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Abstract

Behavior constrained policy optimization has been demonstrated to be a successful
paradigm for tackling Offline Reinforcement Learning. By exploiting historical
transitions, a policy is trained to maximize a learned value function while con-
strained by the behavior policy to avoid a significant distributional shift. In this
paper, we propose our closed-form policy improvement (CFPI) operators. We
make a novel observation that the behavior constraint naturally motivates the use
of first-order Taylor approximation, leading to a linear approximation of the policy
objective. Additionally, as practical datasets are usually collected by heterogeneous
policies, we model the behavior policies as a Gaussian Mixture and overcome the
induced optimization difficulties by leveraging the LogSumExp’s lower bound
and Jensen’s Inequality, giving rise to a CFPI operator. We instantiate offline RL
algorithms with our novel operators and empirically demonstrate their effectiveness
over state-of-the-art algorithms on the standard D4RL benchmark.

1 Introduction

Deploying Reinforcement Learning (RL) (Sutton & Barto, [2018)) in the real world is hindered by its
massive demand for online data. In domains such as robotics (Cabi et al., 2019) and autonomous
driving (Sallab et al.| 2017), rolling out a premature policy is prohibitively costly and unsafe. To
address this issue, offline RL (a.k.a batch RL) (Levine et al., 2020; [Lange et al.l [2012)) has been
proposed to learn a policy directly from historical data without environment interaction. However,
learning competent policies from a static dataset is challenging. Prior studies have shown that learning
a policy without constraining its deviation from the data-generating policies suffers from significant
extrapolation errors, leading to training divergence (Fujimoto et al.l 2019} Kumar et al., 2019).

Current literature has demonstrated two successful paradigms for managing the trade-off between pol-
icy improvement and limiting the distributional shift from the behavior policies. Under the actor-critic
framework (Konda & Tsitsiklis, |1999), behavior constrained policy optimization (BCPO) (Fujimoto
et al.,2019; Kumar et al.} 2019; [Fujimoto & Gu, 2021; Wu et al., 2019; Brandfonbrener et al., 2021}
Ghasemipour et al.|[2021)) explicitly regularizes the divergence between learned and behavior policies,
while conservative methods (Kumar et al., |2020b; |Bai et al., 2022; |Yu et al., 2020, |2021) penalize the
value estimate for out-of-distribution (OOD) actions to avoid overestimation error. However, most
existing model-free offline RL algorithms still require learning off-policy value functions and a target
policy through stochastic gradient descent (SGD). Off-policy learning with non-linear function ap-
proximators and temporal difference learning (Sutton & Barto} 2018)) is notoriously unstable (Kumar
et al.}2020a; Mnih et al.l 2015} [Henderson et al., [ 2018; Konda & Tsitsiklis}, |1999; Watkins & Dayan,
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1992) due to the existence of the deadly-triad (Sutton & Bartol 2018} [Van Hasselt et al.,2018)). The
performance can exhibit significant variance across different random seeds (Islam et al.,|2017). In
offline settings, learning becomes even more problematic as environment interaction is restricted,
thus preventing the learning from corrective feedback (Kumar et al., [2020a)). Consequently, training
stability poses a major challenge. Although some current approaches (Brandfonbrener et al., 2021)
avoids learning an off-policy value function, they still require learning a policy via SGD.

Can we mitigate the issue of learning instability by leveraging optimization techniques? In this
paper, we approach this issue from the policy learning perspective, aiming to design a stable policy
improvement operator. We take a closer look at the BCPO paradigm and make a novel observa-
tion that the requirement of limited distributional shift motivates the use of the first-order Taylor
approximation (Callahan, [2010), leading to a linear approximation of the policy objective that is
accurate in a sufficiently small neighborhood of the behavior action. Based on this crucial insight, we
construct our policy improvement operators that return closed-form solutions by carefully designing
a tractable behavior constraint. When modeling the behavior policies as a Single Gaussian, our
policy improvement operator deterministically shifts the behavior policy towards a value improving
direction derived by solving a Quadratically Constrained Linear Program (QCLP) in closed form.
Therefore, our method only requires learning the underlying behavior policies of a given dataset with
supervised learning, avoiding the training instability from policy improvement.

Furthermore, we note that practical datasets are likely to be collected by heterogeneous policies,
which may give rise to a multimodal behavior action distribution. In this scenario, a Single Gaussian
will fail to capture the entire picture of the underlying distribution, limiting the potential of policy
improvement. While modeling the behavior as a Gaussian Mixture provides better expressiveness,
it incurs extra optimization difficulties due to the non-concavity of its log-likelihood function. We
tackle this issue by leveraging the LogSumExp’s lower bound and Jensen’s inequality, leading to
a closed-form policy improvement (CFPI) operator compatible with a multimodal behavior policy.
Empirically, we demonstrate the effectiveness of Gaussian Mixture over the conventional Single
Gaussian when the underlying distribution comes from hetereogenous policies.

In this paper, we empirically demonstrate that our CFPI operators can instantiate successful offline
RL algorithms in a one-step or iterative fashion. Moreover, our methods can also be leveraged to
improve a policy learned by the other algorithms. In summary, our main contributions are threefold:

* CFPI operators compatible with single mode and multimodal behavior policies.

* An empirical demonstration of the benefit to model the behavior policy as a Gaussian
Mixture in model-free offline RL. To the best of our knowledge, we are the first to do this.

* One-step and iterative instantiations of our algorithm, which outperform state-of-the-art
(SOTA) algorithms on the standard D4RL benchmark (Fu et al.} 2020).

2 Preliminaries

Reinforcement Learning. RL aims to maximize returns in a Markov Decision Process (MDP)
(Sutton & Bartol 2018) M = (S, A, R, T, po, ), with state space S, action space A, reward function
R, transition function 7, initial state distribution pg, and discount factor v € [0, 1). At each time step
t, the agent starts from a state s; € S, selects an action a; ~ 7(+|s;) from its policy m, transitions to
anew state s;11 ~ T'(+|st, a+), and receives reward r; := R(s¢, a;). The goal of an RL agent is to
learn an optimal policy * that maximizes the expected discounted cumulative reward E[>~,° ; v'r]
without access to the ground truth R and 7". We define the action value function associated with 7 by
Q™ (s,a) =Ex[>,;207're|so = s, a0 = a]. The RL objective can then be reformulated as

7" = argmax J(m) := Eycpy acr(-|s) Q7 (5, a)] (D

In this paper, we consider offfine RL settings, where we assume restricted access to the MDP M, and
a previously collected dataset D with N transition tuples {(si, a?, i)} ,. We denote the underlying
policy that generates D as mg, which may or may not be a mixture of individual policies.

Behavior Constrained Policy Optimization. One of the critical challenges in offline RL is that
the learned () function tends to assign spuriously high values to OOD actions due to extrapolation
error, which is well documented in previous literature (Fujimoto et al., [2019; Kumar et al.| [2019)).



Behavior Constrained Policy Optimization (BCPO) methods (Fujimoto et al.| [2019; Kumar et al.|
2019; |[Fujimoto & Gul 20215 Wu et al.,|2019; |Brandfonbrener et al., 2021) explicitly constrain the
action selection of the learned policy to stay close to the behavior policy 7g, resulting in a policy
improvement step that can be generally summarized by the optimization problem below:

max Byp [Eanr()s) [Q (s,0)] — aD (7(- | s),75(- | 5))], )

where D(-,-) is a divergence function that calculates the divergence between two action distributions,
and « is a hyper-parameter controlling the strength of regularization. Consequently, the policy is
optimized to maximize the ()-value while staying close to the behavior distribution.

Different algorithms may choose different D(-, -) (e.g., KL Divergence (Wu et al., 2019; Jaques et al.,
2019), MSE (Fujimoto & Gu, 2021)) and MMD (Kumar et al.,[2019)). However, to the best of our
knowledge, all existing methods tackle this optimization via SGD. In this paper, we take advantage
of the regularization and solve the problem in closed form.

3 Closed-Form Policy Improvement

In this section, we introduce our policy improvement operators that map the behavior policy to a
higher-valued policy, which is accomplished by solving a linearly approximated BCPO. We show that
modeling the behavior policy as a Single Gaussian transforms the approximated BCPO into a QCLP
and thus can be solved in closed-form (Sec. [3.1). Given that practical datasets are usually collected
by heterogeneous policies, we generalize the results by modeling the behavior policies as a Gaussian
Mixture to facilitate expressiveness and overcome the incurred optimization difficulties by leveraging
the LogSumExp’s lower bound (LB) and Jensen’s Inequality (Sec. [3.2). We close this section by
presenting an offline RL paradigm that leverages our policy improvement operators (Sec. [3.3).

3.1 Approximated behavior constrained optimization

We aim to design a learning-free policy improvement operator to avoid learning instability in offline
settings. We observe that optimizing towards BCPO’s policy objective (2)) induces a policy that admits
limited deviation from the behavior policy. Consequently, it will only query the ()-value within the
neighborhood of the behavior action during training, which naturally motivates the employment of
the first-order Taylor approximation to derive the following linear approximation of the () function

Q(s,a3a5) = (a—ap)" [VaQ(s, )]y, + Q(s,ap)

3
=a’ [V,Q(s, @) =g, + const. )

By Taylor’s theorem (Callahan, [2010), Q(s, a; ag) only provides an accurate linear approximation of
Q(s, a) in a sufficiently small neighborhood of ag. Therefore, the choice of ag is critical.

Recognizing as a Lagrangian and with the linear approximation (3), we propose to solve the
following surrogate problem of (2)) given any state s:

max E (a7 [VaQ(s,0)l,zy,| . st D(r(:| ) ms(-|5) <6 @)
Note that it is not necessary for D(-, -) to be a (mathematically defined) divergence measure since
any generic D(-, -) that can constrain the deviation of 7’s action from 75 can be considered.

Single Gaussian Behavior Policy. In general, {@) does not always have a closed-form solution. We
analyze a special case where 73 = N (ug, X3) is a Gaussian policy, 7 = 4 is a deterministic policy,
and D(-,-) is a negative log-likelihood function. In this scenario, a reasonable choice of 1 should
concentrate around pg to limit distributional shift. Therefore, we set ag = 13 and the optimization
problem (4) becomes the following:

max ut [VaQ(s,a)],—,, » st —logma(uls) <6 ®)

We now show that (3] has a closed-form solution and defers the proof the Appendix [A.1]
Proposition 3.1. The optimization problem ) has a closed-form solution that is given by

V21log 7 85 [VaQ(s,a)],—,,,
V@, 0, 55 [VaQls: @),

1
psg(T) = pp + \/ , where § = 3 log det(2733) + log T

(6)



Although we still have to tune 7 as tuning « in (2)) for conventional BCPO methods, we have a
transparent interpretation of 7’s effect on the action selection thanks to the tractability of (3)). Due to
the KKT conditions (Boyd et al.l [2004), (€) always returns an action p, with the following property

1 1
—logms(uls) =0 = ~log —ma(usls) = malusels) = —ms(usls) (7

While setting 7 = 1 will always return the mean of 7g, a large 7 might send 5, out of the support of
mg, breaking the accuracy guarantee of the first-order Taylor approximation.

3.2 Gaussian Mixture as a more expressive model

Performing policy improvement with (6) enjoys favorable computational efficiency and avoids the
potential instability caused by SGD. However, its tractability relies on the Single Gaussian assumption
of the behavior policy 7g. In practice, the historical datasets are usually collected by heterogeneous
policies with different levels of expertise. A Single Gaussian may fail to capture the whole picture of
the underlying distribution, motivating the use of a Gaussian Mixture to represent mg.

N

N
m =) AN (i, 20), Y o Ai=1 ®)

i=1 i=1
However, directly plugging the Gaussian Mixture 73 into (5) breaks its tractability, resulting in a
non-convex optimization below
T
m;;ix M [VGQ(Sv a)]a:aﬁ I

= 1 1 S ©)
st log ) (Az‘ det(27%;)" 2 exp (2(u — i) B (p— m))) > =0
i=1
We are confronted with two major challenges to solve the optimization problem (9). First, it is
unclear how to choose a proper ag while we need to ensure that the solution g lies within a small
neighborhood of a. Second, the constraint of (9) does not admit a convex form, posing non-trivial
optimization difficulties. We leverage the lemma below to tackle the non-convexity of the constraint.

