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Abstract

This article presents the CERBERUS robotic system-of-systems, which won the DARPA
Subterranean Challenge Final Event in 2021. The Subterranean Challenge was organized
by DARPA with the vision to facilitate the novel technologies necessary to reliably explore
diverse underground environments despite the grueling challenges they present for robotic
autonomy. Due to their geometric complexity, degraded perceptual conditions combined
with lack of GPS support, austere navigation conditions, and denied communications, sub-
terranean settings render autonomous operations particularly demanding. In response to
this challenge, we developed the CERBERUS system which exploits the synergy of legged
and flying robots, coupled with robust control especially for overcoming perilous terrain,
multi-modal and multi-robot perception for localization and mapping in conditions of sen-
sor degradation, and resilient autonomy through unified exploration path planning and local
motion planning that reflects robot-specific limitations. Based on its ability to explore di-
verse underground environments and its high-level command and control by a single human
supervisor, CERBERUS demonstrated efficient exploration, reliable detection of objects of
interest, and accurate mapping. In this article, we report results from both the prelimi-
nary runs and the final Prize Round of the DARPA Subterranean Challenge, and discuss
highlights and challenges faced, alongside lessons learned for the benefit of the community.
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1 Introduction

This paper reports the research activities and technological progress made by team “CERBERUS”1 to-
wards our winning participation in the Final Event of the DARPA Subterranean (SubT) Challenge. The
SubT Challenge was a three year-long, $82 million (Montgomery, 2021) robotics competition organized and
coordinated by the US Defense Advanced Research Projects Agency (DARPA). This challenge aimed to
accelerate the research and development of novel technologies to support operations in complex and diverse
underground settings, presenting significant challenges for military and civilian first responders. Operating
in these environments can often be dangerous for humans; therefore, robotic systems are a viable alternative
to provide rapid situational awareness to a small team of operators before possible entry into such unknown,
high-risk, and dynamic subterranean areas. Possible use-case scenarios for these new technologies include
- but are not limited to - search and rescue missions in collapsed mines, post-earthquake urban settings,
and cave networks. In response to these challenges, we created CERBERUS: a system-of-systems involving
walking and flying robots equipped with multi-modal perception capabilities, navigation and mapping auton-
omy, and self-deployed network communication-extender modules that could autonomously explore complex
subterranean environments.

The SubT Challenge featured two competition tracks: Systems and Virtual. Systems track teams deployed
their hardware and software solutions to compete in physical subterranean courses. In contrast, Virtual track
teams developed software-only solutions evaluated in simulation. The underground scenarios for the Systems
track included a) human-made tunnel networks extending for several kilometers and presenting multiple
branches and vertical openings (“Tunnel Circuit”, August 2019), b) multi-level urban underground structures
with complex multi-storey layouts (“Urban Circuit”, February 2020), and c) natural cave environments with
complex, diverse morphologies and constrained passages (“Cave Circuit”, August 2020, canceled event).
Finally, a comprehensive benchmark mission combined all the challenges of the previous circuits (“Final
Event”, September 2021). The SubT Challenge brought together more than 300 competitors from 20 different
teams, composed of individuals, startups, universities, and large companies that spanned 11 countries and
20 universities.

Alongside the particular operational goal of robotic subterranean deployments, DARPA initiated the SubT
Challenge to stimulate development in four critical technical areas: Autonomy, Perception, Networking, and
Mobility. Robotic systems were expected to show a high level of resilient autonomy, demonstrating the ability
to map, navigate, and search in complex and dynamic environments with little to no human interventions
(Autonomy). Additionally, they had to cope with grueling navigation challenges, operating under varying
and degraded conditions including dust, fog, mist, water, smoke, darkness, obscured, and/or scattering
environments (Perception). Moreover, the robots had to send information to the Human Supervisor while
dealing with lack of line-of-sight, the effects of varying geological conditions, and wireless signal propagation
challenges in subterranean environments (Networking). Finally, the systems were tasked to navigate mobility-
stressing and dynamic terrain, including narrow passages, sharp turns, large drops/climbs, inclines, steps,
falling debris, mud, sand, and water (Mobility). Competing teams were tasked with exploring and mapping
unknown underground areas, with the additional requirement that only one team member, the Human
Supervisor, was allowed to manage and interact with the deployed robots. Teams were scored based on their
ability to localize specified objects, called “artifacts”, representing features or items of interest applicable
to subterranean settings. Artifacts for the Prize Round of the Final Event included human (mannequin)
survivors, cellphones, backpacks, drills, fire extinguishers, vents, gas-filled rooms, helmets, ropes, and a
SubT cube. The artifacts’ surveyed positions were expressed with respect to a DARPA-defined coordinate
frame. Each team had 30min before the run to set up their Base Station (a computer used by the Human
Supervisor to control the robotic agents) and for four team personnel (known as Pit Crew members) to set
up and prepare the robots before the beginning of the mission. After the setup time, every team had 60min
to find as many of the 40 artifacts distributed along the course as possible, while having a limited number of
available report attempts (to discourage false positives). A point was earned for each report that correctly
identified an artifact’s class and its position within 5m of the object’s ground-truth location.

