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Abstract
Reinforcement Learning potentially provides a powerful tool for self improvement of future robots. However, in contrast
to learning in simulation, on real robots it is much more important to be sample efficient. When applying Reinforce-
ment Learning, especially the recently successful Deep Reinforcement Learning, usually many interactions with their
environment are required to learn. This is not practicable when training with a real system. Another challenge is the
design of good reward functions to enable correct and fast learning of the task at hand. In particular, when robots shall
interact with us in our everyday life, it would regularly be necessary to learn new tasks or to adapt learned behaviors to
new circumstances. Directly integrating the human in the training could hereby help to become more sample efficient
in training, and to adapt the reward to human preferences. All in all, human interaction could thereby help to bring
Reinforcement Learning to real robot applications.
This thesis presents a general framework that can incorporate different kinds of human interaction and the environmental
reward in an Interactive Reinforcement Learning algorithm. Through this, it simplifies the combination of several,
interactive and not interactive, algorithms. Various such combinations of algorithms are tested in experiments with
different learning environments and both, simulated human feedback and feedback from real users . The experimental
evaluations showed that human interaction could nearly always speed up the learning process and even enables the
learning of tasks that require very extensive exploration, and thus could not be learned with the Reinforcement Learning
baseline. In most experiments with real humans, the use of advice worked better than giving feedback.

Zusammenfassung
Reinforcement Learning bietet potentiell ein mächtiges Werkzeug für die eigenständige Verbesserung zukünftiger Robo-
ter. Allerdings ist es für das Training echter Roboter, im Gegensatz zu Training in Simulationen, deutlich wichtiger Daten
effizient zu nutzen. Bei der Anwendung von Reiforcement Learning, insbesondere des zuletzt erfolgreichen Deep Rein-
forcement Learning, werden meist viele Interaktionen mit der Umgebung zum Lernen benötigt. Dies ist jedoch für das
Trainieren auf einem realen System nicht praktikabel. Eine weitere Herausforderung ist das Design guter Rewardfunk-
tionen, um korrektes und schnelles Lernen für die dazugehörige Aufgabe zu ermöglichen. Insbesondere wenn Roboter
in unserem Alltag mit uns interagieren sollen, wäre es regelmäßig notwendig neue Aufgaben zu erlernen oder bereits
Gelerntes an neue Umstände anzupassen. Den Menschen direkt in das Training zu Integrieren könnte dabei helfen mit
wenigen Interaktionen lernen zu können und den Reward an die Präfernzen des Nutzers anzupassen. Insgesamt könnte
menschliche Interaktion dadurch dabei helfen Reinforcement Learning auf echten Robotern anzuwenden.
Diese Abschlussarbeit präsentiert ein allgemeines Framework, das verschiedene Arten menschlicher Interaktion und den
Reward der Umgebung in einen Interactive Reinforcement Learning Algorithmus einbindet. Dadurch vereinfacht es die
Kombination mehrerer, interaktiver und nicht interaktiver, Algorithmen. Verschiedene solche Kombinationen von Algo-
rithmen werden in Experimenten mit verschiedenen zu erlernenden Umgebungen und, sowohl simuliertem Feedback,
als auch Feedback von echten Benutzern, getestet. Die Evaluierung der Experimente hat gezeigt, dass menschliche
Interaktion den Lernprozess fast immer beschleunigen konnte und sogar das Trainnig für Aufgaben die eine sehr um-
fassende Exploration der Umgebung erfordern und daher nicht durch den Reinforcement Learning Vergleichsalgorithmus
erlernt werden konnten, ermöglichte. In den meisten Experimenten mit echten Nutzern funktionierte das Vorschlagen
von Aktionen besser als deren Bewertung.
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1 Introduction
There is the vision, that robots shall be able to help us in our everyday lives. But to be able to do that, they will have
to adapt to different users and different working environments. One example is the caring for elderly people: Some of
the patients may need help with specific tasks that can differ much over time and between situations. Besides, the robots
operate in their homes. A robot would have to adapt to this specific environment, as every house is different. Because
such details can probably not be implemented beforehand and even change over time, the robot has to be able to adapt
its behavior during operation.
Reinforcement Learning could be a way to attempt this problem. There has been big progress in the area of Reinforcement
Learning, especially in Deep Reinforcement Learning (see e.g. [2, 3, 4] and many more), in recent years. The found
algorithms are regularly applied to simulated robotic tasks as the mujoco ([5]) tasks in the OpenAI gym1. In those
standard simulated environments, there are predefined reward functions available. However, when a Reinforcement
Learning technique shall be applied to a new task, a new reward function has to be defined. Defining good reward
functions is often not easy, especially when dealing with real robots and when the users, who are usually no experts, shall
be able to train the robot. Furthermore, Deep Reinforcement Learning algorithms typically need very many interactions
with their environment. This is not feasible when robots shall learn in the real world. Thus, the sample complexity and
learning times would need to be reduced.

Figure 1.1.: Diagram of Interactive Reinforcement Learning
The upper, blue part depicts the classical Reinforcement
Learning setting: The agent performs actions in the envi-
ronment and receives an encoding of the current state and
a reward in return. This is extended by the human inter-
action, shown in green, to get a diagram of the interactive
reinforcement learning idea.

There are different approaches to enable the usage of Re-
inforcement Learning without a predefined reward func-
tion. First, there is the field of Inverse Reinforcement
Learning ([6]), where a reward function is learned from
expert demonstrations (e.g. [7, 8]). This is part of the
Learning From Demonstrations research area ([9]). One
problem is, that it may be hard for humans to provide
good demonstrations of a task. Again this is a problem,
especially when dealing with real robots (see [10]), and
when demonstrations shall be given by users that are no
experts.
Another way to train an agent without a predefined re-
ward function is to use human feedback instead, also re-
ferred to as Interactive Reinforcement Learning ([11]).
In this approach, it is not clear in which way the hu-
man feedback can be used best because there are different
ways to give feedback and also different ways to interpret
the given feedback. In general, human feedback is quite
different from a classical reward function and this has to
be considered when it shall be used to train an agent. The
Interactive Reinforcement Learning idea also includes giv-
ing advice to the agent to guide him through the learning.
A diagram that shall give an intuition about the Interac-
tive Reinforcement Learning in contrast to the classical
Reinforcement Learning can be found in Figure 1.1.
Intuitively it makes sense that human interaction might
improve the training of autonomous agents due to the
human’s prior knowledge about the world. On the other
hand, the interaction with a human is costly and thus
should be minimized. This is still valid when no reward
function is available and only information from the hu-
man shall be used for the training. For problems with a
high frequency of actions, it is not possible for humans to
judge each state action pair. Besides, if many rollouts are needed for the training, it might be also unfeasible to give
feedback for each state action pair. Therefore, the human reward is typically provided sparsely and has to be distributed
over multiple time steps, if it is given per state action pair. An alternative is to only judge whole episodes or parts of

1 https://github.com/openai/gym
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episodes. Another approach to reducing human interaction is to compute when the agent most probably really needs
feedback and query it from the user only then.
There are already several Interactive Reinforcement Learning algorithms, but they differ inter alia in the way the feedback
is given, and it is not clear which way is best. For example, a user can say whether something was good, how good it
was, or whether it was better than something else. You can find an overview of different ways to give feedback in Table
2.1.
Next to the way to give feedback, there are also multiple ways to interpret human feedback. For example, it can be
assumed to be similar to a classical reward function. On the other hand, one can argue that humans already incorporate
the long term cost of an action to their reward and thus the human reward would be more similar to a state action value
function. Because human feedback is often relative to the agent’s behavior that was seen before, it is also argued, that
the human reward can be seen as Advantage function. Especially when using binary rewards, it is frequently assumed
that human feedback tells whether an action was correct or not.
Besides giving a general numeric feedback, a human could for many tasks also tell the agent, what alternative might
have been better than the performed action. Another way to incorporate human advice is to tell the agent what would
be a good action to perform next. Here a good action could be an action that is important for exploration or that is really
a good action that should be performed in the long term. This advising actions can be related to the Learning From
Demonstrations area. Thus, there is also the problem that it might be hard to give good advice. However, there is the
difference that an advice is typically not a whole demonstration but just a single action that suits a given situation.
It can be seen that there are plenty of ways to interpret the human information and it is not trivial to see, which one
is best. Different interpretations and techniques might even be important for different problems and environments. All
in all, learning from human reward is an important approach to bring robots and Reinforcement Learning to real world
applications with human robot interaction. On the other hand, there are important differences to classical Reinforcement
Learning and many ways to attempt them. To make further progress in this area, it is important to find the advantages
and disadvantages of different approaches.

1.1 Research Question

The described problem setting leads to different research questions, that shall be tackled in this thesis.

1. Can human feedback enable or improve the training of agents?
There has been already work that demonstrated that human feedback during the learning of an agent was helpful.
Besides, there is also work where agents learn only from human feedback, how to solve a task. So the first goal of this
thesis is to reproduce such results and extend them to other problems.

2. How can different ways of interaction and different interpretations of human feedback be beneficial for the train-
ing?
In the existing literature of Interactive Reinforcement Learning, there were proposed different ways for human trainers
to provide feedback (see Table 2.1). Besides, the feedback can be interpreted to represent different kinds of information.
Another way of human interaction that has to be considered is to give advice instead of feedback. It is not clear which of
those possibilities should be preferred.

3. Is there a clear relationship between different problem settings and corresponding best working methods?
It is not only unclear, which way of human interaction and its interpretations are best, but it is possible, and likely, that
there is not a single perfect way that fits all problems. Thus it would be interesting, to find a relation between the problem
setting and the best working approach.

1.2 Thesis Structure

The rest of the thesis consists of the following chapters:

Chapter 2: An overview of existing related literature is given. This includes human reward, guidance and other kinds of
human interaction. Besides, the algorithms that were implemented and used for this thesis are introduced.

Chapter 3: A general framework for the combination of different kinds of human interaction and environmental reward
is introduced. Furthermore, it is explained how different algorithms can be used in this Framework.

Chapter 4: Basic information about the structure of the implemented code is given. Additionally, some short code snip-
pets are given as an illustration.
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Chapter 5: Some examples of algorithms in the proposed framework were used to learn several tasks. To do that ora-
cles that simulate human interaction and user studies with real humans were used. In this chapter, first, those
experiments are explained and afterwards the results are evaluated.

Chapter 6: The thesis is concluded with a summary of the findings and an outlook on future work that could continue
the work of this thesis.

3



2 Related Work and Foundations
In this chapter, an overview of the existing literature of Interactive Reinforcement Learning is given. Besides, the algo-
rithms that were implemented and used in this thesis are introduced.

2.1 Related Work

There has been done much work that considers the learning of autonomous agents that involves a user in some way.
This section gives an overview of the papers that are most related to this thesis. This includes feedback, advice and other
kinds of information from human trainers.

2.1.1 Human Reward

A very natural way to avoid the need for a reward function, when there is a human that can interact with the robot, is
to let the human directly give the reward for the behavior of the robot. In contrast to classical Reinforcement Learning,
where typically a numerical reward for each state action pair is assigned, there are multiple possible kinds of feedback
when interacting with a human. Some argue, that binary feedback (is an action or a trajectory OK or not) is easier
to give for a human than some numeric feedback. On the other hand, numerical reward can yield more information.
An alternative way is to compare different behaviors that were performed by the agent beforehand. Depending on the
concrete task, it could be easier or harder to provide a comparison than to give numerical feedback. An overview of work
that used different ways of human feedback can be seen in Table 2.1.

binary numeric comparison kinesthetic implicit

[12, 13, 14, 15, 16, 17] [12, 18, 19, 20, 21] [22, 21, 23, 24, 25] [26, 22] [27, 28, 29, 30]

Table 2.1.: Overview of Literature that Propose Different Ways to Give Human Feedback
There are multiple ways for humans to give feedback: It can be a binary (good / bad) decision. This kind is also

captured in the more general case of giving a numerical value. There are also approaches where a value is computed
out of data that is recorded about the human, who does only implicitly judge the agent’s behavior in this case. When
dealing with real physical robots, their behavior can be judged by providing an alternative for it. These approaches

typically make use of the more general idea to let the human compare different behaviors and learn from this. Some
examples of those different approaches are listed in this table.