Lemma 3.1. log Zf;l i exp(x;) admits the following inequality:
1. (LogSumExp’s LB) log Zivzl Aiexp(z;) > max; {x; + log \; }
2. (Jensen’s Inequality) log va:l i exp(z;) > va:l \iz;

Next, we show that applying each inequality in to the constraint of (9) respectively
resolves the intractability and leads to natural choices of ag.

Proposition 3.2. By applying the first inequality of[Lemma 3.1|to the constraint of (), we can derive
an optimization problem that lower bounds (9)

max ,UT [VCLQ(S’ a)]a:ag ’
”

1 1 (10)
s.I.  max {—2(,u — ) TS (= ) — 3 log det(27%;) + log /\i} > —0,
and the closed-form solution to (10) is given by
1
puse(T) =argmax il [V,Q(s, a)]azm , St 0= mjn{§ log det(27%;) — log A;} + log T
i () v
(11)

) 2(0 +log ;) — log det(2r%y)
h i(0) = pi +
wnere [ ( ) 2 \/[an(Sa a)]lebi 27'/ [an(57 a)]a:lti

Proposition 3.3. By applying the second inequality of[Lemma 3.1|to the constraint of (9), we can
derive an optimization problem that lower bounds (9)

Ei [an(‘S? a’)]a:u,i

N
1 1 _
max ul [VGQ(s,a)}a:aﬁ , S.L. Z)\i (—ilogdet(%{]i) - E(M — )8 (- ,uz)) > -5 (12)
i=1
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Figure 1: Apply@to Gaussian Mixture’s log probability log 4 at different scenarios. (L)
log w3 has multiple modes. LogSumExp’s LB preserves multimodality. (M) log 7g reduces to Single
Gaussian. Jensen’s inequality becomes equality. (R) log g is similar to a uniform distribution.

and the closed-form solution to (12)) is given by

Y[VaQ(s, a’)]a:ﬁ’

(1) =7 QIOgT—Zé\Ll )\i,u?Ei_lm—i—ﬂTi_lﬁ
Mjensen\T ) = —
’ [VaQ(s, )], ZIVaQ(s,0)],_,

13)

N -1 N N
where ¥ = (Z Ai2i1> T <Z )\iZilui) , 0=logT+ %Z A log det(27;)
i=1 i

i=1

We defer the detailed proof of [Proposition 3.2|and |Proposition 3.3|as well as how we choose ag for
each optimization problem to Appendix [A.2[and[A.3] respectively.

Indeed, these two optimization problems have their own assets and liabilities. When 7z exhibits an
obvious multimodality as is shown in Fig. |1| (L), the lower bound of log 74 constructed by Jensen’s
Inequality cannot capture different modes due to its concavity, losing the advantage of modeling g
as a Gaussian Mixture. In this case, the optimization problem (T0) can serve as a reasonable surrogate
problem of (9), as LogSumExp’s LB still preserves the multimodality of log 7.

When 74 is reduced to a Single Gaussian, the approximation with the Jensen’s Inequality becomes
equality as is shown in Fig. |I| (M). Thus ftjensen returned by (I3)) exactly solves the optimization
problem (9). However, in this case, the tlghtness of LogSumExp’s LB largely depends on the weights
Ai=1...n. If each Gaussian component is distributed and weighted identically, the lower bound will
be log IV lower than the actual value. Moreover, there also exists the scenario (Fig. |I| (R)) when both
(TO) and (T2) can serve as reasonable surrogates to the original problem (9).

Fortunately, we can combine the best of both worlds and design a policy improvement operator
accounting for all the above scenarios. As both Proposition [3.2]and [3.3] have closed-form solutions,
the operator returns a policy that selects the higher-valued action from pee and fijensen

pmg(T) = arg maqu(s, K, st pe {lee(T)vﬂjensen(T)} (14)

3.3 Algorithm template

We have derived two CFPI operators that map the behavior policy to a higher-valued policy. When
the behavior policy 73 is a Single Gaussian, Zsg (73, Q); 7) returns a policy with action selected by
(). When 7 is a Gaussian Mixture, Zyi (73, Q; T) returns a policy with action selected by (14). We
note that our methods can also work with a non-Gaussian wg. Appendix |E| provides the derivations
for the corresponding CFPI operators when g is modeled as both a deterministic policy and VAE.
Algorithm ] shows that our CFPI operators enable the design of a general offline RL template that
can yield one-step, multi-step and iterative methods, where £ is a general policy evaluation operator

that returns a value function Qt. When setting T' = 0, we obtain our one-step method. We defer the
discussion on multi-step and iterative methods to the Appendix [C|

While the design of our CFPI operators is motivated from the behavior constraint, we highlight that
they are compatible with general baseline policies 7, besides 7. Sec. [5.2]and Appendix[G.7|show
that our CFPI operators can improve policies learned by IQL and CQL (Kumar et al., 2020b).

3.4 Theoretical guarantees for closed-form policy improvement

At a high level, Algorithm [T] follows the approximate policy iteration (API) (Perkins & Precupl
2002)) by iterating over the policy evaluation (€ step, Line 4) and policy improvement (Z step, Line



Algorithm 1 Offline RL with closed-form policy improvement operators (CFPI)

Input: Dataset D, baseline policy 7, value function Q_l, HP 7

1: Warm start Qg = SARSA(Q_1, D) with the SARSA-style algorithm (Sutton & Bartol 2018)
2: Get one-step policy 71 = Z(#y, Qo; 7)

3:fort=1...Tdo . .

4: Policy evaluation: Q; = £(Q¢—1,7¢, D)

5: Get policy: 7ip41 = Z(7p, Qt; 7)  (concrete choices of Z includes Zyig and Zsg)

6: end for

5). Therefore, to verify £ provides the improvement, we need to first show policy evaluation Q, is
accurate. We employ the Fitted Q-Iteration (Sutton & Barto, [2018]) to perform policy evaluation,
which is known to be statistically efficient (e.g. (Chen & Jiang| 2019))) under the mild condition for
the function approximation class. Next, for the performance gap between J(7:41) — J (), we apply
the standard performance difference lemma (Kakade & Langford, 2002} Kakade, [2003).

Theorem 3.1. [Safe Policy Improvement] Assume the state and action spaces are discrete.ﬂ Let 71
be the policy obtained after the CFPI update (Line 2 of Algorithm[l). Then with probability 1 — 4,
N N 1 S N S N
J(71) = J(7p) 27— Baan [Q7 (s, 71(s)) — Q" (s, 75(s))]
2 Cys

_7Es~ 7A"lEar\/ﬁ' ‘s
e | 5 a)

1 + OCFPI(S,(Z) = (.

For multi-step T iterative update, we similarly have with probability 1 — 6,
T

T
J(ar) = J(Fp) =Y J(F0) — T (1) = ¢,

where D(s, a) denotes number of samples at s, a, C s denotes the learning coefficient of SARSA and
Ccrpi(s, a) denotes the first-order approximation error from (3). We defer detailed derivation and

the expression of C. 5, ¢ and Ceppi(s, a) in Appendix When a = ag, Ccrpi(s,a) = 0.

By Theorem 1 is a (-safe improved policy. The ( safeness consists of two parts: Ccrpr is
caused by the first-order approximation, and the C., 5/1/D(s, a) term is incurred by the SARSA

update. Similarly, 77 is a Zthl ¢ -safe improved policy.

4 Related Work

Our methods belong and are motivated by the successful BCPO paradigm, which imposes constraints
as in (@) to prevent from selecting OOD actions. Algorithms from this paradigm may apply different
divergence functions, e.g., KL-divergence (Wu et al., 2019; Jaques et al.;2019), MMD (Kumar et al.,
2019) or the MSE (Fujimoto & Gu, [2021). All these methods perform policy improvement via SGD.
Instead, we perform CFPI by solving a linear approximation of (2)). Another line of research enforces
the behavior constraint via parameterization. BCQ (Fujimoto et al.| 2019)) learns a generative model
as the behavior policy and a @ function to select the action from a set of perturbed behavior actions.
Ghasemipour et al.| (2021) further show that the perturbation model can be discarded.

The design of our CFPI operators is inspired by the SOTA online RL algorithm OAC (Ciosek et al.,
2019)). It treats the evaluation policy as the baseline 7, and obtains an optimistic exploration policy
by solving a similar optimization problem as (3). We extend the result to accommodate a multi-modal
7, and overcome the optimization difficulties by leveraging In Appendix[H] we further
draw connections with prior works that leveraged the Taylor expansion approach to RL.

Recently, one-step (Kostrikov et al.| 2021; Brandfonbrener et al.| 2021) algorithms have achieved
great success. Instead of iteratively performing policy improvement and evaluation, these methods

Note here we assume the discreteness only for the purpose of analysis. For the more general cases, please
refer to Appendix[A.4 In Theorem ur (s, also,a0) := P™(sp, = s,an = a, |so = s,a0 = a).



Table 1: Comparison between our one-step policy and SOTA methods on the Gym-MuJoCo domain
of DARL. Our method uses the same 7 for all datasets except Hopper-M-E (detailed in Appendix [F.I)).
We report the mean and standard deviation of our method’s performance across 10 seeds. Each seed
contains an individual training process and evaluates the policy for 100 episodes. We use Cheetah for
HalfCheetah, M for Medium, E for Expert, and R for Replay. We bold the best results for each task.

Dataset ‘ SG-BC  MG-BC DT TT OnestepRL  TD3+BC CQL IQL ‘ Our Zyig (g, Qg)
Cheetah-M-v2 40.6 40.6 42.6 46.9 55.6 48.3 44.0 474 52.1+0.3
Hopper-M-v2 53.7 53.9 67.6 61.1 83.3 59.3 58.5  66.2 86.8 +4.0
Walker2d-M-v2 71.9 70.0 74.0 79.8 85.6 83.7 725 783 88.3+1.6
Cheetah-M-R-v2 34.9 33.0 36.6 41.9 42.4 44.6 455 442 44.5+04
Hopper-M-R-v2 12.4 21.2 82.7 91.5 71.0 60.9 95.0 94.7 93.6+7.9
Walker2d-M-R-v2 22.9 22.8 66.6 82.6 71.6 81.8 772 738 782 +5.6
Cheetah-M-E-v2 46.6 51.7 86.8 95.0 93.5 90.7 91.6  86.7 97.3+1.8
Hopper-M-E-v2 53.9 69.2 107.6 101.9 102.1 98.0 1054 915 104.2+5.1
Walker2d-M-E-v2 92.3 93.2 108.1  110.0 1109 110.1 108.8 109.6 111.9+0.3
Total | 4291 455.6 672.6  710.1 716.0 677.4 698.5 6924 | 757.0+27.0

Table 2: Comparison between our Iterative Zy;g and SOTA methods on the AntMaze domain. We
report the mean and standard deviation across 5 seeds for our method with each seed evaluating for
100 episodes. The performance for all baselines is directly reported from the IQL paper. Our Iterative
Iwmc outperforms all baselines on 5 out of 6 tasks and obtains the best overall performance.

Dataset | BC DT  Onestep RL TD3+BC CQL IQL | Iterative Zyg
antmaze-u-v0 54.6  59.2 64.3 78.6 74.0 875 90.2+3.9
antmaze-u-d-v0 45.6  49.3 60.7 714 84.0 622 58.6 £ 15.2
antmaze-m-p-v0 | 0.0 0.0 0.3 10.6 61.2 712 75.2+6.9
antmaze-m-d-v0 | 0.0 0.7 0.0 3.0 53.7  70.0 722+73
antmaze-1-p-v0 0.0 0.0 0.0 0.2 15.8  39.6 514+77
antmaze-1-d-v0 0.0 1.0 0.0 0.0 14.9 47.5 52.44+10.9
Total \ 100.2 112.2 125.3 163.8 303.6 378.0 \ 400.0 £ 52.0

only learn a ) function via SARSA without bootstrapping from OOD action value. These methods
further apply an policy improvement operator (Wu et al.,[2019; [Peng et al.| [2019) to extract a policy.
We also instantiate a one-step algorithm with our CFPI operator and evaluate on standard benchmarks.

