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ABSTRACT

Policy optimization is a core problem in reinforcement learning. In this paper, we
investigate Reversed Entropy Policy Mirror Descent (REPMD), an on-line policy
optimization strategy that improves exploration behavior while assuring monotonic
progress in a principled objective. REPMD conducts a form of maximum entropy
exploration within a mirror descent framework, but uses an alternative policy update
with a reversed KL projection. This modified formulation bypasses undesirable
mode seeking behavior and avoids premature convergence to sub-optimal poli-
cies, while still supporting strong theoretical properties such as guaranteed policy
improvement. An experimental evaluation demonstrates that this approach signifi-
cantly improves practical exploration and surpasses the empirical performance of
state-of-the art policy optimization methods in a set of benchmark tasks.

1 INTRODUCTION

Model-free deep reinforcement learning (RL) has recently been shown to be remarkably effective
in solving challenging sequential decision making problems (Schulman et al.| [2015; Mnih et al.|
20155 [Silver et al., |2016). A central method of deep RL is policy optimization (aka policy gradient),
which is based on formulating the problem as the optimization of a stochastic objective (expected
return) with respect to the underlying policy parameters (Williams & Pengl |1991; Williams|, |1992;
Sutton et al., |1998)). Unlike standard optimization, stochastic optimization requires the objective
and gradient to be estimated from data, typically gathered from a process depending on current
parameters, simultaneously with parameter updates. Such an interaction between estimation and
updating complicates the optimization process, and often necessitates the introduction of variance
reduction methods, leading to algorithms with subtle hyperparameter sensitivity. Joint estimation and
updating can also create poor local optima whenever sampling neglect of some region can lead to
further entrenchment of a current solution. For example, a non-exploring policy might fail to sample
from high reward trajectories, preventing any further improvement since no useful signal is observed.
In practice, it is well known that successful application of deep RL techniques requires a combination
of extensive hyperparameter tuning, and a large, if not impractical, number of sampled trajectories. It
remains a major challenge to develop methods that can reliably perform policy improvement while
maintaining sufficient exploration and avoiding poor local optima, yet do so quickly.

Several ideas for improving policy optimization have been proposed in the literature, generally
focusing on the goals of improving stability and data efficiency (Peters et al.,2010;|Van Hoof et al.|
2015} [Fox et al.| 2015} |Schulman et al.; 2015} Montgomery & Levine, [2016; [Nachum et al., [2017bzc;
Tangkaratt et al., 2017;|Abdolmaleki et al., 2018; [Haarnoja et al., 2018)). Unfortunately, a notable gap
remains between empirically successful methods and their underlying theoretical support. Current
analyses typically assume a simplified setting that either ignores the policy parametrization or only
considers linear models. These assumptions are hard to justify when current practice relies on
complex function approximators, such as deep neural networks, that are highly nonlinear in their
underlying parameters. This gulf between theory and practice is a barrier to wider adoption of
model-free policy gradient methods.

In this paper, we focus on a setting where the policy can be a non-convex function of its parameters.
We begin by considering the entropy-regularized expected reward objective, which has recently
re-emerged as a foundation for state-of-the-art RL. methods (Williams & Pengl |1991; [Fox et al., 2015
Schulman et al., [2017a; Nachum et al., 2017b; Haarnoja et al., 2017). Our first contribution is to
reformulate the maximization of this objective as a lift-and-project procedure, following the lines of
Mirror Descent (Nemirovskii et al. [1983; Beck & Teboulle, 2003). Such a reformulation achieves
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two things. First, it makes it easier to analyze policy optimization in the parameter space: using this
reformulation we can establish a monotonic improvement guarantee with a fairly simple proof, even
in a non-convex setting. We also provide a study of the fixed point properties of this setup. Second,
the proposed reformulation has practical algorithmic consequences, suggesting, for example, that
multiple gradient descent updates should be performed in the projection step. These considerations
lead to our first practical algorithm, Policy Mirror Descent (PMD), which first lifts the policy to the
entire policy-simplex, ignoring the constraint induced by its parametrization, then approximately
solves the projection step by multiple gradient descent updates to the policy in the parameter space.

We then investigate additional modifications to mitigate the potential deficiencies of PMD. The main
algorithm we propose, Reversed Entropy PMD (REPMD), incorporates both an entropy and relative
entropy regularizer, and uses the mean seeking direction of KL divergence for projection. The benefit
of this approach is twofold. First, using just the mean seeking direction of KL divergence for the
projection step helps avoids poor local optima; second, this specific problem can now be efficiently
solved to global optimality in certain non-trivial non-convex scenarios, such as one-layer-softmax
networks. Similar guarantees can be proved for REPMD, which additionally incorporates entropy
regularization, with respect to a surrogate objective SR(7). We further study the properties of
SR(r) and provide theoretical and empirical evidence that SR can effectively guide the search for
good policies. Finally, we also show how this algorithm can be extended with a value function
approximator, and develop an actor-critic version that is effective in practice.

1.1 NOTATION AND PROBLEM SETTING

For simplicity, we only consider finite horizon settings with finite state and action spaces. The
behavior of an agent is modelled by a policy 7(a|s) that specifies a probability distribution over a
finite set of actions given an observed state. At each time step ¢, the agent takes an action a; by
sampling from 7(a¢|s;:). The environment then returns a reward r = (8¢, a;) and the next state
st+1 = f(s¢,ar), where f is the transition function not revealed to the agent. Given a trajectory, a
sequence of states and actions p = (s1,a1,...,ar—1, St), the policy probability and the total reward
of p are defined as 7(p) = HtT;ll m(at|sy) and r(p) = ZtT;ll r(s¢, ar). Given a set of parametrized
policy functions 7y € II, policy optimization aims to find the optimal policy 7 by maximizing the
expected reward,

7y € argmax E r(p), 1)
TgEll  P™TO

We use A £ {r| >_,m(p) =1,m(p) = 0,Vp} to refer to the probability simplex over all possible
trajectories. Without loss of generality, we also assume that the state transition function is determinis-
tic, and the discount factor v = 1. This same simplification is also assumed inNachum et al.|(2017a)).
Results for the case of a stochastic state transition function are presented in Appendix [D]

2 PoOLICY MIRROR DESCENT

We begin with the development of the basic Policy Mirror Descent (PMD) strategy, which will form
the basis for our subsequent algorithms and their analyses. As mentioned in the introduction, our
analysis of this and subsequent methods focuses on the non-convex setting.