Early work that considered learning from human reward was, for example [11, 31], where the human reward was used
similar to the classical reward in Reinforcement Learning with a Q-learning algorithm. They find in user studies that
humans often try to not only judge the past behavior of an agent but also to guide its future behavior. Thus, they also
integrate explicit guidance to their learning algorithm. Besides, they find that humans typically change their strategy
of giving rewards, during the training process. Because this is not common in classical Reinforcement Learning, they
propose to consider it when learning from human reward. Although the approach they presented is an early and naïve
one, it was already applied to a simple real robot task in [32].
Instead of using human reward the same as a classical reward function, in COACH ([18]) it is assumed to be the
Advantage function and directly used to optimize the policy. This is inspired by actor critic algorithms as, for example,
[4]. The feedback is distributed over multiple timesteps by using multiple eligibility traces ([33]).
Another way of incorporating human reward is to assume that it tells whether an action or episode was correct. Upon this,
a probabilistic model of the belief over the correctness can be computed. In Advice ([14]) this belief is used to improve
the belief, resulting from Bayesian Q-learning ([34]), on an additional classical reward signal. A different approach under
this assumption is (I-)SABL ([15]), where the likelihood of policies is computed. A model of the human trainer is either
learned (I-SABL) or assumed to be given (SABL). This model encodes whether the trainer tends to rather give feedback
either when he is satisfied (tends to give positive feedback) or when he is not (tends to give negative feedback). Such a
model can then be inverted to tell whether the trainer was probably satisfied or not when he did not give feedback for
some action. Thus, in this method, the absence of human feedback also yields information. In [16] the algorithm of [15]
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is used and the knowledge about the uncertainty over different actions is exploited by adapting the movement speed of
the agent to it. This can accelerate the training time and make it more comfortable for the human trainer.
Another approach is to simply learn a model of the given feedback. This way, in contrast to modeling the correctness of
actions, arbitrary kinds of numeric feedback can be handled. An early and successful example, that implements this idea,
is the TAMER framework ([12]). It was also extended to deep neural networks in [19]. Both algorithms are explained in
more detail in Section 2.2. In [20] a probabilistic model of the reward function is learned. The probabilistic model has
again the advantage that the uncertainty of the model can be measured. This is exploited by querying the human to give
feedback when the model uncertainty is high in some situation.
In preference based algorithms, there is not an absolute value assigned to the performed behavior, but multiple different
behaviors are compared. A comprehensive survey of this area can be found in [35]. Examples for preference based
algorithms are [22, 24], where reward models are learned from comparisons of trajectories. In preference based learning,
it is sometimes also possible to show the robot by kinesthetic teaching how to improve the current attempt ([22]). Those
demonstrations do not have to be optimal.
One recent approach tries to combine learning from positive examples and human feedback ([17]). In contrast to classical
Inverse Reinforcement Learning no trajectories, but only images of states that shall be reached have to be provided. Those
images are used to create a reward function. For those states where the algorithm is not certain about the reward, the
human is queried for feedback.
Next to the approaches, where humans give explicit feedback, whether they liked some robot behavior or not, there is
also work, that tries to extract the feedback directly from the human. This can be done either with EEG data ([28]) or
by analyzing human behavior from video data ([29, 30]).
Because different methods to incorporate human reward have different advantages and drawbacks, [36] tries to combine
different ones to get an optimal behavior. However, they assume that the human reward is given in addition to a classical
Reinforcement Learning reward.

2.1.2 Guidance

The learning from human reward is related to human guidance during learning. An example of this is [37]. Here a given
classical reward function is assumed, and the user can advise the agent which action to take. Then a positive reward
signal is added to the environmental one for the state action pairs that were suggested by the user. As already mentioned
in the previous section, [31] uses human guidance additionally to human reward.
Human guidance can also help the agent to explore the environment. For example in [38] human guidance is queried,
which does not have to be optimal but just shall help the agent to explore the environment. Human guidance can also
help to make the exploration during the learning of real robots safer. An example of this is [39], where the robot indicates
the human, what he wants to do next. The human can prevent bad and potentially dangerous actions and suggest others.
This human guidance is then used to improve the robot’s policy. In [40] multiple channels of prior information can be
combined to guide the agent. This algorithm will be explained in more detail in Section 2.2.3.

2.1.3 Other Kinds of Information

Figure 2.1.: Interactive Reinforcement Learning Frame-
work of [1]

This figure is used in [1] to illustrate their view on In-
teractive Reinforcement Learning that includes many
different types of human interaction.

There are also other kinds of information, which can potentially
help the agent to train, but which are used not that frequently.
For example, one can start with a limited action space at the be-
ginning and add actions that might be helpful during training as
in [41]. Another example is [42], where the similarity between
state action pairs can be defined and changed during the train-
ing. A more general framework for the human to interact dur-
ing a Reinforcement Learning process is presented in [1]. The
special thing about this approach is that it is completely inde-
pendent of the used Reinforcement Learning algorithm. Some
methods that can be used in this framework are that the feature
encoding of states can be changed or actions are pruned dur-
ing the learning process. Pruning actions, i.e. removing actions
from the action space of the MDP, can be seen as the counter-
part of adding actions during the training as proposed in [41].
The figure that the authors used in [1] to illustrate their view
on Interactive Reinforcement Learning can be seen in Figure 2.1.
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2.2 Foundations

In this section, the algorithms that were implemented or directly influenced implementations in this thesis are introduced.
How exactly they were used is explained in the next chapter (Chapter 3).

2.2.1 Reinforcement Learning Baseline

To compare the Interactive Reinforcement Learning approaches with classical Reinforcement Learning, baselines with a
similar complexity are needed. Besides, some of the presented approaches include a Reinforcement Learning part. For
both purposes, the following algorithms are used.
For a linear model complexity we use SARSA ([43]) with eligibility traces (SARSA(λ) [44]). With this algorithm, a state
action value function can be learned. This is necessary for the combination of human interaction with the environmental
reward in the approaches that will be presented later. In our implementation, the value function is represented by a
linear model based on a feature representation of the state action pairs. The SARSA algorithm is a classical approach to
this task. In the rest of this thesis, it will just be called SARSA for simplicity.
To learn a state action value function with a deep neural network, the DQN algorithm ([2]) is the classical method that
can be applied. We use the Double DQN version of this algorithm ([45]), but for simplicity, it will be called DQN in the
rest of this thesis.

2.2.2 TAMER

A classical algorithm, that is often used as a baseline for Interactive Reinforcement Learning, is TAMER ([12]). It can
process numeric as well as binary human feedback, which is assumed to correspond to the value of state action pairs.
It assumes some feature representation for the state action pairs. In the algorithm, a linear reward model over those
features is learned. To do that the model is updated when the human gives some feedback. This way it can handle
changes in the way the human gives feedback during the training. The learned model can then be used similar to a
classical Q-table. Thus, actions are chosen to maximize the corresponding value of the reward model. TAMER uses the
following loss to optimize the reward model: The features of all previous state action pairs are weighted by a guess how
much they influenced the feedback. Those weighted features are summed up, and one value is computed for them. The
difference between this computed value and the actual human feedback is the loss that is minimized. To compute how
much single actions influenced the feedback, there is a probability distribution over the time before the feedback was
given. For each action, the probability mass of the time that passed until the next action is used as a weight. For their
results, they use a uniform distribution between some minimal and maximal reaction time.

DeepTAMER

There exists also a deep version of TAMER ([19]). To compute features, they propose to train an autoencoder neural
network on the state space of the used environment. The encoder part of the network can then be used for the feature
extraction. This is especially useful to compress very high dimensional state spaces, for example, images. In contrast to
TAMER, they do not include the action for the feature computation but compute one value for each possible action in
the reward model. For our experiments, we do not use the autoencoder features, because we do not use environments
that encode their states as images. However, we do compute different values for different actions and do not include the
actions in the feature computation. For the reward model, they also use a neural network. Another difference to TAMER
is, that they save the feedback in a replay memory and use that for replay updates. This shall reduce the needed amount
of human feedback because neural networks typically need many update steps to be optimized. On the other hand, this
can become problematic, when the human trainer changes his way to give feedback during training. Deep TAMER also
differs from TAMER in the used loss function. They explicitly compute the squared loss for each considered state action
pair and its corresponding human feedback and weight them afterwards.

TAMER with Environmental Reward

The TAMER framework is good when there is no reward function available because it enables to learn a task only by
human feedback. But in the scenario that some basic reward function exists and human feedback shall only improve
the training, TAMER can not be used directly. Because of that, in [46] multiple ways to combine the human feedback
processing of TAMER and classical Reinforcement Learning. In this paper, they assume that first a human trains a TAMER
agent and subsequently the trained agent is used to improve the classical Reinforcement Learning agent. Based on
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these methods, in [47] an approach for simultaneous training from the classical environmental reward and the human
feedback is presented. There are two distinct models for the two kinds of information learned. Those can then be fused
with multiple possible methods to decide for an action. To weight both models in the fusion, they present a method
to measure how much a state action pair was already judged recently. If this value is high, the TAMER model is more
trustworthy and thus should be weighted more.

2.2.3 Supervised Reinforcement Learning

One way to include human advice to the Reinforcement Learning process is the Supervised Reinforcement Learning
method, presented in [40]. The idea is to include multiple channels of prior knowledge about the value of possible
actions, e.g. a human advice for some action. For the Reinforcement Learning part, the original paper uses Q-learning
([48]).
First, all information channels are combined by adding them and normalizing the result. Then the compatibility of the
given advice and the so far learned values is computed. If the compatibility is very low, it is assumed, that there is too
little knowledge at the current state and the advice might be incorrect. Because of this exploration is performed, i.e. not
advised actions are preferred. If this is not the case, the advice is combined with the learned values and a softmax policy
is used to finally decide for an action.
One problem for applying this approach to human interaction is, that the human typically wants the agent to really
perform what he suggested. Especially at the beginning of the training, the learned values are not yet meaningful. Here
the advice might be especially helpful, but if it is by chance not compatible with the values, it is not used. Even worse,
those actions that were the least recommended by the human are followed.
Thus, we use a simplified version, that only makes use of the principle idea: If an advice is given by the human, it is
always followed by the agent. When there is no advice, the values learned by Reinforcement Learning are followed. For
this Reinforcement Learning part, we use the SARSA algorithm ([43]).
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3 Combination of Interactive Reinforcement Learning
Algorithms

While there are many different approaches for Interactive Reinforcement Learning, we want to bring them into one
principle formal framework. This shall lead to a better understanding of different methods and their differences. A
diagram of the formal framework can be seen in Figure 3.1. We concentrate here on value based methods in the sense,
that there is some model of value for different state action pairs. Nevertheless, those values do not necessarily correspond
to the values of a classical Q-table. They just have to represent some notion of good and bad. We use this value based
view because most existing work can be seen this way.

Figure 3.1.: Overview of the Proposed Framework
The human can observe the environment and give advice (A) and / or feedback (F). The agent learns one model (A, F,
Q) for each present type of information: human advice, human feedback, and environmental reward. Those models are

fused to decide on one action to perform next.

As already introduced, we assume that an Interactive Reinforcement Learning algorithm has some kind of a value model.
More precisely, we assume up to three different models for different information:

Q: This model is learned from the environmental reward. Thus, classical Reinforcement Learning techniques can be
used here.

F : This model is learned from feedback the human user gives for the behavior of the agent.

A: This model is learned from advice that the human user gives the agent for some state.

Those models can have an arbitrary representation. In this thesis, we use linear models, neural networks, and tables.
If linear models or neural networks are used, their parameters are denoted by θθθQ,θθθ F and θθθA respectively. The learned
models can then be combined in different ways.
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It is assumed, that there is some sufficient feature representation fs,a of state s and action a given for each problem. For
the implementation of the SARSA, the DeepTAMER and the DeepAdvice algorithms, the features only encode the state
and a distinct model is learned for each action. Nevertheless, this can also be transferred to a single model with state
action features (see Appendix A), we will keep the uniform notation.

