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Abstract

The control of drone swarms and their targeted application for various use cases, such as search and rescue
missions, monitoring of critical infrastructure, or agriculture, is a current research field. In line with this,
we present in this paper a new swarm mechanism that enables drone swarms to move collectively in chain-
like formations in a self-organizing manner providing an alternative to centrally controlled leader-following
approaches. We demonstrate that the behavior enables the typical self-organizing capabilities: scalability when
expanding the swarm size, robustness against failures, and flexibility in adapting to changing requirements.
Therefore, we provide a prototypical implementation in simulation and conduct a proof-of-concept experiment
using a swarm of real Crazyflie drones.
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1. Introduction

Swarm intelligence, inspired by the collective behaviors observed in nature, has motivated scientific
research for decades. The self-organizing principles of swarms enable remarkable properties such as
robustness, scalability, and adaptability, which are highly beneficial for both natural and technical
systems. In particular, swarm robotics with focus on drones has emerged as a promising field [1],
leveraging these principles to address challenges in areas such as search and rescue, environmental
monitoring, and formation flight [2, 3, 4, 5, 6]. Formation flight currently often relies on centralized
control to synchronize movements of numerous drones. In this paper, we introduce a swarm-based
algorithm for following formations in the spirit of behavior based formation control following the
definitions of [7], classifying leader-follower as one of five “conventional” formation control methods.
The proposed approach organizes drones into formation, guided by an externally controlled leader.
Our swarm approach ensures adaptivity in dynamic environments, allowing the formation to recover
from drone failures while also enabling the seamless integration of additional drones. We provide our
prototyping environment, a simulation implemented in NetLogo (https://www.netlogo.org), readers
can use to verify the algorithm’s positive behavior and properties (robustness, scalability, flexibility),
we depict in Figure 1b and whose full code be found on our GitHub repository (https://github.com/
isse-augsburg/netlogo-following).To evaluate the effectiveness of our algorithm, we give proof-of-
concept using a swarm of 7 Crazyflie 2.1 (https://www.bitcraze.io/products/crazyflie-2-1/) drones
executing a ROS2 based verson of the swarm following in our indoor Vicon (https://www.vicon.com)
flight arena. The infrastructure in that arena [8] allows for the positioning of individual drones,
communication among neighboring drones, and the abstraction of many critical hardware control
details, such as takeoff and landing maneuvers, and collision avoidance. We describe the experimental
results in this paper and refer the reader to documenting video materials.

We first define the problem of dynamic following in drone swarms in section 2. In section 3, we detail
our algorithm. In section 4, we present a proof-of-concept evaluation of our algorithm showcasing it in
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a real-world scenario. We review related literature in section 5. Finally, we summarize our contributions
and discuss potential directions for future research in section 6.

2. The Dynamic Following Problem

We define the dynamic following problem by adapting formulations for unstructured following from
[9] for unmanned aerial vehicles or approaches for structured followgin from comparable problem
domains, e.g., platooning [10]. Given a set of agents (drones) and a central moving leader (ref), the
objective is to organize the agents into a chain-like formation. In this formation, each agent follows the
one directly in front of it, thereby creating a chain. The formation must be dynamic, allowing for the
addition and removal of agents while preserving the overall structure and movement toward a target
destination. This problem represents an instance of the dynamic assignment problem where we want
all agents in the system to join the formation denoted as chain. Initially only the central moving leader
(ref) is part of the chain, and all other agents are unconnected. Each agent «; in a set of agents A
must be assigned to a leader o; € A U ref such that «; follows o to joint the chain. This relationship
is denoted as follows(a;, oj), where o; # ;. Additionally, all agents can follow only one leader and
be followed by only one follower. This guarantees the formation of a directed graph that represents the
leader-follower relationships. If only one agent remains without a follower, the chain is considered
complete. To facilitate the description of relationships within the formation, we define the inverse of
the follows predicate (i.e., follows™ '), as the leader predicate. An illustration of this concept is
provided in Figure 1a. We extend the problem to include dynamic recovery capabilities, enabling the
system to adapt to changes such as agent failures or removals. If any agent loses its follower (e.g., due
to hardware failure or battery depletion), the assignments for that agent and all subsequent agents in
the chain become invalid and must be reestablished. Therefore, we require a solution to the problem to
be self-healing, meaning it can automatically recover from such disruptions by reassigning agents to
new leaders and followers as necessary, ensuring the continuity of the formation.

X \‘

% I
%
If

g R

(a) NNustration of the following problem. (b) Solution to the problem in NetLogo

Figure 1: Following commanded by a central moving leader. In the conceptual illustration (a), the leader is
symbolized as a dot. Orange arrows indicate follower agents (crosses), while green arrows indicate the leader. The
neighborhood radius is represented by a blue circle. Dashed orange arrows denote potential follower relationships
for agents without a leader. In the NetLogo simulation (b), the central moving leader is represented by a red dot,
while the follower agents are represented as drone-pictograms.

