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ABSTRACT

Games have been vital test beds for the rapid development of Agent-based re-
search. Remarkable progress has been achieved in the past, but it is unclear if
the findings equip for real-world problems. While pressure grows, some of the
most critical ecological challenges can find mitigation and prevention solutions
through technology and its applications. Most real-world domains include multi-
agent scenarios and require machine-machine and human-machine collaboration.
Open-source environments have not advanced and are often toy scenarios, too ab-
stract or not suitable for multi-agent research. By mimicking real-world problems
and increasing the complexity of environments, we hope to advance state-of-the-
art multi-agent research and inspire researchers to work on immediate real-world
problems.
Here, we present HIVEX, an environment suite to benchmark multi-agent research
focusing on ecological challenges. HIVEX includes the following environments:
Wind Farm Control, Wildfire Resource Management, Drone-Based Reforestation,
Ocean Plastic Collection, and Aerial Wildfire Suppression. We provide environ-
ments, training examples, and baselines for the main and sub-tasks. 1

HIVEX
High Impact Multi-Agent Environments

1 INTRODUCTION

Currently, no open-source benchmark for multi-agent reinforcement learning (MARL) closely mim-
ics real-world scenarios focused on critical ecological challenges, offering sub-tasks, fine-grained
terrain elevation or various layout patterns, supporting open-ended learning through procedurally
generated environments and providing visual richness. Most common benchmarks with direct real-
world applications are in the following domains: 1. intelligent machines and devices, 2. chemical

1GitHub Organisation: ANONYMIZED
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engineering, biotechnology, and medical treatment, 3. human and society, and 4. social dilemmas
Ning & Xie (2024).
The main HIVEX environment features are either procedurally generated or sampled from a random
distribution. Therefore, training and evaluation are differentiated by seed values, ensuring testing
scenarios are not seen during training. We aim to assess and compare MARL algorithms, focusing
on test-time evaluation with zero-shot test scenarios. If applicable, a scenario consists of an environ-
ment and a task-pattern or terrain elevation combination. Each environment has a main end-to-end
task and isolated subtasks that are independent or part of the main task. Environments have between
two and nine tasks, various layout patterns, or terrain elevation levels. The environments described
are ordered by increasing complexity in observation size and type, action count and type, and reward
granularity, including individual and collective rewards. We introduce combinations of vector and
visual observations and discrete and continuous actions.

Climate change is manifesting more visibly and urgently than ever Archer & Rahmstorf (2010);
Romm (2022). We are witnessing an increase in frequent and intense weather phenomena, such as
storms, droughts, fires, and floods UCLouvain (2023). Figure 8 shows the aforementioned disaster
types triple in frequency between 1980 and 2020. These events reshape ecosystems and critically
impact agriculture and natural resources vital to human survival Change (2012). A concerning report
by the Intergovernmental Panel on Climate Change (IPCC) in 2022 highlights the dire consequences
of continued greenhouse gas emissions, warning that significant curbing measures are needed within
the next three decades to avert catastrophic impacts. Suppose the 1.5 ºC degree increase in global
warming cannot be negated. In that case, some impacts may be long-lasting or irreversible, such as
the loss of ecosystems potentially fundamental to our existence Ipcc (2022). For further background
and motivation behind this work, please refer to the Motivation: Critical Ecological Challenges
section in the Appendix A.2.

2 THE HIVEX ENVIRONMENT SUITE

HIVEX addresses ecological challenges, developed in Unity using the ML-Agents Toolkit Juliani
et al. (2020). Each environment mimics a real-world scenario where multiple agents interact, col-
laborate, and compete, providing rich settings for multi-agent research. Scenarios include:

1. Wind Farm Control: Agents adjust turbine orientations based on wind conditions.
2. Wildfire Resource Management: Agents allocate firefighting resources during wildfires.
3. Drone-Based Reforestation: Drones collaborate to plant trees in deforested areas.
4. Ocean Plastic Collection: Cleanup vessels locate and retrieve plastic waste from oceans.
5. Aerial Wildfire Suppression: Firefighting planes work together to extinguish wildfires

and protect the village.

Agents receive vector and visual observations from their environment and perform multi-faceted
actions such as adjusting turbines, shifting resources, planting seeds, and collecting ocean plas-
tic. Real-world constraints are imposed, such as drone battery life limitations, requiring strategic
recharging to maximize efficiency.

2.1 WIND FARM CONTROL

2.1.1 ENVIRONMENT SPECIFICATION

Wind Farm Control 
Environment Main Wind Direction Wind Noise Field Wind Turbine Agent

Figure 1: Wind Farm Control main environment features. Details in the Appendix 11.
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Table 1: Environment Specifications: Wind Farm Control

Category Parameter Description/Value
General Episode Length 5000

Agent Count 8
Neighbour Count 0

Vector Observations (6) Stacks 1
Normalized True
Turbine Location (2) p⃗(x, y)

Turbine Direction (2) d⃗ir(x, y)

Wind Direction (2) ⃗wdir(x, y)
Visual Observations (0) - -
Continuous Actions (0) - -
Discrete Actions (1) Rotate Turbine {0: Do Nothing, 1: Rotate Left,

2: Rotate Right}

2.1.2 MAIN TASK AND REWARDS

Generate Energy - The agent’s goal is to rotate the wind turbine to be oriented against the wind
direction and generate energy. The agent receives a positive reward in the range of [0, 1] at each time
step. This reward corresponds to the performance of each wind turbine and is being calculated as
described in equation 4. Orienting the wind turbine against the wind yields a high reward.
A comprehensive task list and description for the Wind Farm Control environment can be found in
the Appendix A.9.1. We also provide extensive reward description and calculation in the Appendix
A.8.1.

2.2 WILDFIRE RESOURCE MANAGEMENT

2.2.1 ENVIRONMENT SPECIFICATION

Table 2: Environment Specifications: Wildfire Resource Management

Category Parameter Description/Value
General Episode Length 500

Agent Count 9
Neighbour Count 3

Vector Observations (16) Stacks 2
Normalized True
Closest Fire Location (3) p⃗(x, y, z)
Temperature (1) t
Humidity (1) h
Overcast (1) o
Total Support (1) ts

Visual Observations (0) - -
Continuous Actions (0) - -
Discrete Actions (4) Add/Sub Resource: Self {0: No Action, 1: Add, 2: Sub}

Add/Sub Resource: Neighbour 1 {0: No Action, 1: Add, 2: Sub}
Add/Sub Resource: Neighbour 2 {0: No Action, 1: Add, 2: Sub}
Add/Sub Resource: Neighbour 3 {0: No Action, 1: Add, 2: Sub}

2.2.2 MAIN TASK AND REWARDS

Resource Distribution - At each time step, the agent distributes a total of 1.0 resource units, in incre-
ments of 0.1, to either itself or neighbouring watchtowers. If the agent runs out of resources, it must
first reallocate resources from itself or neighbouring watchtowers before redistributing. The agent’s

3
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Wind Overcast Temperature HumidityWildfire Resource 
Management Environment

Figure 2: Wildfire Resource Management main environment features. Details in the Appendix 13.

priority is to allocate resources to the watchtowers closest to and most threatened by incoming fires.
The agent earns rewards based on three factors. First, it receives a positive reward corresponding
to the performance of the watchtower it controls, weighted by the amount of resources allocated to
itself, as described in Equation 9. Second, the agent also gains a reward based on the performance
of neighbouring watchtowers, which is weighted by the resources allocated to them, as outlined in
Equation 10. Additionally, extra rewards are given for distributing resources effectively to neigh-
bouring watchtowers. Finally, the agent’s overall reward includes a component that reflects the sum
of the performance of all agent-controlled watchtowers, detailed in Equation 12.
For more detailed information on the task descriptions and reward calculations, please refer to the
Appendix (A.9.2) and (A.8.2).

2.3 OCEAN PLASTIC COLLECTION

2.3.1 ENVIRONMENT SPECIFICATIONS

Table 3: Environment Specifications: Ocean Plastic Collection

Category Parameter Description/Value
General Episode Length 5000

Agent Count 3
Neighbour Count 1

Vector Observations (12) Stacks 2
Normalized True
Local Position (2) p⃗(x, y)

Direction (2) d⃗ir(x, y)
Closest Neighbouring Vessel (2) n⃗p(x, y)

Visual Observations (1250) Resolution 25x25x1
Stacks 2
Normalized True
Trash t = [0, 1]

Continuous Actions (0) - -
Discrete Actions (2) Throttle {0: Do Nothing, 1: Accelerate}

Steer {0: Do Nothing, 1: Turn Right,
2: Turn Left}

Trash Population MapTrash Field Nearest NeighboursOcean Plastic Collection Agent

Figure 3: Ocean Plastic Collection main environment features. Details in the Appendix 17.
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2.3.2 MAIN TASK AND REWARDS

Plastic Collection - The agent aims to accelerate and steer the plastic collection vessel to collect as
many floating plastic pebbles as possible while avoiding crashing into other vessels and crossing
the environment’s border. The agent receives a positive reward of 1 for each floating plastic pebble
collected. Furthermore, the agent receives a positive reward for the lowest collected trash count
amongst all agents at each time step. The lowest trash count is scaled by 0.01. The steps to calculate
the lowest collected trash count reward can be found in Equation 15. Finally, the agent receives a
negative reward of −100 when the border is crossed.
A comprehensive task list and description for the Ocean Plastic Collection environment can be
found in the Appendix A.9.3. We also provide extensive reward description and calculation in the
Appendix A.8.3.

2.4 DRONE-BASED REFORESTATION

2.4.1 ENVIRONMENT SPECIFICATIONS

Table 4: Environment Specifications: Drone-Based Reforestation

Category Parameter Description/Value
General Episode Length 2000

Agent Count 3
Neighbour Count 0

Vector Observations (20) Stacks 2
Normalized True
Distance to Ground (1) dg
Local Position (3) p⃗(x, y, z)

Direction (3) d⃗ir(x, y, z)
Drone Station Height (1) dsh
Holding Seed (1) hs = [0, 1]
Energy Level (1) el

Visual Observations (256) Resolution 16x16x1
Stacks 1
Normalized True
Downward Pointing Camera Grayscale (256), t = [0, 1]

Continuous Actions (3) Throttle [−1, 1]
Steer [−1, 1]
Up/Down [−1, 1]

Discrete Actions (1) Drop Seed {0: Do Nothing, 1: Drop Seed}

Drone-Based Reforestation 
Environment Forest Optimal Reforestation Area Height MapTerrain

Figure 4: Drone-Based Reforestation main environment features. Details in the Appendix 15.

2.4.2 MAIN TASK AND REWARDS

Maximizing Collective Tree Count - The agent’s primary objective is to pick up seeds and recharge
at the drone station, explore fertile ground near existing trees, and drop seeds while ensuring suf-
ficient battery charge to return to the station. For each successful seed drop, the agent receives a
reward based on two components: the quality of the drop location and its proximity to other seeds
and trees. The seed quality reward ranges from 0 to 20, while the distance reward ranges from 0 to

5
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10, giving a total possible reward of 0 to 30 for each drop. These calculations are detailed in Equa-
tion 32. When carrying a seed, the agent incurs a time-step penalty of −1/(episode ∗ length/2),
with energy depletion penalties being higher when a seed is carried. If the drone is not carrying a
seed, the penalty is −1/episode ∗ length. The episode length is 2000 time steps. Additionally, the
agent can receive a bonus for returning to the drone station. After a seed drop, the agent is also
rewarded incrementally for reducing the distance to the station, with steps of 2.5. The incremental
return reward ranges from 0 to 20 and is adjusted by a multiplier based on the seed drop quality.
For example, if a seed is dropped 50 meters from the station, up to 20 incremental rewards may be
received. The calculation of this reward is described in Equation 40.
Detailed descriptions of tasks and rewards for the Drone-Based Reforestation environment are avail-
able in the Appendix A.9.4 and A.8.4.

2.5 AERIAL WILDFIRE SUPPRESSION

2.5.1 ENVIRONMENT SPECIFICATIONS

Table 5: Environment Specifications: Aerial Wildfire Suppression

Category Parameter Description/Value
General Episode Length 3000

Agent Count 3
Neighbour Count 0

Vector Observations (8) Stacks 1
Normalized True
Local Position (2) p⃗(x, y)

Direction (2) d⃗ir(x, y)
Holding Water (1) hw = [0, 1]
Closest Tree Location (2) c⃗t(x, y)
Closest Tree Burning (1) ctb = [0, 1]

Visual Observations (1764) Resolution 42x42x3
Stacks 1
Normalized True
Downward Pointing Camera RGB, [r, g, b] = [[0, 1], [0, 1], [0, 1]]

Continuous Actions (1) Steer Left/Right [−1, 1]
Discrete Actions (1) Drop Water {0: Do Nothing, 1: Drop Water}

Wind Overcast Temperature HumidityAerial Wildfire Suppression 
Environment

Figure 5: Aerial Wildfire Suppression main environment features. Details in the Appendix 19.

2.5.2 MAIN TASK AND REWARDS

Minimize Fire Duration and Protect the Village - The agent’s primary goal is to pick up water and
extinguish as many burning trees as possible or prepare unburned forest areas to prevent the spread
of fire. A secondary goal is to protect the village by preventing fire from getting too close, either
by extinguishing burning trees or redirecting the fire through tree preparation. Crossing the environ-
ment’s boundary (a 1500x1500 square surrounding a 1200x1200 island) results in a negative reward
of −100. Steering the aeroplane towards the surrounding water girdle (300 units wide) earns a pos-
itive reward of 100. There is also a small time-step penalty of −1/MaxStep. If the fire across the
entire island is extinguished, with or without agent intervention, a positive reward of 10 is given. If

6
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the fire reaches within 150 units of the village centre, the agent receives a penalty of −50.
A detailed task list and reward breakdown for the Aerial Wildfire Suppression environment is pro-
vided in the Appendix (A.9.5), along with further information on reward calculations in the Ap-
pendix (A.8.5).

3 RELATED WORK

While the HIVEX environments can be situated close to some existing MARL benchmarks in the
domain of UAVs Lv et al. (2023); Cui et al. (2020); Qie et al. (2019); Pham et al. (2018), energy
supply Riedmiller et al. (2001) and resource handling Han & Arndt (2021); Perolat et al. (2017);
Ben Noureddine et al. (2017), we believe there is a gap for critical ecological challenges such as
wildfires MacCarthy et al. (2022); Tyukavina et al. (2022), pollution WEF (2016) and deforestation
Dow Goldman et al. (2020).

Many environment suits available are grid-based and have very simple 2D visual representations
such as Level-Based Foraging Christianos et al. (2021), PressurePlate, Multi-Robot Warehouse
(RWARE) Papoudakis et al. (2021), Pommerman Resnick et al. (2022), or Overcooked Carroll et al.
(2020) and many more. By enriching the visual representation of these environments and reducing
the level of abstraction, we believe we can attract a broader range of disciplines to engage with the
HIVEX environments suite.

Procedurally generating environment features, such as level design, tasks Vinyals et al. (2019);
Berner et al. (2019), and agent populations have been adopted in various environment suits, such
as Meltingpot Leibo et al. (2021), Neural MMO Suarez et al. (2019) and Capture the Flag Jaderberg
et al. (2019). We procedurally generate terrains in various terrain elevation levels for Wildfire Re-
source Management, Drone-Based Reforestation and Aerial Wildfire Suppression environments 23.
The environments Wind Farm Control and Ocean Plastic Collection utilize noise maps and random
sampling 21, 22, 23, 24, 25.

DeepMind’s work Melting Pot is a suite of test scenarios for multi-agent reinforcement learning
emphasising social situations Leibo et al. (2021). While we do not directly target social aspects in
our environments, our previous work has shown significant performance improvements when intro-
ducing communication mechanisms in earlier versions of HIVEX environments ANONYMIZED.
However, Melting Pot, with its 50 substrates (environments) and 256 unique scenarios (tasks), has
influenced the structural design of our environment suite.

Work such as Neural MMO or LUX Chen et al. (2023) focuses on efficient large agent number
environments. However, we believe that this is not as important for our work, as the scenarios
we have presented do not require large amounts of agents. Nevertheless, we have shown that our
environments scale well across increasing numbers of agents.

There is a trade-off between simulated environments and experience samples from the real world.
While The latter might be expensive, mixtures of both can lead to success Shashua et al. (2021).
HIVEX focuses on simulated environments. However, we would like to shorten the sim-to-real gap
in future work.

4 EXPERIMENTS AND RESULTS

We have trained and tested all environments across all tasks and terrain elevation levels or patterns
three times and report the average and the error margin 6. The test runs represent the baseline
for the HIVEX environment suite. Extensive results can be found in the Appendix in the section
Additional Results A.10. Furthermore, all checkpoints and logs can be found in the hivex-results
repository. We have used Proximal Policy Optimization (PPO) Schulman et al. (2017) for all train
and test runs (Appendix: Learning Algorithm A.4.1). We provide hyperparameters for training in
the Hyperparameters section A.5.

We tested the scalability of selected HIVEX environments with larger agent numbers, including
Wind Farm Control, Drone-Based Reforestation, and Aerial Wildfire Suppression. Wildfire Re-
source Management and Ocean Plastic Collection were excluded from scalability tests: the former
has a fixed layout and agent count, while the latter’s fixed amount of floating plastic would re-
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Figure 6: Average test results for all environments for Cumulative Reward and environment-specific
metrics such as 1. Wind Farm Control: Policy Loss, 2. Wildfire Resource Management: Individual
Performance is the isolated individual performance, 3. Drone-Based Reforestation: Recharge En-
ergy Count, which indicates how often a drone returned to the drone station to recharge energy and
pick up a new seed; 4. Ocean Plastic Collection: Local Reward, which is the reward for collecting
plastic pebbles, 5. Aerial Wildfire Suppression: Extinguishing Trees Reward.
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Figure 7: Agent Number Scalability Test of Wind Farm Control, Drone-Based Reforestation, and
Aerial Wildfire Suppression environments.

duce per-agent performance with an increased agent count. Wind Farm Control has been tested on
[1, 2, 4, 8, 12, 16], Drone-Based Reforestation and Aerial Wildfire Suppression on [1, 2, 3, 6, 9, 12]
agent counts 7.

5 DISCUSSION

The cumulative reward performance in Wind Farm Control exhibits a stable trajectory across various
layout patterns, indicating a well-optimized policy that effectively manages changing wind condi-
tions. Despite minor fluctuations, the overall trend remains consistent across different tasks.

In Wildfire Resource Management, cumulative rewards show greater variability as task difficulty
increases. Although rewards initially rise with terrain elevation levels, they plateau and fluctuate at
higher levels, such as 4 and 8, marking the highest recorded reward. A higher terrain elevation level
has steeper mountains and a more structured but sparse distribution of forest volume along mountain
ranges. This suggests the model struggles in open fields where fire behaviour is less predictable.
Nevertheless, the model performs reasonably in most scenarios, demonstrating its adaptability in
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real-world wildfire resource allocation. This trend is further evident in the individual performance
data.

The Drone-Based Reforestation task demonstrates relatively stable but declining cumulative re-
wards, indicating the model’s efficiency in reforestation efforts despite struggling in more challeng-
ing scenarios involving steep terrain and sparse forest areas. The ”Recharge Energy Count” metric
remains steady, even as terrain elevation increases, suggesting that while the agent struggles to find
optimal drop locations, it maintains consistent drop and recharge activity. This metric’s stability
across tasks suggests potential for improvement, such as testing more energy-demanding tasks or
introducing tighter energy consumption constraints.

In Aerial Wildfire Suppression, task performance appears highly sensitive to terrain elevation, with
rewards dropping as complexity increases. While the model performs well in scenarios with sparse
forest volume and limited fire spread, it struggles in scenarios with denser forests where fires can
spread in all directions. As in other tasks, higher terrain elevation reflects steeper terrain and sparser
forest distribution, requiring more frequent water drops as fires spread more unpredictably. The
”Extinguishing Trees Reward” metric also reflects this variability, emphasizing the need for refined
strategies, such as pre-wetting trees to direct the fire in lower-terrain elevation scenarios.

Overall, the baseline model demonstrates varying success across difficulties and environments. The
baseline results indicate that the model efficiently learns routine conditions, but its performance
declines as the complexity of the tasks increases. This indicates that the environments effectively
introduce new challenges across scenarios, patterns, or terrain elevation levels. Future work should
focus on adding even more difficult scenarios and edge cases.

The scalability analysis reveals that multi-agent systems in all three environments - Wind Farm
Control, Drone-Based Reforestation, and Aerial Wildfire Suppression - exhibit stable and positive
performance trends as agent counts increase. In Wind Farm Control, the cumulative reward remains
stable across all tested agent counts, indicating that the system scales effectively without significant
performance degradation.
In Drone-Based Reforestation, the cumulative reward scales well, with only a minor decrease be-
yond 9 agents. Tree drop counts remain stable, reflecting consistent performance, while energy con-
sumption shows a slight upward trend, demonstrating good scalability with manageable resource
trade-offs.
For Aerial Wildfire Suppression, the cumulative reward is generally stable as agent numbers in-
crease, with a slight dip before recovering toward 12 agents. The extinguishing reward follows a
similar pattern, showing an upward trend as agents increase, indicating that the system scales well
despite minor fluctuations. Overall, these environments demonstrate good scalability across agent
counts with only minor trade-offs in specific metrics 7.