3.1 Fusion of Learned Models

This part of fusing models and choosing actions is marked in Figure 3.1 by .
Assuming that at least one, but possibly multiple, models that represent some kind of value of state action pairs and
corresponding weights for those models are given, an optimal action a′ has to be chosen. There are multiple possible
ways to do that. We use the Action Biasing and the Control Sharing techniques from [47], that we adopted to be able to
handle human advice additionally to the environmental reward and the human feedback. However, if no human advice
is used (wA = 0), they behave exactly as described in [47].

Action Biasing (AB):
Here one model is computed as a linear combination of the given ones and is then used for the action selection.

a′ = argmaxa∈A (wQQ(fs,a) +wF F(fs,a) +wAA(fs,a))

Control Sharing (CS):
This is a probabilistic approach that switches between the given models.

Pr(a′ = argmaxaQ(fs,a)) = 1−
�

min
�

wF ,
wF

wF +wA

�

+min
�

wA,
wA

wF +wA

�

�

Pr(a′ = argmaxa F(fs,a)) =min
�

wF ,
wF

wF +wA

�

Pr(a′ = argmaxaA(fs,a)) =min
�

wA,
wA

wF +wA

�

For this method, no weight for the Reinforcement Learning model is needed, because the corresponding model is simply
used as default if the probabilities for following the F and A do not sum up to 1.

Choosing the used weights wF , wQ, wA can then lead to different algorithms. Some examples are listed in the rest of this
section. They can use both presented methods to fuse multiple models. And of course, other ways to fuse the models can
be made up and used instead of Action Biasing and Control Sharing.

3.1.1 TAMER

Only the learned feedback model is used in the basic TAMER [12] algorithm:

wQ = 0 wF = 1 wA = 0

This is the same for the DeepTAMER ([19]) algorithm. Because the Reinforcement Learning and the advice model are not
used they do not need to be leaned and these algorithms can learn from human feedback without any other information.

3.1.2 Advice

Only the learned model of advised actions is used in the Advice algorithm:

wQ = 0 wF = 0 wA = 1

Again, this can be used the same in the deep version of the algorithm.
Although this algorithm only learns from actions that are suggested by humans, no complete demonstrations have to
be given by the human. In contrast, the human trainer can observe the current behavior of the agent and modify it for
specific states, where he thinks it is not optimal yet.
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3.1.3 Supervised Reinforcement Learning (SRL)

In our Supervised Reinforcement Learning experiments (inspired by [40]) the advice is always used if provided. Other-
wise, the RL model is followed. This can be expressed in our framework the following way:

wQ = 1−wA

wF = 0

wA =

¨

1 if A provided

0 else

For this algorithm, a reward function is needed and human advice is only used for exploration.

3.1.4 Simultaneous TAMER (Sim TAMER)

The simultaneous TAMER [47] algorithm combines human feedback and environmental reward. To do that, the weights
are computed with the hyperparameters λsim, A and C.
ξξξ is inspired by eligibility traces and shall represent how much recent information about some feature is available. It has
the same shape as the features, that are used for TAMER. ξξξ is initialized as zero vector. Then it is updated at each step:

ξξξ=

¨

min(ξξξ+ Afs,a,111) if F provided

λsimξξξ else

Based on this the weights can be computed:

wQ = 1

wF = CξξξT f/||f||1
wA = 0

Because the weight for the feedback model diminishes when no feedback was given for some time, the human feedback
only supports the exploration here too. However, one interaction does not only affect a single action but potentially many
ones.

3.1.5 Simultaneous Advice (Sim Advice)

The simultaneous Advice algorithm follows the same idea as the simultaneous TAMER:

ξξξ=

¨

min(ξξξ+ Afs,a,111) if A provided

λsimξξξ else

wQ = 1

wF = 0

wA = CξξξT f/||f||1
This shall enable a longer influence of a given advice, compared to the Supervised RL approach.

3.1.6 Simultaneous (Sim)

One option to combine all possible kinds of information in the proposed framework is the algorithm we will call Simulta-
neous and that is introduced in the following. It is supposed to combine Simultaneous TAMER and Simultaneous Advice
with the hyperparameters CF and CA to weight both models:

pmbxiF =

¨

min(ξξξF + Afs,a,111) if F provided

λsimξξξF else
ξξξA =

¨

min(ξξξA+ Afs,a,111) if A provided

λsimξξξA else

wQ = 1

wF = CFξξξ
T
F f/||f||1

wA = CAξξξ
T
A f/||f||1

It can be seen that it is the simple combination of the formulas of Simultaneous TAMER and Simultaneous Advice.

10



3.1.7 Advised TAMER (Sup Advice)

To combine feedback and advice in the absent of an environmental reward function we again follow the idea of Simul-
taneous TAMER. However, in Simultaneous TAMER, wF shall go to 0, if no feedback was given for a long time. But in
the combination of Advice and TAMER, the weight should not decrease, because there is no default behavior given by a
Reinforcement Learning model. Thus, we adjust the update of the traces and do not decrease them, even if no human
information was provided in the last time step:

ξξξF =

¨

min(ξξξF + Afs,a,111) if F provided

ξξξF else
ξξξA =

¨

min(ξξξA+ Afs,a,111) if A provided

ξξξA else

When computing the weights it has to be made sure that the Reinforcement Learning model is not used:

wQ = 0

wF =
CFξξξ

T
F f/||f||1

CFξξξ
T
F f/||f||1 + CAξξξ

T
A f/||f||1

wA =
CAξξξ

T
A f/||f||1

CFξξξ
T
F f/||f||1 + CAξξξ

T
A f/||f||1

For the Control Sharing fusion method, it is necessary that the weights for human interaction add up to one (wF+wA = 1)
to avoid the Reinforcement Learning model. Thus they are normalized but stay the same in their ratio.

3.1.8 Supervised Advice

This algorithm is an exception in this list of example algorithms because it combines two Advice models. One of the
models is updated as in the Advice algorithm and will be called AA here. The other model is updated as in Supervised
Reinforcement Learning and will be called AS .
The idea of this algorithm is, to learn a model as in the Advice algorithm, but make sure that, if the advice was given at
the current time step, it is always followed. This algorithm can be seen as a modification of the Supervised Reinforcement
Learning algorithm, where the Reinforcement Learning model is replaced by the Advice model. Thus, the combination
of the models is similar to Supervised Reinforcement Learning:

wQ = 0

wF = 0

wAA
= 1−wAS

wAS
=

¨

1 if A provided

0 else

In principle, the framework can be extended by arbitrary many additional models. This algorithm can be seen as an
example how the framework can be extended. In general, the fusion method would have to be adapted, too, to be able
to handle the additional model. In this example, this is trivial, because there is always one weight that is 1, while all
other weights are 0. Thus, the model whose weight is 1 is always followed.

3.2 Model Updates

To be able to combine the different models, they have to be learned first. In this section, the methods to update the
models for possible kinds of information are presented. They include linear as well as deep models.

3.2.1 Q( f ) - Reinforcement Learning Update

The model of the environmental reward is learned with Reinforcement Learning. We will use either SARSA or DQN,
depending on the necessary model complexity. In Figure 3.1 the Reinforcement Learning model update, based on envi-

ronmental reward, is marked by .
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The error that shall be minimized in SARSA is

ε= r + γmax
a′

Q(fs′,a′)−Q(fs,a),

where action a was performed in state s and led to s′. a′ is the result of action selection in state s′. Eligibility traces are
computed by

ξξξ= γλξξξ+∇θθθQ
Q(fs,a).

They can then be used to update the model:

θθθQ = θθθQ +αεξξξ

If DQN is used, there are two models present. The one that is used for the action selection will still be called Q, but
additionally, there is the so called target network that will be denoted by Q′ here. Instead of doing one model update for
each performed step in SARSA, all data that is acquired during one step is saved in a replay memory. After each step,
multiple data points are sampled from the memory and used for the update. We assume that the sampled batch b from
the replay memory has N entries, each consisting of state, action, next state, reward, done in this order:

b = {(si , ai , s′i , ri , di); i = 1, ..., N}
Based on a sampled batch, a target value is computed:

t i = ri + γdiQ
′(s′i , argmaxa′Q(s

′
i , a′))

This target is compared with the current estimate by the mean squared error:

ε=
1
N

N
∑

i=1

(Q(si , ai)− t i)
2

This error is used for the gradient update step:

θθθQ = θθθQ −α∇θθθQ
ε

In a regular frequency, the target network is updated by the current estimate: Q′ =Q

3.2.2 F( f ) - TAMER Update

The first form of human information that is included here is feedback. In Figure 3.1, the feedback model update is

marked by . It can be implemented with the method of the TAMER algorithm.
For i = 0, 1,2,3, ... assume the action ai was performed in state si at time t i and that the weight wi tells how much si , ai
influenced the given feedback F. The time is assumed to be 0, when the feedback was given and positive before.
To compute the weights a uniform distribution over time is used. Humans need some time to react to perceptions. Here
some fixed minreact is assumed to be this time the human needs to react. Besides, it is assumed, that the human does not
judge actions, that are older than maxreact. Thus, the uniform distribution P(t) = Uniform(minreact, maxreact) is used to
assign credit for feedback to actions. So, the weights are computed as

wi =

∫ ti

ti−1

P(t)d t.

To minimize the error

ε= F− F(
∑

i

wifsi ,ai
),

the following update to the model is performed:

θθθ F = θθθ F −αε∇θθθ F
ε

Alternatively, the DeepTAMER algorithm can be used, if the feedback model shall be represented by a neural network. In
this case, the weights wi are computed the same, but a mean squared error is used as loss for all steps that have a weight
greater 0 I = i; wi > 0:

ε=
1
|I |
∑

i∈I

wi(F− F(fsi ,ai
))2

The error is used for a standard gradient update step:

θθθ F = θθθ F −α∇θθθ F
ε

Besides, for all wi > 0 the corresponding data is saved in a replay memory. When no feedback was given in a step and the
memory is already big enough, a batch is sampled from it and used to update the model. This is done the same way as
described above. The only difference is, that there is not a single feedback value F but a batch of data sampled randomly
from different times feedback was given is used.
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3.2.3 A( f )

The other form of human information that is treated in this thesis is advice, marked by in Figure 3.1.
To directly perform the suggested action, a tabular representation for A is used as follows for the Supervised Reinforce-
ment Learning:

A( fs,a) =

¨

1 if a == A

0 else

This way, the human information is used only once. A natural alternative would be to also learn a model here, to be able
to reuse the provided information. Thus, we also use learning a linear model as an alternative. This model is used for
the Advice algorithm. We assume, that an advised action should have value 1, while all other actions get a value of 0:

T =

¨

1 if a == A

0 else

With this assumption the mean squared error can be computed:

ε=
1
|A |

|A |
∑

i=1

(T − A(fs,ai
))2

This error can then be used to update the model:

θθθA = θθθA+α∇θθθA
ε

Instead of a linear model, a neural network can be used as well with the DeepAdvice algorithm. The only difference is
a replay memory, where all experienced state target pairs are saved and that is used for additional updates. The loss is
computed as mean squared error over a batch of size N from the memory:

ε=
1
|A |N

N
∑

j=1

|A |
∑

i=1

(T j − A(fs j ,ai
))2

where T j and s j with j = 1,2, 3, ..., N are the sampled targets and corresponding states. This error can then be used for
the same update as described for the linear model.
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4 Implementation Details
There are two main parts that had to be implemented. On the one hand, there are the used algorithms, and on the other
hand there is the interaction with the human. Both parts can also be seen in Figure 4.1.

Figure 4.1.: Structure of the Code
The code can be structured in two main parts. On
the one hand there is the Interactive Reinforcement
Learning algorithm. The algorithm can also be seen
as the agent, because it observes the environment
and chooses the actions that shall be performed. On
the other hand, there is the user interface that in-
cludes the environment that shall be learned. The
whole user interface can be seen as a kind of envi-
ronment that provides feedback and / or advice as
additional information, compared to a classical Re-
inforcement Learning environment. The two parts
run in parallel and only communicate over several
queues. In this figure, all arrows represent a queue
that is used for communication. The settings queue is
only used previous to a training run, to specify what
exactly shall be done.