S Experiments

Our experiments aim to demonstrate the effectiveness of our CFPI operators. Firstly, on the standard
offline RL benchmark D4RL (Fu et al.| 2020), we show that instantiating offline RL algorithms with
our CFPI operators in both one-step and iterative manners outperforms SOTA methods (Sec. [5.1).
Secondly, we show that our CFPI operator can improve a policy learned by other algorithms (Sec.
[5.2). Ablation studies in Sec. further shows our superiority over the other policy improvement
operators and demonstrate the benefit of modeling the behavior policy as a Gaussian Mixture.

5.1 Comparison with SOTA offline RL algorithms

We instantiate a one-step offline RL algorithm from Algorithm[T|with our policy improvement operator
ZImg. We learned a Gaussian Mixture baseline policy 73 via behavior cloning. We employed the
IQN (Dabney et al.,[2018a)) architecture to model the Q value network for its better generalizability, as
we need to estimate out-of-buffer Q(s, a) during policy deployment. We trained the Qo with SARSA
algorithm (Sutton & Barto], 2018}, [Parisotto et al., 2015). Appendix E] includes detailed training
procedures of 7z and QO with full HP settings. We obtain our one-step policy as Zyg (73, QO; 7).

We evaluate our one-step algorithm on the D4RL benchmark focusing on the Gym-MuJoCo domain,
which contains locomotion tasks with dense rewards. compares our one-step algorithm
with SOTA methods, including the other one-step actor-critic methods IQL (Kostrikov et al., 2021},
OneStepRL (Brandfonbrener et al., [2021), BCPO method TD3+BC (Fujimoto & Gu, [2021]), con-
servative method CQL (Kumar et al., 2020b), and trajectory optimization methods DT (Chen et al.}



2021), TT (Janner et al.||2021). We also include the performance of two behavior policies SG-BC
and MG-BC modeled with Single Gaussian and Gaussian Mixture, respectively. We directly report
results for IQL, BCQ, TD3+BC, CQL, and DT from the IQL paper, and TT’s result from its own
paper. Note that OneStepRL instantiates three different algorithms. We only report its (Rev. KL Reg)
result because this algorithm follows the BCPO paradigm and achieves the best overall performance.
We highlight that OnesteRL reports the results by tuning the HP for each dataset.

Results in demonstrate that our one-step algorithm outperforms the other algorithms by a
significant margin without training a policy to maximize its (J-value through SGD. We note that we
use the same 7 for all datasets except Hopper-M-E. In Sec. [5.3] we will perform ablation studies and
provide a fair comparison between our CFPI operators and the other policy improvement operators.

We further instantiate an iterative algorithm with Zy;g and evaluate its effectiveness on the challenging
AntMaze domain of D4RL. The 6 tasks from AntMaze are more challenging due to their sparse-
reward nature and lack of optimal trajectories in the static datasets. compares our Iterative
Twmc with SOTA algorithms on the AntMaze domain. Our method uses the same set of HP for all
6 tasks, outperforming all baselines on 5 out of 6 tasks and obtaining the best overall performance.
Appendix [C.T] presents additional details with pseudo-codes and training curves.

5.2 Improvement over a learned policy

In this section, we show that our CFPI opera-

tor Isq can furthelj improye the performance  Taple 3: Our Zgg (TioL, QioL) improves over the pol-
of a Single Gaussian policy miq learned by jcy miqL learned by IQL on AntMaze. We report the

IQL (Kostrikov et al., 2021) on the AntMaze mean and standard deviation 10 seeds. Each seed
domain. We first obtain the IQL policy evaluates for 100 episodes.

moL and Qo by training for 1M gradient

steps using the PyTorch Implementation from  Dataset | 7w (train) | 7oL (IM) | Zsa (oL, QiqL)
RLkit (Berkeley). We emphasize that we fol-  antmaze-u-v0 ‘ 87.4+3.2 ‘ 83.6 £ 3.2 ‘ 85.1+5.3
low the authors’ exact training and evaluation ~—_#ntmazeu-d-v0 | 59.0+5.7 | 558479 | 550491

1 mi 1 . antmaze-m-p-v0 | 71.1 £5.43 64.2£13.2 75.5+6.1
protocols and include all training curves in Ap- ~ animazemp-v0 | 714543 ‘ i ‘ TahE6L

endix Interestingly, while the runnin
p G gy, . € antmazelp~0 | 344+6.04 | 356%7.0 37777
average of the evaluation results during the  antmazeldvo | 39.8+9.09 | 38.8+7.1 401+56

course of training matches the reported results "o 361.7£356 | 3447+ 478 | 373.3L375
in the IQL paper, shows that the evalu-
ation of the final 1M-step policy mqr, does not
match the reported performance on all 6 tasks, echoing the training instability we are trying to
resolve with our CFPI operators. This demonstrates how drastically performance can fluctuate
across just dozens of epochs. Thanks to the tractability of Zgg, we directly obtain an improved
policy Zsg (7oL, QioL; 7) that achieves better overall performance than both gy, (train) and (1M),
as shown in[Table 3] We tune the HP 7 using a small set of seeds for each task following the practice
of (Brandfonbrener et al} 2021} [Fu et al.| 2020) and include more details in Appendix [F2]and[G.6]

5.3 Ablation studies

We first provide a fair comparison with the other policy improvement operators, demonstrating the
effectiveness of solving the approximated BCPO (@) and modeling the behavior policy as a Gaussian
Mixture. Additionally, we examine the sensitivity on 7, ablate the number of Gaussian components,
and discuss the limitation by ablating the @ network in Appendix [G.2] [G.3] [G.4] respectively.

Effectiveness of our CFPI operators. In we compare our CFPI operators with two policy
improvement operators, namely, Easy BCQ (EBCQ) and Rev. KL Reg from OneStepRL (Brand-
fonbrener et al., 2021). EBCQ doe not require training either, returning a policy by selecting an
action that maximizes a learned Q from Npeq actions randomly sampled from the behavior policy
#3. Rev. KL Reg sets D(, -) in (2) as the reverse KL divergence and solves the problem via SGD,
with « controlling the regularization strength. We omit the comparison with the other learning-based
operator Exp. Weight, as Rev. KL Reg achieves the best overall performance in OneStepRL.

For all methods, we present results with 773 modeled by Single Gaussian (SG-) and Gaussian Mixture

(MG-). To ensure a fair comparison, we employ the same Qo and g modeled and learned in the
same way as in Sec. for all methods. Moreover, we tune Nyeq for EBCQ, « for Rev. KL Reg, and



Table 4: Ablation studies of our Method on the Gym-MuJoCo domain. Again we report the mean
and std of 10 seeds, each seed evaluates for 100 episodes.

Dataset ‘ SG-EBCQ MG-EBCQ  SG-Rev. KLReg MG-Rev. KL Reg IsG Iy
Cheetah-M-v2 53.3+0.2 51.5+£0.2 47.14+0.2 47.0£0.2 51.1+£0.1 52.1+0.3
Hopper-M-v2 86.8 £5.2 82.5+1.9 70.3£7.0 76.3+£6.9 75.6 £3.7 86.8 4.0
Walker2d-M-v2 85.2+5.1 85.2+2.1 82.4+£1.0 82.8 £1.8 88.1+1.1 883+1.6
Cheetah-M-R-v2 43.5+0.6 43.0+0.3 44.3+0.4 44.4+0.5 42.8+0.4 44.5+0.4
Hopper-M-R-v2 88.5£12.2 83.6 £10.3 99.7+1.0 99.4+2.1 87.7+8.7 93.6 £7.9
Walker2d-M-R-v2 75.4+4.6 73.1+£5.2 63.6 £28.5 69.7 £ 30.9 71.3+4.4 78.2+5.6
Cheetah-M-E-v2 81.8+54 84.5 +4.6 78.9+£9.8 65.0 £10.1 91.1+3.1 97.3+1.8
Hopper-M-E-v2 40.0 £5.8 56.1 £6.2 76.6 £18.3 79.4+32.6 70.3£8.9 73.0£10.5
Walker2d-M-E-v2 | 111.1+1.8 111.1+1.0 106.7 £ 4.1 107.1 £4.0 111.1+1.1 111.9+0.3
Total \ 665.5£41.0 670.6 +31.9 669.7 +70.3 671.2 £89.1 688.9+31.6 725.8+324
Median QM Mean Optimality Gap
I ] — - .
Is 1 1 1 1
MG-Rev. KL Reg ! 1 1 1
SG-Rev. KL Reg 1 I 1 1
MG-EBCQ 1 1 1 1
SG-EBCQ 1 1 1 1
72 78 84 76 80 84 72 75 78 81 21 24 27 30

Normalized Score

Figure 2: Aggregate metrics (Agarwal et al.l[2021)) with 95% Cls based on results reported in[Table 4]
The Cls are estimated using the percentile bootstrap with stratified sampling. Higher median, IQM,
and mean scores, and lower Optimality Gap correspond to better performance. Our Zyig outperforms
baselines by a significant margin based on all four metrics. Appendix E]includes additional details.

7 for our methods. Each method uses the same set of HP for all datasets. As a result, the Hopper-M-E

performance of Zyjg reported in [Table 4|is different from[Table 1| Appendix includes further
details on the HP tuning and corresponding experiment results in|Table 9] [0} [[1]and [12]

As is shown in[Table 4] and Fig. 2] our Zyg clearly outperforms all baselines by a significant margin.
The learning-based method Rev. KL Reg exhibits a substantial amount of variance, again echoing the
training instability we are trying to resolve. Moreover, our CFPI operators outperform their EBCQ
counterparts, demonstrating the effectiveness of solving the approximated BCPO.

Effectiveness of Gaussian Mixture. As the three M-E datasets are collected by an expert and
medium policy, we should recover an expert performance as long as we can 1) capture the two modes
of the action distribution 2) and always select action from the expert mode. In other words, we can
leverage the Qo learned by SARSA to select actions from the mean of each Gaussian component,
resulting in a mode selection algorithm (MG-MS) that selects its action by

Hmode = arg max,. Qo(s,fis), st {fus|\i > €}, where Eizl:NS\iN(ﬂi,ii) =g, (15

¢ is set to filter out trivial components. Our MG-MS achieves an expert performance on Hopper-M-E
(104.2 £+ 5.1) and Walker2d-M-E (104.1 £ 6.7), and matches SOTA algorithms in Cheetah-M-E
(91.3 £ 2.1). Appendix [G.T]includes the full results of MG-MS on the Gym MuJoCo domain.

6 Conclusion and Limitations

Motivated by the behavior constraint in the BCPO paradigm, we propose CFPI operators that
perform policy improvement by solving an approximated BCPO in closed form. As practical datasets
are usually generated by heterogeneous policies, we use the Gaussian Mixture to model the data-
generating policies and overcome extra optimization difficulties by leveraging the LogSumExp’s LB
and Jensen’s Inequality. We instantiate a one-step offline RL algorithm with our CFPI operator and
show that it can outperform SOTA algorithms on the Gym-MuJoCo domain of the D4RL benchmark.

Our CFPI operators avoid the training instability incurred by policy improvement through SGD.
However, our method still requires learning a good () function. Specifically, our operators rely on
the gradient information provided by the (), and its accuracy largely impacts the effectiveness of our
policy improvement. Therefore, one promising future direction for this work is to investigate ways to
robustify the policy improvement given a noisy Q).



Reproducibility Statement

We include our codes in the supplementary material.
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Appendix

Outline of the Appendix

In this Appendix, we organize the content in the following ways:

. presents the missing proofs for Proposition[3.1] 3.2} 3.3 and in the

main paper.

. justify one HP setting for[Equation 14

. discusses how to instantiate multi-step and iterative algorithms from our
algorithm template Algorithm T]

. provides the derivation of a new CFPI operator that can work with both
deterministic and VAE policy.

. conducted a reliable evaluation to demonstrate the statistical significance of our
methods and address statistical uncertainty.

. gives experiment details, HP settings and corresponding experiment results.

. provides additional ablation studies and experiment results.

* [Appendix H|includes additional related work and discusses the relationship between our
method and prior literature that leverage the Taylor expansion approach.

Our experiments are conducted on various types of 8GPUs machines. Different machines may have
different GPU types, such as NVIDIA GA100 and TU102. Training a behavior policy for 500K
gradient steps takes around 40 minutes, while training a () network for 500K gradient steps takes
around 50 minutes.