Consider the following local optimization problem: given a reference policy w (usually the current
policy), maximize the proximal regularized expected reward, using relative entropy as the regularizer:

mp = argmax E r(p) — 7Dky(mo||T). (2)
TeEll  PTO

Relative entropy regularization has been widely investigated in online learning and constrained
optimization (Nemirovskii et al.l [1983; Beck & Teboulle, |2003)), primarily as a component of the
mirror descent algorithm. Observe that when 7 is the uniform distribution, Eq. (2) reduces to entropy
regularized expected reward. It is important to note that, since we are interested in the non-convex
setting and only assume that 7 is parametrized as a smooth function of # € R9, IT is generally a
non-convex subset of the simplex. Therefore, Eq. (2) is a difficult constrained optimization problem.
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A useful way to decompose this constrained optimization is to consider an alternating lift-and-project
procedure that isolates the different computational challenges.

(Project Step)  arg min Dxy, (7|7,
. 3)
(Lift Step) where 7* = argmax E r(p) — 7Dky(7||7).
TEA PTT

Crucially, the reformulation Eq. (3) remains equivalent to the original problem Eq. (2), in that it
preserves the same set of solutions, as established in Proposition

Proposition 1. Given a reference policy T,

argmax E 7(p) — 7Dk (mg||T) = arg min Dk, (mg||77).
€Il  P™TO o €Il

Note that this result holds even for the non-convex setting. The reformulation Eq. (3)) immediately
leads to our PMD algorithm: Lift the currenolicy mp, to 7y, then perform multiple steps of gradient

descent in the Project Step to update 7, , ,

When II is a convex set, one can show that PMD asymptotically converges to the optimal policy
(Nemirovskii et al., 1983} |Beck & Teboulle, 2003). The next proposition shows that despite the
non-convexity of II, PMD still enjoys desirable properties.

Proposition 2. Let my, denote the policy produced at step t of the update sequence. Then PMD
satisfies the following properties for an arbitrary parametrization of .

1. (Monotonic Improvement Guarantee) If the Project Step mir%I Dxy,(m||7E) can be
T E

solved globally optimally, then

IEerng 7(p) = Epmy, 7(p) > 0.

2. (Global Optimum Guarantee) If the Project Step mirrlI D1 (mo||7E) can be solved glob-
T E

ally optimally, then Ty, converges to the global optimum 7*, i.e.

Jim Epn,, 7(p) = Epre 7(0) > Eperr(p), Vr €11

3. (Fixed Points) Assume that the Project Step is optimized by gradient descent, then the fixed
points of PMD are the stationary points of the expected reward E .., 7(p).

Despite these desirable properties, Proposition [2]relies on the condition that the Project Step in PMD
is solved to global optimality. It is usually not practical to achieve such a stringent requirement when
g is not convex in 6, limiting the applicability of Proposition 2}

Another shortcoming with this naive strategy is that PMD typically gets trapped in poor local optima.
Indeed, while the relative entropy regularizer help prevent a large policy update, it also tends to limit
exploration. Moreover, minimizing the KL divergence D1, (g ||7%) is known to be mode seeking
(Murphy! [2012)), which can lead to mode collapse during the learning process. Once a policy 7} has
lost important modes, learning can easily become trapped at a sub-optimal policy. Unfortunately, at
such points, the relative entropy regularizer does not encourage further exploration.

3 REVERSED ENTROPY POLICY MIRROR DESCENT

We now introduce two modifications to PMD that overcome its aforementioned deficiencies. These
two modifications lead to our main proposed algorithm, Reversed Entropy Policy Mirror Descent
(REPMD), which retains desirable theoretical properties while achieving vastly superior performance
to PMD in practice. (We consider some additional refinements to REPMD in the next section.)

! To estimate this gradient one would need to use self-normalized importance sampling |Owen|(2013). We
omit the details here since PMD is not our main algorithm; similar techniques can be found in the implementation
of REPMD.
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The first modification is to add an additional entropy regularizer to the Lift Step, to improve the
exploration behavior of the algorithm. The second modification is to use a reversed, mean seeking
direction of the KL divergence in the Project Step. In particular, the REPMD algorithm solves the
following alternating optimization problems to update the policy 7, , , at each iteration:

(Project Step)  arg min Dk, (7} _/||7e),
T €Il ’ (4)
(Lift Step) where 7, = argmax E r(p) — 7Dy (n||mg,) + 7' H (7).
’ TEA PYT )

The idea of optimizing the reverse direction of KL divergence has proved to be effective in previous
work, such as reward augmented maximum likelihood (Norouzi et al.;2016) and UREX (Nachum

et al.,|2017a). Its mean seeking behavior further encourages exploration by the algorithm. As we will
see in Section [5] REPMD outperforms PMD significantly in experimental evaluations.

Theorem|[I|shows that REPMD still enjoys similar desirable properties to PMD in the non-convex
setting, but with respect to a surrogate reward SR(my), which we analyze further below.

Theorem 1. Let my, denote the policy produced at step t of the update sequence. REPMD satisfies
the following properties for an arbitrary parametrization of T.

1. (Monotonic Improvement Guarantee) If the Project Step Dx1.(7; . ||mg) can be solved
globally optimally, then
SR(T‘-QHA) — SR(mg,) > 0,

where

SR(’]TQ) A (’T+T/) IOgZexp{T(p) +T10g7T6(P)}. (5)

T4+ 7
P

2. (Global Optimum Guarantee) If the Project Step can be solved globally optimally, then
g, converges to the global optimum t*, i.e.

tli)m SR(mg,) = SR(7*) > SR(w), Vmwell

3. (Fixed points) Assume that the Project Step is optimized by gradient descent, then the fixed
points of REPMD are the stationary points of the expected reward SR(my).

A key question is the feasibility of solving the Project Step to global optimality. It is obvious that
when m(0) = 6 € A the Project Step is a convex optimization problem, hence can be solved optimally.
Furthermore, as shown in Proposition |3} for a one-layer-softmax neural network 7, the Project Step
Dy (7% /||mg) can also still be solved to global optimality, affording a significant computational
advantage over PMD.

Proposition 3. Assume my(s) = softmax(¢. 0). Given a reference policy 7, the Projection Step
mingepa DL (7||7g) is a convex optimization problem in 6.