In the following, both parts are shortly explained. The part explained in the Algorithms section can be used independently
from the User Interface.

4.1 Learning Algorithms

All used algorithms, including the Reinforcement Learning baselines, implement an abstract Algorithm class. They all
must have a reward model, that can either be linear or a neural network. Other model implementations could easily be
added. This model can then be used by an ε-greedy policy. Next to the __init__ method, all algorithms must implement
a reset and a learn method. The training results can be evaluated with the eval_policy method. An example for the learn
method can be seen in Listing 4.1, where its implementation of the TAMER algorithm is shown. This method is also used
by the DeepTAMER implementation.

def l ea rn ( s e l f , ep i sodes=None ) :
" " "
S t a r t the t r a i n i n g
" " "
s = s e l f . env . r e s e t ()
i f s e l f . render :

s e l f . env . render ()
i t e r a t i o n = 0
episode = 0
episodic_reward = [0]
i f not ep isodes :

ep i sodes = s e l f . num_episodes
while episode < episodes :

i t e r a t i o n += 1

act ion_t ime = time . time ()
s e l f . send_act ion ( s )
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f = s e l f . f e a t u r e s . t ransform ( s , s e l f . proposed_a )
s e l f . c r e d i t e r . update_ fea tures ( f , ac t ion_t ime )

l a s t _ s = s
t ry :

s , r , terminal , _ = s e l f . env . s tep ( s e l f . proposed_a )
except QuitExcept ion : # The t r a i n i n g was qu i t e d by the u s e r

break
except ResetExcept ion : # The c u r r e n t e p i s o d e was r e s e t by the u s e r

episode += 1
episodic_reward [−1] = None
episodic_reward += [0]
s = s e l f . env . r e s e t ()
continue

i f s e l f . render :
s e l f . env . render ()

h , t = s e l f . get_feedback ( l a s t _ s , s e l f . proposed_a )
s e l f . c r e d i t e r . update_reward_time ( t )
i f h i s not None :

s e l f . feedback_accu [ episode , in t (h > 0)] += 1

er ro r = s e l f . compute_error (h , i t e r a t i o n )

i f e r ro r != 0:
s e l f . reward_model . update ( e r ro r )

episodic_reward [−1] += r
i f t e rmina l :

episode += 1
episodic_reward += [0]
i f episode < episodes :

t ry :
s = s e l f . env . r e s e t ()

except QuitExcept ion :
break

s e l f . eps −= s e l f . eps_decay

return np . ar ray ([ episodic_reward [:−1]])

Listing 4.1: learn Method of TAMER Algorithm
This method shows the basic operations of the TAMER algorithm. All implemented algorithms have a learn method.

They are all structured similarly, so this can be seen as an example for all learn functions.

In Listing 4.2 can be seen the code that is used by the algorithms to get advice. This way it is possible to use the
algorithms, independently of the use of human or oracle information.

def get_adv ice ( s e l f , s ) :
" " "
Get a d v i c e e i t h e r from gene ra to r or queue .
None , i f no a d v i c e i s p rov ided
: param s : s t a t e
: r e tu rn : adv i c e , the s t a t e f o r tha t the a d v i c e was g i v en
" " "
i f s e l f . adv ice_genera tor i s not None :

advice = s e l f . adv ice_genera tor . ge t_adv ice ( s )
adv i s ed_ s t a t e = s

e l i f s e l f . advice_queue i s not None :
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advice , adv i s ed_ s t a t e = None , None
while not s e l f . advice_queue . empty ( ) :

advice , adv i s ed_ s t a t e = s e l f . advice_queue . get (0)
else :

advice , adv i s ed_ s t a t e = None , None
return advice , adv i s ed_ s t a t e

Listing 4.2: Code to Get Advice

To include human interaction this method and an equivalent for feedback are used. The information can either come
from an oracle or the interaction with a real user. With this method this difference is abstracted.

For experiments with oracle information, those oracles implement the abstract FeedbackGenerator or respectively Ad-
viceGenerator class. Openai gym1 environments or other environments that implement its Env class can be used. With
matching features that implement the abstract Features class, this is already sufficient for experiments with oracle human
interaction. For the tile coding feature extraction, code from the mushroom Reinforcement Learning python library2 is
used.

4.2 User Interface

When experiments with real human users shall be rolled out, the second part of the implementation is needed: the user
interface.

(a) Start Frame
Appearance of the user interface before the training run
was started.

(b) Run Frame
Appearance of the user interface during the training.

Figure 4.2.: User Interface
An example how the user interface can look like with the TAMER algorithm and the Mountain Car environment.

In the TAMER algorithm, credit for feedback is assigned to actions based on the time that passed between the action
execution and the human interaction. To get the correct time, when exactly the human interacted with the system, the
input of feedback has to be in a different thread than the actual algorithm. Based on this necessity we structured the code
in two parts that run in parallel and only communicate over queues: the human interaction and the actual algorithm.
Another advantage that comes from this distinction is that the computations of the algorithm and visualizations for the
user interaction can be computed in parallel, what allows a fluent run of the experiments.
This structure follows the intuition that the human can be seen as part of the environment. To keep the interaction with
the environment simple for the algorithm, there is a InteractionEnv class that has the same methods as a gym environment
and handles the communication with the user interface. The actual environments must have a variable step_wait that
contains the time that shall pass between two executions of actions in milliseconds. If the number of allowed interactions
shall be limited, this has to be specified in the environment’s variable interaction_limit. Besides, it is required that the
rgb_array mode for render method is implemented and that rendering in this mode does not open any windows. Thus,
the gym environments can not directly be used for experiments with real humans. The used gridworld implementations
are based on code from https://github.com/xinleipan/gym-gridworld.

1 https://github.com/openai/gym
2 https://github.com/AIRLab-POLIMI/mushroom
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To incorporate human advice and feedback, the algorithms have methods get_advice or get_feedback, respectively. They
check which kind of information is available, an oracle or a queue to get information from a real human. The get_advice
method can be seen in Listing 4.2. It is possible to use buttons or the keybord for the interaction. To enable this, the
relation between actions keys and images that are displayed on the buttons have to be specified.
In the user interface, there is a dropdown menu to select the language that is used to display texts. There is a file that
contains all strings that can be displayed. To support an additional language to the existing ones, German and English, a
new entry for the language can be added.
The user interface is implemented with the tkinter package. It is switched back and forth between one frame that is
shown before a training run and the frame that is used for the actual training. An example for each frame can be seen in
Figure 4.2.

def check_se t t ing_q ( s e l f ) :
" " "
Check , whether t h e r e are new s e t t i n g s
: r e tu rn : whether t h e r e are new s e t t i n g s
" " "
t ry :

s e t t i n g s = s e l f . s e t t i n g _ q . get ( Fa l se )

s e l f . run_frame . f o r g e t ()

i f s e t t i n g s == " F in i sh " :
s e l f . f i n i sh_ f rame . pack ()
s e l f . f i n i sh_ f rame . show ()
return True

s e l f . feedback , s e l f . advice , s e l f . v i s _ a c t i o n s , s e l f . s toppable , \
s e l f . r e s e t t a b l e , env , i n f o = s e t t i n g s

s e l f . env = my_envs . get ( env ) ( )
s e l f . env . r e s e t ()
s e l f . phase , s e l f . number_episodes , s e l f . a lgor i thm = in fo
s e l f . f i n i s h ed _ ep i so d e s = 0
i f s e l f . phase == " t r a i n " :

s e l f . f i n i s h e d _ t r a i n i n g s += 1
else :

s e l f . f i n i s h e d _ t r a i n i n g s = 0

s e l f . s t a r t _ f rame . update_s ta r t_but ton ()
s e l f . s t a r t _ f rame . pack ()

s e l f . s e t t i n g _ q . task_done ()
return True

except Empty :
return Fa l se

Listing 4.3: Checking the Settings Queue in the User Interface
The setting queue is checked regularly. If information is provided, the current training run is stopped and the frame

from witch the next training run can be started is shown.

The queues that forward information to the user interface are regularly checked. As an example for this, in Listing 4.3
can be seen how the queue, that contains the settings for a new training run is, checked. If new settings are available,
the displayed frame is switched. As can be seen in the code snippet, things like the used algorithm, the use of advice,
feedback, or both, the used environment and whether an episode can be reset or the training can be ended by the user,
are communicated over this queue. This way, all listed properties can be changed during one user study.
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5 Experimental Evaluation
To compare different approaches, they were applied to multiple environments in experiments with simulated interaction
and real humans. To be able to perform experiments without the need for interaction with real humans, oracles for
automatic advice and feedback generation were implemented for a part of the environments. The simulated human
interaction is helpful to run many experiments with different algorithms, environments, and settings. This way it can
help to find suitable hyperparameters. Besides, the achieved results are comparable and there is no noise, that would be
introduced when dealing with real humans. On the other hand, it is not clear whether humans really act exactly the same
way as our oracle implementations do - probably they do not. Because of that, it is necessary to perform experiments with
real humans. This is essential because the whole area of Interactive Reinforcement Learning is about enabling humans
to train agents. If they don’t work with real humans, the algorithms miss their target.
The experimental evaluation is structured as follows: First, the used environments are described. Then, the results of
the different algorithms in Simulation are presented. Finally, the experiments with real humans, called user studies, are
explained and the results are presented.

5.1 Learning Environments

To evaluate the presented algorithms, two gridworlds, the openai gym Mountain Car, and the openai gym Lunar Lander
are used. They were chosen to evaluate different properties. The gridworlds are very easy to understand by a human
trainer. Besides, the human can clearly assign his information to one specific time step. Thus, they represent cases where
the human trainers should be able to really give useful information.
In contrast to this, the Mountain Car is harder to understand and has a high action frequency. Due to this, it is harder for
a human to give information. On the other hand, there are only two actions that are important to solve the task.
The Lunar Lander combines four relevant actions with a high action frequency and a, compared with the other environ-
ments, very complex behavior of the agent.

5.1.1 Gridworld

The agent is set to one of the green fields at the
begin of an episode. From there he should opti-
mally go the shortest path to the highest goal -
the treasure chest.

Figure 5.1.: The Gridworld Environment

A visualization of the grid can be seen in Figure 5.1. The start position is sampled randomly from the green area at the
begin of each episode. The agent has to reach one of the three goals. There is one goal that is denoted by a single coin
and yields a reward of 1. Another one of them is marked by multiple coins and gives a reward of 10. Finally, there is
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one goal that is marked by a treasure chest and yields a reward of 50. You can also see this in the legend in Figure 5.1,
where the rewards of the different goals are given in parentheses. For each step that does not reach one of the goals, a
reward of −1 is provided. The black fields are walls, that the agent can not pass. The current position of the agent itself
is marked by the yellow smiley. One episode consists of 200 steps if no goal was reached before.
The oracle for the grid world is implemented the following way:

• Feedback: All actions that reduce the agent’s distance to the nearest goal get a reward of 1. All other actions get a
reward of −1.

• Advice: There is one prescripted optimal action for each state, that is always used.

At each time step, there is a probability of 50% that feedback/advice is given for all experiments.
The grid is a relatively simple problem for humans so that it should be easy for humans to provide feedback or advice. On
the other hand, a Reinforcement Learning agent needs considerable exploration to find at least one of the goals. Thus,
we considered it to be well suited to point out some advantages of Interactive Reinforcement Learning.

5.1.2 Taxi like Gridworld with Holes

This environment is similar to the one presented in [34]. Nevertheless, we introduced some differences. For a visualiza-
tion see Figure 5.2.

The agent is sat randomly to one of those free
spaces which are not directly connected to one
of the fires or the goal at the begin of an episode.
The agent should first get all passengers and go
to the goal afterwards. He should never run into
one of the fires.