1https://www.subt-cerberus.org/

https://www.subt-cerberus.org/


Figure 1: The types of robots developed by Team CERBERUS used for the DARPA SubT Challenge.
Upper row: ANYmal C robots. Lower row (left to right): RMF-Owl, Alpha Aerial Scout, and Kolibri 
ying
robots, alongside a tethered roving platform acting as communication hub for the other robots. All robots
are presented in diverse subterranean environments. A video showing the Team's Prize Round is available
at https://youtu.be/QON8IFc8cjE

Team CERBERUS, which stands for \CollaborativE walking & 
ying RoBots for autonomous ExploRation
in Underground Settings," draws its name from Greek mythology where Cerberus was the three-headed
dog guarding the gates of the underworld. The CERBERUS system-of-systems comprised a composite sys-
tem of legged and aerial robots. Each agent featured our autonomy and multi-modal perception solutions.
The legged agents, in addition, could deploy communication-extender modules to increase the wireless net-
work range. Together, these features enabled resilient navigation, exploration, mapping, and search within
complex, large-scale, sensor-degraded, and communications-denied subterranean environments. Moreover, a
tethered roving platform assisted the team and acted as a communication hub. Figure 1 presents most of the
types of robots Team CERBERUS developed for the SubT Challenge's Final Event. To gather the necessary
expertise, Team CERBERUS involved an international partnership of the University of Nevada Reno, ETH
Zurich, Norwegian University of Science and Technology, University of California Berkeley, University of
Oxford, Flyability and Sierra Nevada Corporation. Team CERBERUS competed in the System Track of
the SubT Challenge and was one of the DARPA-funded teams since the beginning of the competition. On
September 23 2021, Team CERBERUS won the Prize Round of the Final Event of the DARPA Subterranean
Challenge after three years of intensive developments and an exciting competition among top performers.

The remainder of this paper is structured as follows: related work is outlined in section 2; a detailed
description of the CERBERUS robot and autonomy technologies is provided in section 3 followed by a
comprehensive overview of the results during the DARPA Subterranean Challenge Final Event in section 4;
lessons learned are outlined in section 5, while conclusions are drawn in section 6.

2 Related work

In order for our work to be put into perspective, in this section we attempt to summarize notable contributions
in subterranean robotics and autonomy developed both before and outside of the DARPA SubT Challenge,
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as well as some of work of other competing teams based on the currently available literature.

2.1 Autonomous systems in subterranean environments and related settings

Subterranean settings have long been enticing to the robotics community due to the uniqueness of the
environments and the operating conditions (Murphy et al., 2009; Tardioli et al., 2019). One of the main
conclusions from the survey in (Murphy et al., 2009) was that robots with navigation, localization, and
mapping capabilities developed speci�cally for the underground scenarios were required. The work in (Nov�ak
et al., 2017) described the concept of a reconnaissance mobile robot for inspecting underground coal mines
including the motion, sensing, mapping, and communication modules. (Loupos et al., 2018) presented a
robotic platform consisting of a robotized boom lift, a high precision robotic arm, advanced computer vision
systems, a 3D laser scanner, and an ultrasonic sensor for autonomous tunnel inspection. Additionally, the
authors in (Colas et al., 2013) proposed a path planning method to allow ground robots to navigate in
3D environments and demonstrated stair climbing. Departing from the need to fully reconstruct 3D maps
of the environments, several works explored other directions to allow the robots to autonomously explore
underground settings. The authors in (Silver et al., 2006) described a system based on the Groundhog robot
platform which was capable of autonomous topological exploration of mine environments. On the other
hand, the contribution in (Mansouri et al., 2019) presented a Micro Aerial Vehicle (MAV) system that used
darkness contour detection to command its heading angle based on the direction of the underground tunnels.
Another contribution presented in ( •Ozaslan et al., 2016, 2017) described an MAV system that could 
y along
the center-line of tunnel-like dam penstocks using range and vision sensors. To mitigate the high bandwidth
requirement of transmitting a high-resolution map from the robots to the operators, (Tabib et al., 2021)
proposed a method for real-time occupancy reconstruction from Gaussian Mixture Models (GMM) with
depth sensor observations. Furthermore, the work in (Qin et al., 2019) utilized a collaborative team of an
Unmanned Aerial Vehicles (UAVs) and an Unmanned Ground Vehicles (UGVs) where the UGV performed
fast autonomous exploration to construct 2.5D coarse maps and the UAV conducted 3D �ne mapping of the
environment. While most previous work focused on solving one or several challenges in the underground
environments or related settings, the SubT Challenge pushed the robotics community to develop novel
technologies in all four technical areas: Autonomy, Perception, Networking, and Mobility. For the SubT
Challenge, fragile autonomy, frequent and demanding supervision or teleoperation, over-specialization to
one or the other type of underground environments, sensitivity against sensor degradation, or dependence
on always-available communications were not options. The teams were tasked to present a solution that could
demonstrate e�cient subterranean exploration and mapping with the highest degree of resilient autonomy
across environment con�gurations or operational conditions.

