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Abstract
We consider Safe Policy Improvement (SPI) in Batch Reinforcement Learning (Batch RL): from a fixed dataset and without direct
access to the true environment, train a policy that is guaranteed to perform at least as well as the baseline policy used to collect the
data. Our contribution is a model-free version of the SPI with Baseline Bootstrapping (SPIBB) algorithm, called SPIBB-DQN, which
consists in applying the Bellman update only in state-action pairs that have been sufficiently sampled in the batch. In low-visited parts
of the environment, the trained policy reproduces the baseline. We show its benefits on a navigation task and on CartPole. SPIBB-
DQN is, to the best of our knowledge, the first RL algorithm relying on a neural network representation able to train efficiently and
reliably from batch data, without any interaction with the environment.
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1 Introduction

Most real-world Reinforcement Learning agents [17, RL] are to be deployed simultaneously on numerous independent devices and
cannot be patched quickly. In other practical applications, such as crop management or clinical tests, the outcome of a treatment
can only be assessed after several years. Consequently, a bad update could be in effect for a long time, potentially hurting the user’s
trust and/or causing irreversible damages. Devising safe algorithms with guarantees on the policy performance is a key challenge of
modern RL that needs to be tackled before any wide-scale adoption.

Batch RL is an existing approach to such offline settings and consists in training a policy on a fixed set of observations without access
to the true environment [10]. It should not be mistaken with the multi-batch setting where the learner trains successive policies from
small batches of interactions with the environment [5, 11]. Current Batch RL algorithms are however either unsafe or too costly
computationally to be applied to real-world applications.

In this paper, we focus on Safe Policy Improvement (SPI). SPI consists in safely improving a baseline policy from a batch of data.
We develop a model-free version of SPI with Baseline Bootstrapping [12, 16, SPIBB]. SPIBB bootstraps the trained policy with the
baseline in the state-action pair transitions that were not probed enough in the dataset. Similarly to [14], it assumes access to the base-
line. Such a scenario is typically encountered when a policy is trained in a simulator and then run in its real environment, for instance
in Transfer RL [19]; or when a system is designed with expert knowledge and then optimized, e.g. in dialogue applications [20, 8].

In Section 2, we recall the basics of SPIBB and implement a model-free version of the algorithm, SPIBB-DQN. SPIBB-DQN relies
on pseudo-counts of the state-actions pairs, which can either be handcrafted or approximated using density models [1], and allows
to apply SPIBB algorithms to tasks requiring a neural network representation. In Section 3, we apply SPIBB-DQN to a continuous
navigation task of our design and to CartPole. SPIBB-DQN is, to the best of our knowledge, the first RL algorithm relying on a neural
network representation able to train efficiently and reliably from batch data, without any interaction with the environment [5]. Section
4 concludes the paper and suggests possible future research directions.

2 SPI with Baseline Bootstrapping

Background: An MDP is denoted by M = 〈X ,A, R, P, γ〉, where X is the state space, A is the action space, R(x, a) ∈
[−Rmax, Rmax] is the bounded stochastic reward function, P (·|x, a) is the transition distribution, and γ ∈ [0, 1) is the discount
factor. The true environment is modelled as an unknown finite MDP M∗ = 〈X ,A, R∗, P ∗, γ〉. Π = {π : X → ∆A} is the set
of stochastic policies, where ∆A denotes the set of probability distributions over A. The state and state-action value functions are
respectively denoted by V πM (x) and QπM (x, a). We define the performance of a policy by its expected return, starting from the initial
state x0: ρ(π,M) = V πM (x0). Given a policy subset Π′ ⊆ Π, a policy π′ is said to be Π′-optimal for an MDPM when its performance
is maximal in Π′: ρ(π′,M) = maxπ∈Π′ ρ(π,M).

