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Abstract

Meticulously analysing the empirical strengths and weaknesses of reinforcement
learning methods in hard (challenging) environments is essential to inspire innova-
tions and assess progress in the field. In tabular reinforcement learning, there is
no well-established standard selection of environments to conduct such analysis,
which is partially due to the lack of a widespread understanding of the rich theory
of hardness of environments. The goal of this paper is to unlock the practical
usefulness of this theory through four main contributions. First, we present a sys-
tematic survey of the theory of hardness, which also identifies promising research
directions. Second, we introduce Colosseum, a pioneering package that enables
empirical hardness analysis and implements a principled benchmark composed
of environments that are diverse with respect to different measures of hardness.
Third, we present an empirical analysis that provides new insights into computable
measures. Finally, we benchmark five tabular agents in our newly proposed bench-
mark. While advancing the theoretical understanding of hardness in non-tabular
reinforcement learning remains essential, our contributions in the tabular setting are
intended as solid steps towards a principled non-tabular benchmark. Accordingly,
we benchmark four agents in non-tabular versions of Colosseum environments,
obtaining results that demonstrate the generality of tabular hardness measures.

1 Introduction

Reinforcement learning studies a setting where an agent interacts with an environment by observing
states, receiving rewards, and selecting actions with the objective of optimizing a reward-based crite-
rion. The field has attracted significant interest in recent years after striking performances obtained
in board games [1] and video games [2, 3]. Solving these grand challenges constitutes a pivotal
milestone in the field. However, the corresponding agents require efficient simulators due to their
high sample complexity, i.e., the number of observations that they require to optimize a reward-based
criterion in an unknown environment. Outside of games, many important applications in healthcare,
robotics, logistics, finance, and advertising can also be naturally formulated as reinforcement learning
problems. However, simulators for these scenarios may not be available, reliable, or efficient.

The development of reinforcement learning methods that explore efficiently has long been considered
one of the most crucial efforts to reduce sample complexity. Meticulously evaluating the strengths
and weaknesses of such methods is essential to assess progress and inspire new developments in
the field. Such empirical evaluations are performed through benchmarks composed of a selection of
environments and evaluation criteria. Ideally, this selection should be based on theoretically principled
reasoning that considers the hardness of the environments and the soundness of the evaluation criteria.

In non-tabular reinforcement learning, where the number of states is large (and potentially infinite),
there is no theory of hardness except for a few restricted settings. Consequently, the selection of
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environments in current benchmarks [4, 5] relies solely on the experience of their authors. Although
such benchmarks are certainly valuable, there is no guarantee that they contain a sufficiently diverse
range of environments and that they are effectively able to quantify agent capabilities. In contrast,
in tabular reinforcement learning, where the number of states and actions is finite, a rich theory
of hardness of environments is available. Perhaps surprisingly, a principled benchmark based on
this theory has so far been absent. There are at least two reasons for this absence. First, these
hardness measures have been developed to provide theoretical guarantees for reinforcement learning
methods, and not considered as directly useful for practical purposes. Second, the lack of a unifying
presentation and critical comparison between different measures has limited their potential impact.

The goal of this paper is to establish the importance of hardness measures outside the context of
theoretical reinforcement learning and unlock their practical usefulness with four main contributions.
In Section 2, we present a systematic survey of the theory of hardness for Markov decision processes.
This survey serves as an introduction, tutorial, and, equally importantly, identifies gaps in the current
theoretical landscape that suggest promising directions for future work. In Section 3.1, we introduce
Colosseun, a pioneering Python package that enables the empirical investigation of hardness and
implements a principled benchmark for the four most widely studied tabular reinforcement learning
settings. The selected environments aim to maximize diversity with respect to two important measures
of hardness, thus providing a varied set of challenges for which a precise characterization of hardness
is available. In Section 3.2, we present an empirical comparison between three theoretical, yet
efficiently computable, measures of hardness. Our analysis provides insights into which aspects
of hardness are best captured by each of the measures and identifies desirable qualities for future
measures. Finally, in Section 3.3, we report the results of five agents with theoretical guarantees in
our novel (principled) benchmark, which allows us to empirically validate the quality of the selection
methodology by demonstrating that harder environments effectively lead to worse performances.

Although this paper is concerned with the tabular setting, for which principled measures of hardness
are available, we intend our contributions as milestones towards the future development of theoretical
and empirical measures of hardness for non-tabular reinforcement learning. Accordingly, Section 3.1
shows how tabular hardness measures can be used in a widespread class of environments that includes
non-tabular versions of the environments in the Colosseum benchmark, which enables studying how
these measures relate to the performance of four agents from the non-tabular bsuite benchmark [4].

2 Hardness in Theory

Section 2.1 introduces our notation and important definitions. Section 2.2 presents our survey of
the theoretical landscape of measures of hardness, which includes a novel categorization of existing
measures. Section 2.2.3 highlights the weaknesses of existing measures and introduces the concept
of a complete measure of hardness, which we believe should be the focus of future developments.

