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Abstract

The option framework integrates temporal abstraction into the reinforcement learn-
ing model through the introduction of macro-actions (i.e., options). Recent works
leveraged the mapping of Markov decision processes (MDPs) with options to
semi-MDPs (SMDPs) and introduced SMDP-versions of exploration-exploitation
algorithms (e.g., RMAX-SMDP and UCRL-SMDP) to analyze the impact of options
on the learning performance. Nonetheless, the PAC-SMDP sample complexity
of RMAX-SMDP can hardly be translated into equivalent PAC-MDP theoretical
guarantees, while the regret analysis of UCRL-SMDP requires prior knowledge of
the distributions of the cumulative reward and duration of each option, which are
hardly available in practice. In this paper, we remove this limitation by combining
the SMDP view together with the inner Markov structure of options into a novel
algorithm whose regret performance matches UCRL-SMDP’s up to an additive
regret term. We show scenarios where this term is negligible and the advantage
of temporal abstraction is preserved. We also report preliminary empirical results
supporting the theoretical findings.

1 Introduction

Tractable learning of how to make good decisions in complex domains over many time steps almost
definitely requires some form of hierarchical reasoning. One powerful and popular framework for
incorporating temporally-extended actions in the context of reinforcement learning is the options
framework [[1]. Creating and leveraging options has been the subject of many papers over the last two
decades (see e.g., [2, 13,14, 15,16 [7} [8]]) and it has been of particular interest recently in combination
with deep reinforcement learning, with a number of impressive empirical successes (see e.g., [9] for
an application to Minecraft). Intuitively (and empirically) temporal abstraction can help speed up
learning (reduce the amount of experience needed to learn a good policy) by shaping the actions
selected towards more promising sequences of actions [10], and it can reduce planning computation
through reducing the need to evaluate over all possible actions (see e.g., Mann and Mannor [[11]]).
However, incorporating options does not always improve learning efficiency as shown by Jong et al.
[12]. Intuitively, limiting action selection only to temporally-extended options might hamper the
exploration of the environment by restricting the policy space. Therefore, we argue that in addition to
the exciting work being done in heuristic and algorithmic approaches that leverage and/or dynamically
discover options, it is important to build a formal understanding of how and when options may help
or hurt reinforcement learning performance, and that such insights may also help inform empirically
motivated options-RL research.
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There has been fairly limited work on formal performance bounds of RL with options. Brunskill and
Li [13] derived sample complexity bounds for an RMax-like exploration-exploitation algorithm for
semi-Markov decision processes (SMDPs). While MDPs with options can be mapped to SMDPs,
their analysis cannot be immediately translated into the PAC-MDP sample complexity of learning
with options, which makes it harder to evaluate their potential benefit. Fruit and Lazaric [14] analyzed
an SMDP variant of UCRL [15] showing how its regret can be mapped to the regret of learning in the
original MDP with options. The resulting analysis explicitly showed how options can be beneficial
whenever the navigability among the states in the original MDP is not compromised (i.e., the MDP
diameter is not significantly increased), the level of temporal abstraction is high (i.e., options have
long durations, thus reducing the number of decision steps), and the optimal policy with options
performs as well as the optimal policy using primitive actions. While this result makes explicit the
impact of options on the learning performance, the proposed algorithm (UCRL-SMDP, or SUCRL
in short) needs prior knowledge on the parameters of the distributions of cumulative rewards and
durations of each option to construct confidence intervals and compute optimistic solutions. In
practice this is often a strong requirement and any incorrect parametrization (e.g., loose upper-bounds
on the true parameters) directly translates into a poorer regret performance. Furthermore, even if
a hand-designed set of options may come with accurate estimates of their parameters, this would
not be possible for automatically generated options, which are of increasing interest to the deep RL
community. Finally, this prior work views each option as a distinct and atomic macro-action, thus
losing the potential benefit of considering the inner structure and the interaction between of options,
which could be used to significantly improve sample efficiency.

In this paper we remove the limitations of prior theoretical analyses. In particular, we combine the
semi-Markov decision process view on options and the intrinsic MDP structure underlying their
execution to achieve temporal abstraction without relying on parameters that are typically unknown.
We introduce a transformation mapping each option to an associated irreducible Markov chain and
we show that optimistic policies can be computed using only the stationary distributions of the
irreducible chains and the SMDP dynamics (i.e., state to state transition probabilities through options).
This approach does not need to explicitly estimate cumulative rewards and duration of options
and their confidence intervals. We propose two alternative implementations of a general algorithm
(FREE-SUCRL, or FSUCRL in short) that differs in whether the stationary distribution of the options’
irreducible Markov chains and its confidence intervals are computed explicitly or implicitly through
an ad-hoc extended value iteration algorithm. We derive regret bounds for FSUCRL that match the
regret of SUCRL up to an additional term accounting for the complexity of estimating the stationary
distribution of an irreducible Markov chain starting from its transition matrix. This additional regret
is the, possibly unavoidable, cost to pay for not having prior knowledge on options. We further the
theoretical findings with a series of simple grid-world experiments where we compare FSUCRL to
SUCRL and UCRL (i.e., learning without options).

2 Preliminaries

Learning in MDPs with options. A finite MDP is a tuple M = {S, A, p,r} where S is the set of
states, A is the set of actions, p(s’|s, a) is the probability of transition from state s to state s’ through
action a, (s, a) is the random reward associated to (s, a) with expectation 7(s, a). A deterministic
policy 7 : & — A maps states to actions. We define an option as a tuple o = {so, Bos 7r0} where
So € S is the state where the option can be initiate 7o : S — Ais the associated stationary Markov
policy, and 3, : S — [0, 1] is the probability of termination. As proved by Sutton et al. [1]], when
primitive actions are replaced by a set of options O, the resulting decision process is a semi-Markov
decision processes (SMDP) My = {So, Os,po, Ro, 7'(9} where Sp C S is the set of states where
options can start and end, O is the set of options available at state s, po(s’|s, 0) is the probability
of terminating in s’ when starting o from s, Ro (s, 0) is the (random) cumulative reward obtained
by executing option o from state s until interruption at s’ with expectation R (s, 0), and 7o (s, 0) is
the duration (i.e., number of actions executed to go from s to s’ by following 7,) with expectation
7(s, O)EI Throughout the rest of the paper, we assume that options are well defined.

IRestricting the standard initial set to one state s, is without loss of generality (see App. @)
Notice that Ro(s,0) (similarly for 7o) is well defined only when s = s,, that is when o € Os.



Assumption 1. The set of options O is admissible, that is 1) all options terminate in finite time with
probability 1, 2), in all possible terminal states there exists at least one option that can start, i.e.,
Usco {8 : Bo(8) > 0} C Upeo{so}, 3) the resulting SMDP Mo is communicating.

Lem. 3 in [14] shows that under Asm. [I]the family of SMDPs induced by using options in MDPs
is such that for any option o, the distributions of the cumulative reward and the duration are sub-
Exponential with bounded parameters (o,-(0), b-(0)) and (o (0), b (0)) respectively. The maximal
expected duration is denoted by Tyax = max; , {To(s,0)}. Let ¢ denote primitive action steps and
let ¢ index decision steps at option level. The number of decision steps up to (primitive) step ¢ is
N(t) = max {n T, < t} where T,, = >""" | 7; is the number of primitive steps executed over n
decision steps and 7; is the (random) number of steps before the termination of the option chosen at
step 7. Under Asm. [I]there exists a policy 7* : S — O over options that achieves the largest gain
(per-step reward)
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where R; is the reward cumulated by the option executed at step ¢. The optimal gain also satisfies the
optimality equation of an equivalent MDP obtained by data-transformation (Lem. 2 in [16]), i.e.,
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where ug, is the optimal bias and O is the set of options than can be started in s (i.e., 0 € Oy &
5o = $). In the following sections, we drop the dependency on the option set O from all previous
terms whenever clear from the context. Given the optimal average reward p(,, we evaluate the
performance of a learning algorithm 2l by its cumulative (SMDP) regret over n decision steps as
AR,n) = (X0, 7)po — iy Ri. In [14] it is shown that A(2, n) is equal to the MDP regret
up to a linear “approximation” regret accounting for the difference between the optimal gains of M
on primitive actions and the associated SMDP M.

3 Parameter-free SUCRL for Learning with Options

Optimism in SUCRL. At each episode, SUCRL runs a variant of extended value iteration (EVI) [17]
to solve the “optimistic” version of the data-transformation optimality equation in Eq.[2] i.e.,

7= i { e { f((:;’)) + 2y (max{ T ls0 ()} -7 (9) } } )
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where R and T are the vectors of cumulative rewards and durations for all state-option pairs and they
belong to confidence intervals constructed using parameters (o,-(0), b,(0)) and (o (0), b-(0)) (see
Sect.3 in [[14] for the exact expression). Similarly, confidence intervals need to be computed for p,
but this does not require any prior knowledge on the SMDP since the transition probabilities naturally
belong to the simplex over states. As a result, without any prior knowledge, such confidence intervals
cannot be directly constructed and SUCRL cannot be run. In the following, we see how constructing
an irreducible Markov chain (MC) associated to each option avoids this problem.

3.1 Irreducible Markov Chains Associated to Options

Options as absorbing Markov chains. A natural way to address SUCRL’s limitations is to avoid
considering options as atomic operations (as in SMDPs) but take into consideration their inner (MDP)
structure. Since options terminate in finite time (Asm.[I)), they can be seen as an absorbing Markov
reward process whose state space contains all states that are reachable by the option and where option
terminal states are absorbing states of the MC (see Fig. [I). More formally, for any option o the set
of inner states S, includes the initial state s, and all states s with 3,(s) < 1 that are reachable by
executing 7, from s, (e.g., S, = {so, s1} in Fig.|1), while the set of absorbing states S includes
all states with 3,(s) > 0 (e.g., S® = {s0, 51, 2} in Fig. ' The absorbing MC associated to o is
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Figure 1: (upper-left) MDP with an option o starting from so and executing ao in all states with termination
probabilities Bo(s0) = Bo, Bo(s1) = 1 and Bo(s2) = 1. (upper-right) SMDP dynamics associated to option o.
(lower-left) Absorbing MC associated to options o. (lower-right) Irreducible MC obtained by transforming the
associated absorbing MC with p" = (1 — 30)(1 — p) + Bo(1 — p) + pB1 and p” = B1(1 — p) + p.

characterized by a transition matrix P, of dimension (|S,| + |S2|) x (|S,| + |S2|) defined af|

Qo V. Qo(s,8") = (1 = Bo(s"))p(s'|s, o (s)) for any s, 5" € S,
P, = { ° IO} with
Vo(s,8") = Bo(8")p(s'|s, mo(s)) for any s € S,, 8" € S,

where @), is the transition matrix between inner states (dim. |S,| X |S,|), V, is the transition
matrix from inner states to absorbing states (dim. |S,| x |S2|), and I is the identity matrix (dim.
|S35| x |S2bs]). As proved in Lem. 3 in [14], the expected cumulative rewards R(s, o), the duration
T(s, 0), and the sub-Exponential parameters (o,.(0), b.(0)) and (o, (0), b, (0)) are directly related to
the transition matrices @, and V,, of the associated absorbing chain P,. This suggests that, given an
estimate of P,, we could directly derive the corresponding estimates of R(s, 0) and 7(s, 0). Following
this idea, we could “propagate” confidence intervals on the entries of P, to obtain confidence intervals
on rewards and duration estimates without any prior knowledge on their parameters and thus solve
Eq. 3] without any prior knowledge. Nonetheless, intervals on P, do not necessarily translate into
compact bounds for R and 7. For example, if the value VO = 0 belongs to the confidence interval of

P, (no state in S can be reached), the corresponding optimistic estimates R(s 0) and 7(s, 0) are
unbounded and Eq [is ill-defined.

Options as irreducible Markov chains. We first notice from Eq. [2| that computing the optimal
policy only requires computing the ratio R(s, 0)/7(s, 0) and the inverse 1/7(s, 0). Starting from P,,
we can construct an irreducible MC whose stationary distribution is directly related to these terms.
We proceed as illustrated in Fig. [1} all terminal states are “merged” together and their transitions
are “redirected” to the initial state s,. More formally, let 1 be the all-one vector of dimension
|52, then v, = V,,1 € RISl contains the cumulative probability to transition from an inner state
to any terminal state. Then the chain P, can be transformed into a MC with transition matrix
P! =[v, Q] € RSS2 where @/, contains all but the first column of Q,. P, is now an irreducible
MC as any state can be reached starting from any other state and thus it admits a unique stationary
distribution fi,. In order to relate 1, to the optimality equation in Eq. 2} we need an additional
assumption on the options.

Assumption 2. For any option o € O, the starting state s, is also a terminal state (i.e., 5, (s,) = 1)
and any state s' € S with B,(s') < 1 is an inner state (i.e., s' € S,).

3In the following we only focus on the dynamics of the process; similar definitions apply for the rewards.



Input: Confidence § €]0, 1], Tmax, S, A, O
For episodes k = 1,2, ... do

1. Setiy := 14, t = i and episode counters v (s, a) = 0, vi(s,0) =0

2. Compute estimates Dy (s'|s, 0), ﬁ;k, 7k (s, a) and their confidence intervals in Eq,lEI
3. Compute an e,-approximation of the optimal optimistic policy 7 of Eq.

