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Movements of robots in a swarm can be mapped to sounds, highlighting the group behavior through the coordinated and
simultaneous variations of musical parameters across time. The vice versa is also possible: sound parameters can be mapped
to robotic motion parameters, giving instructions through sound. In this article, we first develop a theoretical framework to
relate musical parameters such as pitch, timbre, loudness, and articulation (for each time) with robotic parameters such as
position, identity, motor status, and sensor status. We propose a definition of musical spaces as Hilbert spaces, and musical
paths between parameters as elements of bigroupoids, generalizing existing conceptions of musical spaces. The use of Hilbert
spaces allows us to build up quantum representations of musical states, inheriting quantum computing resources, already
used for robotic swarms. We present the theoretical framework and then some case studies as toy examples. In particular,
we discuss a 2D video and matrix simulation with two robo-caterpillars; a 2D simulation of 10 robo-ants with Webots; a 3D
simulation of three robo-fish in an underwater search&rescue mission.
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reliability.
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1 INTRODUCTION

No matter which language you speak, no matter the color of your eyes or skin, no matter the place you live in,
you must have practiced some kind of music. Be it Italian belcanto, Japanese theater, Ghanian songs, Mongolian
multiphonic singing, each exemplar of Homo sapiens sapiens in their lives had connections with some kind of
musical practice.

Music and musical parameters are a word-less, universal, privileged way for humans’ communications. Even
though different cultures produces different kind of music, each human culture does have some form of music.
And music always deals with some sonic material, its physical parameters, as events rhythmically distributed
across time: pitch, loudness, timbre, and articulation.

Thinking through parameters as the constitutive material of music helps us draw connections with the world
of natural music: singing of birds, the rhythm of seasons and heart, the whisper of leaves moved by the wind,
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the roar of thunders. Furthermore, the interest in music-like communication is shared with other non-human
animals, who can sing and learn ‘songs, such as singing birds [77] and seals [73].

If the variety of auditory phenomena in nature inspires human artistic and scientific research, nature provides
us with another source of inspiration. The variety of swarm and self-organization and self-adaptation [94]
observed in nature inspires swarm robotic developments, with decentralized autonomous robots [90]. Swarms
of robots are often derived from the study of flocking birds [36], schooling fish [20], moving termites [68], and
foraging ants [12, 71, 81], to name but a few. Natural and nature-inspired artificial swarms are instances of swarm
intelligence [24]. Recent studies on swarm robotics [19, 23, 33, 80] also include micro-robots for medical purposes
[22] and to modeling morphogenesis [82]. As an attempt to connect these two worlds, nature-inspired music
and nature-inspired robotic swarms, we can wonder if robots can learn music. That is, if we can teach a robotic
swarm of birds to sing a human-like music.

Is it possible to teach robots the “language” of music, or at least, use music as an intermediate language
between robot-native communication and human language? Let us imagine a future human-robot communication
mediated through sound-based interfaces. To make such a connection possible, we have to model basic musical
spaces, with points and connections between them, and define the suitable mappings from a world to another
one. The behavior of robots in a swarm can also be expressed through parameters, e.g., position, individual
identification, motor state, sensors’ activation. And, of course, exchanged signals, which can be thought of as
“musical messages” from a robot to another one. To make such a connection possible, we have first to formalize
musical spaces and their connections.

The research field of mathematical music theory aims to formalize musical phenomena through the lens of
mathematics and computer sciences.

A famous representation of pitches is, for example, provided by Lerdhal [46]. A comprehensive model to
investigate pitches and voice leading has been developed by Tymoczko [85, 86].

There are attempts to generalize it through the concept of paths [39]. This study is based on paths in a
musical space. Paths, meant as musical gestures, and paths of paths, meants as hypergestures, have been studied
[4, 17, 41, 50, 51, 60] in light of category theory [31, 48] and homotopy [35].