6 LIMITATIONS AND POTENTIAL IMPACTS

While our simulations provide a valuable foundation for MARL research in addressing critical eco-
logical challenges, several limitations may affect their generalizability and real-world applicability.
One major limitation is how accurately these simulations represent real-world scenarios. Despite
efforts to closely model actual environments, simulations inevitably simplify complex conditions,
often failing to capture unexpected environmental variables and interactions with dynamic objects.
For instance, turbines in the Wind Farm Control environment can be turned much faster than in re-
ality, and wind directions shift too quickly and randomly. In contrast, real-world wind tends to have
a predominant direction in specific regions. In the Ocean Plastic Collection environment, vessel
turning and acceleration speeds are significantly exaggerated. Similarly, in the Reforestation envi-
ronment, agents can pick up seeds simply by being near the drone station, which does not reflect
real-world conditions. Fire spreads much faster in the Wildfire Resource Management and Aerial
Wildfire Suppression environments. Specifically, resources are distributed too quickly in the Wild-
fire Resource Management environment, while the claim is that the scenarios are in remote areas.
Additionally, water-carrying planes turn much faster than would be possible in reality, even when
fully loaded. Furthermore, the camera feed resolution in the Drone-Based Reforestation and Aerial
Wildfire Suppression environments is lower than what would be needed in practice. Although the
simulations perform well with low resolution, we anticipate more challenges with diverse objects in
real-world scenarios.
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These discrepancies could impact the real-world applicability of our findings, but there are still
promising areas for implementation. For instance, algorithms developed in the Wind Farm Control
environment, despite their simplified wind patterns, could contribute to optimizing wind farm lay-
outs and improving maintenance strategies, as seen in efforts by companies like Siemens Gamesa,
which integrates AI for predictive maintenance in real wind farms Su et al. (2023). Similarly, wild-
fire management strategies derived from simulations, though faster than real-world conditions, could
assist in resource distribution planning and suppression tactics, akin to systems used by CAL FIRE
in the United States Hernandez & Hoskins (2024). Lastly, despite its simplified nature, our reforesta-
tion environment could enhance large-scale efforts such as the Great Green Wall initiative in Africa,
which seeks to restore degraded lands using new technologies Gravesen & Funder (2022). These ap-
plications demonstrate the potential utility of our simulations when combined with real-world data
and in-field validation.

A key limitation of the current environment design is its potential for bias, as the terrains and land-
scapes are generated within a single climate zone. This restricts the diversity of environmental
conditions, excluding deserts, rocky regions, and other ecosystems with distinct flora and fauna. To
address this, future work could incorporate real geographic data from diverse global regions, includ-
ing terrain, forest structure, and environmental variables like wind speed, precipitation, temperature,
and cloud cover. Collaboration with companies and research labs will also be necessary to adjust
agent-controlled objects to align with real-world capabilities. However, for specific applications
such as wildfire or reforestation simulations, only certain areas of the world are particularly rele-
vant, which naturally limits the range of applicable environments. For instance, wildfire simulations
are most pertinent in regions such as Russia, Canada, and the United States, which experience the
highest tree cover loss due to fires Tyukavina et al. (2022). Conversely, reforestation efforts are
more urgent in areas like the Sahara, the Zinder and Maradi regions Pausata et al. (2020), and the
Amazon Rainforest Dow Goldman et al. (2020). Thus, while the HIVEX environment suite offers
a promising starting point, fine-tuning based on real-world data is essential to achieve meaningful
real-world applications.

The HIVEX environment suite is designed for training and testing on accessible end-user hardware.
Our simulations have been successfully executed on systems with an NVIDIA GeForce RTX 3090,
an AMD Ryzen 9 7950X 16-Core Processor, and 64 GB of RAM specifications within the range of
many gaming laptops and desktop computers. As such, researchers and practitioners do not need
specialized, large-scale computational clusters, making our approach accessible to those with mid-
range to high-end consumer hardware. Future optimizations could further reduce these requirements
for even broader accessibility.

7 CONCLUSION

The HIVEX suite is a novel open-source benchmark that simulates real-world critical ecological
challenges. Through procedurally generated environments and adjustable layout patterns or terrain
elevation levels, it supports multi-agent and open-ended research across diverse tasks and scenarios.
The wide range of environments, tasks and scenarios provide a broad spectrum of challenges and
makes HIVEX a valuable tool for testing algorithm generalizability. Future work aims to narrow the
sim-to-real gap by incorporating real-world data, such as terrain and weather conditions.
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Filippos Christianos, Lukas Schäfer, and Stefano V. Albrecht. Shared Experience Actor-Critic for
Multi-Agent Reinforcement Learning, May 2021. URL http://arxiv.org/abs/2006.
07169. arXiv:2006.07169 [cs].

Climate TRACE -. Climate TRACE, 2022. URL https://climatetrace.org/.

T. H. Clutton-Brock, P. N. M. Brotherton, M. J. O’Riain, A. S. Griffin, D. Gaynor, R. Kan-
sky, L. Sharpe, and G. M. McIlrath. Contributions to cooperative rearing in meerkats.
Animal Behaviour, 61(4):705–710, April 2001. ISSN 0003-3472. doi: 10.1006/anbe.
2000.1631. URL https://www.sciencedirect.com/science/article/pii/
S0003347200916312.

Philip Cohen, Hector Levesque, and Ira Smith. On Team Formation. Synthese Library, pp. 87–114,
1997.

Matthew Collins, Reto Knutti, Julie Arblaster, Jean-Louis Dufresne, Thierry Fichefet, Xuejie Gao,
William J Gutowski Jr, Tim Johns, Gerhard Krinner, Mxolisi Shongwe, Andrew J Weaver,
Michael Wehner, Myles R Allen, Tim Andrews, Urs Beyerle, Cecilia M Bitz, Sandrine Bony,
Ben B B Booth, Harold E Brooks, Victor Brovkin, Oliver Browne, Claire Brutel-Vuilmet, Mark
Cane, Robin Chadwick, Ed Cook, Kerry H Cook, Michael Eby, John Fasullo, Chris E Forest,
Piers Forster, Peter Good, Hugues Goosse, Jonathan M Gregory, Gabriele C Hegerl, Paul J
Hezel, Kevin I Hodges, Marika M Holland, Markus Huber, Manoj Joshi, Viatcheslav Kharin,
Yochanan Kushnir, David M Lawrence, Robert W Lee, Spencer Liddicoat, Christopher Lucas,
Wolfgang Lucht, Jochem Marotzke, François Massonnet, H Damon Matthews, Malte Mein-
shausen, Colin Morice, Alexander Otto, Christina M Patricola, Gwenaëlle Philippon, Stefan
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Shindell, Jana Sillmann, Bjorn Stevens, Peter A Stott, Robert Webb, Giuseppe Zappa, Kirsten
Zickfeld, Sylvie Joussaume, Abdalah Mokssit, Karl Taylor, and Simon Tett. Long-term Climate
Change: Projections, Commitments and Irreversibility. The Intergovernmental Panel on Climate
Change, 2018.

European Commission. How the EU is helping partner countries fight climate change - European
Commission, 2022. URL https://climate.ec.europa.eu/news-your-voice/
stories/how-eu-helping-partner-countries-fight-climate-change_
en.

Jingjing Cui, Yuanwei Liu, and Arumugam Nallanathan. Multi-Agent Reinforcement Learning-
Based Resource Allocation for UAV Networks. IEEE Transactions on Wireless Communications,
19(2):729–743, February 2020. ISSN 1558-2248. doi: 10.1109/TWC.2019.2935201. URL
https://ieeexplore.ieee.org/document/8807386. Conference Name: IEEE
Transactions on Wireless Communications.

Charles Darwin. On the origin of species by means of natural selection, or, The preservation
of favoured races in the struggle for life., 1977. URL https://www.loc.gov/item/
06017473/.

12

https://www.ipcc.ch/report/ar6/syr/
http://arxiv.org/abs/1910.05789
http://arxiv.org/abs/2301.01609
http://arxiv.org/abs/2006.07169
http://arxiv.org/abs/2006.07169
https://climatetrace.org/
https://www.sciencedirect.com/science/article/pii/S0003347200916312
https://www.sciencedirect.com/science/article/pii/S0003347200916312
https://climate.ec.europa.eu/news-your-voice/stories/how-eu-helping-partner-countries-fight-climate-change_en
https://climate.ec.europa.eu/news-your-voice/stories/how-eu-helping-partner-countries-fight-climate-change_en
https://climate.ec.europa.eu/news-your-voice/stories/how-eu-helping-partner-countries-fight-climate-change_en
https://ieeexplore.ieee.org/document/8807386
https://www.loc.gov/item/06017473/
https://www.loc.gov/item/06017473/


648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701

Under review as a conference paper at ICLR 2025

Maria De-Arteaga, William Herlands, Daniel B. Neill, and Artur Dubrawski. Machine Learning for
the Developing World. ACM Transactions on Management Information Systems, 9(2):9:1–9:14,
August 2018. ISSN 2158-656X. doi: 10.1145/3210548. URL https://dl.acm.org/doi/
10.1145/3210548.

Keith S. Decker. Distributed problem-solving techniques: A survey. IEEE Transactions on Systems,
Man, & Cybernetics, 17(5):729–740, 1987. ISSN 0018-9472(Print). doi: 10.1109/TSMC.1987.
6499280. Place: US Publisher: Institute of Electrical & Electronics Engineers Inc.

Thomas G Dietterich. Machine Learning in Ecosystem Informatics and Sustainability. Proceedings
of the Twenty-First International Joint Conference on Artificial Intelligence, 2009.

Elizabeth Dow Goldman, Mikaela Weisse, Nancy Harris, and Martina Schneider. Estimating the
Role of Seven Commodities in Agriculture-Linked Deforestation: Oil Palm, Soy, Cattle, Wood
Fiber, Cocoa, Coffee, and Rubber. World Resources Institute, 2020. doi: 10.46830/writn.na.
00001. URL https://www.wri.org/research/.

James H. Faghmous and Vipin Kumar. A Big Data Guide to Understanding Climate Change: The
Case for Theory-Guided Data Science. Big Data, 2(3):155–163, September 2014. ISSN 2167-
6461. doi: 10.1089/big.2014.0026. URL https://www.liebertpub.com/doi/full/
10.1089/big.2014.0026. Publisher: Mary Ann Liebert, Inc., publishers.

James D. Ford, Simon E. Tilleard, Lea Berrang-Ford, Malcolm Araos, Robbert Biesbroek, Alexan-
dra C. Lesnikowski, Graham K. MacDonald, Angel Hsu, Chen Chen, and Livia Bizikova. Big
data has big potential for applications to climate change adaptation. Proceedings of the National
Academy of Sciences, 113(39):10729–10732, September 2016. doi: 10.1073/pnas.1614023113.
URL https://www.pnas.org/doi/abs/10.1073/pnas.1614023113. Publisher:
Proceedings of the National Academy of Sciences.

Carla Gomes, Thomas Dietterich, Christopher Barrett, Jon Conrad, Bistra Dilkina, Stefano Ermon,
Fei Fang, Andrew Farnsworth, Alan Fern, Xiaoli Fern, Daniel Fink, Douglas Fisher, Alexan-
der Flecker, Daniel Freund, Angela Fuller, John Gregoire, John Hopcroft, Steve Kelling, Zico
Kolter, Warren Powell, Nicole Sintov, John Selker, Bart Selman, Daniel Sheldon, David Shmoys,
Milind Tambe, Weng-Keen Wong, Christopher Wood, Xiaojian Wu, Yexiang Xue, Amulya Ya-
dav, Abdul-Aziz Yakubu, and Mary Lou Zeeman. Computational sustainability: computing for a
better world and a sustainable future. Communications of the ACM, 62(9):56–65, August 2019.
ISSN 0001-0782. doi: 10.1145/3339399. URL https://dl.acm.org/doi/10.1145/
3339399.

Deborah M. Gordon. The organization of work in social insect colonies. Com-
plexity, 8(1):43–46, 2002. ISSN 1099-0526. doi: 10.1002/cplx.10048. URL
https://onlinelibrary.wiley.com/doi/abs/10.1002/cplx.10048. eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1002/cplx.10048.

Deborah M. Gordon. Ant Encounters: Interaction Networks and Colony Behavior. Princeton Uni-
versity Press, 2010. ISBN 978-0-691-13879-4. URL https://www.jstor.org/stable/
j.ctt7rpzh.

Marie Gravesen and Mikkel Funder. The Great Green Wall: An Overview and Lessons Learnt.
ResearchGate, February 2022. doi: 10.13140/RG.2.2.35246.18241.

Carlos Guestrin, Michail Lagoudakis, and Ronald Parr. Coordinated Reinforcement Learning. In In
Proceedings of the ICML-2002 The Nineteenth International Conference on Machine Learning,
pp. 227–234, 2002.

Gregory D. Hager, Ann Drobnis, Fei Fang, Rayid Ghani, Amy Greenwald, Terah Lyons, David C.
Parkes, Jason Schultz, Suchi Saria, Stephen F. Smith, and Milind Tambe. Artificial Intel-
ligence for Social Good, January 2019. URL http://arxiv.org/abs/1901.05406.
arXiv:1901.05406 [cs].

Benjamin Han and Carl Arndt. Budget Allocation as a Multi-Agent System of Contextual & Con-
tinuous Bandits. In Proceedings of the 27th ACM SIGKDD Conference on Knowledge Discovery

13

https://dl.acm.org/doi/10.1145/3210548
https://dl.acm.org/doi/10.1145/3210548
https://www.wri.org/research/
https://www.liebertpub.com/doi/full/10.1089/big.2014.0026
https://www.liebertpub.com/doi/full/10.1089/big.2014.0026
https://www.pnas.org/doi/abs/10.1073/pnas.1614023113
https://dl.acm.org/doi/10.1145/3339399
https://dl.acm.org/doi/10.1145/3339399
https://onlinelibrary.wiley.com/doi/abs/10.1002/cplx.10048
https://www.jstor.org/stable/j.ctt7rpzh
https://www.jstor.org/stable/j.ctt7rpzh
http://arxiv.org/abs/1901.05406


702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755

Under review as a conference paper at ICLR 2025

& Data Mining, KDD ’21, pp. 2937–2945, New York, NY, USA, August 2021. Association
for Computing Machinery. ISBN 978-1-4503-8332-5. doi: 10.1145/3447548.3467124. URL
https://dl.acm.org/doi/10.1145/3447548.3467124.

Kassandra Hernandez and Aaron B. Hoskins. Machine learning algorithms applied to wildfire data in
California’s central valley. Trees, Forests and People, 15:100516, March 2024. ISSN 2666-7193.
doi: 10.1016/j.tfp.2024.100516. URL https://www.sciencedirect.com/science/
article/pii/S2666719324000244.

Pablo Hernandez-Leal, Bilal Kartal, and Matthew E. Taylor. A Survey and Critique of Multiagent
Deep Reinforcement Learning. Autonomous Agents and Multi-Agent Systems, 33(6):750–797,
November 2019. ISSN 1387-2532, 1573-7454. doi: 10.1007/s10458-019-09421-1. URL http:
//arxiv.org/abs/1810.05587. arXiv: 1810.05587.

Terry P. Hughes, James T. Kerry, Andrew H. Baird, Sean R. Connolly, Andreas Dietzel, C. Mark
Eakin, Scott F. Heron, Andrew S. Hoey, Mia O. Hoogenboom, Gang Liu, Michael J. McWilliam,
Rachel J. Pears, Morgan S. Pratchett, William J. Skirving, Jessica S. Stella, and Gergely Torda.
Global warming transforms coral reef assemblages. Nature, 556(7702):492–496, April 2018.
ISSN 1476-4687. doi: 10.1038/s41586-018-0041-2. URL https://www.nature.com/
articles/s41586-018-0041-2. Number: 7702 Publisher: Nature Publishing Group.

Ipcc. Global Warming of 1.5°C: IPCC Special Report on Impacts of Global Warm-
ing of 1.5°C above Pre-industrial Levels in Context of Strengthening Response to Cli-
mate Change, Sustainable Development, and Efforts to Eradicate Poverty. Cambridge
University Press, 1 edition, June 2022. ISBN 978-1-00-915794-0 978-1-00-915795-7.
doi: 10.1017/9781009157940. URL https://www.cambridge.org/core/product/
identifier/9781009157940/type/book.

Max Jaderberg, Wojciech M. Czarnecki, Iain Dunning, Luke Marris, Guy Lever, Antonio Garcia
Castaneda, Charles Beattie, Neil C. Rabinowitz, Ari S. Morcos, Avraham Ruderman, Nico-
las Sonnerat, Tim Green, Louise Deason, Joel Z. Leibo, David Silver, Demis Hassabis, Koray
Kavukcuoglu, and Thore Graepel. Human-level performance in first-person multiplayer games
with population-based deep reinforcement learning. Science, 364(6443):859–865, May 2019.
ISSN 0036-8075, 1095-9203. doi: 10.1126/science.aau6249. URL http://arxiv.org/
abs/1807.01281. arXiv:1807.01281 [cs, stat].

Lucas N. Joppa. The case for technology investments in the environment. Nature, 552(7685):325–
328, December 2017. doi: 10.1038/d41586-017-08675-7. URL https://www.nature.
com/articles/d41586-017-08675-7. Bandiera abtest: a Cg type: Comment Number:
7685 Publisher: Nature Publishing Group Subject term: Climate change, Biodiversity.

Arthur Juliani, Vincent-Pierre Berges, Ervin Teng, Andrew Cohen, Jonathan Harper, Chris Elion,
Chris Goy, Yuan Gao, Hunter Henry, Marwan Mattar, and Danny Lange. Unity: A General
Platform for Intelligent Agents, May 2020. URL http://arxiv.org/abs/1809.02627.
arXiv:1809.02627 [cs, stat].

Lynn Helena Kaack. Challenges and Prospects for Data-Driven Climate Change Mitigation.
Ph.D., Carnegie Mellon University, United States – Pennsylvania, 2019. URL https://www.
proquest.com/docview/2194980972/abstract/C1EE164709C34F0EPQ/1.
ISBN: 9780438963153.

Jan Komdeur, Cas Eikenaar, Lyanne Brouwer, and David S Richardson. The Evolution and Ecology
of Cooperative Breeding in Vertebrates. In Encyclopedia of Life Sciences. John Wiley & Sons,
Ltd, 2008. ISBN 978-0-470-01590-2. doi: 10.1002/9780470015902.a0021218. URL https:
//onlinelibrary.wiley.com/doi/abs/10.1002/9780470015902.a0021218.
eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1002/9780470015902.a0021218.

Tahmineh Ladi, Shaghayegh Jabalameli, and Ayyoob Sharifi. Applications of machine learning and
deep learning methods for climate change mitigation and adaptation. Environment and Planning
B: Urban Analytics and City Science, 49(4):1314–1330, May 2022. ISSN 2399-8083. doi: 10.
1177/23998083221085281. URL https://doi.org/10.1177/23998083221085281.
Publisher: SAGE Publications Ltd STM.

14

https://dl.acm.org/doi/10.1145/3447548.3467124
https://www.sciencedirect.com/science/article/pii/S2666719324000244
https://www.sciencedirect.com/science/article/pii/S2666719324000244
http://arxiv.org/abs/1810.05587
http://arxiv.org/abs/1810.05587
https://www.nature.com/articles/s41586-018-0041-2
https://www.nature.com/articles/s41586-018-0041-2
https://www.cambridge.org/core/product/identifier/9781009157940/type/book
https://www.cambridge.org/core/product/identifier/9781009157940/type/book
http://arxiv.org/abs/1807.01281
http://arxiv.org/abs/1807.01281
https://www.nature.com/articles/d41586-017-08675-7
https://www.nature.com/articles/d41586-017-08675-7
http://arxiv.org/abs/1809.02627
https://www.proquest.com/docview/2194980972/abstract/C1EE164709C34F0EPQ/1
https://www.proquest.com/docview/2194980972/abstract/C1EE164709C34F0EPQ/1
https://onlinelibrary.wiley.com/doi/abs/10.1002/9780470015902.a0021218
https://onlinelibrary.wiley.com/doi/abs/10.1002/9780470015902.a0021218
https://doi.org/10.1177/23998083221085281


756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809

Under review as a conference paper at ICLR 2025
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Jörg Lässig, Kristian Kersting, and Katharina Morik. Computational Sustainability | SpringerLink,
2016. URL https://link.springer.com/book/10.1007/978-3-319-31858-5.

James MacCarthy, Sasha Tyukavina, Mikaela Weisse, and Nancy Harris. New Data Confirms:
Forest Fires Are Getting Worse, August 2022. URL https://www.wri.org/insights/
global-trends-forest-fires.

