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Chapter 7

Conclusions
This chapter will summarize the main findings of our work, and surmise the answers
to our posed research questions (Section 1.2). Moreover, we highlight the current
limitations of our research and present the next steps that could foster derivative
works in the future (Section 7.2). We will start by providing answers to the research
questions.

7.1 Answers to research questions

In this section, we provide answers to the research questions.

7.1.1 Improving Benchmarks

Our first research question sought to identify opportunities for improving the state of
benchmarking for (transfer in) Reinforcement Learning (RL).

By benchmarking a variety of popular AI methods (Heuristic, Monte Carlo Tree
Search (MCTS), RL) on the game Tetris Link (Chapter 2) we notice that RL exper-
iments are hardly reproducible. Furthermore, we observed that training RL agents
from scratch to perform effectively on complex tasks proves to be highly unreliable.
Both MCTS and RL demonstrated underwhelming performance relative to a simple
heuristic search baseline

To address reproducibility issues, we suggest the usage of replay traces. While this
approach does not inherently guarantee reproducible training outcomes, it provides a
mechanism for verifying experimental results by enabling the replay of every training
and evaluation episode of an RL agent. Sadly, the manipulation of figures in scientific
publications is a practice that to this day still prevails [170]. Replay traces enable
reviewers to prove that displayed graphs are truly based on the collected data and have
not been tampered with. Lastly, our survey of the Transfer in Reinforcement Learning
(TRL) field (Section 3.5), highlights the underutilized potential of Procedural Content
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Generation (PCG). It enables the creation of more varied task differences, which not
only enhance generalization capabilities but also contribute to the development of
improved future benchmarks for TRL research.

7.1.2 TRL & PCG

Our second research question (1.2.2) asked whether TRL can enhance PCG in video
games.

Our findings demonstrate that TRL and PCG exhibit a bidirectional synergy. In
addressing our first research question (7.1.1) we established that TRL benchmarks
can profit by employing PCG methods for generating a broader spectrum of tasks.
Furthermore, in our empirical experiments on 3D Linerider (Chapter 5), we highlight
that his relationship is bidirectional. The first direction, as previously suggested,
is to use PCG to vary the start and goal positions of each episode to train an RL
policy with better generalization capability. The other direction is that TRL enables
to tackle PCG tasks on a scale that would not be achievable if RL were trained
from scratch. Specifically to our experiments that means instead of being limited
to a world-size of 10 in 3D Linerider, we can achieve asymptotic performance, lower
time to threshold, a higher total reward, and a jumpstart in training performance
by incrementally transferring from smaller to larger world sizes of 30. These results
satisfy all four performance criteria for TRL experiments outlined by [265].

7.1.3 LLMs & PCG

Our last research question examines the integration of Large Language Models (LLMs)
into video games for PCG running locally on the machine of the user while being
protected against adversarial attacks. Recent advancements in parameter-efficient
LLMs such as LLAMA [274] consisting of 7B or 13B parameters (compared to 175B
for, e.g., GPT3 [91]) enable running LLMs locally in parallel to a video game. To
underline this feasibility, we show that 70% of consumer-grade gaming hardware would
be able to load a 7B LLM next to a demanding game such as Cyberpunk running on
Windows 11 (see Section 6.4).

To address adversarial attacks, we suggested disabling user input that could derail
the generated content. Instead, developers should focus on producing only Chatter
(see 6.3 for definition) that is generated by a pre-defined prompt. Empirical evaluation
across five distinct scenarios revealed that this methodology yields desirable outputs
with a reliability rate of 79.2% (see 6.3.3). The remaining 20% of cases do not produce
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toxic content but instead result in either refusal to generate specific outputs (e.g.,
due to graphic content or a sensitive subject matter) or harmless, albeit irrelevant,
responses. These findings underline the practicality and safety of implementing LLM-
driven PCG in video game environments.

7.2 Limitations and Future work

In this section we will first give a general outlook on the scientific field, and then in
subsections talk about specific limitations and future work regarding our individual
research questions.

The main limitation we see in our research is that TRL will not solve generalization
in RL, even when combined with PCG. While TRL does enable scaling to tasks not
achievable from scratch, as shown in Section 5.6.2, limitations regarding genuinely gen-
eralized behavior persist. Solutions based on Foundation Models seem better suited
for this [216]. Specifically, Vision Action Models (VLA) show promise in developing
agents that act in environments capable of generalizing across multiple domains [142],
a feature that we have not observed in any TRL research yet. Furthermore, PCG
remains a dynamic and rapidly evolving field. We already highlighted many of its ap-
plications for video games and research listed in our introduction and individual work.
Especially the influx of generative AI algorithms that create Text [274], Images [57],
and Videos [151] will only accelerate its adoption.

7.2.1 Improving Benchmarks

Our empirical experiments in Tetris Link have been conducted using a single RL
algorithm (PPO [234]) and could be expanded by conducting comparative analyses
across various RL algorithms.

Drawing insights from our work on 3D Linerider (7.1.2) and related work [300],
future experiments could attempt to reduce the branching factor of the problem by
starting to train on smaller fields that get incrementally bigger.

While we have initiated efforts to enhance reproducibility by establishing verifia-
bility, a proper solution to achieve full reproducibility in RL experiments remains an
open challenge.

Lastly, our TRL survey was performed five years ago, making a refresh of the
findings with more current papers valuable.
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7.2.2 TRL & PCG

Automated curriculum learning (ACL) is an actively evolving research domain. We
are aware of one work [300] that combines ACL with PCG, but we observe significant
potential for further exploration and innovation in this interdisciplinary space.

Concerning our Linerider experiment: It can be transformed into a Generative
Adversarial challenge, akin to the game Super Monkey Ball [83], making it more in-
teresting and enabling the incorporation of ideas from automated curriculum learning.
Finally, the constrained scale of world sizes in our Linerider experiments limits their
ability to capture the full spectrum of creativity and diversity typically observed in
human-generated levels.

7.2.3 LLMs & PCG

The procedural generation of content through LLMs presents a promising area for
future research and development that ranges beyond the generation of Non-Player
Character (NPC) lines for video games. Examples include Mario [261] or Sokoban [269]
level generation. These could also be generated using the locally runnable LLMs we
focus on.

The ideal use case of local LLMs would be to have interactive dialogues that im-
merse the player more into the game world, achievable through dialogue systems [111,
135, 257].

On the topic of chatter generation, our experiment has been limited to a single
model configuration (Koala [100], 7B parameter size). A greater variety of configura-
tions should be explored. Especially newer models with even fewer parameters, such
as Llama3.2 [78] and Gemma2 [99] would be even better suited as they only require
between 1 to 2B parameters.
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