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The integration of robotics into diverse applications, ranging from industrial to consumer and household domains, has been
facilitated by advancements in deep learning and robotics technologies. Multi-agent systems, in particular, are gaining
attention due to their potential for cooperative behavior in tasks such as resource exploration, environmental monitoring,
and delivery services. The Centralized Training Decentralized Execution (CTDE) framework has become a standard for
multi-agent reinforcement learning, enabling distributed execution through stable communication.

Despite these advancements, challenges persist, especially concerning radio-frequency (RF) communication and agent
identification. RF-based communication is commonly employed in current systems. Still, its limitations include restricted
resources, susceptibility to interference, and ineffectiveness in certain environments, such as underwater regions or
electromagnetic-sensitive areas. Furthermore, agent identification methods based on visual markers like ArUco or location-
based systems like GPS often fall short in dynamic scenarios involving fast-moving agents, such as drones, or environments
with low positional accuracy.

Visible Light Communication (VLC) is a promising alternative to address these challenges. VLC employs light emitted
from LEDs or lasers to transmit modulated signals, which are then received and demodulated by photodiodes or cameras.
Compared to RF communication, VLC offers advantages such as suitability in environments where RF is infeasible (e.g.,
underwater), license-free operation, and integration with visual data. However, VLC is inherently constrained by its straight-
line propagation, susceptibility to light interference, and inability to penetrate obstacles.

Three key applications of VLC are explored in this thesis: general communication, ID communication, and self-localization.
General communication involves transmitting shared data such as position or velocity, often replacing RF communication.
ID communication leverages VLC's directional characteristics to identify agents within the field of view (FOV). Self-
localization employs multiple LEDs and cameras to estimate positional relationships, enabling agents to determine their
location and orientation using methods similar to marker-based localization but with time-based blinking patterns.

Two illustrative scenario examples highlight the potential of VLC. In the first, multiple drones coordinate to capture images
in complex outdoor environments for 3D reconstruction. Existing systems face difficulties in providing precise localization
and identification in such settings, especially when using GPS or visual markers like ArUco. The second scenario involves
underwater drones, where wireless communication is limited, and wired communication hampers decentralized
coordination. VLC's ability to operate in such constrained environments positions it as a viable solution for enabling
effective multi-agent cooperation.

The thesis is organized into three parts. Part I focuses on algorithms for multi-agent reinforcement learning using VLC.

Standard algorithms often assume constant communication, but VLC's FOV constraints necessitate new methods. The

proposed algorithm enables agents to predict unseen areas and optimize visual orientation for better coordination.




Simulations and real-world experiments validate the effectiveness of this approach, demonstrating performance
improvements comparable to RF communication.

Part II examines the enhancement of individual identification capabilities through innovations in VLC receiving devices.
Conventional photodiodes lack spatial resolution, while RGB cameras, though capable of high resolution, suffer from low
frame rates. Event cameras, a novel technology, overcome these limitations by detecting brightness changes with high
temporal resolution. By leveraging event cameras for VLC, this research achieves robust identification and communication,
outperforming methods using ArUco markers or RGB cameras.

Part III explores applications of VLC, particularly for self-localization in multi-agent systems. By utilizing event cameras,
the system achieves robust communication for high-speed agents and individual identification tasks. Relay communication
between agents was demonstrated in experiments to enable accurate self-localization even when transmitters were outside

the FOV, confirming its advantages over other self-localization methods in specific environments.

These findings contribute to advancing the realization of the future vision for multi-agent systems, which are currently
considered difficult to implement. For instance, the proposed algorithm for VLC-based coordination can significantly
enhance the feasibility of multi-agent cooperation in underwater environments, where radio-based information sharing is
challenging. Additionally, by employing event cameras, the system can facilitate individual identification and information
sharing, even for high-speed drones. Furthermore, in dynamic environments such as urban areas with moving objects and
people, where GPS and other self-localization methods cannot be used, the proposed multi-agent system enables robust,
real-time self-localization. This opens the door to various applications such as 3D reconstruction, inspection, and

surveillance.

% ¢ FRSCEF X, FA3C 2000 52 & 3L 300 7EA 1 ERT ORI 50 b L <UFBEIC 800 74 1 HHEH L T 72 &0y,
Note : Thesis Summary should be submitted in either a copy of 2000 Japanese Characters and 300 Words (English) or 1copy of 800
Words (English).

HE  RXE BT ERRERFZI—F VRN (T2R2) IZTA U Z— Ry MARINET O T, AFK ARERFHHON R TIERL <72
YN
Attention: Thesis Summary will be published on Science Tokyo Research Repository Website (T2R2).