3.1 LEARNING ALGORITHMS

We now provide some of the learning algorithms for REPMD. Despite its non-convexity, the Lift
Step has an analytic solution,

7(p) exp { T(P)*:;_lf/g 7(p) }

- : (6)
_ r(p’)—1"log w(p’
>, 7 (p') exp {w}

The Project Step in Eq. (EP ming,en DKL(TT:_’T, ||7e), can be optimized via stochastic gradient
descent, given that one can sample trajectories from 77 _, to estimate its gradient. To see this, note
that argmin, ey Dxr(75 /[|m9) = argming, ey Epre , —logmg(p). The next lemma shows
that sampling from 77 _, can be done using self—normalized’importance sampling (Owen, [2013)) when
it is possible to draw multiply samples, following the idea of UREX (Nachum et al.[[201/a).
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Algorithm 1 The REPMD algorithm

Input: temperature parameters 7 and 7/, number of samples for computing gradient K
1: Random initialized 7y
2: For t=1,2,... do
3: Set ™ = 7y
Repeat
Sample a mini-batch of K trajectories from 7
Compute the gradient according to Eq.
Update my by gradient descent
Until converged or reach maximum of training steps

AN A S

Lemma 1. Let w;, = W. Given K i.i.d. samples {p1,...,px} from the reference

policy 7, we have the following unbiased gradient estimator,

K
ex w
VoDie (7 llmo) = — 3 2P g1 (), @

K
k=1 Ej:l exp {w;

Derivation for the analytic solution of the Lift Step and above Lemma as well as other implementation
details can be found in Appendix [B]

3.2 BEHAVIOR OF SR(m)

Theoremonly establishes desirable properties for REPMD with respect to SR (), but not necessarily
r(p). In this section we present theoretical and empirical evidence that SR(7y) is in fact a reasonable
surrogate that can provide good guidance for learning, even when targeting desirable behavior with
respect to 7(p). In fact, by properly adjusting the two temperature parameters 7 and 7" in REPMD,
the resulting surrogate objective SR(7p) recovers existing performance measures.

Proposition 4. SR(my) satisfies the following properties:
(i) SR(mg) — max,r(p), asT — 0,7 — 0.

(ii) SR(mg) — Epr, 7(p), as T — 00,7’ — 0.

Remark 1. Note that SR(y) also resembles the “softmax value function” that has become popular
in value based RL (Nachum et al., 2017b}; |Haarnoja et al.} 2018} |Ding & Soricut, 2017)). The standard
softmax value can be recovered by SR(my) as a special case when T = 0 or 7/ = 0.

According to Proposition[d] one should gradually decrease 7 to reduce the level of exploration as
sufficient reward landscape information is collected during the learning process. Different choices can
be made for 7, depending on the policy constraint set II. Given 7/ — 0 and a sufficiently explored
reward landscape, the resulting unconstrained policy must satisfy 7 _, — 7* as 7 — 0, where 7* is
the globally optimal deterministic policy. Therefore, in the Project Step, 7y is obtained by directly
projecting 7w* into II. When the policy constraint IT has nice properties that support good behavior
of KL projection, such as convexity, 7y will achieve good performance. However, in practice, 1I is
typically non-convex, and setting 7 — 0 might not work very well, since directly projecting 7 into
II will not always lead to a my with large expected reward.

On the other hand, as 7 — oo, the stationary point of SR(7y) will approach the stationary point
of >, mo(p)r(p). Fig.[l|shows the a simulation investigating the behavior of SR(g) for different
7. Note that there is a poor local maximum for § < 0, where naive gradient method will converge
to if initialization is about # < —10. When 7 = 0.05, the reward landscape of SR(my) guides 6 to
converge to the neighbourhood of 0, thus helping avoid the poor local maximum. Later in training,
when 7 increases to 5, SR(my) recovers the true expected reward landscape, ensuring that 6 will
converge to a good local (if not the global) maximum. While it is hard for a simulation study to be
comprehensive, these results demonstrate how SR(7y) can offer reasonable guidance for maximizing
the true expected reward. Further investigation on the behavior of SR(7p) is left for future work.
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Figure 1: Simulation results for the true reward landscape and SR(7y) with different values of
7 in a bandit setting with 10,000 actions. Each action is represented by a feature w € R. Let
Q= (w1, ...,wi0,000) be the feature vector. The policy is parameterized by a weight scalar § € R.
The policy is defined by softmax(Q2 ). True Reward landscape shows the expected reward as a
function of . The rest figures show SR(7y) as a function of 6 with different value of .

4 AN ACTOR-CRITIC EXTENSION

Finally, we develop a natural extension of REPMD to an actor-critic formulation by incorporating a
value function approximator. We refer to this final algorithm as Policy Mirror Actor-Critic (PMAC).

It is well known that data efficiency of policy-based methods can be generally improved by adding a
value-based critic. For a reference policy 7 and an initial state s, recall that the objective in the Lift
Step of REPMD is

OREPMD(’]T; S) = E 7"(/)) — TDKL(’IT”’/'_T) -+ T/H(’IT),

prm

where p = (s; = s, a1, S2, as, . ..). To incorporate value function approximation, we need to derive
the temporal consistency structure for this objective, which can be done as follows. First, write

Orepmp(7, ) = Eqr(s) [1(s,a) + Orepmp (7, 8") + 7log @(als) — (17 + 7') log w(als)] .

Let 77 . (+[s) = argmax, Orepmp (7, s) denote the optimal policy on state s. Further denote the
soft optimal state-value function Orgpmp (77 . (-]s), 5) by V7, (s), and let Q% (s, a) = r(s,a) +
YV /(") be the soft-Q function. It can then be verified that

Q. (s,a) + 7log 7(als) } .

Vi(s) = (14 7")log Z exp {

T+ 7!

(®)

T+ 7!

- Qr _/(s,a) + Tlog(als) — V*_,(s)
7y (als) = exp : : .

We propose to train a soft state-value function V,, parameterized by ¢, a soft Q-function ), param-
eterized by ¢, and a policy 7y parameterized by 6, based on Eq. {@). The update rules for these
parameters can be derived as follows.

The soft state-value function approximates the soft optimal state-value VT’fT,. Note that we can
re-express V*_, by

V* ’ = ! 1 Ea,\/ﬁ—
2 2i(5) =(7 + ') log —

{ Q; - (s,a) — 'log 7(als) H
exp .

This suggests a Monte-Carlo estimate for V.*_, (s): by sampling one single action a according to the
reference policy 7, we have V*_,(s) ~ Q% _,(s,a) — 7' log 7(a|s). Then, given a replay buffer D,
the soft state-value function can be trained to minimize the mean squared error,

L(6) = Euv |5 (Vols) ~ [Qu(sv0) — 0w (el o
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Figure 2: Results of MENT (red), UREX (green), and REPMD (blue) on synthetic bandit problem
and algorithmic tasks. Plots show average reward with standard error during training. Synthetic
bandit results averaged over 5 runs. Algorithmic task results averaged over 25 random training runs
(5 runs x 5 random seeds for neural network initialization). X-axis is number of sampled trajectories.

One might note that, in principle, there is no need to include a separate state-value approximation,
since it can be directly computed from a soft-Q function and reference policy, using Eq. (8). However,
including a separate function approximator for the state-value can help stabilize the training (Haarnoja
et al., [2018)). The soft Q-function parameters v is then trained to minimize the soft Bellman error
using the state-value network,

1 2
L) = Blamimn |5 (Qolo:0) = r(s.0) + 1Vo()])° (10)
The policy parameters are updated by performing the Project Step in Eq. () with stochastic gradient

descent,
L(G) = ESND |:DKL (G‘Xp{ 7T9(|S)):| (11)

where we approximate 7 _, by the soft-Q and state-value function approximations.

