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Summary

This technical report is an extended version of [1]].

For undiscounted reinforcement learning in Markov decision processes (MDPs) we consider
the total regret of a learning algorithm with respect to an optimal policy. In order to describe the
transition structure of an MDP we propose a new parameter: An MDP has diameter D if for any
pair of states s, s’ there is a policy which moves from s to s’ in at most D steps (on average). We
present a reinforcement learning algorithm with total regret O(DS\/ AT) after T steps for any
unknown MDP with S states, A actions per state, and diameter D. This bound holds with high
probability. We also present a corresponding lower bound of ©2(v/ DS AT) on the total regret of any
learning algorithm.
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Near-optimal Regret Bounds for Reinforcement Learning

1 Introduction

In a Markov decision process (MDP) M with finite state space S and finite action space A, a learner
in state s € S needs to choose an action a € A. When executing action a in state s, the learner
receives a random reward r with mean 7(s, a) according to some distribution on [0, 1]. Further,
according to the transition probabilities p (s'|s, a), a random transition to a state s’ € S occurs.

Reinforcement learning of MDPs is a standard model for learning with delayed feedback. In contrast
to important other work on reinforcement learning — where the performance of the learned policy is
considered (see e.g. [2,13] and also the discussion and references given in the introduction of [4]) —
we are interested in the performance of the learning algorithm during learning. For that, we compare
the rewards collected by the algorithm during learning with the rewards of an optimal policy.

In this paper we will consider undiscounted rewards. The accumulated reward of an algorithm 2
after T steps in an MDP MM is defined as

R(M, 2, s,T) =S 7y,

where s is the initial state and r; are the rewards received during the execution of algorithm 2. The
average reward

p(M,2,5) := Tim 4 E[R(M,2,5,T)]

can be maximized by an appropriate stationary policy m : S — A which defines an optimal action
for each state [5]].

The difficulty of learning an MDP does not only depend on its size (given by the number of states
and actions), but also on its transition structure. In order to measure this transition structure we
propose a new parameter, the diameter D of an MDP. The diameter D is the time it takes to move
from any state s to any other state s’, using an appropriate policy for this pair of states s and s:

Definition 1. Let T'(s'| M, m, s) be the first (random) time step in which state s’ is reached when
policy m is executed on MDP M with initial state s. Then the diameter of M is given by

D(M) := max min E[T(s'|M,,s)].
s,8’eS m:S—A

A finite diameter seems necessary for interesting bounds on the regret of any algorithm with respect
to an optimal policy. When a learner explores suboptimal actions, this may take him into a “bad
part” of the MDP from which it may take about D steps to reach again a “good part” of the MDP.
Hence, the learner may suffer regret D for such exploration, and it is very plausible that the diameter
appears in the regret bound.

For MDPs with finite diameter (which usually are called communicating, see e.g. [Sl]) the optimal
average reward p* does not depend on the initial state (cf. [5]], Section 8.3.3), and we set

p* (M) := p"(M, s) := max p(M, 7, s).

The optimal average reward is the natural benchmark for a learning algorithm I, and we define the
total regret of 2 after T steps af]

A(M, A, s,T) = Tp*(M)— R(M,,s,T).

In the following, we present our reinforcement learning algorithm UCRL2 (a variant of the UCRL
algorithm of [6]) which uses upper confidence bounds to choose an optimistic policy. We show
that the total regret of UCRL2 after T steps is O(D|S|+/|A|T). A corresponding lower bound of
Q(+/DIS||A|T) on the total regret of any learning algorithm is given as well. These results establish
the diameter as an important parameter of an MDP. Further, the diameter seems to be more natural
than other parameters that have been proposed for various PAC and regret bounds, such as the mixing
time [4,[7]] or the hitting time of an optimal policy [8] (cf. the discussion below).

'Tt can be shown that maxg E[R(M, %, s,T)] = Tp*(M) + O(D(M)) and maxy R(M,2,s,T) =
Tp* (M) + O(V/T) with high probability.
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1.1 Relation to previous Work

We first compare our results to the PAC bounds for the well-known algorithms E3 of Kearns,
Singh [4], and R-Max of Brafman, Tennenholtz [7]] (see also Kakade [9]). These algorithms achieve
e-optimal average reward with probability 1 — § after time polynomial in %, % S|, |A|, and the mix-
ing time 7™ (see below). As the polynomial dependence on ¢ is of order 1/&3, the PAC bounds
translate into 72/ regret bounds at the best. Moreover, both algorithms need the e-refurn mixing
time T™ of an optimal policy 7* as input parameter. This parameter 7™ is the number of steps
until the average reward of m* over these T™* steps is e-close to the optimal average reward p*.
It is easy to construct MDPs of diameter D with T™* =~ D /e. This additional dependency on &
further increases the exponent in the above mentioned regret bounds for E® and R-max. Also, the
exponents of the parameters |S| and |A| in the PAC bounds of [4] and [7] are substantially larger
than in our bound.

The MBIE algorithm of Strehl and Littman [[10} [11] — similarly to our approach — applies con-
fidence bounds to compute an optimistic policy. However, Strehl and Littman consider only a dis-
counted reward setting, which seems to be less natural when dealing with regret. Their definition
of regret measures the difference between the rewardsE] of an optimal policy and the rewards of the
learning algorithm along the trajectory taken by the learning algorithm. In contrast, we are inter-
ested in the regret of the learning algorithm in respect to the rewards of the optimal policy along the
trajectory of the optimal policy.

Tewari and Bartlett [8]] propose a generalization of the index policies of Burnetas and Katehakis [12].
These index policies choose actions optimistically by using confidence bounds only for the estimates
in the current state. The regret bounds for the index policies of [[12] and the OLP algorithm of [8]
are asymptotically logarithmic in 7. However, unlike our bounds, these bounds depend on the gap
between the “quality” of the best and the second best action, and these asymptotic bounds also hide
an additive term which is exponential in the number of states. Actually, it is possible to prove a
corresponding gap-dependent logarithmic bound for our UCRL2 algorithm as well (cf. Theorem f]
below). This bound holds uniformly over time and under weaker assumptions: While [8] and [12]
consider only ergodic MDPs in which any policy will reach every state after a sufficient number of
steps, we make only the more natural assumption of a finite diameter.

2 Results

We summarize the results achieved for our algorithm UCRL2 which is described in the next section,
and also state a corresponding lower bound. We assume an unknown MDP M to be learned, with
S :=|S| states, A := |.A| actions, and finite diameter D := D(M). Only S and A are known to the
learner, and UCRL?2 is run with parameter 4.

Theorem 2. With probability 1 — ¢ it holds that for any initial state s € S and any T > 1, the regret

of UCRL2 is bounded by
A(M,UcrL2,s,T) < ¢ -DS\/TAlog %,

for a constant c1 which is independent of M, T, and §.

It is straightforward to obtain from Theorem [2]the following sample complexity bound.

Corollary 3. With probability 1 — § the average per-step regret is at most € for any

D2S5%A < DSA )
log | ——

T > Co
- g2 oc

steps, where co is a constant independent of the MDP.
Theorem 4. For any initial state s € S, any T > 1 and any € > 0 the expected regret of UCRL2
(with parameter § := 1/(3T)) is

D2 2A1 T
E[A(M, UCRL2, 5, T)] < cz 22 A108(T)

)

2 Actually, the state values.
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where g == p*(M) — max, {p(M,m,s) : p(M,m,s) < p*(M)} is the gap between the optimal
average reward and the second best average reward achievable in M, and c3 is an MDP independent
constant. Using the doubling trick to set the parameter 6, the same bound can be achieved without
knowledge of the horizon T.