MAJA J. MATARIC. Using communication to reduce locality in distributed multia-
gent learning. Journal of Experimental & Theoretical Artificial Intelligence, 10(3):357–
369, July 1998. ISSN 0952-813X. doi: 10.1080/095281398146806. URL https:
//doi.org/10.1080/095281398146806. Publisher: Taylor & Francis eprint:
https://doi.org/10.1080/095281398146806.

Martin N Muller and Richard W Wrangham. Dominance, aggression and testosterone in wild
chimpanzees: a test of the ‘challenge hypothesis’. Animal Behaviour, 67(1):113–123, Jan-
uary 2004. ISSN 0003-3472. doi: 10.1016/j.anbehav.2003.03.013. URL https://www.
sciencedirect.com/science/article/pii/S0003347203003981.

Saul J. Newman, Simon Eyre, Catherine H. Kimble, Mauricio Arcos-Burgos, Carolyn J. Hogg, and
Simon Easteal. Reproductive success is predicted by social dynamics and kinship in managed an-
imal populations, May 2016. URL https://f1000research.com/articles/5-870.

Zepeng Ning and Lihua Xie. A survey on multi-agent reinforcement learning and its application.
Journal of Automation and Intelligence, February 2024. ISSN 2949-8554. doi: 10.1016/j.jai.
2024.02.003. URL https://www.sciencedirect.com/science/article/pii/
S2949855424000042.

Food and Agriculture Organization of the United Nations. FAOSTAT Statistical Database: Temper-
ature change statistics 1961–2022, 1997.

Spinning Up OpenAI. Proximal Policy Optimization — Spinning Up documentation, 2021. URL
https://spinningup.openai.com/en/latest/algorithms/ppo.html.

Shirin Panahi, Younghae Do, Alan Hastings, and Ying-Cheng Lai. Rate-induced tipping in com-
plex high-dimensional ecological networks. Proceedings of the National Academy of Sci-
ences, 120(51):e2308820120, December 2023. doi: 10.1073/pnas.2308820120. URL https:
//www.pnas.org/doi/full/10.1073/pnas.2308820120. Publisher: Proceedings
of the National Academy of Sciences.

Liviu Panait and Sean Luke. Cooperative Multi-Agent Learning: The State of the Art. Autonomous
Agents and Multi-Agent Systems, 11(3):387–434, November 2005. ISSN 1387-2532, 1573-
7454. doi: 10.1007/s10458-005-2631-2. URL http://link.springer.com/10.1007/
s10458-005-2631-2.

Georgios Papoudakis, Filippos Christianos, Lukas Schäfer, and Stefano V. Albrecht. Benchmarking
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Peng Song, Lei Wang, and Nancy Harris. Global Trends of Forest Loss Due to Fire From 2001 to
2019. Frontiers in Remote Sensing, 3, March 2022. ISSN 2673-6187. doi: 10.3389/frsen.2022.
825190. URL https://www.frontiersin.org/journals/remote-sensing/
articles/10.3389/frsen.2022.825190/full. Publisher: Frontiers.

CRED / UCLouvain. EM-DAT - The international disaster database, 2023. URL https://www.
emdat.be/.

Roberto M. Venegas, Jorge Acevedo, and Eric A. Treml. Three decades of ocean warming im-
pacts on marine ecosystems: A review and perspective. Deep Sea Research Part II: Topical
Studies in Oceanography, 212:105318, December 2023. ISSN 0967-0645. doi: 10.1016/j.dsr2.
2023.105318. URL https://www.sciencedirect.com/science/article/pii/
S0967064523000681.

Vilhelm Verendel. Tracking artificial intelligence in climate inventions with patent data. Nature Cli-
mate Change, 13(1):40–47, January 2023. ISSN 1758-6798. doi: 10.1038/s41558-022-01536-w.
URL https://www.nature.com/articles/s41558-022-01536-w. Publisher: Na-
ture Publishing Group.

Oriol Vinyals, Igor Babuschkin, Wojciech M. Czarnecki, Michaël Mathieu, Andrew Dudzik, Juny-
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A APPENDIX

A.1 RESOURCES

• NVIDIA GeForce RTX 3090
• Driver version 536.23
• AMD Ryzen 9 7950X 16-Core Processor
• 64 GB RAM

A.2 MOTIVATION: CRITICAL ECOLOGICAL CHALLENGES

Figure 8: Climate-related global disasters frequency. The links between climate change and natural
disasters are well documented in a wide variety of climate change literature. This graph depicts the
trend in global climate-related disasters over time. Interactive plot and dataset can be explored here:
https://climatedata.imf.org/pages/climatechange-data.

Climate change is manifesting more visibly and urgently than ever Archer & Rahmstorf (2010);
Romm (2022). We are witnessing an increase in frequent and intense weather phenomena, such as
storms, droughts, fires, and floods UCLouvain (2023). Figure 8 shows the aforementioned disaster
types triple in frequency between 1980 and 2020. These events are reshaping ecosystems and criti-
cally impacting agriculture and natural resources, which are vital to human survival Change (2012).
A concerning report by the Intergovernmental Panel on Climate Change (IPCC) in 2022 highlights
the dire consequences of continued greenhouse gas emissions, warning that significant curbing mea-
sures are needed within the next three decades to avert catastrophic impacts. If the 1.5 ºC degree
increase in global warming cannot be negated, some impacts may be long-lasting or irreversible,
such as the loss of ecosystems potentially fundamental to our existence Ipcc (2022).

MITIGATION, ADAPTATION AND DISASTER RESPONSE

The battle against climate change encompasses three critical approaches: mitigation, adaptation and
disaster response Commission (2022).

• Mitigation focuses on reducing emissions through transformative measures in electricity
generation, transportation, building design, industry practices, and land use.

• Adaptation, on the other hand, is about enhancing resilience and improving disaster man-
agement strategies to prepare for the inevitable impacts of changing climate patterns.

• Disaster Response involves prompt and effective measures to manage emergencies caused
by climate-related events. This includes providing immediate relief, medical aid, and re-
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Figure 9: Annual Global surface temperature change. This indicator presents the global mean sur-
face temperature change during the period 1961-2021, using temperatures between 1951 and 1980
as a baseline. This data is provided by the Food and Agriculture Organization Corporate Statis-
tical Database (FAOSTAT) and is based on publicly available GISTEMP data from the National
Aeronautics and Space Administration Goddard Institute for Space Studies (NASA GISS). Inter-
active plot and dataset can be explored here: https://climatedata.imf.org/pages/
climatechange-data.

construction assistance and implementing policies for rapid response and recovery to min-
imize the impact on affected communities.

This tripartite approach is essential, as highlighted by the IPCC report and echoed in the research
by Collins et al. (2018), underscoring the importance of addressing both immediate and long-term
aspects of climate change.

IRREVERSIBILITY

Recent research underscores the alarming irreversibility of certain impacts of climate change. A
study at Arizona State University, published in the Proceedings of the National Academy of Sci-
ences, explores the concept of ’rate-induced tipping’ in ecological systems Panahi et al. (2023).
This research is crucial in understanding when certain environmental systems, such as coral reefs,
may reach a point of irreversible damage Hughes et al. (2018).
As ocean temperatures rise due to increased carbon emissions Venegas et al. (2023), corals and their
symbiotic zooxanthellae (tiny cells that live within most types of coral polyps - they help the coral
survive by providing it with food resulting from photosynthesis) are pushed towards a threshold
beyond which severe bleaching occurs Sully et al. (2019), leading to a cascade of effects on the
entire reef ecosystem. This bleaching, once initiated, cannot be reversed even if ocean temperatures
were to subsequently stabilize, illustrating the permanent nature of some climate change impacts.
The study emphasizes that even gradual changes in environmental parameters can suddenly trigger
catastrophic system collapses, highlighting the urgency of addressing climate change proactively to
prevent irreversible ecological damage Panahi et al. (2023).

TIMELINE AND URGENCY

The timeline for addressing climate change is critical and urgent. According to the latest insights,
there’s a pressing need to accelerate climate action significantly to limit global temperature rise
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to 1.5 degrees Celsius. This target requires deep, rapid, and sustained greenhouse gas emissions
reductions across all sectors within this decade. Emissions need to decrease immediately to stay
within these limits and be cut by nearly half by 2030 Calvin et al. (2023). Figure 9 shows the global
surface temperature change in Celsius degrees per year from the baseline temperature between 1951
and 1980 of the United Nations (1997).

The 2023 Yearbook of Global Climate Action, presented at the UN Climate Change Conference
(COP28) Hughes et al. (2018), emphasizes the urgency of scaling up climate actions. It highlights
the increase in stakeholders taking climate action but also points out that the pace and scale of these
actions are insufficient to meet the 1.5-degree Celsius target. The Yearbook calls for accelerated,
effective implementation of climate actions, emphasizing the critical role of governments in reducing
barriers to lowering greenhouse gas emissions and the need for transformational changes in sectors
like food, electricity, transport, industry, buildings, and land use.
A major UN report, ”Climate Change 2023: Synthesis Report” by the Intergovernmental Panel on
Climate Change (IPCC) Calvin et al. (2023), underlines the significant impacts already being felt
globally and the increased frequency of extreme weather events due to climate change. The report
stresses the necessity of integrating adaptation to climate change with actions to reduce or avoid
greenhouse gas emissions. It also points out the importance of financial and technical support for
developing countries from wealthier nations to achieve these goals De-Arteaga et al. (2018).

ROLE OF MACHINE LEARNING

The vast array of challenges presented by climate change also opens diverse opportunities for im-
pactful action Kaack (2019); Ford et al. (2016). While the situation is grave, there is immense poten-
tial for innovative solutions in areas such as renewable energy, sustainable agriculture, and resource-
efficient industrial practices. The commitment to tackling these challenges is about averting disaster
and harnessing the opportunity for significant environmental, economic, and social progress Berendt
(2019); Hager et al. (2019).

The last two years have brought climate change to the doorstep of many. Extreme heatwaves, wild-
fires, and floods make life increasingly difficult for animals and humans De-Arteaga et al. (2018).
ML has emerged as a key tool for technological advancement in recent years. As ML and artificial
intelligence (AI) use in societal and global initiatives grows, there’s a pressing need to explore how
these technologies can best address climate change challenges. Many in the ML field are eager
to contribute but unsure of the best approach, while various sectors are increasingly seeking ML
expertise.

ML has many applications in combating climate change for various time horizons and degrees of
impact Rolnick et al. (2022); Ladi et al. (2022). Straight forward applications However, we think it’s
crucial to acknowledge its fundamental role in enhancing our understanding of climate complexities
Yu et al. (2013); Faghmous & Kumar (2014). ML, with its advanced data analysis capabilities, is
instrumental in deciphering the multifaceted nature of climate data. It aids scientists and researchers
in identifying patterns and trends that are not immediately apparent, providing insights into phenom-
ena like temperature changes, precipitation patterns, and extreme weather events Climate TRACE
- (2022). This deepened understanding is the bedrock upon which targeted solutions for climate
change mitigation and adaptation are developed.

In the critical battle against climate change, ML emerges as a pivotal ally, offering a diverse ar-
ray of contributions across various domains. By enabling automatic monitoring through remote
sensing, ML helps in identifying key environmental changes, such as deforestation, and in assess-
ing post-disaster damages. This technology is particularly significant in the realm of ecosystem
informatics and sustainability, where it aids in understanding complex ecological dynamics and bio-
diversity, supporting conservation efforts and sustainable resource management Dietterich (2009);
Gomes et al. (2019); Lässig et al. (2016). ML’s ability to process vast amounts of ecological data
enhances our capacity to track species populations, monitor habitat changes, and predict ecological
responses to various environmental stressors.

Further, ML accelerates scientific discovery, suggesting innovative materials for batteries, construc-
tion, and carbon capture technologies. Ecosystem informatics enables the identification of patterns
and relationships within ecological systems, facilitating the development of strategies to protect and
sustain these vital systems. Additionally, ML optimizes systems for enhanced efficiency, evident
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Figure 10: Left: Granted patents per year, with a steeper rise starting around 2010. Right: The rise
on the left can be seen as exponential growth in climate AI patents (linear on a log scale), and this
holds for climate patents and AI patents separately. Within climate patents, however, AI patents are
not growing exponentially. Verendel (2023); Angelucci et al. (2018)

in applications like freight consolidation, carbon market design, and reduction of food waste Joppa
(2017). Its ability to accelerate computationally intense physical simulations, like climate and energy
scheduling models, is invaluable. The integration of ML in these areas not only addresses immediate
environmental concerns but also fosters long-term sustainability and resilience of ecosystems, thus
playing a crucial role in mitigating the impacts of climate change. Figure 10 shows an increase of
patents granted for climate inventions, AI inventions and climate and AI between 1970 and 2020.
This means we can directly link advancements in AI to innovation in climate-related topics.

The integration of ML in climate change mitigation not only benefits society but also propels ad-
vancements in ML itself, particularly in areas such as interpretability, causality, and uncertainty
quantification. However, the challenge lies in the nature of climate-relevant data, which is often
proprietary, sensitive, or not globally representative. Solutions like transfer learning and domain
adaptation become crucial in addressing these data challenges. We aim to emphasize the significant
potential that advancing state-of-the-art ML, utilizing real-world data and simulation environments,
can go hand in hand with developing effective solutions for current pressing challenges.

A.3 NATURAL SOCIETIES AND MULTI-AGENT RESEARCH

In MARL environments, groups of agents with baseline intelligence and ability can have a higher
collective intelligence by acting together Cohen et al. (1997). A shared pool of information through
a collective observation space can help individual agents to learn quicker. Additionally, as a group,
they can achieve objectives that would be challenging to attain individually Guestrin et al. (2002);
Decker (1987); Panait & Luke (2005); MATARIC (1998). However, acting as a collective requires
collaboration. From the perspective of an individual agent, other agents in the collective and the
consequences of their actions, i.e. change of the environment, can be seen as part of a dynamic
environment Ravula et al. (2019). Perceiving others’ actions and making sense of their intention is
called intention reading, stated in the theory-of-mind (ToM) Hernandez-Leal et al. (2019). While this
is an integral part of human collaborative activities, we will assume shared intentionality Tomasello
et al. (2005).

In our quest to advance multi-agent systems and cooperative strategies, the study of animal societies
like ants and meerkats offers invaluable lessons. These natural societies, characterized by intricate
cooperation and complex social structures, provide a blueprint for understanding and designing
efficient, self-organizing systems in human contexts.
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Ants and Cooperative Robots: Researchers at Harvard University explored how ants cooperate
to solve complex problems like transporting and building things using simple rules. They studied
black carpenter ants and created a simulation to model their cooperative behaviour. This model
was then used to develop robot ants (RAnts) that demonstrated similar cooperative behaviours to
real ants, highlighting the potential for applying natural cooperation strategies in robotics Prasath
et al. (2022). Recent work of ours explores distributed robotics for building architectural structures
ANONYMIZED, in which robotics help each other to climb, add and remove bespoke building
blocks for a dynamically changing spatial configuration.

Ant Colonies and Social Evolution: Certain ant species, which do not have a leader, can exhibit
complex behaviours like the division of labour through self-organization. This challenges the notion
that strong groups require strong leaders and suggests that even in the simplest groups, significant
collaboration can occur. This research has implications for understanding the evolution of social
behaviour and the early stages of complex society formation Gordon (2010; 2002).

Meerkats and Cooperation: Meerkats have been studied to understand the role of testosterone
in female competition and cooperative breeding. High testosterone levels in matriarch meerkats
play a key role in their success and aggression, influencing the cooperative structure of the group.
This study reveals that cooperation can also arise through aggressive means, shedding light on a
new mechanism for the evolution of cooperative breeding Clutton-Brock et al. (2001); Muller &
Wrangham (2004).

Meerkat Society Study: The Kalahari Meerkat Project, led by Professor Tim Clutton-Brock, pro-
vides extensive insights into meerkat societies. The project has tracked over 3,000 meerkats, exam-
ining their life histories and the effects of climate change on their survival and development. This
long-term study offers valuable data on cooperative breeding, kinship, and the resilience of meerkat
groups in challenging environments Komdeur et al. (2008); Newman et al. (2016).

In the context of nature, Charles Darwin argues for the survival of the fittest (Darwin, 1977) and,
therefore, the occurrence of competition. While in AI, the majority of significant work on MA sys-
tems consider two opposing agents only, the problems of interest of this work are cooperative MA
systems, where groups of agents act together to achieve higher individual and collective goals (Co-
hen et al., 1997; Guestrin et al., 2002; Decker, 1987; Panait & Luke, 2005; MATARIC, 1998). Just
like in human society or the animal world, individuals have unique or mixtures of motives. However,
we can define agents with mixed or identical motives in an MA environment simulation. Assum-
ing shared intentionality leaves us with the question of how to collaborate. Communication can
play a crucial role in collaborating successfully. Human society uses language as a communication
medium (Barón Birchenall, 2016). Agents can send signals of various types as a form of language.
Nevertheless, observing others’ behaviour can be a form of communication. Body language, a tail-
wagging dog, or the red colour of an octopus can communicate internal states and intentions. But
we can also design agents that directly share policies - state action transitions - or memory data of
past experiences.

A.4 LEARNING ALGORITHM

Addressing the intricacies and challenges in multi-agent systems that operate in dynamic and com-
plex environments requires a sophisticated blend of algorithms and methodologies. Our approach
employs Proximal Policy Optimization (PPO) Schulman et al. (2017) with parameter sharing for
MA training 2.

At the heart of our model is the policy θ, represented by a neural network with parameters that pro-
cess the observations from the environment, factoring in past states and producing actions as outputs.
Within the context of the HIVEX suite, PPO offers a stable reinforcement learning algorithm, en-
suring that agents iteratively refine their strategies without drastic deviations. This is crucial given
the suite’s dynamic environmental events, from wildfires to ocean cleanups. PPO is an advanced
reinforcement learning algorithm that seeks to improve policy-based learning by ensuring that the
updated policy does not deviate too drastically from the previous policy. This is achieved by adding
a constraint or penalty to the objective function to restrict extreme policy updates 1.

Proximal Policy Optimization: Two main concepts define the PPO (Schulman et al., 2017), a
state-of-the-art, on-policy RL algorithm: 1. PPO performs the largest possible but safe gradi-
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ent ascent learning step by estimating a trust region and 2. Advantage estimates how good an
action in a specific state is compared to the average action. A trust region can be calculated
as the quotient of the current policy to be refined πθ(at|st) and the previous policy as follows
rt(θ) = πθ(at|st)

πθk
(at|st) = current policy

old policy . The advantage is the difference between the Q and the Value
Function: A(s, a) = Q(s, a) − V (s), where s is the state and a the action (Zychlinski, 2019). The
Q function measures the overall expected reward given state s, performing action a, and denoted
as: Q(s, a) = E

[∑N
n=0 γ

nrn

]
. The Value Function, similar to the Q Function, measures overall

expected reward, with the difference that the State Value is calculated after the action has been taken
and is denoted as: V(s) = E

[∑N
n=0 γ

nrn

]
.

A.4.1 PSEUDOCODE

PPO-CLIP pseudocode (OpenAI, 2021; Schulman et al., 2017):

Algorithm 1
Input: initial policy parameters θ0, initial value function parameters ϕ0

for k = 0, 1, 2, . . . do
Collect set of trajectories Dk = {τi} by running policy πk = π(θk) in the environment.
Compute rewards-to-go R̂t.
Compute advantage estimates, Ât (using any method of advantage estimation) based on the
current value function Vϕk

Update the policy by maximizing the PPO-Clip objective:
θk+1 = argmax

θ

1
|Dk|T

∑
τ∈Dk

∑T
t=0 min

(
πθ(at|st)
πθk

(at|st)A
πθk (st, at), g(ϵ, A

πθk (st, at))
)

,

typically via stochastic gradient ascent with Adam.
Fit value function by regression on mean-squared error:
ϕk+1 = argmin

ϕ

1
|Dk|T

∑
τ∈Dk

∑T
t=0

(
(Vϕ(st)− R̂t

)
typically via some gradient descent algorithm.

end for

Simple Multi-Agent PPO pseudocode:

Algorithm 2
for iteration = 1, 2, . . . do

for actor = 1, 2, . . . , N do
Run policy πθold in environment for T time steps
Compute advantage estimates Â1, . . . , ÂT

end for
Optimize surrogate L wrt. θ, with K epochs and minibatch size M ≤ NT
θold ← θ

end for
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A.5 HYPERPARAMETERS

A.5.1 HYPERPARAMETER DESCRIPTION

Hyperparameter Typical Range Description

Gamma 0.8− 0.995 discount factor for future re-
wards

Lambda 0.9− 0.95 used when calculating the
Generalized Advantage Esti-
mate (GAE)

Buffer Size 2048− 409600 how many experiences should
be collected before updating
the model

Batch Size 512−5120 (continuous), 32−
512 (discrete)

number of experiences used
for one iteration of a gradient
descent update.

