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ABSTRACT

Recent advances in ML suggest that the quantity of data available to a model is
one of the primary bottlenecks to high performance. Although for language-based
tasks there exist almost unlimited amounts of reasonably coherent data to train
from, this is generally not the case for Reinforcement Learning, especially when
dealing with a novel environment. In effect, even a relatively trivial continuous
environment has an almost limitless number of states, but simply sampling random
states and actions will likely not provide transitions that are interesting or useful
for any potential downstream task. How should one generate massive amounts of
useful data given only an MDP with no indication of downstream tasks? Are the
quantity and quality of data truly transformative to the performance of a general
controller? We propose to answer both of these questions. First, we introduce a
principled unsupervised exploration method, ChronoGEM, which aims to achieve
uniform coverage over the manifold of achievable states, which we believe is the
most reasonable goal given no prior task information. Secondly, we investigate
the effects of both data quantity and data quality on the training of a downstream
goal-achievement policy, and show that both large quantities and high-quality of
data are essential to train a general controller: a high-precision pose-achievement
policy capable of attaining a large number of poses over numerous continuous
control embodiments including humanoid.

1 INTRODUCTION

Recent work in large language models (Chowdhery et al., 2022), as well as general conclusions
such as though proposed by (Sutton, 2019) suggest that one of the main bottlenecks of current
machine-learning methods is access to large amounts of informative data. This is particularly true for
the domain of Reinforcement Learning (RL) (Sutton & Barto, 2018), where data acquisition can be
costly, and coherent datasets (Gulcehre et al., 2020; Fu et al., 2020) are less prominent and smaller
than text datasets pulled from the internet. This brings us to the following two core questions:

•How should one generate massive amounts of useful data given only an MDP with no indication of
downstream tasks?

•What are the effects of quantity and quality of data on the training of a general policy?

To answer the first question, we present Chronological Greedy Entropy Maximisation (ChronoGEM),
a principled, highly scalable exploration method whose goal is to achieve uniform coverage over
the manifold of achievable states. We demonstrate both theoretically that ChronoGEM approx-
imates uniform sampling, and empirically that states achieved by ChronoGEM are diverse and
well-distributed.

Regarding the second question, we investigate the effects of data quality and quantity using Entropy-
Based Conditioned Continuous Control Policy Optimization (C3PO), a goal-conditioned policy
training pipeline that leverages pre-defined datasets of uniform goal states to learn a general pose-
attainment policy on various high-DoF control tasks. Data quality is analyzed by comparing perfor-
mance of our policy trained with goals sampled from ChronoGEM vs other contemporary unsuper-
vised exploration methods. The question of quantity is particularly interesting if we can analyze the
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Figure 1: Log-frequencies of the discretized states visitation when taking the last states from 4000
episodes, sampled according to (left to right) a random walk, SMM, RND and ChronoGEM, averaged
over 10 seeds. Only ChronoGEM managed to visit states in the top-left room.

asymptotic effects of data, perhaps far beyond what is generally realized in RL training. The main
blocker to this type of experiment in the past has simply been the time such experiments would take
to run, but given observations that the long-tail of training can still provide significant performance
benefits (Silver et al., 2017), it is important to understand how much is being left off the table by not
pushing this limit. Recent advances in accelerator-specific parallelizable physics simulators such as
Brax (Freeman et al., 2021) can allow us to train our policies into the billions of steps in a matter of
hours, thus allowing us both to tune said approaches and observe their asymptotic behavior when
pushing training orders of magnitude beyond what is usually performed.

We structure our paper by first introducing our two methods in Section 2: We look at both the theo-
retical foundations of ChronoGEM, as well as its independent building blocks. We also introduce the
C3PO training setup, and discuss how it can be used to evaluate the effects of quantity and quality of
data for learning a generalist policy. In Section 3 we perform a series of experiments to attempt to an-
swer our core questions. We begin by comparing the performance of ChronoGEM relative to existing
unsupervised exploration methods such as RND Burda et al. (2018) and SMM (Lee et al., 2019) on
a series of environments, ranging from an illustrative 2-D maze task, to high-DoF continuous control
environments through various methods. We then investigate the effects of quantity and quality of data
on the training of a general controller policy. We do this by comparing goal achievement across our
different goal datasets, generated by either ChronoGEM, RND or SMM, and show that policies learnt
using ChronoGEM data can achieve a much more diverse set of goals than those learnt on other data
sources. Finally, we push the training regime to multiple billions of steps to examine the asymptotic
performance of our policy architecture, and achieve high-precision pose-attainment even on a complex
system such as Humanoid. Finally, we briefly demonstrate applicability of a general controller in
a zero-shot imitation task. Section 4 situates our proposed methods relative to current research.

2 METHODS: CHRONOGEM & C3PO

We introduce our two contributions: Chronological Greedy Entropy Maximisation (ChronoGEM)
& Entropy-Based Conditioned Continuous Control Policy Optimization (C3PO). ChronoGEM is
our proposed solution for principle scalable unsupervised exploration of high-DoF environments
which we use to investigate how to generate massive amounts of useful data for downstream RL
tasks. C3PO is our proposed pose-attainement policy training method to investigate the effects of
quantity and quality of data on the performance of a generalist policy. To clarify notations we will
quickly introduce the Markov Decision Process (MDP), which can be defined by a transition function
T which maps states s ∈ S and actions a ∈ A to a corresponding state st+1 = T (st, at), while
potentially providing a scalar reward r(st, at) ∈ R if there is an associated task.

