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Abstract

Value function is the central notion of Reinforcement Learn-
ing (RL). Value estimation, especially with function approxi-
mation, can be challenging since it involves the stochasticity
of environmental dynamics and reward signals that can be
sparse and delayed in some cases. A typical model-free RL
algorithm usually estimates the values of a policy by Tempo-
ral Difference (TD) or Monte Carlo (MC) algorithms directly
from rewards, without explicitly taking dynamics into consid-
eration. In this paper, we propose Value Decomposition with
Future Prediction (VDFP), providing an explicit two-step un-
derstanding of the value estimation process: 1) first foresee
the latent future, 2) and then evaluate it. We analytically de-
compose the value function into a latent future dynamics part
and a policy-independent trajectory return part, inducing a
way to model latent dynamics and returns separately in value
estimation. Further, we derive a practical deep RL algorithm,
consisting of a convolutional model to learn compact trajec-
tory representation from past experiences, a conditional varia-
tional auto-encoder to predict the latent future dynamics and a
convex return model that evaluates trajectory representation.
In experiments, we empirically demonstrate the effectiveness
of our approach for both off-policy and on-policy RL in sev-
eral OpenAl Gym continuous control tasks as well as a few
challenging variants with delayed reward.

1 Introduction

Reinforcement learning (RL) is a promising approach to ob-
tain the optimal policy in sequential decision-making prob-
lems. One of the most appealing characteristics of RL is
that policy can be learned in a model-free fashion, without
the access to environment models. Value functions play an
important role in model-free RL (Sutton and Barto 1988),
which are usually used to derive a policy implicitly in value-
based methods (Mnih et al. 2015) or guide the policy up-
dates in policy-based methods (Schulman et al. 2015; Silver
et al. 2014). With deep neural networks, value functions can
be well approximated even for continuous state and action
space, making it practical for model-free RL to deal with
more challenging tasks (Lillicrap et al. 2015; Mnih et al.
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2015; Silver et al. 2016; Vinyals et al. 2019; Hafner et al.
2020; Schreck, Coley, and Bishop 2019).

Value functions define the expected cumulative rewards
(i.e., returns) of a policy, indicating how a state or taking
an action under a state could be beneficial when perform-
ing the policy. A value function is usually estimated directly
from rewards through Monte Carlo (MC) or Temporal Dif-
ference (TD) algorithms (Sutton and Barto 1988), without
explicitly dealing with the entanglement of reward signals
and environmental dynamics. However, learning with such
entanglement can be challenging in practical problems due
to the complex interplay between highly stochastic environ-
mental dynamics and noisy and even delayed rewards. Be-
sides, it is apparent that the dynamics information is not
well considered and utilized during the learning process of
value functions. Intuitively, human beings usually not only
learn the reward feedback of their behaviors but also under-
stand the dynamics of the environment impacted by their
polices. To evaluate a policy, it can commonly be the case
of the following two steps: first foresee how the environ-
ment could change afterwards, and then evaluate how ben-
eficial the dynamics could be. Similar ideas called Prospec-
tive Brain are also studied in cognitive behavior and neu-
roscience (Atance and O’Neill 2001; Schacter, Addis, and
Buckner 2007; Schacter and Addis 2007). Therefore, we ar-
gue that it can be important to disentangle the dynamics and
returns of value function for better value estimation and then
ensure effective policy improvement.

Following the above inspiration, in this paper we con-
sider that value estimation can be explicitly conducted in a
two-step way: 1) an agent first predicts the following envi-
ronmental dynamics regarding a specific policy in a latent
representation space, 2) then it evaluates the value of the
predicted latent future. Accordingly, we look into the value
function and re-write it in a composite form of: 1) a reward-
independent predictive dynamics function, which defines the
expected representation of future state-action trajectory; and
2) a policy-independent trajectory return function that maps
any trajectory (representation) to its discounted cumulative
reward. This provides a new decomposed view of value
function and induces a trajectory-based way to disentangle
the dynamics and returns accordingly, namely Value De-



composition with Future Prediction (VDFP). VDFP allows
the decoupled two parts to be modeled separately and may
alleviate the complexity of taking them as a whole. Further,
we propose a practical implementation of VDFP, consisting
of a convolutional model to learn latent trajectory represen-
tation, a conditional variational dynamics model to predict
and a convex trajectory return model to evaluate. At last, we
derive practical algorithms for both off-policy and on-policy
model-free Deep RL by replacing conventional value esti-
mation with VDFP.

