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Quantum computing is a branch of computer science
derived from the fundamental laws of quantum
mechanics, such as state superposition, multi-value
logic and destructive measure. An open challenge
in itself is to re-think in quantum terms classic
problems and solving techniques. Another nature-
inspired field is the development of swarm-based
robotic applications, where the challenge is catching
the fundamental laws governing swarm dynamics,
such as pattern formation and target reaching.
Here, we review some recent approaches on swarm
dynamics, the organizational rules of which are
formalized according to quantum computing. In
this way, the shades of probability in decision-
making for multiple-robot systems can be expressed
according to the multi-value logic underlying
quantum computing. In our review, specific quantum
circuits are sketched to give an idea of how these
problems have been faced in computational terms.
The article is enriched by references to sonification, a
strategy adding one more sensory dimension to data
representation, a human-friendly tool to navigate the
complexity of swarm-robotic movements in a given
arena.

This article is part of the theme issue ‘The road
forward with swarm systems’.

© 2025 The Author(s). Published by the Royal Society. All rights reserved.

royalsocietypublishing.org/journal/rsta

Research

Cite this article: Mannone M, Seidita V, Chella
A. 2025 Quantum computing for swarm
robotics: a local-to-global approach. Phil. Trans.
R. Soc. A 383: 20240139.
https://doi.org/10.1098/rsta.2024.0139

Received: 4 April 2024
Accepted: 8 November 2024

One contribution of 12 to a theme issue ‘The
road forward with swarm systems’.

Subject Areas:
artificial intelligence, robotics, quantum
computing

Keywords:
swarm robotics, quantum computing, decision
process

Author for correspondence:
Antonio Chella
e-mail: antonio.chella@unipa.it

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

29
 J

an
ua

ry
 2

02
5 

http://orcid.org/
http://orcid.org/0000-0003-3606-3436
http://orcid.org/0000-0002-8625-708X
https://crossmark.crossref.org/dialog/?doi=10.1098/rsta.2024.0139&domain=pdf&date_stamp=2025-01-29
https://doi.org/10.1098/rsta.2024.0139


1. Introduction
Taking a rest from purely scientific work, we might magine ourselves in a marine environment,
sitting in front of the sea. Above our heads, a flock of seagulls, in front of our eyes, close to
the surface of the water, we see a shoal of small fish. These are instances of natural swarms,
that is, phenomena of spontaneous organization of different beings, where each component of
the swarm is accomplishing a simple action, and an overall complex action is emerging from
the coordination of small, simple individual actions. While a single small fish is vulnerable, a
shoal of its peers can face a great predator, disorienting it and escaping its menace. For the
sake of simplicity, we adopt the term ‘swarm’ to indicate a great number of small animals that
are moving together, communicating and collaborating to let the correct behaviour towards a
common objective emerge.

A fascination of natural swarms led us to develop mechanical and electronic imitations,
through the development of robotic swarms. In particular, electronic imitations are helpful as
benchmarks to test theories concerning the natural organization of swarms and their emerging
properties. But they can also help achieve tasks that are complex or dangerous for humans, such
as search-and-rescue missions during natural catastrophes.

Exploring further, considering the observation of atoms and their constituents, we deal with
non-living beings that are subject to other rules. Limiting ourselves to the investigation of
electrons and entrusting to them our messages, we have to face the rules of quantum mechanics.
Our observations interfere with the states and, if we know a quantity with a certain degree of
precision, for instance, momentum, we may not know another quantity with the same degree,
for instance, position. We detect the energetic transitions between states as a jump from one
quantum level to another.

Trying to catch the ‘flying’ photon emitted during one of these energy transitions, we might
wonder how to adapt the physics learned in the quantum world to the objects that populate our
world, including artificial swarms, for instance, the swarms of robots. We can borrow some of
the mathematics required to formalize quantum physics and adapt it to our purposes. We focus
on some properties, quantizing them, that is, choosing a ‘level up’ and a ‘level down’ as 0 and
1, respectively, and modelling the other configurations as intermediate states. By analogy with
quantum physics, our observation is destructive, in the sense that it makes the wavefunction
describing the quantum state collapse to a specific state. Information obtained by these means
can be used for further computations.