2.1 CHRONOLOGICAL GREEDY ENTROPY MAXIMISATION (CHRONOGEM)

Given an arbitrary Markov Decision Process (MDP), and the goal of generating massive amounts
of useful data for arbitrary downstream tasks, and no prior to guide our exploration of the MDP, we
argue that the ideal set of explored states should be uniformly sampled from the manifold of reachable
states at a given horizon T . The shape of the manifold of reachable states is cannot be known a
priori, and may be arbitrarily complex, thus rendering any form of direct sampling impossible. Given
acces to the MDP, this sampling can however be approximated by an iterative algorithm.
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Let us assume we have a sample of N states that are approximately uniform for a horizon of T − 1.
We can perform K uniform actions from each of these states, and result with NK states, whose
distribution will be biased by the MDPs natural dynamics instead of being uniform across state
values. Nevertheless, with a sufficiently large N there is likely some subset of these NK states which
would can be sampled to approximate a uniform distribution over states at horizon T . Let ρT be
the distribution induced by these NK next states, and let us assume we have a method to estimate
ρT . Since the set of achievable states in T steps is generally bounded, and given that we are able to
closely estimate ρT , we can sub-sample the NK states with probability 1

ρT
, which will approximate

uniform sampling according to the state statistics maintained in ρT . We prove in Appendix A that such
sub-sampling approximates uniform sampling when the number of sampled states is sufficiently large.

Given this recursive definition, we can begin with states sampled from the environment’s initial
starting-state distribution ρ0, perform K uniform actions and generate NK states. We can then
sub-sample the NK states back to N states that approximate the uniform distribution using inverse
probability weighting according to our density estimator ρ. By iterating this process T times, we can
obtain a set of N states that are uniform for a given horizon T . We call this process ChronoGEM (for
Chronological Greedy Entropy Maximization) since at a given step, it only focuses on maximizing the
entropy by directly approximating a uniform distribution over the next step, without further planning.
ChronoGEM is described more formally in Algorithm 1.

Algorithm 1 ChronoGEM
1: Sample N states S0 = {si0}Ni=1 ∼ ρ0.
2: for t = 1 to T do
3: Sample K uniform actions for each state of St−1.
4: Obtain KN next states.
5: Estimate ρt using a density model fitted on the distribution of these KN states.
6: Sample N states with p(s) ∝ 1

ρt(s)
to get St.

7: end for
8: Return ST .

ChronoGEM requires exactly KNT interactions with the environment, which makes it easily con-
trollable in term of sample complexity. Due to the N sampled states being independent, ChronoGEM
can be parallelized with N jobs consuming KT interactions each, significantly shortening the time
complexity. As implemented, ChronoGEM requires re-settable states, although this could potentially
be relaxed with a return-to-state policies similar to ‘First Return then Explore’ (Ecoffet et al., 2021),
refer to Appendix C.0.1 for more discussion.

Density estimation. As we saw above, ChronoGEM requires a density estimator at each iteration
to estimate ρt. Many choices of density estimation in high dimensional space exist, from simple
Gaussian estimators to neural network-based methods such as autoregressive models or normalizing
flows. The performance of these models may vary given the type of data: Some models are more
suited for images, while others are better for text or lower dimensions. We implemented 7 candidate
models, including Gaussian models (Multivariate, Mixture), autoregressive networks (RNade (Uria
et al., 2013), Made (Germain et al., 2015)), and normalizing flows (real-NVP (Dinh et al., 2016),
Maf (Papamakarios et al., 2017), NSF (Durkan et al., 2019)). After comparing performance of the
various models through a state modeling task decribed in Appendix B, we concluded that the NSF
variant of normalizing flows worked best for the state modeling task.

2.2 ENTROPY-BASED CONDITIONED CONTINUOUS CONTROL POLICY OPTIMIZATION (C3PO)

C3PO’s objective is to learn a generalist control policy that can attain any reachable state in a given
environment. Our intent is to investigate the effects of data quantity and quality on C3PO’s training
regime, and better understand the importance of both diverse data, and the asymptotic effects of
massive amounts of experience on policy quality.

C3PO is a training regime that wraps an arbitrary policy learning algorithm with a curriculum
and success threshold annealement. It requires a dataset of goal states sg ∈ G, as well as a goal-
achievement criteria S : (S,S,R)→ {0, 1}. The overall training regime is defined in Algorithm 2.
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In practice this training loop is run in a highly-parallelized manner on a set of accelerators, allowing
for significantly longer episodes than is usually performed in RL experiments. The success criteria’s
threshold is initialized to a relatively tolerant value, and conditionally annealed every time the learnt
policy achieves 90% success rate according to the goal-achievement criteria.

As we will see in Section 3.3, by using various sources of goal states, such as ChronoGEM, RND,
SMM, and random walk for which we will have already compared the state space coverage and
relative entropy, we can understand the downstream effects of data quality on training a general policy.
With regards to data quantity, we will see in Section 3.3 that by pushing the number of training steps
into the billions, we can significantly improve goal achievement rates of the generalist policy.