Category theory is an abstract branch of mathematics, whose starting point is constituted by the notion of
objects (represented as points) and morphisms between them (arrows), verifying associativity and existence of
the identity. We can define nested categories, with arrow between them (functors) [48].

We can define spaces of pitches but also of other musical parameters. Xenakis [91] defined timbre spaces to
compose new sounds. He also created mappings between physical objects, such as architectures, and musical
sequences [92]. Architectures of Sagrada Familia [49], shapes of nature, installations [52] can be translated into
sound (sonified), once a suitable mapping technique has been chosen. In fact, a visual form can be seen as the
path of a drawing hand, becoming in this way a collection of events over time—allowing a mapping to music,
which develops itself through time.

The idea of “path” can be applied to several aspects of music; for instance we can define paths in the space
of timbres [53, 55]. In a space timbres, the closer the points, the most similar the corresponding instrument
timbres [32]. In such a space, timbres are points, and timbre morphings are morphisms. Mathematical details of
this approach, with bands of timbres as paths of paths, and mappings from and to a similar space of colors, are
described in [55]. The mathematical structure which is exploited is the bigroupoid, where the idea of “group”
element is due to the invertibility of some arrows. A bigroupoid is a particular bicategory. In a bicategory, the
morphism composition is not associative, but only associative up to an isomorphism [10]. The objects are the
0-cells, the morphisms are the 1-cells, and the morphisms between morphisms are the 2-cells. In a bigroupoid,
the 2-cells are strictly invertible, and the 1-cells are invertible up to isomorphism [34]. In a bicategory, we can
define a tensor operation [48].
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In this article, we propose a generalized musical space based on tensor product of pitch space, timbre space,
loudness space, and articulation space. Starting from points in each space, tensor product allows us to obtain
4-uplets of coordinates. Thus, generalized musical paths are arrows across these 4-uplets. While proposing a
theoretical model and showing its sound application, we are designing a technique of sonification for swarms of
robots. An essential framework about data sonification and robot-information sonification is provided in Section
2.

As a third natural source of inspiration, the physics of the small, quantum mechanics, suggested Feynman [72]
the development of a new computational tool, quantum computing [84]. The quantum paradigm is more and
more being applied to robotics [5, 11, 21, 44, 70], to biology [25, 26, 59, 69], and thus we can think of quantum
and biological-inspired developments [97]. The recent field of quantum artificial intelligence [88] also involves
the swarms: we mention instances of quantum swarm robotics [43, 47, 56] and quantum algorithm optimization
[3]. Seeing quantum logic as an instance of fuzzy logic [37, 67], we can include in our discussion fuzzy robotic
swarms [78].

Quantum computing is, in fact, a valuable computational tool, which is drawing the attention of researchers in
different countries and disciplines. If we draw a connection between musical spaces and Hilbert spaces (used in
quantum mechanics), we can use quantum computing to relate human polyphonic music and robotic movements.
We consider products of Hilbert spaces to generalize musical and swarm robotic-movement spaces.! We also
ran a validation test, asking participants to qualitatively judge pleasantness and meaningfulness of the audio
samples, regarding clarity of retrieved information. Participants, experts in music, were first asked to listen to the
audio files only, and then jointly with the corresponding videos. The obtained feedback is discussed, and it can
contributed to the enhancement of our sonification strategy.

Summarizing, the intended contribution is a math-derived framework for a descriptive swarm-robotic sonifica-
tion. The realized contribution is the proposed formalism based on groupoids and Hilbert spaces, some examples
of application to illustrate the proposed ideas, and their validation via a user test.

The article is organized as follows. In Section 2, we summarize relevant literature on data sonification,
introducing robot’s information sonification and then swarm robotics sonification. A paragraph on approaches
of sound studies and quantum mechanics/computing support quantum theory of music. In Section 3, we develop
our theoretical approach, and in Section 4, we present our case studies, along with the results of a validation test.
We discuss the obtained results and present our conclusions in Section 5.