This is the beginning of a branch of computer science derived from the laws of quantum
mechanics: quantum computing. The starting point of quantum computing is the definition of
the quantum bit, the qubit, the values of which are the real numbers ranging from 0 to 1, unlike
the classical bit, which can assume only the values 0 and 1. If the states 0 and 1 correspond,
for instance, to ‘failure’ and ‘success’, respectively, in a target search, then the superposition of
0 and 1 represents the intermediate states of success in reaching the target. Thus, the adoption
of quantum logic is an instance of multi-value logic, as opposed to the dichotomic logic of
true–false statements.

In this article, we present our research on the application of quantum computing to swarm
robotics. A swarm of robots consists of numerous small, elementary units, each capable of
performing simple tasks that collectively contribute to achieving the swarm’s overall objective.
The global behaviour and the swarm’s ability to reach a common goal emerges from the
interactions and communications between these robots, often described as ‘emergent behav-
iour’. Given these characteristics, modelling and representing the global behaviour of a swarm
cannot be confined to the framework of classical physics.

In addition to modelling the global behaviour of the swarm, which is crucial from an
engineering perspective for the efficient design of the individual elements, many other
motivations justify the application of quantum computing to swarm robotics, including the
possibility of gaining another perspective on existing problems, and to improve computational
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time. It is also possible to ‘translate’ classic algorithms into quantum algorithms, defined in
terms of quantum gates and circuits.

Here, we present a review of some recent examples of the application of quantum com-
puting to swarm robotics. The majority of our examples concern an application of quantum
computing to the definition of pairwise interactions between the robots of the swarm. The
quantum circuit can be embedded inside a classic algorithm, and the global behaviour emerges
from these local interactions. Such a mix of quantum–classical mechanisms can speed up
the decision-making process of a simulated swarm in several applications, for instance in a
search-and-rescue mission.

The article is organized as follows: in §2, we present how we applied quantum computing to
robotic swarms, and in §3, we summarize the key ideas and discuss potential threads for further
research developments.

2. Applications
The first insights concerning the idea of applying quantum computing to robotics were
provided in a Physics Review article [1]. In this pioneering work, a theoretical model of robots,
equipped with onboard quantum computers, perform computational and action-based tasks,
interacting with their environment. Modelling took place in discrete space and time, to change
the states or collect information.

Following this article, ideas sparked across the computer science and robotics communities,
and other articles began to appear. According to the authors [2,3] one can envisage three
core elements in quantum-based robots: multi-quantum computing units, quantum control-
lers/actuators and information acquisition units. In particular, it is proved that quantum search
algorithms can lower search complexity from O(N2) for classical robots to O(N N) for quantum
robots. The topic of quantum advantage with respect to complexity is also faced in more recent
works. In general, the application of quantum computing can also lead to improvements in
machine learning, including efficiency and exponential improvements in performance over
limited time periods [4]. Of course, such an advantage of quantum computing over classical
computing can be inherited by quantum-based swarm-robotics developments.

Applications of quantum computing to swarm robotics concerns collaborative robotic tasks
of autonomous robots (unmanned) as parts of a network whose agents are entangled [5].
The potential advantages of quantum-based cooperation of agents embodied in interacting
robots deal with security against quantum attacks, thanks to entanglement, which constitutes
a chapter of quantum mechanics in itself. It is proved that entanglement leads to the improve-
ment of the collaborative behaviour of the robotic equivalent of ants [6]. Quantum computing
is also helpful in the domain of optimization. A set of multiple, interacting robots can reach
their target through swarm evolution mechanisms, and such a strategy is improved via a
quantum-based optimization algorithm, jointly with a collision/obstacle avoidance scheme [7].
The quantum paradigm also helps improve learning approaches; quantum-enhanced clustering
algorithms and deep self-learning approaches have been used to improve swarm intelligence
algorithms, and for emergency vehicle dispatch management during the COVID-19 crisis [8].