2.2 Other teams in the SubT Challenge

In response to the SubT Challenge, several international teams were assembled, each developing highly
advanced and complex solutions. Below we outline key elements of the solutions of the other teams competing
in the challenge �nals. As at the time of writing not all technical overviews are available, we provide a
summary based on already published work of the teams and information provided during the Summit that
took place after the Final Event.

Team Coordinated Robotics used custom wheeled, tracked and 
ying robots, leveraging several open-source
mapping frameworks for the ground vehicles (Shan et al., 2020; Shan and Englot, 2018) and the aerial
robots (Labb�e and Michaud, 2019) depending on the speci�c sensor setup. To traverse through narrow
areas, the robots employed a wall following mode or were driven manually by the Human Supervisor while
frontier-based exploration mode was deployed to explore open areas. Furthermore, a mix of WiFi and
Gigabit �ber ethernet devices running the advanced B.A.T.M.A.N routing protocol (Johnson et al., 2008),
in addition to the droppable wireless nodes, created the communication system for the robotic team. For
the robots to detect artifacts, YOLOv4 (Bochkovskiy et al., 2020) network was run with onboard camera
images while the gas sensor and bluetooth detection were also utilized to detect artifacts. Team Coordinated



Robotics was a self-funded team.

Team CoSTAR developed a 
eet of Spot legged robots, Husky wheeled robots, Balto RC cars, Telemax hybrid
wheeled/tracked vehicles and custom 
ying as well as hybrid ground/aerial robots for the Final Event. Their
approach was based on an uncertainty-aware autonomy framework, dubbed NEBULA (Agha et al., 2021),
which constructed the belief space over the robot and world states and performed reasoning and planning
in that belief space. NEBULA was an extensive architecture including several modules: (i) robust, resilient
Simultaneous Localization and Mapping (SLAM) front-end (Palieri et al., 2020) and back-end (Ebadi et al.,
2020) for large-scale environments, (ii) semantic understanding and artifact detection modules (Terry et al.,
2020), (iii) uncertainty-aware traversability analysis as well as risk- and constraint-aware local planning (Fan
et al., 2021; Thakker et al., 2021) modules, (iv) e�cient global exploration and coverage motion planning
in belief space using a hierarchical planning approach (Kim et al., 2021), (v) high-bandwidth and resilient
network solution for a multi-robot system (Ginting et al., 2021), (vi) learning-enabled adaptation module (Fan
et al., 2020a,b). The autonomy stack was implemented for several robot types including wheeled, legged,

ying robots, and �eld-tested in various environments. Team CoSTAR was a DARPA-funded team from the
beginning of the challenge.