Algorithm 2 C3PO
Require: Goals G, Achievement Criteria S, Threshold ε

1: success_rate = 0, D = ∅
2: while True do
3: Draw goal sg ∈ G
4: Rollout π(·, sg), until S(st, sg, ε) == 1 or t == T
5: Add rollout to D
6: Update success_rate average with S(st, sg, ε)
7: IF (success_rate > 0.9) : ε = 0.99× ε
8: Run policy training algorithm on D.
9: end while

10: return π

3 EXPERIMENTS

We will now detail the experiments performed to investigate our two core questions. First we will look
at experiments on how one should generate massive amounts of useful data, by investigating the perfor-
mance of ChronoGEM relative to other unsupervised exploration algorithms. We will then look at the
effects of data quantity and quality by looking at C3PO performance as these two factors are varied.

3.1 ENVIRONMENTS

2D Maze. As a tool scenario to test ChronoGEM, we implemented a two-dimensional continuous
maze in which actions are dx, dy steps bounded by the [−1, 1]2 square, and the whole state space is
bounded by the [−100, 100]2 square. This environment, illustrated in Fig 1 is similar to the maze
used by Kamienny et al. (2021), except it adds a significant difficulty induced by the presence of two
narrow corridors that needs to be crossed in order to reach the top-left room.

Continuous control tasks. We use control tasks from Brax (Freeman et al., 2021) as high dimen-
sional environments. We chose four environments to cover varying complexities of task: Hopper,
Walker2d, Halfcheetah and Ant. Environment observations were modified to contain (x, y, z) posi-
tions of all body parts to be better aligned with pose-achievement goals. All measures (cross-entropy
in Section 3.2 and reaching distances in Section 3.3) are based on this observation space. To at-
tenuate energy accumulation corner cases in the simulator, we maintain the environments in a low
energy regime by reducing the action amplitude by a factor of 0.1 for Hopper and Walker, 0.01 for
HalfCheetah. Actions for Ant are unmodified. In the two following subsections, we considered
episodes of length T = 128. To compensate for varying control frequencies while keeping the same
wall clock episode length, there is an action repeat of 6 for Hopper and Walker. All default episode
end conditions (primarily involving falling) have been removed.

3.2 GENERATING USEFUL DATA WITH CHRONOGEM

In our first set of experiments, we look at the performance of ChronoGEM relative to three other
unsupervised exploration algorithm: RND (Burda et al., 2018), SMM (Lee et al., 2019) and a random
walk policy. In Section 3.2 We will begin by looking at an easily interpretable environment, a 2D
maze. We will then look at more complex environments and quantify data coverage in Section 3.2.
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Figure 2: Sky-view of the discretised spatial log-frequency covered by Ant with the different
exploration methods. SMM has the largest scope but contains empty zones even close to the origin.
Both RND and ChronoGEM share similar range covering all directions, and ChronoGEM is visibly
much more uniform, while other methods are concentrated on the origin. Note that this only represents
the spatial positions, while both poses and positions are being explored.

ChronoGEM was run with N = 217 parallel environments and branching factor K = 4 in all
experiments, except for Humanoid where N = 215 and K = 64 (Humanoid required a larger
branching factor to avoid absorbing states). ChronoGEM-related hyperparameters are in Table 3
(Appx.).

Chronogem Visualization: 2D Maze. The main goal of this experiment is to verify that Chrono-
GEM manages to induce a uniform distribution over the whole state space of a simple yet challenging
toy environment. In order to emphasize the relative difficulty of the exploration of this maze, we also
run SMM, RND and a random walk to compare the resulting state coverage. In this setup, we know
that if T is large enough, all achievable states are just every point in the maze, so ChronoGEM should
be uniform on the maze given sufficient time (for instance, T = 1000). We can see the final state
distribution in Figure 1, and observe that while ChronoGEM achieves fairly uniform state coverage,
both RND and SMM fail at exploring beyond the first corridor, and a random walk did not even
explore the whole first room. This suggests that ChronoGEM is performing as expected, and that
RND and SMM struggle with bottleneck states, whereas random walk has trouble with diffusing far
from the starting state distribution.