Figure 5.2.: The Taxi Environment

One difference to the original environment are the fires we introduced. They simulate some catastrophic behavior, so we
can show how humans handle that and whether humans are helpful in such situations. If the agent enters a fire field, the
episode ends.
In the original Taxi environment, each step is performed in a random direction with a probability of 10%. Those random
steps might confuse the human trainer. Because of that, we only use deterministic steps. On the other hand, we introduce
randomness in the start state. In the version of [34] the agent always starts in the top left corner of the world. In contrast
to that, the agent starts randomly from some free field. All free fields except those that are directly next to either a fire
or the goal are possible starting positions. This way it is avoided that the very first step can end an episode. If an episode
is not ended by the goal or a fire, it consists of 200 steps.
If the agent steps at a passenger field, he automatically picks up the passenger, who is no longer visualized for the rest
of the episode. Stepping at the goal or a fire field immediately ends an episode. The rewards are distributed as follows:
Entering a fire is punished with a reward of −15. When the agent reaches the goal, the reward depends on the number
of passengers he has picked up before. If no passengers were picked up, there is a reward of 0, one passenger leads to
a reward of 1, two passengers are worth a reward of 3, and three passengers yield a reward of 15. All other steps are
rewarded by 0.
The oracles are implemented similarly as for the gridworld before:
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• Feedback: All actions that reduce the agent’s distance to the nearest passenger get a reward of 1. If all passengers
were picked up already, the actions that bring the agent nearer to the goal are rewarded with 1. All other actions
get a reward of −1.

• Advice: There is one prescripted optimal action for each state, that is always used.

As in the last gridworld there is a probability of 50% at each time step that feedback or advice is given.
For the visualization in the user study, the action that the agent currently plans to perform next is displayed by an arrow.
This is explained in more detail in the description of the corresponding user study in Section 5.3.

5.1.3 Mountain Car

Figure 5.3.: The Mountain Car Environment
The car has to reach the flag on the right hill as fast as

possible

The two gridworlds, presented before, were naturally
rather similar. With the Mountain Car1 from the ope-
nai gym another environmental type with a continuous
state space and a high action frequency is introduced. In
this environment, whose visualization can be seen in Fig-
ure 5.3, the goal is to reach the flag on the right hill as
fast as possible. The car has to swing up on the left hill
first, to get enough momentum, to get up the whole right
hill. One episode consists of 200 time steps. Each step
yields a reward of -1.
In this environment, it is harder for humans to provide
advice or feedback due to two reasons. First, it is a re-
altime problem with a high frequency of actions and the
user thus has to react fast enough. One time step takes
about 0.068 seconds in the user studies performed in this
thesis. Second, it is not always clear for humans what the
optimal action is.

Figure 5.4.: The Lunar Lander Environment
The lander has to reach the surface of the moon safely.

Optimally he reaches the area between the two flags fast
and with little consumption of fuel. The visualization was

extended at the top.

The oracles also do not provide perfect feedback and ad-
vice for this environment: Accelerating in the direction of
the current movement of the agent gets positive feedback
of 1 and is advised. Not accelerating or going in the op-
posite direction of the current movement gets a reward of
−1. At each time step oracle interaction is provided with
a probability of 5%. The interaction frequency was re-
duced, compared to the gridworlds, because the actions
are performed with a higher frequency and thus a real
human can not judge each action individually.

5.1.4 Lunar Lander

The most complex environment used in this thesis is
the openai gym Lunar Lander2. The goal of this
environment is to safely land between two displayed
flags on the moon surface. It is especially good to
do this fast and with only a little consumption of
fuel. For the detailed reward function, see the imple-
mentation at https://github.com/openai/gym/blob/
master/gym/envs/box2d/lunar_lander.py. However,
the main goal is to bring the lander to the moon with-
out a crash.
One episode consists of at most 1000 time steps, if none
of the following events, that immediately end an episode,
occurs: The lander reaches successfully the moon; the lander crashes down to the moon; the lander leaves the screen on
the left or right side. In the experiments with real humans, one time step takes about 0.063 seconds.

1 https://github.com/openai/gym/wiki/MountainCar-v0
2 https://gym.openai.com/envs/LunarLander-v2/
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The visualization of the environment was extended to the top in comparison to the original implementation. This way
the behavior of the lander in this area can also be judged by the human. This is not unfair to learning from environmental
reward, because the state representation and reward function is also not limited to the top of the visualization but works
the same for all heights.
Providing feedback or advice in this environment is even harder than for Mountain Car because more complex movements
are possible. To solve the Mountain Car environment, only two actions are needed, while there are four different actions
that are all useful for the Lunar Lander. Besides, position and velocity are only one dimensional for the Mountain Car
and two dimensional for the Lunar Lander. Additionally, the orientation of the lander is important to successfully reach
the moon.
We did not implement an oracle for advice or feedback for this environment, because it was not clear what might be a
plausible human behavior.

5.2 Simulation Results

In this section, the feedback and the advice are automatically generated by an oracle. This enables comparable results for
many different experiments and settings. The way how advice and feedback are computed is explained in the description
of the used environment in Section 5.1.
All experiments presented in this section were performed with 20 training runs. The plots of this section were created
with the following properties: All learning curves shown in this section with simulated human interaction show the mean
episodic reward. The shadow of the curves is the 95% confidence interval under the assumption of Gaussian noise. For
the final behavior, the boxplots of the episodic reward are created following this scheme: The box extends from the lower
to upper quartile values of the data, with a line at the median. The whiskers extend from the box to show the range of
the data. Flier points are those past the end of the whiskers. To get the data for the final behavior, all learned models
were each evaluated for 25 episodes. During this evaluation, no feedback or advice was provided and no model updates
were performed.

5.2.1 Gridworld

For the first grid environment, it is possible to learn an optimal policy without a reward function and only with the oracle
information. Thus, in Figure 5.5 the environmental reward is only used for the SARSA baseline and the Supervised
Reinforcement Learning (SRL) that always requires environmental reward additionally to the advice. The interactive

(a) Learning Curve
Mean episodic reward with 95% confidence interval

(b) Final Behavior
Boxplots with median and quartiles of evaluation results of
the learned model

Figure 5.5.: Simple Gridworld Experiments
It can be seen that the agent can reach the highest goal after a short training time when information from the oracle is

available. The Reinforcement Learning baseline takes much longer and only learns to find the lower goals.

algorithms can learn much faster because the human guides them to the goal. This reduces the amount of necessary
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exploration. Besides, the SARSA baseline gets stuck at the lower rewarded goals and is not able to find the optimal goal.
Because of this, its final behavior is worse than the one of the interactive algorithms. Furthermore, it can be seen, that
TAMER is the only algorithm, that completely avoids to not reach a goal (reward of −200) in the evaluation. With the
model learned with Advice this only happens in 0.4% of the evaluation results. SRL apparently worsens the behavior in
this regard with 8.8% of the evaluation episodes not reaching any goal compared with 3% of the SARSA baseline.

SARSA SRL Advice TAMER

features one-hot one-hot RBFs RBFs

learning rate 0.1 0.1 0.01 0.1

Table 5.1.: Settings for the Experiments on the Gridworld Environment
It turned out that the models of oracle information performed better with RBF features, while the models of

environmental reward did profit from a one-hot encoding. The used learning rate is the best that was found in a grid
search.

For SARSA and SRL hyperparameters were λ = 0.9,γ = 0.9. The SRL model was initialized, such that all values were
equal to −50 to ensure that suggested actions are not avoided at the beginning of the training. For the action selection
in all algorithms, a greedy policy was applied to the learned models. For TAMER, feedback was only applied to the last
performed action.

5.2.2 Taxi like Gridworld with Holes

For this gridworld, we compare the results of simple TAMER and Advice with the SARSA Reinforcement Learning baseline.
A visualization of the results can be seen in Figure 5.6. Due to the different structure of the reward function, there is only
a relatively small set of possible outcomes. Thus, we decided to use a histogram instead of boxplots.

(a) Learning Curve
Mean episodic reward with 95% confidence interval

(b) Final Behavior
Histogram over evaluation results of the learned model

Figure 5.6.: Taxi like Gridworld with Holes Experiments
It can be seen that the agent can deliver most of the time all passengers to the goal after the training with oracle

information. The Reinforcement Learning baseline only learns to bring at most one passenger to the goal, while it
approaches the goal directly in most of the runs.

As can be seen in Figure 5.6 we were not able to learn a good epsilon greedy policy with SARSA. This corresponds with
the results of [49]. The learned models were only able to bring at most one passenger to the goal. In contrast to that,
the interactive algorithms can learn the task quite fast. With the use of Advice, all evaluation episodes led to the optimal
reward of 15. The models learned with TAMER could also achieve this in most of the cases. All algorithms, including the
Reinforcement Learning baseline, learn to always avoid fires.
The hyperparameters are chosen similarly as in the experiments with the first grid. For the SARSA baseline, a one-hot
encoding was used as features and for the interactive algorithms, RBF features are used. The learning rates are 0.1 for
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SARSA and 0.01 for the algorithms that are based on information from the oracles. For SARSA, some randomness was
necessary. We used an ε-greedy policy that linearly reduced ε from 0.1 at the beginning to 0 at the end. We tried also to
use more randomness, but this just worsened the results. The hyperparameters γ = 0.9 and λ = 0.9 were just kept as in
the other gridworld experiments.

5.2.3 Mountain Car

Next to the grid environments, we also made experiments with the Mountain Car environment. When learning only
from the oracle information, the desired behavior can be achieved quite fast again (see Figure 5.7). So, assuming that
the simulated interaction is similar to human interaction, the behavior of driving up the hill can be taught to the agent
by humans. However, the oracle does not provide optimal information. Thus, the algorithms do not reach the final
performance of the SARSA baseline. The learning curves, as well as the final behavior, appear similar for all algorithms
that learn only from oracle information.

(a) Learning Curve
Mean episodic reward with 95% confidence interval

(b) Final Behavior
Boxplots with median and quartiles of evaluation results of
the learned model

Figure 5.7.: Mountain Car Experiments without Environmental Reward
With information from the oracle, an episodic reward of about −135 can be reached very quickly. However, in the long

term, the Reinforcement Learning baseline outperforms the algorithms without environmental reward, clearly.

Algorithm learning rate

SARSA 0.01

SRL 0.01

Advice 0.1

TAMER 0.1

Advised TAMER Advice: 0.1, TAMER: 0.05

Simultaneous Advice SARSA: 0.01, Advice: 0.1

Simultaneous TAMER SARSA: 0.01, TAMER: 0.05

Simultaneous Advice: 0.1, TAMER: 0.05

Table 5.2.: Learning Rates for Experiments on the
Mountain Car Environment

Different learning rates were used to avoid that one
algorithm was disadvantaged by a bad setting. The
best learning rates that were found in a small grid
search were used. In the algorithms that combine
different kinds of information, multiple models were
learned, and thus there is one learning rate for each
of the models.

To improve the results, we can assume that the reward function is available and use it with the algorithms that combine
human information and the environmental reward. The results of those combinations can be seen in Figure 5.8. In this
case, Simultaneous Advice (Sim Advice) and the combination of Advice, TAMER, and SARSA (Sim) learn the fastest.
The Simultaneous TAMER can also accelerate the training compared to SARSA, but not quite as much. With Supervised

23



(a) Learning Curve
Mean episodic reward with 95% confidence interval

(b) Final Behavior
Boxplots with median and quartiles of evaluation results of
the learned model

Figure 5.8.: Mountain Car Experiments with Environmental Reward
The combination of environmental reward with the oracle information can speed up the training with most algorithms.

However, they still do not fully reach the Reinforcement Leaning baseline in the evaluation.

Reinforcement Learning can no substantial improvement be achieved. This is because, in our implementation of the
advice oracle, actions are only sparsely advised. This switching between the learned Q-model and the currently given
advice can not improve the learning. In contrast to that, in the Simultaneous Advice algorithm, the given advice can be
followed for multiple actions, because there is a learned model. This problem is also plausible for real human interactions
because it is hard, or even impossible, for humans to give advice for each action if the action rate is high in real-time
problems. For the final behavior, it can be seen in Figure 5.8 that the interactive algorithms are again worse than the
SARSA baseline. However, this is now a minor difference compared to the results without environmental reward.
Again for Supervised RL and SARSA, also if it was part of some combined method, tile coding was used for the feature
extraction, while all others used RBFs. For algorithms that include SARSA, hyperparameters were γ = 1 and λ = 0.9.
For the action selection in all algorithms, a greedy policy was applied to the learned models. For TAMER, also if it was
part of some combined method, the feedback was equally applied to the last 5 actions. For all combination algorithms,
Action Biasing was used for the fusion of different models. Control Sharing did not work and thus was not included here.
This is due to its property that it leads to the flickering of different actions, similarly to the Supervised Reinforcement
Learning. For the Mountain Car, however, it is important to keep one action for some time to gain momentum that is
needed to climb up the hill. The hyperparameters were set to λsim = 0.9, A = 0.7, CF = CA = 50. Besides, their SARSA
models were initialized, such that all state action pairs had a value of about −120 because this is near to an optimal
episodic reward. Differences and influences of the initialization of the reward models are also described in the original
Simultaneous TAMER paper [47].