Despite many potential advantages and first experimental confirmations, the application
of quantum computing to swarm robotics is far from being fully explored. One of the open
problems concerning a swarm of robots is the modelling of local-to-global and global-to-local
behaviour. One possible strategy to face the issue is the definition of simple rules, from which
global behaviour emerges. It is necessary, for instance, to define a self-modifying system
for which the local rules are changing, to effect change in the global behaviour. In [9], an
architecture is proposed where artificial swarms can change their behaviour through minimal
intervention from humans, limited to some basic underlying principles. The authors, starting
from principles of combinatorial approaches for multi-agent systems organization [10], focus on
the particle swarm optimization algorithm, applied to search-and-rescue missions.
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Proposed specifically for a search-and-rescue mission, the algorithm proposed in [11] lets
global behaviour emerge from pairwise interactions, modelled through quantum gates. For
a mission other than target searching, a different pairwise interaction has to be defined. A
comprehensive mathematical description of a robotic swarm is attempted; for example, a nested
matrix is defined in [11]. Its diagonal blocks contain the ‘inner’ information of single robots,
and the off-diagonal blocks contain the terms of interaction between different robots. The
information exchanged is that used for the previously discussed logic gates. However, such an
approach is useful only for schematization purposes [11].

One of the key topics of quantum mechanics, also exploited for quantum-computing
applications, is entanglement. It is used to model a robotic swarm as a theoretical simplification,
to group and connect the behaviour of all robots of the swarm [12]. It is also used to model the
communication strategy between two complex robots, not belonging to a swarm [13].

In particular, in [13], the emerging field of quantum mechatronics, with the combination of
macroscopic mechatronic systems and microscopic quantum technologies, is used to investi-
gate, for instance, the use of quantum effects in macroscopic actuators and for problem-solving
applications.

The relevance of quantum computing in the framework of problem-solving optimization has
been proved [14].

In this work, an integration of quantum computing with robotics is proposed to optimize
order picking in warehouses. The developed algorithm minimizes travel distance and order
batching. Among different quantum environments, the authors consider Qiskit, which we also
adopted for some tests.

As mentioned in §1, one of the main objectives of our research is to model and represent the
behaviour of a robot in general or a robot in a swarm to have means for going from concep-
tion to implementation. To achieve this, we study the possibility of exploiting the features
of quantum computing. The main problem to be faced before designing an application of
quantum computing to a field other than theoretical physics is: which elements do we quantize?
For a robotic swarm, a possible choice is the quantization of the individual robot’s position
and success in target reaching, called ‘reward’ in some literature works [11]. In this article, in
particular, the pairwise interactions between robots of the swarms, schematized as points in a
rectangular arena, are modelled via a quantum circuit, embedded inside a classic algorithm.
The result is a classic/quantum algorithm for a search-and-rescue mission, or, more precisely,
for the search step. The classic step is a random reshuffling, and the quantum step is pairwise
decision-making. The quantum circuit models an XNOR gate. If a robot explores a portion of
a segment (for which the extremes are 1 and 0) and finds the target, its reward is 1 (success)
and this information is sent to the other robot. If it does not find the target its reward is zero
(fail), the other robot searches in the next portion of space. Degrees of space position and
success in target search are expressed as combinations of 0 and 1. On the xy-plane, if a robot is
unsuccessful, the other robot can search in three other quadrants. The truth table for two robots
moving along a line is listed in table 1; the truth table for two robots moving in the xy-plane is
listed in table 2; the quantum circuit implementing the second case is proposed in figure 1.