In the following section, we present some formalism, sketching the proof that our spaces are (real) Hilbert
spaces. Before moving on, let us provide more information on robotic swarms and on early attempts of sonifying
their information.

2 LITERATURE REVIEW: SONIFICATION AND QUANTUM APPROACHES TO SOUND

In our research, we are interested in a symbolic-based mapping, giving a perceptually-relevant musical outcome.
For this reason, we are making heavy reference to studies in mathematical music theory [50]. In the following, we
give an overview of data-based sonification approaches, including examples of sonification for robots. Paragraph
2.3 presents the specific framework of our study, with robotic-swarm sonification.

2.1 Data sonification

Here, we summarize selected approaches to data sonification. Two major archives some of the literature is took
from are the ICAD archive of auditory-display studies [40] and the Data Sonification Archive of Boston [45].

n [2], the delicate problem of human cognition is faced, showing inextricable connections, as an entanglement of ideas, violating a more
‘simple’ representation of concepts as tensor product of Hilbert spaces representing concepts. However, here we deal with parameter spaces,
rather than with concept spaces. Of course, if we model the thinking of these spaces, we would get entanglement.
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Examples of data sonification range from hypertension [1] to galaxies [7]. On hypertension [1], the authors
drew a correspondence between frequency of deaths due to heart attacks and sound beat, with an increased
loudness in correspondence of suddenness of events. Concerning galaxies [7], Bardelli et al. focused on a dataset
with information on stellar masses, star formation rates, redshifts. The density of galaxies is rendered through a
synthetic sound texture, a dense stream of events. Outlier events lead to independent modulations, generating
complex sounds. According to [15], “Sonification is the use of non-speech audio to represent data” This is one of
the role of sonification, as cited in [38, chapter 2]. Examples of sonification for data exploration purposes are
mainly auditory graphs [15, 27, 83] and model-based sonifications [38]. Brown and Brewster [15] sonified line
graphs containing two data series, and made tests with different musical instruments. The authors had listeners
sketching lines according to what they were hearing. The participants were to draw sketches of sonified graphs of
data series, after listening to them. Then, it was evaluated the degree of precision the key elements were identified
with. Flowers and Hauer [27] focused on the potential of auditory versus visual data representation, comparing
visual and auditory histograms. They found that auditory data representation can be a valid alternative to the
more traditional visual one, because the core information was effectively retrieved by listeners. Smith and Walker
[83] investigated the benefits of a sonification to data understanding, comparing discrete and continuous stimuli.
Finally, model-based sonification [38, 399] is defined as “a sonification technique that takes a particular look at
how acoustic responses are generated in response to the user’s actions, and offers a framework to govern how
these insights can be carried over to data sonification”

