
Offline Reinforcement Learning with Pessimistic Value
Priors

Filippo Valdettaro1∗1 and A. Aldo Faisal1,2,3

1Brain & Behaviour Lab, Dept. of Computing and Bioengineering, Imperial College London, UK
2Department of Digital Health & Data Science, University of Bayreuth, Germany

3Alan Turing Institute

Abstract

We mitigate the effect of distribution shift in offline reinforcement learning by
regularisation through value function inference with a pessimistic prior as a mecha-
nism to induce critic conservatism and avoid unsupported policies. By introducing
a pessimistic prior on the value of the learned policy and carrying out inference
in value function space, the resulting posterior will only have high action-values
in regions where these are supported by the dataset. Regularisation through in-
ference has the potential to be not as aggressively conservative as other forms of
regularisation, such as those that try to be robust to worst-case outcomes given
the data, while still avoiding out-of-distribution actions. We develop this approach
for continuous control and propose a way to make it scalable and compatible with
deep learning architectures. As a byproduct of this inference scheme we also
obtain consistent Bayesian uncertainty for model-free off-policy evaluation from
a non-episodic dataset of individual transitions. We develop this framework for
control in continuous-action environments and present results on a toy environment
with exact inference and preliminary results on a scalable, deep version of our
framework on a D4RL benchmark robotics task. Our methods show potential for
improved performance on such a task, and suggest that future experimental work
on improving training stability of our methods could result in effective offline
reinforcement learning algorithms coming from simple modifications of online
algorithms.

1 Introduction

Offline reinforcement learning (RL) harnesses the information in static datasets from pre-collected
interactions with an environment to find good policies without further direct interaction, thus vastly
increasing the potential applicability of RL to tasks where direct agent interactions are costly or
dangerous such as healthcare [Gottesman et al., 2019, Komorowski et al., 2018], robotics [Sinha et al.,
2022, Kalashnikov et al., 2018, Dasari et al., 2020, Kendall et al., 2019] or recommender systems
[Huang et al., 2022, Xiao and Wang, 2021]. Learning a policy from a static dataset, however, comes
with the additional challenge that the agent cannot test its beliefs of what is a good policy during
training. If unaddressed, the distributional shift due to the mismatch between learned and behaviour
policies can lead to poorly performing, unsupported policies for datasets with insufficient coverage of
the entire state-action space [Fujimoto et al., 2019].

One of the approaches suggested to combat this effect is to train a critic that learns a conservative
or pessimistic estimate of the value function. For example, the learned value function can be
augmented with a penalty for those state-actions with high uncertainty for instance as quantified
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through disagreement across an ensemble of critics [Ghasemipour et al., 2022, An et al., 2021] ,
which can itself incur heavy computational costs. Sidestepping uncertainty quantification, other
methods attempt to train a critic that learns a lower bound of the value function given the observed
data, thus being robust to the worst-case outcome given the observed data Kumar et al. [2020], Cheng
et al. [2022]. Such forms of worst-case robustness, however, can be excessively pessimistic.

We investigate here an alternative pathway into conservative value function estimation for offline
RL, building on the approach in Valdettaro and Faisal [2024], extending it to continuous control and
scaling it to deep learning architectures. This approach is inspired by regularisation through inference
in value-function space as a less aggressive form of critic regularisation than worst-case robustness
that still avoids unsupported actions. We train a critic with a pessimistic value prior (PVP), so that
after inference only those state-actions that are supported by the data will be assigned high values. We
achieve this deterministic MDPs in an off-policy model-free way by setting up inference that respects
the temporal-difference (TD) structure of a Markovian environment to get consistent value functions
after conditioning on the observed data. In particular, we develop this framework for continuous
control with exact inference showcasing results on a toy environment. We then propose a scalable
implementation of PVPs for offline RL. We achieve this by adding a simple term to the critic’s loss
coming from the prior’s regularising effect, which constitutes a small modification applicable to any
online off-policy algorithm. We confirm the scalable version of PVPs maintains the key desirable
behaviours displayed by the exact inference approach on the toy environment and show preliminary
results on the halfcheetah-medium D4RL benchmark task [Fu et al., 2020].