These new bounds are improvements over the bounds that have been achieved in [[6] for the original
UCRL algorithm in various respects: the exponents of the relevant parameters have been decreased
considerably, the parameter D we use here is substantially smaller than the corresponding mixing
time in [6]], and finally, the ergodicity assumption is replaced by the much weaker and more natural
assumption that the MDP has finite diameter.

The following is an accompanying lower bound on the expected regret.

Theorem 5. For some ¢y > 0, any algorithm 2, and any natural numbers S, A > 10, D >
20log 4 S, and T > DSA, there is an MDP M with S states, A actions, and diameter D, such
that for any initial state s € S the expected regret of A after T steps is

E[A(M,2A,s,T)] > ca-VDSAT .

In a different setting, a modification of UCRL2 can also deal with changing MDPs.

Theorem 6. Assume that the MDP (i.e. its transition probabilities and reward distributions) is
allowed to change { times up to step T, such that the diameter is always at most D (we assume
an initial change at time t = 1). Restarting UCRL2 with parameter §/¢* at steps [i®/¢*] for
i =1,2,3..., the regret measured as the sum of missed rewards compared to the { policies which
are optimal after the changes of the MDP is upper bounded by

12
cs -€§T§DS\/Alog%

with probability 1 — § for an MDP independent constant cs,.

MDPs with a different model of changing rewards have already been considered in [[13]]. There, the
transition probabilities are assumed to be fixed and known to the learner, but the rewards are allowed
to change in every step. A best possible upper bound of O(+/T') on the regret against an optimal
stationary policy, given all the reward changes in advance, is derived.

3 The UCRL2 Algorithm

Our algorithm is a variant of the UCRL algorithm in [6]. As its predecessor, UCRL2 implements
the paradigm of “optimism in the face of uncertainty”. As such, it defines a set M of statistically
plausible MDPs given the observations so far, and chooses an optimistic MDP M (with respect to
the achievable average reward) among these plausible MDPs. Then it executes a policy 7 which is
(nearly) optimal for the optimistic MDP M.

More precisely, UCRL2 (Figure [I)) proceeds in episodes and computes a new policy 7, only at the
beginning of each episode k. The lengths of the episodes are not fixed a priori, but depend on
the observations made. In Steps UCRL2 computes estimates py, (s'|s,a) and 7, (s, a) for the
transition probabilities and mean rewards from the observations made before episode k. In Step [
a set M, of plausible MDPs is defined in terms of confidence regions around the estimated mean
rewards 7 (s, a) and transition probabilities py, (s'|s,a). This guarantees that with high probability
the true MDP M is in M. In Step@ extended value iteration (see below) is used to choose a near-
optimal policy 7;, on an optimistic MDP M), € M. This policy 7, is executed throughout episode
k (Step @) Episode k ends when a state s is visited in which the action a = 7, (s) induced by the
current policy has been chosen in episode k equally often as before episode k. Thus, the total number
of occurrences of any state-action pair is at most doubled during an episode. The counts vy (s, a)
keep track of these occurrences in episode kE]

3 The diameter of any MDP with S states and A actions is at least log , S.
* Since the policy 7y, is fixed for episode k, vy (s,a) # 0 only for a = 74 (s). Nevertheless, we find it
convenient to use a notation which explicitly includes the action a in vi (s, a).
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Input: A confidence parameter § € (0,1).
Initialization: Set ¢ := 1, and observe the initial state s .
For episodes k =1,2,...do
Initialize episode k:
1. Set the start time of episode k, t; := t.

2. Forall (s,a)in S x A initialize the state-action counts for episode k, vy (s, a) := 0.
Further, set the state-action counts prior to episode k,

Ni (s,a) :=# {7 < tg:$: =s,a, =a}.

3. Fors,s’ € Sand a € A set the observed accumulated rewards and the transition
counts prior to episode k,
tp—1

Ry (s,a) := Z rrls, —sa,=a;

T=1

Py (s,a,8) :=#{r <ty:s;, =s,ar =a,5,41 =5},

Ry (s,a) Pu(s,a,5")

and Compute estimates f'k (S, a) = m, ﬁk (SI|S, a) = m.

Compute policy 7y:
4. Let M}, be the set of all MDPs with states and actions as in M, and with transi-
tion probabilities p (-|s,a) close to Py (+|s,a), and rewards 7(s,a) € [0, 1] close
to 7 (s, a), that is,

~ N 7log(2S Aty /é
|T(S,CL) Tk (57a) | < 2ma)%~({1,N;€9<a%} and (1)

145 log(2Aty /9)
MT(JZ)} : @

IN

i) -],

5. Use extended value iteration (Section [3.1) to find a policy 7, and an optimistic
MDP M, € Mj, such that

pr := min p(My, 7, s) >  ma p(M' 7,s') —
S

= X
M’'e My ,m,s’

1
NS 3
Execute policy 7y:

6. While vy, (s, T (s:)) < max{1, Ni(st, Tr(st))} do

(a) Choose action a; := 7(s;), obtain reward r;, and observe next state s¢11.
(b) Update vg (s, at) := vg(se, ar) + 1.
(c) Sett:=t+ 1.

Figure 1: The UCRL2 algorithm.

3.1 Extended Value Iteration

In Step 5] of the UCRL2 algorithm we need to find a near-optimal policy 7, for an optimistic MDP.
While value iteration typically calculates a policy for a fixed MDP, we also need to select an op-
timistic MDP M), which gives almost maximal reward among all plausible MDPs. This can be
achieved by extending value iteration to search also among the plausible MDPs. Formally, this
can be seen as undiscounted value iteration [5] on an MDP with extended action set. Consider an
MDP M with continuous action space, where each action identifies the original action, an admis-
sible transition probability distribution and mean reward. For each policy 7+ on M there is an
MDP M € M and a policy @ : S — A on M such that the policies 7 and 7 induce the same
transition probabilities and mean rewards on the respective MDP. (The other transition probabilities
in M can be set to p (:|s,a).) On the other hand, for any given MDP M € M and any policy
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7 : 8§ — A there is a policy 7 on M so that again the same transition probabilities and rewards
are induced by 7 on M and 7+ on M*. Thus, finding an MDP M € M and a policy 7 on M
such that p(M, 7, 8) = maxyp e pm.x.e p(M’, 7, 8') for all initial states s, corresponds to finding an
average reward optimal policy on M+,

We denote the state values of the i-th iteration by w;(s). Then we get for the undiscounted value
iteration on M ™ for all s € S:

ug(s) = 0,

uir1(s) = max< 7k (s,a) + max ') g s'} , 4)
ls) = may { s+ e PIERTE }

where 7, (s, a) are the maximal rewards satisfying condition (I) in algorithm UCRL2, and P(s, a)
is the set of transition probabilities p (|s, a) satisfying condition .

While (Ef[) is a step of value iteration with an infinite action space, max,, p - u; is actually a linear
optimization problem over the convex polytope P(s, a). This implies that (@) is equivalent to value
iteration on an MDP M’ with finite action set, since only the finite number of vertices of the polytope
need to be considered as extended actions. Now, after computing a sequence of states sorted accord-
ing to the values u; in an iteration once, the inner maximum can be computed in O(S) computation
steps for each state-action pair (s, a) as follows.