14



A Proofs and Theoretical Results

A1 Proof of

Proposition 3.1. The optimization problem (B) has a closed-form solution that is given by

V2Iog T4 [VaQ(s,a)],_,,
[VaQ(5,0)] oy, B6 [VaQ(s:0)] ooy,

1
fisg(T) = pip + \/ , where § = 5 log det(2nX3) + log T

(16)
Proof. The optimization problem (3] can be converted into the QCLP

1 _ 1
max " [VaQ(s,0)]omy, s St 50— 1) 85" (1= i) < 6 = S logdet(2my) - (17)

Following a similar procedure as is in OAC (Ciosek et al.| [2019), we first derive the Lagrangian
below:

1 1
L=p"[VaQ(s,0)] ey, =1 (2(u —1p) S5 (= pp) =0+ 5 logdet(%zﬁ)) (18)

Taking the derivatives w.r.t i, we get
Vil = [VaQ(s,0)] 4=y, — 155" (1= p15) (19)
By setting V, L = 0, we get
Rt eI 0)
To satisfy the the KKT conditions (Boyd et al., 2004), we have p > 0 and
(1= np) "S5 (1 — pp) = 20 — log det(2755) 1)
Finally with (20) and (21)), we get

[VaQ(5, )]0y, B6 [VaQ(s, )]y,
26 — log det(27Xg)

n= (22)

By setting § = 3 log det(27¥3) + log 7 and plugging to (20), we obtain the final solution as

V21 Y5 Va , _
sg(T) = 15 + el VO Ny 23)
VIVaQs, 0., T6 [VaQ(s,a)l,,.,

which completes the proof. O
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A.2  Proof of

Proposition 3.2. By applying the first inequality of[Lemma 3.1|to the constraint of ), we can derive
an optimization problem that lower bounds (9)

max ,UT [VCLQ(S’ a)]a:ag
”w

1 1 (24)
s.I.  max {—2(,u — 1) TS (= ) — 3 log det(27%;) + log /\i} > —0,
and the closed-form solution to (10) is given by
1
tuse(T) = argmax i} [VaQ(s, W))gep,» St 6= 5 min {log A; det(27%;)} + log 7
Ri(6) / !
(25)
2(0 + log A\;) — log det(27%;
where  [1;(8) = p; + (8 + ogT ) — logdet(2r>,) Y [VaQ(s, a)]a:M
[VGQ(S7 a)]a:ui E'L [VQQ(S7 a)}a:ui
Proof. Recall that the Gaussian Mixture behavior policy is constructed by
N
5 =Y Nl (i, 5i), (26)

i=1

We first divide the optimization problem (24) into N sub-problems, with each sub-problem i given by

max " [VaQ(s,0)]oz,

1 1 (27)
st — 5(# — i) T (= ) — 3 log det(27%;) + log A; > —9,

which is equivalent to solving problem (3)) for each Gaussian component with an additional constant

term log A;, and thus has a unique closed-form solution.

Define the maximizer for each sub-problem ¢ as i;(d), though fi;(§) does not always exist. Whenever
—1log det(2m%;) +log A; < —4, there will be no . satisfying the constraint as & (u—40;) TS, " (11—
uj is always greater than 0. We thus set [i;(J) to be None in this case. Next, we will show that there
does not exist any i ¢ {fi;(d)|i = 1... N}, s.t., fi is the maximizer of (24). We can show this by
contradiction. Suppose there exists a fi ¢ {fi;(6)|¢ = 1... N} maximizing (24), there exists at least
onej € {l,...,N}st.

1

2
Since i is the maximizer of @), it should also be maximizer of the sub-problem j. However,

the maximizer for sub-problem j is given by [i;(d) # [, contradicting with the fact that [ is the
maximizer of the sub-problem j. Therefore, the optimal solution to (24) has to be given by

o 1,0 1
(i — uj)TEj Y — ) — 3 log det(27%;) + log A; > —6. (28)

i

argmax,  fi; [VaQ(s, @)l4—q, Wwhere fi; € {f;(0)[i=1...N} (29)
To solve each sub-problem ¢, it is natural to set ag = p;, which reformulate the sub-problem ¢ as

below T
m,iix 12 [an(Sa a)]a:ui

1 1
s.t. 5(/1 — ) TS (= ) <6 — 5 log det(27%;) 4 log A;,
Note that problem (30) is also a QCLP similar to the problem (5). Therefore, we can derive its

solution by following similar procedures as in Appendix [A-]] resulting in

(30)

B 2(6 + log A\;) — logdet(27Y;
ii(8) = pi + O+ logdi) —logdet2m2) o 15 0(s,a)],_,, - (31)
[VG«Q(S7 a)]a:;u E'L [VGQ(S’ a)]a:[u,i
We complete the proof by further setting § = 2 min; {log A; det(27X;)} + log 7. O
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A.3 Proof of

Proposition 3.3. By applying the second inequality of[Lemma 3.1|to the constraint of @), we can
derive an optimization problem that lower bounds (9)

mlax 1 [VaQ(s,0)] ,—y,
(32)
Z Ai ( 5 log det(27%;) — ;(u — ) = (- m)) > -0

and the closed-form solution to (12)) is given by

_ JE—
Wiensen(T) = i+ 2log T Zz LA B Y + 0TS I
[VaQ(s,a)] . _:SVaQ(s,0)],—;

N -1 N
_ — 1
where Y = < E /\Z-ZZ-_1> , p=X ( g /\iEi_l,ui> , 0=logT+ 5 E A; log det(27%;)
i=1 i=1

i=1
(33)

E[VaQ(s, )]

Proof. Note that problem (32) is also a QCLP. Before deciding the value of ag, we first derive its
Lagrangian with a general ag below

L=p" [VaQ(s,a)] (ZA ( log det(27%;) + ;(ﬂ_ﬂi)TEi_l(N_,ui)> —5>

(34)
Taking the derivatives w.r.t ., we get

N
v,uL - [an(Sv a’)]a:aﬁ -1 (Z )‘z (Ez_l(ﬂ - ﬂl))) (35)

By setting V,, L = 0, we get

N -1 /N 1 (X
W= (Z /\iZi‘1> (Z )\,‘Ei_lui> + ; (Z /\i2;1> [an(Sva)]a:aB

= LS Vs, 30
-1
where X = (Z Ai2;1> , = (ZA a7 Mz) ,
i=1
shows that the final solution to the problem (32)) will be a shift from the pseudo-mean fi.

Therefore, setting ag = [i becomes a natural choice.

Furthermore, by satisfying the KKT conditions, we have 7 > 0 and
N N
DA — )" E7 (= i) =28 = Y Nilog det (2% (37)
i= i=1

Plugging (32)) into gives the equation below

N 1_ T 1
S (B EaQE ., ) 5 (54 TEFaQ s, - i)
=1

N
=20 — ) Ailogdet(2mY;).
i=1

(38)
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The LHS of (38) can be reformulated as
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To this point, @ can be reformulated as
1 T = al _ T -1/~
7772 [VaQ(s, a)]a:ﬁ Y [VaQ(s, a)]a:p + 2; Ai (=)™ X5 (B = pa)
N = (42)
= 25— X;logdet(2r;)
i=1

We can thus express 7 as below

y = [VaQ(s, )]Z: 2 [VaQ(s,a)], H (43)
20 — S10; Milogdet(2m%;) — SO N (i — )T S (1 — pua)

By setting § = 1 Zj\; i log det(27%;) + log 7, we have

[VaQ(s,0)]5_;, [VaQ(s, a)]a:ﬁ
2log T — S N (A — )" 27 (- )

[VaQ(s,0)]pp T [VaQ(s, )],
2log ™ — S0 AiTS i+ M S A s — S AT S
[VaQ(s5,0)] 0y T [VaQ(s, )],
e N —

2logT — YL TS i+ 20TS fi— Yy Ml S

[VaQ(s, @)y T [VaQ(s, )], d
2log T + aT% 1:“ - Zi:l i By L
Finally, plugging (@4) into (36), with ag = i, we have

(44)

o | HosT =S Nl ST i + fTS N
VaQ(s, a)] *Z[ aQ(Sva)]a:ﬁ

which completes the proof. O

,ujensen('r) = [V Q(S a)] — 45)
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A.4 Proof of

In this section we prove the safe policy improvement presented in Section[3.3] Algorithm|[I|follows the
approximate policy iteration (API) (Perkins & Precup} 2002) by iterating over the policy evaluation
(€ step, Line 4) and policy improvement (Z step, Line 5). Therefore, to verify £ provides the
improvement, we need to first show policy evaluation @); is accurate. In particular, we focus on the
SARSA updates (Line 2), which is a form of on-policy Fitted Q-Iteration (Sutton & Barto| |2018)).
Fortunately, it is known that FQI is statistically efficient (e.g. (Chen & Jiang| 2019)) under the mild
condition for the function approximation class. Its linear counterpart, least-square value iteration,
is also shown to be efficient for offline reinforcement learning (Jin et al., 2021} Yin et al.| [2022)).
Recently, (Zou et al.l |2019) shows the finite sample convergence guarantee for SARSA under the
standard the mean square error loss.
Next, to show the performance improvement, we leverage the performance difference lemma to show
our algorithm achieves the desired goal.
Lemma A.1 (Performance Difference Lemma). For any policy w, 7', it holds that

1 /

J(m) = J(7) = 7= Eunar [Baurn( 1947 (5,0)]

-7
where A™(s,a) = Q7 (s,a) — V™(s) is the advantage function.
Similar to (Kumar et al., 2020b), we focus on the discrete case where the number of states |S| and
actions |.A| are finite (note in the continuous case, the D(s, a) would be 0 for most locations, and thus

the bound becomes less interesting). The adaptation to the continuous space can leverage standard
techniques like state abstraction (L1 et al.,|2006) and covering arguments.

Next, we define the learning coefficient C., 5 of SARSA as

O™ (5,0) — Q7 (5,0)| < — o2

———, Vs,aeSx A
D(s,a)

Define the first-order approximation error as

Q™ (s,a) := (a —ag)” [VQQ’%B (s, a)] + Q™ (s,ap),

a=ag

then the approximation error is defined as:

Cerpi(s,a) = Q7 (s,a)—Q™ (s,a)| =

(a=a5)" [VaQ™(5,0)] _ +Q(s.a5) = Q™ (s,a)| .

a=ag
Under the constraint D (7(- | s),7g(- | s)) < ¢ () (or equivalently action a is close to ag), the
first-order approximation provides a good estimation for the ™5

Theorem A.1 (Restatement of [Theorem 3.1). Assume the state and action spaces are discrete. Let 1
be the policy obtained after the CFPI update (Line 2 of Algorithm[l). Then with probability 1 — 4,

1 . .
J(7t1) — J(7p) zﬁEswd’?l [Q7 (s,71(s)) — Q™ (s, 75(s))]
2 C
_mEswdﬁl EQN;HHS) ﬁia) + OCFPI(& a)] = (.

For multi-step T iterative update, we similarly have with probability 1 — 6,
T T
J(fr) = (i) =Y () = J(Feoa) = D¢,
t=1 t=1

where D(s,a) denotes number of samples at s,a, the learning coefficient of SARSA is defined

as Cy g = maxs, oy V2I(I2SA/0) /S50 3, 012 - 7 (5,50, a0)2 Var [V72 (') | 5,0,
and Ccrpi(s,a) denotes the error from the first-order approximation , using CFPI, i.e.

Cerpi(s,a) = ’(a —ag)” [VaQ’}B (S,G)} + Q% (s,a5) — Q™ (s,a)|. When a = ag,
a=ag

CCFPI(S, a) =0.
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proof of Theorem[3.1} We focus on the first update, which is from 7; to 7. According to the
Sarsa update, we have |Q™#(s,a) — Q™ (s,a)| < —s . Ws,a € 8 x A with probability

v/D(s,a)’
1 — ¢ and this is due to previous on-policy evaluation result (e.g. (Zou et al., 2019)). Also denote
7 = argmax, Q75.

