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Abstract. In this paper, we apply Reinforcement Learning (RL) to a real-world
task. While complex problems have been solved by RL in simulated worlds, the
costs of obtaining enough training examples often prohibits the use of plain RL
in real-world scenarios. We propose three approaches to reduce training expenses
for real-world RL. Firstly, we replace the random exploration of the huge search
space, which plain RL uses, by guided exploration that imitates a teacher. Secondly, we use experiences not only once but store and reuse them later on when
their value is easier to assess. Finally, we utilize function approximators in order
to represent the experience in a way that balances between generalization and
discrimination. We evaluate the performance of the combined extensions of plain
RL using a humanoid robot in the RoboCup soccer domain. As we show in simulation and real-world experiments, our approach enables the robot to quickly
learn fundamental soccer skills.
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Introduction

Reinforcement learning (RL) is an established machine learning technique. In a trial
and error based procedure, an agent acquires knowledge about the consequences of its
actions and strategies to attain a certain goal [1]. While RL methods have been successfully applied to complex problems in simulated environments [2, 3], they have rarely
been used for real-world scenarios. The high costs of obtaining enough training examples for real systems often prohibits the acquisition of successful behavior by means of
plain trial and error. The central intention of our work is the reduction of training expenses for RL methods so that they are applicable to real-world scenarios. In this paper,
we propose three approaches to achieve this goal:
1. Speeding-up the exploration through imitation of a teacher
2. Repeated reevaluation of past experiences
3. Application of function approximators for better generalization
Imitation allows for knowledge transfer by observation between sufficiently similar
agents. Imitation learning is a well established concept in robotics [4–9]. The idea is
that the learning agent observes the actions of an experienced agent as well as the corresponding consequences. These observations give the learner clues about successful
strategies to reach the goal. Through the imitation of the teacher, the exploration of the
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huge search space is guided to regions that are promising. The learning agent no longer
depends on random exploration but rather on meaningful indications which actions to
choose.
In addition to the guidance by other agent’s experiences, the extensive exploitation
of own experiences is crucial for learning in real-world systems. Many learning algorithms rely on the online processing of experiences at execution time and discard them
immediately afterwards. Often however, the full merit of an experience can be assessed
only later in the learning process when more information is available. We reduce the
amount of training data that has to be collected by storing and reusing experiences. The
extensive use of both, own and observed experiences, provides the necessary knowledge
to choose promising actions that lead to a successful performance.
In complex domains, however, it is highly unlikely that exactly the same situation
is encountered twice. Generalization to similar situations is therefore essential. On the
other hand, generalization should not prevent discrimination between different situations. The function approximation technique presented in this paper combines the advantages of quick generalization and accurate long-term discrimination.
We present extensive experiments to evaluate the performance of a combination of
the proposed extensions to plain RL. In simulation as well as in real-world experiments
with a humanoid robot in the RoboCup soccer domain, we demonstrate how the robot
is able to quickly learn fundamental soccer skills.
This paper is organized as follows. In the following section, we briefly introduce
Q-learning, which is a popular RL algorithm. In Section 3, we describe function approximation and its application to Q-learning. In Section 4, we present our approach
to function approximation that allows for quick generalization as well as for sufficient
discrimination. Section 5 explains our use of imitation and memory to guide the exploration. Section 6 describes the robot hardware as well as the application of RL to a
specific task and Section 7 presents the experimental results obtained in simulation and
with a real robot. Finally, in Section 8 we discuss related work.
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Q-Learning