In this paper, we focus on the batch RL setting where the algorithm does its best at learning a policy from a fixed set of ex-
perience. Given a dataset of transitions D = 〈xj , aj , rj , x′j〉j∈J1,NK collected by following a baseline policy πb, we denote by
M̂ = 〈X ,A, R̂, P̂ , γ〉 the Maximum Likelihood Estimation (MLE) MDP of the environment. R̂ is the reward mean and P̂ the
transition statistics observed in the dataset. Vanilla batch RL looks for the optimal policy in M̂ . This policy may be found indiffer-
ently using dynamic programming on the explicitly modelled MDP M̂ , Q-learning with experience replay until convergence [17], or
Fitted-Q Iteration with a one-hot vector representation of the state space [6].

As we shall see below (a fact also observed in [12]), Vanilla batch RL performs very poorly on stochastic environments because
it learns from all the transitions in the dataset, including the rarely sampled ones for which the uncertainty is large and which can
thus be misleading. This is not too problematic in an online setting, as the policy privileging a poor action in a given state will soon
perform it and immediately correct its estimates. In a batch setting however, the bad policy might be in action for a while before its
next update, leading to very poor performance on an extended period of time. A solution to this issue is to act pessimistically when
the uncertainty is high: this flip side of optimism in the face of uncertainty [18] can be achieved by penalizing actions rarely observed
in the dataset as e.g. in RaMDP [14]. An alternative option consists in bootstrapping on the baseline, a technique we now present.

SPIBB methodology: SPIBB essentially reformulates the percentile criterion [4]. It consists in optimizing the policy with respect
to its performance in the MDP estimate M̂ , while guaranteeing it to be ζ-approximately at least as good as πb in an admissible MDP
set Ξ which contains the true MDP M∗ with high probability. Formally, it writes as follows:

max
π∈Πb

ρ(π, M̂), where Πb ⊂ {π ∈ Π s.t. ∀M ∈ Ξ, ρ(π,M) ≥ ρ(πb,M)− ζ}. (1)

Clearly, the larger the Πb the greater the potential policy improvement and the harder the optimization problem. By appropriately
balancing those opposite effects, SPIBB makes searching for an efficient and provably-safe policy tractable in terms of computer
time, while allowing for potentially substantial policy improvements. To construct Πb, we let ND(x, a) denote the count of state-
action pair (x, a) in D. We then define a bootstrapped set B ⊂ X ×A containing all the pairs (x, a) whose counts are smaller than
a fixed parameter N∧. In other words, B contains the state-action pairs (x, a) for which the uncertainty is high. Πb then denotes the
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set of policies π that verify:

∀(x, a) ∈ B, π(a|x) = πb(a|x). (2)

In the uncertain pairs, for which relying on the observed data could potentially be risky, SPIBB leans on the baseline by copying
its probability to take action a. In the others, SPIBB follows classic policy optimization techniques. For finite MDPs, this may be
achieved in a model-based manner by explicitly computing the MDP model M̂ , constructing the set of allowed policies Πb and
finally searching for the Πb-optimal policy π�spibb in M̂ using policy iteration over Πb [9, 15]. [12] prove that Πb-SPIBB converges

to a Πb-optimal policy π�spibb in M̂ , and that π�spibb is a safe policy improvement over the baseline in the true MDP M∗. They also
apply SPIBB to a gridworld example and show its benefits over existing algorithms. In the following, we describe an extension of
their method to function approximators.

SPIBB-DQN: DQN [13] successfully applies Q-learning to complex video games that require deep neural networks. The method
uses a variety of techniques but fundamentally consists in iteratively applying the Bellman operator to learn the Q-values of the
environment. DQN can easily be extended to a batch setting by replacing the experience memory used in the original algorithm with
the batch we are training on. Similarly, the SPIBB policy optimization described above may be achieved in a model-free manner by
sampling transitions 〈xj , aj , rj , x′j〉 from the dataset and fitting the Q-function Q(t+1)(xj , aj) to the following target y(t)

j :

y
(t)
j = rj + γ max

π∈Πb

∑
a′∈A

π(a′|x′j)Q(t)(x′j , a
′)

= rj + γ
∑

a′|(x′
j ,a

′)∈B

πb(a
′|x′j)Q(t)(x′j , a

′) + γ

 ∑
a′|(x′

j ,a
′)/∈B

πb(a
′|x′j)

 max
(x′

j ,a
′)/∈B

Q(t)(x′j , a
′).