Let us imagine a one-dimensional scenario, as a linear path followed by two robotic ants.
The robots move along the path and exchange information concerning their position and their
perceived proximity to the target. On the left-hand side of table 1, two qubits are used as
input, q0 and q1, and two qubits as output, q0 (repeated) and q2. The qubit q0 denotes the
one-dimensional position of robot R1, and q1 denotes its proximity to the target, called here
reward. Qubit q2 denotes the one-dimensional position of the second robot, R2. This means that
the inputs of the circuit are the position and degree of success of the first robot, which are
considered by the second robot to modify (or not) its position q2. On the right-hand side of table
1, the situation is switched: robot R2 reaches the new position q2 and communicates this value
and degree of target proximity q3 to R1, which meanwhile had been waiting. Then, according
to the exploration outcome of R2, R1 decides how to modify its position q0, and the cycle starts
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again. In fact, in the first application, table 1, it is considered a waiting time after each step of
exploration: a robot explores, sends the information to the other and then stops. The other robot
receives the information, decides where to go according to its position and the information from
the other robot, and then moves. At this point, it in turn sends the information on position and
degree of success to the other robot, and the cycle starts again. In a more recent application,
with more than two robots in motion along a plane, there are no waiting times. The robots start
from a ‘nest’, a small region of space, by analogy with an ants nests. Then they are randomly
scattered in the arena, classically, not in a quantum way. They send each other information
on position and proximity to the target. Each robot decides where to go next according to the
result of the quantum circuit called for each pair of robots. And each robot follows the more
successful one. Thus, if one of the robots is already close to the target, the other robots also
reach it. If not, there is another round of ‘classic’ scattering, and the cycle starts again. All
robots exchange information and move only if their reward is lower than the reward of the

q [0]

q [1]

q [2] Z

q [3] Z

q [4] Z

0

H

H

mq21

0mq31

0
mq41

Figure 1. Quantum circuit that implements the truth table of table 2 from [11], with NOT, Toffoli and Hadamard gates. As
an example, the initial configuration with |q0⟩ = 0, |q1⟩ = 1, |q2⟩ = 1 is shown. The “plus” in the blue circle indicates
the NOT gate; the same symbol connected with two smaller blue circles indicates the Toffoli gate. The symbol containing the
red square with the H indicates the Hadamard gate. The boxes with the Z letter characterize the measurement operation.
Each line indicate a qubit (q[0], ..., q[4]), and a classical bit (mq21, mq31, mq41), where the results of the measurements are
stored.

Table 1. Truth table (XNOR) of the interaction between robots R1 and R2, from [11]. The qubits are position q0, reward q1 ofR1, and position q2 and reward q3 of reward. The first qubit is copied in the output information to have the same number of
inputs and outputs, which is one of the conditions required for reversibility.

q0 q1 q0 q2

0 0 0 1

0 1 0 0

1 0 1 0

1 1 1 1

q2 q3 q2 q0

0 0 0 1

0 1 0 0

1 0 1 0

1 1 1 1
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more successful robot. As an extension of this code, the quantum-pairwise algorithm can be
recursively called inside a Grover-based path-planning strategy [15], which will be described
later.

In an ideal set-up, each robot may contain an integrated quantum computer that processes
the information from robotic peers and its own position and target proximity. However, this
might be impossible to implement, owing to the size limitations of the small robots constituting
a swarm, their simplified architecture and the constraints of real quantum computers (size,
temperature, isolation, to name but a few). Thus, we can imagine that our robots send and
receive information from an external quantum computer. In addition, to make the decision
system more efficient, it is not the overall swarm information that enters the quantum circuit
exploited as a decision system, but only a part of it. More precisely, each robot can send its
own position and reward information to an external computing centre. The first step of classical
computation would be the comparison between reward values. The information of position
corresponding to the robot with the highest reward can thus enter the quantum circuit. The
output is an indication of possible regions to explore. For instance, the swarm robots can
simply reach the most successful peer, if the degree of success is high, or they can be scattered
throughout the arena, exploring other places of the two-dimensional scenario, if the reward of
the most successful robot is below a certain threshold. This idea can be modelled without a
quantum circuit. However, after a step of preliminary random scattering out of the nest, the use
of a quantum circuit to undertake decisions allows the swarm to reach the target faster. This can
be proved by comparing the number of quantum-algorithm cycles against those of a completely
classical algorithm and the travelled distance in each step [11]. In fact, in the application of [11],
the quantum circuit is not called for each pair of robots, but only when one of the robots in its
preliminary, random exploration of the arena, shows a higher level of reward. The information
of the more successful robot enters the quantum circuit, and its output provides an indication of
the approximate region of the arena for the further step of exploration. Then, the robots reach
(approximately) the new region, with a randomization degree that avoids the superposition
of all robots. The comparison between levels of success in target finding is again compared
(through an ideal message exchange that is implemented for real in further simulations [16,17]),
and the position information of the more successful robot enters again the quantum circuit. The
procedure goes on until the swarm reaches the target.