The framework underlying RL is that of Markov decision processes (MDPs), which describe the effects of actions in a stochastic environment and the possible rewards at the
different environmental states. The goal of the agent is to maximize the expected (discounted) future reward, without knowing the MDP or the reward function in advance.
The action selection according to the current state is called the agent’s policy. RL
methods use an estimate of the expected cumulated future reward, the utility function,
to derive a policy in order to maximize the long-term reward. In our work we use an
-greedy policy, i.e. the agent chooses a random action with probability  and the action
with the highest utility expectation otherwise.
Temporal-difference (TD) methods [10] like Q-learning perform an update of the
utility estimate after each transition (s, a, s0 ), where s is the state in which action a was
executed and s0 is the resulting state. As the cumulated future reward is not known in
advance, TD methods use an estimate of the utility of s0 to update the utility function.
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In Q-learning, the utility function is called Q and maintains utility values for each stateaction pair. The update rule after a transition is given by


0 0
Qt+1 (s, a) = Qt (s, a) + α · rt+1 + γ · max
Q
(s
,
a
)
−
Q
(s,
a)
.
(1)
t
t
0
a ∈A

Here, r is the immediate reward, 0 < α ≤ 1 is the learning rate and 0 < γ ≤ 1 is the
discount factor.
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Function Approximation

A tabular representation of the Q-function that stores one estimation for each stateaction pair is only useful for small problems. In practice however, the number of possible states is often very large or even infinite, making it impossible to maintain a table
of all Q-values. Furthermore, the completely isolated evaluation of each state-action
pair is not appropriate since it does not happen often that exactly the same situation
is encountered twice. In practice, many situations appear similar and are discriminable
only in detail. Experiences should therefore be generalized. Function approximation is
a method that is often used for generalization.
The general notation of function approximation is that given we have input-output
pairs (x, y), we want to compute a function f that is an approximation of the unknown
function f ∗ that produced (x, y). First, a prototype for f has to be defined, i.e. a class
of functions, that allows to express f ∗ with a suitable parameterization. The approximation f is represented by a parameter vector θ, which can be seen as instantiation of
the function prototype.
3.1

Function Approximation Using Gradient Descent Methods

The idea of gradient descent methods is to modify the parameter vector θ toward the
direction that yields the greatest error reduction for the example under consideration.
This is done by calculating the gradient of the local error term with respect to θ
1
θ t+1 = θ t + η∇θt (y − ft (x))2
2
= θ t + η(y − ft (x))∇θt ft (x) .

(2)

Here, η is called the step size parameter and θ t and ft indicate the parameter vector as
well as the approximation of f ∗ at time t.
In this paper, we consider the special case of linear gradient descent. We extract a
set of features from the input x and represent them as the feature vector φx . The number
of parameters n is equal to the number of features and the function prototype is given
by the weighted sum of the features
f (x) =

n
X

θ(i)φx (i) .

(3)

i=1

The components of θ are called the weights of the corresponding features. The advantage of this prototype is that the gradient ∇θ f (x) corresponds to the feature vector φx .
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However, care has to be taken that suitable features are extracted from x to provide
linear correlation between φx and y in the case that the correlation between x and y is
non-linear.
3.2

Q-Learning with Function Approximation

A training example (x, y) in RL consists of the previous state s and the executed action a as input and the target for Q-learning rt+1 + γ maxa0 ∈A Qt (s0 , a0 ) as output.
The update rule for Q-learning with linear gradient descent is then given by:
θ t+1 = θ t + η(rt+1 + γ max
Qt (s0 , a0 ) − Qt (s, a)) φs,a .
0
a ∈A

(4)

The update rule contains the feature vector φs,a , which is the function’s gradient. This
implements responsibility assignment: Those features, that have been most active in the
last decision, are most responsible for the current local error. Thus the corresponding
weights have to be adjusted most.
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Feature Construction

A typical approach for feature construction is the use of input features that indicate
whether or not the input is inside a certain region of the state space. Such a region is
called the receptive field of the corresponding feature. We construct the features following the principles of coarse coding [11]. The essential idea is to use multiple large
receptive fields, which may overlap, so that an input can activate multiple features.
Two inputs are similar in the features that are present for both or absent for both and
they differ in the features that are present for only one of the inputs. The simultaneous
consideration of similarity and difference is one important instrument to deal with the
conflict between generalization and discrimination, which typically occurs in learning
systems. In this work, we use a variant with continuous features that have an activation
value between 0 (i.e. the input is outside the receptive field) and 1 (i.e. the input is in
the center of the receptive field). The activation function Φ is called the feature’s shape.
1
In the one-dimensional case the receptive field is an interval [b0 , b1 ]. Let c = b0 +b
2
be the center of the receptive field. Then the activation function is:

1 − 2|x−c|
x ∈ [b0 , b1 ]
b1 −b0 if
Φ(x) =
.
(5)
0
else
For the transfer to n dimensions we propose the product of the activities on each dimension respectively:



 Qn
(i) (i)
2|x(i) −c(i) |
if ∀i ≤ n : x(i) ∈ [b0 , b1 ]
i=1 1 − b(i) −b(i)
Φ(x(1) , . . . , x(n) ) =
, (6)
1
0

0
else
(i)

where x(i) and b0/1 denote the input and the borders of the receptive field in the dimension i.
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Fig. 1. 1-dimensional generic feature.

The whole state space is covered completely by a group of features. We call this
group a generic feature. The dimensions are partitioned into uniform intervals with
the borders a0 , . . . , ae , where e is the total number of intervals on this dimension (the
resolution). In one dimension each receptive field covers two adjacent intervals with its
peak exactly on their border. For each pair of intervals there is one feature plus two extra
features at the border of the domain. Fig. 1 shows the generated features for a resolution
of e = 4. For each input value there are two active features with a total activation of 1.
Each feature contributes to the approximation according to its activation. This can be
interpreted as the feature’s responsibility for a certain input. The systematic overlapping
within a generic feature corresponds to a smooth shift of responsibility between two
adjacent features. The resulting approximation is a linear interpolation of the adjacent
weights.
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Imitation and Memory

Imitation is an important mechanism for the transfer of knowledge and skills between
similar agents. An imitating agent can observe the behavior of an experienced agent and
thus draw conclusions about the consequences of certain actions.
In this paper, the imitating agent has full access to experiences of a teacher. These
experiences are provided as sequences of states and actions in the learning agent’s representation along with the corresponding rewards. Our imitation approach relies on the
evaluation of these sequences according to own criteria. One possibility to do so, is
the application of the Q-learning algorithm with the stored sequence of actions. The
imitation effect can be increased by processing the sequences in temporally inversed
order. This is possible because the whole sequence of transitions and rewards is known
in advance.
One advantage of storing and evaluating such sequences is the fact that the same
algorithm can be applied to processing own experiences. This can be seen as a form of
episodic memory, which allows to ”revive” own experiences when their utility is easier
to access. If, e.g., the agent chooses a very good action by chance, but does not see
immediately that it was a good action or why it was good, then it can be helpful to
revive that experience later in the learning process when increased knowledge allows
for a better assessment of this observation.
The evaluation of observations in temporally inversed order is related to another
technique for faster information propagation in temporal-difference methods. Eligibility
traces [10, 12] use the last local error to update the value not only for the current state
but for the recently visited states as well. So there is no individual local error used to
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update the previous states of the stored sequence. In contrast to that, we calculate a
new local error for each transition in the stored sequence. Thus, we treat each step of
the sequence as if it was the actual observation. Convergence proofs for table-based
Q-learning (e.g. [13]) require to visit all states and to choose all actions infinitely often,
but they do not make any assumptions about the ordering of these observations. Thus,
the guarantees on convergence remain unchanged under the appropriate conditions.
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Task and Implementation