By Lemma[A.T]

) . 1 .
J(Wl) - J(ﬂ'B) :ﬁESNdil [anﬁlus)A ‘3(8, a)]

1 . N

=75 et [Baiy(19[@Q7 (5:0) =V (5)]]
1 T T A

=7 B [Eamiy (1) [Q7 (s, a) — Q7 (s,75(s))]]
1 AT AR A 2 C 8

> 1— ’)/Eswdﬁ-l [anfrl(-‘s) [Q B (87 Cl) - Q 5(8, 7'(',@(8))]} — mESNdﬁl anfrl(-\s) m

1 = R =4 R 2 C 5
>ﬁEs~dW1 [Q B(Saﬂl(S)) -Q ﬁ(s,wﬁ(s))] - ﬁEswdﬁl anﬁ'l(-|s) m + CCFPI(&G)}
::4(1)
where the first inequality uses |Q77 (s, a) — Q™% (s,a)| < —=2— and the last inequality uses

7 = argmax, QQ"%. Here

C,s =max+/2In(125A4/6) - ZZ’VM (s,also,a0) Var [V7s (s') | s,

h=0 s,a

Similarly, if the number of iteration ¢ > 1, then Denote

1t (s, also, ag)? A
C’itj; = max 2In(125A/9) - Z 272}1 7Zl—\/ar V7 (s') | s,q],
’ h=0 s,a S’al‘SO’aO)

then we have with probability 1 — §, by the Corollary 1 of Duan et al.|(2020), the OPE estimation
follows
. ) )
Q™ (s,a) — Q™ (s,a)| < "o
Q% (5.0) — QM (s,0)] < L
and

J(#4) — J(7e—1) zﬁESNdm [QF (s, 7¢(s)) — Q™ (s, 7e-1(s))]
O(t)

7,0 ()
— 4 C s,a)| = ¢,
D(s, a) crpi(s,a) ¢

2
_ﬁEswd%t Eont(s)

then for multi-step iterative algorithm, by a union bound, we have with probability 1 — ¢

T
J(rr) = J(7g) =Y J(70) — J(Fe-1)

IIMH

O

On the learning coefficient of SARSA. The learning of SARSA is known to be statistically efficient
from existing off-policy evaluation (OPE) literature, for instance (Duan et al., [2020; [Yin & Wang,
2020). This is due to the on-policy SARSA scheme is just a special case of OPE task by choosing
T=1 B-
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Concretely, we can translate the finite sample error bound in Corollary 1 of (Duan et al.,2020) to the
infinite horizon discounted setting as: for any initial state,action s, ag, with probability 1 — 6,

. n N 1
1Q7 (50, a0)—Q™ (50, ag)| < ———=1/21In(12/4)- ZZ’Y% (s, also, ag) Var [Vs (s') | s, a]

D<50’a0) h=0 s,a

Note the original statement in (Duan et al., [2020) is for ™8 — §78  here we conduct the version for

()™ — Q™ instead and this can be readily obtained by fixing the initial state action s, ag for v™. As
a result, by a union bound (over S, A) it is valid to define

Cy,s =max+/2In(125A/6) - ZZW% (s,also,ap) Var [V7s (') | s,d

h=0 s,a

and this makes sure the statistical guarantee in Theorem [3.1]follows through.

Similarly, for the multi-step case, the OPE estimator hold with the corresponding coefficient

C’,(Y?; :=max+/2In(125A4/9) - Z 272h M Var [V (s') | s, al.

so-a0 h=0 s,a m l(s,a|so,a0)

Lastly, even the assumption on the state-action space to be finite is not essential for Theorem [3.1]
since, for more general function approximations, recent literature for OPE (Zhang et al., 2022) shows
SARSA update in Algorithm []is still statistically efficient.
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B Detailed Procedures to obtain

We first highlight that we set the HP § differently for Proposition [3.2]and [3.3] With the same 7, we
generate the two different § for the two different settings. Specifically,

1
e (7) = log 7 + min {2 log det(27%;) — log )\Z} ,  (Proposition[3.2)

N (46)
1
Siensen (T) = log 7 + 3 Z Ailog det(27Y;),  (Proposition[3.3)
i=1

We next provide intuition for the design choices [@6). Recall that the Gaussian Mixture behavior
policy is constructed by

N
o =Y Nl (i, 5s). (47)
i=1
With the mixture weights A\;—; . n, we define the scaled probability 7;(a) of the i-th Gaussian
component evaluated at a

i) = Nimi(a) = A det(27%,) 2 eXP{—%(a —p)"S7 M a = )}, (48)

where 7;(a) = N (a; p;, ;) denotes the probability of the i-th Gaussian component evaluated at a.
Therefore, we can have log 7;(1;) = log A\; —  log det(27Y;), which implies that

1
Oise(7) = log T + miin {2 log det(27X;) — log )\i}
1
=— (max {log A — 3 log det(?wZi)} — log T> . (49)

1
= —max {log 7?2(/11)} .
i T
By setting dise(7) in this way, fi; = [i;(dise (7)) Will satisfy the following condition whenever fi; is a
valid solution to the sub-problem j due to the KKT conditions, Vj € {1,...,N}.
1, 1, 1
= 5 (A5 = )35 (B = py) = 5 log det(2mY;) +1og Aj = —dise(7)
(50)

. 1, o 1 .
= log () = max {1og Twi)} o A = S max (r()
To elaborate the design of Jjensen (7), We first recall that the constraint of problem @) is given by
N
1 1 Ty—1
D i g logdet(2ms) — o (i — ) TS (1 — ) ) = ~Bnsen(7)- (51)
i=1

Note that the LHS of (51)) is a concave function w.r.t 1. Thus, we can obtain its maximum by setting
its derivatives (52)) to zero

N
1 1 _
Vi (Z Ai (—2 log det(2m%;) — o (i — i)' 27 (1 — m)))
o (52)
=Y AT ) = -5 p+T p
=1

Interestingly, we can find that the solution is given by p = ji. Plugging 1 = f into the LHS of (31),
we can obtain its maximum as below

N — p)"E7 N — )

N —
WE

N
1
~3 Z Ailogdet(27%;) —

=1 7

(53)
N
< Z i (—; log det(27r2i)> = Z Ailog i (w;)
i=1 j

i=1
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The inequality holds as the covariance matrix ¥; is a positive semi-definite matrix fori € {1... N}.
Therefore, our choice of 5jensen(r) can be interpreted as

N

Jjensen (7) = log 7 + = Z)\ log det(27%;) Z)\ log m;(u;) — log ) (54)
=1
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Algorithm 2 Iterative Zyg

1: Input: Learned behavior policy 73, Q network parameters ¢1, ¢, target Q network parameters
Drarg, 1> Prarg,2, dataset D, parameter 7

2: repeat
3: Randomly sample a batch of transitions, B = {(s, a,r,s’,d)} from D
4: Compute target actions
a'(s") = clip (IMG(frﬁ, 0; 7)(s") + clip(e, —¢, ¢), aLow, aHl-gh) ,
where Q = min(Qy,, Qg,), and € ~ (0, 0)
5: Compute targets

y(r,s'sd) = 1+ 5(1 = d) min Qg (5',a/(5))
6: Update Q-functions by one step of gradient descent using
1
Vorg 2 (@Qalsa)—yns.d)’ fori = 1,2
(s,a,r,s’,d)EB
7: Update target networks with
¢targ,i <~ p(btarg,i + (1 - p)(bi fori =1,2

8: until convergence
9: Output: Zyg (g, Q;T)

C Multi-step and iterative algorithms

By setting T' > 0, we can derive multi-step and iterative algorithms. Thanks to the tractability of our
CFPI operators Zsg and Zy;g, we can always perform the policy improvement step in-closed form.
Therefore, there is no significant gap between multi-step and iterative algorithms with our CFPI
operators. One can differentiate our multi-step and iterative algorithms by whether an algorithm

trains the policy evaluation step £ (Qt_l, ¢, D) to convergence or not.

As for the policy evaluation operator &, the fitted Q evaluation (Ernst et al., 2005} [Le et al., 2019;
Fujimoto et al.| [2022)) with a target network (Mnih et al., 2015) has been demonstrated to be an
effective and successful paradigm to perform policy evaluation (Kumar et al.,2019; [Fujimoto & Gu,
2021 |Haarnoja et al., 2018} [Lillicrap et al.l 20155 [Fujimoto et al.l 2018)) in deep (offline) RL. When
instantiating a multi-step or iterative algorithm from Algorithm [I| one can also consider the other
policy evaluation operators by incorporating more optimization techniques.

In the rest of this section, we will instantiate an iterative algorithm with our CFPI operators performing
the policy improvement step and evaluate its effectiveness on the challenging AntMaze domains.

C.1 [Iterative algorithm with our CFPI operators

In Sec. we instantiate an iterative algorithm Iterative Ty, with our CFPI operator Zyig. Algorithm
[2 presents the corresponding pseudo-codes that learn a set of Q-function networks for simplicity.
Without loss of generality, we can easily generalize the algorithm to learn the action-value distribution
Z(s,a) as is defined in (57).

For each task, we learn a Gaussian Mixture behavior policy 7z with behavior cloning. Similar to
Sec. @ we employed the IQN (Dabney et al.l 2018a) architecture to model the Q-value network for
its better generalizability. As our CFPI operator Zyg returns a deterministic policy, we follow the
TD3 (Fujimoto et al., 2018) to perform policy smoothing by adding noise to the action a/(s’) in Line

4. After convergence, Algorithm [2{outputs an improved policy Zyg (73, Q; 7).

[Table 5|compares our Iterative Zyig with SOTA algorithms on the AntMaze domain. The performance
for all baseline methods is directly reported from the IQL paper (Kostrikov et al.||2021). Our method
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Table 5: Comparison between our iterative algorithm and SOTA methods on the AntMaze domain of
DA4RL. We report the mean and standard deviation across 5 seeds for our methods. Our Iterative Zyig
outperforms all baselines on 5 out of 6 tasks and obtaining the best overall performance, demonstrating
the effectiveness of our CFPI operator when instantiating an iterative algorithm. “u” stands for umaze,

“m” stands for medium, “1” stands for large,

[T 1]

%

stands for play, and “d” stands for diverse.

Dataset | BC DT  OnestepRL TD3+BC CQL IQL | Iterative Zyg
antmaze-u-v0 54.6  59.2 64.3 78.6 74.0 875 90.2+ 3.9
antmaze-u-d-v0 | 45.6  49.3 60.7 71.4 84.0 62.2 58.6 £15.2
antmaze-m-p-v0 | 0.0 0.0 0.3 10.6 61.2 71.2 75.2+6.9
antmaze-m-d-v0 0.0 0.7 0.0 3.0 53.7 70.0 722+£73
antmaze-1-p-v0 0.0 0.0 0.0 0.2 15.8  39.6 51.4+7.7
antmaze-1-d-v0 0.0 1.0 0.0 0.0 14.9 475 52.44+10.9
Total | 100.2 112.2 125.3 163.8 303.6 378.0 | 400.0 £52.0

outperforms all baseline methods on on 5 out of 6 tasks and obtaining the best overall performance.
The training curves are shown in Fig. [3] with the HP settings detailed in We did not
perform much HP tuning, and thus one should expect a performance improvement after conducting

fine-grained HP tuning.
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Figure 3: Iterative Zy training results on AntMaze. Shaded area denotes one standard deviation.
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Hyperparameter Value

Shared HP Optimizer Adam (Kingma & Ba,[2014)
Normalize states False
activation function ReLU
Mini-batch size 256
Gaussian components (V) 8
Number of gradient steps 500K
Policy architecture MLP

MG-BC Policy learning rate le-4
Policy hidden layers 3
Policy hidden dim 256
Threshold ¢ in (T3) 0.05
Number of gradient steps M
Critic architecture IQN (Dabney et al., [2018al)
Critic hidden dim 256
Critic hidden layers 3
Critic learning rate 3e-4

Iterative Zyyg | Number of quantiles Vg 8
Number of cosine basis elements 64
Discount factor 0.99
Target update rate 5e-3
Target update period 1
log T 1.5

Table 6: Hyperparameters for our Iterative Zyjg.

D CFPI beyond Gaussian policies

In the main paper, we mainly discuss the scenario when the behavior policy 7g is from the Gaussian
family and develop two CFPI operators. However, our methods can also work with a non-Gaussian
mg. Next, we derive a new CFPI operator Zpgt that can work with deterministic 3. We then show
that Zpgr can also be leveraged to improve a general stochastic policy mg without knowing its actual
expression, as long as we can sample from it.

D.1 Deterministic behavior policy

When modeling both 7 = 1 and mg = g as deterministic policies, we can derive the following
BCPO from the problem () by setting D(, -) as the mean squared error.