Team CSIRO Data61's approach was presented in (Hudson et al., 2021) in which a team of BIA5 OzBot
tracked robots, Spot legged robots, and Emesent Hovermap drones utilized the Wildcat SLAM sys-
tem (Ramezani et al., 2022). The robots explored the environments by choosing the most informative
3D frontier in an e�cient manner (Williams et al., 2020). Moreover, for the UGVs to navigate through
challenging unstructured terrain, a common local navigation module optimized for negative obstacles was
developed in (Hines et al., 2021) as well as a deep reinforcement learning approach to allow the tracked
robots to traverse through narrow gaps in the environments (Tidd et al., 2021). Additionally, the work
in (Tychsen-Smith and Petersson, 2018) described a novel method used to obtain highly competitive lo-
calization accuracy with reasonable inference time for artifact detection and localization. A mesh network
of radios formed by the modules on the ground robots, UAVs, and droppable nodes was utilized to share
data between nearby robots and the Base Station when connected, as described in (Hudson et al., 2021).
Additionally, the artifacts were detected using onboard RGB cameras, and by measuring Bluetooth/WiFi
signal strengths and gas concentration. The detection was then relayed back to the Human Supervisor for
reviewing before submitting the artifact report to the scoring server (DARPA Command Post). Team CSIRO
Data61 was a DARPA-funded team from the beginning of the challenge.

Team CTU-CRAS-NORLAB's multi-robot heterogeneous exploration system included Clearpath Husky
wheeled robots, Absolem tracked robots, PhantomX Mark II crawling hexapods, and custom 
ying
robots (Rou�cek et al., 2020, 2021) in addition to several Boston Dynamics Spot, HEBI robotics LiLy, and
custom SCARAB II legged robots as well as Superdroid Marmotte HD2 tracked robots. Their mapping
solution was based on a variant of the Iterative Closest Point (ICP) algorithm as per (Pomerleau et al.,
2013, 2014). The frontier-based exploration strategy described in (Bayer and Faigl, 2019) was deployed on
the UGVs to explore the environments while the elevation mapping framework for the ground robots was
described in (Bayer and Faigl, 2019, 2020). Additionally, the state estimation and control pipelines used
for the aerial robots were presented in (Baca et al., 2021) and the path planning as well as frontier-based
exploration strategy were detailed in (Kr�atk�y et al., 2021). Furthermore, three di�erent communication
systems were utilized: short-range link (WiFi), mid-range link (Mobilicom mesh network), and long-range
link (droppable \Mote" modules) supported communication with di�erent levels of reliability, bandwidth,
and usage, as detailed in (Rou�cek et al., 2020). Moreover, artifact detection was performed onboard every
robot using a customized version of YOLOv3 (Redmon and Farhadi, 2018), then a Kalman �ltering over
multiple detections that was temporally consistent was utilized to estimate the �nal position of the detected
artifact. Team CTU-CRAS-NORLAB was, for the �rst two competition events of the SubT Challenge, a
self-funded team but became a DARPA-funded team due to their performance.

Team Explorer's entry to the Final Event of the SubT Challenge included a combination of custom wheeled
UGVs, MAVs (Scherer et al., 2021) in addition to a Spot legged robot with custom payload. Their mapping
framework, illustrated in (Zhao et al., 2021), employed an IMU-centric approach to combine the advantages



of tightly-coupled and loosely-coupled methods. Speci�cally, in the SubT Challenge, the LiDAR-inertial
version of this framework was utilized. The planning module used a hierarchical framework, described
in (Chao et al., 2021), including a global planner level which maintained data sparsely and computed coarse
paths at the global scale, and a local planner which planned kinodynamically feasible paths in the local area
for the vehicle. Additionally, (Yang et al., 2021b) developed another planning approach that dynamically
updated a global visibility graph. This planner was capable of dealing with navigation tasks in both known
and unknown environments as well as dynamic obstacles. For the robots to communicate with each other
and with the Base Station, droppable radio nodes were deployed by the ground robots according to a
cost function using distance, line-of-sight and RSSI conditions, as presented in (Scherer et al., 2021), or a
predictive mapping approach, as per (Tatum, 2020), to maximize communications coverage. Moreover, a
multi-modal artifact detection and localization system was developed in (Agrawal, 2019) to help provide
situational awareness of the environments. Team Explorer was a DARPA-funded team from the beginning
of the challenge.

Team MARBLE deployed Spot legged robots and Husky wheeled robots in the Final Event with the SLAM
pipeline based on the tightly-coupled lidar-inertial odometry framework described in (Shan et al., 2020). For
volumetric mapping, the team used a modi�ed version of (Hornung et al., 2013) for e�cient map sharing as
well as incorporating traversability and stairs semantic information. In the Final Event, a graph-based global
planner combined with a local reactive controller (Ohradzansky et al., 2021) was deployed while the multi-
agent coordination strategy and artifact detection pipeline were illustrated in (Ohradzansky et al., 2021).
Additionally, a custom-developed ROS transport solution based on UDP and a Meshmerize mesh network
that prioritized reconnection times were utilized to create e�ective communication systems in subterranean
environments as detailed in (Ohradzansky et al., 2021). Team MARBLE was a DARPA-funded team from
the beginning of the challenge.