Number of Epochs 3− 10 number of passes through the
experience buffer during gra-
dient descent

Learning Rate 1e− 5− 1e− 3 strength of each gradient de-
scent update step

Time Horizon 32− 2048 number of steps of experi-
ence to collect per-agent be-
fore adding it to the experi-
ence buffer

Max Steps 5e5− 1e7 number of steps of the sim-
ulation (multiplied by frame-
skip) during the training pro-
cess

Beta 1e− 4− 1e− 2 strength of the entropy reg-
ularization, which makes the
policy ”more random”

Epsilon 0.1− 0.3 acceptable threshold of diver-
gence between the old and
new policies during gradient
descent updating

Normalize true/false weather normalization is ap-
plied to the vector observation
inputs

Number of Layers 1− 3 number of hidden layers
present after the observation
input

Hidden Units 32− 512 number of units in each fully
connected layer of the neural
network

Intrinsic Curiosity Module

Curiosity Encoding Size 64− 256 size of hidden layer used
to encode the observations
within the intrinsic curiosity
module

Curiosity Strength 0.1− 0.001 magnitude of the intrinsic re-
ward generated by the intrin-
sic curiosity module

Table 6: Hyperparameters Description: https://github.com/Unity-Technologies/
ml-agents/blob/main/docs/Training-Configuration-File.md
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A.5.2 TRAIN AND TEST HYPERPARAMETERS: WIND FARM CONTROL

behaviors:
Agent:

trainer_type: ppo
hyperparameters:

batch_size: 256
buffer_size: 2048
learning_rate: 0.0003 # testing: 0.0
beta: 0.005
epsilon: 0.2
lambd: 0.95
num_epoch: 3
learning_rate_schedule: linear # testing: constant

network_settings:
normalize: false
hidden_units: 64
num_layers: 2

reward_signals:
extrinsic:

gamma: 0.9
strength: 1.0

keep_checkpoints: 5
max_steps: 8000000 # testing: 8000000
time_horizon: 2048
summary_freq: 40000 # testing: 40000
threaded: true

engine_settings:
no_graphics: true

env_settings:
env_path: /dev_environments/Hivex_WindFarmControl_win
seed: 5000 # testing: 6000

environment_parameters:
# Pattern: 0 Default, 1 Grid, 2 Chain, 3 Circle, 4 Square, 5 Cross,
# 6 Two_Rows, 7 Field, 8 Random
pattern: [0, 1, 2, 3, 4, 5, 6, 7, 8]
task: [0, 1] # Generate Energy: 0, Avoid Damage: 1
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A.5.3 TRAIN AND TEST HYPERPARAMETERS: WILDFIRE RESOURCE MANAGEMENT

behaviors:
Agent:

trainer_type: ppo
hyperparameters:

batch_size: 128
buffer_size: 2048
learning_rate: 0.0003 # testing: 0.0
beta: 0.01
epsilon: 0.2
lambd: 0.95
num_epoch: 3
learning_rate_schedule: linear # testing: constant

network_settings:
normalize: false
hidden_units: 512
num_layers: 2
vis_encode_type: simple

reward_signals:
extrinsic:

gamma: 0.99
strength: 1.0

curiosity:
gamma: 0.99
strength: 0.02
encoding_size: 256
learning_rate: 0.0003 # testing: 0.0

keep_checkpoints: 5
max_steps: 4500000 # testing: 450000
time_horizon: 2048
summary_freq: 4500 # testing: 4500
threaded: true

engine_settings:
no_graphics: true

env_settings:
env_path: /dev_environments/Hivex_WildfireResourceManagement_win
seed: 5000 # testing: 6000

environment_parameters:
terrain_level: [1, 2, 3, 4, 5, 6, 7, 8, 9, 10]
task: [0, 1, 2] # Main: 0, Distribute All: 1, Keep All: 2
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A.5.4 TRAINING HYPERPARAMETERS: DRONE-BASED REFORESTATION

behaviors:
Agent:

trainer_type: ppo
hyperparameters:

batch_size: 1024
buffer_size: 10240
learning_rate: 0.0003 # testing: 0.0
beta: 0.005
epsilon: 0.2
lambd: 0.95
num_epoch: 3
learning_rate_schedule: linear # testing: constant

network_settings:
normalize: false
hidden_units: 128
num_layers: 2
vis_encode_type: resnet

reward_signals:
extrinsic:

gamma: 0.99
strength: 0.9
network_settings:

vis_encode_type: resnet
curiosity:

gamma: 0.99
strength: 0.1
encoding_size: 256
learning_rate: 0.0003 # testing: 0.0
network_settings:

vis_encode_type: resnet
keep_checkpoints: 5
max_steps: 2000000 # testing: 2000000
time_horizon: 10240
summary_freq: 10000 # testing: 10000
threaded: true

engine_settings:
no_graphics: true

env_settings:
env_path: /dev_environments/Hivex_DroneBasedReforestation_win
seed: 5000 # testing: 6000

environment_parameters:
terrain_level: [1, 2, 3, 4, 5, 6, 7, 8, 9, 10]
task: [0, 1, 2, 3, 4, 5, 6, 7]
# Main: 0, Find Closest Tree: 1, Group Up: 2, Pick Up Seed: 3,
# Drop Seed: 4, Find High Potential Area: 5,
# Find High Terrain: 6, Explore Furthest: 7
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A.5.5 TRAINING HYPERPARAMETERS: OCEAN PLASTIC COLLECTION

behaviors:
Agent:

trainer_type: ppo
hyperparameters:

batch_size: 1024
buffer_size: 10240
learning_rate: 0.0003 # testing: 0.0
beta: 0.005
epsilon: 0.2
lambd: 0.95
num_epoch: 3
learning_rate_schedule: linear # testing: constant

network_settings:
normalize: false
hidden_units: 128
num_layers: 2
vis_encode_type: resnet

reward_signals:
extrinsic:

gamma: 0.99
strength: 0.9
network_settings:

vis_encode_type: resnet
curiosity:

gamma: 0.99
strength: 0.1
encoding_size: 256
learning_rate: 0.0003 # testing: 0.0
network_settings:

vis_encode_type: resnet
keep_checkpoints: 5
max_steps: 3000000 # testing: 150000
time_horizon: 10240
summary_freq: 15000 # testing: 15000
threaded: true

engine_settings:
no_graphics: true

env_settings:
env_path: /dev_environments/Hivex_OceanPlasticCollection_win
seed: 5000 # testing: 6000

environment_parameters:
task: [0, 1, 2, 3]
# Main: 0, Find High Pollution Area: 1,
# Group up: 2, Avoid Plastic: 3
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A.5.6 TRAINING HYPERPARAMETERS: AERIAL WILDFIRE SUPPRESSION

behaviors:
Agent:

trainer_type: ppo
hyperparameters:

batch_size: 256
buffer_size: 4096
learning_rate: 0.0003
beta: 0.005
epsilon: 0.2
lambd: 0.95
num_epoch: 3
learning_rate_schedule: linear

network_settings:
normalize: false
hidden_units: 256
num_layers: 2
vis_encode_type: simple

reward_signals:
extrinsic:

gamma: 0.995
strength: 1.0

keep_checkpoints: 5
max_steps: 1800000 # testing: 180000
time_horizon: 4096
summary_freq: 9000 # testing: 9000
threaded: true

engine_settings:
no_graphics: true

env_settings:
env_path: /dev_environments/Hivex_AerialWildfireSuppression_win
num_envs: 12
seed: 5000 # testing: 6000

environment_parameters:
terrain_level: [1, 2, 3, 4, 5, 6, 7, 8, 9, 10]
task: [0, 1, 2, 3, 4, 5, 6, 7, 8]
# Main Task: 0, Maximize Extinguishing Trees: 1,
# Maximize Preparing Trees: 2, Minimze Time of Fire Burning: 3,
# Protect Village: 4, Pick Up Water: 5, Drop Water: 6,
# Find Fire: 7, Find Village: 8
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A.6 ADDITIONAL ENVIRONMENT FEATURES AND PROCESS DIAGRAMS

A.6.1 WIND FARM CONTROL

90.0-0.0 degree

(1) Wind Turbine Agent

±0 
-1 +1 

(4) Main Wind direction

(8) Light Indicator

(7) Arrow Indicator

+0.0-1.0 reward

(6) Rotation in Degree

(3) Wind Field

(2) Performance Bar

Wind Farm Control Environment

Environment Features

Wind Farm Control 
Environment

Main Wind Direction Wind Noise Field Wind Turbine Agent

(5) Local Wind Direction

Figure 11: Wind Farm Control - Main environment features: Main wind direction, wind noise field
sample, agent controlled wind turbine.

Wind Farm Control
Environment

8 Agents
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Agent
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Observations

Turbine Position [x, y],
Turbine Direction [x, y],

Wind Direction [x, y]

Movement:
left, right

Generate Energy

Actions

Reward

Wind Turbine

Figure 12: Wind Farm Control Process Diagram: The default layout of the WFC environment con-
sists of eight wind turbines. Each turbine receives six vector inputs: its position (x, y), its orientation
(x, y), and the local wind direction (x, y). The agent controlling each turbine has three discrete ac-
tions: do nothing, turn left, or turn right. The primary reward is based on the amount of wind energy
generated when the turbine is optimally aligned with the wind direction.
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A.6.2 WILDFIRE RESOURCE MANAGEMENT

Wildfire Resource Management Environment

Wind Overcast Temperature Humidity Wildfire

Environment Features

(5) Watch Tower Agent

(4) Nearest Neighbours
(1) Wildfire Front

(2) Resources

(3) Influence Region
0.0 1.0

Figure 13: Wildfire Resource Management - Main environment features: Wind field sample, over-
cast field sample, temperature field sample, humidity field sample, growing wildfire.

Wild�re Resource Management
Environment
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Observations

Neighbourhood
Count = 3

Agent (PPO)
v0

Watch Tower
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Send Support /
Request Support Back

Send Support / Request 
Support Back

Collective Reward Individual Reward
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Actions

Closest observed �re location:  cof0(x, y, z) [-600 - 600]
Local temperature:  temp0  [0 - 42]
Local humidity:  hum0  [0 - 100]
Local overcast:  oc0  [0 - 100]
Support:   sup0  [0 - 1]

Figure 14: Wildfire Resource Management Process Diagram: The WRM environment consists of
nine agents, each managing one of nine watchtowers. Each agent observes three environmental fac-
tors: temperature, humidity, and cloud cover, as well as whether a fire has been detected within 600
meters and the current resource level of its watchtower. Each watchtower starts with 1.0 resources,
which can be allocated in 0.1 increments to either the agent’s own tower or neighboring towers.
Agents receive maximum rewards when their watchtower is well-resourced and a fire is approach-
ing. For each step where the fire approaches and the watchtower is adequately prepared, the agent
receives a high reward.
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A.6.3 DRONE-BASED REFORESTATION

Drone-Based Reforestation Environment

Environment Features

(3) Optimal Reforestation Area

2.5m   -    15m (distance)

(2) Tree Drop Count

(1) Drone Station

(4) Drone Agent

Drone-Based Reforestation 
Environment

Forest Optimal Reforestation Area Height MapTerrain

Figure 15: Drone-Based Reforestation - Main environment features: Terrain sample, forest sample,
non-visible to agent optimal reforestation area, non-visible to agent height map.
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Visual Observation
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Environment
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Observations
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Figure 16: Drone-Based Reforestation Process Diagram: The default DBR environment features
three agents, each controlling a drone. Each agent’s observations include a vector with data such
as the drone’s distance to the ground, position (x, y, z), spawn height, whether it’s carrying a seed,
battery levels, and terrain, forest, and height maps. Additionally, agents receive a 32x32 grayscale
visual observation. Agents can perform actions such as moving forward, backward, up, down,
rotating left or right, saving optimal positions, and dropping a seed if carrying one. Rewards are
given for successful seed drops, with bonuses for drops in highly fertile areas.
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A.6.4 OCEAN PLASTIC COLLECTION

Ocean Plastic Collection Environment
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Environment Features
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(4) Drone Agent

(3) Collected Count

(1) Nearest Neighbours
(4) Trash Population Map

(2) Ocean Plastic Collector
Vessel Agent

(5) Area Boundary

Figure 17: Ocean Plastic Collection - The main environment features an Agent-controlled ocean
plastic collection vessel, trash field sample, nearest neighbours, and trash population map.
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Figure 18: Ocean Plastic Collection Process Diagram: The default OPC environment includes three
agents, each controlling a plastic collection vessel. Agents receive a 25x25 visual grid, where each
cell represents 2 meters, along with vector observations such as their position (x, y), forward direc-
tion (x, y), and the position of the nearest agent (x, y). Agents can move forward, turn left, or turn
right. Rewards are granted for each plastic pebble successfully collected from the ocean.
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A.6.5 AERIAL WILDFIRE SUPPRESSION

Wind Overcast Temperature HumidityAerial Wildfire Suppression 
Environment

Aerial Wildfire Suppression Environment

Environment Features

(1) Water Collection Area

(3) Village

(2) Agent-Controlled 

Aeroplane(s)

Figure 19: Aerial Wildfire Suppression Environment: (1) Water Collection Area, (2) Agent-
controlled Wildfire Suppression Aeroplanes, (3) Village. Environment Features: Wind field sample,
overcast field sample, temperature field sample, humidity field sample..
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Figure 20: Aerial Wildfire Suppression Process Diagram: The default AWS environment consists of
three agents, each controlling an airplane. Each agent receives both vector and visual observations.
The vector observations include position (x, y), forward direction (x, y), the position of the nearest
tree (x, y), and the tree’s state: either [burning] or [not burning]. The visual observation is a 42x42
grayscale grid. Agents can steer left, steer right, or release water. Rewards are given for extinguish-
ing burning trees, with smaller rewards for preparing non-burning but alive trees. A small reward is
also granted for picking up water.
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A.7 ENVIRONMENT SCENARIO SAMPLES

A.7.1 WIND FARM CONTROL

65m

65m

5m

Default Grid Chain Circle Square Cross Two Rows Field

Pattern 0-7

Pattern 8

Random Seed 0-7

Pattern 8
Random Seed 

8-15

Figure 21: Wind Farm turbine layout patterns 0-7 [Default, Grid, Chain, Circle, Square, Cross, Two
Rows, Field] and various seeds for the layout pattern 8 [Random].
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A.7.2 WILDFIRE RESOURCE MANAGEMENT
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Difficulty Level 2

Difficulty Level 3
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Figure 22: Wildfire Resource Management environment samples showing terrain elevation levels
1-10, top to bottom, and random seeds 0-7, left to right.
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A.7.3 DRONE-BASED REFORESTATION
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Figure 23: Drone-Based Reforestation environment samples showing terrain elevation levels 1-10,
top to bottom, and random seeds 23-30, left to right.
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A.7.4 OCEAN PLASTIC COLLECTION
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Figure 24: Ocean Plastic Collection environment samples seeds 0-19 with pollution heatmap and
spawn positions for agent-controlled vessels.
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A.7.5 AERIAL WILDFIRE SUPPRESSION
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Figure 25: Aerial Wildfire Suppression environment samples showing terrain elevation levels 1-10 ,
top to bottom, and random seeds 0-7, left to right.
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A.8 REWARD DESCRIPTION AND CALCULATION

A.8.1 WIND FARM CONTROL

Reward Description

1. Generate Energy - This is a positive reward given at each time-step, in the range [0, 1].
This reward corresponds to the performance of each wind turbine and is being calculated as
described in equation 4. Orienting the wind turbine against the wind yields a high reward.

2. Avoid Damage - This is a positive reward given at each time-step, in the range [0, 1]. We
remap the angle between the wind direction and the turbine’s orientation linearly from
[0, 90] degrees to [0, 1] reward and from [90, 180] degrees to [1, 0] reward. Orienting the
wind turbine so that the rotor blades are parallel to the wind direction yields high reward.

Reward Calculation

1. Generate Energy - First, we need to describe how performance is calculated for each wind
turbine:

Let us define:

• aturbine = 0.1 — Acceleration of the turbine motor.
• θ — The angle between the wind turbine orientation and the wind direction at the turbine.
• P (θ) = 0.0 — Performance, initialized as 0.0, dependent on angle θ.
• W (θ) — Wind force at wind turbine, dependent on angle θ.
• d — Wind turbine drag.

Calculation steps:

1. Calculation of wind force W based on angle θ:

W (θ) =

{
0 if θ < 0.5

Map(θ, 0.5, 1, 0, 1) if 0.5 ≤ θ ≤ 1
(1)

The ”Map” function linearly interpolates the value of force from 0 to 1 as angle increases
from 0.5 to 1.

2. Calculation of drag:
d = −0.1× P (θ) (2)

3. Updating performance P with drag and wind force:

P (θ) = P (θ) + d+W (θ)× aturbine (3)

4. Clamping performance P (θ) between 0 and 1 is the reward R(θ):

R(θ) = max(0,min(1, P (θ))) (4)

Here, max(0,min(1, P (θ))) limits P (θ) within the interval [0, 1], ensuring it neither falls
below 0 nor exceeds 1.

2. Avoid Damage The avoid damage reward R(θ) can be calculated as follows:

Let us define:

• θ — The angle between the wind turbine orientation and the wind direction at the turbine.

Calculation steps:

1. Calculation of avoid damage reward based on angle θ:

R(θ) =

{
θ
90 if 0 ≤ θ ≤ 90

2− θ
90 if 90 < θ ≤ 180

(5)

A.8.2 WILDFIRE RESOURCE MANAGEMENT

Reward Description
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1. Watch Tower Performance - This is a positive reward given at each time step, correspond-
ing to the performance of the agent-controlled watch tower only. This reward is weighted
by the resources distributed by self to self. Equation 9 describes how the individual perfor-
mance and reward are calculated.

2. Neighbour Performance - This is a positive reward given at each time step, correspond-
ing to the sum of the performance of the neighbouring agent-controlled watch towers. This
reward is weighted by the resources distributed by self to neighbouring watch towers. Equa-
tion 10 describes how the neighbour performance and reward are calculated. Agents receive
additional rewards if they distribute useful resources to neighbouring watch towers.

3. Collective Performance - This is a positive reward given at each time step, corresponding
to the sum of the performance of all agent-controlled watch towers. Equation 12 describes
how the collective performance and reward are calculated.

Reward Calculation

1. Watch Tower Performance - First, we need to calculate the performance of each watch tower
agent. Let us define:

• dthresh = 200 — Threshold distance to a fire, used for normalization.
• x⃗0 and x⃗1 — 3D vector positions of the closest observed fire at timesteps 0 and 1, respec-

tively.
• C(x⃗) — Function calculating the distance from the current watch tower to the closest ob-

served fire at position x⃗.
• d0 = C(x⃗0) and d1 = C(x⃗1) — Distances to the closest fire at timesteps 0 and 1.
• d1normalized — Normalized distance at timestep 1: d1normalized = d1

dthresh
.

• m — Indicates whether the fire is moving towards the tower: m = (C(x⃗1) < C(x⃗0)).
• s = 270 and a = 5 — Constants for the broken power law.

Calculation steps:

1. The remapped distance factor based on the direction of movement is given by:

d′1normalized =

{
0.5− 0.5× d1normalized if m
0.5 + 0.5× d1normalized if not m

(6)

2. The adjusted distance factor using the broken power law is:

d′′1normalized =

(
1 +

(
d′1normalized ×

1000

s

)a)− 1
2

(7)

3. This is the watch tower performance metric p:

P = d′′1normalized (8)

Now, we can calculate the reward R(p, rdistributed, rsupporting) by defining:

• rdistributed — Total supporting resources distributed from self and others.
• rsupporting — The amount of supporting resources from self only.
• P — Performance metric calculated as outlined above.

Calculation steps:
R(p, rdistributed, rsupporting) = P × rsupporting × rsupporting (9)

2. Neighbour Performance Reward: We now describe how the neighbour reward is calculated.

Let us define the following:

• pi — Represents the performance metric for the i-th watch tower.
• n — The number of neighbouring watch towers is 3.
• Rneighbourhood — The neighbour reward across neighbouring watch towers n ∈ N .

The neighbour performance reward R(n, pi) calculation involves the following steps:

41



2214
2215
2216
2217
2218
2219
2220
2221
2222
2223
2224
2225
2226
2227
2228
2229
2230
2231
2232
2233
2234
2235
2236
2237
2238
2239
2240
2241
2242
2243
2244
2245
2246
2247
2248
2249
2250
2251
2252
2253
2254
2255
2256
2257
2258
2259
2260
2261
2262
2263
2264
2265
2266
2267

Under review as a conference paper at ICLR 2025

1. Sum over neighbouring watch towers individual performance:

Rneighbourhood(n, pi) =

n∑
i=1

pi (10)

3. Collective Performance Reward: We now describe how the collective reward is calculated.

Let us define the following:

• pi — Represents the performance metric for the i-th watch tower.
• n — The total number of watch towers.
• Rcollective — The collective reward across all watch towers n ∈ N .

