
Supplementary Materials 
 
Supplementary Table 1. Swarm performance metrics. The table describes the metrics used 
to assess the performance of the swarm models. Except from the mission completion time 
𝑇, which is global, i.e. it refers to the entire mission, all other metrics are defined 
instantaneously, i.e. for every time instant 𝑡(𝑘) with 𝑘 ∈ {0, … , 𝐾} and 𝑇 = 𝐾𝑑𝑡. Therefore, 
to evaluate a mission we consider the average and standard deviation of the metrics. The 
computation of 𝐸𝑑, 𝐸𝑣, 𝑅𝑑, 𝑅𝑣 excludes an initial transient period of �̃� =  3𝑠. 
 

Metric Formula Description 

𝑇 − Mission completion time. The time that takes to 

all the agents to navigate the environment and 

cross the arrival plane. 

𝐸𝑑(𝑘) 

 ∑
∑ |𝑑𝑖𝑗(𝑘) − 𝑑ref|𝒋∈𝒩𝑖

  𝑁 |𝒩𝑖| 𝑑ref
𝒊∈{𝟏,…,𝑵}

 
Inter-agent distance error. Error of the inter-

agent distances, normalized by 𝑑ref. A value 

equal to 1 indicates an inter-agent distance error 

of 100%. While a value equal to 0 indicates that 

all distances between neighboring agents match 

the preferred value 𝑑ref. 

𝑅𝑑(𝑘) max
i∈{1,…,N},j∈𝒩𝑖

(𝑑𝑖𝑗(𝑘)) − min
i∈{1,…,N},j∈𝒩𝑖

(𝑑𝑖𝑗(𝑘))

𝑑𝑟𝑒𝑓

 

Inter-agent distance range. Range in which the 

inter-agent distances vary, normalized by 𝑑ref.  

𝐸𝑣(𝑘) 
∑

|𝑣𝑖(𝑘) − 𝑣ref|

 𝑁 𝑣ref 𝒊∈{𝟏,…,𝑵}
 

Speed error. Error of the agents’ speeds, 

normalized by 𝑣ref. A value equal to 1 indicates a 

speed error of 100%. While a value equal to 0 

indicates that all agents’ speeds match the 

preferred value 𝑣ref. 

𝑅𝑣(𝑘) max
i∈{1,…,N}

(𝑣𝑖(𝑘)) − min
i∈{1,…,N}

(𝑣𝑖(𝑘))

𝑣𝑟𝑒𝑓

 
Speed range. Range in which the agents’ speeds 

vary, normalized by 𝑣ref. 

Φorder(𝑘) 
∑

∑ 𝒗𝑖
𝑘 ∙  𝒗𝑗

𝑘
𝒋∈𝒩𝑖

  𝑁 |𝒩𝑖| ‖𝒗𝑖
𝑘‖‖𝒗𝑗

𝑘‖ 𝒊∈{𝟏,…,𝑵}
 

Order. Correlation of the agents’ flight 

directions. It is equal to 1 when all agents’ 

velocities are pointing in the same direction 

(ideal case), while it is equal to 0 when, for 

instance, they are diametrically opposed in pairs. 

Φagent−safety(𝑘) 
1 −

𝑁agent−coll(𝑘) 

𝑁 (𝑁 − 1)
 

with 𝑁agent−coll(𝑘) =

|{
𝑑𝑖𝑗(𝑘)| 𝑖 ∈ {1, … , 𝑁},

𝑗 ≠ 𝑖,  𝑑𝑖𝑗(𝑘) < 𝑑agent−coll
}| 

Agent-agent safety. Measure of the number of 

collisions among the swarm’s agents. It is equal 

to 1 when no collision is registered (ideal case), 

while it is equal to 0 when all pairs of agents are 

colliding (worst case). 

Φobs−safety(𝑘) 
1 −

𝑁obs−coll(𝑘) 

𝑁 𝑀
 

with 𝑁obs−coll(𝑘) =

|{
𝑑𝑖𝑚(𝑘)| 𝑖 ∈ {1, … , 𝑁},

𝑚 ∈ {1, … , 𝑀},  𝑑𝑖𝑚(𝑘) < 𝑑obs−coll
}| 

Agent-obstacle safety. Measure of the number 

of collisions between the swarm’s agents and the 

obstacles. Similar to the agent-agent safety, it is 

equal to 1 when no collision is registered (ideal 

case), while it is equal to 0 when all agents are 

colliding with at least one obstacle (worst case). 