Table 2. Extension of table 1 and two-dimensional space from [11]. Reversibility is lost given the indeterminacy of one
of the three remaining quadrants of the plane to be explored in response to a low degree of success of the robot whose
information is used as input to the circuit. When more than two robots are participating and exchanging information, then
such an indeterminacy is experimentally solved, as some of the robots may be more successful than others, and the situation
with a low-success degree can be avoided or postponed.

q0 q1 q2 q4 q3 q2

x-pos y-pos reward y-pos x-pos rewardRi Ri Ri Rj Rj Ri
0 0 0 0/1 0/1 0

0 0 1 0 0 1

0 1 0 0/1 0/1 0

0 1 1 1 0 1

1 1 1 1 1 1

1 0 0 0/1 0/1 0

1 1 0 0/1 0/1 0

1 0 1 0 1 1
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Another simplification is strategically proposed in [11]: the robots do not detect their
proximity to the target through a simulated sensor system nor there is any actual message
exchange between the robots. The platform is an omniscient system where the reward is the
distance between the target and the position of the robot. In [18], a more realistic system is
implemented with message exchange between robots and computation of the reward according
to robotic observations. The circle-like robots in Jupyter/Qiskit collect information from robots
modelled in Webots, with a sensory system able to detect the approximate distance from the
target and its ‘visibility’ in terms of angle of sight. Also, the robots send each other mes-
sages with the required information; also implemented is a connection between the quantum
simulation and the robotic swarm simulation. In this study, the input of the quantum circuit
is provided by the parameters of a swarm simulated using the software Webots, through an
automatic system of file writing and reading. The important parameters are robot position and
measured target proximity (perceived through their sensors). During the run of the circuit,
the robots of the simulation are stopped and then wait for new information. After the run
of the circuit (on Qiskit-Jupyter), the output of the measurement (as the most likely states to
be obtained) is written into a text file and sent to Webots. There, the average of the most
likely results of the quantum measurement are mapped into positions to be reached by the
robots on the simulation platform. Once the robots start their movement again and reach the
designated positions, perceiving their proximity to the target via their sensors, they update
their values of both position and reward. This information is again coded into a text file, sent
to Qiskit-Jupyter and the cycle starts again until the target is reached by the swarm. Through
this file-exchange system, we verify the advantage of the quantum-pairwise interaction against
the completely classic approach. However, the time interval needed for file exchanges between
Webots and Jupyter suggests that a more efficient strategy, or a different robotic platform,
should be considered.

Modelling in Webots, or other robotic platforms, requires the setting of physical constraints.
In addition, a more precise modelling of robotic message exchange requires the definition of
telecommunication protocols. A protocol for communication for a swarm of robots inside an
aquatic scenario is proposed in [16], with an application of graph theory to the swarm. In such
a scenario, the quantum-pairwise interaction strategy is also instantiated [17]. Other instances of
quantum algorithms thought for aquatic scenarios include a study on robotic fish [19].

Natural inspiration can help solve problems in different fields, such as the generation and
distribution of electric energy. In an improved version of the quantum-fish algorithm, called
the Improved Quantum Artificial Fish Swarm Algorithm [19], the goal is to solve distributed
network programming problems, including distributed generation, through a combination of
quantum computing with an artificial-fish swarm-optimization algorithm. The results of that
study showed an advantage in terms of convergence speed and accuracy. The passages of
the algorithm involve random movement, preying, swarming and following. The exploitation
of quantum computing offers advantages in computational parallelism and increased storage
capacity. In particular, in [20], the position of each ‘quantum fish’ is encoded in a matrix of
phases, which can be decomposed according to the space coordinates. The position of each fish
is periodically updated, at each step of the search. This is not directly related to our work but
constitutes a further example of quantum-swarm algorithm development.