5.3 User Studies

To see how the algorithms perform in the interaction with real humans, multiple user studies were performed.
For each one, we created a form with some basic questions and an explanation, what the participants should do. This
shall make sure that each participant has the same documented knowledge. The full forms can be seen in Appendix B.
For user studies, real humans are needed. Those can only take part once, per used environment, because they gain task
knowledge during the user study. Thus, taking part in several user studies in the same environment would bias the result.
Because of this, the amount of experiments that can be performed is limited.

5.3.1 Mountain Car (1)

The first user study focuses on the principal difference between giving advice and giving feedback. To do this, we used
the Mountain Car environment. For giving advice, the Advice algorithm was used, for feedback, the TAMER algorithm.
With this user study we want to answer the following questions:
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(a) Learning Curve (b) Final Behavior of the Trained Models

Mean episodic reward with 80% confidence interval Boxplots with median and quartiles of evaluation results of
the learned model

Here the results of the first user study that used the Moun-
tain Car environment can be seen. With the Advice algo-
rithm, the agent could be trained clearly better than with
TAMER. This can be seen in the learning curve, where the
episodic reward of the training with Advice is above the
one of TAMER for the whole training. But also the evalua-
tion of the learned models shows that the ones from Advice
performed better than the one from TAMER.
Most of the interaction types do not really decrease during
the training. Besides, it can not be clearly seen that one
algorithm leads to more or fewer interactions.

(c) Average Number of Interactions
Here the amount of human feedback (good, bad) and ad-
vice (left, no, right) that was given during the user study
can be seen.

Figure 5.9.: Results of the First User Study

• Can the behavior - that the car drives up to the flag - be taught using the TAMER and the Advice algorithm?
Does the car reach the flag within 200 time steps following the learned model without interaction with a human
in at least 80% of the trials?

• Does one of the two algorithms lead to a better behavior during the training?
Perform a Wilcoxon test on the null hypothesis that both algorithms lead to the same cumulative reward during
the training.

• Does one of the two algorithms lead to more interactions (giving advice or feedback)?
Perform a Wilcoxon test on the null hypothesis that there are equally many interactions with both algorithms.

For the Wilcoxon tests, a level of significance of 0.01 is used. We decided on the Wilcoxon test because we want to verify,
whether the central tendencies differ significantly. Besides, each participant used both algorithms three times, and that
is why the results can be seen as paired (e.g. the first try with TAMER matches the first try with Advice of the same
participant). Furthermore, we do not want to assume the data to be normally distributed, because it is not clear why it
should be. The Wilcoxon test fulfills all those properties and can handle the rather small data set of 15 training runs.
The user study was performed by 5 participants. All of them were male and between 21 and 29 years old. Three have
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completed their Bachelor, one has a Completed Vocational Training and one has a University Entrance Qualification. Only
one of them knew what Reinforcement Learning is, and two had heard the term before but didn’t know what it means.
Each participant performed one familiarization phase, followed by three training runs, for each algorithm. One training
consists of 7 episodes. The order in which the algorithms were used was chosen randomly before each experiment.
The familiarization phase consists of one episode that is only ended when the car reaches the goal or the user quits the
training. Here the participant shall understand the principal goal of the task and how the training works. During this
phase, he can ask questions to understand this. On the other hand, the episode is not enough for the participant to
optimize its behavior.
During the actual experiments, the episodes end after 200 time steps. The car is reset and a short message is displayed.
To enable human interaction, there is a thumb up and a thumb down button when feedback shall be given, and one
button for each possible action when advice shall be given. The acceleration actions are visualized by an arrow in the
corresponding direction and the no acceleration action by a dot.
To give feedback, minreact = 0.2s as minimal and maxreact = 0.9s as maximal reaction time was assumed. For both
algorithms a learning rate of 0.05 and the same RBF features as in the simulation experiments were used.
A visualization of the results can be seen in Figure 5.9. They were created similarly as for the simulation results, described
in 5.2. Only for the confidence interval around the learning curves, the necessary confidence was reduced from 95% to
80% to make the plots easier readable. It is natural that the confidence decreases in the user studies compared to the
simulations because the humans introduced additional noise and fewer training runs were available. The SARSA baseline
was not included in these plots, because the car did not reach the goal at all in the first seven episodes, thus the learning
curve is constantly −200 in this area. To visualize the number of interactions that were performed in the study, the
averages over all runs were plotted for each episode. The confidence interval was left away completely to make it better
readable.
It can be seen that the task can be learned better with the advice algorithm in this setting.
The average cumulative reward for the 7 training episodes was for the TAMER −1366.1 and −1117.9 for the Advice
algorithm. A Wilcoxon test leads to a p value of 0.00081, which is clearly smaller than the chosen level of significance
of 0.01. Thus, the null hypothesis can be refused and Advice performs better during the training phase with a level of
significance of 0.01.
The impression that the Advice algorithm performed better is also shared by the participants: The question after both
experiments Which method led to better results, according to your impression was answered by all five participants with By
advising actions. Besides, most of them found it generally easier to provide advice. The question What kind of information
was easier for you to provide, independent from the behavior of the car was answered by four of five participants with It
was easier to advise actions. Only one answered Both were equally easy (difficult).
But the performance of the policy learned with Advice is not only better during the training phase. The learned models
were evaluated afterwards. Here an episode is considered to be successful if the car reached the goal position in less
than 200 steps. Each learned model was evaluated for 100 episodes. In those evaluations, a success rate of 18.4% for the
models trained with the TAMER algorithm and 90.2% for the ones resulting from Advice were achieved. This shows that
it is possible to train the desired behavior with the Advice algorithm, but not with the TAMER algorithm in this setting.
It appears in Figure 5.9 that the number of interactions is more or less the same for both algorithms. This can be proven
with the Wilcoxon test on the number of interactions that leads to a p value of 0.97734. Thus, the null hypothesis that
both algorithms lead to the same amount of interactions can not be rejected.
One training run took with TAMER 128s and with Advice 99s. The Advice algorithm was faster because it led to more
successful episodes.
The amount of given feedback was roughly constant during the training and there was more negative than positive
feedback. This makes sense because most episodes with TAMER were not successful. In contrast to that, the Advice
algorithm was already regularly successful during the training. However, the amount of given advice was reduced rather
slightly. Watching the experiments it could be noted, that most participants just kept on giving advice, even when the
behavior was already learned. Besides this, it can be seen that the no acceleration button is never pressed. This makes
sense because it is not useful to perform no acceleration.
One problem, that could regularly be seen during the experiments with TAMER, was that the participants got stuck with
one direction. Also, one participant commented in the what was your impression text box: „Eine Richtung wurde nicht
mehr angezeigt“(One direction was not displayed anymore), referring to this problem. This indicates that the algorithm
is not robust enough against wrong feedback. This problem could not be observed in the simulated experiments, because
the oracles did not change their strategy to give feedback during the training.

5.3.2 Mountain Car (2)

Because in the first user study appeared the problem that the agent got stuck with a single action we changed the feature
representation of state action pairs to make the learning process more robust against bad information. Besides, the
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possibility to reset an episode or to finish the whole training run was added. One result of the first user study was that
the participants did not really stop to interact. This way it could not be seen, whether they thought that the problem was
solved. This is why we added the possibility to completely stop the training.
All in all, we want to answer the following questions with the second user study:

• Can the behavior - that the car drives up to the flag - be taught using the TAMER and the Advice algorithm?
Does the car reach the flag within 200 time steps following the learned model without interaction with a human
in at least 80% of the trials?

• Does one of the two ways to train the agent rather lead the participants to actively finish the training or reduce
the amount of interaction?
Perform a Wilcoxon test, whether human interaction was reduced during the training.

The user study was again performed by 5 participants with the following properties. Four of them were male and one
female. Four were between 21 and 29 years old, while one was between 40 and 49. Two have completed their Bachelor,
two have a Completed Vocational Training and one has a University Entrance Qualification. Only one of them had heard
the term Reinforcement Learning before but didn’t know what it means.
The procedure was similar to the first user study. One difference was that the participants could finish the training early
when they had the feeling that the agent has learned everything. This can lead to a shorter training phase. Besides, we
wanted to give the participants a bit more time between the episodes. For that reason, the message that the agent is
currently reset to a new start position is displayed for a longer time (1s to now 5s). To make sure that the participants
are ready when the training continues, a countdown is displayed, which shows the time until the next episode.
A visualization of the results of this user study can be seen in Figure 5.10. When a training run was finished early by the
user, there is no data about the gained reward for the avoided episodes available. To be still able to plot the learning
curves, those vales were filled up by the result of the evaluation of the learned model of this specific try. This leads to a
similar result as if the participant would have simply watched the last episodes without interacting. The only difference
is that the mean of 100 evaluations instead of one random evaluation is used.
The learned models led to an average success rate of 75% with the Advice algorithm and 72% with the TAMER algorithm.
Thus, the goal of 80% is reached by neither of the algorithms. Nevertheless, it is a drastic improvement for the TAMER
algorithm, which achieved a success rate of only 18.4% in the first user study. On the other hand, the evaluation of
the models trained with Advice is worse than in the first user study. Considering that the learning curves for the Advice
algorithm look quite similar in both user studies, one possible explanation for the different performances in the evaluation
would be that the model based on the features of the second study was not able to capture the taught policy as well as
the model based on the features of the first study. During the training, the participants could influence the behavior
of the agent by their advice such that there is no big difference in the learning curves. But in the evaluation, only the
learned model is used and if some, maybe even small, aspect of the policy is not captured well there, it can lead to worse
performance.
With the TAMER algorithm, 5 training runs were actively finished by users, while the Advice algorithm only led to 2
actively finished training runs. In Figure 5.10 can also be seen that the amount of given feedback (good, bad) decreased
more than the amount of given advice (left, no, right). In contrast to the first study, the no acceleration button is used
this time. However, it is still used only seldom.
To show whether the interaction is really reduced, we perform a Wilcoxon test on the following hypothesis. For each
training run, we add up the amount of all human interaction of the first two and the last two episodes. The null
hypothesis is that the amount of interaction is the same at the beginning (the first two episodes) and at the end (the last
two episodes) of the training. For the Advice algorithm, we get a p value of 0.0883 on this test, which means that we
can not falsify the null hypothesis when we keep the level of significance of 0.01. On the other hand, for the training
runs with TAMER, the p value is 0.0059, and we can falsify the null hypothesis that the human interaction stays the same
during the training with a level of significance of 0.01. So, we can show that the participants reduced their interaction
during a training run when giving feedback, but we can not show this for their interaction with Advice.
It seems that humans rather tend to reduce their interaction or even stop the training when they give feedback. A reason
for this could be that it is necessary to take care of the current behavior to be able to give feedback for it. In contrast to
this, advice can principally also be given independently from the used policy. Although this is not how it’s meant to be,
some participants may have concentrated less on the agent’s behavior when they gave advice, and thus did not reduce
their interactions when the policy improved.
One training run took with TAMER 139s and with Advice 116s in the second user study. This is longer compared to the
first one because the time that is waited after each episode is longer. The Advice algorithm still took less training time
than the TAMER algorithm, although training with TAMER was more often finished early by the users.
In contrast to the first user study, the impressions of the participants were much more mixed here. Two participants
preferred giving feedback and two preferred giving advice. One didn’t have priorities for one of those. All participants
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(a) Learning Curve (b) Final Behavior of the Trained Models

Mean episodic reward with 80% confidence interval Boxplots with median and quartiles of evaluation results of
the learned model

Here the results of the second user study that used the
Mountain Car environment can be seen. Both algorithms
performed similarly well. Advice only leads to slightly bet-
ter returns at the begin of the training. The amount of given
feedback is reduced during the training this time.