Qu(s, ) + Tlog T(-[s) — Vo(s) }

T+7!

Finally, we also use a target state-value network (Lillicrap et al.,|2015) and the trick of maintaining
two soft-Q functions (Haarnoja et al., 2018} [Fujimoto et al., 2018). Implementation details for PMAC
are given in Appendix [C|

5 EXPERIMENTS

We evaluate the main proposed methods, REPMD and PMAC, on a number of benchmark tasks
against strong baseline methods. Additional implementation details are provided in Appendix

5.1 SETTINGS

We first investigate the performance of REPMD on a synthetic bandit problem and the algorithmic
task suite from the OpenAl gym (Brockman et al.,|2016). The synthetic multi-armed bandit problem
has 10,000 distinct actions, where the reward of each action 7 is initialized by r; = s? such that s;
is randomly sampled from a uniform [0, 1) distribution. Each action 4 is represented by a randomly
sampled feature vector w; € R?° from standard normal distribution. Note that these features are fixed
during training. We further test our method on five algorithmic tasks from the OpenAl gym library,
in rough order of difficulty: Copy, DuplicatedInput, RepeatCopy, Reverse, and ReversedAddition
(Brockman et al., 2016). Second, we test the second PMAC approach on continuous-control bench-
marks from OpenAl Gym, utilizing the Mujoco environment (Brockman et al., 2016} |Todorov et al.,
2012)); including Hopper, Walker2d, HalfCheetah, Ant and Humanoid. The details of the algorithmic
and Mujoco tasks are provided in Appendix
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Hopper-v2 Walker2d-v2 HalfCheetah-v2

Figure 3: Learning curves of DDPG (red), TD3 (yellow), SAC (green) and PMAC (blue) on Mujoco
tasks (with SAC+R (gray) added on Humanoid). Plots show mean reward with standard error during
training, averaged over five different instances with different random seeds. X-axis is millions of
environment steps.

Note that only cumulative rewards are available in both the synthetic bandit and algorithmic tasks.
Therefore, value-based RL algorithms can not be applied in this setting. This restriction compels us to
compare REPMD against REINFORCE with entropy regularization (MENT) (Williams),[1992), and
under-appreciated reward exploration (UREX) (Nachum et al.||2017a)). To the best of our knowledge,
these are the state-of-the-art policy-based algorithms for these algorithmic tasks. For the continuous
control tasks, we compare the second PMAC approach to deep deterministic policy gradient (DDPG)
(Lillicrap et al., [2015)), an efficient off-policy deep RL methods; twin delayed deep deterministic
policy gradient algorithm (TD3) (Fujimoto et al.,|2018), a recent extension to DDPG by applying
the double Q-learning trick to address over-estimation problem when function approximations are
adopted; and Soft-Actor-Critic (SAC) (Haarnoja et al.l [2018]), a recent state-of-the-art off-policy
algorithm on a number of benchmarks. All of these algorithms are implemented in rlkitE] We do not
include TRPO and PPO in these experiments, as their performance is dominated by SAC and TD3, as
shown in (Haarnoja et al., 2018}; [Fujimoto et al., 2018).

5.2 COMPARATIVE EVALUATION

The results on synthetic bandit problem and algorithmic tasks are reported in Fig. 2] It is clear
that REPMD substantially outperforms the baseline methods on these tasks. REPMD appears able
to consistently achieve a higher score and learn substantially faster than UREX. We also find the
performance of UREX is unstable. On the difficult tasks, including RepeatCopy, Reverse and
ReversedAddition, UREX only finds solutions a few times out of 5 runs for each random seed, which
brings the overall scores down. This observation explains the gap between the results we find here and
those reported in Nachum et al. (2017a) Note that the performance of REPMD is sill significantly
better than UREX even compared to the results reported in Nachum et al.| (2017a)).

Fig.|3| presents the results on the continuous-control benchmarks, reporting the total mean returns on
evaluation rollouts obtained by the algorithms during training. These results are averaged over five
different instances with different random seeds. The solid curves corresponds to the mean and the
shaded region to the standard errors over the five trials. To ensure a fair comparison with PMAC, we
implemented the double-Q but not the reparameterization trick for SAC (see equation (11)-(13) in
(Haarnoja et al., 2018))). This difference explains the discrepancy between the results we see here
and those reported in (Haarnoja et al.,[2018). We observe that without the reparameterization trick
SAC cannot make any progress in the hardest problem Humanoid. Therefore, to gain further clarity,

2 https://github.com/vitchyr/rlkit
3 The results reported in (Nachum et al.| 2017a)) are averaged over 5 runs of random restarting, while our
results are averaged over 25 random training runs (5 runs X 5 random seed for neural network initialization).
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Figure 4: Ablation Study of REPMD and PMAC on ReversedAddition and Ant.

we also report the result of SAC with the reparameterization trick, denoted SAC+R, on Humanoid
using the author’s GitHub implementation. The results show that PMAC matches or, in many cases,
surpasses all other baseline algorithms in both final performance and sample efficiency across tasks,
except compared to SAC+R in Humanoid. In Humanoid, although SAC+R outperforms PMAC, its
final performance is still comparable with SAC+R. Note that the reparameterization trick that benefits
SAC could also be applied in PMAC; we have yet to add this modification and will add this to PMAC
in future work.

5.3 ABLATION STUDY

The comparative evaluations provided in the previous sections suggest that our proposed algorithms
outperform conventional RL methods on a number of challenging benchmarks. In this section,
we further investigate how each novel component of Eq. improves learning performance, by
performing an ablation study on ReversedAddition and Ant.

Importance of entropy regularizer. The main difference between the objective in Eq. (@) and the
PMD objective Eq. (3) is the entropy regularizer. We demonstrate the importance of this choice by
presenting the results of REPMD and PMAC without the extra entropy regularizer, i.e. 7/ = 0.

Importance of KL divergence projection. Another important difference between Eq. (4) with other
RL methods is to use a Project Step to optimize the policy, rather than direct SGD of the objective
function. To show the importance of the Project Step, we test REPMD and PMAC without projection,
which only performs one step of gradient update at each iteration of training.

Importance of direction of KL divergence. We choose PMD Eq. (3) as another baseline to prove
the effectiveness of using the mean seeking direction of KL divergence in the project step. Similar to
REPMD, we add a separate temperature parameter 7/ > 0 to the original objective function in Eq.
to encourage policy exploration, which gives arg max, ey Ejwr, 7(p) — TKL(7g||7) 4 7' H ().
We name this algorithm PMD+entropy. The corresponding algorithms in the actor-critic setting,
named PMD-AC and PMD-AC+entropy, are also implemented for comparison.