2 Related work

We review here motivation for learning conservative value estimates and existing approaches that do
so, as well as works relevant to carrying out model-free inference in RL. We also cover inference in
function space, which enables Bayesian reasoning directly in terms of function outputs rather than
parameters, which is necessary to introduce a pessimistic prior over value.

2.1 Offline RL and conservative value estimation

One key challenge of offline RL is to ensure that the distribution shift caused by differences in the
data-generating and learned policies does not cause the algorithm to converge to an unsupported
policy. One natural approach involves including some loss term during training that regularises the
actor to be similar to the data-generating policy either explicitly [Fujimoto and Gu, 2021] or implicitly
[Nair et al., 2020]. However, a fundamental challenge faced by this line of research is that it relies
on having a dataset with a high proportion of good demonstrations, and the presence of suboptimal
actions in the dataset will negatively affect the quality of the learned policy. An attempt to sidestep
this limitation involves trying to learn an actor that picks actions that are merely in the support of the
dataset policy. This can be done for example by learning a generative model trained to imitate the
behaviour policy and work in it’s latent space, so that any sampled actions will also be in support
Fujimoto et al. [2019], Zhou et al. [2021]. However, this strongly relies on being able to accurately
model the dataset’s policy, which is in itself a non-trivial learning task.

In contrast to behaviour regularisation that explicitly constrains the learned policy to be by some
measure similar to the dataset policy, methods that estimate conservative policy values are in principle
not sensitive to the inclusion of poor quality demonstrations in the dataset. Uncertainty-based methods
[An et al., 2021, Ghasemipour et al., 2022] regress the action-values against targets derived from
some uncertainty-aware pessimistic value estimate of the ensemble to avoid unwarranted value
overestimation in unsupported and therefore uncertain regions. However, large ensembles come with
a significant computational burden and while empirically effective for uncertainty quantification in
supervised learning [Lakshminarayanan et al., 2017], their immediate theoretical soundness is not
guaranteed [D' Angelo and Fortuin, 2021].

Beyond uncertainty penalties, the regularisation for the critic’s regression can come from other
sources, such as the discrepancy between actions of the learned and behaviour policy [Wu et al.,
2019, Tarasov et al., 2024, Kostrikov et al., 2021]. Alternatively, one can attempt to directly learn a
conservative value lower bound with a corresponding policy that is robust to the worst-case realisation
of the value function given the observed data [Kumar et al., 2020, Lyu et al., 2022, Cheng et al., 2022].
Finally, our work builds on Valdettaro and Faisal [2024], where the source of conservatism naturally
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arises from carrying out inference with a pessimistic value prior. By employing a pessimistic prior on
value and carrying out Bayesian inference on the observed data, the posterior will only have high
expected value in those regions where the data supports it, with the natural consequence of avoiding
out-of-distribution (OOD) state-actions without directly considering a worst-case value function.

2.2 Inference in RL

Bayesian inference in off-policy model-free RL presents the unique challenge that there are no
ground-truth label, and the value function must instead be inferred by exploiting the Markovian
structure of the environment and piecing together the information that individual observed transitions
provide. Previous work that carries out Bayesian inference in value-function space includes GP-
SARSA [Engel et al., 2005] which is online, on-policy and episodic and therefore must be adapted for
use in offline RL. Techniques that have proven successful in supervised learning, such as ensembles,
[Lakshminarayanan et al., 2017, Ovadia et al., 2019] have been ported over to RL for the purposes of
uncertainty quantification [Osband et al., 2018] but it is unclear whether the quality of the uncertainty
quantification is comparable in the RL case. Part of the additional difficulty comes from the lack
of a ground-truth target, and what constitutes principled or consistent uncertainty quantification for
model-free RL with temporal difference (TD) learning has been topic of debate [Osband et al., 2018,
Touati et al., 2020].

2.3 Inference in function space

We consider Bayesian inference in function space rather than parameter space, which comes with
a set of challenges. While some nonparametric approaches, such as Gaussian processes (GPs),
naturally carry out inference in function space, these require approximations to be scalable to large
datasets [Hensman et al., 2013, Titsias, 2009] and rely on hand-crafted features which is undesirable
for complex tasks or environments. The field of functional variational inference [Burt et al., 2020,
Ma and Hernández-Lobato, 2021] seeks to approximate inference in value-function space while
still employing expressive parametric models. We employ the framework for functional variational
inference proposed in Hafner et al. [2020], where the prior knowledge is injected into training by
sampling pseudo-data points from the prior distribution.