4. While VI € [t +1,t+ Ti], Z/k(sl, al) < Nk(sl, CL[) do

(a) Execute option 0; = 7% (s;), obtain primitive rewards r;, ..., 7* and visited states s}, ..., 87" = s;41
(b) Setvi(si,0;) +=1,i +=1,t += 7; and vx (s, mo, (s)) += 1 forall s € {s},...,s.°}

5. Set Ni(s,0) += vi(s,0) and N(s,a) += vi(s,a)

Figure 2: The general structure of FSUCRL.

While the first part has a very minor impact on the definition of O, the second part of the assumption
guarantees that options are “well designed” as it requires the termination condition to be coherent
with the true inner states of the option, so that if 5,(s’) < 1 then s’ should be indeed reachable by the
option. Further discussion about Asm. [2]is reported in App.[A] We then obtain the following property.

Lemma 1. Under Asm. [Z] let po € [0,1]5° be the unique stationary distribution of the irreducible
MC P(; associated to option o, then

Vs €S, Yo € Os, ﬁ = uo(s) and R(s,0) = Z (s, o (s po(s)). (@)
’ s'eS,

This lemma illustrates the relationship between the stationary distribution of P/ and the key terms in
Eq.[2°| As a result, we can apply Lem. (1|to Eq.|3[and obtain the optimistic optimality equation

Vs€S p*=max { max { Z To (8') 110(8") +ﬁo(s)<r%ax {E;‘)ﬁ*} _ ﬂ*(s))}}, ®)

0€Qyq Po,To scs, o

where 7, (s") = 7 (s',m,(s")) and b, = (p(s'[s,0)), cs- Unlike in the absorbing MC case, where
compact confidence sets for P, may lead to unbounded optimistic estimates for R and 7, in this for-
mulation y,(s) can be equal to 0 (i.e., infinite duration and cumulative reward) without compromising
the solution of Eq.[5] Furthermore, estimating 1, implicitly leverages over the correlation between
cumulative reward and duration, which is ignored when estimating R(s, 0) and 7(s, 0) separately.
Finally, we prove the following result.

Lemma 2. Let7, € R, 50 € P, and 11, € M, with R, P, M compact sets containing the true
parameters T, b, and 1., then the optimality equation in Eq.[5|always admits a unique solution p*
and p* > p* (i.e., the solution of Eq.[3is an optimistic gain).

Now, we need to provide an explicit algorithm to compute the optimistic optimal gain p* of Eq.[5|and
its associated optimistic policy. In the next section, we introduce two alternative algorithms that are
guaranteed to compute an e-optimistic policy.

3.2 SUCRL with Irreducible Markov Chains

The structure of the UCRL-like algorithm for learning with options but with no prior knowledge on
distribution parameters (called FREE-SUCRL, or FSUCRL) is reported in Fig. 2] Unlike SUCRL we
do not directly estimate the expected cumulative reward and duration of options but we estimate the
SMDP transition probabilities p(s’|s, 0), the irreducible MC P, associated to each option, and the
state-action reward 7(s, a). For all these terms we can compute confidence intervals (Hoeffding and
empirical Bernstein) without any prior knowledge as

“Notice that since option o is defined in s, then s = s,. Furthermore 7 is the MDP expected reward.
SLem. in App. @]extends this result by giving an interpretation of p,(s'), Vs’ € S,.
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where Ny (s, a) (resp. Ni(s,0)) is the number of samples collected at state-action s, a (resp. state-
option s,0) up to episode k, Eq. [6a] coincides with the one used in UCRL, in Eq. [6b] s = s, and
s’ € 8, and in Eq.[6ds, s" € S,. Finally, ¢;, s = O (log (|S,|log(tx)/d)) (18 Eq. 31].

To obtain an actual implementation of the algorithm reported on Fig. 2] we need to define a procedure
to compute an approximation of Eq. [5] (step 3). Similar to UCRL and SUCRL, we define an EVI
algorithm starting from a function uy(s) = 0 and computing at each iteration j

u;+1(s) =max { max Z To (8') 110(8") + fio(8) (max {Bguj} - uj(s)> +u;(s), (7)
OEOS ﬁo Q/ES Eo

where 7,(s’) is the optimistic reward (i.e., estimate plus the confidence bound of Egq. @ and the

optimistic transition probability vector b, is computed using the algorithm introduced in [19, App.

A] for Bernstein bound as in Eqs. [6b] [6c|or in [15] Fig. 2] for Hoeffding bound (see App.[B).

Depending on whether confidence intervals for i, are computed explicitly or implicitly we can define
two alternative implementations that we present below.

Explicit confidence intervals. Given the estimate P/, let i, be the solution of ] = /il P/ under

constraint 1le = e. Such a [i,, always exists and is unique since ]30’ is computed after terminating
the option at least once and is thus irreducible. The perturbation analysis in [20] can be applied to
derive the confidence interval

o — Hollr < B} (0) := Fominll Py — Polloc.1, (8)

where ||-||oo,1 is the maximum of the ¢;-norm of the rows of the transition matrix, Ko min is the
smallest condition numbelﬁ for the ¢1-norm of .. Let ¢, € RISl be such that (,(s,) = 7,(s,) +
maxg_ {B(T,uj} — u;(80) and (,(s) = To(s), then the maximum over [, in Eq.[7| has the same
form as the innermost maximum over b, (with Hoeffding bound) and thus we can directly apply
Alg. [15| Fig. 2] with parameters fi,, (% (0), and states S, ordered descendingly according to ¢,. The
resulting value is then directly plugged into Eq.[/|and u ;1 is computed. We refer to this algorithm
as FSUCRLvVI.

Nested extended value iteration. An alternative approach builds on the observation that the maxi-
mum over y, in Eq.[7]can be seen as the optimization of the average reward (gain)

7 (u; max{zco Vo } ©)

s'eS,

where (, is defined as above. Eq.[9]is indeed the optimal gain of a bounded-parameter MDP with

state space S,, an action space composed of the option action (i.e., 7, (s)), and transitions P’ in the
confidence intervals E] of Eq. E 6cl and thus we can write its optlmahty equation

Po(uj) = max{ )+ ZP s,8") )} —wi(s), (10)

o

The provably smallest condition number (refer to [21 Th. 2.3]) is the one pr0V1ded by Seneta [22]:
Ro,min = Tl(Z ) =max; j 5 HZ )—Z (7, )l whereZ (2,:) is the 4-th row on =({- P'—i—lT )*

"The confidence intervals on P, can never exclude a non-zero transition between any two states of S,,. There-
fore, the corresponding bounded-parameter MDP is always communicating and p}, (u;) is state-independent.



where w? is an optimal bias. For any input function v we can compute p*(v) by using EVI on the

bounded-parameter MDP, thus avoiding to explicitly construct the confidence intervals of fi,. As a

result, we obtain two nested EVI algorithms where, starting from an initial bias function vy(s) = 0,
at any iteration j we set the bias function of the inner EVI to w? (s) = 0 and we compute (see
pp. [C.3|for the general EVI for bounded-parameter MDPs and its guarantees)

wi i (s') = “;ax{Co(S) + ﬁo(-ls’)Tw;’,z} : (11)

o

until the stopping condition [ = inf{l > 0 : sp{w};, ; —w$,;} < €;} is met, where (£;);>0 is a
vanishing sequence. As w?,,; — w7, converges to p5(v;) with I, the outer EVI becomes

viy1(s) = (I)Iel%}z {g(w;’l;+1 - w;?,l;;)} +v;(s), (12)

2
call FSUCRLV2, converges to the solution of Eq. urthermore, if the algorithm is stopped when

sp{vj41 — v} +e; <ethen [p” — g(vjp1 —vj)[ <&/2.

One of the interesting features of this algorithm is its hierarchical structure. Nested EVI is operating
on two different time scales by iteratively considering every option as an independent optimistic
planning sub-problem (EVI of Eq. and gathering all the results into a higher level planning
problem (EVI of Eq.[I2). This idea is at the core of the hierarchical approach in RL, but it is not
always present in the algorithmic structure, while nested EVI naturally arises from decomposing
Eq.[7]in two value iteration algorithms. It is also worth to underline that the confidence intervals
implicitly generated for i, are never worse than those in Eq.|8|and they are often much tighter. In
practice the bound of Eq.[§|may be actually worse because of the worst-case scenario considered in
the computation of the condition numbers (see Sec. [5]and App. [F).

where g : v — 1 (max{v} 4+ min{v}). In App we show that this nested scheme, that we
&

4 Theoretical Analysis

Before stating the guarantees for FSUCRL, we recall the definition of diameter of M and M¢:

_ . / _ . /
D= pmigg i Elre(s ), Do = max nging Blre(e )],

where 7. (s, ") is the (random) number of primitive actions to move from s to s’ following policy 7.
We also define a pseudo-diameter characterizing the “complexity” of the inner dynamics of options:

) r*ni + Tmaxkeo
O T ——
/u*

where we define:

* 1 _ 1 oo 00 * . .
r* =max{sp(ro)}, #, = max {Ro}, K= max {#,°}, and x" = min {snéfsno uo(S)}
with ! and k° the condition numbers of the irreducible MC associated to options o (for the ¢; and
{~-norm respectively [20]) and sp(r,) the span of the reward of the option. In App. @]W(a prove the
following regret bound.

Theorem 1. Let M be a communicating MDP with reward bounded between O and rmax = 1 and
let O be a set of options satisfying Asm. and[Z] such that o,.(s,0) < oy, 0:(s,0) < o, and
7(8,0) < Timax. We also define Bo = max, , supp(p(:|s, 0)) (resp. B = max; o supp(p(-|s,a)) as
the largest support of the SMDP (resp. MDP) dynamics. Let T,, be the number of primitive steps
executed when running FSUCRLV2 over n decision steps, then its regret is bounded as

A(FSUCRL,n) = O ( DoV SBoOn + (o, + o7)v/n +SAT, + Do/ SBOT, ) (13)

Ap AR, Ay

8We use v; instead of u; since the error in the inner EVI directly affects the value of the function at the outer
EVI, which thus generates a sequence of functions different from (u; ).



Comparison to SUCRL. Using the confidence intervals of Eq. |6bjand a slightly tighter analysis than
the one by Fruit and Lazaric [[14] (Bernstein bounds and higher accuracy for EVI) leads to a regret
bound for SUCRL as

A(SUCRL,n) = 5(A,, + Apr + (o) + oi)\/SAn), (14)

’
ARr

where o;F and o are upper-bounds on o, and o, that are used in defining the confidence intervals for
7 and R that are actually used in SUCRL. The term A, is the regret induced by errors in estimating
the SMDP dynamics p(s’|s, 0), while Ag , summarizes the randomness in the cumulative reward
and duration of options. Both these terms scale as /n, thus taking advantage of the temporal
abstraction (i.e., the ratio between the number of primitive steps 7;, and the decision steps n). The
main difference between the two bounds is then in the last term, which accounts for the regret due to
the optimistic estimation of the behavior of the options. In SUCRL this regret is linked to the upper
bounds on the parameters of R and 7. As shown in Thm.2 in [14], when aj = o, and ch+ = o,, the
bound of SUCRL is nearly-optimal as it almost matches the lower-bound, thus showing that A%,J
is unavoidable. In FSUCRL however, the additional regret A, comes from the estimation errors of
the per-time-step rewards r, and the dynamic P/. Similar to A, these errors are amplified by the

pseudo-diameter 50. While A, may actually be the unavoidable cost to pay for removing the prior

knowledge about options, it is interesting to analyze how Dy changes with the structure of the options
(see App. E]for a concrete example). The probability y,(s) decreases as the probability of visiting
an inner state s € S, using the option policy. In this case, the probability of collecting samples on
the inner transitions is low and this leads to large estimation errors for P.. These errors are then
propagated to the stationary distribution i, through the condition numbers  (e.g., . directly follows
from an non-empirical version of Eq.[8). Furthermore, we notice that 1/p,(s) > 75(s) > |Sol,
suggesting that “long” or “big” options are indeed more difficult to estimate. On the other hand, A,
becomes smaller whenever the transition probabilities under policy 7, are supported over a few states
(B small) and the rewards are similar within the option (sp(r,) small). While in the worst case A,
may actually be much bigger than A’R’T when the parameters of R and 7 are accurately known (i.e.,

of =~ o, and o) =~ 0,.), in Sect. we show scenarios in which the actual performance of FSUCRL
is close or better than SUCRL and the advantage of learning with options is preserved.

To explain why FSUCRL can perform better than SUCRL we point out that FSUCRL’s bound is
somewhat worst-case w.r.t. the correlation between options. In fact, in Eq. [6¢|the error in estimating
P! in a state s does not scale with the number of samples obtained while executing option o but
those collected by taking the primitive action prescribed by m,. This means that even if o has a low
probability of reaching s starting from s, (i.e., i, ($) is very small), the true error may still be small
as soon as another option o’ executes the same action (i.e., m,(s) = 7, (s)). In this case the regret
bound is loose and the actual performance of FSUCRL is much better. Therefore, although it is
not apparent in the regret analysis, not only is FSUCRL leveraging on the correlation between the
cumulative reward and duration of a single option, but it is also leveraging on the correlation between
different options that share inner state-action pairs.