State Coverage Quantification with Entropy. In this section we will look at a more quantified
method for evaluating state coverage of an exploration method using our learnt entropy estimator.
Given a set of points x1 . . . xN sampled from a distribution with an unknown density ρ, one can
estimate an upper-bound of the entropy of ρ given by the cross-entropy H(ρ, ρ̂) where ρ̂ is an
estimation of ρ: H(ρ, ρ̂) = −Ex∼ρ[log ρ̂(x)] = H(ρ) + KL(ρ||ρ̂) ≥ H(ρ). The estimate ρ̂ being
learned by maximum likelihood specifically on the set of points, it directly minimises the cross
entropy and closely approximates the true entropy. The KL term becomes negligible and only
depends on the accuracy of the trained model on the observed set of points, which supposedly does
not differ given the different exploration method that generated the points. Consequently, comparing
the cross-entropy is similar to comparing the entropy of the distribution induced by the exploration.
In this experiment, we used this upper-bound to study the efficiency of ChronoGEM compared to
RND, SMM and a random walks. Figure 3 displays box plots over 10 seeds of the resulting cross
entropy measured on the sets of states induced by different algorithms, on the 4 continuous control
tasks. As expected, the random walk has the lowest entropy, and SMM has a better entropy than
RND on Hopper and Walker2d (which makes sense since it is optimizing for the maximization of the
entropy). ChronoGEM has the highest entropy on all environments, especially on HalfCheetah, where
it was the only method to manage exploration while the actions were drastically reduced by the low
multiplier (see Section 3.1). In order to illustrate the fact that ChronoGEM induces a state distribution
that is close to uniform, we measure the spatial coverage based on a discrete grid of the x-y plan:
if the distribution is uniform over both the possible poses and positions, it should be in particular
uniform over the positions. Figure 2 shows the resulting log-frequency on the x-y grid visitations
and although ChronoGEM does not have the biggest exploration horizon, it nevertheless provides
the most uniform coverage. Grid visitation for Hopper, Walker2d and Halfcheetah are available in
Figure 8 in Appendix C. Given both the entropy coverage and the various qualitative visualizations,
we believe ChronoGEM provides consistently uniform and exhaustive coverage of the state space for
a given horizon T . Additionally, it is an efficient algorithm, which can quickly generate large amounts
of data. For these reasons we believe it is a good candidate for generating massive amounts of useful
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Figure 3: Distribution over 10 seeds of the cross entropies of the state visitation induced by Chrono-
GEM, RND, SMM and a random walk, on different continuous control tasks.

data for downstream tasks. We will now look at this in practice by comparing its utility relative to
RND, SMM and randomw-walk datasets as goal states for training a general goal-achievement policy.

3.3 EFFECTS OF DATA QUALITY AND QUANTITY ON GENERAL POLICY TRAINING WITH
C3PO

In this section we investigate the effects of data quality and quantity on the training of a general policy
using C3PO. We start by looking at data quality, by evaluating C3PO policies trained on varied datasets
of goal states. We hope to better understand the importance of data coverage for the performance of
training a general goal-attainment policy. Indeed, the ideal goal distribution would be uniform across
all achievable states, so if the data was generated in a way that it best approximates this distribution,
we would hope this would significantly impact the quality of our trained policy. For each environment,
we run the four exploration methods (ChronoGEM, Random Walk, SMM and RND) with 3 seeds
each, which we split into training & evaluation goal sets. Training goal sets have 4096 goals and
evaluation goal sets have 128 goals. For the task of goal-achievement, we use the following reward:
r(st, g) = −‖st−g‖2∞ = −maxbi∈st ‖bi−gi‖2 , where bi is a set of coordinates corresponding to
a body component of the embodiment (leg, torso, foot). This reward effectively penalizes according
to the distance of the most distant body part relative to the desired goal pose. The success criteria
is S(st, g, ε) = |r(st, g)| < ε, thus effectively ending the episode once a certain value of reward
is attained. The underlying training algorithm used is SAC (Haarnoja et al., 2018) with the hypers
detailed in Table 4. Goal-states are simply appended to the observation vector of the policy network.

Effects of Data Quality. We evaluate policy performance with two quantitative and one qualitative
approach. We perform cross-validation across datasets, by evaluating each policy trained with one
dataset on evaluation goals from all other datasets. We observe that C3PO trained on ChronoGEM
data is the most robust across datasets and environments, matching or often beating policies evaluated
on their own datasets, especially for low tolerance values of ε. This can be explained by the fact
that C3PO learns to reach a high variety of poses, since being able to achieve poses with high fidelity
is what matters for low distance threshold regime. We believe that slightly lower performance on
some environment/dataset pairs can be explained by goals being generally closer to the origin with
ChronoGEM than SMM or RND (c.f. Figure 2). Full results of the cross-validation with regards
to varying ε are visualized in the Appendix, Figure 9.

We can better quantify the global results by collecting all the areas under the curve (AUC), and
weighting them proportionally to the exponential of the evaluation goals’ entropy. In effect, if a
goal-set is very diverse, goals therein are more diverse and therefore more interesting to achieve.
Conversely, if a goal-set has low entropy, it may simply contain the same couple of goals that are
hard to achieve, but have low value in terms of learning a generalist controller. The exponential of
the entropy quantifies the number of states in the distribution. We call this metric Entropy Weighted
Goal Achievement (EWGA):

∑
s∈eval sets

eentropy(s) ∗ AUC(method on s)/
∑

s∈eval sets
eentropy(s).

The performance of each C3PO variant is detailed in Figure 4, where we can see that C3PO trained
on ChronoGEM data is significantly better across all four environments regarding entropy-weighted
AUC. To answer our original question on the importance of data quality, we can see that on datasets
with higher entropy as per Figure 3, downstream C3PO policy performance is higher both in cross-
validation (Figure 9) and in entropy-weighted AUC (Figure 4). In particular, ChronoGEM-trained
C3PO is generally the most robust on un-normalized cross-validaiton, and is significantly superior on
entropy-reweighted AUC.
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Figure 4: Entropy Weighted Goal-Achievement (EWGA). This estimates the ability of a policy to
achieve goal sets that better covers the space (for example, a policy like C3PO that reaches a larger
variety of states has an higher EWGA than a policy like SAC trained on the Random Walk, that only
reaches states that are close to the origin).
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Figure 5: This plots illustrates C3PO-
ChronoGEM training curves for each of
the four environments used. We can ob-
serve that although training can converge
quickly on some environments, other re-
quire significant amounts of interaction.
Final convergence on Ant for example
takes upwards of 1010 steps.