 
 
Supplementary Table 2: Optimized parameter values of the PF swarm model. The 
parameter values are obtained via evolutionary optimization. 



 
Parameter Unit Value 

Repulsion 𝑐rep 1/s 0.29 

𝑑ref 𝑚 0.8 

Cohesion 𝑐coh 1/s 0.29 

𝑑ref 𝑚 0.8 

Friction 𝑐fric 1/s 3.34 

𝐶fric − 0.06 

𝑣fric 𝑚/𝑠 0.63 

𝑎fric 𝑚/𝑠2 0.05 

𝑟0,fric 𝑚 6.98 

Obstacle 

avoidance 

𝑐shill 1/s 2.99 

𝑣shill 𝑚/𝑠 0.81 

𝑎shill 𝑚/𝑠2 1.17 

𝑟0,shill 𝑚 0.10 

Migration 𝒗mig 𝑚/𝑠 (0.5,0,0) 

 
Supplementary Table 3. Parameter setting of the evolutionary optimization for the PF 
swarm. The optimization algorithm used to compute the optimal parameter values for the 
PF swarm model was obtained from https://www.mathworks.com/help/gads/genetic-
algorithm.html. The most important parameter values are shown in the table below. 
Parameters not listed here were used with default values. The fitness function used to 
instantiate the PF swarm model is a linear combination of the order (Φorder), agent-agent 
safety (Φagent−safety), and agent-obstacle safety (Φobs−safety), with gains 0.1, 1, and 1, 
respectively. 
 

Parameter Value 

Population size 15 

Number of generations 60 

Maximum stall generation 6 

Selection function tournament 

Fitness scaling proportional 

 
Supplementary Table 4: Parameter description of the NMPC swarm model. List and 
description of the NMPC swarm model parameters.  
 

Parameter Unit Description 

Separation 𝑑ref  
𝑚 

Preferred inter-agent distance. The preferred distance value for 

neighboring pairs of drones. Larger values create sparser swarms. 

𝑤sep 1/𝑚 Separation weight. The strength of the separation behavior of 

neighboring drones (similar to the spring constant in a spring model). 

The separation encapsulates both the repulsion and the attraction 

behaviors that tend to bring two agents at the reference inter-agent 

distance. The repulsion acts when the inter-agent distance is larger 

than the reference, vice versa the attraction kicks in. High values 

result in emphasized repulsive and attractive behaviors. We used 

𝑤sep = 1 𝑚−1. 

Navigation 𝑣ref 𝑚/𝑠 Preferred swarm speed. The preferred speed value of the swarm 

agents. 

𝑤nav 𝑠/𝑚 Navigation weight. The strength of the navigation behavior of the 

drones. Higher values of this gain penalize more the deviation of the 

swarm speed from the preferred value. However, good speed 

tracking happens at the expense of the other two behaviors, i.e. 

separation and direction. We used 𝑤nav = 5 𝑠/𝑚. 

https://www.mathworks.com/help/gads/genetic-algorithm.html
https://www.mathworks.com/help/gads/genetic-algorithm.html


Direction 𝒖ref − Preferred swarm direction. Unit vector expressing the preferred 

direction of flight of the swarm. 

𝑤dir − Direction weight. The strength of the direction term. High values give 

to this term high priority. We used 𝑤𝑑𝑖𝑟 = 5. 

Control effort 𝑤𝑢 𝑠2/𝑚 Control effort weight. The strength of the control term. High values 

penalize high accelerations. We used 𝑤𝑢 = 0.4 𝑠2/𝑚. 

Collision 

avoidance 

𝑑agent−safety 𝑚 Safety agent-agent distance. The distance that every pair of agents 

should maintain to guarantee agent-agent collision avoidance. It is 

measured between the centers of two agents, and it depends on the 

agents’ size (𝑟agent). We used 𝑑agent−safety = 2 𝑟agent. 