The results are presented in Fig. [d which clearly indicate all of the three major components of Eq. (4)
are helpful for achieving better performance.

6 RELATED WORK

The lift-and-project approach is distinct from the previous literature on policy search, with the
exception of a few recent works: Mirror Descent Guided Policy Search (MDGPS) (Montgomery &
Levine, [2016), Guide Actor-Critic (GAC) (Tangkaratt et al.,[2017), Maxmimum aposteriori (MPO)
(Abdolmaleki et al.,2018), and Soft Actor-Critic (SAC) (Haarnoja et al.| 2018)). These approaches
also adopt a mirror descent framework, but differ from the proposed approach in key aspects. MDGPS
(Montgomery & Levine, 2016)) follows a different learning principle, using the Lift Step to learn
multiple local policies (rather than a single policy) then aligning these with a global policy in the
Project Step. MDGPS also does not include the entropy term in the Lift objective, which we have
found to be essential for exploration. MPO (Abdolmaleki et al., [2018) also neglects to add the
additional entropy term; Section[5.3]|shows that entropy regularization with an appropriate annealing
of 7/ significantly improves learning efficiency. Both GAC and SAC use the mode seeking direction
of KL divergence in the Project Step, in opposition to the mean seeking direction we consider here
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(Tangkaratt et al.,[2017; Haarnoja et al2018)). Additionally, SAC only uses entropy regularization
in the Lift Step, neglecting the proximal relative entropy. The benefits of regularizing with relative
entropy has been discussed in TRPO (Schulman et al., 2015) and MPO (Abdolmaleki et al.,|2018)),
where it is noted that proximal regularization significantly improves learning stability. GAC seeks to
match the mean of Gaussian policies under second order approximation in the Project Step, instead
of directly minimizing the KL divergence with gradient descent. Although one might also attempt to
interpret “one-step”” methods in terms of lift-and-project, these approaches would obliviously still
differ from REPMD, given that we use different directions of the KL divergence for the Lift and
Project steps respectively.

Regarding the optimization objective, several existing methods have considered related approaches,
either by considering (relative) entropy regularization during policy search, or directly using KL
divergence as the target objective. As noted in Section 2] REPMD resembles policy gradient methods
that maximize expected reward with an additional entropy regularizer (Williams & Peng|, |1991} [Fox
et al.,[2015; Nachum et al.,[2017b). Using KL divergence (or Bregman divergences more generally)
as regularizers has also been explored in|Liu et al.| (2015); Thomas et al.|(2013)); Mahadevan & Liu
(2012)). However, these approaches differ from the proposed method in important ways. In particular,
they apply regularization to the parameters of the linear approximated value functions, whereas here
KL regularization is applied directly to the policy space. The literature on relative entropy policy
search also uses a similar KL divergence regularization scheme (Peters et al.,2010; [Van Hoof et al.,
2015)), but on joint state-action distributions. Instead of KL divergence, Reward-Weighted Regression
(RWR) uses a log of the correlation between 7 and 7y, which is then approximated similar to a cross
entropy loss (Peters & Schaall [2007; [Wierstra et al., [ 2008).

TRPO and PPO also have a similar formulation to Eq. (2)), using a constrained version with a mean
seeking KL divergence [Schulman et al.| (2015} |2017b). Our proposed method includes additional
modifications that, as shown in Section 3] significantly improve performance. UREX also uses mean
seeking KL for regularization, which encourages exploration but also complicates the optimization;
as shown in Section[5] UREX is significantly less efficient than the method proposed here.

Trust PCL adopts the same objective defined in Eq. (), including both entropy and relative entropy
regularization (Nachum et al.,[2017c)). However, the policy update strategy is substantially different:
while REPMD uses KL projection, Trust PCL minimizes a path inconsistency error (inherited from
PCL) between the value and policy along observed trajectories (Nachum et al.,[2017b). Although
policy optimization by minimizing path inconsistency error can efficiently utilize off-policy data, this
approach loses the desirable monotonic improvement guarantee.

In terms of existing theoretical analyses, similar monotonic improvement guarantee exists for TRPO,
but only for an impractical formulation Here, by contrast, we use the lift-and-project reformulation to
establish a monotonic improvement guarantee in a simple and direct way. MPO provides a guarantee
on the regularized reward of a non-parametric policy, but this depends on the assumption that a
non-convex optimization problem can be solved globally. SAC obtains a similar result with respect
to the optimal achievable Q-values, again relying on an assumption that a non-convex optimization
problem can be solved globally. We have shown that similar results hold in the case of PMD/REPMD,
but here we have also established something stronger: when the projection step cannot be efficiently
solved to global optimality, we have shown that PMD/REPMD still preserve stationary points in their
respective, principled objectives. MPO and SAC have no such guarantee, as far as we are aware.

7 CONCLUSION AND FUTURE WORK

We have proposed reversed entropy policy mirror descent (REPMD) as an effective new approach
for policy based reinforcement learning that also guarantees monotonic improvement in a well
motivated objective. We show that the resulting method achieves better exploration than both a
directed exploration strategy (UREX) and undirected maximum entropy exploration (MENT). It will
be interesting to further extend the follow-on PMAC actor-critic framework with further development
of the value function learning approach.

max

* For the monotonic improvement guarantee, TRPO must use D22 rather than the stanard KL divergence.

10
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A PROOFS

A.1 PROOF OF PROPOSITION[I]

Proof. Note that —7 D, (mol|3) = —7 X2, ma(p) log mo(p) + 7 X2, wa(p) (10g 7(p) + r(p)/7) —
Zz = Epn, 7(p) — TDx1(mg||7) — Z=. Note the fact that Z» £ 7log >, m(p)exp{r(p)/T}is
indenpendent of 7y given the reference policy 7. O

A.2 PROOF OF PROPOSITION[2]

Proof. (Monotonic Improvement Guarantee) By the definition of my,, ,, note that
Dy (7o, Hﬁi) = ming,en Dk (mo||72) < Dxi(me, ||72). By expanding the KL divergence
and rearranging terms, we have 7Dxr, (7o, ., [|To,) — 2=, To,., (p)r(p) < —>_, o, (p)r(p), which

giVCS EPNTFStJrl 7“(/)) - IEprvmat ’I"(p) > TDKL(ﬂ-GtJA ||7T0t) > 0.

(Global Optimum Guarantee) By the Monotonic Improvement Guarantee proved above, the
sequence E,r, r(p) is monotonically increased. Let 7* be the converged fixed policy, we
show 7* is the optimal policy. According to the algorithm, at convergence it must be that
Vr € II,m # 7%, Dgn(7*||7%) < Dkp(w||7¥). Using the same argument above we have
Vo e I, # 7%, Epur- 7(p) > Epur 7(p). Hence * is optimal in II.