3 Methods

We introduce here algorithms that make use of pessimistic value priors (PVPs) and off-policy
evaluation with inference in value-function space to carry out offline RL. We present both an
algorithm that relies on exact inference, suitable for simple environments and small datasets, as well
as a scalable implementation of offline RL with PVPs and deep neural networks. Throughout this
section we denote the state and action spaces of a Markov Decision Process (MDP) with S and A
respectively, its discount factor with γ and unknown (but deterministic) transition P and reward
R functions that depend on state-action. We consider a static, non-episodic dataset of transitions
(si, ai, ri, s′i) ∈ D from which we wish to learn a policy π that maximises cumulative discounted
rewards.

3.1 Exact inference

One conceptual challenge that arises from doing probabilistic inference in off-policy RL is that,
unlike supervised learning, the value at any state isn’t directly observed. Rather, the value function
has to be inferred through the effects that carrying out a policy over a number of timesteps. Thus, the
observation from individual transitions must be aggregated with the knowledge that the environment
is Markovian to carry out consistent inference. Usually, this is accounted for by employing iterative
policy evaluation schemes off of bootstrapped approximations. However, since the bootstrapped
labels are not ground-truth, employing usual inference techniques on these is problematic. We instead
directly include the recursive Bellman equation into the inference process.

The algorithm we present here is a GP implementation that adapts the work in Valdettaro and Faisal
[2024], which itself provides an off-policy adaptation of the line of work in Engel et al. [2005], to
carry out TD off-policy inference in value-function space for continuous state and action spaces. For
a deterministic policy π and a deterministic environment, the action-values at any s, a satisfy the
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Bellman equation
Q(s, a) = R(s, a) + γQ(s′, π(s′)) (1)

where s′ is the state deterministically reached from state s after taking action a. Hence, the proba-
bilistic model we employ assumes that the observed (reward samples r) and latent (action-values Q)
variables relevant to the transitions in the dataset (si, ai, ri, s′i) ∈ D are related through

ri = Q(si, ai)− γiQ(s′i, π(s
′
i)) + εi, (2)

where γi = γ if s′i is not terminal and 0 otherwise, and εi a small zero-mean independent Gaus-
sian noise term. Next, we set a Gaussian (pessimistic) prior on Q. The prior covariance on
Q is given by some hand-crafted kernel function that factorises across state and action spaces
kQ((s1, a1), (s2, a2)) = ks(s1, s2)ka(a1, a2).

Since each ri is itself a linear combination of Gaussian random variables, we can establish their prior
mean (which is 0) and the covariance between any two distinct observed rewards:

cov(ri, rj) = k(xi, xj)− γjk(xi, x
′
j)− γik(x

′
i, xj) + γiγjk(x

′
i, x

′
j), (3)

where we used the shorthand notation xk = (sk, ak) and x′
k = (s′k, π(s

′
k)). We can also compute the

prior covariance between the observed rewards and the action-value of any arbitrary state-action:

cov(Q(s, a), ri) = k((s, a), xi)− γik((s, a), x
′
i). (4)

We can now find the posterior value distribution (assuming zero prior mean) for any state-action s, a
by using the Gaussian conditioning formulas for posterior mean µ and covariance Σ [Rasmussen
et al., 2006]:

µ∗ = K⊤
QR(KR + σ2

rI)
−1r (5)

Σ∗ = KQ −K⊤
QR(KR + σ2

rI)
−1KQR, (6)

where we can populate KR,KQR and KQ with the entries cov(ri, rj), cov(Q(s, a), ri) and
k((s, a), (s, a)) respectively. Notice that the action-value posterior’s dependence on policy is present
through the terms containing x′ = (s′, π(s′)).

Finally, we can carry out policy improvement by using the posterior mean as the critic’s regularised
evaluation, and summarise the algorithm in Alg.1. As is common in RL, when implementing the
algorithm we do not pass gradients through the terms used to evaluate action-values at the next-states
Q(s′, π(s′)) in the actor’s parameter optimisation step. In principle, the posterior variance could also
be used for action selection.