The idea is to put as much transition probability as possible to the state with maximal value at
the expense of transition probabilities to states with small values. That is, we start with setting
p := p(-|s,a). Then we modify p by putting as much transition probability as possible from s to
the state s’ with maximal u;(s’), i.e. p(s’) := min{1, p(s’|s, a) + d(s, a)/2} where d(s, a) denotes
the confidence interval as given in (). In order to make p correspond to a probability distribution
again, we have to reduce the transition probabilities from s to states s” with small u;(s”) in sum
by d(s,a)/2 as well (so that ||[p — p (:|s, a) |1 = d(s,a)). More precisely, this is done iteratively as
follows: We first choose the s” with minimal w;(s”") among those with p(s”) > 0. Then we reduce
the transition probability from s to s” by as much as possible or as much as necessary, respectively,
ie. p(s”) == max{0,1 — > .. p(s'|s,a)}. This is repeated until p is a probability distribution.
Updating 3_ 5 p(s'|s,a) with every change of p for the computation of 3, ., p(s'[s, a), this
iterative procedure takes O(S) steps. Thus computing a sorting sequence once per iteration, each
iteration can be done with at most O(SQA) computation steps.

Further, by using a fixed sorting sequence throughout an iteration, in each iteration there is some
single fixed state s’ which is regarded as the “best” target state. Then for each state s, in the inner
maximum an action with positive transition probability to s’ will be chosen. Hence, the correspond-
ing policy is aperiodic and has state independent average reward. The aperiodicity of these policies,
together with the fact that M’ is communicating, guarantees convergence of u;. This can be seen by
inspecting Lemma 9.4.3 in [3]], and noting that it can be restated with the set of policies E restricted
to contain only aperiodic policies. Then, even though not all optimal policies are guaranteed to be
aperiodic in our setting, Theorem 9.4.4. in [3]] can be proved for our setting as well like in [3]], since
only the aperiodicity of policies in E is required in the proof. Then also Theorem 9.4.5. and Corol-
lary 9.4.6 in [5] hold, which implies convergence of (@), since M’ is communicating. The value
iteration is stopped when

1
max {uip1(s) —ui(s)} — r&rgg {uip1(s) —ui(s)} < T (5)
which means that by Theorem 8.5.6. in [3]] the greedy policy with respect to u; is \/%fk-optimal.

4 Analysis of UCRL2 (Proof of Theorem [2)

We start with a rough outline of the proof. First, in Section the random fluctuation of the rewards
is dealt with, and the regret is expressed as the sum of the regret accumulated in the individual
episodes. That is, setting the regret in episode k to be

Ap =3 vils,a)(p" — (s, a).

s,a



Near-optimal Regret Bounds for Reinforcement Learning

it is shown that the total regret can be bounded by
ZAk + 4/ %Tlog %.
k

In Section 4.2 we consider the regret that is caused by failing confidence regions. We show that this
regret can be upper bounded by +/T' with high probability.

After this intermezzo, the regret of episodes for which M &€ M, is analyzed in Section An-
alyzing the extended value iteration scheme in Section [4.3.1] and using vector notation, we show

that
Ap S vop (P = Dwy +2 Y vk(s, )/ gt atisy +2 Z ol )

(s,a) (s,a)

where P, is the assumed transition matrix (in M) of the applied policy in episode k, vy are the
visit counts in that episode, and wy, is a vector with ||wg|cc < D(M). The last two terms in the
above expression stem from the reward confidence intervals and the approximation error of value
iteration. The first term on the right hand side is analyzed further in Section [4.3.2]and split into

Uk(Pk — I)wk = vk(f’k — Pk)wk +'Uk(Pk — I)wk
||’Uk(Pk — Pk)Hl”wk”OO +vk(Pk — I)wk
where Py is the true transition matrix (in M) of the policy in episode k. Substituting for P, — P,

the lengths of the confidence intervals, the remaining term that needs analysis is v (P — I)wy.
For the sum of this term over all episodes a high probability bound of >, vi(P) — Iw;, <

D,/2 5 T log + Dm concludes Section |4.3.2) where m is the number of episodes, which is shown

to be logarlthmlc in T in Appendix [A.2] Section {.3.3] concludes the analysis of episodes with
M € M, by summing the individual regret terms over all episode k with M € M.

In the final Section [4.4] we finish the proof by combining the results of Sections [4.1] to £.3] and
employing some further simplifications.

4.1 Splitting into Episodes

Let r; be the (random) reward UCRL2 received at step ¢ when started in state s;. For given state-
action counts N (s, a) after T steps, the r; are independent random variables, so that by Chernoff

bounds
{Zrt ZNsa s, @) ,/2T~§log%

(s,a)

0
(N(S’a))s,a} < W (6)

Thus we get for the regret of UCRL2 (omitting explicit references to M and UCRL2)

A(s1,T) =Tp* —Zrt<Tp—ZNsa s,a +\/3T10g¥

(s,a)

with probability 1 — IQTQ 757z - Denoting the number of episodes started up to step 7" by m and writing
Ak = 3.0y Uk(5,0) (p* —7(s,a)), we have

A(s1, T ZAH\/%Tlog% )
with probability 1 — 12T5/4, as Y v, vg(s,a) = N(s,a) and > (s.a) N(s,a) =T.

4.2 Dealing with Failing Confidence Regions

We consider the regret of episodes in which the set of plausible MDPs does not contain the true
MDP, };" | ApLarga,. By the stopping criterion for episode k we have (except for episodes
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where vy (s,a) = 1 and Ni(s,a) = 0)
ka(s,a) < ZNk(s,a) =t — 1.

Hence, since p* <1

m m T m T
ZAk]lM€Mk < Ztk]lMng :Zt Ty=t,mgm, < ZﬂlMeM(t)
k=1 k=1 t=1 k=1 t=1
[TY/4) T T
< D tlygmm+ Y, Hueme <VT+ Y gy,
t=1 t=|T/4]+1 t=|T/4]+1

where M (t) is the set of plausible MDPs as given by (I)) and (2), using the estimates available at

step t. Now, P {M & M(¢t)} < # (see Appendix|A.1), and since
ET:1<1+/°°1_1+1<6<1
15t6 = 1576/4  Jru/a 15t6  15T6/4 © 75T5/4 = 75T5/4 = 1275/4
t=|T1/4|+1

it follows that P{3t: T4 <t <T: M g M(t)} < mi%/él,

Thus, with probability at least 1 — 1213%/4 it holds that
m
> Axlygm, < VT ®)
k=1

4.3 Episodes with M € M

We assume M € M and start by considering the regret in a single episode k. The optimistic
average reward py of the optimistically chosen policy 7 is essentially larger than the true optimal
average reward p*, and thus it is sufficient to calculate by how much the optimistic average reward py,
overestimates the actual rewards of policy 7. Since M € My, and by the choice of 75 and My, in
Stepof UCRL2, py, > p* — 1/+/tx. Thus for the regret Ay during episode k we get

. - - vk (s, a)
Ar <> wi(s,a)(p" = (s,a)) <D wi(s,a) (pr — F(s,a)) + Y — NG
(s,a) (s,a) (s,a) \/E

4.3.1 Extended Value Iteration revisited

To proceed, we reconsider the extended value iteration in Section[3.I] As an important observation
for our analysis, we find that for any iteration ¢ the range of the state values is bounded by the
diameter of the MDP M,

max u;(s) — minwu;(s) < D. (10)

To see this, observe that u;(s) is the total expected reward after 4 steps of an optimal non-stationary
i-step policy starting in state s, on the MDP with extended action set as considered for the extended
value iteration. The diameter of this extended MDP is at most D as it contains the actions of the true
MDP M. If there were states with u;(s1) — u;(so) > D, then an improved value for u;(so) could
be achieved by the following policy: First follow a policy which moves from s to s; most quickly,
which takes at most D steps on average. Then follow the optimal i-step policy for s;. Since only D
of the i rewards of the policy for s1 are missed, this policy gives u;(so) > u;(s1) — D, proving (10).