Key contributions of this work are summarized as follows.

We propose an explicit decomposition of value function
(i.e., VDFP), in a form of the composition between future
dynamics prediction and trajectory return estimation. It
allows value estimation to be performed in a decoupling
fashion flexibly and effectively.

We propose a conditional Variational Auto-Encoder
(VAE) (Higgins et al. 2017; Kingma and Welling 2014) to
model the underlying distribution of future trajectory and
then use it for prediction in a latent representation space.

Our algorithms derived from VDFP outperforms their
counterparts with conventional value estimation for both
off-policy and on-policy RL in continuous control tasks.
Moreover, VDFP shows significant effectiveness and ro-
bustness under challenging delayed reward settings.

For reproducibility, we conduct experiments on commonly
adopted OpenAl gym continuous control tasks (Brockman
et al. 2016; Todorov, Erez, and Tassa 2012) and perform ab-
lation studies for each contribution. Source codes are avail-
able at https://github.com/bluecontra/AAAI2021-VDFP.

2 Related Work

Thinking about the future has been considered as an integral
component of human cognition (Atance and O’Neill 2001;
Schacter and Addis 2007). In neuroscience, the concept of
the prospective brain (Schacter, Addis, and Buckner 2007)
indicates that a crucial function of the brain is to integrate
information past experiences and to construct mental sim-
ulations about possible future events. One related work in
RL that adopts the idea of future prediction is (Dosovitskiy
and Koltun 2017), in which a supervised model is trained to
predict the residuals of goal-related measurements at a set
of temporal offsets in the future. With a manually designed
goal vector, actions are chosen through maximizing the pre-
dicted outcomes. Dynamics prediction models are also stud-
ied in model-based RL to learn the dynamics model of the
environment for synthetic experience generation or planning
(Atkeson and Schaal 1997; Sutton 1991). SimPLe (Kaiser
et al. 2019) and Dreamer (Hafner et al. 2020) are proposed
to learn one-step predictive world models that are used to
train a policy within the simulated environment. Multi-steps
and long-term future are also modeled in (Hafner et al. 2018;
Ke et al. 2019) with recurrent variational dynamics models,
after which actions are chosen through online planning, e.g.,
Model-Predictive Control (MPC). In contrast to seek for a
world model, in this paper we care about imperfect latent fu-
ture prediction underneath the model-free value estimation
process, which are closer to human nature in our opinion.
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Most model-free deep RL algorithms approximate value
functions with deep neural networks to generalize value es-
timates in large state and action space, e.g., DDPG (Lillicrap
etal. 2015), Proximal Policy Optimization (PPO) (Schulman
et al. 2017), and Advantage Actor-Critic (A2C) (Mnih et al.
2016). A well-approximated value function can induce ef-
fective policy improvement in Generalized Policy Iteration
(GPI) (Sutton and Barto 1988). Value functions are usually
learned from rewards through TD or MC algorithms, with-
out explicitly considering the dynamics. In this paper, we
propose a decomposed value estimation algorithm that ex-
plicitly models the underlying dynamics.

A similar idea that decompose the value estimation is
the Successor Representation (SR) for TD learning (Dayan
1993). SR assumes that the immediate reward function is a
dot-product of state representation and a weight vector, and
then the value function can be factored into the expected rep-
resentation of state occupancy by dividing the weight vector.
Thereafter, Deep Successor Representation (DSR) (Kulka-
rni et al. 2016) extends the idea of SR based on Deep Q-
Network (DQN) (Mnih et al. 2015). The SR function is up-
dated with TD backups and the weight vector is approxi-
mated from states and immediate rewards in collected expe-
riences. The idea of SR is also further developed in transfer
learning (Barreto et al. 2017, 2018). In this paper, we derive
the composite function form of value function from the per-
spective of trajectory-based future prediction, and we show
that SR can be viewed as a special linear case of our deriva-
tion. In contrast to using TD to learn SR function, we use
a conditional VAE to model the latent distribution of tra-
jectory representation. Besides, we focus on the trajectory
return instead of immediate reward, which can be more ef-
fective and robust for practical reward settings (e.g., sparse
and delayed rewards). In a nutshell, our work differs from
SR in both start points and concrete algorithms.