Comparison to UCRL. We recall that the regret of UCRL is bounded as O(D+/SBAT,,), where
T, is to the total number of steps. As discussed by [[14]], the major advantage of options is in terms
of temporal abstraction (i.e., T;, > n) and reduction of the state-action space (i.e., So < S and
O < A). Eq.(13) also reveals that options can also improve the learning speed by reducing the size of
the support B of the dynamics of the environment w.r.t. primitive actions. This can lead to a huge
improvement e.g., when options are designed so as to reach a specific goal. This potential advantage
is new compared to [14] and matches the intuition on “good” options often presented in the literature
(see e.g., the concept of “funnel” actions introduced by Dietterich [23])).

Bound for FSUCRLvV1. Bounding the regret of FSUCRLV1 requires bounding the empirical X in
Eq. (8) with the true condition number . Since % tends to « as the number of samples of the option
increases, the overall regret would only be increased by a lower order term. In practice however,
FSUCRLV2 is preferable to FSUCRLv1. The latter will suffer from the true condition numbers

(/@(1))0 co since they are used to compute the confidence bounds on the stationary distributions

(o) co» While for FSUCRLV2 they appear only in the analysis. As much as the dependency on the
diameter in the analysis of UCRL, the condition numbers may also be loose in practice, although
tight from a theoretical perspective. See App/D.6|and experiments for further insights.
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Figure 3: (Left) Regret after 1.2 - 108 steps normalized w.r.t. UCRL for different option durations in a 20x20
grid-world. (Right) Evolution of the regret as I3, increases for a 14x14 four-rooms maze.

5 Numerical Simulations

In this section we compare the regret of FSUCRL to SUCRL and UCRL to empirically verify
the impact of removing prior knowledge about options and estimating their structure through the
irreducible MC transformation. We consider the toy domain presented in [[14] that was specifically
designed to show the advantage of temporal abstraction and the classical 4-rooms maze [1]]. To be
able to reproduce the results of [14]], we run our algorithm with Hoeffding confidence bounds for the
£1-deviation of the empirical distribution (implying that By has no impact). We consider settings
where Ap , is the dominating term of the regret (refer to App. [F|for details).

When comparing the two versions of FSUCRL to UCRL on the grid domain (see Fig.[3|(left)), we
empirically observe that the advantage of temporal abstraction is indeed preserved when removing
the knowledge of the parameters of the option. This shows that the benefit of temporal abstraction is
not just a mere artifact of prior knowledge on the options. Although the theoretical bound in Thm.
is always worse than its SMDP counterpart (I4), we see that FSUCRL performs much better than
SUCRL in our examples. This can be explained by the fact that the options we use greatly overlap.
Even if our regret bound does not make explicit the fact that FSUCRL exploits the correlation between
options, this can actually significantly impact the result in practice. The two versions of SUCRL
differ in the amount of prior knowledge given to the algorithm to construct the parameters o and
o that are used in building the confidence intervals.In v3 we provide a tight upper-bound 7,
on the rewards and distinct option-dependent parameters for the duration (7, and o (0)), in v2 we
only provide a global (option-independent) upper bound on 7, and o,. Unlike FSUCRL which is
“parameter-free”’, SUCRL is highly sensitive to the prior knowledge about options and can perform
even worse than UCRL. A similar behaviour is observed in Fig. 3] (right) where both the versions
of SUCRL fail to beat UCRL but FSUCRLV?2 has nearly half the regret of UCRL. On the contrary,
FSUCRLV1 suffers a linear regret due to a loose dependency on the condition numbers (see App. [F2).
This shows that the condition numbers appearing in the bound of FSUCRLV2 are actually loose. In
both experiments, UCRL and FSUCRL had similar running times meaning that the improvement in
cumulative regret is not at the expense of the computational complexity.

6 Conclusions

We introduced FSUCRL, a parameter-free algorithm to learn in MDPs with options by combining
the SMDP view to estimate the transition probabilities at the level of options (p(s’|s,0)) and the
MDP structure of options to estimate the stationary distribution of an associated irreducible MC
which allows to compute the optimistic policy at each episode. The resulting regret matches SUCRL
bound up to an additive term. While in general, this additional regret may be large, we show both
theoretically and empirically that FSUCRL is actually competitive with SUCRL and it retains the
advantage of temporal abstraction w.r.t. learning without options. Since FSUCRL does not require
strong prior knowledge about options and its regret bound is partially computable, we believe the
results of this paper could be used as a basis to construct more principled option discovery algorithms
that explicitly optimize the exploration-exploitation performance of the learning algorithm.
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A Assumptions

In this section, we discuss more in detail the assumptions used throughout the paper.

Initial state s,. In its original definition [1l], an option o is characterized by an initial set
Z, € S where the policy , is defined and can be executed. In Sect. 2] we restricted this
set to Z, = {s,}. We can show that this restriction comes without loss of generality. Let O
be a set of options with arbitrarily initial set Z,, then we define an associated set of options
O = {o={{s\},Bom0} Vo€ OVs:, €L,}. In other words, for all options 0 € O, we
create |Z,| options with the same policy and termination condition, but with a starting state that
corresponds to a single element of Z, and that we denote by sf), (¢ for "initial" state).

Yoe O, Iy = {sg,}
Bo’ = 60

To! = To

It is immediate to notice that duplicating options does not change the behavior of a learning agent but
only relabel the “name” of the options.

Assumption [2] (initial state as terminal state). Let O be a given set of options not satisfying the
first part of Asm.[2|and O’ the set of options obtained by forcing 3,(s,) = 1 for all options in O. It
is straightforward to prove the following equivalence.

Proposition 1. Let w be a stationary (possibly randomized) policy over options O. There exists a
stationary policy ©' over options O’ such that the process over states and actions is the same, i.e., for
any sequence £ = (s1,a1,...,) then Pr(§) = P/ (§), where the transition probabilities are as in
the primitive-action MDP.

Proof. For any option o € O in the orginal set of options, let’s denote by o’ € OO’ the same option
after forcing 3,(s,) = 1 (o' belongs to @’). For any stationary policy 7 over O, let’s define a
corresponding stationary policy 7’ over @’ by: 7'(s) = (n(s))’, Vs € S. For any option o such
that 7(s,) = o and 3,(s,) < 1, the state s, might be visited while o is being executed and o is not
stopped in s,. But since 7, (policy of the option o) is stationary Markov, the distribution on the
sequence of states and actions visited after s, is exactly the same as if the option was first stopped
and executed again (in both cases the policy 7, and the starting state s, are the same). So the process
over states and actions is the same for 7 and 7. O

This directly implies that the diameter over options is preserved (i.e., Do = D) as well as the
optimal gain (i.e., p, = p,,). The only difference introduced in using O’ is in case of non-stationary
policies. FSUCRL generates a piece-wise stationary policy (composed by the policies generated
over episodes) and an episode may indeed terminate before with O’ than with O. For instance, if an
option o is being executed and the episode termination condition of FSUCRL is met when arriving
at s,, with the set O the episode would continue, while with O’ the condition §,(s,) = 1 would
interrupt both the option and the episode. Since the number of episodes is small (i.e., logarithmic in
the time horizon) and the difference in termination is limited, the overall impact of this assumption is
negligible. As a result, whenever a set O does not satisfy this condition, we can simply run FSUCRL
on the associated O’.

Assumption 2| (terminal states and inner states). We first notice that this part of the assumption is
similar in nature to the communicating assumption in UCRL. Let consider the case when the state
space S contains a state 5 that is not reachable under any policy, then UCRL would have linear regret
as s would be assigned a reward r,,,x Which would never decrease, thus creating an optimistic policy
trying to reach 5 without ever reaching it (see for example section 3 of [24]). Similarly, whenever
Bo(s) < 1 implicitly “declares” that s is reachable under 7,. If this is not the case, optimism at the
level of option may attribute an average reward of 7, to the option, which would then be always
executed under the optimistic policy, thus effectively making the problem non-learnable. Even when
this assumption is not initially verified, we can easily change the terminal conditions to recover it.
Given a set O, we could run FSUCRL over a first phase of finite length. At the end of this phase O
is turned into a new set of options O’ where (3,(s) is set to 1 for all states s that have never been
encountered while executing option o during the initial phase. The resulting set O would satisfy
Asm. by default. Furthermore, O’ would always be “safer” than O since options would only be
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shorter (we potentially increase the probability of termination over some states), thus potentially
reducing the diameter D}, and increasing the gain pf,,, at the cost of reducing the temporal abstraction
T, /n.

B Computing the Optimistic Transition Probabilities

In this section, we report the algorithms used by extended value iteration to compute the optimistic
transition probabilities. All algorithms are based on the same intuitive idea: the higher the value of a
state, the more probability mass should be allocated (while still satisfying the constraints imposed by
the confidence bounds). While Alg.[I]is designed to handle Hoeffding bounds, Alg. [2]is specific to
Bernstein confidence intervals.

~

If we consider Eq. we will use Alg. [2| for the computation of b, with parameters b, =
(Pr(s']s,0))s» Br, and w;. As mentioned in the main paper, when we consider FSUCRLV1, the
maximum over ft, in Eq.can be solved by applying Alg. 1| with parameters fi,, 3, (0), and (,.

Algorithm 1 Optimistic Transition Probabilities (Hoeffding Bound) [15]

Input: Probability estimate p € R™, confidence intervals d € R™, value vector v € R™
Output: Optimistic probabilities p* € R™

LetZ = {il,ig, o ,i,n} such thatv;, > v;, > ... > v;,,
pjl = min{1,p;, +d;, }
j=m
while >~ | p” > 1 do
Pt = max{0,1- ., pt)
J=J—-1
end while

Algorithm 2 Optimistic Transition Probabilities (Bernstein Bound) [[19]]

Input: Probability estimate p € R™, confidence intervals d € R™, value vector v € R™
Output: Optimistic probabilities p+ € R™

LetZ = {i1,i9,...,4m} suchthatv;, > v;, > ... >v;
p} =min{0,p; —d;}, Vi€ {l,....,m}
m
4 =1- Zj:l p;'
J=1
while A > 0 do
k=1,
A" = min{A, Py + di, — pz}
py =pi +A
A=A-A
j=73+1
end while

C Auxiliary Results and Proofs

C.1 Proof of Lemmall]

The irreducible Markov chain of option o has a finite number of states and is thus recurrent positive
(see e.g., Thm. 3.3 in [25]]). Moreover, 1/, (s) corresponds to the mean return time in a state s, i.e.,
the expected time to reach s starting from s (see e.g., Theorem 3.2 in [23]]). Finally, 7(s,, 0) is the
expected time before reaching an absorbing states starting from s, in the original absorbing Markov
chain P,. Since in the irreducible Markov Chain all absorbing states are merged with s,, 1/11,(8,) is
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exactly equal to 7(s,, 0) by definition. Let (s;),. be the sequence of states visited while executing

the irreducible Markov Chain starting from sq and let 7y = 7(s¢, 7,(s¢)). By the Ergodic Theorem
for Markov chains (see e.g., Thm. 4.1 in [25]]):

lim =20 - = Z 7(s', o (8")) us,o(s") as. (15)

T— T
teo s'eS,

Let Ty = 0,14, 15, ... be the successive times of visit to s, (random stopping times). From the
Regenerative Cycle Theorem for Markov chains (see e.g., Thm. 7.4 in [26]) we have that the pieces

of trajectory (sTn, e sTn+1_1) , n > 0are i.i.d. By the law of large numbers we thus have:
_ n 1 Tpy1—1_
>ty T _ ( =Tk )

— R(s,0) as.
n n n—-+00

Similarly, we have:

Tn n:l T _ T
- 2uk=0 (Thetr = T) — T(s,0) as.
n n n—-+0o

By taking the ratio, the term n disappears and we obtain:

Tp—1 - -
LiZo v, His0)
T,  n—too T(s,0)

a.s. (16)

All sub-sequences of a convergent sequence converge to the limit of that sequence. Extracting the
subsequence (7T}, )nen in (I3) we obtain:

Tp—1 -
ZtO Tt

Tn, n—+oo

D (S o8 pso(s') as. (17)

s'€Ss.0

By uniqueness of the limit ((T6) and (T7)): R(s,0)/7(s,0) = ., re8,., T(8 o () 1hs,0(5").-

C.2 Proof of Lemmal[2]

As mentioned in the introduction, any communicating MDP together with a set of admissible options
is associated to a communicating SMDP. We recall different equivalent formulations of the optimality
equation for the induced SMDP:

u*(s) = max {E(s, 0) — p*7(s,0) + Z p(s'|s, 0)u* (s')}

s'eSo

@ u*(s) = max {R(s,o) —p + = ! Z p(s']s,0)u*(s") — }*(S) } +u*(s)

220: | 7(s,0) 7(5,0) o2 7(s,0)
Y e {lj((js)) N ?(31, - (S;Sp(sls’ oy (s') u*(s)>} (18)

g = max { D Tolso(s') + p1o(s) (boTu* — U*(S))} ;

where (a) is obtained by data transformation, () is obtained by reordering, and (c) follows from

Lem.where 7o () “ef 5 (s',mo(s")) and b, def (p(s|s,0)), cs- The optimality equation in Eq.
is directly derived from the last formulation when the reward r,, the SMDP transition probabilities
b,, and the stationary distribution of the associated irreducible MC 1, are replaced by parameters 7,

b,, and ji, in suitable confidence intervals.