For the convergence criterion @) it is a direct consequence of Theorem 8.5.6. in [J5], that at the
corresponding iteration

i1 (5) — ui(s) — il < %
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for all s € S, where pj, is the average reward of the policy 7 chosen in this iteration on the
optimistic MDP M, k Expanding ;1 (s) according to . we get

wir1(s) = 7 (s, Tr(s +Zpk (8'|s, Tx(8)) - ui(s")

and hence
1
’(ﬂk — (s, Tr(s ) (Zpk s, 7k (s)) - wi(s) —ui(s)> ' < T
Defining r, := (fk (s,ﬂ'k(s)))s as the (column) vector of rewards for policy 7k, Pk =

(Pr (8] s, Tr(s)) )S . as the transition matrix of 7 on M, and vy, := (v (s, ﬁ'k(s)))s as the (row)
vector of visit counts for each state and the corresponding action chosen by 7, we can rewrite (9)

as
Ap < (Sza:)vk(s,a) (px — 7(s,a)) + (SZ:G) vk%a)
= Z vk(s,a)(pr — Tr(s,a)) + Z (s, a) (7x(s,a) — 7(s,a)) + Z vi(s, a)

(s,a) (s,a) ( Vi

< o= Dt s flsia) o) +2 30 HH0

recalling that vy (s, a) = 0 for a # 7 (s). Since the rows of Py, sum to 1, we can replace u; by wy
with wy(s) = u;(s) — ming u;(s) (we again use the subscript k to reference the episode). Since we
consider M € My, 7 (s,a) — 7(s, a) is bounded according to (I) to yield

= 7log(25 Aty /3) vg(s
Ap < op(Pr—Twi+2) vk(s, )\ sty +2 Z ) 1
(s,a) (s,a)
where |[wg ||« < D by (10). Noting that max{1, Ny(s,a)} <t we rewrite (I2) as

,a)

Y

Ap < vk(f’k—I)wk—&—( 14log(2534T)+2) W“:(a)} (13)
(s.a) o

4.3.2 The true Transition Matrix

Replacing the transition matrix Py, of the policy 7 in the optimistic MDP M;, by the transition
matrix Py, of 7y, in the true MDP M, we get

vk(Pk—I)wk = ’U}C(pk—Pk-i-Pk—I)’wk
= vk(Pk—Pk)warvk(Pk—I)wk. (14)

The first Term. Since by assumption M, and M are in the set of plausible MDPs M, the first
term in (I4) can be bounded using condition (2)) in algorithm UCRL2:

Vi (13;€ - Pyw, = Zka (s5,7k(s)) - (Pk(s,s') — Py(s,s")) - wi(s")

S

< ka s, Tk (s HPk — Py (s, )H1 Nwkoo
145 log(2AT/9)
S ka} S 71']9 2\/max{1 (])ng(s ﬂ'k(S))} ’ D

A vy (s,a
2D,/14Slog (24%) Y m : (15)
(s,a)

This term will turn out to mainly determine our regret bound, since it yields the dominating contri-
bution.

IA

> This is quite intuitive. We expect to receive average reward 5y, per step, such that the difference of the
state values after ¢ + 1 and ¢ steps should be about p.
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The second Term. The intuition about the second term in is that the counts of the state
visits vy, are relatively close to the stationary distribution of the transition matrix Py, such that
v (P;C -1 ) should be small. For the proof we define a suitable martingale and make use of the
Azuma-Hoeffding inequality.

Lemma 7 (Azuma-Hoeffding inequality, [14]). Let X1, Xs, ... be a martingale difference sequence
with bounded coordinates, i.e. | X;| < c. Then foralle > 0 andn € I,

]P{E X; >e} < exp( 2n202)

Denote the unit vectors with ¢-th coordinate 1 and all other coordinates O by e;. Let
$1,a1, S2,...,ar, ST+1 be the sequence of states and actions, and let k() be the episode which con-
tains step ¢. Consider the sequence X; := (p (‘|st,at) — estﬂ) Wiy lmem,,, fort =1,...,T.
Then for any episode k with M € My, since |[wy||oc < D, we have

try1—1

Z (p (st,ar) — es,,)’wk

t=tr

try1—1 tp41—1
< Z ([se,ar) = E Csipr T €seyyy — es“C)wk

t=ty t=ti

v (P — Iwy

tpr1—1 tpr1—1

Z Xt+IUk(Stk+l)—1Uk(Stk)§ Z Xt+2.D

t=ty t=ty,

Also due to HwkHoo < D, we have | X¢| < (|lp(-|st ae) |l + |les,..|l1)D < 2D. Further,
E [Xt ’31, A1, ...,St, at] = 0, so that X} is a sequence of martingale differences, and application of

Lemmaﬂ]glves
/ )
E 5 8T

t=1
Since for the number of episodes we have m < SAlog, ( 87 ) as shown in Appendlx | summing

over all episodes yields
> vp(Pr — Dwplpyrem, < Y Xe+mD < Dy/3Tlog 8 + DSAlog, (8%)  (16)

k=1

-

with probability 1 — 12T5 ToETE

4.3.3 Summing over Episodes with M/ € M

To conclude Section [d.3] we sum (I3) over all episodes with M € M, using (T4), (I3), and (16)

which yields that with probability 1 — 57577

Z Alyvemy,, < ka(Pk - Pk)’wk]lMeMk(t) + Z'Uk (P, — I)wk]lMeMk(t)
k=1 k=1 k=1

QSAT _ wg(s,a)
N Z <W + 2) Z V(N ]
2AT o w(se)
2D+/14S log Z Z max{1,Ng(s,a)}

k=1 (s,a)

+D\/m+psmog2 (2%)
QSAT v (8,a)
<W+2>22¢m' "

k=1 (s,a)

IN
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Recall that N(s,a) := >, vk(s,a) such that 3° N(s,a) = T, and that Ni(s,a) =
> i<k Vi(s,a). By the condition of the while-loop in Step @ of algorithm UCRL2, we have that
vi(s,a) < Ni(s,a). Using that (see Appendix [A.3)

(f+1)\ﬁ

Z\/ kl

where X}, = max {1, Zle mz} and 0 <z, < X1, we get

_ vg(s,a) /
ZZ v/max{1,Ny(s,a)} — (\/§+1> Z N(S’a)'
(s.a) (s,a)
By Jensen’s inequality we thus have

ZZ%_(f—Fl)M, (18)

(s,a) k
and get from (T7) (after minor simplifications) that with probability 1 — 12T5 7T

ZAk-ﬂ]\/IEMk(t} < D\/M-FDS’AIog2 (—5)
+ (3D\/m+2> (x/§+ 1)\/@. (19)

4.4 Completing the Proof

Evaluating (7) by summing A, over all episodes, using (8), (I3), and (T9), we get

As1,T) < /3Tlog (%F) ZAk]lMeMk(t)"‘ZAk]lMGMM,)
k=1
< \/3Tlog (82) + VT + Dy/3Tlog (3L) + DSAlog, (£%)

+ (3D1/14S log (247) + 2) (v2+1) vsar (20)

5 5
12T5/4 T 127574 T 1275/4¢

with probability 1 —
Simplifying (20) as given in Appendlxylelds that for any 7' > 1 with probability 1 — 4TQ 7T

A(s1,T) <49DS\/ATlog (%). 21

Since Y 7, 47%/4 < ¢ the statement of Theoremfollows by a union bound.