3 Background

Consider a  Markov Decision Process (MDP)
(S, A, P,R,po,v,T), defined with a state set S, an
action set A, transition function P : § x A x § — R¢g 1,
reward function R : S x A — R, initial state distribution
po : S — Rego . discounted factor v € [0, 1], and finite
horizon 7T'. The agent interacts with the MDP at discrete
timesteps by performing its policy 7 : S — A, generating a
trajectory of states and actions, 79.7 = (8o, ag, - - - , ST, a4T),
where sg ~ po(s0), ar ~ 7(s¢) and sg41 ~ P(Sp41]8¢t, ar).
An RL agent’s objective is to maximize the expected

discounted cumulative reward: J(7) = E [ZtT:O ’yt’l“t‘ﬂ'}

where 7, = R(s¢, at).

In RL, state-action value function () is defined as the ex-
pected cumulative discounted reward for selecting action a
in state s, then following a policy 7 afterwards:

T

> A'rilso = 5,00 = a;w] NG

t=0

Q"(s,a) =K

State value function V™ (s) = E {Z?:O Yirso = s; W} de-

fines the value of states under policy 7 similarly.



For continuous control, a parameterized policy 7y, with
parameters 6, can be updated by taking the gradient of the
objective Vy.J(mg). In actor-critic methods, a deterministic
policy (actor) can be updated with the deterministic policy
gradient (DPG) theorem (Silver et al. 2014):

VGJ(WO) = Esrwp" [VQWO(S)anW(sv a)‘a:wg(s)] ’ (2)

where p” is the discounted state distribution under policy 7.
Deep Deterministic Policy Gradient (DDPG) (Lillicrap et al.
2015) is one of the most representative RL algorithm for
continuous policy learning. The critic network (Q-function)
is approximated with off-policy TD learning and the policy
is updated through the Chain Rule in Equation 2.

4 Value Decomposition of Future Prediction

Value estimation faces the coupling of environmental dy-
namics and reward signals. It can be challenging to obtain
accurate value functions in complex problems with stochas-
tic dynamics and sparse or delayed reward. In this section,
we look into value functions and propose a way to decom-
pose the dynamics and returns from the perspective of latent
future trajectory prediction.

We first consider a trajectory representation function f
that maps any trajectory to its latent representation, i.e.,
Mtk = f(Tt:t+k) for 7.4k = (Su Ay eeey Stdky at+k)
with £ > 0. We then define the trajectory return function
U and the predictive dynamics function P as follows:

Definition 1 The trajectory return function U defines the
cumulative discounted reward of any trajectory Ti.iq1 with
the representation my.ey = f(Te44k):

t+k
U(f(Tee4x)) = Ulmasr) = Z N

t'=t

3

Since U does not depend on a particular policy, it can be
viewed as a partial model of the environment that evaluates
the overall utility of a trajectory.

Definition 2 Given the representation function f, the pre-
dictive dynamics function P denotes the expected represen-
tation of the future trajectory for performing action a € A
in state s € S, then following a policy m:

P™(s,a) = E[f(r0.7)|s0 = s,a0 = a; 7]

4

:E[mOZT\sozs,aoza;w]. @

Similar to the definition of Q)-function, P is associated to

policy 7, except for the expectation imposed on the trajec-

tory representation. It predicts how the states and actions

would evolve afterwards, which is independent with reward.
With above definitions, we derive the following lemma:

Lemma 1 Given a policy 7, the following lower bound of
the Q-function holds for all s € S and a € A, when function
U is convex:

Q" (s,a) > U(P"(s,a)). )

The equality is strictly established when U is linear.
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The proof can be obtained with Jensen’s Inequality Com-
plete proof can be found in Supplementary Material A. Sim-
ilar conclusion can also be obtained for state value function
V" and we focus on @Q-function in the rest of the paper.

Lemma 1 provides a lower-bound approximation of the
-function as a composite function of U and P. When U
is a linear function, the equality guarantees that we can also
obtain the optimal policy through optimizing the composite
function. Note that a linear U actually does not limit the rep-
resentation power of the whole composite function, since the
input of U, i.e., trajectory representation, can be non-linear.
Moreover, we suggest that Successor Representation (SR)
(Dayan 1993; Kulkarni et al. 2016) can be considered as a
special linear case when U is a weight vector and P rep-
resents the expected discounted successor state occupancy.
For the case that U is a convex function (e.g., a single fully
connected layer with ReLLU activation), Lemma 1 indicates a
lower-bound optimization of the @-function by maximizing
the composite function. There is no theoretical guarantee for
the optimality of the learned policy in such cases, although
we also found comparable results for convex functions in
our experiments (see Ablation 6.3).