The model of the aquatic robot proposed in [16,17] is shown in figure 2, simulated inside the
software Webots. The robot, called RoboWood, comprises a tablet of wood, with four propellers
visible by clicking on them, four GPS position sensors on each side (above the level of water),
distance sensors on each side and a camera on the bottom face to collect images of the seabed,
for a subsequent step of analysis. The physics of the aquatic system, where the robot acts is also
simulated. The Webots simulation allows the operator to perform estimations of speed, battery
requirement and to project a communication protocol for a swarm of RoboWoods [16].
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As mentioned previously, one of the applications of quantum computing is the improvement
of strategies for path planning. As an example, we describe here the core idea for Grover-based
path planning. Figure 3 shows the circuit for a single Grover iteration, as described in [22].

First, the oracle is applied to mark the solutions to the problem. This is achieved by inverting
only the phase of a solution state once one gets detected, leaving the rest of the superposi-
tion intact. Then, the diffuser completes the amplitude amplification procedure by having the
marked superposition interfere with the starting state, constructively enhancing the amplitude
of solution states and consequently dampening non-solution ones. This operation is performed
through a conditional phase shift targeted at the states that are orthogonal to the starting
state, or, equivalently, orthogonal to the |0⟩ state in the Hadamard-transformed space. Finally,
the oracle workspace register contains additional qubits that may be needed to perform the
computation in the search space. The implementation of the quantum circuit for the Grover
procedure applied to the path-planning problem in the 2 × 2 environment is shown in figure 4.

At the beginning, the search space is encoded as a uniform superposition of the inputs
through Hadamard gates. Then, a V-shaped, problem-specific oracle is applied on to the
uniform state to mark solutions through the oracle qubit, displayed at the bottom wire. Note
that since this problem instance requires combinatorial logic to produce searchable outputs out
of the input states, additional oracle workspace qubits are employed in the circuit. Finally, the
upper right-hand side purple block is the diffusion operator. Its representation is synthesized
as a single black box as its structure is fixed, depending just on the number of qubits it is
applied to. In this case, only one iteration of the algorithm is required to complete the search,
and therefore just a single oracle–diffuser pair is appended to the encoded input. The circuit of
figure 4 is applied to a robotic swarm, called iteratively at each step of the swarm exploration
and after each step of message exchange; see [15] for its union with the quantum-based pairwise
interaction proposed in [11].

Another application of quantum computing to robots is proposed in [23], where the starting
point is the concept of an agent. This work focuses on multi-agent systems; a swarm of robots
can be considered one of their instances. Each robot has a mechanism of sensory-based control
and reaction to the environment perception. Briefly, the robot perceives the environment
through sensors and performs actions such as identifying a ball, carrying a ball, detecting

Figure 2. The robot RoboWood, proposed in [16].
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an obstacle and reaching a deposit area. The choice of action by the robot depends upon the
verification of conditions, e.g. the detection of an obstacle, or the deposit being reached. The
robot will move randomly if none of the conditions is verified. Quantum modelling enters
the definition of the reactive agent’s state, defined as a superposition of tensor products of
perception and action vectors. Different qubits are considered for perception, and other qubits
for actions. When an action is not performed, the associated probability amplitude is zero.
The robotic decision-making is accomplished through a quantum circuit, having as inputs the
perception qubits, and as output the action qubits and their measurements. Figure 5 shows
one of the steps for the procedure described in [23]. The gates CNOT and CCNOT are used
for the perception; CNOT gates are used for an XOR logic operation, they activate actions
requiring only one perception. The CCNOT gate (Toffoli gate) activates actions requiring two
valid perceptions. Qubits |xi⟩ are ancillary qubits.