5 The logarithmic Bound (Proof of Theorem 4)

Our aim is to show a logarithmic upper bound on the expected regret. In order to achieve this, we
start with a bound on the number of steps in suboptimal episodes (in the spirit of sample complexity
bounds as given in [9]]).

We say that an episode k is e-bad if its average regret is more than €, where the average regret of an
episode of length ¢}, is T i w1tlﬂ A = f’:;;fl (p* — r¢). Then the following result gives an upper
bound on the number of steps taken in e-bad episodes.

Theorem 8. For any initial state s € S, any T > 1 and any € > 0, with probability 1 — 36, the
number L. of steps taken in e-bad episodes is

» D252 Alog(T/5)

L. < 48 =

%1n the following we use the same notation as in the proof of Theorem
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Proof. The proof is an adaptation of the proof of Theorem [2| which gives an upper bound of
O(DS\/LEA 10g(AT/5)) on the regret AL (s, T') in e-bad episodes in terms of L.. The theorem
then follows due to e L. < AL(s,T).

Let K. and J. be two random sets that contain the indices of the e-bad episodes and the correspond-
ing time steps ¢ taken in these episodes, respectively. Analyzing the random reward fluctuations and
the regret caused by failing confidence intervals we get with probability 1 — 24

AL(s,T) = Y Ap < 14+4/2Lclog %+ > > “wi(s,a)(p* — 7(s,0)) Lasem,, (22)
keK. keK. s,a
since analogously to (6)) in Section[d.1] with probability 1 — &

tep1i—1
Z i Ty > Zkasa — /2L, log57
keEK. t=ty keK. s,a

and, similar to (8) in Section[d.2] one can show that

IP{ Z Ak]lMng >1} <é.

keK.

To bound the regret of a single episode with M € M we may follow the lines of the proof of
Theorem [2)in Section[4.3] By combining (13)), (T4), and we arrive at

Ay, < vy (Py, — T)wy + <3D\/14Slog (247) + 2) Z \/% (23)
max k(s

Using the observation in Appendix [B.I] we get an analogon of (I8), that is,

>3 Vi (s, 9) (\f+1)\/m. 24)

ver. o V/max{l, Ni(s,a)} ~
From 22)), (Z3)), and (24) it follows that with probability 1 — 2§

AL(s,T) < 1+4/2L.log% + <3D,/14510g(2“f) +2> : (ﬁ+ 1) -/ L.SA (25)

+ Y wi(Pr — Dwilaenm, - (26)
keK.

For the regret term of ) _, r- vy (Pr —I)wi L are m, we use an argument similar to the one applied
to obtain (T6) in the original proof (Section #.3.2). Here we have to consider a slightly modified
martingale difference sequence

Xi = (p(lse,ar) — es,y,) Wiy Darer, Lee.

fort =1,...,T to get

T(Lc)
> ok(Pr— Dwilyem, < Y Xe+ DSAlogy 55, 27)
keK, t=1

where T(L) :=min {¢ : #{r <t,7 € J.} = L}.

The application of the Azuma-Hoeffding inequality in the original proof is replaced with the follow-
ing consequence of Bernstein’s inequality for martingales [[15]]:

Lemma9. Let X1, Xo, ... be a martingale difference sequence. Then

2

IP{ZXiZ"@ ZXi S’Y} < exp <_2’Y+2“/3)
i=1 i=1
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Application of Lemma |§I with k = 2D+/Llog(T/s) and v = D?L yields that if L >
log(T/5)/D? we have

(L)

5
P{ S X, >2Dy/LlogZ | T(L) = min {t H{r<treld)= L} <z (28)
t=1
On the other hand, if L < log(7T'/§)/D?, we have
(1)
S X, <DL = DVIVL < \/Z\/log%:\/Llog% < 2D\/LlogZ.  (29)
t=1

Hence, (28) and (29) give by a union bound over all L that with probability 1 — &

T(Le)

Z X; < 2Dy/L.log T,
t=1

which together with yields that with probability 1 — &
Z ’Uk(Pk — I)UJkIl.j\/jeMk S 2D\/ L6 log‘ % + DSA10g2 g% .
keK.

Thus yields that with probability 1 — 34

Al(s,T) < 1+1/2L€10g§+<3D./1451og(“f)+2>-(\/§+1)-\/m
+2Dy/L.log L + DSAlog, £ . (30)

As the theorem also holds trivially for L. < 482Alog (%) and also for T < 482A, by similar
arguments than those used in Section 4.4 we get

AL(s,T) < 48DSy/L.Alog L 31

with probability 1 — 3. Since e L, < Al(s,T) we get

T
D?S%Alog %

2
L. <48 5

(32)

the theorem follows. O

Theorem 8| can be used to obtain the claimed logarithmic upper bound on the expected regret.

Theorem 10. For any initial state s € S, any T > 1 and any € > 0, with probability 1 — 36 the
regret of UCRL2 (with parameter ) is

D282 Alog(T/do) n

A(M,UCRL2, s,T) = 48> -

eT.

Moreover setting
g = p" (M) — max{p(M,m,s) : p(M,m,5) < p"(M)}
to be the gap in average reward between best and second best policy in M, the expected regret of

UCRL2 (with parameter ¢ := 1/(3T)) for any initial state s € S is

2Q2
B [A(M, UCRL2, 5,T)] < c5 25-A108(T)

Using the doubling trick to set the parameter 6, the same bound can be achieved without knowledge
of the horizon T'.
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Proof. Using in we we may bound the regret A/ (s, T") accumulated in e-bad episodes by

D?S2Alog L

Al(s,T) < 48° 3 (33)

€
with probability 1 — 3§. Noting that the regret accumulated outside of e-bad episodes is at most €T’
implies the first statement of the theorem.

For the bound on the expected regret, first note that the expected regret of each episode in which
an optimal policy is executed is at most D, whereas the expected regret in £-bad episodes is upper

bounded by 482 - 2 - D2S?Alog(AT)/g + 1, as § = 1/(3T). What remains to do is to consider
episodes k with average regret smaller than g/2 in which however a non-optimal policy 75 was
chosen. Note that for sufficiently large episode length £}, the expected £y-step return is 5-close
to the average reward, so that any policy applied in an episode that is not 3-bad will be optimal.
The regret accumulated until the episode lengths are sufficiently large will be an additive constant

depending on the MDP, subsumed by cs. O

6 The Lower Bound (Proof of Theorem |5)

We first consider the two-state MDP depicted in Figure E} That is, there are two states, sg and sq,
and A’ = | (A — 1)/2] actions. For each action a, let the deterministic rewards be 7(so,a) = 0 and
r(s1,a) =1, and p (so|s1,a) = d, where § = 4/D. For the rest of the proof we assumd’[d < 1/3.
For all but a single “good” action a* let p (s1]s9,a) = § whereas p (s1|sp,a*) = § + € for some
0 < & < 0 specified later in the proof. The diameter of this MDP is D' = 1/6 = D/4.

Figure 2: The MDP for the lower bound. The single action a* with higher transition probability
from state sq to state s; is shown as dashed line.