The collective performance reward Rcollective calculation involves the following steps:

1. Compute the Mean Squared Error MSE(n, pi) of watch tower performances:

MSE(n, pi) =
1

n

n∑
i=1

p2i (11)

2. Calculate the collective reward:

Rcollective(n, pi) = 1−
∣∣∣1−√

MSE(n, pi)
∣∣∣ (12)

A.8.3 OCEAN PLASTIC COLLECTION

Reward Description

1. Collect Trash - This is a positive reward of 1 given for each floating plastic pebble col-
lected.

2. Lowest Collected Trash Count - This is a positive reward given at each time step for the
lowest collected trash count amongst all agents. The lowest trash count is scaled by 0.01.
The steps to calculate the lowest collected trash count reward can be found in Equation 15.

3. Crossed Border - This is a negative reward of −100 given when the border is crossed.
4. Collided with Other Vessel - This is a negative reward of−100 given when colliding with

other vessel.
5. Close to Other Vessel - This is a positive reward of 1 given at each time step when the

distance to the other vessel is smaller than or equal to 10. The steps to calculate the close
to other vessel reward can be found in Equation 18.

6. Nearby Trash Count Delta - This is a positive reward given when the nearby trash field
population is higher than it has been until this time step. The reward given is the delta
between the previous nearby trash field population count and the current. A nearby trash
field population count is calculated by finding all floating plastic pebbles around a vessel
with a radius smaller than or equal to 25. The steps to calculate the nearby trash count delta
reward can be found in Equation 21.

7. Collide with Trash - This is a negative reward of −1 given when the agent-controlled
vessel is colliding with a floating plastic pebble.

Reward Calculation

1. Collect Trash - To calculate the Collect Trash reward, let us define the following:

• rt — Reward for each trash pebble collected.

Calculation steps:

1. Get the number of collected trash pebbles:

rt =

N∑
i=1

I(pi is collected) (13)

2. Lowest Collected Trash Count - To calculate the lowest collected trash count reward, let us
define the following:
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• a = 0.01 — Lowest trash count factor.
• T — Set of all agents lowest collected trash count.

Calculation steps:

1. Get the lowest trash count from all agents:

M(T ) = min(t1, t2, . . . , tn), where t ∈ T (14)

2. Calculate the lowest collected trash count reward R(T ):

R(T ) = M(T )× a (15)

3. Crossed Border - To calculate the Crossed Border reward, let us define the following:

• eh = 200 — The environment half extend.
• p⃗ — The vessel position.
• rcb — Crossed boundary reward.

Calculation steps:

1. We can now calculate the Crossed Border reward:

rcb =

{
−100 if (px > eh or px < −eh or py > eh or py < −eh)
0 otherwise

(16)

4. Collided with Other Vessel - To calculate the Collided with Other Vessel reward, let us define
the following:

• p⃗ — The vessel position.
• Np — Neighbouring vessel positions.
• rc — Collision reward.

Calculation steps:

1. We can now calculate the Collided with Other Vessel reward:

rc =

{
−100 if ∃n⃗ ∈ Np such that p⃗ collides with n⃗

0 otherwise
(17)

5. Close to Other Vessel - To calculate the lowest collected trash count reward, let us define the
following:

• d — Distance to closest neighbouring vessel.
• dthresh — Distance threshold to closest neighbouring vessel.

Calculation steps:

1. Calculate close to other vessel reward r.

r =

{
10 if d < dthresh

0 otherwise
(18)

6. Nearby Trash Count Delta - To calculate the nearby trash count delta reward, let us define the
following:

• dthreshold = 25 — Trash count nearby distance threshold.
• P — All floating plastic pebble positions, {p⃗1, p⃗2, . . . , p⃗n} ∈ P .
• ntcold = 0 — Old nearby trash count.
• ntccurrent — Current nearby trash count.
• ntcdifference — Difference between the old and current nearby trash count.

Calculation steps:

1. The nearby trash count is calculated by considering only floating plastic pebbles with a
distance below dthreshold:

ntccurrent =

n∑
i=1

[dist(pi) < dthreshold] (19)
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2. If the current nearby trash count ntccurrent is larger than the old nearby trash count ntcold,
the difference between the two is the reward r(ntcdifference):

ntcdifference = ntccurrent − ntcold (20)

r(ntcdifference) = max(0, ntcdifference) (21)

3. Finally the old nearby trash count ntcold is updated with the current nearby trash count
ntccurrent:

ntcold = ntccurrent (22)

7. Collide with Trash - To calculate the Collide with Trash reward, let us define the following:

• p⃗ — The vessel position.
• Pt — All trash pebble positions.
• rp — Collision reward.

Calculation steps:

1. We can now calculate the Collide with Trash reward:

rc =

{
−100 if ∃n⃗ ∈ Pt such that p⃗ collides with p⃗t
0 otherwise

(23)

A.8.4 DRONE-BASED REFORESTATION

Reward Description

1. Drop Seed - This is a positive reward given at each seed drop. The drop seed reward
consists of the quality of the drop location, a seed reward, in the range of [0, 20] and distance
to other seeds and existing trees, a distance reward, in the range of [0, 10]. Therefore, the
resulting total drop seed reward is in the range of [0, 30]. The steps to calculate the total
drop seed reward can be found in Equation 32.

2. Deplete Energy Holding Seed - This is a negative reward of−1/(episode length/2) given
at each time step if the drone is carrying a seed. The deplete energy reward at each time
step is higher when carrying a seed than if not carrying a seed. The episode length is 2000.

3. Deplete Energy No Seed - This is a negative reward of −1/(episode length) given at each
time step if the drone is not carrying a seed. The episode length is 2000.

4. Pick-up Seed - This is an optional positive reward given when a drone is returned to the
drone station. There are two tasks in which this reward is given. In ”Subtask: Pick-up Seed
at Base” a reward of 100 is given and in ”Subtask: Explore Furthest Distance and Return
to Base” the reward is the furthest distance that has been explored and can be in the range
of [0, 200].

5. Incremental Running Back - After a seed has been dropped, this reward is given in-
crementally when flying back to the drone station. If the distance to the drone station at
time-step t−1 is larger than the current distance, this reward is given at incremental steps
of 2.5. The range of the incremental running back reward is [0, 20], which can be modified
by the running back multiplier, depending on the seed drop quality. If the Seed has been
dropped 50 meters away from the drone station, an incremental running back reward can
be received 20 times. The steps to calculate the incremental running back reward can be
found in Equation 40.

6. Group-up - This is a positive reward of 10, given at each time-step, if the distance to any
neighbouring drone is smaller than 5. The steps to calculate the group-up reward can be
found in Equation 42.

7. High Fertility Location Delta - This is a reward given every time a higher fertility potential
seed drop location has been found. The reward is the delta between the old and the new
potential, if the new potential is higher than the old. The range of the reward is [0, 1]. The
steps to calculate the high fertility location delta reward can be found in Equation 44.

8. High Landscape Point Delta - This is a reward given every time a higher point on the
terrain landscape has been found. The reward is the delta between the old and the new
height, if the new height is higher than the old. The reward range is [0, 40], as 40 is the
environment’s height boundary. The steps to calculate the high landscape point delta reward
can be found in Equation 46.
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9. Far Distance Explored Delta - This is a reward given every time a further distance has
been explored. The reward is the delta between the old distance and the new, if the new
distance is further than the old. The reward range is [0, 200], as 200 is the environment’s
half extend. The steps to calculate the far distance explored delta reward can be found in
Equation 48.

10. Find Close Tree - This is a reward given when a tree has been found within a 20 meter
radius. The reward given is 100. The steps to calculate the find close tree reward can be
found in Equation 24.

Reward Calculation

1. Drop Seed - To calculate the drop seed reward, we need to calculate the actual seed drop reward
and a distance reward. To calculate the seed drop reward, let us define the following:

• dotmax = 75 — Maximum distance to other trees.
• dotmin = 2.5 – Minimum distance to other trees.
• dnt — Closest distance to new trees.
• det — Closest distance to existing trees.
• sdrm = 20 — Seed drop reward multiplier.
• rs(det, dotmin, dotmax) — Seed drop reward.

Calculation steps:

1. The following condition needs to hold true for this reward to be larger than 0. This ensures
that the newly dropped seed is far enough from existing and seeds dropped in the past, but
also that the seed is not too far away from the existing forest.

(dotmin ≤ det ≤ dotmax) and (dnt ≥ dotmin) (24)

2. First, we remap the distance to existing and new trees to [1, 0] so that a high reward is given
when the seed is dropped close to existing or new trees.

rs(det, dotmin, dotmax) = Remap(det, dotmin, dotmax, 1, 0) (25)

3. Applying Multiplier:

rs(det, dotmin, dotmax) = rs(det, dotmin, dotmax)× sdrm (26)

We now describe how the distance reward is calculated. Let us define:

• sdd — Seed drop distance to drone station.
• ew = 200 — Environment half extend.
• drm = 10 — Distance reward multiplier.
• rd(sddnormalized, drm) — Distance reward.

Calculation steps:

1. The seed drop reward needs to be larger than 0 for the distance reward to be applied.

0 < rs(det, dotmin, dotmax) (27)

2. Calculate the distance reward using the normalized seed drop distance to the drone station.

sddnormalized = sdd/ew (28)

rd(sddnormalized, drm) = sddnormalized × drm (29)

The total reward for dropping a seed consists of the drop seed reward 24 and the distance reward 27.

• rs — Seed drop reward, calculated as described above.
• rd — Distance reward, calculated as described above.
• rsd(rs, rd) — The total seed drop reward.

rsd(rs, rd) = rs + rd (30)

2. Deplete Energy Holding Seed - To calculate the deplete energy holding seed reward, let us
define the following:
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• episode lengthmax = 2000 — Max episode length.
• derholding seed(episode lengthmax) — Deplete energy reward while holding a seed.

derholding seed(episode lengthmax) = −1/(episode lengthmax/2) (31)

3. Deplete Energy No Seed - To calculate the deplete energy no seed reward, let us define the
following:

• episode lengthmax = 2000 — Max episode length.
• derno seed(episode lengthmax) — Deplete energy reward without holding a seed.

derno seed(episode lengthmax) = −1/(episode lengthmax) (32)

4. Pick-up Seed - To calculate the Pick-up Seed reward, let us define the following:

• p — Drone position.
• d — Drone station position.
• rps — Pick-up seed reward.

Calculation steps:

1. We can now calculate the Pick-up Seed reward:

rps =

{
1 if distance(p, d) = 0

0 otherwise
(33)

5. Incremental Running Back - To calculate the incremental running back reward we need to
calculate the seed drop reward 24 and distance reward 27. Let us define the following:

• d0 — Current distance to drone station at time-step 0 in incremental steps.
• p⃗0 — Current position at time-step 0.
• d⃗p — Drone station position.
• s = 2.5 — Incremental step size towards drone station.
• rs — Seed drop reward, calculated as described above.
• rd — Distance reward, calculated as described above.
• rp = 20 — Possible intermediate reward for running back to the drone station.
• sdrm = 20 — Seed drop reward multiplier.
• drm = 10 — Distance reward multiplier.
• rbm — Running back multiplier.
• rsd(rs, rd) — The total seed drop reward.
• rrb — Reward for running back, given incrementally at step s sized increments.
• dinit — Initial distance to drone station, this is assigned when a seed has been dropped.
• dcharge = 7.5 — Distance to drone station to charge and pick-up seed.

Calculation steps:

1. The condition for the reward to be given is that the current distance from the drone to the
drone station is smaller than in time-step t−1. The current distance d0 is calculated as
follows:

d0 =

√√√√ n∑
i=1

(p0i − dpi)2/s

 (34)

If d0 < d−1 continue with next step. (35)

2. Let us first calculate the running back multiplier rbm by normalizing the sum of seed drop
and distance rewards.

rbm = (rs + rd)/(sdrm+ drm) (36)

3. We can now calculate the reward for running back to the drone station:

rrb = (rp × rbm)/(dinit − dcharge/s) (37)
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4. Finally, we need to ensure that the reward rrb is equal to or above 0 and equal to or below
rp:

rrb =


0 if rrb ≤ 0

rp if rrb > rp
rrb otherwise

(38)

6. Group-up - To calculate the group-up reward we need to define the following:

• nc — Closest neighbour.
• dthresh = 5 — Distance threshold to closest drone.
• p⃗ — Current local drone position.
• dcn — Distance to closest neighbour
• rgu — Reward for grouping up.

Calculation steps:

1. Let us calculate the distance to the closest neighbour:

dcn =

√√√√ n∑
i=1

(pi − nci)2 (39)

2. We can now calculate the reward for grouping up:

rgu =

{
0 if dthresh ≤ dcn
10 otherwise

(40)

7. High Fertility Location Delta - To calculate the high fertility location delta reward, let us define
the following:

• dotmax = 75 — Maximum distance to other trees.
• dotmin = 2.5 – Minimum distance to other trees.
• dnt — Closest distance to new trees.
• det — Closest distance to existing trees.
• p⃗ — Current local drone position.
• dcet — Distance to closest existing tree.
• dcds — Distance to closest dropped seed.
• potold = 0 — Old potential seed drop fertility, initialized as 0.
• potcurrent — Current potential seed drop fertility.
• rfl — High fertility location delta reward.

Calculation steps:

1. If det is smaller or equal to dotmax, det is larger or equal to dotmin and dnt is larger or equal
to dotmin, then follow the next calculation step, otherwise the reward rfl is 0.

2. Calculate the current potential:

potcurrent = Map(det, dotmin, dotmax, 1, 0) (41)

3. We can now calculate the high fertility location reward:

rfl =

{
potcurrent − potold if potold < potcurrent, delta of current and old potential
0 otherwise

(42)

8. High Landscape Point Delta - To calculate the high landscape point delta reward, let us define
the following:

• p⃗ — Current local drone position.
• hold = 0 — Old height, initialized as 0.
• hcurrent — Current height.
• h(x⃗) — Get height at position x⃗.
• rh — Height delta reward.

Calculation steps:
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1. Calculate the current height:
hcurrent = h(p⃗) (43)

2. We can now calculate the hight landscape point delta reward:

rfl =

{
hcurrent − hold if hold < hcurrent, delta of current and old height
0 otherwise

(44)

9. Far Distance Explored Delta - To calculate the far distance explored delta reward, let us define
the following:

• p⃗ — Current local drone position.
• dold = 0 — Old furthest distance to drone station, initialized as 0.
• dcurrent — Current furthest distance to drone station.
• d(x⃗) — Get distance to drone station at position x⃗.
• rfd — Far distance delta reward.

Calculation steps:

1. Calculate the current furthest distance:

dcurrent =

{
d(p⃗) if d(p⃗) > dold

dold otherwise
(45)

2. We can now calculate the far distance delta reward:

rfd =

{
dcurrent − dold if dold < dcurrent, delta of current and old furthest distance
0 otherwise

(46)

10. Find Close Tree - To calculate the find close tree reward, let us define the following:

• p⃗ — Current local drone position.
• ew = 200 — Environment half extend.
• dcet — Distance to closest existing tree.
• cet(x⃗) — Get closest existing tree given a location.
• rct — Find close tree reward.

Calculation steps:

1. Let us calculate the distance to the closest existing tree and normalize using the environ-
ment half extend:

dcet = cet(p⃗)/ew (47)

2. If dcet < 20 a reward of 100 is given:

rct =

{
100 if dcet ≤ 20

0 otherwise
(48)

A.8.5 AERIAL WILDFIRE SUPPRESSION

Reward Description

1. Crossed Border - This is a negative reward of−100 given when the border of the environ-
ment is crossed. The border is a square around the island in the size of 1500 by 1500. The
island is 1200 by 1200.

2. Pick-up Water - This is a positive reward of 1 given when the agent steers the aeroplane
towards the water. The island is 1200 by 1200 and there is a girdle of water around the
island with a width of 300.

3. Fire Out - This is a positive reward of 10 given when the fire on the whole island dies out,
with or without the active assistance of the agent.

4. Too Close to Village - This is a negative reward of −50 given when the fire is closer than
150 to the centre of the village.

5. Time Step Burning - This is a negative reward of−0.01 given at each time-step, while the
fire is burning.

6. Find Fire - This is a positive reward of 100 given when a burning tree has been found.
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7. Find Village - This is a positive reward of 100 given when the village has been found, and
the distance between the current local aeroplane position and the village is less than 150.

8. Extinguishing Tree - This is a positive reward in the range of [0, 5] given for each tree that
has been in the state burning in time-step t−1 and is now extinguished by dropping water
at its location.

9. Preparing Tree - This is a positive reward in the range of [0, 1] given for each tree that
has been in the state not burning in time-step t−1 and is now wet by dropping water at its
location.

Reward Calculation

1. Crossed Border - To calculate the Crossed Border reward, let us define the following:

• eh = 750 — The environment half extend.
• p⃗ — The drone position.
• rcb — Crossed boundary reward.

Calculation steps:

1. We can now calculate the Crossed Border reward:

rcb =

{
−100 if (px > eh or px < −eh or py > eh or py < −eh)
0 otherwise

(49)

2. Pick-up Water - To calculate the Pick-up Water reward, let us define the following:

• eh = 750 — The environment half extend.
• ih = 600 — Island half extend.
• p⃗ — The drone position.
• rpw — Pick-up Water reward.

Calculation steps:

1. We can now calculate the Pick-up Water reward:

rpw =


1 if (px < eh or px > −eh or py < eh or py > −eh)

and (px > ih or px < −ih or py > ih or py < −ih)
0 otherwise

(50)

3. Fire Out - To calculate the Fire Out reward, let us define the following:

• T — All tree states.
• rnb — No burning tree reward.

Calculation steps:

1. We can now calculate the Fire Out reward:

rnb =

{
10 if ∀t ∈ T, t ̸= ”burning”
0 otherwise

(51)

4. Too Close to Village - To calculate the Too Close to Village reward, let us define the following:

• Tc — All tree states, closer to or equal to 150 to the village.
• rcv — Too Close to Village reward.

Calculation steps:

1. We can now calculate the Fire Out reward:

rcc =

{
−50 if ∃t ∈ Tc, t = ”burning”
0 otherwise

(52)

5. Time Step Burning - To calculate the Time Step Burning reward, let us define the following:

• T — All tree states.
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• rtsb — Time Step Burning reward.

Calculation steps:

1. We can now calculate the Time Step Burning reward:

rtsb =

{
−0.01 if ∀t ∈ T, t = ”burning”
0 otherwise

(53)

6. Find Fire - To calculate the Find Fire reward, let us define the following:

• p⃗ — The drone position.
• dt = 150 — Distance threshold.
• T — All tree states.
• rf — Find Fire reward.

Calculation steps:

1. We can now calculate the Find Fire reward:

rf =

{
100 if ∃t ∈ T such that distance(p) < dt meters and t = ”burning”
0 otherwise

(54)

7. Find Village - To calculate the Find Village reward, let us define the following:

• p⃗ — The drone position.
• dt = 150 — Distance threshold.
• rv — Find Village reward.

Calculation steps:

1. We can now calculate the Find Village reward:

rv =

{
100 if distance(p⃗) ≤ dt meters
0 otherwise

(55)

8. Extinguishing Tree - To calculate the Extinguish Tree reward, let us define the following:

• T — All tree states.
• re — Extinguish Tree reward.

Calculation steps:

1. We can now calculate the Extinguish Tree reward:

re = 5
∑
t∈T

I(tprevious = ”burning” and tcurrent = ”extinguished”) (56)

9. Preparing Tree - To calculate the Preparing Tree reward, let us define the following:

• T — All tree states.
• rp — Preparing Tree reward.

Calculation steps:

1. We can now calculate the Preparing Tree reward:

re =
∑
t∈T

I(tprevious = ”not Burning” and tcurrent = ”wet”) (57)

A.9 TASK DESCRIPTION AND REWARD SCALE

A.9.1 WIND FARM CONTROL

Task Description

1. Main Task: Generate Energy - This is the main task of the environment. The agent’s goal
is to rotate the wind turbine to be oriented against the wind direction and hence generate
energy.
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2. Subtask: Avoid Damage - This is a subtask to turn the wind turbine 90 degrees away so
that the wind turbine rotor blades are parallel to the wind direction, avoiding damage to the
wind turbine’s rotor blades.

Reward Scale

Table 7: Main- and Sub-Task Reward Scale
Task

Reward 1. 2.

1. Generate Energy 1 0
2. Avoid Damage 0 1

A.9.2 WILDFIRE RESOURCE MANAGEMENT

Task Descriptions

1. Main Task: Distribute Resources - This is the main task of the environment. The goal of
the agent is to distribute a total of 1.0 resources at each time step to self or neighbouring
watch towers. If the agent is out of resources, it has to remove resources from self or
neighbouring watch towers before re-distribution. The resources should be distributed to
the watch towers where the fire is closest and incoming.

2. Subtask: Keep All - This is a subtask with the same goal as the main task, however
distributing resources to self yields higher rewards than distributing them to neighbouring
watch towers.

3. Subtask: Distribute All - This is a subtask with the same goal as the main task, however
distributing resources to neighbouring watch towers yields higher rewards than distributing
them to self.

Reward Scale

Table 8: Main- and Sub-Task Reward Scale
Task

Reward 1. 2. 3.