One of the open problems concerning swarm robotics is the control before the robotic
movement and during the movement itself. The first point can be addressed by manipulating
the simple rules of motion to shape the emerging behaviour, as discussed in [9]. The second
point requires real-time data collection from the robots, possibly including human-friendly
information; data that can quickly be processed by humans include visualization and sonifica-
tion. A recent advance in the field of human–robot interaction involves the mapping of robotic
parameters to sound. The human ability to process complex auditory data, retrieve patterns,
localize sources and identify problems is very useful when dealing with quantum-driven
robots. In [24], a strategy is proposed where the positions of the robots, in terms of slices
of two- or three-dimensional space, are mapped to the notes of the Western chromatic scale
(figure 6). The trajectory of each robot thus becomes a melody, and polyphonic music emerges
from the simultaneous motion of a swarm of robots that explore an arena and converge on a
target. In figure 7, an example of the sonification output is shown. The two-dimensional arena
is divided into slices, and each slice is associated with a pitch of the chromatic scale. Through
this association, the positions of the robots are mapped to sound. In the figure, we can see
the representation of pitches in the chromatic circle and the corresponding steps of a robotic
simulation in the Webots software.

n
qubits HÄn

oracle

Phase:

HÄn

|xñ ® (−1) f(x)|xñ

|xñ ® −|xñ

for x > 0

|0ñ ® −|0ñ

oracle
workspace

Figure 3. Quantum circuit for a single Grover iteration, from [21], adapted from [22].
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Figure 4. Quantum circuit for path planning, from [21], exploited for a robotic swarm in [15] with similar notation and
symbols to figure 1.
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The motion through a three-dimensional arena can be approximately sonified considering
changes of octave. A simplification of this approach, shown in the middle of figure 6, shows a
jump of octave when the robotic motion involves the upper side of the three-dimensional space.
An example of the musical output is presented in figure 8. With each robot are associated two
musical instruments, of similar timbre to allow auditory recognizability, but playing in different
ranges, according to the portion of three-dimensional space through which the robot is moving.

Sonification can also involve the other parameters for each robot, such as motor activation
and sensory activation. As formalized in [24], the movement of the robots and their inner
parameters (such as motor activation and sensory-distance activation) can be expressed as the
tensor product of the parameter spaces seen as Hilbert spaces. Their sonification is obtained
via a suitable mapping (based on perceptive similarities, gestural similarity and crossmodal
correspondences) to the tensor product of motion through musical spaces, obtaining a more

Figure 5. Quantum circuit developed for the activation of actions of an agent in response to external stimuli (from [23]).
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Figure 6. Pitch-choice structure, from [24].
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comprehensive sonification strategy. Such an approach is formally justified by the use of
groupoids on the structure of the tensor product of Hilbert spaces [25]. Also exploiting hints
from mathematical music theory [26], the generalized musical space is defined in [24] as

(2.1)i = 1

4

HiM(t) = HPM⊗HLM⊗HTM⊗HAM,

where

— HPM is the pitch space;
— HLM is the loudness space;
— HTM is the timbre space;
— HAM is the articulation space.

Similarly, in [24], the swarm-robotic space is defined as

(2.2)j = 1

4

HjR(t) = HCR⊗HMR ⊗HiR⊗HSR,

where

— HCR is the space of positions through coordinates;
— HMR  is motor options space;
— HiR is the robot identities space;

Figure 7. An example of swarm-robotic motion sonification, from [24]. Top: circle with the chromatic scale; bottom:
screenshots of a robotic simulation in Webots, with initial (a), middle (b) and final (c) steps. The video can be accessed here.

Figure 8. An example of three-dimensional robotic motion (a) and the corresponding sonification output (b), from [24]. The
complete video can be accessed here.
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— HSR is the sensors space.

With a more compact notation:

— i = 1
4 HiM(t) is the generalized musical space;

— j = 1
4 HjR(t) is the swarm-robotic parameter space.

The sonification is thus an arrow mapping swarm movements in the generalized robotic space
(for the considered parameters) to the generalized musical space:

(2.3)S: i = j
4

HjR(t) → i = 1

4

HiM(t) .

Conversely, sound-based control of robotic movements is expressed as

(2.4)C : i = 1

4

HiM(t) → i = j
4

HjR(t).
The use of sonification opens new scenarios not only for the technical investigation of swarm
parameters but also for their aesthetic applications. This consideration leads us to our conclusions.