Consider k := | S/2| copies of this MDP where only one of the copies has such a “good” action a*.
To complete the construction, we connect the k copies into a single MDP with diameter less than
D, using at most A — A’ additional actions. This can be done by introducing A’ + 1 additional
deterministic actions per state, which do not leave the s;-states but connect the sg-states of the &
copies by inducing an A’-ary tree structure on the sg-states (one action for going toward the root,
A’ actions to go toward the leaves). The reward for each of those actions in any state is zero. The
diameter of the resulting MDP is at most 2(D /4 + [log 4, k1) which is twice the time to travel to or
from the root for any state in the MDP. Thus we have constructed an MDP M with < S states, < A
actions, and diameter < D.

First note, that the problem of learning M gets easier when the additional actions (connecting the
Sp states and not leaving the s; states) are removed, and instead the learning algorithm is allowed
to do the following: Before performing an action in any of the sq states any of the s( states may be
chosen for free, and before performing an action in any of the s; states any of the s; states may be
chosen for free. This is equivalent to a single MDP M’ like the one in Figurewith kA’ actions.

We prove the theorem by applying the same techniques as in the proof of the lower bound for the
multi-armed bandit problem in [[16]. The pair (s§, «*) identifying the copy with the better action and

7 Otherwise we have D < 12, and for this to be possible A > 2S. In this case we use a different
construction: Using S — 1 actions, we connect all states to get an MDP with diameter 1, and with the remaining
A — S + 1 actions we set up a bandit problem in each state as in the proof of the lower bound in [16], where
only one state has a better action. This yields €2 (\/ SAT ) regret, which is sufficient, since D is bounded in this
case.



Near-optimal Regret Bounds for Reinforcement Learning

14

the better action are considered to be chosen uniformly at random from {1...k} x {1... A’}, and
we denote the expectation with respect to the random choice of (s, a*) as E [-]. We show that e
can be chosen such that M’ and thus M forces regret I, [A(M, 2, s,T)] > E, [A(M', 2, s,T)] >

0.022v/ D'k A’T on any algorithm 2.

We write [E,;¢ [] for the expectation when there is no special action (i.e. the transition probability
from sg to s7 is § for all actions), and E,, [-] for the expectation conditioned on @ being the special
action a* in M’. As argued in [16], it is sufficient to consider deterministic strategies for choosing
actions. That is, we assume that any algorithm 2 maps the sequence of observations up to step ¢ to
an action a;.

Now we follow the lines of the proof of Theorem A.2 in [16]. Let the random variables N1, Ny and
Ny, denote the total number of visits to state s, the total number of visits to state sg, and the number
of times action a* is chosen in state s, respectively. Since the expected number of consecutive steps
spent in state s; after reaching it from sq is at most D’ = 1/§ (we might reach step T first), and
since choosing a* instead of any other action in s( reduces the probability of staying in state sg, the
reward accumulated by any algorithm can be bounded as

E, [R(M,2A,s,T)] = E4[N1]=E,[No— Noa|6D" + E, [Noa] (§ +¢)D’
= Ea [NO - NOa + NOa] + Ea [NO(L} 5D/
T
< 5 +Ea[Nol eD’. (34)

As the actions are deterministically chosen by 2l based on the observed pairs of reward and next
state, Ny, is a function of the observations up to step 7'. A slight difference to [16] is that in our
setting the sequence of observations consists not just of the rewards but also of the next state, i.e.
upon playing action a; the algorithm observes s;y; and r;. Since the immediate reward is fully
determined by the current state, Ny, is also a function of just the sequence of states, and we may
bound I, [Ny,] by the following lemma, adapted from [16].

Lemma 11. Let f : {sg,s1}7 ' — [0, B] be any function defined on state sequences s €
{50,517+ observed in MDP M'. Then for any 0 < 6 < %, any 0 < ¢ < 1 — 26 and any
ac{l,....,kA"},

B

FR

There are only minor modifications to the original proof in [16] to get a proof for Lemma [l1] as
discussed in Append1xl ICl Now, since Ny, is a function of the state sequence with Ny, € [0, 7], and
for ¢ < 6 we may apply Lemmal|[IT]to get

Ea [f(s)] S IEunif [f(S)] 21Eun1f [NO(J

T —
]Ea [NOa] S IE)unif [N()a} + 55 D' 2Eunif [NOa]~ (35)

Using Zsﬁ; Eunit [Noa] < % % yields > ]Zi; \/2]Eunif [Noa| < \/kA’(T + D’) and thus

T D T T D TD'
ZE [Noa] € 5 + 5 + 5 VD VEAT + D) < 2+7+—\/D’kA’T+52 VA,

Therefore, combining with (34)),

kA’
B ROL ST = ZE R(M,2,5,T)]

T sTD’ eD? 217D’ 2T D’?
< — vVD'EA'T VEA'.
= 9T opa Toua T oA MY

By assumption we have 7" > DSA > 16D'kA’ and thus D" < & A,. Further, calculating the

stationary distribution, we find that the optimal average reward for the MDP M’ is 25(;;5 Thus the
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expected regret with respect to the random choice of a* is at most

)
EAMA8T) = 5T —E.[ROM%,s.T)
S+¢ T ¢TD'  eD? 27D 2T D"?
> T-=— - - VD'EA'T — VEA
- 20+¢ 2 2k A’ 2k A’ 2k A’ k 2kA’ K

€ 1 1
> —— T eTD — ) -
= Wtoe © <2kA’ * 32k2A’2>
27D’ 1 1
£ /DRAT ( n > .

kA’ 2 8VEA
We choose £ = ¢y/ 24 where 0 < ¢ < i. Then due to 3 = D' < - we have ¢ < &
(sufficient to get (33)), and further 5= > 7+ /SD’ Hence we get

c c c c? c? )
E. [AM,2A,s,T > — — - D'EAT.
A ) (4 +5  2KAT 32k247 2 8VEA
Choosing ¢ = 0.2 we have due to kA’ > 20 that

E, [A(M,2,s,T)] > 0.022VD'EAT.

7 Proof of Regret Bounds for Changing MDPs (Theorem [6)

Consider the learner operates in a setting where the MDP is allowed to change ¢ times, such that the
diameter never exceeds D (we assume an initial change at time ¢ = 1). For this task we define the
regret of an algorithm 2| up to step T" with respect to the average reward p*(¢) of an optimal policy

at step ¢ as
A'(A,s,T) Zp — T,

where 7, is the reward received by 2l in step ¢ When startlng in state s.