The above modeling induces an understanding that the Q-
function takes an explicit two-step estimation: 1) it first pre-
dicts the expected future dynamics under the policy in terms
of latent trajectory representation (i.e., P), 2) then evaluates
the utility of latent prediction (i.e., U). This coincides our
intuition that humans not only learn from rewards but also
understand the dynamics. This provides us a way to decom-
pose the value estimation process by dealing with P and
U separately, namely Value Decomposition of Future Pre-
diction (VDFP). The decoupling of environmental dynam-
ics and returns reduces the complexity of value estimation
and provides flexibility in training and using the decom-
posed two parts. With a compact trajectory representation,
prediction and evaluation of future dynamics can be effi-
ciently carried out in a low-dimensional latent space. More-
over, VDFP draws a connection between model-free RL and
model-based RL since the composite function in Lemma 1
indicates an evidence of learning partial or imperfect envi-
ronment models during model-free value estimation.

Finally, when value estimation is conducted with the
composite function approximation in Lemma 1, we can
obtain the value-decomposed deterministic policy gradient

V.J(mg) by extending Equation 2 with the Chain Rule:

Vo (m9) = Esmpr [Vomo(s)VaP™ (8, @) azry(s)

(6)
va(m) |m:P7‘(s,a)] .

5 Deep Reinforcement Learning with VDFP

In this section, we implement VDFP proposed in previous
section with modern deep learning techniques and then de-
rive a practical model-free Deep RL algorithm from it.

5.1 State-Action Trajectory Representation

The first thing to consider is the representation of state-
action trajectory. To derive a practical algorithm, an effective
and compact representation function is necessary because:
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Figure 1: The overall network structure of our models consists of: representation model (orange), trajectory return model (blue)
and conditional VAE (green). We abbreviate the Fully-Connected layers as FC (with certain activation) and use & to denote the
element-wise product operation. The solid lines illustrate the flow of training process and the dashed lines illustrate the two-step
prediction of decomposed value estimation with from the generative decoder (P) to the trajectory return model (U).

1) the trajectories may have variant length, 2) and there may
be irrelevant features in states and actions which might hin-
der the estimation of the cumulative discounted reward of
the trajectory. We propose using Convolutional Neural Net-
works (CNNs) to learn a representation model fCNN of the
state-action trajectory, similar to the use for sentence rep-
resentation in (Kim 2014). In our experiments, we found
that this way achieves faster training and better performance
than the popular sequential model LSTM (Hochreiter and
Schmidhuber 1997) (see Ablations 6.3).

Anillustration of fNN is shown in the orange part of Fig-
ure 1. Let z; € R! be the [-dimensional feature vector of a
state-action pair (s, a¢). A trajectory T¢.44k (padded if nec-
essary) is represented as X;.q4k = Tt D Ty41 D -+ D Tigks
where @ is the concatenation operator. A feature ¢, . of
trajectory 7.4+ can be generated via a convolution opera-

tion which involves a filter w' € R"*! that applied to a
window of h’ state-action pairs, and then a max-pooling:

i _ i i
Coprr = MAX{CL, Ch i1+ Cippig1 )
i i v
where ¢; = ReLU(W" - X;.j i1 + b).

)

We apply multiple filters {w’}"_, on trajectory 7y.;4 4 sim-
ilarly to generate the n-dimensional feature vector c¢;.14k,
then obtain the trajectory representation my..y after feed-
ing ¢4+ through a Multi-Layer Perceptron (MLP):

1 2
Ctit+k = Concat(ct:t—i-ka Crittks- -+ 7c§t+k)7
Mt:t+k ZfCNN(Tt:t+k) = MLP(Ct:t+k)-

Through sliding multiple convolutional filters of differ-
ent scales along the trajectory, effective features can be ex-

®)
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tracted with max-pooling thereafter. Intuitively, it is like to
scan the trajectories and remember the most relevant parts.

5.2 Trajectory Return Model

With a compact trajectory representation, we consider the
trajectory return function U that maps a trajectory represen-
tation into its discounted cumulative rewards. As discussed
in Section 4, Q-function can be exactly estimated by the
composite function when U is linear without decreasing rep-
resentation power. Therefore, we use a linear U, as shown in
the blue part of Figure 1, for following demonstration.