2.1 Preliminaries

Let A(X') denote the set of probability distributions over a set X'. A finite Markov decision process
(MDP) is a tuple M = (S, A, P, Py, R), where S is the finite set of states, A is the finite set of
actions, P : § x A — A(S) is the transition kernel, Py € A(S) is the initial state distribution, and
R:S x A— A([0,1]) is the reward kernel [6]. Given an optimization horizon T, a reinforcement
learning agent aims to find a (possibly stochastic) policy 7 : S — A(A) that optimizes a reward-
based criterion. The MDP M is unknown to the agent but can be learned through experience. The
interaction between the agent and the environment starts when the initial state so ~ Py is drawn.
For any 0 < ¢ < T, the agent samples an action a; ~ m(s;) from its current policy 7, and the
environment draws the next state s;11 ~ P(s¢,a:) and reward rry1 ~ R(st,a:). An MDP is
episodic with time horizon H when the state sy is drawn from the initial state distribution whenever
t+1=0 (mod H) and continuous otherwise. In the continuous setting, a factor v € (0, 1) is used
to discount future rewards in the discounted setting, and future rewards are averaged across time
in the undiscounted setting. For a policy 7, an MDP M induces a Markov chain [7] with transition
probabilities P7_, , (M) = >~ _  7m(a | s)P(s’ | 5,a) whose stationary distribution is denoted by
1. MDPs can be classified into three communication classes [8]. An MDP is ergodic if the Markov
chain induced by any deterministic policy is ergodic. An MDP is communicating if, for every two
states s, s’ € S, there is a deterministic policy that induces a Markov chain where s is accessible
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from s’ and vice versa. An MDP is weakly communicating when there is a partition (C, S \ C) of the
set of states S such that, for every two states s, s’ € C, there is a deterministic policy that induces a
Markov chain where s is accessible from s’ and vice versa, and every state s € S \ C is transient in
every Markov chain induced by any deterministic policy. Every ergodic MDP is communicating, and
every communicating MDP is weakly communicating.

The episodic state-action value function is given by @} . (s,a) :==E [Zf:h-u re|sp = s,an = al,
and the episodic state value function is given by V;7 ., (s) := > , 7(a | $)QF o;(s,a). The dis-
counted state-action value function is given by Q7 (s,a) := E [, v' "7 | so = s,a0 = a], and
the discounted state value function is given by V. (s) := > 7(a | s)Q7 (s, a). These expectations

are taken w.r.t. the policy m, the transition kernel P, and the reward kernel R. In the undiscounted
setting, the value of every state(-action) is the same, since rewards are averaged across infinite time

steps. In that case, we define the expected average reward as p™ := limp_, o, % 23:1 E [r¢], which
is also given by p™ = (u™,R™), where R™ is a vector such that R] = E,.(,)R(s, a) is the expected
reward obtained when following 7 from state s. An optimal policy 7* obtains maximum value for
every state. We assume with little loss of generality that the optimal policy is unique. We drop the
subscripts when the setting is clear from the context, and write * to denote 7* in superscripts.

The most widely studied performance criteria are the expected cumulative regret, which yields the
regret minimization setting [9], and the sample efficiency of exploration, which yields the Probably
Approximately Correct Reinforcement Learning (PAC-RL) setting [10]. In simple terms, the regret
measures the loss in reward due to the execution of a sub-optimal policy. In contrast, the sample
efficiency measures how many interactions the agent requires to approximately learn 7* with high
probability. The main difference between the two criteria is that the rewards obtained during the
interactions with the MDP are not considered in PAC-RL, whereas all rewards contribute to the
cumulative regret. Therefore, PAC-RL agents can generally afford more aggressive exploration.

2.2 Characterization of hardness

We distinguish the hardness of MDPs into two kinds of complexity, the visitation complexity and the
estimation complexity. The visitation complexity relates to the difficulty of visiting all the states, and
the estimation complexity relates to the discrepancy between the optimal policy and the best policy
an agent can derive from a given estimate of the transition and reward kernels. The two complexities
are complementary in the sense that the former quantifies the hardness of gathering samples from the
state space while the latter quantifies the hardness of producing a highly rewarding policy given the
samples. In the literature, we identify two approaches that aim to capture the mentioned complexities.
The first approach, which we call Markov chain-based, considers that an MDP is an extension of
a Markov chain where transition probabilities can be changed based on direct interventions by an
agent [11]. This approach is well suited to capture the hardness that comes from the visitation
complexity since it considers the properties of transition kernels. The second approach, which we call
value-based, considers the discrepancy between the optimal policy and the best policy an agent can
derive from a value function point estimate. Note that the information contained in such point estimate
is lower than the one in kernels estimate and that the difficulty of obtaining an accurate estimate of
the value function is not considered in this approach. Therefore, the value-based approach is only
able to partially capture the estimation complexity. A striking fact that highlights this shortcoming is
that almost every value-based measure of hardness is independent of the variability of the reward
kernel. Therefore, given an MDP M’ that is obtained by increasing the reward kernel variability of an
MDP M, value-based measures of hardness assign the same level of hardness to M and M.

Markov chain properties and value functions depend on a fixed policy, which presents two natural
choices to derive measures of hardness. The first choice considers the optimal policy, which typically
leads to a measure that considers a best-case scenario. The second choice considers a policy that
maximizes a criterion that characterizes a worst-case scenario. For instance, a policy that maximizes
such criterion may spend its time in a region of the state space that is not relevant for learning 7*.
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2.2.1 Markov chain-based measures of hardness

Mixing time. The mixing time of a Markov chain with stationary distribution f is defined as

t, = inf{n | supdrv (py, n) < 0.25}, (1)
s€S

where drv is the total variation distance between distributions and the vector p]' represents the
distribution over states after n steps starting from state s. The value 0.25 is conventionally established
in the Markov chain literature for the definition of the mixing time. For ergodic and aperiodic Markov
chains, lim,,_, ., pl' = p for every state s, so the mixing time is the number of steps a Markov chain
takes to produce samples that are close to being distributed according to the stationary distribution .