2

The intuition behind our approach is the following: When restarting UCRL2 every (1'/¢)3
12

the regret is at most £37'3 for periods in which the MDP changes. For each other period we have

. 1 12
regret of O ((T/ €)§> by Theorem Since UCRL?2 is restarted only 7°3 ¢3 times, the total regret is

steps,

~r 1 2
O(e3T3)
Because the horizon 7" is usually unknown, we apply an alternative scheme for restarting which

exhibits similar properties: UCRL2' restarts UCRL2 with parameter §//(? at steps 7; = {2—21 for
i1=1,2,3,.... Now we prove Theorem@ which states that the regret of UCRL2' is bounded by

12
A'(UcrL2',s,T) < 92-£3T3DS\/Alog L
with probability 1 — ¢ in the setting considered.

3

Proof of Theorem[B) Let n be the largest natural number such that [%;] < T Then % < 7, <
T<Tp1—-1< (nH) and thus
2 1 2 1
0373 —1<n</{3T3. (36)

The regret A incurred due to changes of the MDP can be bounded by the number of steps taken in
periods where the MDP changes. This is maximized when the changes occur during the ¢ longest
periods, which contain at most 7,41 — 1 — 7,441 steps. We have

Tot = 1= Ty 1 <A n+1)° =5 - L (n—04+1)° =32 462 —3n— & +0—3+3L.
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For { > 2 we get

4 2
2 (373
T7L+1_1_Tn—€+1§3n7+£§3 7

1 2
+0=3(3T3 +,
and for £ = 1 we have ) )
Tn+1 — 1-— Tn—0+1 < 373 + 3T3.
Thus the contribution to the regret from changes of the MDP is at most
1 2 1 1 2 12 1 2 1 2 1 2
A, < 30373 +373 +0<63T3 +/¢3¢3 <6373 +03T3 <T7(3T3. 37)

On the other hand, if the MDP does not change between the steps 7; and min{7, 7,41}, the re-
gret A(s.,, T;) for these T; := min{T', 7,41} — 7; steps is bounded according to (1)) in the proof of
Theorem 2] by

A(sy,,T;) < 49DS\/m < 49V3DS\/Ti\/Alog T

By Jensen’s inequality we have Y1, vT; < vnVT due to

Z?Zl T; = T. Thus, summing over all ¢ = 1,...,n, the regret A in periods in which the MDP
does not change is at most

with probability 1 — 2.

n 1 2
Af <Y Alsy,, T;) < 49V3DSVnVT\[Alog % < 49v3DS (3 T3 \/Alog %L (38)

i=1

with probability at least 1 — Y7 | ﬁ. Using that for L%J <i<n

T‘_{(i+1)3—‘_[i3—‘>(i+1)3 B P13 32— 3P

2 el e e e et e T
and T; > 1 we get

As A'(UcrL2,s,T) < A, + Ay, using and (38) yields

1 2 12
A'(UcrRL2,s,T) < T03T3 +49V3DS (3 T3 (/Alog LT
with probability 1 — 4. O
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Appendix

A Technical Details for the Proof of Theorem 2|

A.1 Confidence Intervals

Lemma 12. For any t > 1, the probability that the true MDP M is not contained in the set of
plausible MDPs M(t) as used by algorithm UCRL2 with input parameter § is at most that is

B
15¢6°

S
15t5°

P{M ¢ M)} <

Proof. Consider a fixed state-action pair (s,a) and assume some given number of visits n > 0
before step t. Denote the estimates for transition probabilities and rewards obtained from these n
observations made in steps 1, ..., (t — 1) by p (+|s, a) and 7 (s, a), respectively. Let us first consider
for some fixed (s, a) the probability with which a confidence interval for the transition probabilities
fails. The random event observed for the transition probabilities estimates is the state to which the
transition occurs. Generally, the L1 deviation of the true distribution and the empirical distribution
over m distinct events from n samples is bounded by [weissman03].

PO -pO)], 2 e} < @m =2 exp (-25). (39)

Thus, in our case we have m = S (for each possible transition there is a respective event), and
setting

2 14
e = \/n log (25205 At7/5) < \/nS log (24t /9),

we get from (39) for each state-action pair (s, a)

14 2
IP{HP(-I&a)—ﬁCI&a)Hl2 nslog@At/a)} < 2Sexp(—’;~nlog<25205At7/6))
B )
20t7SA’

For the rewards we observe real valued, independent identically distributed (i.i.d.) random variables
with support in [0, 1]. Hoeffding’s inequality gives for the deviation between the true mean 7 and
the empirical mean # from n i.i.d. samples with support in [0, 1]

IP{ ’f — 7‘_| > er} < 2exp ( — 2n53>.
Setting

1 7
=4/ —log(1 7 <4/ =1
Er \/2n og (1205 A4t7/§) < \/2n og (25At/6),

we get for state-action pair (s, a)

1
P { 7 (s,a) —7(s,a)| >/ 21 log (2SAt/5)} < 2exp (—2n2 log (1205At7/5)>
n n
B )
~ 60t7SA

Note that when there haven’t been any observations, then the confidence intervals trivially hold with
probability 1 (for transition probabilities as well as for rewards). Hence a union bound over all
possible values of N (s, a) gives

A . 7log (25At/6) — 0 5
P - > =
{ ’7" (S,a) T(SyCL)‘ = \/2max{1,N(s,a)} = ; 60t7S A < 60165 A and
145 log (2A4t/5) — 5
< .
< Y. 50754 < 20554

n=1

]P{ Hp('|81a) —ﬁ('\saa)Hl 2 max(L, N(s,a)}
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Summing these error probabilities for all state-action pairs we get

P{M ¢ M(t)} < %

A.2 A Bound on the Number of Episodes

Since in each episode the total number of visits to at least one state-action pair doubles, the number
of episodes m is logarithmic in 7". Actually, the number of episodes becomes maximal when all
state-action pairs are visited equally often, which results in the following bound.

Proposition 13. The number m of episodes of UCRL2 up to step T > S A is upper bounded as
m < SAlog, (%).

Proof. Let N (s,a) :=#{r <T+1:s, =s,a, = a} be the total number of observations of the
state-action pair (s,a) up to step 7. In each episode k < m there is a state-action pair (s, a) with
vg(s,a) = Ni(s,a) (or vg(s,a) = 1, Ni(s,a) = 0). Let K(s,a) be the number of episodes with
vk (s,a) = Ni(s,a) and Ni(s,a) > 0. Then if N(s,a) > 0 we have

m K(s,a)
N = Snen 2 14 X Nl 2 14 3 2 st
k=1 kg (s,a)=Ng(s,a) =1

because vy (s,a) = Ni(s,a), Ni(s,a) > 0 implies Niy1(s,a) = 2Ny(s,a). On the other hand,
if N(s,a) = 0, then obviously K(s,a) = 0, so that generally, N(s,a) > 25(54) — 1 for any
state-action pair (s, a). It follows that

T= Y Neaz 3 (2K<S>“>—1). (40)
(s,a)eSxA (s,a)eSx.A

Now, in each episode a state-action pair (s, a) is visited for which either Ny (s,a) = 0 or Ni(s,a) =
vg(s,a). Hence,m <1+ SA+>  K(s,a), orequivalently 3 K(s,a) >m —1— SA. This
implies

S aKGa) 5 gy o2 KO/ 5 gy gt
(s,a)eSxA
Together with this gives
T>5A (2%*1 - 1) ,
which implies
m <1+25A+ SAlog, SLA,
from which the claimed bound on m follows for T > S A. O

A.3 The Sum in (I7)

Lemma 14. For any sequence of numbers x1, ..., T, with(Q < x; < Xp_1 := max {1, Zi:ll xl}

zn: o S(ﬁJrl)\/XTL.

=1 VXk—1
Proof. We prove the statement by induction over n.

Base case,n = 1: We have Xy = 1, hence 1 < 1 and X; = 1. Thus

le T §1<\/§+1=(\/§+1)\/)Tl.

i1V Xk
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Inductive step: By the induction hypothesis we have

(f+1>\/ +\/%.