The proposed concepts of function approximation, imitation, and memory are evaluated
for a humanoid toy robot called RoboSapien, which has been augmented with a camera
and a Pocket PC as to allow for autonomous behavior as proposed in [14]. The task of
the agent is to dribble the ball from different positions into the empty goal. Note that
dribbling is achieved by walking against the ball. There is no explicit movement to kick
the ball. The exact task setup is taken from the scoring test defined in [14]. In this test,
the robot stands on the most distant point of the center circle, facing the empty goal.
The ball is placed at ten different positions on the other half of the center circle in the
robot’s field of view. One advantage of the adoption of this existing scoring test is the
possibility to compare the performance to an existing hard coded behavior.
According to the given task, suitable state variables have to be chosen that contain
all relevant information for learning a good policy. Obviously, the positions of the ball
and the goal are necessary to perform the task. While the ball position can be expressed
by two variables (e.g. angle and distance), this is not sufficient for the goal position.
Since the goal has a significant width, an additional variable is required (e.g. left post
angle and right post angle instead of one angle). These five variables define the unambiguous position of all relevant objects and their orientation to each other. There are
many possibilities to represent this information.
The previous paragraph implicitly assumes an egocentric representation of the information, i.e. the relative positions of the ball and the goal from the agent’s point of
view. Another possibility is the transformation to an allocentric representation, i.e. the
absolute positions of ball and robot on the field (including the robot’s orientation). Further possibilities are e.g. egocentric Cartesian coordinates (x and y) instead of polar
coordinates (angle and distance).
In this work, we use a combination of these representations and additional variables like the square roots of the distances to the ball and to the goal. In total we use
27 variables to represent the state space. This redundant representation allows the simultaneous consideration of different aspects of the situation. Each single representation is
well-suited for the detection of some properties and similarities of situations whereas
others can hardly be distinguished. The combination of several representations allows
to benefit from the advantages of each representation. The additional state variables do
not cause significant additional costs of computation since they just provide another
perspective on the same data. As our function approximation method relies on many
partitionings of the state space anyway, there is no difference (concerning the number
of features) in using two partitionings of the same representation and using one partitioning of two different representations.
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The action space of our robot consists of four possible actions: walk forward,
walk backward, turn right, and turn left, that are executed for 3.2s each and separated
by a short break of 0.4s. This pause is required to ensure that the actions’ effects do not
depend on previous actions but only on the current state.
As explained above, we use Q-learning with linear gradient descent to learn the
policy. The function approximator consists of multiple generic features (see Section 4)
that consider only a small subset of the available state variables each. First, a minimal
representation is chosen from the redundant state representation, i.e. five independent
variables that unambiguously describe the positions of all relevant objects and their
orientation to each other. Then a generic feature is created for all possible combinations
of two and of three dimensions out of these five. This is done for several minimal
representations resulting in a total number of 140 generic features, that only consider the
state space. These features are important to estimate the value of the current situation.
However, they do not distinguish between the different possible next actions. Hence,
another 140 features are added that additionally consider the action space.
To reduce the complexity of the search space, we exploit symmetry. This technique
is widely used in search or optimization problems [15, 16]. Here, we use mirroring
along the horizontal axis of the field. The value of turning left is equivalent to the value
of turning right in the mirrored situation. Thus, it is sufficient to learn the value of
turning right. Similarly, for walking forward or backward it is sufficient to learn the
value for only one half of the state space.

7

Experimental Results

We evaluate the performance of the proposed concepts as follows. The task is described
as an episodic RL task. Each action introduces an immediate reward of -1 per time step.
The slight punishment of each action is sometimes called the costs of the actions. Each
episode has three possible outcomes with the rewards:
– Success: The Ball is inside the opponent goal, reward: +1000
– Failure: The ball is outside the field, reward: -400
– Time-out: Abortion after 300sec, no additional reward
In addition to the ten situations defined for the scoring test, we define a set of training
situations. This is to ensure that the agent regularly encounters the different regions
of the state space. The agent alternately starts in a situation from the scoring test and
in a training situation. A pair of training episode and scoring test episode is called a
trial. The performance is evaluated separately for the scoring test and for the training
situations, since we are interested in the performance on the given task, i.e. the scoring
test. The presented experimental results refer to the performance in the scoring test.
Our main performance criterion is the success rate, i.e. the number of goals divided
by the number of episodes. The success rate is averaged over the last 50 episodes. Since
we initialized the success history with 50 failed episodes, the success rate is 0 in the
beginning and only after the 50 episodes, the average is based on actual episodes. This
is indicated by a vertical line in the plots. With the real system, fewer episodes can be
run due to time constraints. In this case, the performance is averaged over 20 episodes.
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Fig. 2. The effects of imitation and memory. As can be seen, by applying our proposed approach
using imitation and memory (Setup iv), the robot needs only few trials in order to come up with
a good policy.