(c) Average Number of Interactions
Here the amount of human feedback (good, bad) and ad-
vice (left, no, right) that was given during the user study
can be seen.

Figure 5.10.: Results of the Second User Study
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answered both questions, which method led to better results and which method was easier to use, the same. I.e. if
one found it easier to give feedback, he also thought that the corresponding results were better and vice versa. There
were also explanations given, why one way of interaction was easier to use. One participant wrote that giving feedback
was easier for him because the acceleration was visualized here („fiel mir persönlich leichter, da die Beschleunigung
visualisiert wurde.“). On the other hand, another participant wrote that the visualization of the accelerations made the
interaction more difficult because two different things have to be watched here, the car itself and the visualization of
the acceleration („Beim Feedback musste man zwei Anzeigen beobachten: Das Auto und die Anzeige über den Motor.
Anhand dieser Beiden sich für ein Feedback entscheiden. Beim Aktionen vorschlagen musste man nur aufs Auto achten.
Das war leichter.“).
The way the participants interact can differ quite much. In Figure 5.11 are the strategies of two participants of this user
study depicted as an example.

(a) Feedback (b) Advice

Figure 5.11.: Comparison of Interaction Strategies
The amount of interactions is visualized for two participants, denoted A and B. The curves were averaged over all

training runs for each participant.

It can be seen, that participant A tends to interact much more than participant B. This is a challenge for Interactive
Reinforcement Learning algorithms because they have to be able to handle both well. For example, a small learning
rate might be advantageous for participant A, because it avoids that the interactions of the last episodes completely
overwrites the things that were learned in the episodes before. On the other hand, participant B would probably not like
this small learning rate, because the agent would not adapt its behavior as much to the few participant’s interactions as
it would with a higher learning rate. Thus, it is important to find algorithms and hyperparameters that can handle as
many different user behaviors as possible.

5.3.3 Lunar Lander - Expert Trainer

The Lunar Lander is a more complex environment than the Mountain Car and thus is not that easy to understand by a
non-expert trainer. Because of this, it is interesting to compare the results of an expert with the ones of non-experts.
I performed the expert study myself. To become an expert, I first got familiar with the environment by many training trials
with different algorithms and settings. Afterwards, I performed some runs and saved their results. Those are presented
in this section.
For the Lunar Lander environment, the deep versions of the algorithms are used. All of them have a neural network with
two hidden layers of 150 and 120 nodes. Because the network can capture more complex models than a linear model,
no additional feature extraction was used here.
For the DQN baseline, 20 training runs with 200 episodes were performed, while for the interactive algorithms only 5
training runs were performed due to time reasons. When only the human interaction and no environmental reward were
used, the training took 30 episodes, when human interaction was combined with the environmental reward, we used
50 episodes. A learning rate of α = 0.001 and a batch size of N = 64 were used for all algorithms. In DQN the target
network was updated every 25th step and γ= 0.99 was used. Human feedback is assumed to refer to all actions between
the minimal minreact = 0.2s and the maximal reaction time maxreact = 0.9s. For DQN an ε-greedy policy with a linearly
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decreasing ε from 0.5 to 0 was used. When human interaction is used, only the DeepTAMER without a combination
with environmental reward needed randomness from an ε-greedy policy with a linearly decreased ε (0.2 to 0). All other
algorithms just used a greedy policy.

(a) Learning Curve
Mean episodic reward with 80% confidence interval

(b) Final Behavior of the Trained Models
Boxplots with median and quartiles of evaluation results of
the learned model

Figure 5.12.: Results of expert training on Lunar Lander without environmental reward
The model trained with Advice can outperform the DQN baseline already after a much shorter training time. On the

other hand, it was not possible to train a good policy with TAMER.

When learning only from human interactions (Figure 5.12), a good behavior - an episodic reward of about 200 - is already
reached after 10 episodes with Advice. On the other hand, it was not possible to train the behavior only with human
feedback. The achieved behavior during training was here even worse than random. The evaluation of the learned model
shows a similar result. The Advice model clearly outperforms the model trained with DQN, while the model trained with
TAMER performs much worse than the DQN one.
When learning only from human feedback, it can happen that some action is not executed anymore. This could already
be observed similarly in the first user study with the Mountain Car environment, but it is even worse here, also because
there are four instead of two relevant actions in this environment. We introduced an initial randomness of 20% that is
linearly reduced during the training, to overcome this problem, but it could not completely be solved this way.
The learning behavior of the algorithms that use environmental reward as well as human interaction is naturally more
similar to the one of the Reinforcement Learning baseline. A visualization can be seen in Figure 5.13.
We tried out both methods to combine human interaction with environmental reward, Action Biasing (AB) and Control
Sharing (CS) for the Lunar Lander environment. The fast switching between actions, that is caused by the use of Control
Sharing and that was adversely for the Mountain Car environment, is no problem for the Lunar Lander, because the
actions have to be switched with a relatively high frequency anyhow. We used the following settings for the fusion of the
models, all other hyperparameters were kept as in the experiment only with human interaction. For both experiments,
an accumulation factor of A = 0.7 and a diminishing factor of λ = 0.9 were used. The weight for models learned from
human information differed between the fusion methods. For Action Biasing we used C = 50 and for Control Sharing
C = 2.
Algorithms that combine multiple kinds of information learn multiple models in our framework. In this concrete user
study, the Simultaneous Advice algorithm learns one model of environmental reward Q and one model of given human
advice A. Analogically a model of environmental reward Q and a model of human feedback F is learned by the Simul-
taneous TAMER algorithm. During the training, the combination of the models is clearly defined. If the human trainer
would stop to interact, the Q model would completely overtake the action selection after some time. Because of this, we
used only the Q for the evaluation of all algorithms that combine human interaction with environmental reward.
All methods that combined expert interaction with environmental reward improved the behavior at the end of the human
training compared with the same episodes of DQN learning. On the other hand, the learned models could not perform
clearly better than the DQN baseline in the evaluation. But it can be seen that they rather avoid episodes with very bad
rewards, even though the DQN model was trained for four times as many episodes. The Simultaneous Advice algorithm
seems to perform best out of the interactive algorithms that used the environmental reward. During the learning, it is the
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(a) Learning Curve
Mean episodic reward with 80% confidence interval. Only
the begin of the DQN learning curve is shown. For the com-
plete one see Figure 5.12.

(b) Final Behavior of the Trained Models
Boxplots with median and quartiles of evaluation results of
the learned model

Figure 5.13.: Results of expert training on Lunar Lander with environmental reward
The human interaction can improve the agent’s behavior during the training. However, in the evaluation most learned

models could not keep up with the DQN baseline.

one that first persistently rises above the DQN baseline and in the evaluation, it is the only one whose median is nearly
as good as the DQN baseline.

DQN TAMER Advice TAMER AB TAMER CS Advice AB Advice CS

Mean Training Reward -120 -430 154 -131 -119 -7 -73

Mean Evaluation Reward 44 -771 193 -23 -73 80 -94

Evaluation Success Rate (%) 63.6 0 83.6 7.2 12 48.4 41.2

Table 5.3.: Results of Expert Training on Lunar Lander
Three basic types of information are presented: The Mean Training reward is the episodic reward of the training phase
averaged over all training episodes and training runs. For DQN only the first 50 episodes were used because the other

algorithms were trained for at most 50 episodes. The Mean Evaluation Reward is the episodic reward over training runs
and evaluation episodes. The Evaluation Success Rate is also averaged over training runs. An episode is assumed to be

successful if the lander comes to rest without a crash.

A summary of all results of the expert training on the Lunar Lander is presented in Table 5.3. There are three performance
categories listed. First the average episodic reward during the training, which shall show whether human information
could improve the behavior during the training. Second the average episodic reward in the evaluation of the completely
trained models, which shall show whether the learned model can really be improved by the human interaction during the
training. The third category shall show another aspect of the learned models. The main goal for the human trainer was
to get the lander safely to the moon. With the ratio of episodes that succeeded in reaching this goal in the evaluation, we
want to show how well this specific aspect was learned.
The Advice algorithm achieves the best results in all three listed categories, while TAMER is worst, also in all three
categories. Both Simultaneous TAMER versions performed similarly. During the training they the overall reward does
not differ much from the DQN baseline, and the learned models are even worse than the baseline, regarding the reward
as well as the success rate. The two Simultaneous Advice versions can both improve the DQN behavior during the
training, the Action Biasing one even more than the Control Sharing one. In the evaluation, Simultaneous Advice
with Action Biasing can improve the mean episodic reward a bit while it worsens it with Control Sharing. The success
rates are similar for both versions but worse than the baseline. It is interesting to note that Simultaneous Advice with
Action Biasing could improve the average reward in the evaluation, but worsened the success rate in the same episodes,
although the main goal of the trainer was, to achieve a high success rate. One explanation would be that the human
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trainer focuses more on getting the lander towards the goal position because he wants the agent to succeed as early as
possible. In contrast to that, a stable flight seems to be more important for the DQN algorithm, which can lead to a higher
success rate in the long term. One aspect of this problem might be that a human has only limited patience. The trainer
does not want to watch the agent to flight in the same position for a very long time.

5.3.4 Lunar Lander - Non-Expert Trainer

After the expert experiments, we performed a user study with non-experts on the Lunar Lander environment. There were
two participants, both between 50 and 59 years old and both with a completed vocational training. One of them was
male, the other one female. Both have only heard of Reinforcement Learning but did not know what it is.
We decided to use the Simultaneous Advice and Simultaneous TAMER algorithms, both with Action Biasing in this
user study. On the one hand, the Advice algorithm without environmental reward performed best in the expert trainer
experiments. So, one might think that this algorithm would also be best for the non-expert user study. But on the other
hand, this performance was only possible, because the trainer knew beforehand, what a good policy looks like. A non-
expert user first has to get to know the dynamics of the lander. For this purpose, the environmental reward can support
the human. We kept the settings of the algorithms the same as for the expert user study.
Each participant performed only one run with each algorithm because this took already about half an hour per participant.
Additional time was necessary to read and understand the instructions and fill out the questions of the form.

DQN TAMER AB (1) Advice AB (1) TAMER AB (2) Advice AB (2)

Mean Training Reward -120 -175 / -143 -119 / -247 -156 / -149 -205 / -16

Mean Evaluation Reward 44 -147 / -500 -163 / -143 -313 / -311 -387 / -203

Evaluation Success Rate (%) 63.6 0 / 0 1 / 0 0 / 1 0 / 44

Table 5.4.: Results of Non-Expert Training on Lunar Lander
Each column contains two values for the two human trainers. The number in parentheses after the algorithm name

denotes, whether the first or the second training run is meant.
Three basic types of information are presented: The Mean Training reward is the episodic reward of the training phase
averaged over all training episodes. For DQN only the first 50 episodes were used because the other algorithms were
trained for 50 episodes. The Mean Evaluation Reward is the episodic reward averaged over evaluation episodes. The

Evaluation Success Rate assumes an episode to be successful if the lander comes to rest without a crash.

Both participants were not able to teach the behavior. Only for one learned model, a success rate of 1% could be achieved,
and all other models did not lead to a single successful episode in the evaluation. However one of the participants noted
that he had gained a better understanding of the behavior of the agent during the experiment: „Mit zunehmender Dauer
bekommt man ein besseres Gefühl für das Flugverhalten des Ufos“.
To see whether the participants have really learned something during this first experiment, both of them repeated the
exact same user study one week later. One of them could improve the performance of the Advice algorithm, compared
to the first try and achieved a quite good success rate of 44% in evaluation. Besides, the mean episodic reward during
the training could be improved in comparison with the DQN baseline.
Table 5.4 gives an overview of the results of the non-expert user study. We did not include plots here, because there was
only relatively little data that would have been hard to read in the plots.