Algorithm 1 Pessimistic value priors with exact inference

Require: Dataset D, Gaussian prior on Q, parametric actor πθ : S → A, learning rate η
while not converged do

Q̂← E (p(Q|D, πθ)) ▷ Evaluate p(Q|D, πθ) using Eq. 5
J(θ)←

∑
s∈D Q̂(s, πθ(s))

θ ← θ + η∇θJ(θ)
end while

3.2 Scalable inference

While exact Bayesian inference is suitable for small datasets and simple environments where a
hand-crafted kernel is easily specified, sequential decision making from larger datasets on complex
environments requires a more scalable approach. One option is to approximate exact inference with
variational inference [Titsias, 2009], but this still leaves the difficult task of finding adequate prior
kernels, and methods that try to learn these [Wilson et al., 2016, Ober et al., 2021, van Amersfoort
et al., 2021] require introducing a highly non-trivial layer of algorithmic complexity on top of the
already challenging task of offline RL. Therefore, we opt to instead build on the approach presented in
Hafner et al. [2020], where the inductive bias of inference in function space with a pessimistic prior is
induced by sampling pseudo-data points from the prior. We choose the simplest implementation that
is able to recover an approximate maximum a-posteriori (MAP) mean. The loss function proposed by
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Hafner et al. [2020] adapted to the RL context learns a MAP mean Q̂ critic trained with deep neural
network parameters θ with loss

L(θ) = LB(θ) + α0E(s,a)∼pprior(s,a)(DKL (p(Q(s, a))||p(Q(s, a)|θ))) (7)

= LB(θ) + αE(s,a)∼pprior(s,a)(Q̂(s, a|θ)− µQ)
2, (8)

where LB is the negative log-likelihood loss (here corresponding to the standard Bellman TD critic
loss), µQ is the pessimistic prior mean on Q and we have used the property that the KL between
two Gaussians is proportional to the squared distance of their means, absorbing the constant of
proportionality into an overall hyperparameter α. pprior is the prior pseudo-data distribution used
to regularise the learned value function. While the exact inference approach implicitly carries out
regularisation everywhere in state-action space, this is not feasible with the pseudo-data approach,
so one must choose pprior so that it appropriately regularises the most salient state-actions relevant
towards decision making. For a dataset state distribution ρ, a natural pseudo-data distribution for
a stochastic policy would be ρ(s)π(a|s) whereas for a deterministic policy we can sample so as to
ensure regularisation around the learned policy’s boundary

pprior(s, a) = ρ(s)N (a|πθ(s), σ
2
a), (9)

with similar intuition that this prioritises regularising the most relevant actions, which are those
closest to the ones considered by the learned policy.

Having established an approach to include the pessimistic prior’s effect in the critic’s evaluation, we
can adapt any off-policy online algorithm by adding the new term in Eq. 8 to obtained a suitably
regularised offline RL critic. We summarise how the critic update changes for any base online
off-policy algorithm in Algorithm 2.

Algorithm 2 Scalable PVP critic update loss

Require: Dataset D, online off-policy algorithm with deterministic or stochastic actor π, critic Qθ

and critic loss LB(θ), pessimistic prior mean µQ, prior regularisation strength α, pseudo-data
number of samples n and noise σa.
Sample batch of transitions B from D
for (s, a, r, s′) ∈ B do

Sample n actions, a(s)p ←

{
a
(s)
p = π(s) + σrε, ε ∼ N (·|0, σ2

aIn) if π deterministic
a
(s)
p ∼ π(·|s) if π stochastic

end for

L← LB(θ) + α
1

|B|n
∑
s∈B

∑
a
(s)
p

(Qθ(s, a
(s)
p )− µQ)

2

return loss L

4 Results

We present here results that illustrate the behaviour of our form of critic regularisation on a toy
experiment as well as preliminary results on the halfcheetah-medium D4RL benchmark task.

4.1 Toy experiment

With the toy experiment we consider here we seek to highlight three key principled behaviours of
our algorithm. First, it is able to stitch information from different transitions in a dataset to obtain
policies that lead to in-distribution trajectories with high rewards. Secondly, it correctly assigns low
values to policies that rely on out-of-distribution state-actions. Thirdly, it leads to consistent Bayesian
off-policy value uncertainty quantification from a non-episodic dataset.