Our second criterion is the duration of successful episodes. It allows to distinguish
the performance of policies that have a high success rate. This value is averaged over
50 successful episodes.
The influence of the different parameters can be evaluated faster and more systematical in a simulated environment, compared to using the real system. We first present the
results obtained in a simulator and show the performance on the real robot afterwards.
7.1

Accelerating Learning by Using Imitation and Memory

First, we show that imitation and the reevaluation of own experiences seriously accelerate learning. Both approaches are evaluated separately and in combination using the
following setups:
i) Standard Q-learning with η = 0.2 (constant); γ = 0.98;  = 0;1
ii) Same as i), additionally after each episode: evaluation of 36 successful episodes of
an experienced agent
iii) Same as i), additionally after each episode: evaluation of the last 36 own episodes
iv) Same as iii), additionally: memory initialized with 36 successful episodes of an
experienced agent (that will be replaced by own experiences after each trial)
The experienced agent is a human controlled RoboSapien with a success rate of 100%.
As Fig. 2 shows, classical Q-learning does not lead to noticeable success within a reasonable time. Isolated imitation as employed in Setup ii) results in a behavior with a
success rate of about 70% already after few trials. However, the robot does not improve
further. It seems that the extensive use of stored experiences leads to a biased transition
model that prohibits further progress in learning. When the robot uses a memory of
own experiences only, learning starts more slowly but leads after 200 trials to a success
rate near 100%. The combination of the two concepts imitation and memory (Setup iv)
yields an almost immediate success rate of about 90%. As can be seen, after 70 trials
the agent has learned a good policy with a stable success rate near 100%.
1

Experiments with  > 0 ended up with similar results.
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Fig. 3. Duration of successful episodes. A lower value of γ leads to a faster accomplishment of
the task.

7.2

Influence of the Discount Factor

The parameter γ is used to discount rewards that will be gained in the future. One interesting effect of this future discount is that the robot prefers solutions with shorter
sequences of actions, as can be seen in Fig. 3. This figure shows the duration of successful episodes for different values of γ. The success rate (not shown in the plot) does
not differ significantly for the different values. However, the goal is reached much faster
with γ = 0.97 than without discounting the future (γ = 1). Thus, the discount factor
has an important influence on the policy that is going to be learned. A lower value
may be advantageous for time-sensitive tasks. On the other hand, quick solutions might
involve a higher risk of failure, so that γ cannot be chosen arbitrarily small.
7.3

Results with the Real Robot

As a first approach to generate successful behavior for the real robot, we transfered the
learned policy from the simulator onto the real robot. The result was that all ten out
of ten episodes in the scoring test were completed successfully. The average duration
was 153s. Thus, the policy learned in the simulator already outperforms the hard coded
behavior by 20s [14].
In another experiment, we evaluated the learning process on the real robot. We used
the proposed concept of imitation and memory as it was described by Setup iv) above.
As can be seen in Fig. 4, the success rate increases quickly up to 70% after just 30 trials.
The final performance is a success rate of 85%. Although the curve is not yet stable at
this point, the results from the simulations suggest that this performance level can be
maintained and maybe further improved.