𝑑obs−safety 𝑚 Safety agent-obstacle distance. The distance that every pair of 

agent-obstacle should maintain to guarantee collision avoidance. It is 

measured between the center of an agent and the center of an 

obstacle, and it depends on the agents’ size (𝑟agent) and the obstacle 

size (𝑟obs). In case of real-world experiments, we also accounted for 

an extra safety margin (𝑟margin), hence 𝑑obs−safety = 𝑟agent + 𝑟obs +

𝑟margin. 

Agents 

dynamics 

𝐴𝑖  − State matrix. 6x6 matrix representing a double integrator agent, the 

quadrotor. 

𝐵𝑖 − Input matrix. 6x3 matrix representing an acceleration input. 

𝑣max 𝑚/𝑠 Maximum speed. Maximum linear speed in x, y, and z of the agents. 

We used 𝑣max = 5/√3 𝑚/𝑠. 

𝑢max 𝑚/𝑠2 Maximum acceleration. Maximum linear acceleration in x, y, and z of 

the agents. We used 𝑢max = 2/√3 𝑚/𝑠2. 

 

Supplementary Table 5: Aggregate performance of the simulated PF and the NMPC 
swarms at varying obstacle densities. The table reports numeric results (in terms of average 
and standard deviation) of stochastic simulations of the PF and the NMPC swarm models 
deployed in environments with three different obstacle densities (Case A: 0.06, B: 0.12, and 
C: 0.20). For every model and configuration, we ran 10 experiments. The computation of 𝐸𝑑, 
𝐸𝑣, 𝑅𝑑, 𝑅𝑣 excludes an initial transient period of �̃� =  3𝑠. 

 

Metric Unit 

 
Case A 

 

Case B 
 

Case C 

PF NMPC PF NMPC PF NMPC 
T s 21.56±0.81 20.47±0.21 25.34±2.45 20.54±0.21 27.48±2.43 20.72±0.28 
Ed − 0.10±0.05 0.03±0.02 0.21±0.05 0.05±0.03 0.20±0.05 0.05±0.03 
Ev − 0.08±0.08 0.00±0.00 0.21±0.11 0.01±0.01 0.25±0.11 0.01±0.01 

Rd − 0.39±0.20 0.10±0.11 0.79±0.25 0.19±0.11 0.74±0.18 0.22±0.12 

Rv − 0.21±0.17 0.01±0.01 0.44±0.22 0.03±0.02 0.39±0.17 0.03±0.02 
Φorder − 0.98±0.03 0.99±0.01 0.92±0.08 0.98±0.02 0.81±0.08 0.98±0.02 

Φagent-saefty − 1±0 1±0 1±0 1±0 1±0 1±0 
Φobs-safety − 1±0 1±0 (99.98 ± 

0.06) 10-2 
1±0 (99.99 ± 

0.02) 10-2 

1±0 

 
Supplementary Table 6: Aggregate performance of the simulated PF and the NMPC 
swarms for varying inter-agent distances. The table reports numeric results (in terms of 
average and standard deviation) of stochastic simulations of the PF and the NMPC swarm 
models deployed in environments with three different inter-agent distances (Case A: 0.5 m, 
B: 1 m, and C: 1.5 m). For every model and configuration, we ran 10 experiments. The 
computation of 𝐸𝑑, 𝐸𝑣, 𝑅𝑑, 𝑅𝑣 excludes an initial transient period of �̃� =  3𝑠. 

 

Metric Unit 

 
Case A 

 

Case B 
 

Case C 

PF NMPC PF NMPC PF NMPC 
T s 21.15±0.75 20.31±0.22 22.11±0.49 20.71±0.31 23.87±0.91 21.40±0.35 



Ed − 0.12±0.05 0.05±0.04 0.09±0.05 0.02±0.03 0.10±0.03 0.02±0.03 
Ev − 0.07±0.10 0.00±0.00 0.10±0.07 0.01±0.01 0.14±0.07 0.01±0.01 

Rd − 0.49±0.23 0.23±0.18 0.43±0.24 0.08±0.10 0.43±0.17 0.05±0.07 

Rv − 0.14±0.14 0.01±0.01 0.29±0.21 0.02±0.03 0.41±0.21 0.03±0.04 
Φorder − 0.99±0.02 0.99±0.01 0.96±0.05 0.98±0.03 0.91±0.13 0.96±0.11 