3. Approach

Our approach to solving the dynamic following problem is based on a decentralized, self-organizing
swarm algorithm. The key components of the algorithm include agent roles and relationships, a
mechanism for recruiting followers, a movement strategy based on leader—follower dynamics, and
a self-healing mechanism for dynamic recovery. The descriptions provided here are presented in



Algorithm 2 Agent Movement Decision

Algorithm 1 Leader Recruiting a Follower

- 1: if agent has a leader then
1: if agent has no follower then

) i 2 compute vector ¥ < direction to leader
2 scan neighbors without leader - .
; ) 3 scale U based on distance and urgency
3: if available follower found then -
4: move along v
4: set follower < chosen agent 5. else
5 ask follower to set leader < self ' . .
6 apply random or idle motion

pseudocode style and are based on our simulation implemented in NetLogo which can be found on our
GitHub repository (https://github.com/isse-augsburg/netlogo-following).

Agent Roles and Relationships Each swarm agent operates in a decentralized manner, with the
ability to dynamically establish and maintain leader—follower relationships. These relationships are
fundamental to the formation and organization of the swarm. Specifically, each agent can have a leader,
which is the agent it follows, and a follower, which is an agent that follows it.

At initialization, agents are unconnected and operate independently. This means each agent starts
with no leader or follower and sets up its internal state, including parameters such as current
position, movement vector, and a timer for dynamic recovery. Over time, agents dynamically
establish leader—follower links to form a chain. This process is driven by the presence of a central
moving leader (e.g., a user controlled pointing device), which initiates the recruitment of followers.

Finding a Follower Leadership in the swarm is established in a top down manner, beginning with
agents that are already connected, such as ref or agents in formation without followers. Initially only
ref is connected, ie., chain = {ref}. Agents @ € chain without a follower (i.e., the respective
agent at the end of the chain) execute a localized search strategy to recruit a follower: Agents scan
their immediate neighborhood radius to identify nearby agents that are not yet part of the swarm (i.e.,
agents without a leader). From the pool of unconnected agents, one is randomly selected to become
the follower. Once a follower is successfully recruited the leader updates its internal state to record
the new follower. The recruited follower updates its state to record the leader that selected it. This
recruitment process is recursive, originating from ref. As each new follower is added to chain, it
may itself become a leader, initiating its own recruitment process to propagate the chain further. This
decentralized mechanism ensures scalability and robustness in the swarm’s formation. The pseudocode
in Algorithm 1 outlines this recruitment process.

Movement Strategy The movement strategy of each agent is governed by its leader—follower rela-
tionship, ensuring coordinated motion and cohesion within the swarm. The pseudocode in Algorithm 2
outlines the decision-making process for agent movement.

If an agent has a leader, it calculates a directional vector ¥ pointing toward the leader’s position. This
vector is scaled based on the distance to the leader, with diminishing urgency as the agent approaches its
leader. The scaled vector determines the agent’s heading and forward movement, ensuring smooth and
adaptive alignment with the leader’s trajectory. Conversely, if an agent does not have a leader, it defaults
to random or idle motion. This behavior allows unconnected agents to explore their surroundings,
increasing the likelihood of being recruited by a leader during the swarm formation process.

Agent Removal and Recovery The algorithm exhibits self-healing capabilities, enabling it to
reconfigure and maintain structural integrity following disruptions, such as the removal or failure
of a leader. When an agent is removed (e.g. to simulate hardware failure), all agents previously
connected to it lose their leader or follower references. This is achieved by using a timeout-based
recovery mechanism (cf. Algorithm 3), where agents employ a decentralized mechanism to detect
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Following Behavior

(a) Crazyflie 2.1 drone (b) User interface wand (c) Chain-like formation using 7 drones.

Figure 2: Used hardware in our following experiment (c) with real drones (a) controlled with our magic wand (b).

and respond to disconnections. Each agent is equipped with a timer, which monitors the continuity
of its leader—follower relationship. The timer is periodically reset upon receiving a "token" from its
upstream leader, signifying the persistence of the connection. If the timer expires without being reset,
the agent infers that its leader is no longer valid or connected. It invalidates its leader and follower
references, effectively detaching itself from the swarm structure. The detached agent transitions into a
state where it can be recruited by another leader, facilitating reattachment to the swarm. This dynamic
recovery mechanism ensures that the swarm can autonomously adapt to structural changes, maintaining
robustness and scalability in dynamic environments.