Effects of Data Quantity. We now want to investigate
the importance of large amounts of experiential data
on the performance of a general goal-achievement pol-
icy. To do this, we will let C3PO train for many orders
of magnitude more than what is generally used during
continuous-control training regimes. For questions of
resource-efficiency, we restrict these experiments to the
ChronoGEM datasets, as they seem to perform best for
goal-achievement. For environments where we do not
converge to a good controller earlier, we let them run for
up to 30× 1012 steps. Thanks to Brax’s high paralleliza-
tion and efficient infrastructure, it is possible to run such
an experiment in a couple of days. Although we did not
use it in our earlier experiments for resource reasons, we
also add the much more difficult Humanoid task to our
set environments for this analysis, with a couple modifica-
tions described in Appendix E.1. In Figure 5 we show the
performance of each policy for a fixed ε. We can see that
for certain environments such as Hopper and Walker2d
train in tens of millions of steps. One could be tempted
to conclude that halfcheetah and ant have also hit their
maximum performance at this stage. However, we show
that by continuing training for billions of steps, we can also achieve very good performance on these
environments. We illustrate some of the goal-achivement abilities of the policies able to achieve 90%
success at .25 tolerance are represented in Figure 6 and in supplementary material1. We believe this
shows that not only is data quality important, but also providing significant amounts of experience is
necessary for general goal-achievemnet policies to attain high levels of performance.

As an example task to illustrate the utility of a general goal-achievement policy we look at zero-shot
imitation. We can easily perform this by telling the C3PO policy to aim for successive target states
from a pre-generated expert policy trajectory.

We used a pre-trained C3PO policy to imitate an expert demonstration. Additional details on the
implementation are in Appendix E.2. We define two types of task, one where a policy is trained
from scratch on the base environment reward, which involves moving forward at a certain speed, and
another where we take trajectories induced by ChronoGEM exploration (ChronoGEM has the side
effect of generating original and energetic behaviours like cartwheels or backflips). For imitation of
the base environment reward policies, we can evaluate the effective reward of the imitation policy.
Results suggest that zero-shot imitation based on C3PO reaching demonstrator’s states can achieve
around 50% of the expert score. For Ant, Halfcheetah, Hopper and Walker2d, the imitating agent
successfully walked in the rewarding direction. Zero-shot imitation failed for humanoid, that could

1Please refer to https://sites.google.com/view/chronogemc3po/home
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Figure 6: For each environment, we drew 8 goals from the ChronoGEM distribution and ran the
policy trained on ChronoGEM goals. This figure represent the frame that is the closest from the goal
for each episode, overlayed with the goal in red.

only manage to maintain a standing position but did not walk in the right direction. Full results are
reported in in Table 1.

3.4 ZERO-SHOT IMITATION

Environment Expert Zero-shot imitation
Ant 2281.45 1083.48 ± 317.42

HalfCheetah 1092.65 984.32 ± 112.49
Hopper 676.58 214.95 ± 138.88

Walker2d 965.53 562.26 ± 51.01
Humanoid 2670.59 588.93 ± 505.45

Table 1: Zero-shot imitation of downstream
tasks, based on a single expert demonstration
of length 300. Imitation results are averaged
over 9 different values (3 ChronoGEM seeds for
C3PO × 3 environment seeds).

Imitation of ChronoGEM trajectories was easier
in the sense that all the states where by construc-
tion in-domain for the policy. Because it is dif-
ficult to quantitatively measure this performance
in an interpretable way, we joined the resulting
videos (both demonstration and imitation) in the
supplementary material2. These videos show that
Hopper and Walker almost perfectly imitate the
expert, while Ant and Halfcheetah only “approxi-
mate” the demonstration (eg, halfcheetah realizing
one front flip while the expert did two).

4 RELATED WORKS

This work is situated between various fields.
Although effectively a goal-conditioned policy optimization algorithm, C3PO is enabled by the
ChronoGEM exploration algorithm. We will first look at similar exploration methods and then
consider various goal-conditioned learning setups.

Bonus-based exploration. Although generally not concerned with goal-conditioned RL, there is a
large family of exploration methods that are manifest as reward bonuses, with the intent of training a

2Please refer to https://sites.google.com/view/chronogemc3po/home
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policy faster, or to be more efficient. One family of approaches uses state-visitation counts that can be
approximate to create an associated bonus for rarely-visited states (Bellemare et al., 2016; Ostrovski
et al., 2017). Prediction-error bonuses use the residual error on predictions of future states as a reward
signal to approximate novel states, this includes methods such as RND (Burda et al., 2018) which
leverages the prediction error of random projections of future states, or SPR (Schwarzer et al., 2020)
and BYOL-Explore (Guo et al., 2022), which make use of the self-prediction error of the network
with a frozen version of itself. Model-based methods often optimise for next-state novelty, either by
looking at the KL divergence between sampled states and likely states, such as in VIME (Houthooft
et al., 2016) or by explicitly driving towards states with high model ensemble disagreement such as
in Plan2Explore (Sekar et al., 2020). RIDE (Raileanu & Rocktäschel, 2020) and NGU (Badia et al.,
2020) use episodic memory in which the bonus reflects the variety of different states covered in a
single trajectory.