Proof. We propose a data transformation where any value 7, € R, E; € P, and 11, € M is mapped
into the reward and transition of an equivalent MDP defined as

74(s,0) <= Xyes, , To(8)is,o(s")

2 19
DPPU(s']s,0) «— [is,0(8)(bs o(s") — bs,5) + 05,57, Vs €S. (19)

Vs € S, Vo € Oy, {
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Since 74(s, 0) and p(s'|s, 0) are continuous functions of fis o, bs, o and 7, the compact sets R,
P, and M are mapped into compact sets R°1 and P°4. Notice that this is exactly the same type of
transformation applied at step (a) of Eq. More precisely, we obtain any equivalent bounded-
parameter MDP with compact action spaces and communicating. As a result, we can directly apply
the result from [27]] and obtain the existence of a solution pair (p*,%*) and the uniqueness of the
optimal gain p*. Finally, the optimistic statement trivially follows from the fact that R, P, and M
contain the true parameters of the MDP with options and Eq. [3]is taking a maximum over a larger
set. O

C.3 Basic Results for (Extended) Value Iteration

We recall some basic properties of value iteration for average reward optimization in MDPs.

Proposition 2. Let L be the (average reward) value iteration operator for any MDP M such that for
any bias function u and any state s € S

_max{rs a) —I—Z (s'|s,a)u } (20)
s'eS
Then L is a non-expansion in both {,-norm and in the span semi-norm, i.e., for any u, v
H,Cu—LUHOo < |l — V|00, 21
HEu—EvHsp < ||lu —v||sp- (22)

Proof. While these properties are proved in [27]], we recall the proof of Eq. [22|for completeness. For
any bias functions u, v, and any state s € S

Lo(s) = Lu(s) < max { > p(s'ls,a)(v(s") - U(S'))} < max(v(s') — u(s"),
* \ses )

where the first inequality holds from max,, f(z) — max, g(z) < max,(f(z) — g(z)) and the second
by maximizing over s’ and using >, p(s’|s, a) = 1. Symmetrically we have

Lu(s) = Lo(s) < max(u(s’) = v(s)),

and thus
[Lu — Lol < max(Lu(s) — Lo(s)) — min(Lu(s) — Lo(s))
= max(Lu(s) — Lo(s)) + max(Lo(s) — Lu(s))
< max(u(s) = v(s)) + max(v(s) —u(s)) = [[u = v|sp-

O

Proposition 3. The (average reward) value iteration for any MDP M starts from an arbitrary bias
function ug and at each iteration j computes

uj+1(s) = max{ s,a) + Z s'|s,a)u;(s )} & ujpr = Lu;. (23)
ac A,
s'eS
If M is communicating with optimal gain p*, then for any s € S
Tim (w11(5) — 0y () =
Furthermore, E]
lg(wjrr — uz) — p"| < [ujr — wjllsp/2
and |g(ujr1 —uz) = pU| < |lujpr — ujllsp/2

where d; is a greedy policy associated to vj i.e., Lq,vj = Lvj.

*We recall that g : v — 1 (max{v} + min{v}).
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The previous properties hold for bounded parameter MDPs as well when actions, rewards, and
transition probabilities belong to compact sets. As a result, for any state-action pair s, a, let R q,
Ps,q be the compact set that rewards and transition probabilities belong to. Then extended value
iteration

ui+1(8) = ma ma (s, a ma. ~s'sau-s'} 24
pi(s) = max max {7(s ) g 3Pl ) 4

converges to the optimal gain p* of the corresponding bounded parameter MDP.

C.4 Convergence Guarantees of FSUCRLV2

Theorem 2. For any sequence of errors (g;) ;- such that Z]>o €5 = A < 400, the nested EVI
algorithm converges in the sense that the sequence (vj — jp* )J>0 has a limit for any intial vector
vo. Therefore, the stopping condition ||vj411 — vjl|sp + %sj < ¢ is always met in finite time and if it
is met at step j then
1. Forall s € S, |vj11(s) —vj(s) — g(vj41 —vj)| <e,
2. If d; is the policy returned by nested EVI, for all s € S:
|/~1dﬂj(3) —v;(s) = g(vj41 — 'Uj)’ <e

310" = g(vjp1 —v5)[ < /2
4. Ifvo=0: ||vjllsp < D'+ A

Proof. Step 1 (Convergence of the inner extended value iteration algorithm). In order to simplify
the notation, we denote by p}(v;) the solution returned by the inner EVI at the stopping condition

(Eq.[TI), i.e.,

Po(v;) = g(w;?,z';+1 - w;,z‘;)-
Combining the convergence guarantees of Prop. [3| with the stopping condition of the inner EVI for
each option o, we obtain

max p,(v;) — max po(v]) < max Hw —w
0€O

max /2 <¢e;)2. 25)

ks °+1 gk“’H

Step 2 (Convergence of the outer extended value iteration algorithm). We first introduce the
operator £ used in Eq.[7} i.e., for any bias function u

Lu(s) = max {Ps(u)} +u(s), (26)
where p*(u) is defined in Eq. @] Similarly, the nested EVI can be seen as a sequence of applications
of an approximate operator

Ljwv(s) = max p, (v) +v(s), 27)

ISP

where p};(v) is obtained by iterating (I2) with initial vectors w = (wj ) and stopping condition ¢

(so L, ., only depends on w and €;). As a result Eq. [25] .dlrectly implies that Vw, Vj > 0, £, ,, is an
€j/2-approximations of L, i.e., for any v

1£;.00 — Lo]|oo < %f (28)

We can then compare the two sequences (L£7vg) >0 and (v;) ;>0 such that L% = vo, LI vg =
L (L) is the exact EVI and vj 1 = £;v; is the approximated EVI with (£;) ;>0 = (Lj,w, )j>0
for any arbitrary choice of sequence (w;);>0. We have the following series of inequalities

V5 20, [vjtr — L7 ol = |£5v; — £ (L700) lloe = [[1£5v5 — Lvj + Lj — L (L v0) [l
< |Ljvj — Lvj|le + [[Lv; — L (L7v0) ||« (Triangle inequality)
< 2+ lvj — Livolles  (using @8) and @T)).
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Unrolling the previous inequality down to ||vg — £%vp]|o = 0 and using the boundedness of the
cumulative errors we obtain

i—1
, 17
log — Livolle < 5 3 e
k=0

and more generally for any ¢ > 0,

i—1
, 11
||vj_£]'ui||oo S 528]@ (29)
k=1
Futhermore, from Theorem 9.4.5 of Puterman [27]], we know that for any initial vector v:
lim £ — LIv = pf1 (30)
J—+oo

We will now prove that the same property holds for the sequence v;j11 — v;. For any ¢, j such that
1 < 7 we have the following decomposition:

Vi1 — UVj — ﬁ*l = EjJFl*i’vi — [:jii'vi — f)*l +vj41 — Ej“*i'vi + ﬁjii'vi —vj
Using the triangle inequality we obtain:

[vj41 = vj = P Lo < L7 705 = L7705 — 5710 + [[0j41 — L7703l 31)
+ L7 0 — gl

Let’s first bound the last two terms appearing in 31| using 29}

1< 13X
. BN R ol Sl 2 Z - —

[vj41 — L Vifloo < 5 > kS5 > , ot 0
k=i k=i
- 14 1

imi : I, — vs < — < —

and similarly: || £7 7 v; — vj]l00 < 2 2 'Sk S35 kE vsk e 0

=1 =1

Let’s take ¢ > 0. By definition of the limit, there exists an integer /() > 0 such that for all
j>i>1(e):

[vj41 — L7 il <

N
wlmw| m

and ||£j*i'vi — Vj oo

Let’s now bound the remaining term appearing in[31] For any (fixed) i > 0 we know from [30] that
this term converges to 0 as j — +oo i.e.,

H,CjJrlii'vi — Ejii’l)i — ﬁ*]-”oc — 0
J—-+o0
This implies that there exists J(g,4) > ¢ such that for all j > J (e, i):
LI+ =y — L9 — 571 a0 < %
Let’s take ¢ = I(¢) and define N(¢) e J(e,I(g)). Forall j > N(e):
. e € ¢
[vj41 —vj =P 1o < 3tgtgz=e¢

In conclusion (since € was taken arbitrarily): for all € > 0, there exists an integer N () > 0 such that
forall j > N(e), |[vj+1 —vj; — p*1|leo < €. This is exactly the definition of convergence thus:

. ~%
jm i1 = v =

As a consequence, ||vj41 — v; — p*1|lsp — 0 and so the stopping condition is always met in
Jj—+o0

finite time. We can prove that the sequence (v; — jp*1) converges using similar arguments. We

J=0
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first note that for any initial vector v, (ﬁj v—jp* 1)j>0 has a limit as j tends to infinity (see Theorem
9.4.4. of Puterman [27]]) and therefore it is a Cauchy sequence i.e.,

sup || L7y — Liv — kp* 1HOO = 0 (32)
k>0 +o00

Using a similar decomposition as before we have for all j > 4:

sup [|vj 4k — v; — kp* 1o < sup [|L7TF v — L7 0; — kp1|oo + sup |04 — L7777 03|00
k>0 k>0 k>0

+ 1877 v; — vj |00
The last two terms can be bounded as before:
j+k
o Vs _ Lj+k*iv. < g - c e
e NI

=
and similarly: ||£7""v; — vjo0 < Zal < - Zal 1—>+oo

Let’s take ¢ > 0. By definition of the limit, there exists an integer /() > 0 such that for all
j>i>1(e):

. €
sup [[vj 4k — L7000 < 3
k>0
. I3
and 127w — vyl < 5
For any (fixed) ¢ > 0 we know from@]that:
sup || L7 HF "y — L7700 — kp*l]jee — O
k>0 Jj—+oo

This implies that there exists J(e,4) > ¢ such that for all j > J(e,):
sup || L7y, — L1700 — kPt 1o < -
k>0 3

Let’s take ¢ = I(¢) and define N(¢) £ J(g,1(g)). Forall j > N(e):

— e €
Vit —vj — kp 1Hoo§§+§+§:€

In conclusion, lim; 4 o SUPL > [|Vj4+k — Vj — kp™ 1o = 0 which means that (v; — jp™1),, is
a Cauchy sequence so it is convergent since (R, || - || ) is a complete metric space. Moreover, since
gj —+> 0 the limit must necessarily be a solution of the optimality equation.

j——+oo

Step 3 (Validity of the stopping condition). To prove the validity of the stopping condition, we
adapt the proof from [27]]. We start by the following Lemma based on Theorem 8.5.5 of [27]:

Lemma 3. For any vector v and any decision rule d; achieving the maximum L;v we have:

vs €S, min{Lio(s) —vls)h = 2 < () <7 <max{Le(s) o)+ 2 6Y)

21
2 s'eS
Proof. To prove this lemma, we use the same arguments as Puterman [27]]:

pY = ]ijFdj = ‘Bjj(Fdj + ]dev —v) > ﬁfz‘(ﬁjv —-v) - %1
= Vs €8, 7% (s) 2 min {£;0(s) —v(s)} ~ 5

s'e
where ]Sd*j is the limiting matrix of ﬁdj. The first inequality follows from Prop. and the fact that

ﬁ;j 1 = 1. Note that d; corresponds to the choice of both a policy of options and a value for the
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parameters of the MDP (compact spaces), but this doesn’t impact the proof. We know from Lemma 2]
that there exists an optimal decision rule § that achieves p® = p*1 and so similarly:

"1 =p% = Pi7s = P} (s + Psv —v) < P} (Lv —v) < P} (Lo —v) + %1

= 7 < max {L;o(s) — ()} + 2

where the first inequality comes from the definition of £ and the second inequality follows from

28). O

If we apply LemmaE] to v; then we have:
lvj 41 = vjllsp + &5 > 5 — max{p™ ()}
Moreover, by definition of function g we have:
€j

. Ej
min {£;0;(s") = 0;(s)} = 5 < 9(vj41 = v5) < max {L;v;(s) —v;(s)} +

For any scalars z, y, and z,if t <y < zand z —x < e

(2 —a) <

DO | =
|

1 1
fcle-n<y-twins<
Therefore by taking « = maxyecs {L£;v;(s') — v;(s")} + 3, 2 = minges {Lv;(s") — v (s} —F
and y = p* or y = p% we obtain:

N 1
1" = 9(vj41 = v5)| < S(lvj41 = vjllsp +e5)

~d, 1
and [ — g(vj11 = v5)| < S (Vi1 = villsp + &)
When the stopping condition [|vj 41 — vj|sp + 2¢; < € holds, we have:
S <
2 72
Using the same argument as Lemma 7 of Fruit and Lazaric [14] we also have:

~% &
Ip* — g(vjt1 —vj)| < 3

N
Vs €8, |vjsi(s) —vs(s) —g(vj41 —vj)l Se - 5 <

Finally, by Prop.|3| we know that Vs € S,

Lg,vi(s) — U]-H(s)‘ < ¢;/2 implying:

€

Vs €S, [La,v(s) = vi(s) = 9(vita —v5)] < vjpa(s) —vi(s) = 9(vj41 —vy)[ + 5

L e
<e—-Z2+2=¢

- 2 2

Step 4 (Bound on the bias span). Using the same argument as in [[15]] and [14]] we can show that
when vg = 0, ||£?vg||sp < D’. However, this property does not apply to ||v;||sp since at every time
step of value iteration, we potentially make a small error (either positive or negative) and so v is
no longer the maximal expected cumulative rewards after j steps. Nevertheless, using the reverse
triangle inequality, the fact that ||£7vg||sp < D’ and the inequality || - ||sp < 2| - ||co We have:

Vi >0, [[vjllsp — 1 £7vollsp < llv; — L7vollsp < 2/|v; — Llvolloo < A
= |vjllsp < [ Lvollsp + A<D + A

We already proved that v; — jp*1 is converging to a solution v* of the optimality equation Lv* =
v* + p*1 and as a consequence of Theorem 4 of Bartlett and Tewari [28]], such a solution v* satisfies
lv*||sp < D’. This mean that

||vj||SP = ||vj _j/?klllsrﬁ j—)—+>oo ||'U*||5p <D

and thus as j grows, the bound [|v;||sp, < D’ + A will eventually become loose (more specifically the
term A can be dropped). The term || Lv; — vj]|sp is the quantity used to characterize the error in gain
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Figure 4: Counter-example showing that the inequality||v;|sp < [|[Lvj — vj|lsp + [|v*[|sp is not true
in general (where v; is any vector, £ is the optimal Bellman operator and v* is an optimal bias).

and one might wonder whether it could also be used to quantify the error in bias span ||v;|sp — [|V*]|sp
Le., |vjllsp < |Lv; —vjllsp + ||v*||sp. The counter-example of Fig.[4]shows that this is not the case.
Taking vo = [2/6,0]T we have:

v =[0,~1/d]" ol — et — 2/ 15—
{vl_ Con 2 aassan = o1 volly =1 < ol — o'l = 2/0 —1/5 = 1/5

for 1 > § > 0. It is thus impossible to quantify the error in bias span using the usual stopping
condition based on ||£v; — v;||sp. Whether another stopping condition could be used is left as an
open question.

