TE[L,t—2]

1
< — . -
ST Reg); () + O (p(t)) (by AM-GM)

(46)

Then one can follow the derivation in their Lemma 8 using Eq. (46), and get

—

Regy; (7)) — Regpy (7) < § ,anax }Regp A(m) + O(p(t)),

— 1
Reg;; () ~ Regy () < 5 _max  Regy () + O(o(t)

Using these two inequalities, together with |Regy - (m) — Regp 4 (m)| < O(Ap ) = O (p(t)), we
can also prove

Reg) (m) < 2Reg)y »(m) + O(p(t)),  Regp () < 2Reg) »(m) + O(p(t))  (47)
by induction as their Lemma 8. One can see that all bounds we obtain are of the same order as in
the stationary case shown in (Simchi-Levi and Xu, 2020), thanks to the condition A, 4 = (’)(p(t)).

Then following their Lemmas 9 and 10, we obtain regret bound maxg tR 1 4 (7g) — St R,
@ ( At 1og(T\c1>y/5)).

Alog(T|®|/9)
t

Similar to the calculation in Eq. (43), by picking ft = Rp—y(m 3 ) +c with

large enough ¢, we have

Alog(T]®]/3)

Jiz max Ry gy (m) + ¢ —— — Olp(1)) (by Eq. (46))
> Rip—1)(mgr) = Ra(mpr) — O(Apy) > TIélﬁnt] m(‘;lxR (1) — O(Any),

which verifies Eq. (31). To upper bound Zf—:l (}:— — RT>, we follow a similar calculation as
Eq. (44), and use the condition A(; ; = O(p(t)). This verifies Eq. (32).
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Lemma 30 If Ap 4 < O (p(t)), then

t—1

5 o ampetin | ()~ 03 0,0)) | = O outIo)/5).

=1

Proof First, we consider a speicific ¢. Define Y; = (¢(7, ar) — Ry)*—(¢* (27, ar) — R;)?. Then
we have E[Y;] = E [((Z)(:L‘T, a:) — ¢r(xr,ar)) ] and E [YQ] < 4E [(qﬁ(wT, ar) — (b:(:rT,aT))Q] =
4E[Y;]. By Freedman’s inequality,

t—1 t—1 -1
Sy > YR - J S E[2)1og(T/8) — e2log(T|®|/9)
T=1 T=1 =1

t—1
> ZE[ 201JZE |1og(T/8) — o log(T|®|/6).
=1

The above implies (by solving for Zi;ll E[Y;])

t—1 t—1
SR, <2) Ve +4(cF + o) log(T|®/6). (48)
T=1 T=1

For the other direction, we also have

ZY < 2ZE < +cQ> log(T|®|/6). (49)
Then we can bound
t—1 R 9
Z E:ENDT,a~p.,—(-\m) |:<¢t (CE, a) - d): (.T, a)) :| (using Eq. (48))

t—1
< 22 ( (xr,ar) — RT>2 - 22 (¢ (27, ar) — Ry)? + 4(c2 + ) log(T|®|/6)

SQZ(QbI(H?T,GT - _22 xT7aT - ) +4(C%+62)10g(T‘q)’/6)
T=1
(by the optimality of ggt)
t—1
<4 Z E |:(¢)’1((x7'7 ar) — (b:'(xT’ aT))ﬂ + c3log(T'|®[/0) (using Eq. (49))
T=1
4
< (tA )A[l g + c3log(T'|®[/0). (by the definition of A[. )

By the condition on Ay ;, we have At )A[Zl g = O (log(T'|®|/0)), which proves the lemma. M
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Lemma 31 If Ap 4 < O (p(t)), then

Vi(m) < O(4) + max %ie\gu,r] ()

T€[l,t—1]
where ¢ = © (,/log(‘é%)

Proof Similar to Lemma 6 of FALCON, for 7 € [1, ],

V(pr, @) € A4 91 Bap, [0r(@, 75 (2) = 6o, 7(2))|

T —

T—1
V- - oy
<A+ T2 B, [frlormg (0) = B D] + 9018
<A+ ’Yr—lﬁe\g[l,pl] () + yr—180,4-

By the condition E[M] < O (p(t)), that last term .1 A[y 4 is of order O (A). By the definition of
Vi (), this finishes the proof. [ |
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