3. Discussion and conclusions
We began our journey with a double inspiration from nature: swarm behaviour emerging from
simple rules and the laws regulating the nature of quantum mechanics, and the branch of
computer science derived from it, quantum computing.

In this review article, we have summarized open problems concerning robotic swarm
organization, control and optimization. Some of the new solutions that can be hypothesized
include the use of quantum computing mainly to enhance computational efficiency, to exploit
the power of quantum computing concepts, such as superposition and entanglement for
modelling, representing and simulating the behaviour of a swarm of robots.

The main scope of this article is to provide an overview of recent approaches. The key
advantage of quantum computing is the reduction of computational time, as proved in specific
references, such as [15,21]. The details of these tests are, however, not provided here, where
we concentrate on the flow of ideas and methods. The disadvantage of quantum computing
is the requirement of real quantum computers which, even though accessible remotely, have
limitations in terms of costs (except for a limited number of qubits) and portability. It is not
yet possible to equip a small robot in a swarm of an autonomous quantum-based computing
unit. Perhaps this could be the vision of the future: how to miniaturize quantum computers,
maintaining their temperatures and allowing portability.

While we discussed applications of swarm robotics and quantum computing mostly in the
framework of search-and-rescue missions, that is, for utility scopes, we consider that the new
technologies can also be adopted in the domain of the arts. In fact, in addition to task-oriented
purposes of quantum computing applied to robotics, creative and aesthetic applications are
also worthy of interest and constitute a promising field of future research. New hints for
swarm robotics may come from the research fields of the Internet of Things and the related
Internet of Sounds. The decision-making approach of individual, distant performers interacting
between these fields can be approximated with a quantum logic gate [27]. The same approach
can be exported to artificial musicians, also in the frameworks of the Internet of Things and
the Internet of Sounds. And it could be instantiated as robotic performers or tiny musical
agents in a swarm of robots. The union of quantum technology for swarm robotics leads to
futuristic applications also in the domain of the Internet of Things [28], with potential social and
economic effects.
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Quantum computing is more and more applied to model the thinking mechanism of the
human mind, including artistic creation. We mention a classic quantum dialogue to model
robotic gesture production (as a choreography) in response to an external multi-sensory
stimulus [29], inspired by the quantum approach to cognitive qualia by Faggin [30]. The use
of qualia is an addition to the world of quantum computing, as a further step towards the
modelling of complex ‘thoughts’ as a superposition of simple units and of thinking flow as
a succession of steps of superposition and measurements. With reference to qualia and their
use in formalization, one paves the way towards an enriched computational modelling of some
human-thinking features. This thread of research may help model, and thus understand, our
way of creating arts in dialogue between our inner world and the world outside of us.

From our minds to our physiological reality, we also mention here the promising field of
microrobotics and nanorobots, the use of which may lead to a revolution in medicine [31].
Substantial novelties in this domain may be fostered through the application of quantum
computing.

We started our exploration of the flourishing field of quantum computing as applied to
robotics with a citation from Physics [1], and we want to end it with another reference to
Physics; the physics of complex networks. In [17], a system of quantum-driven robotic swarms
and their computing centrals is formalized as a multilayer network. In recent research, a
network has been proposed in which the nodes are quantum circuits [32]. Thus, the role of
quantum circuits may not be limited to the ‘rules of action’ of some objects but can consti-
tute the ‘object’ themselves. In particular, in [32], an optimization approach is proposed in
the framework of quantum machine learning. The authors, in particular, propose a quantum-
architecture search algorithm, based on a Monte Carlo graph search for importance-measure
sampling. The method can be applied to the discovery of new quantum circuits. This in turn can
be related to the choice of the best circuits for robotic interaction. Can the robots find their local
and pairwise rules, according to the general need of the swarm? Animals can do this, but they
are alive. Can the robots of the swarm become as autonomous?

Perhaps the time has come to dedicate ourselves to the contemplation of nature.
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