Zm

Since z,, < X,,_1 we thus have

2
(\@Jrl) X, |+ —on = ( 2+1) Xn_1+2(\/§+1)xn+ Tn
Xno1 Xn—1

2

< \/( +1) Xn71+(2+2\/§+1)a:n
2 2

- 2+1)«/Xn_1+xn:(\/§+1)\/Xn,

which proves the lemma. O

A.4  Simplifying 20)

Combining like terms, (20) yields that with probability 1 — 4T) TTETT

A(s1,T) < DSVAT ( 10log (&%) +3 (xf2+ 1) 14log (L) + V8 + 3>
+ DSAlog, (£%). (41)
For 1 < T < 492Alog (%) we have A(s1,T) < 49,/ AT log (%) trivially. Considering only

T > 492 Alog (%) we have A < m AT'log (%) and since log, (87) < 2log(T) for the
OB\T

values of T" considered, we get

DSAlog, (g—ﬁ) < %DS\/ATlog%.

Further, T > 492 Alog (%) also implies log (QAT) < 2log (%) and log (%) < 2log (%) Thus,
we have by (@T)), that for any T’ > 1 with probability 1 — %

A(s1,T) < DS\/M(\ﬁ”(f“)f“f”*w)
< 49DS\/m-

B Technical Details for the Proof of Theorem 4|

B.1 Proof of (24).

For a given index set K. of episodes we want to bound the sum

Uk S, a vk S, a
Z Z Vvmax{1, Ni(s,a) B ZZ v/max{1, Nj(s, )}]lkEKE.

keK. s,a s,a k=1

The idea is, to “rearrange” the sum, so that Lemma.becomes applicable. Indeed, when counting
visits in earlier episodes than the one they actually occurred in, the inner sum can only increase (due
to the smaller denominator). Consequently we may redistribute the v ’s that occur after step L. into
“gaps” of episodes ¢ K..

To evaluate the inner sum we use the following fact. Let {c(s,a) := >, vi(s,a), so that
Y sale(s,a) = L.. We consider a fixed state-action pair (s, a) and skip the reference to it for ease
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of reading, so that Ny, refers to the number of visits to (s,a) up to episode k and N denotes the
total number of visits to (s,a). Further, we abbreviate dy := \/max{1, Nj(s,a)}, and let m. :=
max{k : Ny < £} be the episode containing the ¢.-th visit to (s, a). Due to vy = Ni41 — N we
have

Um. = (Nm.41 = £e) + (be = Nin,). (42)
By @2) and since N,,,. = 71 " v,

me—1 m
b Npo+ Y vp = Lo =Y velper,
= k=1
me—1 m
= Z Uk]lkEKE + (NITL5+1 - gs)]lmEEKE + (EE - N’VVLE)]ITVLEEKE + Z 'UkrﬂkEK57
k=1 k=mc+1
or equivalently,
me—1 m
(le = Nen)Lmogre. + Y vkligr. = (N1 =€) bmocx. + Y, velrex..  (43)
k=1 k=mc<+1

By (@2) and due to d, > d,,_ for k > m. we have

i ety {. — N,
k k e — 4Vm,
Z @ Tper, < Z aﬂkeKa + Tﬂmaem
k=1 k=1 c
1 m
+ 7 ((Nmerl — L)L ek, + Z Uk]lkeKs)~
Me

k=m.+1

Hence, we get together with [@3)), using that dj, < d,,,_ for k < m,

m

v f. — N,
Zl kek. < *k]lkeKE-F&]lmeeKs
k=1 d dm

=

1 me—1
+ df ((EE - Nms)]lmngs + Z 'Uk']]'kgKa>

k=1
me—1 me—1
vy . — Ny, . — Ny, -

< Yk e meq e Tmeq k1
= Loy keK. T . .ek. T . ¢k, T Z d K-
_ N~ ok b= N,

=1 dk dmE

Now define vy, as follows: let v}, := vy for k < m. and v;,,_ = £ — Np,.. Then we have just seen

that

mMe

Zd*]lkeK Z*

Since further >, v}, = {. we get by Lemma 14| that
Z”’“ < (Va+1) Ve

By Jensen’s inequality and as 3 . {=(s,a) = L. we finally get the claimed

ooy ve(s,9) < (V2+1) VIS4,

kEK. (s,a)eSx.A \/maX{LNk(S, a)} -
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C Proof of Lemma 11

To denote the probability conditioned on a being the “good” action we write IP,, []. The probability
with respect to a setting where all actions in state s are equivalent (i.e. ¢ = 0) is denoted by P ¢ []-
For convenience we abbreviate S := {sg, s1}. We denote the state observed at step 7 by S, the
state-sequence up to step 7 by s” = (S1, ..., S). We go into detail only where there are differences
to the proof of Lemma A.1 in [[16l]. The first difference is that our observations now consist of the
sequence of 7" + 1 states instead of a sequence of 1" observed rewards. Still it is straightforward to
get analogously to the proof in [16]], using the notation of [16]], that

B
Ea [£(5)] — Eunit [£(5)] < 5 1/2108(2) KL (Punie | P), (44)
and we also have
T
KL (Po|Punit) = >0 KL (Puit [Sesa[s'] [ Pa [Seia]s'] ). (45)
t=1

Like in [16] and by the Markov property we have

KL (Puir [Seea[s'] [P [Seaals’] ) = D0 Punir [s] logy

St+lggt+l Pa [St+1]s']
kA’
= Z IPunif [St_l] Z Z IE)unif [St = Slvat = a/|st_1]
St—lggt—1 a’'=1s'€S
P Mol o
’ Z IPunif [sll|s/a a/] 10g2 uail [8 |s 7a}

s"eS ]Pa [5”‘3/70,/] .

" 1 !
Ponie[s”5' ]

Since for the transition probabilities in MDP M’ we have log, — [ # 0 only for s’ = s

sl ‘ s/ )al]

and o’ being the special action we get
KL (Puit [Sea]s'] |[Pa [Siia]s] ) =

= Z P ynis [St_l] Punir [St = S0,a¢t = a’|St_1]

St—lest—l
Punit [s']s0, a
. Z IE)unif [3/|50a a] 10g2 um[[,|07]]
oS a |S|S0,0

Punit s'|s ,a
= Puuir [St = S0, 0t = CL] Z Ponit [5’|507 a] ]0g2 %
s’'eS a

) 1-96
= ]Punif [St = 80,0+ = Cl] (5 10g2 m + (1 — 6) 10g2 1_5_5) . (46)

[s'|s0, a]

To complete the proof we use the following Lemma (proved below).
Lemma 15. Forany 0 < § < % and e <1 — 26 we have

) 1-6 g2
log, —— 1-46)1 < .
5og25+€—|—( %) Og21—5—5_10g(2)5

Applying Lemma T3] by @5) and {@6) we have that

T
KL (Po|[Punit) = DKL (Pt [Si1a]s] [Pa [Sira]s'] )
t=1

g2 g2

T
;Punif [St = 80,4t = a} m = ]Eunif [N(]a} M7

IA

IPunif [St+1|st]
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which together with (#4) yields

V 2IE)unif [NOaL

B [£(5)] ~ B [£(5) < &

&
V6
as claimed by Lemma|[TT]
Proof of Lemmal(I5] Consider
g2 § 1-6
== =901 —(1-§)log ——
file) = 5 — Glog 5~ — (1= 8)log
and note that f5(0) = 0 for all §. For the first derivative

N U SR
5e) =g fse) =25+ 5o~ 15 ¢

we have f§(g) > 0ford < % and 0 < e < gp, where

1 1
50125—54-5\/1—2(5.

It is sufficient to show € < gg for § < % and € <1 — 24. Then we have g5 > 0,

2 4

(80—5)'802(60—(1—26))-Eo=—<1—5)24-1(1—25):;5—5220,

and thus € < g¢. This implies fs(¢) > 0forall 0 < ¢ < % and 0 <e <1-—24.
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