1
m}?’x /’LT [V(IQ(S? a)]a:,u,g ) s.t. 5”:” - lu‘5||2 S 5 (55)

Problem (53) has a similar form as the problem (I7). We can thus obtain its closed-form solution
1 = pger(0) as below

NoT
ViQG ), |

Therefore, we can derive a new CFPI operator Zpgr(7s, Q;d) that returns a policy with action
selected by (56).

We further note that the problem (53)) can be seen as a linear approximation of the objectives used in
TD3 + BC (Fujimoto & Gul 2021)).

udet(6> = Up + ” [ [an(Sa a)]a:,uﬁ . (56)

D.2 Beyond deterministic behavior policy

Though we assume 7g to be a deterministic policy during the derivation of Zpgt, we can indeed
leverage Zpgr to tackle the more general case when we can only sample from 7g without knowing its
actual expression.
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Algorithm 3 Policy improvement of Zpgt with a stochastic mg

Input: State s, stochastic policy mg, value function Q, 4, number of candidate actions to sample M
1: Sample candidate actions {a1, ..., a } from mg
2: Obtain the EBCQ policy Tgpcq with action selected by mepcq(s) = argmax,,_; s Q(S, am)
3: Return Zpgr(7ERCq, 0; d) by calculating (56)

Table 7: Zpgr results on the Gym-MuJoCo domain. We report the mean and standard deviation 5
seeds and each seed evaluates for 100 episodes.

Dataset ‘ DET-BC VAE-BC  VAE-EBCQ ‘ Iper With Tgee  Zper With Tyae

Walker2d-Medium-v2 | 71.2£20 70.6+3.0 70.6+34 | 79.5+£12.9 86.5 6.3

Walker2d-Medium-Replay-v2 | 19.5+12.6 19.4+£29 33.5+7.3 | 57.1+11.6 626+7.1

Walker2d-Medium-Expert-v2 | 74.4+04 749+7.6 827+11.9 | 111.2+1.8 111.1+09

Algorithm 3| details the procedures to perform the policy improvement step for a stochastic behavior
policy 7. We first obtain its EBCQ policy mgpcq in Line 1-2. As mgpcq is deterministic, we further
plug it in Zpgr in Line 3 to return an improved policy.

D.3 Experiment results

To evaluate the performance of Zpgr, we first learn two behavior policies with two different models.
Specifically, we model 74 With a three-layer MLP that outputs a deterministic policy and 7y,e With
the Variational auto-encoder (VAE) (Kingma & Welling, [2013)) from BCQ (Fujimoto et al., 2019)
Moreover, we reused the same value function Qg as in Sectlon We present the results i 1n
DET-BC and VAE denote the performance of mge; and 7ry,e, respectwely VAE-EBCQ denotes the
EBCQ performance of 7, with M = 50 candidate actions. Since mqe is deterministic, its EBCQ
performance is the same as DET-BC. As for our two methods, we set 6 = 0.1 for all datasets. We can
observe that both our Zpgr with 7ge and Zpgr with 7y, largely improve over the baseline methods.
Moreover, Zppr with 7y, outperforms VAE-EBCQ by a significant margins on all three datasets,
demonstrating the effectiveness of our CFPI operator.

Indeed, our method benefits from an accurate and expressive behavior policy, as Zpgr With 7y,
achieves a higher average performance compared to Zpgr with 74, While maintaining a lower
standard deviation on all three datasets.

We also note that we did not spend too much effort optimizing the HP, e.g., the VAE architectures,
learning rates, and the value of .
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E Reliable evaluation to address the statistical uncertainty

Figure 4: Comparison between our methods and baselines using reliable evaluation methods proposed
in (Agarwal et al} 202T). We re-examine the results in[Table 4 on the 9 tasks from the DARL MuJoCo
Gym domain. Each metric is calculated with a 95% CI bootstrap based on 9 tasks and 10 seeds for
each task. Each seed further evaluates each method for 100 episodes. The interquartile mean (IQM)
discards the top and bottom 25% data points and calculates the mean across the remaining 50% runs.
The IQM is more robust as an estimator to outliers than the mean while maintaining less variance
than the median. Higher median, IQM, mean scores, and lower Optimality Gap correspond to better
performance. Our Zy;g outperforms the baseline methods by a significant margin based on all four
metrics.

Median QM Mean Optimality Gap
Tns [ o .
Iss 1 1 1 1
MG-Rev. KL Reg ! ! ! !
SG-Rev. KL Reg 1 1 1 1
MG-EBCQ 1 1 1 1
SG-EBCQ 1 1 I I

72 78 84 76 80 84 72 75 78 81 21 24 27 30
Normalized Score

Figure 5: Performance profiles (score distributions) for all methods on the 9 tasks from the DARL
MuJoCo Gym domain. The average score is calculated by averaging all runs within one task. Each
task contains 10 seeds, and each seed evaluates for 100 episodes. Shaded area denotes 95% confidence
bands based on percentile bootstrap and stratified sampling (Agarwal et al.}[2021)). The 7 value where
the curves intersect with the dashed horizontal line y = 0.5 corresponds to the median, while the area
under the performance curves corresponds to the mean.
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To demonstrate the superiority of our methods over the baselines and provide reliable evaluation
results, we follow the evaluation protocols proposed in (Agarwal et al.l [2021)) to re-examine the
results in[Table 4] Specifically, we adopt the evaluation methods for all methods with Nygks X Neeeds
runs in total.

Moreover, we obtain the performance profile of each method, revealing its score distribution and
variability. In particular, the score distribution shows the fraction of runs above a certain threshold n
and is given by

. R 1 Niasks 1 Nieeds
En) = F (121N 1:Nww) = 77— 1 [@mn >
(n) (773 1: N 1: Neas) Nusks 2= Neceas nz::l [ gl

Evaluation results in Fig. ] and Fig. [5]demonstrate that our Zy outperforms the baseline methods
by a significant margin based on all four reliable metrics.
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F Hyper-parameter settings and training details

For all methods we proposed in [Table 1} [Table 3} and [Table 4} we obtain the mean and standard
deviation of each method across 10 seeds. Each seed contains individual training process and
evaluates the policy for 100 episodes.

F.1 HP and training details for methods in[Table 1) and [Table 4

includes the HP of methods evaluated on the Gym-MuJoCo domain. We use the
Adam (Kingma & Bal, |2014)) optimizer for all learning algorithms and normalize the states in each
dataset following the practice of TD3+BC (Fujimoto & Gu, 2021)). Note that our one-step offline RL
algorithms presented in (Our Zyig) and (Ima, Zsg, MG-EBCQ, SG-EBCQ, MG-MS)
require learning a behavior policy and the value function Q°. Therefore, we will first describe the
detailed procedures for learning Single Gaussian (SG-BC) and Gaussian Mixture (MG-BC) behavior
policies. We next describe our SARSA-style training procedures to estimate ()°. Finally, we will
present the details for each one-step algorithm.

Hyperparameter Value
Shared HP Optimizer Adam (Kingma & Ba, [2014)
Normalize states True
Policy architecture MLP
Policy learning rate le-4
Policy hidden layers 3
Policy hidden dim 256
Policy activation function ReLU
Threshold ¢ in (T3) 0.05
Gaussian components (V) 4
Number of gradient steps 500K
MG-BC Mini-batch size 256
Number of gradient steps 500K
SG-BC Mini-batch size 512
Number of gradient steps Table 16
Critic architecture (Dabney et al., 2018a)
Critic hidden dim 256
Critic hidden layers 3
Critic activation function RelLU
SARSA Number of quantiles Vg 8
Number of cosine basis elements 64
Discount factor 0.99
Target update rate 5e-3
Target update period 1

Our Zyig (Table 1J) log T 0 for Hopper-M-E;
0.5 for the others

Imc & Zsg(Table 4)  log T 0.5 for all tasks
MG-EBCQ Number of candidate actions Nyeq 5

SG-EBCQ Number of candidate actions Npeq 10

MG-Rev. KL Reg o 3.0

& SG-Rev. KL Reg  Number of gradient steps 100K

Table 8: Hyperparameters for our methods in(Table 1|and|Table 4

MG-BC. We parameterize the policy as a 3-layer MLP, which outputs the tanh of a Gaussian
Mixture with N = 4 Gaussian components. For each Gaussian component, we learn the state-
dependent diagonal covariance matrix. While existing methods suggest learning Gaussian Mixture

30



via expectation maximization (Jordan & Jacobs|, [1994; Xu et al., 1994 Jin et al.,[2016) or variational
Bayes (Bishop & Svensén, 2012), we empirically find that directly minimizing the negative log-
likelihood of actions sampled from the offline datasets achieves satisfactory performance, as is shown
in We train the policy for S00K gradient steps. We emphasize that we do not aim to propose
a better algorithm for learning a Gaussian Mixture behavior policy. Instead, future work may use a
more advanced algorithm to capture the underlying behavior policy better.

SG-BC. We parameterize the policy as a 3-layer MLP, which outputs the tanh of a Single Gaussian
with the state-dependent diagonal covariance matrix (Fu et al., 2020 Haarnoja et al., 2018). We train
the policy for S00K gradient steps.

SARSA. We parameterize the value function with the IQN (Dabney et al.,|2018a) architecture and
train it to model the distribution Z° : S x A — Z of the behavior return via quantile regression,
where Z is the action-value distributional space (Ma et al., [2020) defined as

Z={Z:SxA— ZR)|E[|Z(s,a)|"] < c0,V(s,a),p>1}. (57)
We define the CDF function of Z? as Fs(z) = Pr(Z° < z), leading to the quantile func-
tion (Miiller, |1997) FZ’[}(p) ;= inf{z € R: p < Fzs(z)} as the inverse CDF function, where p
denotes the quantile fraction. We further denote Z f =F; 131 (p) to ease the notation.

To obtain Z”, we leverage the empirical distributional bellman operator 7’5 1 Z — Z defined as
Th2(s,a) 21 +9Z (s ,a) | (s,a,7,8,a) ~ D, (58)

where 4 :2 B implies the random variables A and B are governed by the same distribution. We
note that ’Tg helps to construct a Huber quantile regression loss (Dabney et al., |2018a; |Ma et al.,
2020; Dabney et al., 2018b), and we can finally learn Z” by minimizing the quantile regression loss
following a similar procedures as in (Ma et al., 2020).

To achieve the goal, we approximate Z” by N, quantile fractions {p; € [0,1] | i =0... Ny} with
po = 0, py, = L and p; < p;,Vi < j. We further denote p; = (p; + pit1)/2, and use random
sampling (Dabney et al.,[2018al)) to generate the quantile fractions. By further parameterizing Z g (s,a)
as Z f (s, a; 0) with parameter 6, we can derive the loss function Jz(9) as

Ny—1 N,—1
JZ(G):]E(S,(L,T,S’,(L’)ND Z Z (pi+1_pi) l[)j ((SZ]) 3
i=0 ;=0
B b ;o _ (59)
where 5ij75ij(5,a,r,s,a)fr+fyZy(s,a,@)fZﬁj(s,a,H)
152 if |6;;] <1
d 1,(8;)=|p—T1{d; 0ij ith £ (6;;) = < 2%’ Wl =
and 1, (5) = lp =10 <N £(6,) win £0) = {37 T 00=

6 is the parameter of the target network (Lillicrap et al.,2015) given by the Polyak averaging of 6.
We refer interested readers to (Dabney et al., 2018a; Ma et al.,|2020) for further details.

The training procedures above returns Z f ,Vp € [0, 1]. With the learned Z 5 , our one-step methods
presented in |Table 1| and |Table 4| extract the value function by setting QO =E ,,[Z 5 | = Qﬁ as the
expectation of Z g, which is equivalent to the conventional action-value function QB . Specifically, we

use N = 32 fixed quantile fractions with p; = i/N, ¢ = 0... N. Given a state-action pair (s, a), we
calculate Qo (s,a) = Q°(s,a) as

A A 1 N ~ i i—
Qo(s,a) = Q(s,0) = D" 20 (s,a), iy = PP (60)
i=1

Since our methods still need to query out-of-buffer action values during rollout, we employed the
conventional double Q-learning (Fujimoto et al.| 2018 technique to prevent potential overestimation

without clipping. Specifically, we initialize )} and Q2 differently and train them to minimize (59).
With the learned ()} and Q3, we set the value of Qq(s, a) as

Qo(s,a) = min Qg(s,a) (61)
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Table 9: HP search for MG-EBCQ. We report the mean and std of 10 seeds, and each seed evaluates
for 100 episodes.