Finally, team Robotika used only custom wheeled robots which were equipped with 2D LiDARs and Realsense
RGBD cameras for SLAM, traversability estimation, and obstacle avoidance as well as LoRa and WiFi
modules for communication purposes. Team Robotika was a self-funded team. Finally, it is worth mentioning
that additional teams participated in earlier phases of the SubT Challenge and the above discussion is limited
to those competing in the Final Event.

3 CERBERUS system-of-systems

This section outlines the CERBERUS' robots, their system design, and speci�cs with respect to the key
technical areas that characterized the SubT Challenge: Mobility, Perception, Autonomy, and Networking.
Additionally, the last sections show how the robots detected the artifacts placed in the environment and how
the Human Supervisor interacted with the deployed agents.

3.1 Mobility

In this section, we summarize the main robotics platforms deployed by Team CERBERUS at the Final
Event. We introduce the ANYmal C SubT and the subterranean aerial robots in terms of their hardware
development and main software components. Finally, we present a roving robot used to support underground
operations.

3.1.1 Subterranean walking robots - ANYmal C SubT

Team CERBERUS developed and deployed a team of legged robots specialized to operate in underground
environments. In the Tunnel and Urban events, the team relied on the \ANYmal B300" quadrupeds by
ANYbotics (Tranzatto et al., 2022), which were replaced with the \ANYmal C100" series quadruped from
the same company for the Final Event. The ANYmal C100 series quadrupedal robot is a robust and agile



legged system tailored for autonomous, long-endurance tasks in challenging environments. This robot is
water-proof and dust-proof (Ingress Protection (IP) 67), able to operate in humid and dusty conditions, and
designed for robustness for long-term operations. It features dedicated software and hardware interfaces to
make it possible to extend it for application-speci�c purposes. We customized this platform with several
hardware and software modi�cations to create a specialized version: the ANYmal C \SubT".

The ANYmal C SubT platform weighed 55 kg including payload and could operate for 80 min while con-
tinuously walking. There were two types of ANYmal C SubT robots: the \Explorer" (Figure 2a) and the
\Carrier" (Figure 2b) robots, which di�ered in their sensor con�gurations and mission role. The Explorers'
goal was to proceed deep in the subterranean environments, while detecting as many artifacts as possi-
ble. The Carrier robots had fewer sensors and instead supported underground operations by carrying and
deploying the communication-extender modules to increase the range of the wireless network.

(a) ANYmal C SubT Explorer (b) ANYmal C SubT Carrier

Figure 2: ANYmal C SubT robots used in the Final Event.

Hardware modi�cations
Sensors- The ANYmal C SubT robots featured a common sensor suite located on one side of the platform for
the Final Event. This suite included a \VLP16 Puck LITE" LiDAR by Velodyne and an \Alphasense Core"
visual-inertial sensor by Sevensense (Figure 3a). The Alphasense Core encapsulated three monochrome and
four color cameras, giving each robot a wide �eld of view (front, left, right, and upwards directions) to
increase the chances of detecting artifacts while exploring unknown areas. Each camera has a 0:4 MP sensor
and mounts a lens with opening angles of 165:4°� 126°� 92:4° (DxHxV). The Alphasense was �xed on a rigid,
custom-made CNC milled aluminium mount to position the cameras precisely and tilt the side cameras to
have clear �eld of view without including any part of the robot. To protect the unit against water and dust
the entire camera array was enclosed in a sealed PA12 Multijet Fusion Case with 
exible SLA gaskets around
the cameras. Each sensor unit was equipped with four high power, air cooled LEDs. Each of the four LEDs
pointed in one of the camera directions (left, right, front and upwards) illuminating the entire �eld-of-view.
Additionally, each ANYmal featured a \SDC30" gas sensor by Sensirion and a Bluetooth sensor. In addition
to the common sensors suite, the Explorers were mounted with a pan-tilt unit head (Inspection Payload) for
artifact detection. This head featured a 10x optical zoom camera, a thermal camera, a microphone, and a
spotlight. Its yaw and pitch angles could be controlled to inspect desired areas around the robot, where the
main cameras could not detect potential artifacts due to distance or darkness. Each hardware modi�cation
was designed to respect the robot's Ingress Protection Code, thus resulting in the ANYmal SubT version to
maintain the IP 67 rating.