We consider here an MDP corresponding to a continuous-space maze-like environment where only a
portion of its state-action space is adequately covered by the dataset. The state-space we consider
is S = R2 and the action space is A = [−1, 1]2, visualised in Fig. 1. At each step, the agent
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deterministically moves in state space by adding the action vector to its current state vector. The agent
observes a reward of 1 if it reaches a particular goal region {(x, y) ∈ R2 : 2 < x < 3, 0 < y < 1}
and 0 otherwise. Episodes terminate on the transition that reaches the goal state.

The static dataset we consider covers a limited part of the environment’s state-space, and is formed
by individual (s, a, r, s′) transitions rather than full episodic traces. The datasets contains transitions
starting from 100 uniformly spaced states in the region {(x, y) ∈ R2 : 2 < x < 3, 0 < y <
1)} ∪ {(x, y) ∈ R2 : 0 < x < 3, 1 < y < 2)}. All actions in the dataset are in either the x or y
directions and have size 0.6, with the action observed at each state being the one that makes progress
towards the goal while remaining in the in/support region (see Fig. 1a).

We first apply Algorithm 1 to this toy dataset, with RBF kernels with length-scale 0.25 for both state
and actions and an actor parametrised by an MLP with two hidden layers of 256 neurons trained
for 1000 steps. In Fig 1b, we observe that the resulting policy reaches the goal while remaining in
the in-distribution data regions. The values learned are displayed in Fig. 1c, where we observe that
only the in-distribution regions are assigned high values, which gradually decrease with number of
steps required to reach the goal (as expected due to the discount factor γ = 0.9). Similarly, the value
uncertainty displayed in Fig. 1d is high in the out-of-distribution regions and low where the agent can
confidently reach the goal while remaining in-distribution.

We also apply scalable versions as described in Section 3.2 and Algorithm 2, with two base online
algorithms, one learning a deterministic (Twin Delayed DDPG [Fujimoto et al., 2018]), and one a
stochastic (Soft Actor-Critic [Haarnoja et al., 2018a,b]) policy, with offline PVP-based algorithms
called PVP-TD3 and PVP-SAC respectively. As to be consistent with the GP implementation, we use
prior mean µQ = 0 and α = 0.001 for both methods. We implement our algorithm by modifying the
base implementations provided by Tarasov et al. [2022].

Visualisations of the learned policies and values from applying Algorithm 2 are shown in Figs. 1e
and 1f. We observe that the scalable version of the algorithms is also able to produce a policy that
avoid the no-data region and reach the goal and a value estimate that is roughly consistent with the
exact-inference case in the in-distribution region. We note that there is no training signal to regularise
the out-of-distribution states for PVP-TD3 or PVP-SAC, as the pseudo-data distribution is chosen to
regularise OOD actions rather than OOD states (so OOD states don’t explicitly receive a signal to
have value close to the prior). In contrast, Figs. 1g and 1h show that applying the base off-policy
online methods naively to the offline data (equivalent to setting α = 0) leads to poor policies that
do not remain in the support of the data and wander into regions of state-space that the agent has no
knowledge of, leading to unsatisfactory offline policies.

Finally, we observe the pessimistic prior directly in action in Fig. 2, where we visualise the action-
values after training in the action space at state (2.5, 1.1) just above the goal region. There is an
action (0,−0.6) in the dataset at this state that leads directly to the goal, which we expect the agent
to follow. We observe that for all three methods, the neighbourhood around the observed action that
leads to the goal is regularised as desired, and the algorithms correctly learn to choose the action
similar to the one in the dataset that leads to the goal. As can be seen in Fig. 2a, due to the exact
nature of the inference employed, the GPs smoothly regularise the whole action space around the
observed action. Similarly, the actions that maximise value in Figs. 2b and 2c correctly correspond to
following the observed action leading to the goal. While the extrapolation in regions far from the
action the agent is considering can vary significantly across methods, this is because our approximate
methods must focus on regularising those actions most towards the actor’s decision making, and
we do observe that values learned close to the actor’s action are similar across methods, therefore
ensuring that the appropriate action is learned. In contrast, Fig. 2d shows how a naive application
of TD3 (setting α = 0 in TD3-PVP) causes the actor to choose an unsupported action, where the
increase in value is not supported by observed actions but rather entirely caused by unwarranted
extrapolation.