O

D Regret Proof

D.1 Notations

To simplify notations in this proof, we will denote by [J any numerical constant (which may vary
from line to line). In all this section, we use the notations M = {S, A, r, p} for the original MDP
and M’ = {§’, O, R, b} for the SMDP induced by the set of options O. We also denote by M, the
set of MDPs with options compatible with the confidence intervals of (). When this set contains
the true MDP with options, we use the notations M, M’ € M,,. To avoid ambiguity, we denote an
option by the pair (s, 0) where s is the starting state.

D.2 Preliminary assumptions

To improve the readability of the proof, we will first make three simplifying assumptions and we later
show why relaxing these assumptions has only a minor impact on the regret (see section [D.&).

Assumption 3. For the rest of the proof, we assume that:

1. The exact version of EVI (presented in equation (1)) is run i.e., Vj > 0,e; =0

2. In every episode, the first time step for which the number of visits of a state-action pair has
doubled always occurs at the end of the execution of an option

3. All the irreducible Markov Chains corresponding to the options are aperiodic (hence
ergodic)

D.3 Splitting into episodes

We denote by k € {1...m} the indices of the episodes of the algorithm, and by ¢t € {1...T'} the
indices of the time steps (when a primitive action is executed). In contrast, the indices of the decision
steps (when an option is executed) are denoted by 7 € {1...n}. An episode k starts at time ¢ = ¢, and
at decision step ¢ = ix. The random variables s; and o, denotes respectively the state visited at time ¢
and the option started or being executed at time ¢. By definition, the primitive action executed at time
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t is always a; = 7,,(s:). We can split the regret in two different terms:

(ZZtk 5,0 ) pr - ZR $,0) ZZ (tk(s,o)p* - Vk(s,o)?(s,o)w(s,o))

s,0 k=1 k=1 s,0

(34)
—|—ZZVkso (s,0)w ZRSO
k=1 s,0
where t;(s,0) = i’:ti_l 1 (s,0):=(s,0)} s the total amount of time steps spent executing option

o € Oy started in s € S’ during episode k, R;(s;,0;) is the total reward earned while executing
option o; € O; started in s; € S’ at decision step i, and (s, 0) = R(s,0)/7(s,0). The time spent
in (s, 0) before episode k is: Ty(s,0) = Zf;ll t;(s,0). Similarly to Jaksch et al. [15], we denote
by (s, 0) the total number of visits in state-option pair (s,0) € S’ x O, (of the SMDP) during
episode k, and v (s, a) the total number of visits in state-action pair (s, a) € S x A (of the original
MDP). We define: N(s,0) = Y ;- vi(s,0) and N(s,a) = >_7" | vi(s,a). The analysis for the
last term of (34) is the same as for SUCRL [14]. There exists an event §2 of probability greater than
1 — ¢ for which:

Yn > 1, Zi (l/k(s,o)?(s,o)w(s,o) Ry (s,0 ) ZN s,0)R(s,0) — iRi(s,o)
s,0 k=1 i=1
{DUR\/nlog(D”)lfn>D £ log (DT) (35)

Obglog (52) otherwise

<0 (leog <lml(;)f;g)> + op4/nlog (?))

Let’s now analyse the remaining term in (34) decomposed over different episodes as

Ay = Z (tk(s,o)p* — vi(s,0)7(s,0)w(s, 0))

s,0

D.4 Dealing with failing confidence bounds

We assumed that the stopping condition of an episode is always met once all options are ended.
Therefore, the stopping condition of an episode is strictly equivalent to the stopping condition used in
UCRL2 [[15] so there exists an event €2; of probability at least 1 — ¢ for which (see Jaksch et al. [15]]
for the derivation):

vT > 1, ZAkl{MQMk} < p* Zztk(s’o)l{Mng} =p* ZZz/k(s,a)l{Mng}
k=1 s,0 k=1 s,a k=1

< rmaxﬁ

D.5 Dealing with mixing times of options

We study the impact on the regret of the speed of convergence of an option (seen as an irreducible
Markov Chain using Lem. [I) to its stationary distribution. This corresponds to what we could call
the "mixing time" of the option (by analogy to the MCMC literature). Let’s first recall the Bernstein
inequality for aperiodic Markov Chains:

Theorem 3 (Thm. 3.4 and Prop. 3.10 of Paulin [29]). Let X1, ..., X,, be a time-homogeneous, irre-
ducible and aperiodic Markov Chain with initial probability distribution g, stationary distribution |
and pseudo-spectral gap . Let f be a square-integral function over y such that | f(z) — E,[f]| < C
for every x. Let Vy = Var,(f) and S,, = >, f(X;). We have:

ey
>0,P —E >¢€) <24/N
¥e> 0, P (1S, ~Euf5ull > 9 <2V Nen (o ioce )

dpo dpo
where N,U«O = EP‘ w = EHO a
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The pseudo-spectral gap of a Markov Chain is of the order of the inverse of the mixing time [29]].
Forall s € S',0 € O,, s’ € S, and k, denote by N¥(s') = Z;:ll brpa—1 1{(s,0)i=(5.0), s:=5'}

t=t),
the total number of visits in state s’ while executing option (s, o) before episode k. Assume we
ignore all time steps ¢ that do not satisfy (s,0); = (s,0) i.e., we focus on the sequence of states
when option (s, 0) is executed. This sequence of states is itself a Markov Chain. More precisely,
Nk(s') has the form > | f(X;) where (X;); is the sequence of visited states in the ergodic
Markov Chain representing the option and f(X;) = 1;x,—y while T (s, 0)ps,,(s") corresponds to
nE,[f(X)]. We can thus apply Theorem[3|where: C' = 1, Vi = 15,0(s") (1 —pis,0(s")), n = Ti(s,0),
Ny =1 {S ts.0(8) = T(s,0) (i is a Dirac in the initial state of the option s). With probability at
least 1 — ¢:

NI log (7(5,0)/6) | [ peio(8)(A = psio(8) o o vio (T(s:0)
Tk(S,O)Ms,o(S) NO( ) <d ( Ys,0 +\/ Ys,0 Tk( ’ )1 g( 6 )>

By adjusting ¢ and taking a union bound over all s, o, ', k and Ty (s, 0) we can create an event 25 of
probability at least 1 — ¢ for which:

Vs, 0, 5'Vk, Ti(s,0)pts.0(s") — N¥(s') < D( 1 5

Vs,o

log (T(s, 0)kS,S'OTy(s,0) >

S,0 (1 - s,0 !
+\/uk, ()L~ prso(s"))
Vs,o0
Note that S, < S’ so the term S,S’ in the log can be replaced by S’ (the square becomes a

multiplicative constant in front of the log). Let p1} , = minges, {f1s,0(s")} and define for all s € &’
and o € O,:

U {t . <log (TiaxS'OT/5) | \/1og (Tmame'OT/(S)) 1 }
' HE.07s,0t H5,07s,0t 2
<0 <log (Tmame/OT/5)>
Hs,07s,0
Koo ={ke{l..m}: Tx(s,0) <T,, } and ms , = max{K;,}
Under event s, if Ty, (s,0) > T, (i.e., k ¢ K ,), by definition of T ,:
Tr(8,0)1s,0(s") — NE(s") < 1
Tis(s, 0)pts,0(s") 2
1 1

1 T
= <
NAC(S/) k(«97 0),“/5 0(8’) 8 1— Tk (5,0)prs,0(s")=Nk(s") — k(87 0)/”’5 0(8/)
1 , T (5,0) ps,o(s) ’

where we used the fact that Vo < 1/2, 1/(1 — 2) < 2. In the rest of the proof we will use the above
inequality to replace 1/N¥(s") by 1/T}.(s, 0)js,0(s") in all episodes where k ¢ Us.o Ks.o-

Ty (s,0)log <T(57 O)kSO?/OTk(Sa 0)>>

Vs’ € S,,

= Vs €S,

Let k(t) be the index of the episode at time step ¢. The regret resulting from all time steps where
k(t) € Ks, 0, is:

T m tpp1—1
Tmax Z 1{k(t)€K5t,ot} = Tmax Z Z Z 1{Tk(s,o)<Ts,O}1{st:s,ot:o}
t=1 s,0 k=1 t=tg
= Tmax Z Z 1{Tk (s,o)<Ts,o}tk(sa 0)
5,0 k=1
= T'max Z Z :I-{T;C (5,0)<Ts,0} (Tk+1(57 0) - Tk(sa O))
s,0 k=1
= Tmax Z Z (TkJrl(s» 0) - Tk(s? 0))
5,0 k=1
= Tmax Z Tms,[,+1(87 0) < 27max Z Tmsvo(sy 0) < 27max Z Ts,o
8,0 5,0 5,0
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where the first inequality comes from the fact that Vk > 0, Tgy1(s,0) < 2Ty (s,0) due to the
stopping condition of an episode, and the second inequality comes from the definition of m ,. In
conclusion:

<rmaxSO log (TmaxSAOT log (T/SA)))

Tmax Z 1{k(t)€K5t~ot} < = d

* K
t=1 v

where p1* = min, o{} ,} and v* = min, o{7s,} and we used m < OSAlog (g5 ) (as is proved
by Jaksch et al. [13] where they use the same stopping condition of an episode).

D.6 Episodes where M, M’ € M, and k ¢ Us,o K,

We define two optimistic average gains for an option: w; (s,0) = Y. cs Tr(s',7o(8"))fhs,0(s")

(true stationary distribution but optimistic rewards) and W (s,0) = >, cs Tk(8', To(8"))fs,0(8")
(optimistic stationary distributio and optimistic rewards). We consider the following decomposi-
tion:

k= Ztk(s, 0) (p* — Wi(s,0)) + Ztk(s, 0) (@r(s,0) — wi (s,0))

(36)
+ Zw,‘:(s, 0) (tx(s,0) — vi(s,0)7(s,0)) + Z vi(s,0)7(s,0) (w,:'(s, 0) —w(s, 0))

s,0 s,0

Lemmad4. Vs € ', Yo € O, Vs' € S, the quantity T(s, 0) s 0(s") corresponds to the expected
number of visits in s’ when (s, 0) is executed until termination.