The representation model fCNN and return model Uinear
can be trained together with respect to their parameters w, by
minimizing the mean square error of trajectory returns with
mini-batch samples from the experience buffer D:

LRet (W) =Ernp [(ULmear(fCNN (Tetsk)) — yt:t+k)2} )

)
where Y411 = Zif:kt At =ty is the corresponding return
of the sampled trajectory 4.4 %-

Generally, we can use any convex functions for the trajec-
tory return function U. For the simplest case, one can use a
single fully-connected layer with ReLU or Leaky-ReL.U ac-
tivation. More sophisticated models like Input Convex Neu-
ral Networks (ICNNs) (Amos, Xu, and Kolter 2017; Chen,
Shi, and Zhang 2019) can also be considered. The results for
using such convex models can be seen in Ablation 6.3.

5.3 Conditional Variational Dynamics Model

One key component of VDFP is the predictive dynamics
function P. It is non-trivial to model the expected represen-



tation of future trajectory since it reflects the long-term inter-
play between stochastic environment transition and agent’s
policy. The most straightforward way to implement the pre-
dictive dynamics function is to use a MLP PMLF that takes
the state and action as input and predicts the expected rep-
resentation of future trajectory. However, such a determinis-
tic model performs poorly since it is not able to capture the
stochasticity of possible future trajectories. In this paper, we
propose a conditional Variational Auto-Encoder (VAE) to
capture the underlying distribution of future trajectory rep-
resentation conditioned on the state and action, achieving
significant improvement over PMF in our experiments. We
also provide more insights and experiments on the choice of
conditional VAE in Supplementary Material B.

The conditional VAE consists of two parts, an en-
coder network qg(z¢|my.14k, St, a¢) and a decoder network
P (Mt 11| 2t, St, ar) with variational parameters ¢ and gen-
erative parameters ¢ respectively. With a chosen prior, gen-
erally using the multivariate Gaussian distribution A/ (0, I),
the encoder approximates the conditional posteriors of latent
variable z; from trajectory representation instances, produc-
ing a Gaussian distribution with mean y, and standard devi-
ation ;. The decoder takes a given latent variable as input
and generates a representation of future trajectory ms.¢4x
conditioned on the state-action pair. The structure of the con-
ditional VAE is illustrated in the green part of Figure 1. Spe-
cially, we use an element-wise product operation to empha-
size an explicit relation between the condition stream and
trajectory representation stream.

During the training process of the conditional VAE,
the encoder infers a latent distribution N (s, 04) of the
trajectory representation mg..yj conditioned on state s;
and action a;. A latent variable then is sampled with re-
parameterization trick, i.e., z; = p + o - N'(0, ), which
is taken as part of input by the decoder to reconstruct the
trajectory representation. This process models the underly-
ing stochasticity of potential future trajectories. We train the
conditional VAE with respect to the variational lower bound
(Kingma and Welling 2014), in a form of the reconstruction
loss along with a KL divergence regularization term:

LY (¢, ) =Er,, ,~D [||mt:t+k: — Mernll3

+ BDxe (N, o) IN (0, )]

where my.;1 1S obtained from the representation model
(Equation 8). We use a weight 8 > 1 to encourage VAE
to discover disentangled latent factors for better inference
quality, which is also known as a $-VAE (Burgess et al.
2018; Higgins et al. 2017). See Ablation (Section 6.3) for
the influence of different values of 3.

After the training via instance-to-instance reconstruction,
we can use the well-trained decoder to generate the instances
of trajectory representation with latent variables sampled
from the prior NV'(0, I). However, this differs from the ex-
pected representation we expect for the predictive dynamics
model (Equation 4). To narrow down this discrepancy, we
propose using a clipped generative noise during the genera-
tion process, which allows us to obtain high-quality predic-
tion of expected future trajectories. Finally, the predictive

(10)

9838

dynamics model PVAF can be viewed as the generation pro-

cess of the decoder with a clipped generative noise €,:

mt:t+k = PVAE(S, a, Eg),

(11)
where €, ~ Clip(N(0, 1), —c,¢) and ¢ > 0.

Empirically, we found such a clipping can achieve similar
results to Monte Carlo sampling but with only one sample.
A further discussion on clip value c is in Ablation 6.3.