Algorithm 3 Agent Logic — Timeout-Based Recovery

1: if agent has a follower then

2 pass token downstream to reset timer
3 decrement timer-ticks

4: if timer-ticks < 0 then

5 clear leader and follower links

4. Proof-of-Concept

We implemented the algorithm in a NetLogo simulation environment, which allows us for rapid
prototyping and testing of swarm behaviors. There, we demonstrate the algorithm’s ability to form a
chain-like following formation, where each agent follows a leader, creating a dynamic and adaptable
structure, which we document in video materials on our GitHub (https://github.com/isse-augsburg/
netlogo-following). Users can remove agents from the system or add agents to the system, and the
swarm will adapt accordingly. User input is possible with predefined scripts or using WASD-keyboard
inputs for interactive control of the overall formation. In our Proof-Of-Concept experiment, a human
operator controls the movement of the leader drone using WASD-keyboard inputs or by predefined
scripts. After an initially random positioning, the drones begin to integrate into the existing formation as
soon as the formation comes into their line of sight, until all drones are part of the chain-like formation.
The drones successfully follow the leader as the operator moves it through the simulation environment
and adjust their positions to maintain the formation. Following a stable phase, an externally triggered,
controlled failure of a drone is induced, which leads to the decoupling of the subsequent drones. The
remaining drones, no longer part of the formation, initially hover in place but quickly reintegrate into
the formation. In the same way, new drones (green) integrate themselves after they are introduced.
Furthermore, we tested the algorithm with real drones, demonstrating its applicability in real-
world scenarios. We replicate the experiment described in our Vicon flight arena using 7 out of 50
Crazyflie 2.1 drones (cf. fig. 2a), with position tracking and control implemented through a ROS2-based
framework and documented it in video materials available in our YouTube playlist linked on GitHub
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(https://github.com/isse-augsburg/netlogo-following).A human operator uses a physical pointing device
(the wand, cf. fig. 2b) and collects drones hovering in our flight arena by walking close to them. The
drones then follow the leader as the operator moves through the arena with the wand in its hand. Again,
after a controlled failure of a drone (the drone lands), following drones decouple from the formation.
The remaining drones, no longer part of the formation, initially hover in place but quickly reintegrate
into the formation as soon as they are in range.

5. Related Work

Relevant literature we address in this paper includes studies on swarm behavior, formation flight, the
queuing problem, and platooning as a related problem domain and case study. The queuing approach
presented in [11] focuses on swarm behavior coordination with an emphasis on task allocation strategies.
While their method demonstrates robustness and scalability in specific scenarios, it primarily addresses
static environments in 2D and lacks the dynamic adaptability required for our application domain. In
contrast, our approach emphasizes dynamic adaptability and real-time decision-making in complex,
changing environments, making it more suitable for scenarios requiring continuous reconfiguration and
responsiveness. The approach on vehicle formation forming outlined in [12] is tailored to automotive
application domains, where the focus lies on specific, constrained scenarios. While it provides insights
into task-specific implementations, it lacks the robustness and scalability required for broader, more
dynamic environments. In contrast, our approach is designed to handle a wide range of scenarios
with an emphasis on adaptability and scalability, making it more versatile for applications beyond the
automotive domain. The survey on drone trajectory algorithms in [13] explores swarm behavior in
drone systems, focusing on possible controlling strategies. However, it does not provide a detailed
following algorithm. In contrast, our approach explicitly incorporates a robust following mechanism,
enabling efficient adaptability in dynamic and complex environments, which is essential for real-world
applications of drone swarms. The approach presented in [3] proposes a distributed method based
on a virtual tube to address the formation exploration of micro multirotor unmanned aerial vehicles
(UAVs). In contrast, our approach diverges by focusing on a more generalized framework that does not
rely on predefined tube constraints or specific formation models. Instead, we emphasize adaptability
and scalability in dynamic and unstructured environments, enabling real-time decision-making and
coordination without the need for extensive prior knowledge or assumptions about the environment.
This makes our method more versatile and applicable to a broader range of scenarios, including those
requiring continuous reconfiguration and responsiveness in unpredictable conditions. In [14], the
authors present a method for controlling a multi Crazyflie system for formation flight. Instead of local
trajectory planning for each individual drone, following is the result of a global trajectory planning for
the whole swarm.

6. Conclusion and Future Work

In this paper, we introduced a swarm algorithm for following behavior, which we apply to the formation
flight of drones. We demonstrate the algorithm’s ability to form a chain-like following formation,
where each agent follows a leader, creating a dynamic and adaptable structure. We provide a prototype
implementation of the algorithm in a NetLogo simulation environment, allowing for rapid prototyping
and testing of swarm behaviors and migrated the prototype to a ROS2 implementation. Further, we
evaluated the algorithm with a real swarm of Crazyflie 2.1 drones in an indoor flight arena. In a of
proof-of-concept experiment, we demonstrate that this algorithm shows the key benefits of swarm
algorithms, i.e., scalability, robustness and flexibility. Failures of agents are compensated by the self-
organizing nature of the algorithm, ensuring that the formation remains stable despite unexpected
events. Future work will focus on improving the algorithm’s performance and robustness, as well as
exploring additional applications of the following mechanism, performing empirical evaluation of its
properties and integrating it in our swarm framework [15, 16, 17].
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