Proof. This lemma extends Lem. E} By Thm. 2.1. of [25]], the following measure A , is invariant
for the irreducible Markov Chain of option (s, 0) (characterized by transition matrix PS’ ):
H(s)

Vs' € 8y, Aso(s’) =E Z L=y
k=1

so = s| where H(s) =inf{k >1: s = s}

H (s) is the first return time in s. A, , is one of the regenerative forms of the invariant measures of
P; ,. By definition, A, ,(s’) corresponds to the expected number of visits in s” when starting in s and
before returning in s i.e., in our case it is exactly the expected number of visits in s’ when (s, 0) is
executed until termmatlon By Thm. 2.2. of Bremaud [25] As,0 is proportional to fig 61 As,o = Clls 0.
By definition of H(s) and using Lem. [} X;o(s) =1 = C’,usyo( ) = C/7(s,0) = C =7(s,0)
which concludes the proof. O

We note that @(s, 0) and w,‘f(s, o) are both discrete integrals over the true stationary distribution.
Using Lemma 4] the last term of can thus be expressed as a conditional expectation knowing the
number of execution of every option at every episode:

ZZVkso s,0) (w,j(s 0) —w(s,0)) —E[ZZuksa)(m(s a) —T7(s,a))

s,0 k=1 s,a k=1

(v (s, 0))k,5,0]

Moreover, we compute the optimistic rewards 7 (s, a) in the same way as Jaksch et al. [13] (the
confidence bounds used for the rewards and transition probabilities of the original MDP are the same)
and so we know that there exists an event {23 of probability at least 1 — § such that for all values of

(Vk(s’ O))k,,s,o:

2 2 vk(,0) (Fil(s, @) = 7(5,0) < Drmas ¢ SAT log (S?T)

s,a k=1

'Note that the optimistic stationary distribution ILs,0 is always uniquely defined since the optimistic transition
matrix Ps o outputted by the inner EVI algorithm is always unichain as is explained by Jaksch et al. [15]: there

exists a state s’ € S, such that the s’-th column of ﬁs o has only strictly positive entries. This is always the case
no matter whether we use Hoeffding bounds and the algorithm presented on Fig. [T]or Bernstein bounds and

the algorithm presented on Fig. |2| Therefore, distribution fis . is the unique solution of ], DPS o = i, and
Aol =1.
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where SA is actually the cardinal of the set (J,c U,es, {m0(s)}, which is upper-bounded by the
true number of state-action pairs in the original MDP.
The third term of (36) is a martingale difference sequence:
m m ik41—1

Z Zw,j(s, 0) (tr(s,0) — vi(s,0)T(s,0)) = Z Z wi (8i50:) (1i(8i50:) — T(8i,04))

5,0 k=1 k=1 i=iy
Denoting Xz = w;r(si, Oi) (Ti(si, Oi) — ?(87;, 02)) and -7:7, =0 (81, 01, Rl, T1yeeeySiy Oi) the sigma
algebra generated by the sequence of states, options, rewards and durations. We have that
E [X;+1|F:] = 0 so the above sum is indeed a martingale difference sequence.

Theorem 4 (Wainwright [30]). Let (X;, F;); be a martingale difference sequence and suppose that
Sorany |\| < 1/b; we have E [e)‘Xi ]:1'_1] < N7 2 almost surely. Then:

2 n _2
S 2exp %)ifogegngxi#
Ve>0,P<§ Xi>e> 237 o} {07

<
i=1
We know from Fruit and Lazaric [[14] that (7;(s, 0)); are sub-exponential random variables and the
conditions of Theoremare satisfied with 0; = ryax0r and b; = Tax b, (the factor 7.« is coming

from the fact that w,j(si, 0;) < rmax)- We thus have that there exist an event €24 with probability
1 — ¢ for which:

Vn >0, ZZw;(s,o) (te(s,0) — vi(s,0)7(s,0)) < Ormax <b7 log <I)Tlmg(§)> + o-4/nlog (Z))

do
s,0 k=1 T

2 exp otherwise

—€
2max;{b;}

Now we will bound the second term in (36). Since ﬁf,o and (1, , are probability distributions, the

difference Wy (s, 0) —wjf (s, 0) is not impacted if a constant is added to all terms of (7% ,(s)) ,, ¢ - In

particular we can subtract the term (maxyes, {7 ,(s')} + minges, {75 ,(s')}) /2 and we obtai

- I ok ok 1 ~k Bk

Wk(S,O) - w,j(s,o) S 5 Sp{rs,o}”/"’S,o - “870”1 S 5 X "ii,o X Sp{rs,o} X HPS,O - PS,OHOOJ (37)
where ||.||oo,1 for a matrix corresponds to the maximum ¢; norm of the rows. Due to the confidence
intervals that we use for transition probabilities, the ¢; deviation of the empirical distribution is

bounded as follows (with probability at least 1 — 4):
R S, log So log (T (s,9)) P _
||Ps,o 7 sk,o||00,1 <O ( ( ° ) + |Supp{PS,g}| 1 log (SO log (Tk(s70)))

minges, {NE(s')} minges, {NE(s')} 1

where \supp{ﬁg7o}| < S, is the maximum support of the rows of ]3370. The above bound is obtained
by summing the bounds of all the terms of every row probability vector and applying Cauchy-

Schwartz inequality: Y0 \/pz(1 — pz) < \/(Zf—ﬂ’w) (X — Elepm) = X — 1. Since

the transitions outside the support are never observed (they have a zero probability of occurrence by
definition of the support) we also have: |supp{]35,o}\ < |supp{Ps,o}| < max; o{|supp{Ps,o}|} =
B*. Since k ¢ |, , K, we have: 1/minyes, {NF(s")} < 2/(u% ,Ti(s,0)). Moreover since
M e Mg, ZSS’“O — P 5]|00,1 is bounded by twice the above bound on || Ps , — ﬁfyoﬂmﬁl. Under
event {23 we have that:

log (SAT/6)
Nx(s')
= Vs,0,Vk, Sp{?ﬁ}o} - Sp{Fs,o} < Sp{?f’o - ?s,o} < 2”?5,0 - ?&OHOO

S ¢ log (SAT/5)

VS, o, S/aVka |?§70(8/) - F870(8/)| S Drmax

minges, {NJ(s')}

""To bound ||17% , — fs,0/|1 We use the bound of Cho and Meyer [20] and introduce the condition number

ni,o. This is possible because as already mentioned in footnote the Markov Chain ﬁS,O is unichain and so
the bound holds (it would not be the case if the Markov Chain had several recurrent classes).
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By adjusting § and taking a union bound over s, 0 and T we can create an event {5 of probability at
least 1 — ¢ for which:

!
ZZtkso wkso)—wk s,0) <DZZ ti (s, 0) Teo}fisoS log (M)

s,0 k=1 5,0 k= 1Tk80
* i
maxﬁio B 1log(SOSOT10g(T))
5,0 k= 1 Y M* 0

tr(s,0 —1 S,S8'0OT log (T
—&—DZZ\/‘? p{rso}nso\/ e log< 5 g ( ))

s,0 k=1
1
gmrmx%mss’omg (%log())

p— I
] \/B * 1log<SS OI;slog(T))
o

—Q—Dr*ﬁi\/B —1

where k, = max, o{s},}, 7* = max, o{Ts,} and p* = min, {u,}. Here we used the fact
that due to the stopping condition of an episode: ¢4(s,0) < Tj(s,0) and >, > 1, _tuls0)

\/Tk(s,0) —
OV SOT (see Lemma 19 of Jaksch et al. [15]). Furthermore, the number of episodes is only
logarithmic in 7": m < OSAlog (SLA)

Finally, we need to bound the first term of (36):

S'OT log (SS’OT(Slog (T) )

t
Ak —Ztk (s,0) (p* — wg(s,0) <Ztk (s,0) (pr — wi(s, 0))+rmaxz k\sﬁo)

t
< Ztk S, 0 k _wk(s 0))+rrnaxz \/%

S,0

We further decompose the remaining term:

Ztk s,0) (pr — Wr(s,0)) Ztk $,0) (pr — Wi (s,0)) (1{;k(370)<+oc} + 1{7%(870):_,_00})

= Z Vk: S, O)Tk(s7 0) (ﬁk - @k(& 0)) 1{?k(570)<+00}

$,0

+ 3 (tk(s,0) = vi(s,0)7k(5,0)) (B — B($,0)) L7, (s,0) <400}

s,0

+ > 11(5,0) (B — Bi(s,0)) Lz (5,0)=+o0)

s,0

(38)

When 7;,(s,0) = +ooi.e., fif ,(s) = 0, using the fact that VS, |u;11(s) — u;(s) — pr| < Tmax/ vk
and using (7) we obtain: |py, — Wk (s, 0)| < rmax/v/Tk. So the last term of (38) is bounded as follows:

- ~ tr(s,0 tk S,0
Ztk(S, 0) (Pr — Wk (8, 0)) Lz (s,0)=+00} < Tmax Z (5,0) )

17' s,0 oo<max
STV e =T Zm

We can bound the first term of (38) using again VS', |uji1(s) — u;(s) — pr| < Tmax/Vk:

tr(s,0
ZV’V S5, O)Tk(S O) (pk - wk(s 0)) 1{Tk(s 0)<+oo} < Vk (Bk: - I) wkl{Tk(S 0)<+oo} + T'max Z k )

s,0 \/TkSO

where By, is the optimistic transition matrix of the SMDP under the greedy policy 7 of EVI
@, ve = (vi(s, Tk (s)),cs and wy corresponds to u; — 3 (max{u;} + min{u;}) e. The term
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IJ; (Ek -1 ) wy, was analysed by Jaksch et al. [15] (MDP) and Fruit and Lazaric [14] (SMDP) for

Hoeffding confidence intervals on the transition probabilities. Here we are using Bernstein confidence
bounds like Dann and Brunskill [19] so we have:

Em:u,; (B = 1) whl (s (000 400) <DD’\/(B’ — 1)$'Onlog (%) +0D'/nlog (g)

k=1
, T
+0OD'SAlog (SA
T
< / 1 Q! ﬁ 4 —
<OD BSOnlog(é) + 0D SAIOg(SA)

where D' is the diameter of the SMDP induced by options and B’ = max, ,{|supp{bs,o}|} is the
maximal support of transition probability vectors in the SMDP.

Finally, the second term of (38)) can be decomposed as follows:

Z (tk(s, 0) — vi(s,0)Tk(s, 0)) (ﬁk — Wi (s, 0))1{;k(5’0)<+00} =

s,0

Z (tk (37 0) — Vg (37 0)?(5’ O)) (ﬁk - &k(& O)) 1{‘7'k(s,o)<+oo} (39)

s,0

+ Y vi(s,0) (T(s,0) = Ta(s,0)) (P — Dk (5, 0)) Lz (5,00 <00

The first term of (39) is similar to the third term of (36): it is a martingale difference sequence and
under event {24 we have:

Vn >0, Z Z (ti(s,0) — vi(s,0)7(s,0)) (Pr — @i(5,0)) L7 (5,0) <400}

5,0 k=1
brlog (§) n
< Ormax <bT log ( Gon + o-4/nlog (5)

If 7(s,0) > T (s, 0) then ﬁf’o(s)—us,o(s) > 0and 7(s,0) —Tx(s,0) < 7(s,0)? (ﬂlgo(s) — ,us7o(s))
implying that:

(7(5, 0) - ?k(sa 0)) (ﬁk - (:)k(sa 0)) 1{?k(s,o)27~—k(s,o)} < Tmax?(sa 0)2 X ||/7§7o - ,Ufs,o”oo

< P (8,0)2 X K35 % | PE, = Py olloo

We already gave an upper bound for the term ||ﬁsko — Ps o001

Z Z Vk(sv 0) (?(87 O) - ?k(& 0)) (ﬁk - &k(s’ O)) 1{7k(870)27~'k(870)}

k=1 s,0

m
S T'max Z Z Vk(57 O)?(S’ O)2K§?o||PSk;o - PS,OHOO;l

k=1 s,0
and:

m m
Z Z Vk(s,o)?(svo)Q’ig,oo”Psk,o = Psolloc,1 = Z Ztk(s,o)?(& 0)ﬂg?o|‘Psk,o = Psolloct

k=1 s,0 k=1 s,0

+ Z Z (vk(s,0)T(s,0) — tr(s,0)) 7(s, o)ﬁzf’oﬂ.ﬁslfo — Ps,

k=1 s,o

0,1
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Once again, the last term is a martingale difference sequence so we can apply Theorem @ Under
events {24 and Q5:

D> (Wils,0)7(s,0) = ti(s,0)) T(s, 0)r, || Ply — Puolly

k=1 s,0
m tk+1—1 _
=D Fsi,00)62 o IPE . = Py ol (F(si,00) — 7i(si, 04))
k=1 i—i

OTmax kb, log (%) if ...

2
mfmaxn:ooTwog( ) Yo Sy vi(s,0) | P28l 4 ([ Lol | otherwise

where k3° = max, ,{x%°,}. For the sake of clarity and brevity, we do not detail the above bounds
any further: since Tk(s o) > Ni(s,0) and vg(s,0) < Ng(s,0), it is clear that it is bounded by a
logarithmic term which will be ignored for the final bound. Under event 25, the final term can be
bounded as follows:

m - t S, 0 SOS/OT log (T
Z Ztk(570)?(570)“:,00||350 siollt < Dmaxk’” Z Z Tkks o) Solog <5g()>

k=1 s,0 s,0 k=1

- B* -1 'OT log (T
'H:leaxHOOZZ tr(s,0) 10g<SOSO og ( ))

5,0 k=1 V Tk S O Y
/
< DTmaxK mSS'O lo (S"SOTlOg(T)>
w* é
1 S5,5'0T log (T)
OTmaxks 'OT'1 _
+OTmaxk Szo: S0 og( 5 >

D.7 Gathering all the terms

If we adjust , take a union bound over €21, ..., Q25 and ignore all logarithmic terms, we find the bound
of Theorem [Tt

~ B*
A=0 (D’\/ B'S'On + (05 + Tmax07) VI + Tmax VSAT + (1* 6L + Tmax Tmaxc5°) *S’OT>
\/ u

D.8 Relaxing preliminary assumptions

We now show how Asm. [3|can be relaxed without impacting the main terms of the regret bound.