Φagent-safety − (99.98 ± 

0.13) 10-2 
1±0 1±0 1±0 1±0 1±0 

Φobs-safety − 1±0 1±0 (99.99 ± 

0.04) 10-2 
1±0 1±0 1±0 

 
Supplementary Table 7: Aggregate performance of the simulated PF and the NMPC 
swarms for varying speeds. The table reports numeric results (in terms of average and 
standard deviation) of stochastic simulations of the PF and the NMPC swarm models 
deployed in environments with three different speeds (Case A: 0.5 m/s, B: 1 m/s, and C: 1.5 
m/s). For every model and configuration, we ran 10 experiments. The computation of 𝐸𝑑, 𝐸𝑣, 
𝑅𝑑, 𝑅𝑣 excludes an initial transient period of �̃� =  3𝑠. 

 

Metric Unit 

 
Case A 

 

Case B 
 

Case C 

PF NMPC PF NMPC PF NMPC 
T s 21.54±0.40 20.42±0.25 11.68±0.58 10.66±0.11 8.87±0.44 7.64±0.07 
Ed − 0.10±0.05 0.03±0.03 0.17±0.04 0.03±0.02 0.18±0.03 0.09±0.05 
Ev − 0.08±0.08 0.00±0.00 0.11±0.08 0.00±0.00 0.17±0.08 0.00±0.00 

Rd − 0.41±0.21 0.12±0.11 0.67±0.17 0.15±0.08 0.70±0.15 0.35±0.14 

Rv − 0.22±0.17 0.02±0.02 0.24±0.14 0.01±0.00 0.19±0.09 0.00±0.00 
Φorder − 0.98±0.03 0.99±0.01 0.98±0.08 0.96±0.02 0.98±0.08 0.94±0.02 

Φagent-safety − 1±0 1±0 1±0 1±0 1±0 1±0 
Φobs-safety − 1±0 1±0 (99.87 ± 

0.37) 10-2 
1±0 (99.95 ± 

0.17) 10-2 
1±0 

 
Supplementary Fig. 1. Scalability of the PF swarm in inter-agent distance and speed. On the 
left, simulation results on the scalability of the PF swarm model in the inter-agent distance 
for three preferred distance values (Case A: 𝑑ref = 0.5 𝑚, B: 1.0 𝑚, and C: 1.5 𝑚). On the 
right, simulation results on the scalability in the swarm speed for three preferred speed 
values (Case A: 𝑣ref =  0.5 𝑚/𝑠, B: 1.0 𝑚/𝑠, and C: 1.5 𝑚/𝑠). (a, d) Top views of the 3D 
trajectories of the swarm. (b, c) Inter-agent distance and speed for the experiment on the 
inter-agent distance scalability. (e, f) Inter-agent distance and speed for the experiment on 
speed scalability. The obstacle size and density are the same for the six cases.  
 



 
 
Supplementary Fig. 2. Aggregate performance of the simulated PF and the NMPC swarms 
for varying inter-agent distances and speeds. (a) Aggregate results of the PF and NMPC 
swarms for three different inter-agent distances (Case A: 𝑑ref = 0.5 𝑚, B: 1.0 𝑚, and C: 
1.5 𝑚).  (b) Aggregate results of the PF and NMPC swarms for three different swarm speeds 
(Case A: 𝑣ref =  0.5 𝑚/𝑠, B: 1.0 𝑚/𝑠, and C: 1.5 𝑚/𝑠). We performed 10 stochastic 
simulations for every configuration. Numeric results of the same experiments can be found 
in Supplementary Tables 6 and 7. 
 



 
 
Supplementary Video 1. Simulation experiments. (a) Comparison of PF and NMPC swarms 
in the same environmental conditions. (b) Adaptability of the NMPC swarm to environments 
with different obstacle densities. (c) Scalability of the NMPC swarm to different  inter-agent 
distances (d) Scalability of the NMPC swarm to different speeds. 
 
Supplementary Video 2. Hardware experiments. 
 