For instance, a Markov chain with a non-negligible probability of transitioning from every state to
every state is quickly mixing. In contrast, the mixing time can be very long in chains where the state
space has several distinct regions each of which is well connected but where transitions between
regions have low probability [12]. Kearns and Singh [13] propose an extension of the mixing time to
MDPs that considers the maximum mixing time across policies ¢ := sup,. t,,~ in the undiscounted
setting. Although the mixing time plays an important role in that setting, since the average reward
obtained by policy 7 is given by p™ = (1™, R™), it is not a generally good measure of hardness. First,
it does not capture the visitation complexity, since it neglects the fact that the agent may direct its
exploration through a choice of policy. Second, it does not capture any significant aspect of optimal
policy estimation, which does not require stationary distribution samples from every policy.

Diameter. The diameter is fundamentally related to the number of time steps required to transition
between states. In the continuous setting, the diameter D is most commonly defined as

D := sup infT7 ., 2)
si#sa T
where T7 ., is the expected number of time steps required to reach state sy from state s; when

following policy 7 [14]. Intuitively, D is the worst-case expected number of time steps required to
transition between two states when following the best policy for that purpose. Related definitions are
Dyorst :=sup sup Ty, and Doy := inf sup T, , whichimply D < Doy < Dyorst [15].

T 81782 T si1#s2
In the episodic setting, we define the diameter by augmenting each state s with the current in-episode
time step i and considering the diameter of this augmented MDP in the continuous setting. Note
that Tg; )= (52,hs) CAN be larger than the episode length H, which means that (on average) more

than one episode may be required to transition from state (s1, 1) to state (s, ho). This happens
whenever ho < hj, which may be undesirable if the intent is to focus on the expected number of time
steps required to transition between states from the same episode. The diameter is always infinite
in weakly-communicating MDPs if the supremum is not restricted to states in the recurrent class
C and is always finite in the episodic setting (where every state is reachable within an episode). A
large diameter can be caused by high stochasticity. The diameter is very apt at measuring visitation
complexity, since it captures the effort required to deliberately move between states. However, it
neglects the reward kernel, and so has limited capacity to measure the estimation complexity.

Distribution mismatch coefficient. The distribution mismatch coefficient (DMC) has been defined
for the continuous undiscounted [16] and continuous discounted [17] cases respectively as

_ I o B (8)
DMC := s:pz — and DMCq, = ilelrs) Pols)”

ses S

where d% (s) = (1 —7) > i 7'Pr(s; = s | s0) is the discounted state visitation distribution of the
optimal policy given an initial state sy. Note that the DMC is guaranteed to be finite only for ergodic
MDPs. In communicating MDPs, there is at least one policy ™ whose stationary distribution assigns
probability zero to some states. MDPs whose optimal stationary distribution p* has its probability
mass concentrated on a few states tend to have a large DMC. In contrast, when p* is closer to being
uniformly distributed across states, the DMC tends to be small. For small values of DMC, as every
w™ is close to p*, the agent will gather samples from the optimal stationary distribution regardless of
its current policy, which may enable quick learning. In contrast, for large values of DMC, the agent
needs to actively seek a policy that gathers such samples. The DMC is not well suited to quantify
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the visitation complexity, since it fails to capture the difficulty of visiting all states. The DMC also
does not capture the estimation complexity, since it does not account for the stochasticity of the
environment, which is related to the number of samples required to make accurate estimations.

2.2.2 Value-based measures of hardness

Action-gap regularity. Given an estimate Q* of the optimal state-action value function Q*, the

greedy policy with respect to Q* always chooses an action associated with the highest state-action
value. Whether or not such a policy is optimal depends exclusively on the ordering of the estimates
for a given state rather than their accuracy. For instance, assuming that a™ is the optimal action for

every state s, a greedy agent would act optimally if Q(s,a*) > Q(s, a’) for every action a’ # a*,
even if |Q*(s,a) — Q(s,a)| > 0 for every action a. The action-gap regularity ¢ is a measure of
hardness that leverages this principle through the theory of hardness for classification algorithms [18].

However, this measure is only defined for two actions, and so has exceptionally limited applicability.
Environmental value norm. The (discounted) environmental value norm C;T is defined as

CT := sup Var V7(s').
v (s,a) \| 8'~P(s,a) ’Y( )

This quantity can be similarly defined in the undiscounted setting [19]. In words, the environmental
value norm captures the one-step variance of the value function V™ for a given policy 7. In the
episodic setting, a closely related measure called maximum per-step conditional variance CYj [20] is
defined as
Cfi :== sup (Var R(s,a)+ Var Vh”+1(s’)> :
(s,a,h) s'~P(s,a)

Alternatively, as with the diameter, it is also possible to define this quantity by augmenting each
state s with the current in-episode time step h and considering the environmental value norm of
this augmented MDP in the continuous setting. For every policy, the environmental value norm is
equal to zero when the transition kernel is deterministic. However, a highly stochastic MDP may
still have a small environmental value norm, since this norm captures the variance of the state value
function rather than the stochasticity of the transition kernel. Maillard et al. [19] suggest using the
environmental value norm of the optimal policy 7* as a measure of hardness. The main strength of
such measure is that the variability of the optimal value function captures an important aspect of the
estimation complexity. However, this measure of hardness neglects the visitation complexity.