5.4 Overall Algorithm

With the three modules introduced above, now we derive
deep RL algorithms from VDFP. We build our algorithm on
oft-policy RL algorithm DDPG, by replacing the conven-
tional critic (Q-function) with a decomposed one, namely
Value Decomposed DDPG (VD-DDPG). Accordingly, the
actor (policy) is updated through value decomposed deter-
ministic policy gradient (Equation 6) with respect to the
VDFP critic. Note our algorithm does not use target net-
works for both the actor and critic since no TD target is cal-
culated here. The complete algorithm of VD-DDPG can be
found in Supplementary Material C.1 Algorithm 1.

For on-policy RL, we also equip PPO with VDFP for
the value estimation of V-function and obtain Value De-
composed PPO (VD-PPO). Details and empirical results are
omitted and can be found in Supplementary Material C.2.

6 Experiments

We conduct our experiments on serveral representative con-
tinuous control tasks in OpenAl gym (Brockman et al. 2016;
Todorov, Erez, and Tassa 2012). We make no modifications
to the original environments or reward functions (except the
delay reward modification in Section 6.2).

6.1 Evaluation

To evaluate the effectiveness of VDFP, we focus on four con-
tinuous control tasks: one Box2D task LunarLander-v2 and
three MuJoCo InvertedDoublePendulum-v1, HalfCheetah-
vl and Walker2d-v1 (Fujimoto, v. Hoof, and Meger 2018;
Fujimoto, Meger, and Precup 2018; Schulman et al. 2015,
2017; Peng et al. 2019). We compare our derived approach
VD-DDPG with DDPG (Lillicrap et al. 2015), PPO (Schul-
man et al. 2017), and A2C (Mnih et al. 2016), as well as
the Deterministic DSR (DDSR), a variant of DSR (Kulka-
rni et al. 2016) for continuous control. Since DSR is origi-
nally proposed for discrete action problems, we implement
DDSR based on DDPG according to the author’s codes for
DSR on GitHub. VD-DDPG, DDSR and DDPG only dif-
fers in the implementation of the critic network to ensure a
fair comparison. For PPO and A2C, we adopt non-paralleled
implementation and use GAE (Schulman et al. 2016) with
A = 0.95 for stable policy gradient. Each task is run for 1
million timesteps and the results are reported over 5 random
seeds of Gym simulator and network initialization.

For VD-DDPG, we set the KL weight 5 = 1000 as in
(Burgess et al. 2018) and the clip value ¢ as 0.2. A max
trajectory lengthof 256 is used expect using 64 already en-
sures a good performance for HalfCheetah-v1. An explo-
ration noise sampled from N (0, 0.1) (Fujimoto, v. Hoof, and
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Figure 2: Learning curves of algorithms in several OpenAl Gym continuous tasks. Results are average episode reward (Z;’;O Tt)
over recent 100 episodes. The shaded region denotes half a standard deviation of average evaluation over 5 trials.

\ HalfCheetah-v1 Walker2d-v1
Algorithm \ d=16 d=32 d=64 d=128 \ d=16 d=32 d=064 d=128
VD-DDPG | 4823 (17%]) 4677 (20%)) 3667 (37%)) 2479 (57%.) | 1822 (14%])) 1824 (14%)) 1628 24%)) 570 (73%)
DDPG 2675 (43%])) 1546 (67%)) 1176 (75%) 909 (81%) 653 (41%,) 583 (47%.) 404 (64%]) 325 (71%))
DDSR 1337 (69%)) 860 (80%..) 832 (81%.) -1 (100%.) 249 (80%.) 212 (83%.) 146 (88%]) 125 (90%.)
PPO 1894 (24%]) 1721 31%)) 982 (61%)) 689 (72%.,) 629 (39%.) 351 (76%.,) 274 (81%])) 210 (86%)
A2C 207 (9%) 111 (51%l) -35(116%)) -144 (163%) | 287 2%) 281 (4%) 276 (6%)) 212 (27%))

Table 1: Performance of algorithms in HalfCheetah-v1 and Walker2d-v1 under the first delayed reward setting. Different delay
steps (d) are listed from left to right. Results are max Average Episode Reward over 5 trials of 1 million timesteps. Downarrow
(J) represents the percentage of performance decrease compared with the results under common setting in Figure 2 (i.e., d = 0).