(Fixed Points) The stationary point of E,., r(p) is the 7y which satisfies,

dm(p) _
> (o) =g =0

P

— ) [10g7w(P) —logmy(p) — T(Tp)] :

p

dmo(p)
do

= 3 lom(p) — log {mo(p) exp r(p)/ )] - T8 — g

p

=0 (r>0) (12)

On the other hand, the fixed point of PMD indicates at some iteration ¢,

Ty, = 7T9t+17

ift Ste; roject Ste] (13)
where 7p, Lift Step T Project Step mo,., in Eq. (3),
which means 7, is the solution of the Project Step,
dDx1(me||77) -0
do 9—0,
. dmy(p)
= D _llogmo(p) —log 7} (p) +1] - — =0
P 6=0,
7o, (p) exp {r(p)/7} dmo(p) (14)
= log mg(p) — log +1| - — =0
2 |lormle) ~1o8 S e T &
r 0=0,
(by Lift Step in Eq. (13))
dm
= 3 llogmalp) —log {m, (D) exp {r(p)/7}} +d- T g
P 0=0,

where we denote ¢ = 1+ log >, (p) exp {r(p’)/7}. Note that for ¢ independent of p, we have,
o’

d1
© e

0=0,

= 0.
0=0,

7 T e
0=0;

5 o) 45, 7olp)

13
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Therefore, Eq. (I4) is equivalent with,

= 3 logmolp) — log fma, (o) exp {rio)/1)]- 0~ )

P 0=0,

Comparing Eq. with Eq. (I2)), we have the fixed point condition of PMD is the same as the
definition of the stationary point of E,, r(p). O

A.3 PROOF OF THEOREMII]

Proof. (Monotonic ~ Improvement  Guarantee)  Using  Dxwi(7; /||7e,,,) =
ming, e DL (7 -/ ||Te) < DxL(7} |76, ) and Jensen’s inequality,

r(p)+7log o, ,, (p) }

SR(m,,,) — SR(m,) = (+7')log 3" — {

T+7/
~ Y exp { r(p)+7 log me, (p) }
T47/
P
r(p)+7log e, (p)
P 1ng eXp{ P .exp{TIOgﬂaHl(p) TlOgﬂ'Qt(p)}
p zp: exp { T(P)-‘r:ff’ﬂet (p) } T4+ 7

T+ 7!

1 -7l
() log Y 7 () xp { BTl TR TP
p

T4 7/

1 — 71
>(r+ 1) Z 7T7*—,Tr (p) logexp { 7208 Mhun (p) = log s, () }
P

— % Tf-(}t =% — %
= 3 7)o ) — 7 Dy (8% ) = D 1)) 2 0
o t

(Global Optimum Guarantee) By the Monotonic Improvement Guarantee proved above, the
sequence SR(my,) is monotonically increased. Let 7* be the converged fixed policy, we show 7*
is the optimal policy. According to the algorithm, at convergence it must be that V& € II, 7 #
7, Dk (7k ./ ||m*) < Dgy, (7% . ||7). Using the same argument above we have SR(7*) > SR(w).
Hence 7* is optimal in II. 7

(Fixed Points) The stationary point of SR(7y) is the 7y which satisfies,

dSR(ﬂ'@) -0
do o
r(p)+7log me(p) T 1 dme(p)
, zp:exp{ T+ ‘ } ST o (p) ’ ;0
— (t+7)- - - =0
Zp’ exp { r(p )+:i<;g/7re(p ) } (16)
r(p)—7"log me (p) }
= -) ) eXp{ i L dmelp) (> 0)
Y, We(p’)f»@{%} me(p)  db
On the other hand, the fixed point of REPMD indicates at some iteration ¢,
7T9t :W@t+17 (17)
where o, Lift Step 771':77./ Project Step s in Eq. @)’

14
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which means 7, is the solution of the Project Step,

dDkL (7}, ||7) o
do P
. 1 dmy(p)
= — Y 7 _(p)- : =0
Z ~(7) To(p) do
’ 0=0, (18)
r(p)—7"logm
m (p)exp {MOTERA L )
B r(p)=rlogme, (W) me(p)  db =0
b 2y To.(p') exp {Tﬁ} Tolp

0=0,

(by Lift Step in Eq. (17))
Comparing Eq. (I8) with Eq. (I6), we have the fixed point condition of REPMD is the same as the
definition of the stationary point of SR(7y). O

A.4 PROOF OF PROPOSITION[3]

®To
Proof. Note that g = %,

Simply compute the Hessian matrix of the objective,
dQDKL(’I_TH’/Tg)

do?
Thus Dy, (7||7g) is convex in 6. O

where @ is the feature matrix and 6 is the policy parameter.

= O(A(mp) — momg )T = 0.

A.5 PROOF OF PROPOSITION[]

r(p)

=

Proof. To prove (i), note that as 7 — 0, SR(mg) — 7' log > » €XP { } the standard softmax
value. Taking limit on 7’ gives the hardmax value max, r(p) as 7" — 0.

To prove (ii), we have

. , r(p)+7logme(p) | . X, malp)exp{ MO8 0y (1(p) 1 log m(p))
lim (7 +7') log Xp: exp { P =t 5, ma(p) oxp TP T
=Y (o) [r(p) ~ o mo()] = B rlp) +'H(mo)
P
As 7" — 0,SR(mp) = Epor, r(p). O

B DETAILS OF REPMD LEARNING

This section provides some of the details of learning algorithms for REPMD. We first show the
derivation of the analytic solution of the Lift Step.

Lemma 2. The lift step of Eq. @) has the following closed form expression:

7(p) exp { T(p)*;’rl:/g 7(p) }

- r(p)—r'logw(p’) |’
> (p') exp {T}

ﬁ-i,‘r’ (p) = (19)

Proof. Rewrite the objective function defined in Eq. (),
B 1(p) = Dxe(w|7) + 'H(m) = E [r(p) +logw(p)] + (T +7)H(m),  (20)

which is an entropy regularized reshaped reward objective. The optimal policy of this objective can
be obtained by directly applying Lemma 4 of Nachum et al.|(2017b), i.e.

B A

w;wum{
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The next lemma provides the derivation of the gradient estimation of REPMD (Lemmal/T)).