1. Watch Tower Performance 1 10 1
2. Neighbourhood Performance 1 1 10
2. Collective Performance 1 1 1

A.9.3 OCEAN PLASTIC COLLECTION

Task Description

1. Main Task: Plastic Collection - This is the main task of the environment. The goal for
the agent is to accelerate and steer the plastic collection vessel to collect as many float-
ing plastic pebbles as possible while avoiding crashing into other vessels and crossing the
environments border.

2. Subtask: Find Highest Polluted Area - This is a subtask with the goal of finding the
highest trash population area in a given scenario.

3. Subtask: Group Up - This is a subtask with the goal of finding other vessels and staying
close to other vessels while collecting as many floating plastic pebbles as possible.

4. Subtask: Avoid Plastic - This is a subtask with the goal of avoiding floating plastic peb-
bles.
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Reward Scale

Table 9: Main- and Sub-Task Reward Scale
Task

Reward 1. 2. 3. 4.

1. Collect Trash 1 1 1 -1
2. Global Lowest Trash Collected 1 1 1 0
3. Crossed Border 1 1 1 1
4. Collided with Other Vessel 1 1 1 1
5. Close to Other Vessel 0 0 1 0
6. Nearby Trash Count Delta 0 1 0 0
7. Collide with Trash 0 0 0 1

52



2808
2809
2810
2811
2812
2813
2814
2815
2816
2817
2818
2819
2820
2821
2822
2823
2824
2825
2826
2827
2828
2829
2830
2831
2832
2833
2834
2835
2836
2837
2838
2839
2840
2841
2842
2843
2844
2845
2846
2847
2848
2849
2850
2851
2852
2853
2854
2855
2856
2857
2858
2859
2860
2861

Under review as a conference paper at ICLR 2025

A.9.4 DRONE-BASED REFORESTATION

Task Description

1. Main Task: Maximize Collective Planted Tree Count - This is the main task of the
environment. The goal for the agent is to pick up a seed and re-charge batteries at the drone
station, explore to find fertile ground for the seed, that is, a location that is close to existing
trees, and drop the seed while maintaining enough battery charge to return to the drone
station.

2. Subtask: Find Closest Forest Perimeter - This is a subtask with the goal of finding the
closest forest perimeter.

3. Subtask: Pick-up Seed at Base - This is a subtask with the goal of going back to the drone
station, picking up a seed, and recharging the battery. In this subtask, the initial position of
drones is random instead of at the drone station.

4. Subtask: Drop Seed - This is a subtask with the goal of finding the most fertile soil and
dropping a seed.

5. Subtask: Find Highest Potential Seed Drop Location - This is a subtask with the goal of
finding soil with the highest fertility.

6. Subtask: Find Highest Point on Landscape - This is a subtask with the goal of finding
the highest point on the landscape.

7. Subtask: Explore Furthest Distance and Return to Base - This is a subtask with the
goal of exploring the furthest from the drone station and returning.

Reward Scale

Table 10: Main- and Sub-Task Reward Scale
Task

Reward 1. 2. 3. 4. 5. 6. 7. 8.

1. Drop Seed 1 0 0 0 1 0 0 0
2. Deplete Energy Holding
Seed

1 1 1 1 1 1 1 1

3. Deplete Energy No Seed 1 1 1 1 1 1 1 1
4. Pick-up Seed 1 0 100 1 1 0 0 0-200
5. Incremental Running Back 1 0 0 1 1 0 0 1
6. High Fertility Location Delta 0 0 0 0 0 1 0 0
7. High Landscape Point Delta 0 0 0 0 0 0 1 0
8. Far Distance Explored Delta 0 0 0 0 0 0 0 1
9. Find Close Tree 0 1 0 0 0 0 0 0

A.9.5 AERIAL WILDFIRE SUPPRESSION

Task Description

1. Main Task: Minimize Time Fire Burning and Prevent Fire From Moving Towards
Village - This is the main task of the environment. The goal for the agent is to pick up
water and extinguish as many burning trees as possible or prepare a forest that is not yet
burning. A secondary goal is to protect the village from approaching fire by extinguishing
burning trees before they get too close to the village or redirecting the fire by preparing
trees.

2. Subtask: Maximize Extinguished Burning Trees - This is a subtask with the goal of
extinguishing as many burning trees as possible.

3. Subtask: Maximize Preparing Non-Burning Trees - This is a subtask with the goal of
preparing as many non-burning trees as possible.

4. Subtask: Minimize Time Fire Burning - This is a subtask with the goal of minimizing
the time of trees burning.

53



2862
2863
2864
2865
2866
2867
2868
2869
2870
2871
2872
2873
2874
2875
2876
2877
2878
2879
2880
2881
2882
2883
2884
2885
2886
2887
2888
2889
2890
2891
2892
2893
2894
2895
2896
2897
2898
2899
2900
2901
2902
2903
2904
2905
2906
2907
2908
2909
2910
2911
2912
2913
2914
2915

Under review as a conference paper at ICLR 2025

5. Subtask: Protect Village - This is a subtask with the goal of protecting the village from
approaching fire.

6. Subtask: Pick Up water - This is a subtask with the goal of picking up water.
7. Subtask: Drop Water - This is a subtask with the goal of dropping water anywhere.
8. Subtask: Find Fire - This is a subtask with the goal of finding a burning tree.
9. Subtask: Find Village - This is a subtask with the goal of finding the village.

Reward Scale

Table 11: Main- and Sub-Task Reward Scale
Task

Reward 1. 2. 3. 4. 5. 6. 7. 8. 9.

1. Crossed Border 1 1 1 1 1 1 1 1 1
2. Pick-up Water 1 1 1 1 1 100 1 0 0
3. Fire Out 1 1 1 1 1 0 0 0 0
4. Too Close to Vil-
lage

1 1 1 1 10 0 0 0 0

5. Time Step Burn-
ing

0 0 0 1 0 0 0 0 0

6. Find Fire 0 0 0 0 0 0 0 1 0
7. Find Village 0 0 0 0 0 0 0 0 1
Drop Water

8. Extinguishing
Tree

1 10 1 1 1 1 1 0 0

9. Preparing Tree 1 1 5 1 1 1 1 0 0
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A.10 ADDITIONAL RESULTS

A.10.1 WIND FARM CONTROL: TRAIN & TEST METRICS
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Figure 26: Wind Farm Control: Train & Test Metrics: Pattern 0, Task 0.
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Figure 27: Wind Farm Control: Train & Test Metrics: Pattern 0, Task 1.
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Figure 28: Wind Farm Control: Train & Test Metrics: Pattern 1, Task 0.
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Figure 29: Wind Farm Control: Train & Test Metrics: Pattern 1, Task 1.
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Figure 30: Wind Farm Control: Train & Test Metrics: Pattern 2, Task 0.
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Figure 31: Wind Farm Control: Train & Test Metrics: Pattern 2, Task 1.
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Figure 32: Wind Farm Control: Train & Test Metrics: Pattern 3, Task 0.
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Figure 33: Wind Farm Control: Train & Test Metrics: Pattern 3, Task 1.
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Figure 34: Wind Farm Control: Train & Test Metrics: Pattern 4, Task 0.
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Figure 35: Wind Farm Control: Train & Test Metrics: Pattern 4, Task 1.
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Figure 36: Wind Farm Control: Train & Test Metrics: Pattern 5, Task 0.
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Figure 37: Wind Farm Control: Train & Test Metrics: Pattern 5, Task 1.
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Figure 38: Wind Farm Control: Train & Test Metrics: Pattern 6, Task 0.
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Figure 39: Wind Farm Control: Train & Test Metrics: Pattern 6, Task 1.
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Figure 40: Wind Farm Control: Train & Test Metrics: Pattern 7, Task 0.
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Figure 41: Wind Farm Control: Train & Test Metrics: Pattern 7, Task 1.
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Figure 42: Wind Farm Control: Train & Test Metrics: Pattern 8, Task 0.
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Figure 43: Wind Farm Control: Train & Test Metrics: Pattern 8, Task 1.
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A.10.2 WIND FARM CONTROL: AVERAGE TEST METRIC - TASK VS PATTERN
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Figure 44: Wind Farm Control: Average Train & Test Metrics.
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A.10.3 WILDFIRE RESOURCE MANAGEMENT: TRAIN & TEST METRICS
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Figure 45: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 1, Task 0.
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Figure 46: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 1, Task 1.
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Figure 47: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 1, Task 2.
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Figure 48: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 2, Task 0.
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Figure 49: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 2, Task 1.
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Figure 50: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 2, Task 2.
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Figure 51: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 3, Task 0.
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Figure 52: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 3, Task 1.
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Figure 53: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 3, Task 2.
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Figure 54: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 4, Task 0.
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Figure 55: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 4, Task 1.
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Figure 56: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 4, Task 2.
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Under review as a conference paper at ICLR 2025
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Figure 57: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 5, Task 0.
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Figure 58: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 5, Task 1.
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Figure 59: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 5, Task 2.
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Figure 60: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 6, Task 0.
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Figure 61: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 6, Task 1.
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Figure 62: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 6, Task 2.
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0 100000 200000 300000 400000
Step

3.5

4.0

Va
lu

e

Entropy

source
training
test

0 100000 200000 300000 400000
Step

0.6

0.8

Va
lu

e

Individual Resource Count

source
training
test

0 100000 200000 300000 400000
Step

0

100

200

Va
lu

e

Reward for Moving Resources to Neighbours
source

training
test

0 100000 200000 300000 400000
Step

0

10

20

Va
lu

e

Reward for Moving Resources to Self
source

training
test

0 100000 200000 300000 400000
Step

50

100

Va
lu

e

Collective Performance
source

training
test

0 100000 200000 300000 400000
Step

25

50

75

Va
lu

e

Individual Performance
source

training
test

0 100000 200000 300000 400000
Step

200

400

Va
lu

e

Episode Length
source

training
test

0 100000 200000 300000 400000
Step

0.00

0.05

Va
lu

e

Curiosity Value Estimate
source

training
test

0 100000 200000 300000 400000
Step

0

25

50

Va
lu

e

Extrinsic Value Estimate

source
training
test

0 100000 200000 300000 400000
Step

200

400

Va
lu

e

Cumulative Reward
source

training
test

0 100000 200000 300000 400000
Step

0.0

0.2

Va
lu

e

Curiosity Reward
source

training
test

0 100000 200000 300000 400000
Step

200

400

Va
lu

e

Extrinsic Reward
source

training
test

0 100000 200000 300000 400000
Step

0.06

0.08

Va
lu

e

Policy Loss
source

training
test

0 100000 200000 300000 400000
Step

0

100

200

Va
lu

e

Value Loss
source

training
test

0 100000 200000 300000 400000
Step

0.0000

0.0002

Va
lu

e

Learning Rate
source

training
test

0 100000 200000 300000 400000
Step

0.10

0.15

0.20

Va
lu

e

Epsilon
source

training
test

0 100000 200000 300000 400000
Step

0.000

0.005

0.010

Va
lu

e

Beta
source

training
test

0 100000 200000 300000 400000
Step

0.0

0.2

Va
lu

e

Curiosity Forward Loss
source

training
test

0 100000 200000 300000 400000
Step

3.5

4.0

Va
lu

e

Curiosity Inverse Loss

source
training
test

WildfireResourceManagement Train & Test Metrics: Terrain Elevation: 7, Task: 0

Figure 63: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 7, Task 0.
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Figure 64: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 7, Task 1.
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Figure 65: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 7, Task 2.
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Figure 66: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 8, Task 0.
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Figure 67: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 8, Task 1.
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Figure 68: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 8, Task 2.
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Figure 69: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 9, Task 0.
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Figure 70: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 9, Task 1.

0 100000 200000 300000 400000
Step

3.75

4.00

4.25

Va
lu

e

Entropy

source
training
test

0 100000 200000 300000 400000
Step

0.6

0.8

Va
lu

e

Individual Resource Count

source
training
test

0 100000 200000 300000 400000
Step

0

2000

Va
lu

e

Reward for Moving Resources to Neighbours
source

training
test

0 100000 200000 300000 400000
Step

0

2

4

Va
lu

e

Reward for Moving Resources to Self
source

training
test

0 100000 200000 300000 400000
Step

50

100

150

Va
lu

e

Collective Performance
source

training
test

0 100000 200000 300000 400000
Step

50

100

Va
lu

e

Individual Performance
source

training
test

0 100000 200000 300000 400000
Step

200

400

Va
lu

e

Episode Length
source

training
test

0 100000 200000 300000 400000
Step

0.0

0.1

Va
lu

e

Curiosity Value Estimate
source

training
test

0 100000 200000 300000 400000
Step

0

200

Va
lu

e

Extrinsic Value Estimate

source
training
test

0 100000 200000 300000 400000
Step

500
1000
1500

Va
lu

e

Cumulative Reward
source

training
test

0 100000 200000 300000 400000
Step

0.0

0.1

0.2

Va
lu

e

Curiosity Reward
source

training
test

0 100000 200000 300000 400000
Step

500
1000
1500

Va
lu

e

Extrinsic Reward
source

training
test

0 100000 200000 300000 400000
Step

0.06

0.08

Va
lu

e

Policy Loss
source

training
test

0 100000 200000 300000 400000
Step

0

5000

10000

Va
lu

e

Value Loss
source

training
test

0 100000 200000 300000 400000
Step

0.0000

0.0002

Va
lu

e

Learning Rate
source

training
test

0 100000 200000 300000 400000
Step

0.10

0.15

0.20

Va
lu

e

Epsilon
source

training
test

0 100000 200000 300000 400000
Step

0.000

0.005

0.010

Va
lu

e

Beta
source

training
test

0 100000 200000 300000 400000
Step

0.0

0.2

Va
lu

e

Curiosity Forward Loss
source

training
test

0 100000 200000 300000 400000
Step

3.75
4.00
4.25

Va
lu

e

Curiosity Inverse Loss

source
training
test

WildfireResourceManagement Train & Test Metrics: Terrain Elevation: 9, Task: 2

Figure 71: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 9, Task 2.
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Figure 72: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 10, Task 0.
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Figure 73: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 10, Task 1.
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Figure 74: Wildfire Resource Management: Train & Test Metrics: Terrain Elevation 10, Task 2.

68



3672
3673
3674
3675
3676
3677
3678
3679
3680
3681
3682
3683
3684
3685
3686
3687
3688
3689
3690
3691
3692
3693
3694
3695
3696
3697
3698
3699
3700
3701
3702
3703
3704
3705
3706
3707
3708
3709
3710
3711
3712
3713
3714
3715
3716
3717
3718
3719
3720
3721
3722
3723
3724
3725

Under review as a conference paper at ICLR 2025

A.10.4 WILDFIRE RESOURCE MANAGEMENT: AVERAGE TEST METRIC - TASK VS PATTERN

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
1

2
Ta

sk

3.9 3.9 3.9 4.1 3.9 4.0 4.0 3.7 3.9 3.9

3.9 3.9 3.8 3.9 3.9 4.0 3.8 3.9 3.9 4.0

3.9 3.9 3.9 3.9 3.9 3.9 3.8 3.7 3.8 3.7

Average Values for Tag: Policy/Entropy

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
1

2
Ta

sk

0.851 0.843 0.855 0.825 0.856 0.855 0.857 0.863 0.867 0.846

0.857 0.832 0.866 0.867 0.869 0.853 0.843 0.862 0.873 0.852

0.863 0.845 0.864 0.850 0.863 0.862 0.873 0.870 0.874 0.868

Average Values for Tag: Individual Resource Count

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
1

2
Ta

sk

38.4 48.5 53.3 55.1 77.5 60.6 55.6 64.1 80.5 43.7

1.4 1.3 1.2 2.5 1.7 1.4 1.3 1.6 2.1 2.1

552.1 501.9 634.4 704.9 786.6 669.2 620.6 672.1 834.4 600.0

Average Values for Tag: Reward for Moving Resources to Neighbours

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
1

2
Ta

sk

3.4 0.265 4.7 2.0 2.4 0.739 0.767 1.2 0.701 3.8

221.3 142.5 215.0 233.7 323.2 231.9 206.5 222.8 280.2 195.4

0.507 0.209 0.414 0.214 0.514 0.362 0.255 0.357 0.455 0.217

Average Values for Tag: Reward for Moving Resources to Self

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
1

2
Ta

sk

53.6 34.3 52.2 57.9 76.6 47.9 46.9 45.0 61.2 48.5

49.6 34.2 47.0 54.0 73.4 52.3 46.0 49.9 61.0 43.2

48.1 34.4 50.9 57.0 75.2 46.8 46.3 43.5 59.4 44.5

Average Values for Tag: Collective Performance

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
1

2
Ta

sk

24.3 17.9 27.0 28.1 36.5 24.9 23.5 24.7 32.5 23.5

25.8 16.8 25.1 28.1 37.4 27.2 24.3 26.2 32.7 23.4

23.5 18.1 26.7 29.0 35.9 25.0 23.5 24.4 32.4 23.0

Average Values for Tag: Individual Performance

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
1

2
Ta

sk

202.7 139.6 178.9 212.9 274.9 232.6 197.2 205.7 241.7 187.3

202.7 139.6 178.9 212.9 274.9 232.6 197.2 205.7 241.7 187.3

202.7 139.6 178.9 212.9 274.9 232.6 197.2 205.7 241.7 187.3

Average Values for Tag: Environment/Episode Length

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
1

2
Ta

sk

0.007 0.006 0.005 0.005 0.004 0.008 0.001 0.0 0.011 0.009

0.010 0.011 0.009 0.009 0.008 0.008 0.016 0.009 0.019 0.016

0.009 0.012 0.0 0.003 0.007 0.006 0.0 0.010 0.008 0.006

Average Values for Tag: Policy/Curiosity Value Estimate

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
1

2
Ta

sk

32.4 40.1 46.6 45.3 45.2 34.8 40.3 40.9 43.0 32.8

90.6 79.0 90.3 91.1 110.4 82.2 86.8 81.6 99.2 84.1

213.1 266.3 276.3 280.1 245.9 237.3 277.0 268.3 287.1 214.2

Average Values for Tag: Policy/Extrinsic Value Estimate

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
1

2
Ta

sk

99.0 92.7 112.4 120.6 169.6 117.0 106.5 115.3 149.7 101.9

284.7 195.0 273.1 292.0 416.9 300.1 257.3 282.9 356.1 255.6

620.2 607.7 689.6 808.7 948.2 768.8 694.0 744.9 948.1 695.6

Average Values for Tag: Environment/Cumulative Reward

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
1

2
Ta

sk

0.017 0.007 0.014 0.014 0.021 0.019 0.014 0.015 0.016 0.017

0.026 0.020 0.022 0.027 0.030 0.033 0.027 0.025 0.030 0.024

0.013 0.008 0.012 0.011 0.016 0.014 0.013 0.013 0.014 0.010

Average Values for Tag: Policy/Curiosity Reward

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
1

2
Ta

sk

99.0 92.7 112.4 120.6 169.6 117.0 106.5 115.3 149.7 101.9

284.7 195.0 273.1 292.0 416.9 300.1 257.3 282.9 356.1 255.6

620.2 607.7 689.6 808.7 948.2 768.8 694.0 744.9 948.1 695.6

Average Values for Tag: Policy/Extrinsic Reward

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
1

2
Ta

sk

52.5 156.0 132.8 99.0 106.0 81.1 94.1 98.2 104.3 74.1

673.5 789.8 826.7 652.1 819.1 592.3 639.7 618.0 767.7 630.2

4417.6 9915.8 7667.8 6630.5 5329.3 5502.8 6228.9 6233.5 6528.9 6122.4

Average Values for Tag: Losses/Value Loss

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
1

2
Ta

sk

0.004 0.003 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.005

0.007 0.008 0.007 0.007 0.006 0.008 0.008 0.007 0.007 0.007

0.003 0.003 0.004 0.003 0.003 0.003 0.004 0.003 0.003 0.003

Average Values for Tag: Losses/Curiosity Forward Loss

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
1

2
Ta

sk

3.8 3.9 3.9 4.1 3.9 4.0 4.0 3.7 3.9 3.9

3.8 3.8 3.7 3.8 3.8 3.9 3.7 3.8 3.8 3.9

3.9 3.9 3.9 3.9 3.9 3.9 3.8 3.7 3.8 3.7

Average Values for Tag: Losses/Curiosity Inverse Loss

3.8

4.0

0.84

0.86

250

500

750

100

200

300

40

60

20

30

150

200

250

0.00

0.01

100

200

250

500

750

0.01

0.02

0.03

250

500

750

2500
5000
7500

0.004

0.006

0.008

3.8

4.0

Average Values for All Tags: WildfireResourceManagement

Figure 75: Wildfire Resource Management: Average Train & Test Metrics.
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A.10.5 OCEAN PLASTIC COLLECTION: TRAIN & TEST METRICS
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Figure 76: Ocean Plastic Collection: Train & Test Metrics: Task 0.
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Figure 77: Ocean Plastic Collection: Train & Test Metrics: Task 1.
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Figure 78: Ocean Plastic Collection: Train & Test Metrics: Task 2.
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Figure 79: Ocean Plastic Collection: Train & Test Metrics: Task 3.
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A.10.6 OCEAN PLASTIC COLLECTION: AVERAGE TEST METRIC - TASK VS PATTERN
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Figure 80: Ocean Plastic Collection: Average Train & Test Metrics.
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A.10.7 DRONE-BASED REFORESTATION: TRAIN & TEST METRICS
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Figure 81: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 1, Task 0.
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Figure 82: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 1, Task 1.
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Figure 83: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 1, Task 2.
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Figure 84: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 1, Task 3.
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Figure 85: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 1, Task 4.
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Figure 86: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 1, Task 5.
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Under review as a conference paper at ICLR 2025
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Figure 87: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 1, Task 6.
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Figure 88: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 2, Task 0.
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Figure 89: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 2, Task 1.
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Figure 90: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 2, Task 2.
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Figure 91: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 2, Task 3.
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Figure 92: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 2, Task 4.
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Figure 93: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 2, Task 5.
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Figure 94: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 2, Task 6.
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Figure 95: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 3, Task 0.
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Figure 96: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 3, Task 1.
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Figure 97: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 3, Task 2.
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Figure 98: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 3, Task 3.

