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Abstract
Over the last several years deep learning algorithms have met with dramatic successes across a wide range of application
areas. The recently introduced deep Q-learning algorithm represents the first convincing combination of deep learning
with reinforcement learning. The algorithm is able to learn policies for Atari 2600 games that approach or exceed human
performance. The work presented here introduces an open-source implementation of the deep Q-learning algorithm and
explores the impact of a number of key hyper-parameters on the algorithm’s success. The results suggest that, at least
for some games, the algorithm is very sensitive to hyper-parameter selection. Within a narrow-window of values the
algorithm reliably learns high-quality policies. Outside of that narrow window, learning is unsuccessful. This brittleness
in the face of hyper-parameter selection may make it difficult to extend the use deep Q-learning beyond the Atari 2600
domain.
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Introduction

The last several years have seen dramatic progress in the application of deep neural network architectures to problems
in both supervised and unsupervised learning. The recently introduced deep Q-learning algorithm [6, 7] represents the
first convincing application of deep feature learning to a non-trivial reinforcement learning task. Deep Q-Networks are
able to approach or exceed human performance on a range of Atari 2600 games. Policies are learned completely from
scratch based on pixel-level input.
The success of deep Q-learning in the Atari domain is a potentially important result. Scaling up reinforcement learning algorithms to handle continuous and high-dimensional tasks has been a longstanding challenge. Powerful feature
learning algorithms are likely to be essential to making progress in this area. The success of deep Q-learning is also
somewhat surprising. The algorithm has no theoretical convergence guarantees. On the contrary, it is well recognized
that Q-learning has a tendency to be unstable when coupled with non-linear function approximation [8, 4]. These factors
make it particularly important to reproduce the deep Q-learning results.
The goal of the work described here is twofold: first to reproduce the results of the original deep Q-learning workshop
paper [6] by developing an open-source implementation that can be used as a starting point for future research1 , and
second, to systematically explore the impact of several key hyper-parameters on the success of the algorithm.
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Methods

The implementation described here uses the Arcade Learning Environment [2] as an interface to an Atari 2600 emulator.
The deep Q-learning implementation is built on top of Theano [3, 1] and uses the neural network code developed for
Sander Dieleman’s galaxy zoo Kaggle competition entry [5].
The implementation follows the published description as closely as possible. The network architecture, image preprocessing, exploration schedule etc., all match the published specifications. As in the original paper, weight updates are
handled using RMSProp with a batch size of 32.
The RMSProp algorithm [9] involves scaling weight updates on a per-weight basis according to a running average of the
square of the gradient. The following two equations describe the update rules for tracking the average gradient values
and updating weights.
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The two hyper-parameters that appear in the equations above are the decay rate ρ and the step size parameter α. The
results presented below will explore the impact of these two parameters along with the discount rate γ
An additional factor that is not described in the original paper is the approach that was taken to weight initialization.
For all of the results presented below, the bias weights are initialized to .1 and all other initial weight values are drawn
from N (0, .0001).
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Results

Results are reported below for three of the seven games mentioned in the original paper: Breakout, Seaquest and Enduro.
Successful policies are learned for each game. Table 1 compares the best average reward received for each game with the
corresponding results from [6].
Figure 1 illustrates the impact of hyper-parameter selection on the success of the deep Q-learning algorithm. Several
trends are apparent in the data. First, it appears that the larger value of ρ tends to lead to better learning results, particularly for Enduro and Seaquest. Although the results are not presented here, a number of unsuccessful preliminary tests
were performed on Breakout with ρ = .9.
Second, at least among values examined here, it appears that no single set of hyper-parameters is optimal across all
games. For example, the best hyper-parameter settings for Enduro results in no learning for Seaquest. It is possible to
find settings that work reasonably well across multiple games, but any one choice will be a compromise.
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Figure 1: Each graph represents one training run with the indicated parameter settings for the indicated game. Training
takes place over 100 epochs where each epoch represents 50,000 actions. Learning is evaluated after every epoch by
testing the learned policy for 10,000 steps with an -greedy policy using  = .05. The average per-game reward is plotted
for each epoch. The lower bounds for all y-axes are 0. The upper bounds are 200 for Breakout, 1000 for Enduro, and 2500
for Seaquest. (Note that the incomplete data in some of the graphs represent jobs that had not completed at the time of
submission.)
The most striking observation is that some games show significantly more sensitivity to hyper-parameter selection than
others. In particular, 21 of the 24 different settings for Seaquest show no noticeable learning progress. Only one setting
results in learning that is comparable to reported results.
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DQN [6]
DQN (current results)

Breakout
168
162

Enduro
470
804

Seaquest
1705
2228

Table 1: Maximum average total reward for learned policies. The results labeled “DQN [6]” represent the best policies
discovered using an unspecified, but constant, set of parameters. The results labeled “DQN (current results)” represent
the maximum values across all of the graphs in Figure 1.

Note that the graphs in Figure 1 represent a single training run for each parameter setting. It has been our experience
that learning results tend to be reasonably consistent for a given set of hyper-parameters, but further experiments would
be necessary to quantitatively determine how hyper-parameter values impact the variability of learning.
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Conclusion

Even in the realm of supervised learning, the problem of tuning hyper-parameters for gradient-based optimization of
neural networks is notoriously difficult. The situation becomes worse when these networks are used in conjunction with
value function estimation. In supervised learning progress can be tracked by observing the value of the loss function
or the error on a validation set. In reinforcement learning the value of the loss function is not a reliable indicator of
progress: the value function is a moving target, so increases in the loss function may represent changes in the magnitude
of the estimated value function rather than a lack of progress in learning. The only reliable way to monitor progress is to
periodically evaluate the learned policy. This process is noisy, slow, and computationally expensive.
Given these challenges, it is particularly desirable that a reinforcement learning algorithm that incorporates deep neural networks be relatively robust to hyper-parameter selection. The results reported here suggest that improving the
robustness and reliability of deep Q-learning may be a valuable avenue for future research.
These results were prepared in reference to the original deep Q-learning paper [6]. The authors of that paper have recently
published an extended set of results obtained using a slightly modified version of the algorithm [7]. The updated version
of the algorithm periodically copies the network weights so that the target Q-values are calculated using weights that are
held constant across many updates. The authors report that this modification improves the stability of the algorithm. It
will be a focus of future work to determine how this modification impacts the algorithm’s sensitivity to hyper-parameter
selection.
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