D.8.1 Approximate nested EVI

We assumed that the exact version of EVI (7)) is run, and not the nested EVI algorithm presented in
the article. Unfortunately, the exact EVI is not runnable in practice because (11)) requires an infinite
number of iterations to converge in the general case. However, Thm. 2] of App. [C]shows that all
the guarantees of the exact algorithm are preserved with the approximate one. More precisely, the
algorithm converges in span semi-norm and we can tune the stopping condition so as to enforce that
the optimality equation is satisfied with a given level of accuracy ¢. Finally, it is possible to tune the
algorithm to guarantee that the span of the final value function is bounded by D’ + 1 which is of the
order of D" (D’ = 1 by definition). To do so we should tune (g;);, such that .-, e; < 1. These

properties are all we need to derive the main term 9] (D’ vVB'S' On) in the regret bound.

D.8.2 Stopping condition of an episode

We assumed that the number of visits in a state-action pair of the MDP can only occur at the end of
the execution of an option. This is not the case in general: once the number of visits has doubled in
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one state-action pair, the algorithm needs to wait for the option being executed to end before starting
a new episode. On average, ending the option might take up to 7, time steps (with a variance of
o). This can only decrease the bound on the number of episodes m for a given time horizon 7'. So
we will still have: m < [0S Alog (<5 ). On the other hand, the inequality (s, 0) < Tj(s,0) is no

longer satisfied and should be replaced by: (s, 0) < Tk (s, 0) + Tmax + Hor/log (£9L) (in high
probability). This will have only a minor impact on the regret by introducing additional logarithmic

terms. Namely, instead of having -, >7/" :tp"k ((Z Z)) < 1 we have:

Tmax + 0oy /log (£91)

+ZZ Tk (s,0)

sokl 5,0 s,0 k=1

where the second term is logarithmic in 7" (since m is logarithmic). Moreover, the proof of Lem. 19

of Jaksch et al. [15]] can also be adapted to show that ) 22;1 \;% is bounded by LJv.S’OT
’ k(8,0

plus a logarithmic term:

Lemma 5. For any non-negative constant C > 0 and any sequence of numbers z1, . .., z, with

2 < Zk_1+ Cand < Zj,_1 = max {1, Zf;ll zi} we have:

n Z
Z TV k-1

Proof. Since z, < Zy,_1 + C we can write:

n 1 n
Z C V Zy— C
Z\/Z1<1<Z bt ;\/qugg b
<1

\/ n +nC

The term > _;_, \/Z—1 is maximal when z, = Z,_1 + C forall k € {1,...,n} in which case we
can prove (after solving the induction):

Zo=1land Z, =214 (2" —1).C <271 . (1 +20), VE> 1
Therefore:
n n—1
- 2 -1
Z VZrha <1+VIt20- Z( ) :1+\/1+2C~L
k=1 k=2 \/5_1
\/ﬁ n
on—1179 C:1+ VZ
V2 -1
VZ, V2
</Z,+ N
v \/§_1 \/§_1

1<2,

<1+

O

Compared to Lem. 19 of Jaksch et al. [15], we have the additional term nC' in the bound. In our

case, C' = Tiax + 0o /log (£9L) and n = m < OSAlog (<) so the additional term is indeed
logarithmic.

D.8.3 Aperiodicity of options

In order to be able to approximate N¥(s") by Ty (s,0)us.0(s') in the proof, we used a Bernstein
inequality for ergodic Markov Chains (Thm. [)). This inequality only holds when the chain is
aperiodic because otherwise the pseudo-spectral gap is not defined. To overcome this problem, we
can use the so-called "aperiodicity transformation" of a Markov chain (see e.g., [27]) that consists in
adding a self-loop with equal probability 0 < o < 1 in every state, thus making the chain aperiodic
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while preserving the stationary distribution. More formally, the transition matrix P, of the new chain
is a convex combination of the transition matrix of the original chain P and the identity matrix:
P, +— (1 — a)P + al. It s trivial to see that if P is irreducible with stationary distribution x than
P, is also irreducible with stationary distribution p, = p and is in addition aperiodic (with spectral

£ap Ya-

Assume we have n samples X;...X,, drawn from an irreducible periodic Markov Chain P. For all
1 =1,...,n we keep sampling a Bernouilli (/) until a 0 is obtained. For all 1s that were observed
we duplicate the sample X;. The process obtained in this way is denoted X1, ... X, where n, is
the random variable corresponding to the number of additional samples. Conditionally on knowing

n+ N, X7, ... X is distributed as a Markov Chain P,,. Therefore, using Thm. @we have that

n+neg
with high probability:
n+ng " V
> ) = na>Eu[f<X>1| -0 < L+ na>>

For all : = 1,...,n, denote by 7;(«) the (random) number of consecutive 1s before the first 0 is
observed when sequentially sampling i.i.d. Bernouilli distributions B(«). The probability of first
observing a 0 after k samples is a*(1 — ) meaning that 7;(c) has a geometric distribution with
parameter 1 — o and E [ ()] = a/(1 — «). It is well-known from the literature that any geometric
distribution is sub-Exponential so we have that with high probability:

iﬂ [i}i(a)l ‘ =0 < (1:"@)20

i=1

N —

11—« ‘
Combining the two results and using the fact that & < 1 and for any integer n, v/n < n we have with
high probability:

n+neq

foa n+na)E#[f(X)]|5< Van>

(1-«

So in conclusion, when the chain is not aperiodic, we can apply the aperiodicity transformation to
obtain the same kind of concentration inequality with (1 — )7, instead of ~.

E Detailed example of option

In order to better understand the terms A, and A’ &, appearing in the regret bound, we consider a
very 51mp1e option represented on Fig. E} Although this option is the simplest that we can think of
(only two inner states), it is sufficiently expressive to get a good intuition of what is happening in the
general case.

Figure 5: Illustrative example of option: the starting state of the option is sg, s; is an inner state with
B(s1) = 0 (the option never stops in s1) and s is a terminal state (i.e, 5(s2) = 1). We assume that
p1 > 0 so that the option is well-defined.
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E.1 Sub-Exponential constants (regret term A’R’T)

The expected duration of the option is 7 = 14 pg/p; while the expected reward is R = (po/p1) Rmax-
For the variance, we have a simple closed form formula 02 = (py/p?)(2 — po — p1) and we observed
empirically that b, = 1/p; is a valid (and tight) sub-exponential constant|'“} This example illustrates
why an option can be very difficult to learn. If we assume for example that p; << pg << 1, the
sub-exponential constants become very big. The intuitive reason for this is that state s; has a huge
impact on the average duration and reward but is reached with low probability. Thus, a lot of samples
are required to learn the option accurately (i.e., get samples from s;1). This cannot happen if the
option does not contain any cycle. Actually, Fruit and Lazaric [14] proved that the duration and
reward of an option can either be sub-exponential when there exists cycles or bounded when there is
no cycle (in particular bounded is equivalent to sub-Gaussian).

E.2 Pseudo-diameter of the option (regret term A )

We give the closed-form formulas of some condition numbers and the stationary distribution without
detailing the calculations

1 T 1 1 1 { MaXg £s Mg s } 1
= ) , K =1(H)= , K = —max > =
H Do + p1 [P ol 1(H) po+ D1 2 s Mg s 2(po + p1)

The pseudo-diameter of the option is thus:

B _ Tmax + Tmax \/W
V(po +p1)min{p,,p1}  2p1 V min{p,,p1}

After analysing all the possible configurations (pg < p1, po > p1), we find that we always have
D> Tmax0~+. MOreover, A’R . scales as \/n while A, scales as VT so A, is always significantly
worse than A%, . This seems to be the price to pay for removing all prior knowledge on the parameters
of the option. Note however that our regret analysis is very worst-case (the condition numbers might
not always be tight). Moreover, the correlation between options, the span of the internal rewards or
the support of the inner transition probabilities (within an option) can all reduce the value of A ,.

E.3 Interpreting sub-exponential constants using the irreducible chain view

The irreducible Markov chain corresponding to the option of Fig. [3]is always aperiodic and reversible.
The spectral gap is v = po + p1. We note that when py + p1 << 2, o is of the order of |/pg/p1
which corresponds to /7 (7 — 1) /~y. On the other hand, /3, is of the order of 1/p; which corresponds
to (7 — 1) /~. Actually this correspondence between the sub-exponential constants (b, o) and v
and 7 can be explained by the fact that the terms o, appearing in our new regret bound comes from
the term ¢ (s, 0) — vi(s, 0)7(s, o) that we bounded using Azuma’s inequality for sub-exponential
random variables (Thm. [3). But we could also note that

ti(s,0) — vi(s,0)7(s,0) = T(s,0)(fts,0(8)tr(s,0) — vk(s,0))

where fi5,,(s)tx(s,0) — vi(s,0) has the form nE,[f(X)] — >, f(X;) and (X;)1<i<n is the
sequence of visited states in the ergodic Markov Chain representing the option and f(X;) = 1¢x,—s}.
As we did in App. [D.5] we can use Bernstein inequality for Markov chains (Thm. [3)) to show:

eolta(5,0) =0 < 0| PusllEnel )1 <Es)>

0L g <T<>>
Vs,o 0

"2 To estimate b,, we can look at the terms E [(T - ?)k } for k = 3,4, ..., and check that they are upper-
bounded by %k!of b =2 (this corresponds to “Bernstein’s condition™).

3We chose the smallest condition numbers in the list of Cho and Meyer [20]]. All the other condition numbers
for the ¢1-norm of y are provably bigger or equal than the one we are using [21| Th. 2.3].
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If foralls € Sand o € O, 75, = v and 7(s,0) = T we further have:

D730 ti(s,0) — wi(s,0)7(s.0) < D\/ "o ()

s,0 k=1
+DZ log (TT>
~y 1)

Looking at the bound obtained and comparing it with the one derived in App. D} we clearly see the
correspondence o, «— /7(T — 1)/ (since T ~ n7T) and 8, +— (T — 1)/ appearing. Thus,
interpreting an option as an irreducible Markov Chain allows us to have a better intuition about the
actual meaning of the sub-exponential constants presented by Fruit and Lazaric [14]: "mixing time"
of the option (of the order of 1/), average duration, ...

F Experiments

This section aims at providing a detailed empirical analysis of the OFU approaches with options.
Here we consider three main OFU methods: UCRL, SUCRL and FSUCRLPE] While UCRL is a
completely specified algorithm, SUCRL and FSUCRL group several approaches that differ for the
amount of information required (SUCRL) or the solution method (FSUCRL). A complete overview
and nomenclature are provided in Tab.[I] To compute the condition number for ¢, we chose the
smallest condition numbers in the list of Cho and Meyer [20] that is the (provably) smallest condition
number for the ¢1-norm [21} Th. 2.3].

Evaluation. As done in the main paper we evaluate the algorithms based on the regret A(2(, n)
that can be (approximately) decomposed into three distinct terms:

A%Ap‘FARJVAT:Ap"'AR,‘H

where the first term A, is the regret incurred when learning the transition kernel of the MDP while
the second and third terms A i and A are the regret incurred when learning (respectively) the reward
function and the holding times. In most cases, A, > Ap ; i.e., A, is the dominant term in the regret.
If all options are primitive actions, the induced SMDP is simply the original MDP and A = 0.

We denote by «, o and o, the numerical (multiplicative) coefficients used to shrink the confidence
intervals of the transition kernel, the reward function and the holding times respectivelyﬁ Setting
ayp, o, ar < 1enables to speed-up convergence of the learning algorithms and avoid suffering from
a worst-case regret (in practice the confidence intervals are very loose). By tuning these coefficients,
we can also make either A, or Ap ; dominant and analyze the impact on the regret of every algorithm.
When running FSUCRL instead of SUCRL, we use «,,. (instead of a.) to shrink the confidence
interval of the transition matrices of options (seen as irreducible Markov Chains, see Sec. @])

To be fair, we always set a;, = oy, since they both reflect the degree of uncertainty on the transition
kernel of the original MDP. We also set a, = «; in all experiments since the cumulative reward and
the duration of an option are somehow proportional.

F.1 Simple Grid-World

We first consider the toy domain analyzed by Fruit and Lazaric [[14] that was specifically designed to
show the advantage of temporal abstraction. It is an instance of a 20x20 deterministic grid-world
navigation problem where the 4 cardinal actions are replaced by 4 cardinal options with various

'“The code used for the experiments is available on Github (https:/github.com/RonanFR/UCRL).
!5We need to distinguish between Hoeffding and Bernstein concentration inequalities. In the former case, we

shrink directly the range, e.g., Eq. (6a) becomes ‘r(s, a) —Tr(s, a)’ < QrTmaxy/ % . Bernstein bound
is characterized by two terms: O(y/1/Nj + 1/Ny). We have decided to shrink only the second term since the
first one already scales with the empirical variance. For example, Eq. (6b) becomes }p(s/\s, 0) — pr(s']s, o)| <

253, (s'15,0) (1B (s’ [s.0))er, 5 b, Tt
N (s,0) P 3Ng(s,0)"
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Family Algorithm | Description
FSUCRLvVI | Uses empirical condition number and L1 confidence bound to com-
pute optimistic stationary distributions of options explicitly
FSUCRL | FSUCRLV2 | Uses two nested EVI to implicitly compute the optimistic stationary
distribution of each option
Prior Knowledge of the algorithm:
SUCRLvI | Maximal reward 7,,,x and actual duration T7,,,x
SUCRLvV2 | Maximal expected duration 7y,,x, maximal variance of holding time
SUCRL oy = max,co { Var(7(0))} and reward 0 g = Tmax\/Tmax + 02
SUCRLV3 | Tmax and Yo € O, o,(0) = Var(7(0)) and ogr(o) =
Tmax\/7(0) + 0,(0)?
SUCRLv4 | Same as SUCRLV2 withor =0
SUCRLvVS | Same as SUCRLvV3 withor =0

Table 1: Detailed description of the different algorithms used for the experiments. SUCRL algorithms
are enumerated according to the required level of prior knowledge (the higher the stronger). We
computed o, (0) based on the analytical formula relating o (0) to the dynamics of o. In this specific
problem max,{br(0)} = max,{b(0)} = 0.