2.2 Robots’ sonification

Examples of sonification of robotic information range from parameters of motion to robotic expressivity en-
hancement. For instance, sonification can enhance robotic expressivity [28, 96]. Frid and Bresin [28] compared
the effects on listeners of non-specifically designed sounds applied to a NAO’s movements, versus a specific,
blended sonification. In the second case, the participants were able to more clearly identify an emotional message
contained in sounds, distinguishing between “frustration” and “joy.” The experiment run by Zhang et al. on
robotic motion sonification [96], with real-time synthesis, proved that a robot can be perceived as “happier” and
more energetic. According to Zahray and co-authors [93], who focus on real-time music improvisation with a
robot, for “human-robot collaboration, it is necessary not only to convey sufficient information about movements,
but also to convey that information in a pleasing and even social way to enhance the human-robot relationship.”
While describing the sonification strategies for the robot Shimon, Zahray et al. consider the following criteria:
“enjoyment, ease of use, and conveyance of movement information.” In [93], it is considered sonification in relation
to emotions. As we will describe later, in our framework the “emotions” could be inspired by the harmonic
superpositions and musical structures obtained as output from the robotic motion. For Shimon, high vertical
position was mapped to higher pitch, and horizontal movements corresponded to timbre variation, from muted to
buzzy sound. For us, timbre will just be used as a label to characterize each robot of the swarm. In an alternative
approach, we may associate other properties with timbres. For example, in the case of robots of different sizes, we
can have a darker timbre to the larger robots, and a brighter sound for the lighter ones, recalling a physics-inspired
cross-modal similarity. Moroni and Monzolli [66] used evolutionary algorithms to create music to control robots.
Zhang and co-authors [96] investigated the role of sonification for interactions between robots and children with
autism. Children’s learning was the topic of another study: Write et al. analyzed to which extend non-verbal
feedback, as opposed to verbal feedback, can help children solve an intelligence game [89]. In a completely
different scenario, the sonification of robotic movement can enhance the perception of a robot’s price [95]. Finally,
a codified sound output can be used as a feedback from fleets of robots in farming [42]. In particular, Kamboj and
co-authors [42] examine the helpfulness of an auditory feedback from robots’ fleets in farming, to quickly inform
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the human user of a local damage or of any stuck piece. This last example introduces sonification for swarms of
robots, which we analyze in more detail in the next paragraph.

2.3 Robotic swarms and their sonification

We find swarms in natural and artificial, nature-inspired environments. Swarm intelligence is an emerging
property [14], it is more than the sum of the actions of single components.

A robotic swarm is constituted by a collection of interacting robots, where each robot is performing a simple
task, but the swarm as a whole is accomplishing a complex task [14, 23, 33]. The characteristics of a robotic
swarm are mainly: redundancy (loosing one robot does not stop the swarm), flexibility (robots are not specialized),
and scalability (efficacy of algorithms is size-invariant).

There have been some early attempts to associate sounds with robotic swarms. They include rhythmic pattern
generation according to neighboring-robot interactions [13] and identification of robots’ individual roles through
sound [61]. Other applications involved playing a pre-composed polyphonic music, where robots interpret each
role. This is similar to our “inverse” approach, with motion instructions given though input chords. Music has also
been an inspiration for motion temporal constraints of robotic motion [16]. In a work by McLurkin [62], harmonic
structures are translated into geometries to be displayed by the swarm. Music can thus provide a feedback of
multi-robot behavior [79], and, vice versa, robots can aggregate according to the similarity of their emitted timbre
[62]. In our research, we first model musical spaces and robotic spaces considering structural similarities, and
then we propose some sonified examples, where position proximity of a slice of space corresponds to pitch
proximity. In the system developed by Santos [79], the user can choose a song, entering the information onto the
first robot. It then starts working autonomously, interacting only with their first neighbors. At the beginning,
all robots play the same song. Then, the user asks robots to use different timbres. The swarm thus divides itself
according to timbre similarity, creating spatial clusters. In this application, there are robot leaders, while in our
study all robots are peers, and the user is not supposed to entry at all. Another characterizing element of [79] is
the paradigm of ants, with the message exchange inspired by the pheromone gradient system. In that research,
there are only local communications from robot to robet. In the next Section, we will present our theoretical
approach, that formalizes and generalizes a preliminary study presented during the RO-MAN conference [57].