Terrain mapping sensors - Reliable terrain perception is critical for safe navigation and locomotion, espe-
cially during autonomous missions. Therefore, terrain mapping sensors should be accurate and reliable in
challenging environmental conditions and cope with di�erent di�culties, such as darkness or re
ective sur-



faces. The Explorer and Carrier agents presented di�erent sensor con�gurations re
ecting their mission roles.
Carrier robots used four \RealSense D435" active stereo sensors by Intel. This is a relatively lightweight and
compact sensor (90 mm� 25 mm� 25 mm, 72 g), allowing each Carrier to additionally ferry on its back four
communication-extender modules. On the other hand, the Explorers presented two \RS-BPearl" LiDARs
by Robosense (100 mm� 111 mm� 100 mm, 920 g), each mounted on one end of the robot (Figure 3b). The
RS-Bpearl is a dome-LiDAR that measures the re
ection times of emitted laser pulses using a hemispherical
scanning pattern. It o�ers a 90° �eld of view but presents a sparse point-cloud compared to other laser
sensors (such as the \Ouster OS0" LiDAR). It is robust against sunlight and absorbent material, especially
if compared to active stereo sensors. We chose it for the Explorer's con�guration because of its sturdy
performance in di�erent underground settings, featuring dust, water, and re
ective materials, thus making
it a good �t for the role of these robots.

Parallel computing - The terrain mapping algorithms can be e�ciently parallelized using a Graphical Process
Unit (GPU), while visual object-detection also bene�ts from running neural-networks on a GPU. A \Jetson
AGX Xavier" by Nvidia was used on the legged agents. The Explorer robots featured an on-board GPU
inside their main body. In contrast, we developed an extra hardware module (Figure 3c) containing a
GPU and additional electronics for the Carriers to ensure all the ANYmal C SubT robots had the same
computational hardware con�guration. We developed an air-cooled, water-proof, dust-proof, milled case to
house the Jetson module and the additionally needed electronics.

Beacon release mechanism- To deploy the communication-extender modules (also referred to as WiFi bread-
crumbs or beacons) described in Section 3.4, the Carrier ANYmals featured a release mechanism (Figure 3d).
It could carry four breadcrumbs, each held in place by an electromagnet. To deploy a beacon, the robot
tilted its base and deactivated the electromagnet. The beacon slid along the low friction carbon �ber tubes,
out of the mechanism, to land in an upright position on the ground.

Locomotion controller
To walk stably on challenging terrain and ensure that the ANYmal robots could explore deep in the course,
our locomotion controller had to ful�ll the following conditions. First is the ability to walk on a variety
of challenging terrains. The course contained tunnel, urban, and cave sections simultaneously, presenting
di�erent characteristics. Our controller was able to handle these diverse challenges posed by di�erent settings
without further input from the supervisor, i.e., it was not necessary to specify whether the controller had
to use a speci�c gait to climb stairs or to locomote over rough terrain. Next is robustness. Both sensor
malfunctioning and measurement degradation can occur during a mission. On the one hand, sensors them-
selves could stop working for several reasons, such as connection failure or physical damage, making new
measurements unavailable. On the other hand, sensors' measurements can degrade due to external factors
such as smoke, mist, fog, etc. The controller must be robust even under these conditions. We deployed a
learning-based perceptive locomotion controller trained in simulation (Miki et al., 2022a) to satisfy these re-
quirements. The robot learned to walk over randomly generated terrains within the simulation environment
using reinforcement learning. It receives geometric information from an elevation map to walk smoothly
over large steps or stairs. In addition to this, we used domain randomization during learning, such as the
mass of the robot, the friction coe�cient of the ground, and external forces so that it can respond to various
situations that robots face in the real world. To enable the robot to respond to these cases, we added various
distractors during learning to train the robot not to rely on map information when it becomes unreliable or
unavailable. As a result, a single controller was able to handle all course areas during the competition. We
also trained the body tilting action to deploy the wi� beacon on sloped or rough surfaces.

3.1.2 Subterranean aerial robots

Alongside the team of legged robots, Team CERBERUS developed and deployed a team of \Aerial Scouts"
to provide rapid exploration capabilities, especially in regions of the course which were inaccessible by
ground robots. In the Tunnel and Urban events, the team relied on traditional multirotor systems and
collision-tolerant designs. First, a set of systems based on the DJI Matrice 100 platform were developed
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