The first term rj is the immediate reward observed during the recorded transition, the second term is the return estimate of the boot-
strapped actions (where the trained policy is constrained to the baseline policy), and the third term is the return estimate maximized
over the non-bootstrapped actions. We call this algorithm SPIBB-DQN as it is equivalent to DQN fitted to y(t)

j . Note that the compu-
tation of the SPIBB targets requires the computation of the bootstrapped set B, which relies on an estimate of the state-action counts
ÑD(x, a), sometimes called pseudo-counts [1, 7, 3]. The safety of SPIBB-DQN increases with N∧. For N∧ = 0, we observe that
B = ∅, and SPIBB-DQN amounts to the original DQN. As N∧ → ∞, we see that B = X × A, thus SPIBB-DQN becomes fully
conservative and simply reproduces πb. Intermediate values of N∧ allow a balance between these two extreme cases.

Among existing batch RL algorithms, and to the best of our knowledge, only RaMDP [14] can straightforwardly be extended to
the function approximation setting. RaMDP stands for Reward-adjusted MDP and consists in modifying the observed reward by

rj ← rj − κ/
√
ÑD(xj , aj) (κ is a hyperparameter of their model).

3 SPIBB-DQN empirical evaluation

The performance of Batch RL algorithms can vary greatly from one dataset to another. To properly evaluate SPIBB-DQN and its
ability to produce policies that reliably outperform the baseline, we randomly generate 20 fixed-size datasets and train 15 policies on
each dataset for each algorithm and for various hyper-parameter values. The algorithms are then evaluated using the mean perfor-
mance and conditional value at risk performance (CVaR, also called expected shortfall) of the policies they produce. The X%-CVaR
is the mean performance over the X% worst runs, it is commonly used to assess the robustness of algorithms.

For the sake of simplicity and to be able to repeat several runs of each experiment efficiently, instead of applying costly and often
finicky pseudo-count methods from the literature [1, 7, 3], we consider here a pseudo-count heuristic based on the Euclidean distance
between states, and tasks where it makes sense to do so. The pseudo-count of a state-action (x, a) is defined as the sum of its similarity
with the state-action pairs (xi, ai) found in the dataset. The similarity between (x, a) and (xi, ai) is equal to 0 if ai 6= a, and to
max(0, 1− 5d(x, xi)) otherwise (where d(·, ·) is the Euclidean distance between two states).

We first consider a helicopter navigation task (see Figure 1(a)). The helicopter starts from a random position in the teal area, with
a random initial velocity. The 9 available actions consist in applying thrust: backward, no, or forward acceleration, along the two
dimensions. The episode terminates when the velocity exceeds some maximal value, in which case it gets a -1 reward, or when the
helicopter leaves the blue area, in which case it gets a reward as chromatically indicated on Figure 1(a). The dynamics of the domain
follow the basic laws of physics with a Gaussian centered additive noise both on the position and the velocity. To train our algorithms,
we use a discount factor γ = 0.9, but report the undiscounted final reward. The baseline is generated as follows: we first train a policy
with online DQN, stop before full convergence and then apply a softmax on the obtained Q-network. Our experiments consist in 300
runs on SPIBB-DQN with a range of N∧ values and for different dataset sizes. SPIBB-DQN with N∧ = 0 is equivalent to vanilla
DQN. We also perform a hyper-parameter search for RaMDP on 10k-transition datasets, with κ values ranging from 0.001 to 1000.
To reduce the computational load, we only performed 75 runs per value. We also display κ = 0, which amounts to vanilla DQN.
Figure 2(b) shows that, although it slightly improves over DQN, RaMDP is rather limited and stays far below the baseline.
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(a) Helicopter environment.
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Figure 1: (a) Illustration of the environment. (b) Mean and 10%-CVaR performance as a function of N∧ for three dataset sizes. (c)
Mean and 10%-CVaR performance for the baseline, vanilla DQN, SPIBB-DQN withN∧ = 5, 10, as a function of the transition noise
factor.
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(a) Mean, 10%-CVaR and 1%-CVaR vs N∧.
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(b) RaMDP Performance vs κ.