Sub-optimality gap. The sub-optimality gap is defined in the continuous and episodic settings as
A(s,a) :=V*(s) —Q*(s,a) and Ap(s,a) =V (s) — Q7 (s,a),

respectively. Since V*(s) = max, Q*(s, a) for every state s, the sub-optimality gap A(s, a) mea-
sures the difference in expected return between selecting the optimal action for state s and selecting
the action a. Intuitively, identifying a suboptimal action «’ in a given state s is easier if the gap A(s, a’)
is large. Simchowitz and Jamieson [21] identifies the sum of the reciprocals of the sub-optimality

gaps Z(s,a)\ A(s,a)£0 m as a measure of hardness. They also demonstrate the importance of the

sub-optimality gaps by showing that recent optimistic algorithms necessarily incur in a cumulative
regret proportional to the smallest nonzero sub-optimality gap in the episodic setting. However, note
that approximating the optimal value function (and identifying a near-optimal policy) is particularly
easy when every sub-optimality gap is small. Consequently, the (PAC-RL) sample complexity is
likely to decrease when the sum of the reciprocals of the sub-optimality gaps increases. Furthermore,
this measure does not explicitly capture visitation complexity and is prone to severe numerical issues.

Table 1: Computational complexity of generally applicable measures up to logarithmic factors.

Markov chain-based measures Value-based measures
Mixing time Diameter Distribution mismatch coefficient ~Environmental value norm  Sub-optimality gaps

? O(IS[>*|4)) ? O(SPIAIL=»"Y)  O(SPIAIL =71
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2.2.3 Future directions

Current hardness measures suffer from three principal issues. They are not designed to be efficiently
computable (see Table 1 and Appendix B), they are limited in their ability to simultaneously capture
visitation complexity and estimation complexity, and they are oblivious to the distinct challenges
presented by different performance criteria. For instance, while regret minimizing agents must be
cautious not to incur in large regret during learning (for example, by not revisiting lowly rewarding
states that are not followed by highly rewarding states), PAC-RL agents have the flexibility to incur
in large regret as long as they end up with a near-optimal policy. Therefore, the visitation complexity
should differ across settings. The fact that current measures disregard this distinction is concerning,
since they should account for the specific difficulty of the optimization task. These issues are not
discussed in previous work, since measures of hardness have not been considered relevant outside the
context of deriving theoretical performance guarantees for reinforcement learning agents.

In order to address these issues, we believe that future work should focus on developing efficiently
computable (non-trivial) hardness measures that (approximately) meet the following novel definition.

Definition 2.1 (Complete measure of hardness) A measure  : M — R™T is complete for an MDP
class M and criterion ¢ (sample complexity or cumulative regret) if, for every pair M, My € M
and near-optimal agent A* that achieves the criterion lower bound of class M up to logarithmic
factors! (M) > 6(My) implies (M7, A*) > (M, A*), where ¢ hides logarithmic factors.

Combining existing measures that capture visitation complexity and estimation complexity is a viable
first step in that direction. Recently, Wagenmaker et al. [23] have pioneered this approach in the
episodic setting by proposing the gap-visitation complexity,

H
. . 1 Wh(8)2
GVP(e) := £ ¢
) ;::OH; Ssl,lfm <wg(3’a)Ah(s,a)2’w;{(s,a)e? ’

3

where w] (s,a) := Pr(s, = s,a;, = a) is the probability of visiting state-action pairs (s, a) at
in-episode time step 4 when following policy m, Wp(s) := sup, Pr(sp = s) is the maximum
reachability of state s at in-episode time step h, and € is a parameter related to the optimality of the
output policy in the PAC-RL setting. The strength of this measure is that it weights the sub-optimality
action gaps with measures of visitation complexity, wj, and W¥},. This captures the difficulty induced
by the critical states that are both hard to reach and for which it is hard to estimate the best action.
However, the gap-visitation complexity fails to be a generally applicable hardness measure. It depends
on the PAC-RL setting-specific parameter e, it is restricted to the finite horizon setting (and can not
be extended to the continuous setting), and is not efficiently computable.

3 Hardness in Practice

3.1 Colosseum

This section briefly introduces Colosseun, a pioneering Python package that bridges theory and
practice in tabular reinforcement learning while also being applicable in the non-tabular setting. More
details about the package can be found in Appendix A and in the project website.>

As a hardness analysis tool, Colosseun identifies the communication class of MDPs, assembles
insightful visualizations and logs of interactions between agents and MDPs, computes three measures
of hardness (environmental value norm, sum of the reciprocals of the sub-optimality gaps, and
diameter, whose computation requires a novel solution described in App. A.4). Eight MDP families
are available for experimentation. Some are traditional families (RiverSwim [24], Taxi [25], and
FrozenLake) while others are more recent (MiniGid environments [26]). Additionally, DeepSea
[27] was included as a hard exploration family of problems, and the SimpleGrid family is composed
of simplified versions of the MG-Empty environment. By controlling the parameters of MDPs from
each family (further detailed in App. A.3), it is easy to create an MDP with any desired hardness.

As a benchmarking tool, Colosseun is unique in its strong connection with theory. For instance,
in contrast to non-tabular benchmarks, Colosseum computes theoretical evaluation criteria such

"For example, the Q(|S||.A|H?e~2) sample complexity bound for the episodic communicating setting [22].
?Available at https://michelangeloconserva.github.io/Colosseum.
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as the expected cumulative regret and the expected average future reward, which can be used to
exactly evaluate the performance criterion of regret minimizing agents. The benchmark covers the
most commonly studied reinforcement learning settings: episodic ergodic, episodic communicating,
continuous ergodic, and continuous communicating. For each setting, we have selected twenty MDPs
that are diverse with respect to their diameters and environmental value norms as proxies for different
combinations of visitation complexity and estimation complexity. Figure 17 in Appendix E shows
how each of these MDPs varies according to these measures, and Section 3.3 empirically validates
this selection by showing that harder MDPs correspond to worse agent performance. Notably, the
theoretically backed selection of MDPs and the rigorous evaluation criteria make the Colosseum
benchmark the most exhaustive in tabular reinforcement learning, since previous evaluations were
conducted empirically in a few MDPs (such as Taxi or RiverSwim).