Proof. Note that

_x _ % 7,7/ (p _x
DKL(TFTJJ ||7T9) = pwg [log 777'77" (p) - log o (p)] = pr\E)ﬁ— 7_T(p) (1Og 71-7',7” (p) - IOg o (p)>

Therefore, taking gradient on both sides,
K -
1 ﬂ—: T/ (pk)
VoDkL(77 - |mo) = —— Y  ——~—Valogma(pk)
7 K ,; T(pr)
1 EK: (pk)exp{wm#@k)}
K = #(ow) > (p') exp {w

}Vg log g (pr) by [I9]

K

1
3 IR
k=1 K Zj:l exp{w; }
= Mvelogﬂe(f)k)- O

k=1 E _, exp {w;}

Recall that in Algorithm [I] the project step is performed by SGD. In our implementation, the end
condition of SGD is controlled by two parameters: ¢ > 0 and F_.STEP € {0, 1}. First, SGD halts if the
change of the KL divergence is below or equal to €. Second, F_.STEP decides the maximum number
of SGD steps. If F_.STEP = 1, the maximum number is V/ at iteration ¢; while if F.STEP = 0, there
is no restriction on the maximum number of gradient steps, and stopping condition only depends on .

C DETAILS OF PMAC LEARNING

To increase the stability of the training, we include a target state value network V;, where ¢ is an
exponentially moving average of the value network weights ¢. Different from Eq. (10), the soft
Q-function parameters ¢ is then trained to minimize the soft Bellman error using the target state
value network,

L(Q/J) = E(s,a,s’)ND % (Qw(sv a) - [7’(8, (l) + 7V$(s/)])2 (22)

Our approach also use two soft-Q functions in order to mitigate the overestimation problem caused
by value function approximation (Haarnoja et al.l 2018; [Fujimoto et al.,|2018)). Specifically, we apply
two soft-Q function approximations, Qy, (s, a) and Qy, (s, a), and train them independently. The
minimum of the two Q-functions will be used whenever the soft-Q value is needed.

The next lemma shows that the gradient of Eq. (IT) can be computed by importance sampling using
the reference policy,

Lemma 3. The gradient of Eq. (I1)) is,

VoL(0) = VoE.up {EW-T [exp { Qus.a) = T:‘fja's) — Vo(s) } log 7r9(a|s)” L@
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Algorithm 2 The PMAC algorithm

Input: temperature parameters 7 and 7/, lag on target value network «, number of training steps M
1: Initialize mg, Vs, V5, Qy, , Qy, and replay buffer D
2: For t=1,2,... do

3:  For each environment step do

4: a ~ mp(+]8)

5: Observe s’ and r from environment

6: D+ D U {(s,a,r,s)}

7 Set ™ = 7y

8 For :=1,...,M do

9: Sample a mini-batch of data {(s;, a;,7;,s;)} 7, from D
10: Compute gradient Vo L(0), V4 L(¢), Vi, L(1), Vs, L(1h2)according to Egs. (9) to
11: Update parameters 6, ¢, 11, 12 by gradient descent

12: Update ¢ by a¢ + (1 — a)¢

Proof. Let m(als) = exp { Qulsa)tr ffj,(als)_v‘b(s) }, then we have,

VoL(0) =VoEsp Z’/T(CL|S) log m(als) — m(als) log 7r9(a|s)]

a

T+7

VB, p |- Zexp { Quy(s,a) + Tlogw(als) — Vy(s) } log 779(@5)1

T+ 7

—VoEan |~ 3 7 (als) exp { Qu(s,a) — 7' log 7t(als) — Vy(s) } logm;(as)]

=VoEsp -Ea“’ﬁ {— exp { Quls:a) = T;l(fj,(a|s) —Vols) } log wa(als)H

Pseudocode for PMAC is presented in Algorithm [2| The major difference between PMAC and
REPMD in the lift step is that instead of sampling K actions as described in Algorithm T[] PMAC
only samples one action to construct 7> __,, due to the fact both the soft-Q and state value function
approximations are adopted. The value function approximations also make PMAC capable of using
off-policy data from a reply buffer. Furthermore, in the project step of PMAC, we use a fixed number

of iteration for SGD, which is given by an input parameter of the algorithm.

D STOCHASTIC TRANSITION SETTING

In Section we assume that the state transition function is deterministic for simplicity. For
completeness, we consider the general stochastic transition setting here.

D.1 NOTATIONS AND SETTINGS

Recall in Section the policy probability of trajectory p = (s1,a1,...,ar—_1, $T) is denoted as
m(p) = HtT;ll 7(a¢|s;). We define transition probability of p as f(p) = th711 f(ssy1lse,ar).
The total probability of p under policy 7 and transition f is then p, (p) = 7(p)f(p) =
I maelse) f(ssralse ar). We use Ay 2 (x|, prp(p) = X, 7(0)f(p) = 1,m(p) >
0, f(p) > 0,Vp} to refer to the probabilistic simplex over all possible trajectories. It is obvious that
pr.7(p) = m(p) and Ay = A under deterministic transition setting, i.e., f(p) = 1, ¥p.
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D.2 REPMD OPTIMIZATION PROBLEM

The proposed REPMD algorithm solves Eq. (@) in the deterministic transition setting. In the stochastic
setting, the corresponding problem is,

(Project Step)  argmin Dkr.(pz- . fl[Pro.f);
et ’ 24)
(Lift Step) where 7 ., = argmax E [r(p) — 7' log7(p)] — 7Dr (P, f|Pre. .5)-
’ TEA; PPrf !
which also recovers Eq. (4) as a special case when f(p) = 1, Vp.
Like Eq. , 7r . in Eq. also has a closed form expression,

Lemma 4. The unconstrained optimal policy of Eq. has the following closed form expression:

7(p) exp { T(p)—:’+1;>§7’f(p) }

5 70 () exp { HeA=Tloem(en |

Proof. Rewrite the maximization problem in Eq. (24) as (take 7y, as the reference policy ),

maximizey " (p) (0) [(p) — (7 + ") log (p) + log ()]

subject to Z w(p)f(p) =1.

p

The KKT condition of the above problem is,

f(p)[r(p) — (1 +7")logm(p) + Tlog T(p) + A — (T +7')] =0, Vp
> w(p)f(p) =1.

p

Using f(p) > 0, Vp and solving the KKT condition, we obtain the expression of 7* . O

LemmaE]recovers Lemmaas a special case when f(p) = 1, Vp.

D.3 THEORETICAL ANALYSIS

In stochastic transition setting, we define the follow softmax approximated expected reward of my

SRy(mg) £ (t+7')log Y _ f(p)exp {T(P) + 7logmo(p) },

T+7

which recovers SR(mg) when f(p) = 1, Vp. The monotonic improvement property is for SR ;(mp).

Theorem 2. Assume that Ty, is the update sequence of the REPMD algorithm in Eq. 24), then

SR (mo,,1) — SR (me,) > 0.