77



4158
4159
4160
4161
4162
4163
4164
4165
4166
4167
4168
4169
4170
4171
4172
4173
4174
4175
4176
4177
4178
4179
4180
4181
4182
4183
4184
4185
4186
4187
4188
4189
4190
4191
4192
4193
4194
4195
4196
4197
4198
4199
4200
4201
4202
4203
4204
4205
4206
4207
4208
4209
4210
4211
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Figure 99: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 3, Task 4.
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Figure 100: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 3, Task 5.
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Figure 101: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 3, Task 6.
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Under review as a conference paper at ICLR 2025
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Figure 102: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 4, Task 0.
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Figure 103: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 4, Task 1.
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Figure 104: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 4, Task 2.
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Figure 105: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 4, Task 3.
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Figure 106: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 4, Task 4.

0 100000 200000 300000
Step

1.38

1.40

1.42

Va
lu

e

Entropy
source

test

0 100000 200000 300000
Step

0.05

0.00

0.05

Va
lu

e

Tree Drop Count
source

test

0 100000 200000 300000
Step

0.05

0.00

0.05

Va
lu

e

Recharge Energy Count
source

test

0 100000 200000 300000
Step

0.05

0.00

0.05

Va
lu

e

Save Location Count
source

test

0 100000 200000 300000
Step

0.60

0.65

0.70

Va
lu

e

Out of Energy Count
source

test

0 100000 200000 300000
Step

0.05

0.00

0.05

Va
lu

e

Cumulative Distance Until Tree Drop
source

test

0 100000 200000 300000
Step

0.05

0.00

0.05

Va
lu

e

Cumulative Tree Drop Reward
source

test

0 100000 200000 300000
Step

0.05

0.00

0.05

Va
lu

e

Cumulative Distance Reward
source

test

0 100000 200000 300000
Step

0.05

0.00

0.05

Va
lu

e

Cumulative Normalized Distance Until Tree Drop
source

test

0 100000 200000 300000
Step

0.05

0.00

0.05

Va
lu

e

Cumulative Distance to Existing Trees
source

test

0 100000 200000 300000
Step

20

40

60

Va
lu

e

Highest Point on Terrain Found

source
test

0 100000 200000 300000
Step

380

400

420

Va
lu

e

Episode Length
source

test

0 100000 200000 300000
Step

0.0

0.2

0.4

Va
lu

e

Curiosity Value Estimate

source
test

0 100000 200000 300000
Step

0

2

4

Va
lu

e

Extrinsic Value Estimate

source
test

0 100000 200000 300000
Step

20

40

Va
lu

e

Cumulative Reward

source
test

0 100000 200000 300000
Step

0

20

40

Va
lu

e

Curiosity Reward
source

test

0 100000 200000 300000
Step

20

40

Va
lu

e

Extrinsic Reward

source
test

0 100000 200000 300000
Step

0.02

0.03

Va
lu

e

Policy Loss
source

test

0 100000 200000 300000
Step

5.0

7.5

10.0

Va
lu

e

Value Loss
source

test

0 100000 200000 300000
Step

0.05

0.00

0.05

Va
lu

e

Learning Rate
source

test

0 100000 200000 300000
Step

0.19

0.20

0.21

Va
lu

e

Epsilon
source

test

0 100000 200000 300000
Step

0.0048

0.0050

0.0052

Va
lu

e

Beta
source

test

0 100000 200000 300000
Step

0.0

0.5

1.0

Va
lu

e

Curiosity Forward Loss
source

test

0 100000 200000 300000
Step

2

3

Va
lu

e

Curiosity Inverse Loss
source

test

DroneBasedReforestation Train & Test Metrics: Terrain Elevation: 4, Task: 5

Figure 107: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 4, Task 5.
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Figure 108: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 4, Task 6.
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Figure 109: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 5, Task 0.
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Figure 110: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 5, Task 1.
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Figure 111: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 5, Task 2.
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Figure 112: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 5, Task 3.
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Figure 113: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 5, Task 4.
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Figure 114: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 5, Task 5.
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Figure 115: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 5, Task 6.
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Figure 116: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 6, Task 0.
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Under review as a conference paper at ICLR 2025
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Figure 117: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 6, Task 1.
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Figure 118: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 6, Task 2.
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Figure 119: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 6, Task 3.
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Figure 120: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 6, Task 4.
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Figure 121: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 6, Task 5.
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Figure 122: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 6, Task 6.
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Figure 123: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 7, Task 0.
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Figure 124: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 7, Task 1.
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Figure 125: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 7, Task 2.
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Figure 126: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 7, Task 3.
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Figure 127: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 7, Task 4.
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Figure 128: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 7, Task 5.
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Figure 129: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 7, Task 6.
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Figure 130: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 8, Task 0.
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Figure 131: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 8, Task 1.
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Figure 132: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 8, Task 2.
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Figure 133: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 8, Task 3.
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Figure 134: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 8, Task 4.

89



4806
4807
4808
4809
4810
4811
4812
4813
4814
4815
4816
4817
4818
4819
4820
4821
4822
4823
4824
4825
4826
4827
4828
4829
4830
4831
4832
4833
4834
4835
4836
4837
4838
4839
4840
4841
4842
4843
4844
4845
4846
4847
4848
4849
4850
4851
4852
4853
4854
4855
4856
4857
4858
4859

Under review as a conference paper at ICLR 2025

0.00 0.25 0.50 0.75 1.00 1.25
Step 1e6

1.38

1.40

1.42

Va
lu

e

Entropy
source

training
test

0.00 0.25 0.50 0.75 1.00 1.25
Step 1e6

0.05

0.00

0.05

Va
lu

e

Tree Drop Count
source

training
test

0.00 0.25 0.50 0.75 1.00 1.25
Step 1e6

0.05

0.00

0.05

Va
lu

e

Recharge Energy Count
source

training
test

0.00 0.25 0.50 0.75 1.00 1.25
Step 1e6

0.05

0.00

0.05

Va
lu

e

Save Location Count
source

training
test

0.00 0.25 0.50 0.75 1.00 1.25
Step 1e6

0.60

0.65

0.70

Va
lu

e

Out of Energy Count
source

training
test

0.00 0.25 0.50 0.75 1.00 1.25
Step 1e6

0.05

0.00

0.05

Va
lu

e

Cumulative Distance Until Tree Drop
source

training
test

0.00 0.25 0.50 0.75 1.00 1.25
Step 1e6

0.05

0.00

0.05

Va
lu

e

Cumulative Tree Drop Reward
source

training
test

0.00 0.25 0.50 0.75 1.00 1.25
Step 1e6

0.05

0.00

0.05

Va
lu

e

Cumulative Distance Reward
source

training
test

0.00 0.25 0.50 0.75 1.00 1.25
Step 1e6

0.05

0.00

0.05

Va
lu

e

Cumulative Normalized Distance Until Tree Drop
source

training
test

0.00 0.25 0.50 0.75 1.00 1.25
Step 1e6

0.05

0.00

0.05

Va
lu

e

Cumulative Distance to Existing Trees
source

training
test

0.00 0.25 0.50 0.75 1.00 1.25
Step 1e6

20

40

60

Va
lu

e

Highest Point on Terrain Found

source
training
test

0.00 0.25 0.50 0.75 1.00 1.25
Step 1e6

380

400

420

Va
lu

e

Episode Length
source

training
test

0.00 0.25 0.50 0.75 1.00 1.25
Step 1e6

0.0

0.5

1.0

Va
lu

e

Curiosity Value Estimate

source
training
test

0.00 0.25 0.50 0.75 1.00 1.25
Step 1e6

0

5

Va
lu

e

Extrinsic Value Estimate
source

training
test

0.00 0.25 0.50 0.75 1.00 1.25
Step 1e6

20

40

Va
lu

e

Cumulative Reward

source
training
test

0.00 0.25 0.50 0.75 1.00 1.25
Step 1e6

0

20

40

Va
lu

e

Curiosity Reward
source

training
test

0.00 0.25 0.50 0.75 1.00 1.25
Step 1e6

20

40

Va
lu

e

Extrinsic Reward

source
training
test

0.00 0.25 0.50 0.75 1.00 1.25
Step 1e6

0.02

0.03

Va
lu

e

Policy Loss
source

training
test

0.00 0.25 0.50 0.75 1.00 1.25
Step 1e6

5

10

Va
lu

e

Value Loss
source

training
test

0.00 0.25 0.50 0.75 1.00 1.25
Step 1e6

0.0000

0.0002

Va
lu

e

Learning Rate

source
training
test

0.00 0.25 0.50 0.75 1.00 1.25
Step 1e6

0.10

0.15

0.20

Va
lu

e

Epsilon
source

training
test

0.00 0.25 0.50 0.75 1.00 1.25
Step 1e6

0.000

0.002

0.004

Va
lu

e

Beta
source

training
test

0.00 0.25 0.50 0.75 1.00 1.25
Step 1e6

0.0

0.5

1.0

Va
lu

e

Curiosity Forward Loss
source

training
test

0.00 0.25 0.50 0.75 1.00 1.25
Step 1e6

2

3

Va
lu

e

Curiosity Inverse Loss
source

training
test

DroneBasedReforestation Train & Test Metrics: Terrain Elevation: 8, Task: 5

Figure 135: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 8, Task 5.
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Figure 136: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 8, Task 6.
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Figure 137: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 9, Task 0.
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Figure 138: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 9, Task 1.
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Figure 139: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 9, Task 2.
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Figure 140: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 9, Task 3.
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Figure 141: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 9, Task 4.
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Figure 142: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 9, Task 5.
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Figure 143: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 9, Task 6.
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Figure 144: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 10, Task 0.
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Figure 145: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 10, Task 1.
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Figure 146: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 10, Task 2.
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Figure 147: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 10, Task 3.
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Figure 148: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 10, Task 4.
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Figure 149: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 10, Task 5.
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Figure 150: Drone-Based Reforestation: Train & Test Metrics: Terrain Elevation 10, Task 6.
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A.10.8 DRONE-BASED REFORESTATION: AVERAGE TEST METRIC - TASK VS PATTERN
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0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Average Values for Tag: Cumulative Distance to Existing Trees
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381.6 390.5 381.2 381.5 382.3 382.0 382.1 379.8 382.8 382.6
100.8 29.7 102.1 102.8 102.1 102.6 101.8 103.0 102.4 101.8
366.3 366.4 366.9 366.2 373.1 369.4 367.3 371.4 365.2 369.0
128.8 102.7 143.3 126.9 126.6 129.3 123.8 128.7 133.8 126.1
399.0 399.0 399.0 399.0 399.0 399.0 399.0 399.0 399.0 399.0
399.0 399.0 399.0 399.0 399.0 399.0 399.0 399.0 399.0 399.0
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Average Values for Tag: Environment/Episode Length
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0.331 0.409 0.204 0.232 0.281 0.228 0.249 0.230 0.271 0.265
0.567 0.420 0.245 0.343 0.391 0.357 0.450 0.495 0.448 0.401
0.201 0.309 0.118 0.139 0.136 0.155 0.153 0.118 0.169 0.076
0.139 0.223 0.157 0.159 0.154 0.144 0.143 0.163 0.148 0.167
0.229 0.320 0.210 0.235 0.226 0.224 0.215 0.193 0.200 0.207
0.310 0.437 0.295 0.299 0.286 0.303 0.319 0.294 0.290 0.322
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0.534 0.455 0.384 0.564 0.310 0.475 0.469 0.567 0.372 0.328
49.4 73.2 47.9 49.1 49.8 48.1 47.9 48.5 48.3 48.9
1.1 1.9 1.0 1.1 0.758 1.4 1.1 0.499 1.0 0.772
32.3 45.0 29.7 32.2 33.1 31.7 32.1 33.6 31.2 33.0
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2.5 3.5 2.3 2.4 2.3 2.2 2.1 2.3 2.3 2.1
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84.2 98.0 84.1 84.0 84.1 83.9 84.0 83.9 83.9 84.1
10.8 12.5 8.7 9.9 8.3 10.8 8.9 8.7 10.0 8.0
89.5 96.4 87.0 89.3 89.5 88.9 90.2 89.3 88.5 89.8

-0.163 -0.022 -0.166 -0.164 -0.164 -0.160 -0.156 -0.163 -0.158 -0.171
38.2 45.0 38.2 38.4 38.8 37.8 38.4 37.9 37.8 36.9
4.0 5.2 4.0 4.3 4.9 2.6 3.4 4.7 3.7 4.2
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15.0 1.4 14.7 14.7 14.8 14.7 14.8 14.7 14.8 14.7
8.7 0.084 8.7 8.7 8.7 8.7 8.7 8.7 8.7 8.7
14.6 1.1 14.3 14.4 14.4 14.5 14.4 14.3 14.5 14.2
8.2 0.233 8.3 8.3 8.2 8.3 8.2 8.3 8.3 8.3
15.2 1.2 15.1 15.2 15.2 15.2 15.1 15.1 15.1 15.1
15.4 1.6 15.4 15.4 15.4 15.4 15.4 15.4 15.4 15.4
14.3 0.470 14.2 14.2 14.3 14.1 14.3 14.3 14.3 14.3
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7.5 6.7 5.8 7.3 6.2 6.5 7.2 7.1 6.0 5.8
75.8 88.2 75.7 75.6 75.7 75.5 75.6 75.5 75.5 75.7
9.7 11.2 7.9 8.9 7.5 9.7 8.0 7.9 9.0 7.2
80.5 86.8 78.3 80.4 80.6 80.0 81.2 80.4 79.7 80.8

-0.146 -0.020 -0.149 -0.147 -0.148 -0.144 -0.140 -0.147 -0.142 -0.153
34.4 40.5 34.4 34.6 34.9 34.0 34.6 34.1 34.0 33.2
3.6 4.7 3.6 3.9 4.4 2.4 3.1 4.2 3.3 3.8
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97.8 79.5 86.2 98.9 98.4 98.2 105.0 99.7 95.1 99.8
0.554 0.004 0.554 0.554 0.554 0.554 0.554 0.554 0.554 0.554

5.3 4.8 5.3 5.3 5.5 5.2 5.4 5.1 5.1 5.1
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Average Values for Tag: Losses/Value Loss
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0.418 0.036 0.409 0.410 0.409 0.410 0.411 0.409 0.409 0.407
0.364 0.028 0.368 0.369 0.364 0.362 0.362 0.367 0.363 0.368
0.411 0.031 0.404 0.402 0.401 0.409 0.406 0.399 0.408 0.395
0.381 0.023 0.381 0.379 0.378 0.378 0.377 0.380 0.381 0.385
0.392 0.030 0.390 0.392 0.391 0.391 0.390 0.389 0.389 0.390
0.398 0.042 0.397 0.398 0.397 0.398 0.397 0.398 0.397 0.397
0.399 0.013 0.397 0.400 0.396 0.394 0.398 0.404 0.403 0.402

Average Values for Tag: Losses/Curiosity Forward Loss
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2.4 1.8 2.8 2.5 2.5 2.6 2.5 2.5 2.5 2.5
2.1 1.4 2.2 2.1 2.1 2.2 2.1 2.2 2.1 2.1
2.5 1.9 2.8 2.6 2.7 2.6 2.8 2.7 2.7 2.9
2.8 2.4 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8
2.6 1.9 2.6 2.5 2.7 2.6 2.5 2.6 2.6 2.5
2.3 1.6 2.3 2.3 2.3 2.4 2.3 2.4 2.3 2.4
2.7 2.3 2.8 2.8 2.7 2.9 2.8 2.7 2.7 2.7

Average Values for Tag: Losses/Curiosity Inverse Loss
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Average Values for Tag: Highest Potential Soild Found
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Average Values for Tag: Highest Point on Terrain Found
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Average Values for Tag: Furthest Distance Explored
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Figure 151: Drone-Based Reforestation: Average Train & Test Metrics.
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A.10.9 AERIAL WILDFIRE SUPPRESSION: TRAIN & TEST METRICS
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AerialWildfireSuppression Train & Test Metrics: Terrain Elevation: 1, Task: 0

Figure 152: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 1, Task 0.
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Figure 153: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 1, Task 1.
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Figure 154: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 1, Task 2.
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Figure 155: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 1, Task 3.
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Figure 156: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 1, Task 4.
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Figure 157: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 1, Task 5.
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Figure 158: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 1, Task 6.
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Figure 159: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 1, Task 7.

0.0 0.5 1.0 1.5
Step 1e6

1.75

2.00

Va
lu

e

Entropy

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

0.05

0.00

0.05

Va
lu

e

Water Drop
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.05

0.00

0.05

Va
lu

e

Water Pickup
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.05

0.00

0.05

Va
lu

e

Preparing Trees Reward
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.05

0.00

0.05

Va
lu

e

Preparing Trees
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.05

0.00

0.05

Va
lu

e

Extinguishing Trees Reward
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.05

0.00

0.05

Va
lu

e

Extinguishing Trees
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.05

0.00

0.05

Va
lu

e

Fire Out
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.05

0.00

0.05

Va
lu

e

Fire too Close to City
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.0

0.5

1.0

Va
lu

e

Crash Count
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.8

0.9

1.0

Va
lu

e

Agent ID
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

250

500

Va
lu

e

Episode

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

0

2000

Va
lu

e

Time Step Count

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

0

2000

Va
lu

e

Episode Length

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

20

0

20

Va
lu

e

Extrinsic Value Estimate

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

100

0

100

Va
lu

e

Cumulative Reward
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

100

0

100

Va
lu

e

Extrinsic Reward
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.04

0.05

0.06

Va
lu

e

Policy Loss

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

0

500

Va
lu

e

Value Loss
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.0000

0.0002

Va
lu

e

Learning Rate

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

0.10

0.15

0.20

Va
lu

e

Epsilon

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

0.000

0.002

0.004

Va
lu

e

Beta

source
training
test

AerialWildfireSuppression Train & Test Metrics: Terrain Elevation: 1, Task: 8

Figure 160: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 1, Task 8.
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Figure 161: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 2, Task 0.
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Figure 162: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 2, Task 1.