Dataset ‘ Nbcq =2 Nbcq =5 Nbcq =10 Nbcq =20 Nbcq =50 Nbcq =100
Cheetah-M-v2 47.2+0.3 51.5+0.2 53.3+0.3 54.4+0.3 55.3+0.4 55.8 £ 0.4
Hopper-M-v2 63.3 £2.3 82.5+19 88.3 £ 4.6 90.8 £ 6.9 921476 91.3£94
Walker2d-M-v2 786+ 1.4 85.2+2.1 81.0+6.3 73.4+11.0 67.6 +£14.8 62.7 £ 15.8

Cheetah-M-R-v2 38.8+0.6 43.0+0.3 44.2+0.3 44.7+0.5 44.8+0.8 44.6 £0.8
Hopper-M-R-v2 58.4+£6.9 83.6+10.3 828+149 823£159 T75+17.7 76.0+16.7
Walker2d-M-R-v2 | 55.1+3.4 73.1£5.2 75.6+£5.3 77.6+£5.4 78.0+£5.6 78.5+4.5

Cheetah-M-E-v2 75.2+3.2 84.5+4.6 82.7£5.2 77673 73.4+6.4 68.8£5.9
Hopper-M-E-v2 73.6+7.5 56.1 £6.2 44.9+4.6 37.3£3.6 29.8+2.9 25.3+3.3
Walker2d-M-E-v2 | 107.1+1.8 111.14+1.0 1114+15 111.4+£25 109.6+4.0 107.2£6.0
Total 597.2+£274 670.6£31.9 664.1£43.1 649.5+£53.5 628.0+60.2 610.24+62.9

Table 10: HP search for SG-EBCQ. We report the mean and std of 10 seeds, and each seed evaluates
for 100 episodes.

Dataset ‘ Nbcq =2 Nbcq =5 Nbcq =10 Nbcq =20 Nbcq =50 Nbcq =100
Cheetah-M-v2 47.14+0.2 51.5+0.1 53.3+0.2 54.4£0.3 55.3£0.3 55.8 £ 0.4
Hopper-M-v2 60.7+2.4 78.6 £4.0 86.8 £ 5.2 89.1+7.7 89.8+8.8 89.8 £9.8
Walker2d-M-v2 78.5+£28 86.9 £ 1.8 85.2+5.1 81.5+9.3 76.6 £11.8 72.4+13.8

Cheetah-M-R-v2 37.8+£0.7 42.3+£0.6 43.5£0.6 44.3£0.7 441+1.1 43.6 £0.9
Hopper-M-R-v2 58.7+5.8 85.2+9.0 88.5+122 89.1+11.7 83.9£15.0 82.1£16.1
Walker2d-M-R-v2 | 54.0+7.2 72.24+5.2 754+ 4.6 77748 77.5+5.8 74.9+6.2

Cheetah-M-E-v2 71.8+2.2 81.9+4.8 81.8+5.4 77.6+6.9 71.5+7.5 68.2+6.5
Hopper-M-E-v2 66.4 £4.8 49.8 £6.2 40.0£5.8 349+6.2 29.0£5.7 25.2+£4.8
Walker2d-M-E-v2 | 106.6+1.6 111.0+0.9 111.1+1.8 110.0£3.7 107.2+£78 106.0+9.0
Total 581.6 £27.7 659.4+£32.7 665.5+£41.0 658.7+51.3 634.7+63.9 618.11+67.5

for every (s, a) pair. Note that the double Q-learning technique is only used during policy evaluation.

As for deciding the number of gradient steps, we detail our procedures in Appendix [G.5] And the
number of gradient steps for each dataset can be found in

Our Zyi (Table 1). Recall that our CFPI operator Zyc (73, Qo; 7) requires to learn a Gaussian

Mixture behavior policy 7 and a value function ). We train 75 and () according to the procedures
listed in MG-BC and SARSA, respectively. By following the practice of (Brandfonbrener et al.,
20215 [Fu et al., |2020), we perform a grid search on log 7 € {0,0.5,1.0,1.5,2.0} using 3 seeds. We
note that we manually reduce Zy;g to MG-MS when log 7 = 0 by only considering the mean of each
non-trivial Gaussian component. Our results show that setting log 7 = 0.5 achieves the best overall
performance while Hopper-M-E requires an extremely small log 7 to perform well as is shown in
Appendix[G.2] Therefore, we decide to set log 7 = 0 for Hopper-M-E and log 7 = 0.5 for the other 8
datasets. We then obtain the results for the other 7 seeds with these HP settings and report the results
on the 10 seeds in total.

Ivc & Ty (Table 4). Different from the results in[Table 1| we use the same log 7 = 0.5 for
all datasets including Hopper-M-E to obtain the performance of Zyg in In this way, we aim
to understand the effectiveness of each component of our methods better. To fairly compare Zy;g and
ZsG, we tune the 7 for Zgg in a similar way by performing a grid search on log 7 € {0.5,1.0,1.5,2.0}
with 3 seeds and finally set log 7 = 0.5 for all datasets. We then obtain the results for the other 7
seeds and report the results with 10 seeds in total.

MG-EBCQ & SG-EBCQ. We tune the number of candidate actions Ny from the same range
{2, 5,10, 20,50, 100} as is in (Brandfonbrener et al.l |2021). For each N4, we obtain its average
performance for all tasks across 10 seeds and select the best performing Ny,q for each method. We
separately tune the Npeq for MG-EBCQ and SG-EBCQ. As a result, we set Nyq = 5 for MG-EBCQ
and Nyeq = 10 for SG-EBCQ. Moreover, we highlight that MG-EBCQ (SG-EBCQ) uses the
same behavior policy and value function as is in Zy;g (Zsg). We include the full hyper-parameter
search results in[Table 9] and [Table 10|
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Table 11: HP search for MG-Rev. KL Reg. We report the mean and std of 10 seeds, and each seed
evaluates for 100 episodes.

Dataset a =0.03 a=0.1 a=0.3 a=10 a=3.0 a=10.0
Cheetah-M-v2 58.3+ 1.1 58.1+1.2 55.6 = 0.5 50.6 + 0.3 47.0+0.2 44.5+0.2
Hopper-M-v2 14.4 +13.6 41.0 £ 31.0 89.4 +£22.2 99.7+ 1.1 76.3 +£6.9 58.5+4.0
Walker2d-M-v2 5.8+ 4.8 18.4+21.9 34.2+27.3 82.24+7.8 82.8+ 1.8 76.9 +£2.0
Cheetah-M-R-v2 46.7 £ 1.8 475+ 1.6 48.1 +£0.7 46.4 4+ 0.6 44.44+0.5 43.14+0.4

Hopper-M-R-v2 70.9 + 33.8 86.6 = 26.3 103.1 £ 0.8 101.4+1.1 99.4+2.1 T7.6+£17.2
Walker2d-M-R-v2 73.7+£28.8 65.4 + 33.8 64.0 £ 39.9 65.4+£358 69.7£309 57.7£228

Cheetah-M-E-v2 04+22 1.2+1.9 40+£19 25.0+6.3 65.0£10.1 86.2+ 7.1
Hopper-M-E-v2 26+1.7 16.2+7.9 22.5+10.7 574+£236 794+£326 86.8+£15.7
Walker2d-M-E-v2 10.4 £15.3 25.5+£38.1 93.5 £ 34.5 109.8+0.6  107.1£4.0 97.4£7.0
Total 283.2+£103.0 359.9+163.5 514.3+138.5 637.8+£77.2 671.2+£89.1 628.6+76.4

Table 12: HP search for SG-Rev. KL Reg. We report the mean and std of 10 seeds, and each seed
evaluates for 100 episodes.

Dataset | «=0.03 a=0.1 a=0.3 a=1.0 a=3.0 a=10.0
Cheetah-M-v2 58.6 1.3 57.9+0.8 55.2 4+ 0.5 50.7+ 0.5 47.1+0.2 44.5+ 0.3
Hopper-M-v2 18.7 £ 15.6 40.2 £24.7 83.2+19.6 98.8+ 2.0 70.3+ 7.0 57.2+4.6
Walker2d-M-v2 5.6 £3.5 26.2 +27.1 37.0 £27.6 83375 82.4+1.0 T7T1+£1.2

Cheetah-M-R-v2 46.1 £3.6 478 +1.3 47.8+0.8 46.0+0.5 44.3+0.4 42.5+0.6
Hopper-M-R-v2 77.4+19.1 60.8 £27.7 92.0£21.9 100.7+1.0 99.7+£1.0 70.3+£19.2
Walker2d-M-R-v2 | 59.5 £ 31.3 72.7+ 38.8 75.7+30.4 75.1+£253 63.6£285  59.7£21.5

Cheetah-M-E-v2 1.1+3.2 34+34 71+4.3 38.9+18.4 78.9+9.8 89.1£4.0
Hopper-M-E-v2 5.5£4.0 20.1 8.6 248+79 43.8+236 76.6+£183  67.7+30.6
Walker2d-M-E-v2 1.7+3.7 13.4+33.5 83.2+37.5 109.9+0.7 106.7 £ 4.1 96.8 £ 7.6
Total 274.0£85.3 342.6 £165.9 505.94150.5 647.2+79.5 669.7£70.3 604.9=£89.5

MG-Rev. KL Reg & SG-Rev. KL Reg. We tune the regularization strength « from the same
range {0.03,0.1,0.3,1.0,3.0,10.0} as is in (Brandfonbrener et al.,[2021). For each «, we obtain its
average performance for all tasks across 10 seeds and select the best performing « for each method.
We separately tune the o for MG-Rev. KL Reg & SG-Rev. KL Reg, although o = 3.0 achieves the
best overall performance in both methods. Moreover, we highlight that MG-Rev. KL Reg (SG-Reyv.
KL Reg) uses the same behavior policy and value function as is in Zyig (Zsg). We include the full

hyper-parameter search results in[Table 11|and [Table 12]
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F.2 HP and training details for methods in|Table 3

Hyperparameter Value
Shared HP Normalize states False
Optimizer Adam (Kingma & Ba, [2014)
Number of gradient steps 1M
Mini-batch size 256
Policy learning rate 3e-4
Policy hidden dim 256
Policy hidden layers 2
IQL HP Policy activation function ReLU
Critic architecture MLP
Critic learning rate 3e-4
Critic hidden dim 256
Critic hidden layers 2
Critic activation function =~ ReLU
Target update rate 5e-3
Target update period 1
quantile 0.9
temperature 10.0
Isa(maqL, Qi) log T selected from {0.1,0.2,2.0}

Table 13: Hyperparameters for methods inTable 3

[Table T3]includes the HP for experiments in Sec. [5.2] The of IQL. We use the same HP for the IQL
training as is reported in the IQL paper. We obtain the IQL policy mqr, and Qiqr by training for 1M
gradient steps using the PyTorch Implementation from RLkit (Berkeley), a widely used RL library.
We emphasize that we follow the authors’ exact training and evaluation protocol. We include the
training curves for all tasks from the AntMaze domain in Appendix [G.6

Note that IQL (Kostrikov et al., 2021) reported inconsistent offline experiment results on AntMaze in
its paper’s Table 1, Table 2, Table 5, and Table 6@ We suspect that these results are obtained from
different sets of random seeds. In Appendix [G.6] we present all these results in

To obtain the performance for ISG(mQL, QIQL), we follow the practice of (Brandfonbrener et al.,
2021} |Fu et al, 2020) and perform a grid search on log7 € {0.1,0.2,2.0} using 3 seeds for each
dataset. We then evaluate the best choice for each dataset by obtaining corresponding results on the
other 7 seeds. We finally report the results with 10 seeds in total.

3Link] to the IQL paper. IQL’s Table 5 & 6 are presented in the supplementary material.
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G Additional Experiments

G.1 Complete experiment results for MG-MS

provides the results of MG-MS on the 9 tasks from the MuJoCo Gym domain in compensa-
tion for the results in Sec.

Table 14: Results of MG-MS on the MuJoCo Gym domain. We report the mean and standard
deviation across 10 seeds, and each seed evaluates for 100 episodes.