Colosseun also allows testing of non-tabular agents by leveraging the BlockMDP model [28].
BlockMDPs equip tabular MDPs with an emission map that is a (possibly stochastic) mapping g : S —
A(O) from the finite state space S to a (possibly infinite) observation space O. Agents interacting
with BlockMDPs are only provided with observations, so non-tabular methods are generally required.
Many commonly used non-tabular MDPs (such as Minecraft [29]) can be straightforwardly encoded
as BlockMDPs using the Colosseum MDP families. Colosseum implements a diverse set of
deterministic emission maps and allows combining them with different sources of noise. Appendix
A.2 further details BlockMDPs and the available emission maps.

3.2 Empirical analysis of hardness measures

For brevity, this section only presents results of hardness measures in the MiniGridEmpty family of
environments in the episodic setting. Appendix D presents the full outcome of the empirical analysis.

A MiniGridEmpty MDP is a grid world where an agent has three available actions: moving forward,
rotating left, and rotating right. An agent is rewarded for being in a few specific states and receives no
reward in every other state. Appendix A.3.4 provides more details about this family of environments.

In our investigation, we consider four scenarios that highlight the different aspects of MDP hardness.

Scenario 1. We vary the probability p_rand that an MDP executes a random action instead of the
action selected by an agent. As p_rand approaches one, value estimation becomes easier, since
outcomes depend less on agent choices. However, intentionally visiting states becomes harder.

Scenario 2. We vary the probability p_lazy that an MDP stays in the same state instead of executing
the action selected by an agent. Contrary to increasing p_rand, increasing p_lazy never benefits
exploration. Increasing p_lazy decreases estimation complexity and increases visitation complexity.

Scenario 3 and 4. We vary the number of states across MDPs from the same family. In scenario
4, we also let p_rand = 0.1 to study the impact of stochasticity. In these scenarios, increasing the
number of states simultaneously increases the estimation complexity and the visitation complexity.

In every scenario, hardness measures are compared with the cumulative regret of a near-optimal agent
tuned for each specific MDP (see App. D). This regret serves as an optimistic measure of hardness.
Appendix C describes how these measures are normalized. Note that, due to normalization, the plots
should only be compared in terms of trends (growth rates) rather than absolute values.

Analysis. Figure 1 presents the empirical results for the episodic MiniGridEmpty family in the four
scenarios with 95% bootstrapped confidence intervals over twelve random seeds.

The experiments confirm our claim that the diameter captures visitation rather than estimation
complexity. This measure of hardness grows superlinearly with both p_rand and p_lazy (Figures
la and 1b) since deliberate movement between states requires an exponentially increasing number of
time steps. Although the diameter highlights the sharply increasing visitation complexity, its trend
overestimates the increase in cumulative regret of the tuned near-optimal agent, which is explained
by the unaccounted decrease in estimation complexity. The diameter also increases almost linearly
with the number of states (Figures 1c and 1d). For the small p_rand (scenario 4), the relation is still
approximately linear. This linear trend underestimates the evident non-linear growth in hardness in
the regret of the tuned near-optimal agent but is in line with the mild increase in visitation complexity.

The empirical evidence indicates that the environmental value norm can only capture estimation
complexity. It decreases as p_lazy and p_rand increase (Figures la and 1b) because the optimal
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Figure 1: The Colosseum hardness analysis for the episodic MiniGridEmpty family.

value of neighboring states becomes closer, which decreases the per-step variability of the optimal
value function. When the number of states increases but the transition and reward structures remain
the same (Figures 1c and 1d), the small increase in this variability only generates a sublinear growth.

We empirically observe that the sum of the reciprocals of the sub-optimality gaps is not particularly
apt at capturing estimation complexity, due to its exclusive focus on optimal policy identification, and
it also underestimates the increase in hardness induced by an increase in visitation complexity. This
measure increases weakly superlinearly in scenarios 1 and 2 (Figures la and 1b). The probability
of executing the action selected by the agent decreases when p_lazy and p_rand increase, so the
difference between the state and the state-action optimal value functions decreases sharply. The
measure increases almost linearly with the number of states (Figures 1c and 1d). This is explained by
the fact that the average value of the additional terms in the summation is often similar to the average
value of the existing terms when MDPs have the same structure of reward and transition kernels.

3.3 Colosseum benchmarking

In this section, we benchmark five tabular agents with theoretical guarantees and four non-tabular
agents. Besides being valuable on their own, these results help to empirically validate our benchmark.

Agents. The tabular agents are posterior sampling for reinforcement learning (PSRL) for the episodic
and continuous settings [30, 31], Q-learning with UCB exploration for the episodic setting [32],
Q-learning with optimism for the continuous setting [16], and UCRL2 for the continuous setting [14].
The non-tabular agents (from bsuite) are ActorCritic, ActorCriticRNN, BootDQN, and DQN.