0.0 0.5 1.0 1.5
Step 1e6

1.4

1.6

Va
lu

e

Entropy
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

50

100

Va
lu

e

Water Drop
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

50

100

Va
lu

e

Water Pickup
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

5000

10000

Va
lu

e

Preparing Trees Reward
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

1000

2000

Va
lu

e

Preparing Trees
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

500
Va

lu
e

Extinguishing Trees Reward
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

100

Va
lu

e

Extinguishing Trees
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.0

0.5

1.0

Va
lu

e

Fire Out
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.0

0.5

1.0

Va
lu

e

Fire too Close to City

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

0.0

0.5

1.0

Va
lu

e

Crash Count
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.95

1.00

1.05

Va
lu

e

Agent ID
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

200

400

Va
lu

e

Episode

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

1000

2000

3000

Va
lu

e

Time Step Count

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

1000

2000

3000

Va
lu

e

Episode Length

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

0

200

400

Va
lu

e

Extrinsic Value Estimate

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

0

5000

10000

Va
lu

e

Cumulative Reward
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

5000

10000

Va
lu

e

Extrinsic Reward
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.04

0.05

0.06

Va
lu

e

Policy Loss

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

0

20000

40000

Va
lu

e

Value Loss
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.0000

0.0002

Va
lu

e

Learning Rate

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

0.10

0.15

0.20

Va
lu

e

Epsilon
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.000

0.002

0.004

Va
lu

e

Beta
source

training
test

AerialWildfireSuppression Train & Test Metrics: Terrain Elevation: 2, Task: 2

Figure 163: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 2, Task 2.
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Figure 164: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 2, Task 3.
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Figure 165: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 2, Task 4.
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Figure 166: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 2, Task 5.
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Figure 167: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 2, Task 6.
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Figure 168: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 2, Task 7.
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Figure 169: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 2, Task 8.
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Figure 170: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 3, Task 0.
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Figure 171: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 3, Task 1.
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Figure 172: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 3, Task 2.
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Figure 173: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 3, Task 3.
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Figure 174: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 3, Task 4.
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Figure 175: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 3, Task 5.
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0.0 0.5 1.0 1.5
Step 1e6

1.4

1.5

1.6

Va
lu

e

Entropy
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.90

0.95

1.00

Va
lu

e

Water Drop

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

0.00

0.01

Va
lu

e

Water Pickup
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

200

250

Va
lu

e

Preparing Trees Reward

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

200

250

Va
lu

e

Preparing Trees

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

0

5

Va
lu

e

Extinguishing Trees Reward
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

1

Va
lu

e

Extinguishing Trees
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.05

0.00

0.05

Va
lu

e

Fire Out
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.05

0.00

0.05

Va
lu

e

Fire too Close to City
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.00

0.05

0.10

Va
lu

e

Crash Count
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.95

1.00

1.05

Va
lu

e

Agent ID
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

10000

Va
lu

e

Episode
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

200

400

Va
lu

e

Time Step Count
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

200

400

Va
lu

e

Episode Length
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

50

100

150

Va
lu

e

Extrinsic Value Estimate

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

200

250

Va
lu

e

Cumulative Reward

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

200

250

Va
lu

e

Extrinsic Reward

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

0.04

0.05

0.06

Va
lu

e

Policy Loss
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

5000

Va
lu

e

Value Loss
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.0000

0.0002

Va
lu

e

Learning Rate

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

0.10

0.15

0.20

Va
lu

e

Epsilon
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.000

0.002

0.004

Va
lu

e

Beta
source

training
test

AerialWildfireSuppression Train & Test Metrics: Terrain Elevation: 3, Task: 6

Figure 176: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 3, Task 6.
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Figure 177: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 3, Task 7.
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Figure 178: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 3, Task 8.
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Figure 179: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 4, Task 0.
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Figure 180: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 4, Task 1.
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Figure 181: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 4, Task 2.
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Figure 182: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 4, Task 3.
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Figure 183: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 4, Task 4.
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Figure 184: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 4, Task 5.
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Figure 185: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 4, Task 6.
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Figure 186: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 4, Task 7.
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Figure 187: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 4, Task 8.
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Figure 188: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 5, Task 0.

0.0 0.5 1.0 1.5
Step 1e6

1.40

1.45

Va
lu

e

Entropy
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

25

50

Va
lu

e

Water Drop
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

25

50

Va
lu

e

Water Pickup
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

1000

2000

Va
lu

e

Preparing Trees Reward
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

1000

2000

Va
lu

e

Preparing Trees
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

5000

Va
lu

e

Extinguishing Trees Reward
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

100

Va
lu

e

Extinguishing Trees
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.00

0.25

0.50

Va
lu

e

Fire Out
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.0

0.5

1.0

Va
lu

e

Fire too Close to City

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

0.0

0.5

1.0

Va
lu

e

Crash Count

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

0.95

1.00

1.05

Va
lu

e

Agent ID
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

250

500

Va
lu

e

Episode
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

1000

2000

3000

Va
lu

e

Time Step Count

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

1000

2000

3000

Va
lu

e

Episode Length

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

0

100

200

Va
lu

e

Extrinsic Value Estimate
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

5000

10000

Va
lu

e

Cumulative Reward
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

5000

10000

Va
lu

e

Extrinsic Reward
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.04

0.06

Va
lu

e

Policy Loss

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

0

200000

400000

Va
lu

e

Value Loss
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.0000

0.0002

Va
lu

e

Learning Rate

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

0.10

0.15

0.20

Va
lu

e

Epsilon

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

0.000

0.002

0.004

Va
lu

e

Beta

source
training
test

AerialWildfireSuppression Train & Test Metrics: Terrain Elevation: 5, Task: 1

Figure 189: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 5, Task 1.
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Figure 190: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 5, Task 2.
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Figure 191: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 5, Task 3.
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Figure 192: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 5, Task 4.
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Figure 193: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 5, Task 5.
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Figure 194: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 5, Task 6.
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Figure 195: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 5, Task 7.
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Figure 196: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 5, Task 8.
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Figure 197: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 6, Task 0.
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Figure 198: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 6, Task 1.
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Figure 199: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 6, Task 2.
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Figure 200: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 6, Task 3.
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Figure 201: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 6, Task 4.
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Figure 202: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 6, Task 5.
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Figure 203: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 6, Task 6.
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Figure 204: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 6, Task 7.
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Figure 205: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 6, Task 8.
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Figure 206: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 7, Task 0.
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Figure 207: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 7, Task 1.
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Figure 208: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 7, Task 2.
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Figure 209: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 7, Task 3.
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Figure 210: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 7, Task 4.
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Figure 211: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 7, Task 5.
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Figure 212: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 7, Task 6.

0.0 0.5 1.0 1.5
Step 1e6

1.75

2.00

Va
lu

e

Entropy

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

0.05

0.00

0.05

Va
lu

e

Water Drop
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.05

0.00

0.05

Va
lu

e

Water Pickup
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.05

0.00

0.05

Va
lu

e

Preparing Trees Reward
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.05

0.00

0.05

Va
lu

e

Preparing Trees
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.05

0.00

0.05

Va
lu

e

Extinguishing Trees Reward
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.05

0.00

0.05

Va
lu

e

Extinguishing Trees
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.05

0.00

0.05

Va
lu

e

Fire Out
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.05

0.00

0.05

Va
lu

e

Fire too Close to City
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.0

0.5

1.0

Va
lu

e

Crash Count
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.95

1.00

1.05

Va
lu

e

Agent ID
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

2000

Va
lu

e

Episode
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

2000

Va
lu

e

Time Step Count
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

2000

Va
lu

e

Episode Length
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

50

Va
lu

e

Extrinsic Value Estimate

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

100

0

100

Va
lu

e

Cumulative Reward

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

100

0

100

Va
lu

e

Extrinsic Reward

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

0.04

0.05

0.06

Va
lu

e

Policy Loss
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0

1000

2000

Va
lu

e

Value Loss
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.0000

0.0002

Va
lu

e

Learning Rate

source
training
test

0.0 0.5 1.0 1.5
Step 1e6

0.10

0.15

0.20

Va
lu

e

Epsilon
source

training
test

0.0 0.5 1.0 1.5
Step 1e6

0.000

0.002

0.004

Va
lu

e

Beta
source

training
test

AerialWildfireSuppression Train & Test Metrics: Terrain Elevation: 7, Task: 7

Figure 213: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 7, Task 7.
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Figure 214: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 7, Task 8.
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Figure 215: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 8, Task 0.
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Figure 216: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 8, Task 1.
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Figure 217: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 8, Task 2.
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Figure 218: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 8, Task 3.
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Figure 219: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 8, Task 4.
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Figure 220: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 8, Task 5.
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Figure 221: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 8, Task 6.
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Figure 222: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 8, Task 7.
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Figure 223: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 8, Task 8.
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Figure 224: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 9, Task 0.
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Figure 225: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 9, Task 1.
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Figure 226: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 9, Task 2.
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Figure 227: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 9, Task 3.
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Figure 228: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 9, Task 4.
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Figure 229: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 9, Task 5.
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Figure 230: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 9, Task 6.
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Figure 231: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 9, Task 7.
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Figure 232: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 9, Task 8.
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Figure 233: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 10, Task 0.
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Figure 234: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 10, Task 1.
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Figure 235: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 10, Task 2.
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Figure 236: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 10, Task 3.
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Figure 237: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 10, Task 4.
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Figure 238: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 10, Task 5.
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Figure 239: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 10, Task 6.
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Figure 240: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 10, Task 7.
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Figure 241: Aerial Wildfire Suppression: Train & Test Metrics: Terrain Elevation 10, Task 8.
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A.10.10 AERIAL WILDFIRE SUPPRESSION: AVERAGE TEST METRIC - TASK VS PATTERN

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
2

4
6

8
Ta

sk

1.4 1.5 1.5 1.4 1.4 1.4 1.4 1.4 1.4 1.41.4 1.4 1.4 1.5 1.4 1.4 1.4 1.5 1.5 1.41.4 1.5 1.5 1.6 1.5 1.5 1.5 1.4 1.4 1.51.4 1.5 1.4 1.5 1.5 1.4 1.4 1.4 1.4 1.41.5 1.6 1.5 1.5 1.6 1.6 1.5 1.5 1.5 1.51.4 1.4 1.4 1.5 1.5 1.5 1.4 1.4 1.4 1.41.4 1.6 1.5 1.4 1.4 1.4 1.4 1.4 1.4 1.41.9 1.8 1.8 1.7 1.8 1.7 1.8 1.9 1.8 1.81.9 2.0 2.0 2.0 1.8 2.0 2.0 1.9 2.0 1.8

Average Values for Tag: Policy/Entropy

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
2

4
6

8
Ta

sk

58.5 17.3 27.8 43.3 49.2 33.4 37.9 73.6 53.9 39.940.9 5.0 14.7 33.1 15.6 15.8 23.6 30.6 11.9 29.336.0 24.7 29.9 27.6 40.1 52.4 46.5 36.9 50.9 54.647.9 19.5 28.7 31.7 41.7 38.2 55.9 48.5 48.3 57.734.7 13.4 13.2 15.9 32.5 31.1 17.6 41.3 65.8 43.00.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00.981 0.929 0.920 0.974 0.958 0.962 0.974 0.977 0.983 0.9850.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Average Values for Tag: Water Drop

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
2

4
6

8
Ta

sk

58.1 17.1 27.4 43.0 48.8 33.1 37.6 73.3 53.6 39.740.6 4.6 14.6 32.9 15.2 15.6 23.4 30.3 11.8 29.235.7 24.2 29.6 27.2 39.7 52.0 46.1 36.5 50.7 54.247.7 19.0 28.4 31.3 41.4 37.8 55.5 48.1 48.1 57.534.4 13.2 13.0 15.8 32.1 30.9 17.1 41.0 65.5 42.70.997 0.998 0.998 0.998 0.993 0.998 0.997 0.998 0.997 0.9980.001 0.0 0.0 0.001 0.0 0.001 0.0 0.001 0.001 0.0010.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Average Values for Tag: Water Pickup

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
2

4
6

8
Ta

sk

701.5 461.7 508.8 628.9 497.1 365.8 468.2 559.6 717.3 461.0576.7 191.7 583.4 478.9 314.2 723.7 574.1 569.8 420.8 336.63181.7 2377.5 2421.3 3158.3 3705.0 2953.0 3476.5 2035.8 2243.9 3139.5511.4 533.1 608.8 733.5 718.7 663.9 685.7 759.6 409.7 424.1516.9 318.9 553.8 466.0 489.2 646.9 555.5 525.2 472.5 420.70.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0274.7 136.9 168.9 232.2 250.5 272.1 285.9 288.8 290.7 283.90.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Average Values for Tag: Preparing Trees Reward

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
2

4
6

8
Ta

sk

701.5 461.7 508.8 628.9 497.1 365.8 468.2 559.6 717.3 461.0576.7 191.7 583.4 478.9 314.2 723.7 574.1 569.8 420.8 336.6636.3 475.5 484.3 631.7 741.0 590.6 695.3 407.2 448.8 627.9511.4 533.1 608.8 733.5 718.7 663.9 685.7 759.6 409.7 424.1516.9 318.9 553.8 466.0 489.2 646.9 555.5 525.2 472.5 420.70.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0274.7 136.9 168.9 232.2 250.5 272.1 285.9 288.8 290.7 283.90.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Average Values for Tag: Preparing Trees

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
2

4
6

8
Ta

sk

164.8 36.8 65.9 47.7 54.9 46.5 50.2 80.1 99.9 80.41038.6 242.3 239.5 634.6 264.7 634.4 769.9 703.9 473.3 460.2134.7 60.9 39.1 100.0 57.7 114.0 93.5 83.2 39.5 73.559.5 88.1 32.5 78.0 112.7 121.2 93.2 197.7 66.9 50.048.1 35.7 28.5 26.1 53.0 78.4 76.5 117.8 130.1 111.60.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00.644 1.1 6.4 1.0 0.795 1.6 0.940 0.597 0.671 0.6260.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Average Values for Tag: Extinguishing Trees Reward

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
2

4
6

8
Ta

sk

33.0 7.4 13.2 9.5 11.0 9.3 10.1 16.0 20.0 16.120.8 4.8 4.8 12.7 5.3 12.7 15.4 14.1 9.5 9.226.9 12.2 7.8 20.0 11.5 22.8 18.7 16.6 7.9 14.711.9 17.6 6.5 15.6 22.5 24.2 18.6 39.5 13.4 10.09.6 7.1 5.7 5.2 10.6 15.7 15.3 23.6 26.0 22.30.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00.129 0.216 1.3 0.203 0.159 0.315 0.188 0.119 0.134 0.1250.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Average Values for Tag: Extinguishing Trees

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
2

4
6

8
Ta

sk

0.216 0.315 0.205 0.211 0.192 0.149 0.197 0.183 0.260 0.1960.122 0.306 0.084 0.103 0.134 0.028 0.086 0.100 0.042 0.0750.228 0.291 0.218 0.244 0.167 0.264 0.256 0.211 0.200 0.1900.256 0.339 0.229 0.178 0.228 0.258 0.206 0.211 0.144 0.1440.125 0.268 0.116 0.064 0.214 0.047 0.147 0.150 0.183 0.1090.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Average Values for Tag: Fire Out

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
2

4
6

8
Ta

sk

0.961 0.764 0.839 0.858 0.900 0.908 0.951 0.942 0.952 0.9680.925 0.719 0.650 0.858 0.854 0.894 0.875 0.903 0.915 0.9110.942 0.767 0.778 0.942 0.944 0.900 0.958 0.942 0.958 0.9600.958 0.683 0.736 0.867 0.908 0.958 0.894 0.919 0.942 0.9580.917 0.661 0.511 0.864 0.925 0.839 0.953 0.975 0.958 0.9600.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Average Values for Tag: Fire too Close to City

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
2

4
6

8
Ta

sk

0.138 0.146 0.149 0.117 0.103 0.181 0.142 0.147 0.089 0.1390.293 0.179 0.521 0.267 0.237 0.579 0.350 0.337 0.444 0.2040.167 0.097 0.115 0.139 0.208 0.053 0.075 0.097 0.125 0.1340.108 0.125 0.286 0.217 0.172 0.061 0.160 0.208 0.189 0.1360.331 0.218 0.552 0.450 0.097 0.479 0.364 0.150 0.128 0.2090.001 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.001 0.00.018 0.042 0.022 0.026 0.032 0.019 0.025 0.022 0.016 0.0140.056 0.129 0.176 0.065 0.209 0.165 0.159 0.507 0.290 0.4020.216 0.174 0.217 0.118 0.390 0.136 0.110 0.219 0.129 0.112

Average Values for Tag: Crash Count

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
2

4
6

8
Ta

sk

1.0 1.0 1.0 1.0 1.0 1.0 0.996 1.0 0.997 0.9971.0 1.0 1.0 1.0 0.997 1.0 1.0 1.0 1.0 1.01.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.9971.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.01.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.9971.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.01.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.01.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.01.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Average Values for Tag: Agent ID

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
2

4
6

8
Ta

sk

5.0 7.1 5.0 3.9 3.6 4.2 4.1 4.2 4.4 4.25.9 6.6 9.5 4.8 5.3 8.5 5.7 6.0 7.9 3.65.0 5.6 4.2 4.7 4.3 4.0 3.8 3.7 4.2 4.24.5 6.6 7.1 4.5 4.9 4.2 4.2 5.5 4.5 3.56.1 6.3 10.4 7.4 4.0 7.3 6.0 3.8 4.0 4.0191.1 186.4 191.1 190.8 186.7 199.6 185.6 198.6 220.3 195.01339.6 395.6 502.9 947.5 776.8 922.9 1059.2 1122.2 1418.3 1492.2126.7 85.6 81.7 100.2 109.3 104.3 100.8 105.1 98.9 65.68.6 15.3 9.8 4.1 17.2 7.0 10.3 13.5 5.4 6.7

Average Values for Tag: Episode

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
2

4
6

8
Ta

sk

2494.5 2250.2 2456.7 2538.7 2520.1 2522.5 2515.1 2553.7 2465.4 2409.92342.1 2225.8 2054.7 2444.0 2409.8 2236.0 2360.2 2422.6 2158.4 2465.02482.7 2412.8 2479.0 2466.4 2490.6 2569.2 2471.6 2553.9 2559.2 2457.92530.9 2273.0 2256.2 2534.6 2450.3 2509.5 2474.1 2361.6 2492.6 2513.82318.1 2316.6 2144.1 2245.4 2516.9 2228.5 2404.9 2512.7 2501.9 2477.5158.2 177.7 157.0 156.3 165.9 151.9 161.6 151.7 136.9 153.627.7 231.8 202.9 32.5 86.0 101.6 31.6 31.1 21.3 20.2391.8 762.1 615.1 762.4 394.2 667.6 565.1 404.5 509.0 816.72151.6 1875.3 2060.1 2378.3 1655.4 2140.3 1972.6 1965.6 2493.4 2291.1

Average Values for Tag: Time Step Count

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
2

4
6

8
Ta

sk

2568.6 2309.8 2530.8 2612.7 2594.2 2596.6 2585.0 2627.8 2559.4 2504.02416.2 2299.9 2114.8 2518.1 2503.9 2290.7 2434.3 2484.2 2212.7 2539.12556.7 2486.8 2553.1 2540.5 2548.0 2643.2 2545.7 2627.9 2633.2 2552.02604.9 2347.1 2316.6 2608.7 2524.4 2583.5 2548.2 2421.8 2566.7 2587.92392.2 2390.8 2197.5 2307.7 2591.0 2302.7 2462.3 2586.7 2576.0 2571.6158.0 177.4 156.7 156.1 165.6 151.6 161.4 151.4 136.5 153.326.9 232.0 210.5 31.7 85.3 101.1 30.8 30.3 20.5 19.4410.1 763.0 616.0 763.6 394.3 670.0 565.5 406.4 509.3 819.62225.7 1929.3 2120.0 2452.4 1714.9 2170.6 2012.3 1994.1 2567.5 2350.0

Average Values for Tag: Environment/Episode Length

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
2

4
6

8
Ta

sk

63.9 40.5 61.8 55.5 47.0 27.1 39.2 63.8 49.6 34.7104.8 48.6 69.6 77.3 43.3 77.5 99.0 87.6 60.7 64.6251.4 221.1 210.0 261.0 209.7 210.6 262.5 194.9 127.7 206.839.0 52.9 53.7 57.4 63.8 68.4 58.7 69.0 34.7 40.122.4 11.5 36.7 17.6 31.3 44.2 21.9 47.6 29.1 32.344.7 45.7 46.0 46.3 45.0 45.8 45.5 46.3 47.8 46.1191.7 62.9 94.0 133.5 151.5 165.8 190.0 199.1 196.4 195.332.5 35.0 22.4 37.0 32.9 40.2 29.2 7.7 38.7 21.24.9 5.5 3.4 2.7 2.0 3.8 4.3 5.1 1.7 1.5

Average Values for Tag: Policy/Extrinsic Value Estimate

10 1 2 3 4 5 6 7 8 9
Pattern/Terrain Elevation

0
2

4
6

8
Ta

sk

952.8 526.3 637.0 722.1 612.0 428.1 526.7 770.0 874.5 616.11615.5 406.0 886.3 1241.1 561.8 1177.0 1215.4 1336.0 785.4 947.03667.5 2714.3 2755.8 3969.2 4109.1 3341.8 4076.7 2426.1 2841.9 3781.5662.8 642.8 652.9 862.0 938.9 848.6 868.1 1126.0 559.5 523.1189.1 46.0 321.7 68.0 187.8 339.9 145.3 301.3 247.5 181.494.6 94.0 94.8 94.8 93.4 94.9 94.6 94.9 95.2 94.9272.8 132.0 173.2 230.8 249.6 273.1 284.5 287.2 289.8 283.188.7 62.0 54.1 73.5 56.5 60.5 67.6 -3.496 39.7 13.30.420 15.4 -1.234 5.4 -12.727 8.4 19.1 4.3 3.0 10.8

Average Values for Tag: Environment/Cumulative Reward
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952.8 526.3 637.0 722.1 612.0 428.1 526.7 770.0 874.5 616.11615.5 406.0 886.3 1241.1 561.8 1177.0 1215.4 1336.0 785.4 947.03667.5 2714.3 2755.8 3969.2 4109.1 3341.8 4076.7 2426.1 2841.9 3781.5662.8 642.8 652.9 862.0 938.9 848.6 868.1 1126.0 559.5 523.1189.1 46.0 321.7 68.0 187.8 339.9 145.3 301.3 247.5 181.494.6 94.0 94.8 94.8 93.4 94.9 94.6 94.9 95.2 94.9272.8 132.0 173.2 230.8 249.6 273.1 284.5 287.2 289.8 283.188.7 62.0 54.1 73.5 56.5 60.5 67.6 -3.496 39.7 13.30.420 15.4 -1.234 5.4 -12.727 8.4 19.1 4.3 3.0 10.8
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Figure 242: Aerial Wildfire Suppression: Average Train & Test Metrics.
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