8

Related Work

Machine learning has been widely investigated in recent works on robotics, intelligent
agents or control systems. Classical approaches are increasingly combined with psychological mechanisms like imitation, curiosity, selective attention, and memory.
A well-known example for the successful application of RL techniques is the backgammon computer developed by Tesauro [2]. It consist of a feed-forward neural network, which is trained by playing against itself. TD-backgammon outperformed all
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Fig. 4. Learning with the real robot. The proposed concepts of imitation and memory as well as
function approximation lead to a quick acquisition of successful behavior.

commercial backgammon programs available at that time. The extensive training was
essential part of this great success. The program was trained in up to 200,000 matches
against itself.
Learning with memory can be used to overcome the hidden-state problem of nonMarkovian environments. Algorithms like U-tree [17] or HQ-learning [18] integrate
past information into the current state. As memory is only used within an episode, this
can be seen as a form of short-term memory. Our approach does not aim at the solution
of the hidden state problem within an episode but rather at preserving experience for
later access. This corresponds to episodic memory. Our work is closely related to the
fitted Q iteration algorithm [19], where RL is applied in batch mode to a large set of
single observations. An observation is a four-tuple (s, a, s0 , r).
Different concepts of guided exploration have been proposed to accelerate RL methods. Reinforcement-driven information acquisition (RDIA) [20] combines knowledge
from information theory with RL to model curiosity. Experiments with table-based Qlearning in a simulated environment show that transition probabilities can be learned
much faster than with random exploration. Another form of guided exploration is coaching. The RATLE algorithm [21] uses Q-learning with a feed-forward neural network
and allows to process external advice in form of rules. This is done by translating the
rules into neural units and inserting these new units directly into the network. In [22]
imitation is used to solve a maze problem.2 The learning agent has an ”innate” imitation behavior, which consists in following a teacher. Experiments in simulations show
that increasingly complex mazes can be solved. The results are not compared to other
approaches.
The successful application of RL methods to robotic soccer has been recently demonstrated by the team Brainstormers Osnabrück, the 2005 World Champion in the RoboCup 2D-Simulation-League. Their research focuses on the use of RL techniques for
multi-agent systems [3]. Classical RL with feed-forward networks is used to learn basic
skills that are combined to more complex behaviors [23]. The application of RL to realworld soccer robots is investigated in [24]. First, basic skills are learned via RL. Then,
a policy is learned as well that chooses among the basic skills according to the cur2

The problem is called a maze problem in the original publication. However, it is rather a
corridor. So the problem is not finding the exit, but to follow a given path without collisions.
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rent situation. Thus, a two-level hierarchy is used. The agent successfully learns good
behavior in a simulated environment. Applied to the real robot, the behavior does not
reach the performance of an explicitly programmed solution. The results are compared
to a robot, whose top speed has been reduced to 13 of the usual top speed.
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Conclusions

In this paper, we presented several techniques to reduce the amount of training data
for RL. The main idea was to build extensive knowledge from few experiences. This is
crucial for the application of RL methods to real-world scenarios.
We use imitation to replace the random exploration of the huge state and action
space with a guided exploration. In our approach, the agent has full access to experiences of a teacher, which has the same state and action space and gets identical rewards. Perceptions, actions, and rewards of the experienced agent are stored and can be
accessed and reused later. Similarly, own experiences are stored and reevaluated later.
This dramatically reduces the training expenses. Classical RL methods process the current observation and discard it immediately. This way, valuable information might be
lost, since it cannot be correctly assessed at the moment of the experience. We let the
agent repeatedly reprocess past experiences to avoid this problem.
In addition, the quick generalization of similar situations while preserving the possibility to distinguish between different situations, essentially contributes to the acceleration of the learning process. Coarse coding with binary features allows locally constant
function approximation. In this case, inputs that activate identical features are treated
identically. Our function approximation with continuous features is locally linear. Inputs that activate identical features remain discriminable by the different intensities of
the activation. This way, generalization and discrimination can be better combined.
As the experimental results show, fundamental soccer skills can be learned using RL
in simulation. The approach also works with a real humanoid robot on the soccer field.
The given task is accomplished quickly and reliably. Although the training with the real
robot requires more time than the training in simulation, it stays within a reasonable
limit. We also showed that the learned behavior in the simulator can be directly used by
the real robot and yields good results.
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