Experimental procedure. We set the total number of time steps to 500 000 with a maximum training
time of 10 minutes for the tabular setting and 40 minutes for the non-tabular setting. If an agent
does not reach the maximum number of time steps before this time limit, learning is interrupted,
and the agent continues interacting using its last best policy. This guarantees a fair comparison
between agents with different computational costs. The performance indicators are computed every
100 time steps. Each interaction between an agent and an MDP is repeated for 20 seeds. The agents’
hyperparameters have been chosen by random search to minimize the average regret across MDPs
with randomly sampled parameters (see Appendix E). We use a deterministic emission map that
assigns a uniquely identifying vector to each state (for example, a gridworld coordinate) to derive
the non-tabular benchmark MDPs. In Table 2, we report the per-step normalized cumulative regrets
divided by the total number of time steps (defined in Appendix C), which allows comparisons across
different MDPs. We summarize the main findings here and refer to Appendix E for further details.

Analysis. Table 2 often shows high variability in the performance of the same agent across MDPs of
the same family. Therefore, maximising the diversity across diameters and value norms effectively
produces diverse challenges even for MDPs with similar transition and reward structures. For example,
in the continuous communicating case (Table 2d), Q-learning performs well only in some MDPs of
the MiniGridEmpty family. This also happens for UCRL?2 for the SimpleGrid family.

The average normalized cumulative regret is lower in ergodic environments compared to commu-
nicating environments. This indicates that the ergodic setting is generally slightly easier than the
communicating settings. Notably, in the continuous setting, the ergodic setting is more challenging
than the communicating setting for Q-learning (Tables 2¢ and 2d). Designing a naturally ergodic
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Table 2: Normalized cumulative regrets of selected agents on the Colosseum benchmark. (a) Episodic
ergodic. (b) Episodic communicating. (c) Continuous ergodic. (d) Continuous communicating.

(@) (b) (©) (d)
Q-learning PSRL Q-learning PSRL Q-learning PSRL UCRL2 Q-learning PSRL UCRL2
MDP MDP MDP MDP
DeepSea 64+.00 .01+£.00 DeepSea 01+.01 .00+£.00 DeepSea 94+.00 .06+.01 23+.05 DeepSea 78+.00 .78+.05 .90+ .01
52401 .00+ .00 8302 B4E0L Lo <3403 01403 01402 ggi .82 gg i g«j ?3 i g(ll
FrozenLake 90+.01 .01+.00 FrozenLake 78+.04 .03 +£.11 . . . . e
MG-Empty  98£.02 9901 0506 oo 00 01401
MG-Empty 1.00+.00 .86+.16 MG-Empty .59+.07 .09+.05 984+.02  98+.04 .03+ 05 - roLenLaxe 81 T4 01102 04106
L00+.00 .94 +.07 994.00 244.15 97+£.00  .95+.03 .04+ .01 S Ob=be = b
100+.00 .91+.09 99401 .234.12 98+£.01  .99+.01 .54+.26 MG-Empty .51+.23  954+.22 .02+.00
1.00+.00 .35+.10 1.00+.00 .91+ .09 96+.01  83+.31 .01+.00 01+.00 1.00+.00 .02+.00
L00+.00 .44+.12 1.00+.00 .93+ .09 98+.02  .99+.02 .45+.35 00+.00  .60+.50 .01 +.00
924.04 14408 98+.03  .99+.01 .27+ .33 354.17 1.00+.00 .01+.00
: MG-Rooms .99+ .01 .21+ .29 s ;
914.03 .04+.03 L0000 14t 30 98+.01  .99+.01 .93+ .09 75421 L00+.00 .08+ .20
MG-Rooms .90 .04 .05+ .04 1L00+.00 .43+.39 MG-Rooms .984.03 .99+.02 .18+.29 MG-Rooms .01+.01 100+.00 .78+ .40
1.00+.00 .54 +.36 94+.05 .04+.04 98+.02 1.00£.00 .62+.36 01+.01 1.004.00 .02+.01
O9EOL 2429 piverswim  874£.00 00+£.00 RiverSwim  73£.19  00£.00 .00 .00 0202 1O0£.00 .66+ .47
RiverSwim  .07+.02 .00+ .00 96+.01 .80+ .00 J14£.22  .00+.00 01+.00 RiverSwim  .16+.03 .00+.01 .00 +.00
OLEOL 0000 GuolGig 78410 20415 98 i gs .gi i 83 g} i 8} 34404 01£.00 02+.01
SimpleGrid .78 .03 .05+ .01 80+.00 55+.15 U&= 0O SimpleGrid ~ .11+.01  .934.00 .01 +.00
79403 .79+.03 504.00 114+.01  SimpleGrid  .78+.00 .70+.19 .01+ .01 01+.00 45+.15 .01+.00
50+.03 .50+.03 79404 79+ .04 A6+.08  .0L£.02 .00+ .00 15401 .93+.00 .70+ .40
Taxi SIL0l 0840l Taxi 04t .00 09401 A9+.00  43+.16 .00+ .00 01+.00 .50+£.00 .33+.24
56+.02 .05+ .00 91401 .36+.06 Taxi 8T+.01  89+.08 09+.01 Taxi 95400 .94+.04 .12+ .01
Average 81424 .304.33  Average 83+.23 .35+.30 Average 85418  50+.44 AT+.26  Average 38+ .37 .69+.38 28+ .37

MDP is not straightforward. In fact, the majority of MDPs in the literature are communicating.
In Colosseum, ergodicity is induced by setting p_rand > 0 in otherwise communicating MDPs.
Model-free agents struggle with the resulting increase in variability of the state-action value function.