DQN 5 10 15 20
N∧

0

20

40

60

80

p
er

fo
rm

an
ce

Baseline, mean

SPIBB-DQN, mean

Baseline, 10%-CVaR

SPIBB-DQN, 10%-CVaR

(c) Performance on CartPole.

Figure 2: (a) Mean, 10%-CVaR and 1%-CVaR as a function of N∧ for a single 10k dataset. (b) Mean and 10%-CVaR performance
of RaMDP for multiple values of κ over the 20 10k-datasets from Figure 1. (c) Mean and 10%-CVaR performance on CartPole.

Figure 1(b) displays the mean and 10%-CVaR performances in function ofN∧ for three dataset sizes (10k, 20k, and 30k). We observe
that vanilla DQN (N∧ = 0) significantly worsens the baseline in mean and achieves the worst possible 10%-CVaR performance.
SPIBB-DQN not only significantly improves the baseline in mean performance for N∧ ≥ 1, but also in 10%-CVaR when N∧ ≥ 8.
The discerning reader might wonder about the CVaR curve for the baseline. It is explained by the fact that the evaluation of the policies
are not exact. The curve accounts for the evaluation errors, errors also obviously encountered with the trained policies. We performed
an additional experiment. Keeping the baseline identical, we trained on 10k-transitions datasets obtained from environments with
different transition noises. Figure 1(c) shows the mean and 10%-CVaR performances for the baseline, vanilla DQN, and SPIBB-
DQN with N∧ ∈ {5, 10}. First, we observe that vanilla DQN performs abysmally. Second, we see that the baseline quickly gets
more efficient when the noise is removed making the safe policy improvement task harder for SPIBB-DQN. As SPIBB is efficient
at dealing with stochasticity, the noise attenuation reduces its usefulness. Third, as we get to higher noise factors, the stochasticity
becomes too high to efficiently aim at the goal, but SPIBB-DQN still succeeds at safely improving the baseline.

Before starting the experiments reported above, we led preliminary experiments with a single 10k-transitions dataset. We found out,
and report on Figure 2(a), that vanilla DQN produces very different Q-networks (and therefore very different policies) for different
random seeds, even on the same dataset. It is worth noticing a posteriori that this dataset was actually favorable to DQN (mean
performance of 1.7 on this dataset vs. -0.5 averaged over 20 datasets, Figure 1(b)), but that DQN’s reliability is still very low. In
contrast, SPIBB-DQN shows stability for N∧ ≥ 4. We also report the 1%-CVaR performance (quite heavy computationally to
accurately estimate) and see that there too, SPIBB-DQN performs well.

We also apply SPIBB-DQN to the CartPole environment from OpenAI gym [2]. Similarly to above, we first train a policy on the
environment and build a baseline from it by applying a softmax to the learnt Q-values. To make the task more challenging once the
baseline has been obtained, we add some stochasticity to the environment by acting randomly 50% of the time. With that added noise,
the baseline gets an average score of approximately 78. SPIBB-DQN reaches values over 90 while remaining safe. Standard DQN
gets a score of 33 and a 10%-CVaR of 13. Results can be found on Figure 2(c), for datasets of size 10k. We also applied our algorithm
to Pendulum with marginal improvements (not shown here).
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4 Conclusion and future work

In this paper, we study the problem of safe Batch Reinforcement Learning with function approximation. We develop a model-free
version of SPIBB and demonstrate its performance on two domains. SPIBB-DQN is the first deep batch algorithm allowing policy
improvement in a safe manner. Future work involves extending our results to more complex domains, e.g. with pixel state spaces
such as Atari games. This would, in particular, imply adapting existing pseudo-counts techniques to the batch setting.
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