Diffusion-based exploration ChronoGEM is based on a tree-structured diffusion, that makes a
selection of states, randomly explores from these states and then reselect states, and so on. Go-
Explore (Ecoffet et al., 2019) uses a similar approach, by running a random policy for some steps,
selecting a set of ‘interesting’ states, and then branching from these. ChronoGEM does not require
returning to said states, and only requires one step of random actions at each iteration. An idealized
ChronoGEM with perfect density estimation is additionally provably approximating a uniform
distribution over achievable goals as the number of sampled states is large enough, and it does not
require any additive prior regarding state importance. Another close work also using a diffusion
approach is UPSIDE (Kamienny et al., 2021). It finds a set of nodes along with a set of policies that
connect any node to the closest ones, looks for new nodes by random exploration from the existing
ones, and removes unnecessary nodes that are reached by the less discriminant policies. UPSIDE
converges to a network of nodes that efficiently covers the state space. However, by construction
UPSIDE does not produce uniform coverage, but a set of policies that reach different regions of the
space. Using UPSIDE to obtain a similar quantity of states uniformly distributed than in ChronoGEM,
we would have to train UPSIDE with 217 policies, which is not computationally feasible.

Entropy maximisation. Some exploration algorithms, such as ChronoGEM, are constructed in
order to maximize the entropy of the state visitation distribution. Most of them, however, focus on
the distribution induced by the whole history buffer (instead of the just T -th states of episodes in
ChronoGEM), generally based on the behavior of a trained policy. This is the case of MaxEnt (Hazan
et al., 2019), GEM (Guo et al., 2021), SMM (Lee et al., 2019) and CURL (Geist et al., 2021). In
APT (Liu & Abbeel, 2021b), instead of using a density model to estimate the entropy, they use a
non-parametric approach based on the distance with the K nearest neighbors in a latent representation
of the state space. APS (Liu & Abbeel, 2021a) combines APT’s entropy bonus with an estimation of
the cross-entropy based on successor features to maximize the mutual information I(w; s) between a
latent skill representations w and states.

Goal-Conditioned Reinforcement Learning. Goal-conditioned RL (Kaelbling, 1993; Schaul
et al., 2015) is the general setup of learning a goal-conditioned policy instead of a specialized
policy. We are particularly interested in goal-based setups where there is no a-priori reward function.
Although well known works such as HER (Andrychowicz et al., 2017) demonstrate methods for
learning goal-conditioned policies with minimal explicit exploration, more recent works (Pitis et al.,
2020; OpenAI et al., 2021; Mendonca et al., 2021) demonstrate the importance of having a good
curriculum of goals to train from. MEGA (Pitis et al., 2020) extends HER-style relabeling and
answers the exploration problem by iteratively sampling goals according to a learnt density model of
previous goals. ABC (OpenAI et al., 2021) demonstrates the importance of an adversarial curriculum
for learning more complex goal-conditioned tasks, but is concentrated on specific tasks instead of
arbitrary goal achievement. LEXA (Mendonca et al., 2021) builds on Plan2Explore (Sekar et al.,
2020), and demonstrates the importance both of a good exploration mechanism, as well as the use of
significant amounts of (imagined) data for learning an arbitrary goal-achievement policy. DIAYN (Ey-
senbach et al., 2018) uses a two-part mechanism that encourages the agent to explore novel areas for
a given latent goal, while at the same time learning a goal embeddings for different areas of the state
space. While some of the above methods consider notions of density for exploration (Eysenbach
et al., 2018), C3PO uses a more principled exploration mechanism, and is particularly interested in

9
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collecting a large and uniformly distributed dataset of reachable states to train a goal-conditioned
policy.

5 CONCLUSION

In this paper we looked at generating massive amounts of data on MDPs with no prior task information,
as well as the effects of data quantity and quality on training a general policy. When compared
to similar methods, we show that our proposed exploration mechanism ChronoGEM is capable of
generating massive amounts of useful data. We also show that when training a downstream general
controller policy with C3PO, the quality of ChronoGEM data for goal states is superior to similar
methods, and that letting the policy consume massive amounts of experience data is fundamental to
achieving high-quality general controllers. We believe these insights suggest that general controllers
are achievable, but will require both performant exploration such as that generated by ChronoGEM
and potentially massive amounts of data to be able to achieve high performance.
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A UNIFORM SUB-SAMPLING

Let fX be the density of a distribution with domain S ⊂ Rd (x ∈ S ⇔ fX(x) > 0), and
X1 . . . Xn ∼ fX iid. We assume that S is bounded. We define the sub-sampling Yn such that
P (Yn = Xi|X1 . . . Xn) ∝ 1

fX(Xi)
, and Y ∼ US a random vector following the uniform distribution

over S.
Theorem 1. Yn conditioned to X1 . . . Xn ∼ fX iid converges in distribution to Y when n goes to
infinity.