In the episodic settings (Tables 2a and 2b), PSRL obtains excellent performances with low variability.
Q-learning instead performs well in a few MDPs. This often happens since, when the action selected
by the agent is randomly substituted (due to p_rand > 0) with one with a large sub-optimality gap,
the resulting ()-value update introduces a critical error that requires many samples to be corrected.

In the continuous settings (Tables 2¢ and 2d), UCRL?2 performs best in the ergodic cases when
Q-learning suffers from the issue caused by p_rand > 0 but is only slightly better than Q-learning
in the communicating ones. PSRL instead struggles with most MDPs. The reason for its weak
performance in this setting is the computationally expensive optimistic sampling procedure required
for its worst-case theoretical guarantees. It often breaks the time limit before reaching the first quarter
of available time steps, meaning that it lacks sufficient samples to estimate the optimal policy.

Figure 2 places the regret of the agents in the continuous ergodic setting (Table 2¢) on a position
corresponding to the diameter and value norm of the benchmark environments. PSRL and Q-learning
(Figures 2a and 2b), appear to be impacted more by the value norm than the diameter. This is in line
with the lack of sufficient samples for PSRL and the aforementioned issue related to high q estimates
variability for Q-learning, which is exacerbated when the estimation complexity is higher. In the
case of UCRL2 (Figure 2¢), which provides more reliable evidence since it performs well across the
MDPs, higher regret effectively corresponds to higher diameter and value norm.
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Figure 2: Average cumulative regret obtained by the tabular agents with guarantees in the continuous
ergodic setting placed according to the diameter and the value norm associated to the MDPs.
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Non-tabular benchmarking. The performance of the agents is in line with the results reported by
Osband et al. [4], with the exception of BootDQN. Being the most computationally intensive, this
agent often breaks the time limit, which consequently worsens its overall performance. Figure 3
places the regret of the agents in the continuous ergodic setting on a position corresponding to the
diameter and value norm of the benchmark environments. Interestingly, and similarly to the tabular
case (Figure 2), while the best performing agent (DQN) is evidently impacted more by the diameter,
the opposite holds for the other agents. Regardless of the visitation complexity, this suggests that
an agent that fails to handle the estimation complexity of an environment is bound to perform badly
both in the tabular and non-tabular settings.
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Figure 3: Average cumulative regret obtained by the non-tabular baseline agents in the continuous
ergodic setting placed according to the diameter and the value norm associated to the MDPs.

4 Conclusion

We established the usefulness of the theory of hardness in empirical reinforcement learning. Prior
to our work, hardness measures were limited to providing theoretical guarantees for agents. In
order to promote a wider understanding of these measures, we presented a systematic survey that
newly identified two major approaches for characterizing hardness: Markov chain-based and value-
based. These approaches aim to capture complementary aspects of hardness: visitation complexity
and estimation complexity. Our survey also exposed a relative lack of measures that capture both
aspects, which motivates our definition of complete measures of hardness. Their development is
important theoretically, elucidating what makes a problem hard for a specific performance criterion,
and empirically, allowing the creation of principled benchmarks for a specific performance criterion.

We presented the first empirical study of (efficiently computable) hardness measures. This study
revealed which aspects of hardness current measures capture and clarified their relationship with
the behavior of near-optimal agents. Based on these results, we proposed a benchmark for the most
widely studied tabular reinforcement learning settings that contains environments that maximize
diversity with respect to two highly distinct measures. Such a principled benchmark is valuable to
gauge progress in the field. The new benchmark allowed conducting the most exhaustive empirical
comparison between theoretically principled tabular reinforcement learning agents to date, which
revealed undocumented weaknesses of these agents and further validated our choices of environments.

As a first step towards principled non-tabular benchmarking, we argued that many commonly used
environments can be encoded as BlockMDPs, which are non-tabular versions of tabular MDPs for
which a partial characterization of hardness is already possible. We observed a clear empirical relation
between two tabular hardness measures and the performance of four non-tabular agents. BlockMDPs
represent a promising starting point for the future development of non-tabular hardness measures
while already being useful to provide relevant insights into the performance of non-tabular agents.

Our work has led to the development of Colosseum, a pioneering tool for empirical but theoretically
principled study of tabular reinforcement learning with experimental non-tabular benchmarking
capabilities. Besides implementing the aforementioned tabular benchmark, Colosseum provides
valuable analysis tools: regret and hardness computations, communication class identification,
logging, and visualizations. Colosseum can also be easily extended and integrated with new agents
and environments, for which we will actively seek contributions from the community. We strongly
believe that Colosseum has the potential to become a fundamental tool in reinforcement learning.
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Checklist

1. For all authors...

(a) Do the main claims made in the abstract and introduction accurately reflect the paper’s
contributions and scope? [Yes] In the introduction, we explain where each contribution
is described in the text. The same contributions are mentioned in the abstract. In the
conclusion, we also present a concrete list of contributions.

(b) Did you describe the limitations of your work? [Yes] We describe the assumptions
behind every theoretical measure of hardness. The results of our empirical investigation
are naturally limited to the environments, measures, and agents that we considered.
Nevertheless, we believe that the experimental protocol described in Appendices D
and E is very robust. The remaining limitations are discussed as potential future works.

(c) Did you discuss any potential negative societal impacts of your work? [No| We do not
envision potential negative societal impacts of our work.

(d) Have you read the ethics review guidelines and ensured that your paper conforms to
them? [Yes]

2. If you are including theoretical results...

(a) Did you state the full set of assumptions of all theoretical results? [Yes] We explicitly
mention the full set of assumptions involved in theoretical results and report relevant
references when appropriate.