Name [ o, ame ar ar Ty
Grid-C1 | 04 0.4 08 08 2-10°
Grid-C2 | 0.02 0.02 ' ' 1.2-108

Table 2: Settings used in the gridworld experiments. Both the configurations are run with Hoeffding
concentration inequalities.

maximal duration TmaXE] The optimal policy is the shortest path to a target state that triggers a
random restart in the grid. The reward is zero everywhere except at the target where it is . = 1.
To be able to reproduce the results of Fruit and Lazaric [[14], we ran our algorithms with Hoeffding
confidence bounds for the ¢;-deviation of the empirical distribution (implying that B and By have
no impact in our simulations).

In order to show the relevance of the difference regret components we consider two configurations:
Grid-C1 and Grid-C2 (see Tab. [2). The difference resides in the shrinking coefficients: Grid-C1
is obtained with o, = ay,. = 0.4 while in Grid-C2 we used o, = . = 0.02 (in both cases
o, = o, = 0.8). On Fig. [f] we plot the value of the ratio R = A(2,n)/A(UCRL,n) where
N = max {n 1T, < t}) and 20 € {SUCRL, FSUCRL} with different sets of options characterized
by the maximal duration T},,x. When the ratio is smaller than 1, [ performs better than UCRL
and conversely. The value of n is big enough for all algorithms to have explored the environment
extensively: for ¢t > T, the regret increases only logarithmically and the value of the ratio is stable.

When comparing FSUCRL to UCRL, we empirically observe that the advantage of temporal abstrac-
tion is indeed preserved when removing the knowledge of option’s characteristics. This shows that
the benefit of temporal abstraction is not just a mere artifact of prior knowledge on the options: it can
be achieved without any additional information w.r.t. UCRL.

Grid-C1. Under these settings the regret is dominated by the term A, (A, > Apg ;). We can see
this by noting that for T,,,x = 1, SUCRLv4 and v5 are equivalent to UCRL with known reward
functio and they seem to perform almost like UCRL (the ratio is close to 1). The different
versions of SUCRL are ordered by increasing amount of prior knowledge and we see that the more
prior knowledge, the better (as expected). For small values of T},,,x, FSUCRLVI] and v2 perform
equally while for large values v1 is slightly worse. This is due to the condition number x' used in
the confidence bound of the stationary distributions of options (see Eq. (). This first experiment

167 -« is the maximal actual duration as opposed to the maximal expected duration Tmax < Tmax-
"Here we have that Ar ~ 0.
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Figure 6: Empirical ratio R = A(,n)/A(UCRL, T,,), with 20 € {SUCRL, FSUCRL} and T;, =
2 -10%, as a function of the maximal length of options T},.x, When the regret term related to the
estimation of the transition kernel is dominant (6a) and when the regret term related to the estimation
of the reward function is dominant (6b). A detailed description of the different versions of both
FSUCRL and SUCRL is reported on Table [l We have performed 20 repetitions but there is no
variability in the outcomes.

shows that FSUCRL is able to approach the performance of SUCRL with a reasonable amount of
knowledgﬂ

Grid-C2. By reducing the coefficients c, and . we can make the contribution of A, almost
negligible. In this case, the dominant term becomes A . Even in this case, we can notice this by
looking at T;,,x = 1 where SUCRLvV4 and v5 are able to outperform UCRL due to the knowledge
of the reward function. When we decrease the knowledge provided to SUCRL we can notice that it
is no more able to outperform FSUCRL and, sometimes, not even UCRL. The issue resides in the
pessimistic estimation of the confidence interval for the option reward. For simplicity we consider
SUCRLV1 but the reasoning extends to other versions. Since the option is considered as an atomic
operator its uncertainty on the reward scales proportionally to 7,ax - Tax- In normal settings (as in
Grid-C1) this uncertainty is reduced while exploring the transition kernel but here it represents the
dominating term. On contrary, FSUCRL does not show this problem since it is able to estimate the
reward directly at the level of primitive actions without incurring in a penalization proportional to
Thax- As a consequence, it is able to outperform SUCRL in most of the cases.

From these experiments, we can draw comments about the presented algorithms. As expected, the
more prior knowledge, the better the regret. However, unlike FSUCRL, SUCRL is highly sensitive
to the knowledge we have on the distribution of Ro and 7. In particular, if our knowledge on Rp
and 7o is very loose, SUCRL can even perform worse than UCRL for all values of T,,,x. Although
we expect SUCRL to perform better than FSUCRL due to the additional knowledge provided to
the algorithm, the fact that FSUCRL may perform better than UCRL can be explained as follows.
FSUCRL not only exploits correlations between options sharing state-action pairs (by collecting
samples at action level and not at option level like SUCRL), but it also leverages over the correlation
between Ro and 7o within a single option (by being optimistic on the ratio Rp /7o directly through
the stationary distribution instead of Rp and 7 separately as in SUCRL).

F.2 Four-rooms maze

We now consider the famous four-rooms environment introduced in [1]]. This domain is characterized
by having four cardinal actions with a probability 0.2 of failure (uniformly in any other direction).
The grid-world is a square of dimension 14x14 (for short d = 14) with every room being a square of

18We think that the settings of SUCRLv4 and SUCRLYVS are unrealistic since they assume to know exactly
the reward function.
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dimension 7x7. Each room has exactly two exit doors. In every state of every room, we define four
options: two are leading to the two exit doors, one is leading to the center of the room, and the last
one leads to the unique corner of the grid in the room. Thus, the number of state-options is slightly
bigger than the number of state-actions. The optimal policy takes the shortest path to the target state
which is located in one of the 4 corners of the grid and the rewards are the same as in the previous
experiment. Once the target is reached, the next state is chosen uniformly at random in the grid.

Like in the previous experiments, we ran our algorithms with different configurations summarized in
Tab. 3] The configurations replicate the settings presented for the grid-world experiment with the
addition of experiments with Bernstein confidence bounds (see Eq. (6a)—(6c)). On Fig. [7} we plot
the regret A(2(,n) as a function of T, for A € {UCRL, SUCRL, FSUCRL}. The two versions of
SUCRL are exactly the same as in the previous experiments: SUCRLV2 uses max,{c(0)} while
SUCRLV3 uses (07(0)), - Note that the other SUCRL versions are not valid in this domain.

Hoeffding settings. We start considering the results provided in Fig.[/a] where a small 6x6 grid is
considered. Both SUCRL and FSUCRL are outperformed by UCRL by a big margin. The explanation
of this negative result resides in the fact that the options deteriorate the navigability of the grid and
do not provide any temporal abstraction in such a small domain. Although the reader may not be
surprised by this result, we have decided to show it in order to stress the fact that options require a
careful design to provide a positive contribution to the learning process.

When we consider bigger mazes the utility of options becomes clear. Fig.[7c|(configuration Room-C1)
shows the regret achieved by the algorithms when the dominant term is the estimation of the transition
kernel (A,). As in the grid-world experiment, FSUCRLV2 performs (on average) similarly to SUCRL
with full information (v3) showing that the estimation of option characteristics has a small impact
on the overall performance. However, it has a much bigger variance than UCRL or SUCRL. We
think the reason comes from the dependency of the regret to the smallest number of visits among
all inner states of any option o: 1/ ming {N¥(s")} (see App. @) If all options were uncorrelated,
ming { N¥(s")} would behave has ming {5 ,(s")} - Tk(s, 0) and so the second term of the regret
(i.e., the term not depending on the diameter but on the characteristics of the options) would scale
as 1/u* where p* = ming ,{miny s ,(s’)}. In our experiments, x* is of the order of 10~1° and
since we chose T,, = 2 - 10° < p* we should in theory observe a linear regret. But as we can see
on the chart, the regret is far from being linear. We empirically observed that this is due to the fact
that options are correlated: for any option o, there are inner states that are very unlikely to be visited,
but there exist other options where at least one of these states is visited with high probabilit All
options that have different starting states but identical policies are very much correlated (same inner
states and actions). What happens in practice is that FSUCRLV2 relies on these correlations to explore
the environment efficiently and avoid scaling with 1/u*. Notice that correlations are only exploited to
compute the characteristics of options and the associated confidence bounds, but when the optimistic
policy is computed every option is treated independently. This means that the exploration of an option
in the early stages is random since it depends on how well other options are explored. In other words,
the optimistic step (EVI), by ignoring correlations, is not able to detect that exploring option o could
give insights on the exploration of an option o'.

When we decrease «, and o, we do not observe any more such a high variance (refer to config-
uration Room-C2 in Fig. . Recall that by decreasing these factors, the regret term A, becomes
negligible compared to the term A g - depending on the characteristics of the options (reward and
holding time). Empirically, we have observed that this variance reduction is mainly due to the
decrease of o, that allows of quickly learning the inner dynamics of options, which results in an
overall decrease of the uncertainty (compare Fig. [7c| with Fig.[7e). Configuration Room-C2 confirms
that SUCRL family suffers the most in this settings due to the black-box view of options (refer to
paragraph Grid-C2).

Bernstein settings. By observing Fig [/b| (configuration Room-C3) we notice similarities with
configuration Room-C2 (A , is the dominating term due to very small o, and o, ). However, the
shrinking coefficients in Room-C3 are more than 10 times bigger. The similar behaviour is explained

For example assume you want to go out of the room through the first door and you start just in front of that
door, the states located at the opposite side of the room are very unlikely to be reached by following the policy
of the option, roughly 107 of the time. However, if you start that same option’s policy from the opposite side
of the room, then the states that were previously unlikely become very likely.
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Name d o Qe O Qf Bound T,
Room-CO | 6 0.2 02 0.8 0.8 Hoeffding 6-107
Room-C1 | 14 0.2 0.2 Hoeffding 2 -10°
Room-C2 | 14 0.02 0.02 08 08 Hoeffding 1 -10°
Room-C3 | 14 0.8 08 " Bernstein 1-10°
Room-C4 | 14 0.2 0.02 Hoeffding 2 -10°

Table 3: Settings used for the four-room maze.
Grid-world Four-rooms maze
Tmax d
5 11 18 6 14
w* | 0.007 0.015 0.006 | 1.5-10=7 7.3-10710
k* | 1.35 199  2.37 3.56 12.21

Table 4: Examples of options’ characteristics for the grid-world and four-room maze.

by the fact that Bernstein bound is tighter than Hoeffding one. It allows to learn the dynamics
(SMDP and options transition kernel) before the reward is learned (it exploits Hoeffding bound). As
a consequence FSUCRLV?2 is able to outperform on average all the other approaches (but it still suffer
from high variance) while SUCRL are suffering from the poor dependence on Ap ;.

Comments on FSUCRLv1. While Fig.|7ashows that FSUCRLV] has a regret similar to the one of
v2, FSUCRLV1 is suffering a linear regret in the 14x14 maze where FSUCRLV2 is performing quite
good. We have empirically investigated that this behaviour is due to the value of the condition numbers
k that are too big, and not due to the fact that FSUCRLvVI is considering the maximum ¢;-norm
(FSUCRLV2 is implicitly considering a per-state error). To be sure about this, we run FSUCRLv1
with all condition numbers forced to one. We observed that this algorithm had a behaviour similar to
FSUCRLV2 (up to the looser || - ||oo,1). This simple test suggests that both the variants are equally
affected by the effective p* (i.e., u* up to correlations between options).

Note that £ = 1 means that FSUCRLvV] is only suffering from min{ N*} (by construction of the
confidence bounds) and since it is behaving similarly to v2 it means that also v2 is suffering from
min{ N*}. This is also related to the fact that v1 and v2 are equivalent as long as an option has a state
never visited, i.e., min{ N*} = 0. This property also explains why there are cases where FSUCRLv2
is matching the bad performance of v1 in the initial phase (see Fig.[7c).

Tab. ] provides additional support to this considerations. By looking at the values x* for the grid-
world we can notice that the value increases with T},,,x. This explains why the regret of FSUCRLvVI
starts increasing for large values of Ty, (refer to Fig. [6d). If we cross compare the values between
grid-world and four-rooms maze we can notice a similarity between grid-world with T, = 18 and a
maze of dimension 6. In these domains the performance of the algorithms (v1 and v2) is comparable.
When we move to dimension 14 FSUCRLvV1 is doomed to perform much worse than v2 due to the
big condition number

2We have empirically observed that the estimated condition numbers are close to the true one. This suggests
that the problem is intrinsic in the definition of the bound in Eq. E] and not due to bad estimates.
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Figure 7: Evolution of the regret A(2(, n) as T,, increases. All the configurations are tested over 20
repetitions for which we report minimal, maximal and average regret. In the case of FSUCRLV2 we
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additionally plot all the 20 curves to better explain the dispersion.
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