Proof. let A be any subset of S, and µ(.) the Lebesgue measure over S. Given any sampling
X1 . . . Xn ∼ fX iid, we have:

P (Yn ∈ A|X1 . . . Xn) =

∑
Xi∈A

1
fX(Xi)∑n

j=1
1

fX(Xj)

=

1
n

∑
Xi∈A

1
fX(Xi)

1
n

∑n
j=1

1
fX(Xj)

→
EX [1X∈A 1

fX(X) ]

EX [ 1
fX(X) ]

=
µ(A)

µ(S)
.

B DENSITY ESTIMATOR MODEL SELECTION

We implemented 7 candidate models, including Gaussian models (Multivariate, Mixture), autore-
gressive networks (RNade (Uria et al., 2013), Made (Germain et al., 2015)), and normalizing flows
(real-NVP (Dinh et al., 2016), Maf (Papamakarios et al., 2017), NSF (Durkan et al., 2019)). We
decided to compare them on two continuous control task from the Brax environments (Freeman et al.,
2021): Ant and HalfCheetah.

We proceeded in 5 steps.

B.1 POLICY PRE-TRAINING

We first pre-trained policies to solve all the different tasks, using 4 different RL algorithms: a uniform
random walk, PPO, SAC and Evolution Strategies.

B.2 DENSITY MODEL TRAINING

For each pre-trained policy, we trained each density model with various hyperparameters configu-
rations to maximize the log-density of the states visitation. Table 2 reports, for each model, all the
values we tried for each hyperparameter of the model, and the different configurations we used are
all combinations of these values. For each model, the training consisted in 100 epochs, each one
containing a training phase interacting with 128×1000 environment transitions and an evaluation
phase based on the log-likelihood score averaged over 128×1000 visited states. Every training was
run over 5 different seeds and resulting scores were averaged across these seeds.

B.3 CONFIGURATION SELECTION

For each model, we selected the best configuration across all environments and all RL algorithm, based
on AUC. For each model, to compare the performance of configuration across various environment
and algorithm, we normalized the score w.r.t. the max and min performances for each environment
and RL algorithm couple. This procedure is described in Algo 3. Bold values in Table 2 represent the
hyper from the best configuration we found for each model.

B.4 HYPERPARAMETERS EFFECTS

We studied the effect of hyper parameters, based on two approaches. In the first one, given each value
of each single hyper we selected the best configuration for the rest of hyper parameters and looked at
the resulting score. In the second one, given a selected best configuration (from the step described
above in B.3) we replaced the value of one hyper by another one and looked how it deteriorated the
score. However, we found no surprising effect: globally, the larger the models, the higher the score.
Parameters that did not affect the size of the model (for ex the batch size) had no significant effect,
especially on normalizing flows.
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Gaussian Made
Learning rate 5e-4, 1e-4, 1e-3 Learning rate 5e-4, 1e-4, 5e-4
Batch size 32, 64, 128 Batch size 32, 64, 128

Mixture of Gaussian Num. masks 1, 2, 4
Learning rate 5e-4, 1e-4, 1e-3 Num. Mixtures 1, 4, 8
Batch size 32, 64, 128 Num. hidden layers 2
Num. mixtures 10, 20, 30 Hidden layers dim. 5, 10, 50

RNade real-NVP, Maf, NSF
Learning rate 5e-4, 1e-4, 5e-4 Learning rate 5e-4, 1e-4, 5e-4
Batch size 32, 64, 128 Batch size 32, 64, 128 (Real-NVP: 64)
Num. mixtures 1, 10, 20, 30 Num. layers 4, 6, 8 (MAF: 6)
Hidden layer dim. 10, 20, 50 hidden layers per layers 500×500

Table 2: Explored hyperparameters. Bolded values are correspond to the best configuration for each
model, based on AUC criteria. For normalizing flows, we found the same best configurations, except
a batch size of 64 for Real-NVP (128 for MAF and NSF) and 6 layers for MAF (8 for Real-NVP and
NSF).

Algorithm 3 Hyper parameters selection for a given model.
Input: {rli} a set of RL algorithms, {envj} a set of environment and {confk} a set of hyperparams
configuration. Score function S(rli, envj , confk) ∈ R, for ex AUC.

Normalize configurations scores for each RL algorithm and environment:
For rli, envj ∈ {rli} × {envj}:

M(rli, envj) = maxk S(rli, envj , confk)
m(rli, envj) = mink S(rli, envj , confk)
For confk ∈ {confk}:

S̄(rli, envj , confk) =
S(rli,envj ,confk)−m

M−m

Sum normalized scores across different RL algorithms and environments:
For confk ∈ {confk}: F(confk) =

∑
i,j S̄rli, envj , confk)

Return best configuration according to sum of normalized scores:
Return: arg maxk F(confk)

B.5 MODEL COMPARISON

Finally, we compared the different models together on the different environments and RL algorithms,
when run with the selected best configuration (from step B.3). Visually Gaussian and Mixture of
Gaussians are less efficient than autoregressive models, which are less efficient than normalizing
flows. Among normalizing flows, we found that NSF had the best average score across all RL
algorithm and environments, while being the less sensible to the variations of hyper parameters.
Figure 7 reports bar plots comparison of all model’s AUC scores given their best hyper configurations
on all the different RL algorithms and environments, averaged over 5 seeds.