(b) Did you include complete proofs of all theoretical results? [IN/A |

3. If you ran experiments...

(a) Did you include the code, data, and instructions needed to reproduce the main experi-
mental results (either in the supplemental material or as a URL)? [Yes] We include
a link to the code in Section 3. We describe the experimental procedures for the
empirical evaluation of the measures of hardness in Section 3.2 and for the Colosseum
benchmark evaluation in Section 3.3. We refer to the corresponding appendices (Apps.
D and E) for additional details.

(b) Did you specify all the training details (e.g., data splits, hyperparameters, how they
were chosen)? [Yes] The details for the empirical evaluation of the measures of
hardness and the Colosseum benchmark evaluation are provided in Appendices D and
E.

(c) Did you report error bars (e.g., with respect to the random seed after running experi-
ments multiple times)? [Yes] We report 95% bootstraped confidence intervals in the
plots and standard deviations in the tables.

(d) Did you include the total amount of compute and the type of resources used (e.g., type
of GPUgs, internal cluster, or cloud provider)? [Yes] These details are provided in
Appendices D and E.

4. If you are using existing assets (e.g., code, data, models) or curating/releasing new assets...

(a) If your work uses existing assets, did you cite the creators? [Yes] We describe all the
dependencies of Colosseum in Appendix A.

(b) Did you mention the license of the assets? [No| However, all these assets are open-
source and freely available.

(c) Did you include any new assets either in the supplemental material or as a URL? [ Yes]
The code of our newly proposed Python package (Colosseun) is included in a link in
Section 3.

(d) Did you discuss whether and how consent was obtained from people whose data you’re
using/curating? [N/A]

(e) Did you discuss whether the data you are using/curating contains personally identifiable
information or offensive content? [N/A |

5. If you used crowdsourcing or conducted research with human subjects...

(a) Did you include the full text of instructions given to participants and screenshots, if
applicable? [N/A]

(b) Did you describe any potential participant risks, with links to Institutional Review
Board (IRB) approvals, if applicable? [IN/A]
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(c) Did you include the estimated hourly wage paid to participants and the total amount
spent on participant compensation? [N/A |
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A Colosseum

Colosseum is a pioneering Python package that creates a bridge between theory and practice in
tabular reinforcement learning with an eye on the non-tabular setting. It allows to empirically, and
efficiently, investigate the hardness of MDPs, and it implements the first principled benchmark for
tabular reinforcement learning algorithms. In the following sections, we report some additional
details on the capabilities of Colosseum. However, we invite the reader to check the latest online
documentation along with the tutorials that cover in detail every aspect of the package.’

A.1 Expected performance indicators

Each agent in Colosseun is required to implement a function that returns its current best policy
estimate 7; for any time step ¢. Using an efficient implementation of the policy evaluation algorithm,
Colosseum can compute the corresponding expected regret and expected average reward, which,
summed across time steps, amounts to the expected cumulative reward and expected cumulative regret.
Although it is possible to perform this operation at every time step of the agent/MDP interaction, we
leave the option to approximate the expected cumulative regret by calculating the expected regret
every n time steps and assuming that the policy of the agent in the previous n — 1 time steps would
have yielded a similar expected regret. For instance, for n = 100, the expected cumulative regret at
time step 7" = 500 would be approximated as the sum of the expected regrets calculated at time steps
t = 100, 200, .. ., 500 multiplied by 100.

A.2 Non-tabular capabilities

Colosseun is primarily aimed at the tabular reinforcement learning setting. However, as our ultimate
goal is to develop principled non-tabular benchmarks, we offer a way to test non-tabular reinforcement
learning algorithms on the Colosseum benchmark. Although our benchmark defines a challenge
that is well characterized for tabular agents, we believe that it can provide valuable insights into the
performance of non-tabular algorithms. In order to do so, we adopt the BlockMDP formalism proposed
by Du et al. [28]. A BlockMDP is a tuple (S, A, P, Py, R, O, q), where O and ¢ : S — A(O) are
respectively the non-tabular observation space that the agent observes and the (possibly stochastic)
emission map that associates a distribution over the observation space to each state in the MDP. Note
that the agent is not provided with any information on the state space S. Colosseum implements six
deterministic emission maps with different properties and four kinds of noise to make the emission
maps stochastic, which we describe below. Examples of the emission maps with distinguishable
characteristics for each MDP family will be presented in the corresponding sections.

Emission maps:

* One-hot encoding. This emission map assigns to each state a feature vector that is filled
with zeros with the exception of an index that uniquely corresponds to the state.

* Linear optimal value. This emission map assigns to each state a feature vector ¢(s) that
enables linear representation of the optimal value function. In other words, there is a § such
that V*(s) = 67 ¢(s).

* Linear random value. This emission map assigns to each state a feature vector ¢(s) that
enables linear representation of the value function of the randomly acting policy. In other
words, there is a @ such that V™ (s) = 67 ¢(s), where 7 is the randomly acting policy.

* State information. This emission map assigns to each state a feature vector that contains
uniquely identifying information about the state (e.g., coordinates for the DeepSea family).

* Image encoding. This emission map assigns to each state a feature matrix that encodes the
visual representation of the MDP as a grayscale image.

e Tensor encoding. This emission map assigns to each state a tensor composed of the
concatenation of matrices that one-hot encode the presence of a symbol in the corresponding
indices. For example, for the DeepSea family, the tensor is composed of a matrix that
encodes the position of the agent and a matrix that encodes the positions of white spaces.

Noise:

?Available at https://michelangeloconserva.github.io/Colosseum.

https://doi.org/10.52202/068431-1078 14838