4.2 D4RL

We present here preliminary results of the performance of the scalable version of PVPs as described
in Section 3.2 on the D4RL halfcheetah-medium benchmark dataset, containing 106 transitions. We
preprocessed the rewards by translating them so that the smallest reward in the dataset is 0, once again
making a prior of µQ = 0 a pessimistic prior. For both methods, we use a default number (n = 10) of
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(e) PVP-TD3 learned policy and MAP value
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(f) PVP-SAC learned policy and MAP value
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(h) Naive SAC learned policy and MAP value

Figure 1: Toy environment for navigation task. The agent receives a reward of 1 for transitioning
into the goal region (where the episode terminates) and 0 otherwise. The dataset consists of steps of
size 0.6 in the cardinal direction that leads towards the goal while remaining in the supported (blue)
region. Learned policies and value functions are visualised as arrows and colour-maps respectively.
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(c) PVP-SAC
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Figure 2: Learned action-values at state (2.5, 1.1), located just above the goal. The red arrow shows
the learned action. The dataset contains an action (0,−0.6) leading to the goal at this state.

sampled actions at each state for regularisation. Since PVP-TD3 learns a deterministic policy, we also
need a further hyperparameter that determines the variance of the actions at which to sample prior
pseudo-data, which we chose by default to be σa = 0.2. The only change made to the base algorithms
was to reduce the policy noise in TD3 to 0.01. The rest of the architectures and hyperparameters of
the base SAC and TD3 algorithms are unchanged from their adapted implementations in CQL and
TD3-BC respectively. α values were found by sweeping through different orders of magnitude, and
values of 0.001 and 0.0001 were chosen for PVP-TD3 and PVP-SAC respectively.

Fig. 3 shows the learning curves over 500k training steps corresponding to four random seeds on
the halfcheetah-medium dataset, where the normalised score is obtained by rolling out the learned
policy every 10k training steps. We compare the runs to the average returns obtained by CQL [Kumar
et al., 2020] on this task, which is a relevant baseline that attempts to learn a conservative value
estimate without requiring a generative model for the behaviour policy as done in Lyu et al. [2022].
In fact, although derived from significantly different theoretical starting points, CQL and PVP-SAC
only differ by the regularisation terms they employ on top of the same online base algorithm (SAC),
so comparison between the two directly compares the effect of the different critic regularisation
terms. We observe that our methods have the potential to be able to converge to significantly higher-
performing policies for substantial portions of training, but can suffer from instabilities that cause
their performance to crash with additional training.

5 Conclusion

We have developed the framework of offline RL via pessimistic value priors [Valdettaro and Faisal,
2024] as a novel form of critic regularisation for continuous control. We presented a method with
exact inference applicable to deterministic MDPs to accomplish this. We showed on a toy dataset
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Figure 3: Learning curves of PVP-TD3 and PVP-SAC on halfcheetah-medium for four randomly
initialised runs. The black dashed line corresponds to the average performance of CQL after training
as reported in Kumar et al. [2020]. The normalised returns are obtained by rolling out the policy
learned offline in the environment for 10 episodes every 10k training steps and averaging the obtained
returns.

how Bayesian inference in value-function space with a pessimistic value prior can enable offline RL
by stitching information in different transitions avoiding unsupported policies. Next, we used the
same toy environment to verify that the core desirable behaviours of this framework are also realised
in our scalable implementation with deep neural networks. We incorporated the pessimistic prior in
a scalable way by employing the pseudo-data approach in Hafner et al. [2020]. This amounted to
adding a new term to the critic loss, applicable to any online off-policy algorithm, and confirmed
it lead to similar desirable behaviour, with good policies and consistent value posteriors on the
same toy experiment. We were able to scale this approach to a complex robotic environment with a
large (106 transitions) dataset and benchmark the performance of our method against one previous
approach that carries out offline RL through critic regularisation. While the preliminary results are
promising, further experimental work must go into enhancing the training stability of our methods,
as this is it’s current main limitation. Overall, we believe that having a probabilistic foundation
for model-free policy evaluation can lead to principled approaches towards value estimation and
uncertainty quantification for offline RL, with the potential for new successful offline RL algorithms.
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