Dataset | MG-MS (T3)
Cheetah-M-v2 43.6 £0.2
Hopper-M-v2 95.3 £6.3
Walker2d-M-v2 73.6 £2.2

Cheetah-M-R-v2 42.4+04
Hopper-M-R-v2 61.50£15.1
Walker2d-M-R-v2 | 65.0 +10.4

Cheetah-M-E-v2 91.3+2.1
Hopper-M-E-v2 104.2£5.1
Walker2d-M-E-v2 | 104.1 £6.7

Total | 641.1+48.5

35



G.2 Complete experiment results on the effect of the HP 7

Fig. [0 presents additional results in compensation for the results in Sec. [5.3] We note that Hopper-
Medium-Expert-v2 requires a much smaller log 7 than the other tasks to perform well.

halfcheetah-medium-v2 halfcheetah-medium-replay-v2 halfcheetah-medium-expert-v2
54.0
44.8
95
53.5 44.6
4.4 90
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logT logT logt
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0.5 1.0 15 2.0 0.5 1.0 15 2.0 le-d le-l Se-1
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Figure 6: Performance of Zyig with varying log 7. The other HP can be found in Each
variant averages returns over 10 seeds, and each seed contains 100 evaluation episodes. The shaded
area denotes bootstrapped 95% CI.
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G.3 Ablation study on the number Gaussian components

In this section, we explore whether increasing the number of Gaussian components will result in
a performance boost. We use the same settings as inexcept modeling 73 with 8 Gaussian
instead of 4. We hypothesize the performance gain should most likely happen on the three Medium-
Replay datasets, as these datasets are collected by diverse policies. However, shows that
simply increasing the number of Gaussian components from 4 to 8 hardly results in a performance
boost, as increasing the number of Gaussian components will induce extra optimization difficulties
during behavior cloning (Jin et al.,2016).

Table 15: Comparison between setting the number of Gaussian components to 4 and 8 for our Zyg
on the three Medium-Replay datasets. We report the mean and standard deviation across 10 seeds,
and each seed evaluates for 100 episodes.

Dataset | 4 components (Table 1) | 8 components
Cheetah-M-R-v2 445+04 44.3 £0.3
Hopper-M-R-v2 93.6 +7.9 90.6 = 11.6
Walker2d-M-R-v2 78.2+5.6 7944+ 4.5
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G.4 Modeling the value network with conventional MLP
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Figure 7: Performance of Zyg with varying ensemble sizes. Each variant averages returns over 8
seeds, and each seed contains 100 evaluation episode. Each ()-value network is modeled by a 3-layer
MLP. The shaded area denotes bootstrapped 95% CI.
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Figure 8: Performance of Zy;g with varying ensemble sizes on Walker2d-Medium-Replay-v2. Each
variant aggregates returns over 8 seeds, and each seed evaluates for 100 episodes. Each Q-value
network is modeled by a 3-layer MLP. With lower ensemble size, the performance exhibits large
variance across different episodes.

Our experiments in Sec. [5.1]rely on learning a Q value function with the IQN (Dabney et al| 2018a)
architecture. In this section, we examine the effectiveness of our CFPI operator Zy;g when working
with an ensemble of conventional MLP @-value networks with varying ensemble sizes M.

Each Q-value network Q&LP uses ReLLU activation and is parameterized with 6y, including 3 hidden
layers of width 256. We train each Q%CLP by minimizing the bellman error below

L(Hk) = E(s,a,r,s’,a’)wD r—+ ’YQMLP(S/, a/; H_k) — QMLP(S, a; Qk):| y
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where ) is the parameter of a target network given by the Polyak averaging of §. We set
QM (s, a;0r) = Qp* (s, a). We further note that|Equation 61|can be reformulated as

Qols,a) = muin Qh(s. ) = 1Q4(s. )+ Qi(s.)| -

|Qa(s,a) — Q5 (s, a)

N =

(63)
= fig(s,a) — 6q(s, a),

where fig and &¢ calculate the mean and standard deviation of () value (Ciosek et al.,[2019). In the

case with an ensemble of @, we obtain Q(s, a) by generalizing (63)) as below

M
A N 1 N . 2
Qols.a) = 3" — | 37 D (QP(s.a:00) — gT)
M = (64)

. 1 ~

where ugLP = Z QM (s, a;6}).
k=1

Other than the QQ-value network, we applied the same setting as Zy;g in [Table 4] Fig. [7] presents

the results with different ensemble sizes, showing that the performance generally increases with the

ensemble size. Such a phenomenon illustrates a limitation of our CFPI operator Zyg, as it heavily

relies on accurate gradient information V4 [Qo(s, a)]a—q 5

A large ensemble of () is more likely to provide accurate gradient information, thus leading to better
performance. In contrast, a small ensemble size provides noisy gradient information, resulting in
high variance across different rollout, as is shown in Fig. [§]
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G.5 How to decide the number of gradient steps for SARSA training?
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Figure 9: L,, on each dataset from the Gym-MuJoCo domain. We can observe that the model overfits
to the training set when training for too may gradient steps. Each figure averages the validation loss
over 2 folds with the same training seed. The shaded area denotes one standard deviation.

Deciding the number of gradient steps is a non-trivial problem in offline RL. While we use a fixed
number of gradient steps for behavior cloning, we design a rigorous procedure to decide the gradient
steps for SARSA training, inspired by the success of k-fold validation.

In our preliminary experiments, we first train a an using all data from each dataset for 2M gradient

steps. We model the an(s, a) as a 3-layer MLP and train following Appendix By training in

this way, we treat qu(s, a) as the ground truth Q7 (s, a) for all (s, a) sampled the dataset D. Next,
we randomly split the dataset with the ratio 95/5 to create the trainining set Dy, validation set Dyy).

We then train a new QB the SARSA training on Dy,;,. Therefore, we can define the validation loss as

Eval = ]E(s,a)NDval”Qfll(sv CL) - QB(S’ a)HQ (65)
Fig. O presents the Ly, on each dataset from the Gym-MuJoCo domain. We can clearly observe that
Q)P generally overfits the Dy, when training for too many gradient steps. We evaluate over two folds
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Table 16: Gradient steps for the SARSA training

Dataset | Gradient steps (K)
HalfCheetah-Medium-v2 200
Hopper-Medium-v2 400
Walker2d-Medium-v2 700
HalfCheetah-Medium-Replay-v2 1500
Hopper-Medium-Replay-v2 300
Walker2d-Medium-Replay-v2 1100
HalfCheetah-Medium-Expert-v2 400
Hopper-Medium-Expert-v2 400
Walker2d-Medium-Expert-v2 400

with one seed. Therefore, we can decide the gradient steps of each dataset for the SARSA training

according to the results in Fig. [0 as listed in[Table 16]
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G.6 Our reproduced IQL training curves

We use the PyTorch (Paszke et al.l 2019) Implementation of IQL from RLkit (Berkeley) to obtain its

policy miqr and value function Qiqr.. We do not use the official implementatio open-sourced by

the authors because our CFPI operators are also based on PyTorch. Fig. [T0] presents our reproduced

training curves of IQL on the 6 datasets from the AntMaze domain.

We note that the IQL paperﬂ does not report consistent results in their paper for the offline experiment
performance on the AntMaze, as is shown in[Table 17} We suspect that these results are obtained
from different sets of random seeds. Therefore, we can conclude that our reproduced results match
the results reported in the IQL paper. We believe our reproduction results of IQL are reasonable, even

if we do not use the official implementation open-sourced by the authors.
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Figure 10: IQL offline training results on AntMaze. Shaded area denotes one standard deviation.

Table 17: Offline experiment results on AntMaze reported in different tables from the IQL paper

Dataset | Table1& 6 | Table2 | Table 5
antmaze-u-v0 87.5+ 2.6 88.0 86.7
antmaze-u-d-v0 62.2 £13.8 67.0 75.0
antmaze-m-p-v0 | 71.2+7.3 69.0 72.0
antmaze-m-d-vO | 70.0 £10.9 71.8 68.3
antmaze-1-p-v0 39.6 £5.8 36.8 25.5
antmaze-1-d-v0 475+9.5 42.2 42.6
Total \ 378.0 £49.9 \ 374.8 \ 370.1

‘nttps://github.com/ikostrikov/implicit_g_learning

>Link to the IQL paper. IQL’s Table 5 & 6 are presented in the supplementary material,
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G.7 Improve the policy learned by CQL

In this section, we show that our CFPI operators can also improve the policy learned by CQL (Kumar
et al., 2020b) on the MuJoCo Gym Domain. We first obtain the CQL policy mcqr and Qcqr by

training for 1M gradient steps using the official CQL implementatiorﬂ We obtain an improved policy

Tsa(meqL, Qequ; T) that slightly outperforms meqr overall, as shown in|Table 18] For all 6 tasks, we
setlogT =0.1.

Table 18: Improving the policy learned by IQL with our CFPI operator Zsg

Dataset ‘ TCQL (IM) ‘ ISG (TI'CQL7 QCQL)
HalfCheetah-Medium-v2 45.5+0.3 471+1.5
Hopper-Medium-v2 65.4 £ 3.5 70.1+4.9
Walker2d-Medium-v2 81.4+£0.6 81.6+1.1
HalfCheetah-Medium-Replay-v2 | 44.6 £ 0.5 459+1.7
Hopper-Medium-Replay-v2 95.2 4+ 2.0 946+ 1.6
Walker2d-Medium-Replay-v2 80.1 +2.6 78.8 £ 3.2
Total | 4122494 | 418.2+13.9

Shttps://github.com/aviralkumar2907/CQL
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H Additional related work

There has been a history of leveraging the Taylor expansion to construct efficient RL algorithms.
Kakade & Langford (2002) proposed the conservative policy iteration that optimizes a mixture of
policies towards its policy objective’s lower bound, which is constructed by performing first-order
Taylor expansion on the mixture coefficient. Later, SOTA deep RL algorithms TRPO (Schulman
et al.| |2015) and PPO (Schulman et al., 2017) extend the results to work with trust region policy
constraints and learn a stochastic policy parameterized by a neural network. More recently, [Tang
et al.|(2020) developed a second-order Taylor expansion approach under similar online RL settings.

At a high level, both our works and previous methods propose to create a surrogate of the original
policy objective by leveraging the Taylor expansion approach. However, our motivation to use Taylor
expansion is fundamentally different from the previous works (Kakade & Langford, 2002} Schulman
et al.} 2015} 2017} [Tang et al.,|2020), which leverage the Taylor expansion to construct a lower bound
of the policy objective so that optimizing towards the lower bound translates into guaranteed policy
improvement. However, these methods do not result in a closed-form solution to the policy and still
require iterative policy updates.

On the other hand, our method leverages the Taylor expansion to construct a linear approximation
of the policy objective, enabling the derivation of a closed-form solution to the policy improvement
step and thus avoiding performing policy improvement via SGD. We highlight that our closed-form
policy update cannot be possible without directly optimizing the parameter of the policy distribution.
In particular, the parameter should belong to the action space. We note that this is a significant
conceptual difference between our method and previous works.

Specifically, PDL (Kakade & Langford, 2002)) parameterizes the mixture coefficient of a mixture
policy as 6. TRPO (Schulman et al.,2015) and PPO (Schulman et al.,[2017) set 6 as the parameter of
a neural network that outputs the parameters of a Gaussian distribution. In contrast, our methods learn
deterministic policy 7 (s) = Dirac(f(s)) and directly optimize the parameter 6(s). We aim to learn a
greedy 7 by solving 6(s) = arg max, Q(s, a). However, obtaining a greedy 7 in continuous control
is problematic (Silver et al.||2014)). Given the requirement of limited distribution shift in the offline
RL, we thus leverage the first-order Taylor expansion to relax the problem into a more tractable form

0(s) = argmax Q(s,a;ag), s.t. —logmg(als) <4, (66)

where @ is defined in By modeling 74 as a Single Gaussian or Gaussian Mixture, we
further transform the problem into a QCLP and thus derive the closed-form solution.

Finally, we note that both the trust region methods TRPO and PPO and our methods constrain the
divergence between the learned policy and behavior policy. However, the behavior policy always
remains unchanged in our offline RL settings. As TRPO and PPO are designed for the online RL
tasks, the updated policy will be used to collect new data and becomes the new behavior policy in
future training iteration.
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