5.3.5 Taxi like Gridworld with Holes

The last user study we performed was done on the Taxi like Gridworld. In contrast to the Mountain Car and the Lunar
Lander environment, the Taxi like Gridworld with holes has only discrete states and the single actions can be judged
distinctly. Another important difference is that we visualize the action that the agent currently plans to perform to the
human trainer. To do this, an arrow points from the taxi in the direction the agent wants to make the next step to.
For this user study, two algorithms are used. With TAMER the action that is currently proposed, i.e. the direction that
the arrow currently points to, shall be judged by the human. The other used algorithm is Supervised Advice. This means
that advice is immediately followed if it is given at the current time step, else the learned advice model is followed.
In a real-world application, a human trainer would not want to interact with the agent the whole time. Thus, we limited
the number of interactions in this study to see whether the users are able to train the task already with little interaction.
For Supervised Advice as well as for TAMER only 20 interactions per episode were possible. The amount of interaction
the user has left in the current episode was displayed in the user interface.
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For the Lunar Lander and the Mountain Car, the time waited between two actions are performed was chosen to make the
movement look fluent. In contrast to those environments, there is no continuing movement in a gridworld. Each action
is distinct from all others. Thus, a good time that on the one hand enables the human to interact and on the other hand
does not bore the human, has to be chosen. We try out two different durations to wait between two actions in this user
study to evaluate what might be well suited. In the slower version, that gives the human more time to react, 1.2 seconds
pass between two actions. In the faster version, there are only 0.8 seconds between two actions. We also want to see,
whether there are differences in the required time between the algorithms.
In the user study, the slower version is used first. Afterwards, the speed is increased.
The user study was again performed by 5 participants. All of them were between 21 and 29 years old. Four of them
were male and one female. One has completed his Bachelor, two have a Completed Vocational Training and two have a
University Entrance Qualification. Only two of them had heard the term Reinforcement Learning before but didn’t know
what it means. Those two had participated in the first Mountain Car user study already.
Similarly to the second Mountain Car user study, the participants had the possibility to finish the training, when they had
the impression that the agent has learned everything, and they could reset an episode. In the second Mountain Car user
study, there was never an episode reset because there was no reason to reset an episode. However, in this user study with
the gridworld, it makes sense to reset the episode when there are no interactions left for the current episode.

(a) Feedback (b) Advice

Figure 5.14.: Number of Interactions on the Taxi Like Gridworld
The average number of interactions per episode during training in the taxi like gridworld environment. There is a

distinct line for both, the fast and the slow version of the experiment. The plotted shadow shows the 80% confidence
interval over the data of both versions together.

When an episode is reset or the training is completely finished, there is no data available that would be needed for
plotting a learning curve. Because quite many episodes were reset and some training runs were finished quite early we
decided to not plot a learning curve for this user study. Nevertheless, there are other measures that can describe the
learning process:
When the TAMER algorithm was used, the agent could only seldom bring all passengers to the goal. In the 12 trials, it
was achieved only 1.8 times in the slow version and 1.2 times in the fast version on average. Because it was so hard to
reach the goal, the training was never finished early by the participants with the TAMER algorithm in the slow version
and nearly never in the fast version, where a training run lasted on average for 11.6 episodes. With the Supervised Advice
algorithm, the training was much more successful. Thus, the participants rather tended to finish the training early. In the
slow version, a training took on average only 7.6 episodes, out of whom 7.2 were successful. The fast version seems to
be a bit harder to train with supervised Advice. Here a training run lasted for 9.2 episodes with 8 successes on average.
So, the participants wanted to train the agent for more episodes and had a slightly worse success rate here.
In Figure 5.14 can be seen that the amount of interactions and its development during the training does not differ
much between the slow and the fast version. Besides, it can be seen that the amount of advice is reduced more during
the training than the amount of given feedback. This makes sense because the agents that were trained with advice
performed much better in the training than those who were trained with feedback.
In the evaluation, it can be seen that the models trained with Supervised Advice again outperformed the ones trained with
TAMER. With TAMER the experiment with a slower action frequency led to better results as it was already observed in the
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performance during the training. Interestingly, the Supervised Advice algorithm could achieve better evaluation results
when it was used with a higher action frequency. This combination of Supervised Advice with a fast action frequency was
the only one that could completely avoid running into holes in the evaluation. See Figure 5.15 for a visualization of the
evaluation.

Figure 5.15.: Evaluation of Learned Models for the Taxi like
Gridworld Environment

The models were evaluated for 100 episodes each. There
occur only three different episodic returns, and therefore
we used a histogram to visualize them. A reward of 15 is
reached when the task was solved. When the agent got
stuck somewhere in the grid or got to the goal without
passengers, this is represented by a reward of 0 in the

histogram. A reward of -15 is caused when the agent runs
into a fire.

The answers of the participants in the user study support
the findings above. All of them wrote that it was easier to
provide advice than to give feedback. Four of five also had
the impression that giving advice leads to better results
and for the other one the performances of both methods
appeared to be the same. Four participants of the user
study found the slower version of the experiment more
pleasant to give feedback. Only one preferred the fast
one. For giving advice, the answers are more mixed. Only
for two users, the slower version was more pleasant and
for two users both were similar. Again, one preferred the
fast version.
One training run with the giving feedback and the slower
action frequency took on average 8.6 minutes. This can
be reduced to 6 minutes with the higher action frequency.
When advice was used as human interaction, a training
run took on average 6.1 minutes with the slower action
frequency and 4.3 minutes with the faster version.
All in all, the slower action frequency seems to be better
suited for giving feedback. For giving advice this is not
so clear. On the one hand, the performance during the
training was slightly better with the slower version. On
the other hand, the faster action frequency led to better
results in the evaluation. One advantage of the faster ver-
sion is of course that it can reduce the overall training
time. This is an important factor that must not be ne-
glected because the time the human has to interact with
the system is typically costly.
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6 Conclusion and Future Work
When Reinforcement Learning shall help to bring robots in our everyday life, there are still multiple challenging problems.
One of them is, that it is hard, especially for non-expert users, to define good reward functions. But if the tasks have to
be adopted, for example to the special properties of a household where the robot shall operate or to the needs of the user,
this might require an adapted reward function each time. Besides, the needs of the users might even change over time.
Because in such scenarios there are humans in the environment of the robot anyhow, a natural idea is to let the human
interact with the robot to improve the learning, or to learn from the human interaction instead of a predefined reward
function. This is then frequently called Interactive Reinforcement Learning.
There is already literature that utilizes different approaches in the field of Interactive Reinforcement Learning. In this
thesis a unified framework that can combine algorithms for learning from human feedback, human advice, and an
environmental reward function. The main requirement is only that some kind of a value model is learned, which is the
case for almost all Interactive Reinforcement Learning algorithms.
Some algorithm combinations were implemented and a user interface was designed.
In the experimental part, the algorithms were first evaluated with the use of oracles that simulated the human inter-
action. Here the interactive algorithms clearly outperformed the Reinforcement Learning baseline on the gridworld
environments. It was possible to train the desired behavior without an environmental reward function. On the Moun-
tain Car environment, Interactive Reinforcement Learning algorithms were used with and without the reward function.
They could speed up the learning process, but when the resulting models were evaluated, the results of Interactive
Reinforcement Learning could not fully reach the ones of the Reinforcement Learning baseline.
In those experiments without real humans, the use of simulated feedback and advice performed very similarly. However,
experiments where the human interaction is only simulated can never show how the algorithms perform with real
humans. Because of this, user studies with real humans were performed as a next step. With them, we wanted to answer
the research questions of the thesis.

6.1 Research Questions

At the begin of the thesis, three research questions were asked, that we wanted to answer with this work. We want to
refer to them again to show what we could answer:

1. Can human feedback enable or improve the training of agents?
In the user study on the taxi like gridworld, the participants could train the agent to bring all passengers to the goal.
Giving advice worked much better than giving feedback, but also feedback improved the Reinforcement Learning baseline
in this regard. In the second Mountain Car user studies, the training could be improved with advice as well as feedback,
in the sense that a success rate of about three quarters could be reached in the evaluation after only seven training
episodes. the Reinforcement Learning baseline never reaches the goal after such a short training. In the first Mountain
Car user study, even the beforehand fixed goal performance of 80% could be reached with giving advice. On the more
complex Lunar Lander environment, it was much harder for humans to improve the learning. The expert trainer was
able to slightly speed it up with advice as well as with feedback when it was combined with the reward function. Without
the reward function giving advice worked very well and clearly outperformed the Reinforcement Learning baseline, but
giving feedback only worsened results. For the non-experts, it was very hard to improve on the baseline.

2. How can different ways of interaction and different interpretations of human feedback be beneficial for the train-
ing?
In our experiments giving advice basically always worked best. However, it is important to memorize the given advice and
not only perform it once. This was already shown in the experiments without real humans, where the Advice algorithm
performed better than Supervised Reinforcement Learning.

3. Is there a clear relationship between different problem settings and corresponding best working methods?
We could not find a clear relation here, because giving advice worked always best. One finding is that it can be hard to
get the correct action performed when giving advice because, with bad luck, all other actions have to be given negative
feedback before. This problem naturally increases with the size of the action space. On the other hand, it becomes harder
to design a useful interaction interface for giving advice when the action space becomes very big. So there is also no clear
relation here.
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6.2 Future Work

There are different ways that could be followed after this thesis. One possibility would be to perform experiments with
other algorithms. Algorithms that interpret binary human feedback as correctness of performed actions could be directly
used with the presented framework. Besides, for example, preference based algorithms could also be included. Adding
more algorithms is important to show how generally the framework can really be used. Moreover, there is the chance
that other algorithms perform even better and therefore more complex tasks could be solved.
A, probably more time consuming, alternative would be to try out the framework on real physical systems. There is a
difference between judging some behavior that is displayed on a screen and a robot that interacts in the real world. The
use of Interactive Reinforcement Learning was heavily motivated by robot learning tasks, thus it would be important to
see how well interaction can be performed by non-expert users in such tasks to justify that Interactive Reinforcement
Learning is really useful.
Besides, there are environment types that were not captured in this thesis. For example environments with continuous
actions would be an interesting challenge, because most existing Interactive Reinforcement Learning algorithms, as well
as the framework proposed in this thesis, assume only discrete actions. Referring to the previous point of bringing
Interactive Reinforcement Learning to real robots, this becomes very important. High-level control, to decide which
task to perform next, can be represented well with a discrete and finite action space. Though, when the robot shall be
completely controlled by the learned model this would typically require a multidimensional continuous action space. A
well designed discretization would be a simple approach to this problem. If this is not sufficient, a more sophisticated
optimization over the action space would be necessary to select actions in such scenarios.
Another challenge that occurs with continuous actions is to find a way how actions can practically be advised. For real
robot systems, kinesthetic teaching might be a possibility. An alternative could be, to specify to which coarse direction
the end effector or some joint should move. This could, for example, be implemented with a natural language interface,
which could potentially be more convenient for a user than physically moving a robot arm.
In the user studies of this thesis, it could be seen that the participants used different strategies and had different prefer-
ences regarding the way of interaction. For example, some users provided much more interaction than others. Besides, in
the second user study with the Mountain Car environment, some participants argued that it was easier to provide advice,
while others could explain, why it was easier for them to give feedback. Therefore, another direction of further research
would be to find more ways to better incorporate personal preferences of the specific user. For example, one could let the
user decide which kind of interaction he wants to use.
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A Transform State Features with Actions to State
Action Features

Assume there are feature vectors fs, that encode state s and have size N . f n
s denotes the entry at position n. A linear

model shall be learned for each action a in A . Then those models can be represented by one matrix θ of size |A | × N ,
that is multiplied to the feature. The same can be expressed, when the features are constructed as

fs,a =
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and θ is just flatted to a row vector.
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B User Study Forms
In the following the forms that were used for the user studies can be seen. Because the participants of the user studies
spoke German, the used forms were written in German, too. Nevertheless, here are also the English translations given in
Section B.1. The original versions can be found in Section B.2.
The title page and the general questions are the same for all user studies. Besides the final questions are only changed in
the last user study with the taxi like gridworld. Due to that, only the relevant parts that changed compared to the forms
before are shown here.

B.1 English User Study Forms

All used user study forms in English translation are added here.
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B.2 German User Study Forms

Here all used user study forms in their original German version can be found.
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B.2.1 Mountain Car (1)
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