Meger 2018) is added to each action selected by the deter-
ministic policy of DDPG, DDSR and VD-DDPG. The dis-
counted factor is 0.99 and we use Adam Optimizer (Kingma
and Ba 2015) for all algorithms. Exact experimental details
of algorithms are provided in Supplementary Material D.

The learning curves of algorithms are shown in Figure
2. We can observe that VD-DDPG matches or outperforms
other algorithms in both final performance and learning
speed across all four tasks. Especially, VD-DDPG shows a
clear margin over its off-policy counterparts, i.e., DDPG and
DDSR. This indicates that VDFP brings better value esti-
mation and thus more effective policy improvement. Similar
results are also found in the comparison between VD-PPO
and PPO (see Supplementary Material C.2).

6.2 Delayed Reward

One potential advantage of VDFP is to alleviate the dif-
ficulty of value estimation especially in complex scenar-
ios. We further demonstrate the significant effectiveness
and robustness of VDFP under delayed reward settings.
We consider two representative delayed reward settings in
real-world scenarios: 1) multi-step accumulated rewards are
given at sparse time intervals; 2) each one-step reward is
delayed for certain timesteps. To simulate above two set-
tings, we make a simple modification to MuJoCo tasks re-
spectively: 1) deliver d-step accumulated reward every d
timesteps;2) delay the immediate reward of each step by d
steps.With the same experimental setups in Section 6.1, we
evaluate the algorithms on HalfCheetah-v1l and Walker2d-
v1 under different delayed reward settings, with a delay step
d from 16 to 128. Table 1 plots the results under the first de-
layed reward setting and similar results are also observed in
the second delayed reward setting.
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As the increase of delay step d, all algorithms gradu-
ally degenerate in comparison with Figure 2 (i.e., d = 0).
DDSR can hardly learn effective policies under such de-
layed reward settings due to the failure of its immediate re-
ward model even with a relatively small delay step (e.g., d
= 16). VD-DDPG consistently outperforms others under all
settings, in both learning speed and final performance (2x
to 4x than DDPG). Besides, VD-DDPG shows good robust-
ness with delay step d < 64. As mentioned in Section 4,
we suggest that the reason can be two-fold: 1) with VDFP,
it can always learn the dynamics effectively from states and
actions, no matter how rewards are delayed; 2) the trajectory
return model is robust with delayed reward since it approxi-
mates the overall utilities instead of one-step rewards.

6.3 Ablation

We analyze the contribution of each component of VDFP: 1)
CNN (v.s. LSTM) for trajectory representation model (Rep-
resentation); 2) conditional VAE (v.s. MLP) for predictive
dynamics model (Architecture); 3) element-wise product
(v.s. concatenation) for conditional encoding process (Op-
erator); and 4) model choices (linear v.s. convex) for trajec-
tory return function (Return). We interpolate the slope o for
negative input of a single fully-connected layer with Leaky-
ReLU activation from 1 (linear) to O (ReLU-activated). Spe-
cially, we also consider two more advanced convex mod-
els, i.e., Input Convex Neural Network (ICNN) (Amos, Xu,
and Kolter 2017) and Negation-Extened ICNN (NE-ICNN)
(Chen, Shi, and Zhang 2019). We use the same experimen-
tal setups in Section 6.1. The results are presented in Table
2 and complete curves are in Supplementary Material E.
First, we can observe that CNN achieves better perfor-
mance than LSTM. Additionally, CNN also shows lower



Representation ~ Architecture Operator
CNN LSTM | VAE MLP | Elem.-Wise Prod. ~Concat. | Return Model | KL Weight (3) Clip Value (¢) | Results
v | v | v | Linear | 1000 0.2 | 5818.60 + 336.25
v v v Linear 1000 0.2 5197.03 £ 156.52
v v - - Linear - - 2029.00 + 486.11
v v v Linear 1000 0.2 4541.71 + 104.22
v v v Convex (LReLu w/ a=0.2) 1000 0.2 4781.18 + 440.50
v v v Convex (LReLu w/ a=0.5) 1000 0.2 4985.66 + 348.08
v v v Convex (ICNN) 1000 0.2 5646.12 + 328.61
v v v Convex (NE-ICNN) 1000 0.2 5310.23 £+ 198.35
v v v Linear 100 0.2 4794.96 + 370.02
v v v Linear 10 0.2 3933.33 + 361.82
v v v Linear 1000 9 4752.84 + 328.75
v v v Linear 1000 0.0 5712.55 + 233.74