C SPACE VISITATION OF 2D ENVIRONMENTS

See Figure 8.

C.0.1 RESETTABLE STATES ASSUMPTION

Similarly to other diffusion-based algorithms (see related works ??), ChronoGEM needs to explore
many actions from a single given state. Although this is an unrealistic assumption for applications
involving real-world systems, we argue that there are multiple scenarios where this is an acceptable
assumption. To begin with, many tasks exist only as software: computer games (Berner et al.,
2019; Roy et al., 2022), physics simulations (Jumper et al., 2021; Schmidt et al., 2019), software-
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Figure 7: Model comparison based on AUC with selected best hyper configuration across all RL
algorithms and environments, averaged over 5 seeds.
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Figure 8: Log-frequencies of discretised X-axis visitations in the 2-dimensional environments
(Hopper, Walker2d and Halfcheetah). In Hopper and Halfcheetah, SMM and RND visited a larger
scope of spatial positions, but actually neglected to explore the possible poses, while ChronoGEM had
a more uniform behaviour and well balanced both poses and positions exploration. In Halfcheetah,
only ChronoGEM was able to run a decent exploration under the action reduction with a low
multiplier.

aided design (Mirhoseini et al., 2021) or even arbitrary programs (Schwartz & Kurniawati, 2019;
Böttinger et al., 2018) are all important tasks that can be arbitrarily reset and parallelized. Secondly,
sim2real (Tan et al., 2018; Smith et al., 2022) approaches allow for a policy trained on simulation to
be transferred to real systems. In the case where a particular robot embodiment such as a quadruped
walker might be used for a large number of task, it would make sense to invest the time in establishing
a high-fidelity simulator and a sim2real pipeline to train generalist controllers such as those generated
by C3PO.
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D EXPLORATION METHODS TO REACHING STATES FROM OTHER
EXPLORATION METHODS

See Figure 9.
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Figure 9: For each environment (lines) and each set of evaluation goals (columns), success rates
as a function of distance thresholds obtained by SAC when trained on the different sets of training
goals (ChronoGEM, Random Walk, SMM, RND). Each exploration algorithm was run over 3 seeds
to collect evaluation and training goals, and each SAC training was also run over 3 seeds, so the
resulting curves are actually averaging 9 different values.

E METHOD HYPER-PARAMETERS

See Table 3 and Table 4 for C3PO hypers.

E.1 SPECIFICS OF CHRONOGEM FOR HUMANOID

By default, ChronoGEM would mostly explore positions where the humanoid is on the floor. However,
it was simple to modulate the algorithm to only explore uniformly in the space of state where the
humanoid is standing. For example, on can associate zero weight to undesired states during the
re-sampling step. Thus, we avoid states in which the torso drops below an altitude of .8 (the default
failure condition). ChronoGEM is modified to not draw states where the humanoid is too low. The
goal-conditioned learner gets a high penalty for going too low as well. This demonstrates that when
in posession of a prior, we can leverage it to steer the exploration and policy learning.

E.2 SPECIFICS FOR ZERO-SHOT IMITATION

Since reaching a target state is never immediate and requires at least a few action steps, we sub-
sampled the expert trajectory to take one state every n states as a target for the imitating agent. Harder
tasks would require higher values of n, making the imitation task less strict.
Since the agent was trained on ChronoGEM targets that are reachable in 128 steps, we considered
relatively small episodes of 300 steps. Otherwise, as the imitator is moving slower than the expert, at
some point the distance between the imitator’s state and the target expert’s states goes out of C3PO’s
domain of knowledge. For downstream tasks, we could directly evaluate the quality of imitations by
looking at the environment’s returns. We used a single expert demonstration and averaged results
over 9 different values (3 ChronoGEM seeds for C3PO × 3 environment seeds). Full results of
policy-imitation are available in Table 1.
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ChronoGEM Hypers
buffer size 217

time horizon 128
branching factor 4
NSF batch size 211

NSF learning rate 3e-5
NSF hidden layers size [512, 512]
NSF number of hidden layers 8
NSF training epochs per step 1

Table 3: ChronoGEM Hyperparameters

SAC Hypers
normalize observations True
reward scaling 1.
number of actors 210

batch size 1024
discounting .98
learning rate 3e-5
min replay size 213

max replay size 220

epsilon update threshold .9
epsilon update multiplier .99
gradient updates per actor episode 32 * episode length
networks size (1024) * 4

Table 4: C3PO-SAC Hyperparameters

F EXAMPLE STATES GENERATED BY EACH METHOD
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Figure 10: Random samples of generated states from the various exploration methods investigated for
the HalfCheetah and Hopper environments. We can observe reduced variability for randompolicy
states, as well as smm states in halfcheetah. These correspond to the reduces overall performance of
policies trained on these datasets for HalfCheetah and Ant. Each visualized state is sampled directly
from the dataset used for training goal-conditioned policies.
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Figure 11: Random samples of generated states from the various exploration methods investigated for
the Walker2D and Ant environments. As in the previous figure we can observe reduced variability for
randompolicy states. Each visualized state is sampled directly from the dataset used for training
goal-conditioned policies.
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