18
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Proof. Using Dkr,(p=* .5
and Jensen’s inequality,’

Pro,,,.r) = minmgen Dku(pa: |, sllpro.r) < Dxu(pe:, sllPro,.r)

£(p) exp { r(p)+7logme, , , (p) }

T+7!

SRf(Wgt_*_l)*SRf(ﬁgt) 7‘+7’ logz (p) 17 1og 70, (p)
P Zf {#}

7(p)+7 log me, (p)

(p) exp { P } Tlog e, ,(p) — Tlogms, (p)

=(r+7") logz a1 & -
p Zf exp{%} T+T

{TIOg TOs41 (p) e log o, (p) }

=(r+7')log Yy 7 . (p)f(p) - exp

T+7
p
1 — 71
S ZWTT logexp{T OgmHl(Tpl_ T/T ogTrof,(P)}
— ST () f(p) - log el
P ? Wgt(p)
_x 7T49t l(p)f(p)
=T T f . 10g+7
2722 (0)f(p) -Tog 5 S
=7 [DKL( wr flPro,.1) — DKL(p‘Tr:7T,,f||p7fst+1,f)} 2 0. -

SR (my) also recovers corresponding performance measures in the stochastic transition setting.
Proposition 5. SR (mg) satisfies the following properties:

(i) SRy (ma) — mavx, 7(p), as 7 = 0,7/ = 0,

(ii) SRy(mg) — E  r(p), asT — oo, 7" — 0.
P~Prg,f

Proof. To prove (i), note thatas 7 — 0, SR¢(mg) — 7'log 3_ , f(p) exp { £) } Taking limit on 7/
gives the hardmax value max, r(p) as 7" — 0.

To prove (ii), we have

lim (7 +7') long exp{r(p)+rlog7rg(p)}

T—00 T4+ 7

>, To(p)f(p) exp{w} (r(p) — 7"logme(p))

- TILH;O r(p)—7’log my(p)
>, mo(p) f(p) exp{ ===}
=Y m () (p) (o) ~ 7 logmo(p)] = E r(p) =7 E logmi(p)
o T
As 7' — 0,SRy(mg) = Epp,., , 7(p) O

D.4 LEARNING

The REPMD learning process is intact under the stochastic transition setting. Similar with Appendix[B]
we can estimate the KL divergence in the projection step of Eq. by drawing K i.i.d. samples
{p1,...,pr} from pz ¢, i.e., the mixture of 7 and f, which is exactly the process of sampling from
7 and interacting with the environment,

Drr(pr: . fllpmss) = E  [log#2 . (p) —logma(p)]

(25)

) [log @ . (p) — log ma(p)] -
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We can then approximate the gradient of Dxr,(p#+ |, f||pr,,f) by averaging these K samples accord-
ing to Eq. (25). 7
r(pr)—7"log 7(pi)

Theorem 3. Let wy, = === Given K i.i.d. samples {p1,...,px} from the reference
policy 7, we have the following unbiased gradient estimator,

K
exp {wg }
Prof) ® =Y —————— Vo logme(pr), (26)
’ k=1 Zj:l exp {w; }

VDL (pﬁ:ﬁ, N

Proof. See the proof of Lemmal[I] O

Similar argument could be applied for PMAC learning objectives.

E EXPERIMENTS DETAILS

We describe the algorithmic and mujoco tasks we experimented on as well as details of experimental
setup in this section.

E.1 ALGORITHMIC AND MUJOCO TASKS

In each algorithmic task, the agent operates on a tape of characters or digits. At each time step,
the agent read one character or digit, and then decide to either move the read pointer one step in
any direction of the tape, or write a character or digit to output. The total reward of each sampled
trajectory is only observed at the end. The goal of each task is:

e Copy: Copy a sequence of characters to output.

DuplicatedInput: Duplicate a sequence of characters.

RepeatCopy: Copy a sequence of characters, reverse it, then forward the sequence again.

Reverse: Reverse a sequence of characters.

ReversedAddition: Observe two numbers in base 3 in little-endian order on a 2 x n grid
tape. The agent should add the two numbers together.

The Mujoco library contains various of continuous control tasks (Todorov et al., 2012)). The specific
action dimensions of each problem is summarized in Table[T]

Table 1: Action Dimensions of Mujoco Tasks

Task Action Dimensions
Hopper 3
Walker2d 6
HalfCheetah 6
Ant 8
Humanoid 17

E.2 IMPLEMENTATION DETAILS

For the synthetic bandit problem, we parameterize the policy by a weight vector § € R?°. Let
Q = (w1, . .,w10,000) be the feature matrix. The policy is defined by softmax(Q2 " #). The REPMD
parameters used in Fig. 2] are summarized in Table 2]

For the algorithmic tasks, policy is parameterized by a recurrent neural network with LSTM cells of
hidden dimension 256 (Hochreiter & Schmidhuber}|1997). In all algorithms, /N distinct environments
are used to generate samples. On each environment, K random trajectories are sampled using the
agent’s policy to estimate gradient according to (7), which gives the batch size N x K in total.
We apply the same batch training setting as in UREX (Nachum et al., [2017a), where N = 40 and
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Table 2: REPMD Hyperparameters in Synthetic Bandit

Parameter Values
T 0.1
7! 0.0
learning rate  0.01
€ 5.1074
F_STEP 0

Table 3: REPMD Hyperparameters in Algorithmic Tasks
Copy Duplicatedlnput RepeatCopy Reverse ReversedAddition

T 0.5 0.5 2.0 0.2 0.5

7! 0.01 0.01 0.01 0.02 0.01
learning rate  0.01  0.01 0.01 0.001 0.001
clip norm 20 20 20 20 20

€ 0.01  0.01 0.005 0.005 0.005

K = 10. F_STEP of REMPD is set to 1 in all tasks (See Appendix[B). The REPMD parameters used
in Fig. [2]are summarized in Table 3]

We use standard gaussian policy for all experimented algorithms in the mujoco tasks. Two layer
fully-connected feed-forward neural networks with hidden dimension 300 and ReL.U nonlinearity are
applied to parameterize policy, soft state value, and soft-Q value. We batch size 256 for all algorithms
on all tasks. The lag parameter oo of PMAC for target value network update is 0.01, and the number
of training steps is set as M/ = 100 in all tasks. The other domain-dependent PMAC parameters are
summarized in Table [

Table 4: REPMD Hyperparameters in Mujoco Tasks

Walker2d Hopper  HalfCheetah Ant Humanoid
T 1.5 0.5 0.5 1.0 2.0
T/ 0.2 0.05 0.2 0.1 0.05
i learningrate  5-10"*  5.107* 3.107* 3-107* 3.107*
¢ learningrate  5-10~*  5.107* 3.107% 3-107% 3-1074
6 learningrate  5-10"* 5.107* 3.107* 3-107* 3.107*
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