Table 2: Ablation of VDFP across each contribution in HalfCheetah-v1. Results are max Average Episode Reward over 5 trials
of 1 million timesteps. £ corresponds to half a standard deviation. LReLU/Linear denotes a single fully-connected layer with
Leaky-ReLU/None activation. Note that Operator, KL Weight and Clip Value are not applicable (‘") for the MLP architecture.

training losses and takes less practical training time (almost
8x faster) in our experiments. indicating CNN is able to ex-
tract effective features. Second, the significance of condi-
tional VAE is demonstrated by its superior performance over
MLP. This supports our analysis in Section 5.3. Conditional
VAE can well capture the trajectory distribution via the
instance-to-instance reconstruction and then obtain the ex-
pected representation during the generation process. Third,
element-wise product shows an apparent improvement over
concatenation. We hypothesize that the explicit relation be-
tween the condition and representation imposed by element-
wise product, forces the conditional VAE to learn more ef-
fective hidden features. Lastly, adopting linear layer for tra-
jectory return model slightly outperforms the case of using
convex models. This is due to the equality between the com-
posite function approximation and the )-function (Lemma
1) that ensured by the linear layer. ICNN and NE-ICNN are
comparable with the linear case and better than Leaky-ReL. U
layers due to their stronger representation ability.

Moreover, we analyse the influence of weight 8 for KL
loss term (Equation 10). The results are consistent to the
studies of 3-VAE (Burgess et al. 2018; Higgins et al. 2017):
larger (3 applies stronger emphasis on VAE to discover dis-
entangled latent factors, resulting in better inference per-
formance. For clip value c in prediction process (Equation
11), clipping achieves superior performance than not clip-
ping (¢ = o0) since this narrows down the discrepancy be-
tween prediction instance and expected representation of fu-
ture trajectory. Besides, using the mean values of latent vari-
ables (¢ = 0.0) does not necessarily ensure the generation
of the expected representation, since the decoder network is
non-linear. Considering the non-linearity and imperfect ap-
proximation of neural networks, setting ¢ to a small value
(¢ = 0.2) empirically performs slightly better.

7 Discussion and Conclusion

Discussion. In VDFP, we train a variational predictive dy-
namics model (conditional VAE) from sampled trajectories.
To some extent, it can be viewed as a Monte Carlo (MC)
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learning at the perspective of trajectory representation. MC
is known in traditional RL studies to suffer from high vari-
ance and is almost dominated by TD in deep RL. A recent
work (Amiranashvili et al. 2018) provides an evidence that
finite MC can be an effective alternative of TD in deep RL
problems. In our paper, the idea of decomposed MC esti-
mation reflected in VDFP may direct a possible way to ad-
dress the variance by separately modeling dynamics and re-
turns. Another thing is that the conditional VAE is trained
in an off-policy fashion for VD-DDPG. It is supposed to be
flawed since trajectories collected by old policies may not
able to represent the future under current policy. However,
we do not observe apparent adverse effects of using off-
policy training in our experiments, and explicitly introduc-
ing several off-policy correction approaches shows no appar-
ent benefits. Similar results are also found in DFP (Dosovit-
skiy and Koltun 2017) and D4PG (Barth-Maron et al. 2018).
It may also be explained as in AWR (Peng et al. 2019) which
optimizes policy with regard to advantages over an averaged
baseline value function that trained from the off-policy data
collected by different policies. Analogically, an off-policy
trained VAE can be considered to model the average distri-
bution of trajectory representations under recent policies.

VDFP allows flexible uses of decomposed models. We be-
lieve it can be further integrated with such as pre-training
either part from offline trajectory data, reusing from and
transfer to different tasks. Besides, recent advances in Rep-
resentation Learning (Zhang et al. 2020; Srinivas, Laskin,
and Abbeel 2020; Schwarzer et al. 2020a) can also be in-
corporated. See Supplementary Material C.4 for further dis-
cussions. We expect to further investigate the problems dis-
cussed above in the future.

Conclusion. we present an explicit two-step understand-
ing of value estimation from the perspective of trajectory-
based latent future prediction. We propose VDFP which al-
lows value estimation to be conducted effectively and flexi-
bly in different problems. Our experiments demonstrate the
effectiveness of VDFP for both off-policy and on-policy RL
especially in delayed reward settings. For future work, it is
worthwhile to investigate the problems discussed above.
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