2.4 Contaminations between sound and quantum theory

In this paragraph, we briefly summarize both relevant and recent studies between quantum theory and mu-
sic/sound signal processing. Core ideas of quantum mechanics fascinated composers and music researchers. This
is the case of Iannis Xenakis [91], who was working with agglomerates and density representations of musical
structures. Xenakis also proposed a “synthesis” of music as an additive synthesis from particles, where each
particle was constituted by sound units with a specific timbre and duration. His use of transition-probability
matrices can be compared with a probability-based approach, close to probability amplitudes of states in quantum
mechanics. Curtis Roads, in his works “Al and Music” [74] and “MicroSound” [75], referenced and discussed the
“particle synthesis” approach by Xenakis. Another analogy between the world of quantum and of music had been
made already in 1947 by the Nobel prize Dennis Gabor, who used wavelets and quantum formalism to describe
the basics of acoustics [30]. More recent works are about synthesizers based on quantum measurements [18];
rules in tonal music analyzed in terms of quantum forces [9]; melodies and notes studied in a quantized way and
chords as superpositions of states [29]; music cognition studies with quantum formalism [8]; quantum-based
systems [64]; criteria to measure the degree of memory of quantum states adapted to musical structures [54],
and voice analyzed with quantum measures [76], design and ambiguity in the arts investigated in light of the
quantum paradigm [87]. A collection of quantum perspectives on humanities is presented in the book edited by
Eduardo R. Miranda [65].
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3 THEORETICAL APPROACH
3.1 Tensor product of spaces and Hilbert spaces

Let us consider two points in the Euclidean space of pitches [46], namely C5 and E5. Similarly, we can choose
two points in the Euclidean space of timbres [32], considering for the sake of simplicity two instruments, let’s
say flute (Fl) and clarinet (CL). We can define paths between points in each space. To define paths between pairs
of points in these spaces, we can take the tensor product of the subspaces containing the points:

(C,FL.) 0 0 0
c o\ _(Fl o\ | o (c.crL)y o 0
(0 E) (0 Cl)_ 0 0 (E, FL) 0
0 0 0 (E,CL)

With the so-obtained pairs of points, we can define paths. Let us imagine two different entities: a clarinet and
a flute players switching between C and E. Let us consider an object moving along these lines, as an-automaton:
we can thus connect this idea with some robotic paths. We can think of robotic paths in the space, and also of
their paths in parameters spaces (motor on/off, sensor on/off, single robot activation and recognition...) In our
example, the flute can be associated with Ry, and the clarinet with R,. A possible choice of path(s) for the clarinet
is the following:

C(c, cl) (E, CL) 3

And, for the flute:

(C.FL) (E. Bl) Q

This, with an added time information, can lead to a musical score. The paths we have been defining are
invertible. Because the composition of paths is not associative [35], aiming to define some categorical structure
we should rather consider classes of paths. A bicategory [10] is a structure where morphism composition is not
associative, but only associative up to an isomorphism. In a bicategory, the objects are the 0-cells, the morphisms
are the 1-cells, and the morphisms between morphisms are the 2-cells. A bigroupoid is a bicategory whose “2-cells
are strictly invertible, and the 1-cells are invertible up to coherent isomorphism” [34]. Thus, we can focus on
bigroupoids, already used to define musical spaces, and in particular, timbre space [55]. For reasons of space, we
omit here the precise definitions and proofs of all conditions to be satisfied by a bigroupoid [34, 55]. We consider
as bigroupoids the paths connecting points in musical spaces. If we prove that the spaces where these points
belong to are Hilbert spaces, then we can relate our musical spaces with the fundamental spaces of quantum
mechanics and quantum computing. We can verify that Hilbert axioms are satisfied.

While we do not enter into formal details, we mention recent studies on groupoids on the structure of tensor
product of Hilbert spaces [6]. The transition from groupoids to Hilbert spaces is defined as a “degroupoidification,”
where the structure is lost. The inverse process of path creation is thus a groupoidification. Baez and coauthors
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[6] focus on the span, which has a monoidal structure, taking the tensor product from groupoids. A span is a
triangular structure defined as X — A, X — B, where s : X — A, t : X — B are functors. It represents the set of
histories, that is, of paths, leading a system from A to B.
Using H to denote Hilbert spaces, we can finally define our generalized musical space as:
4
Q) M (1) = HY @ HM @ HY & HY, 1)
i=1
where:
o H}! is the pitch space;
° 7‘[{” is the loudness space;
) Wﬁ” is the timbre space;
. 7-(/14‘4 is the articulation space.

We define the swarm robotic space as:

4
(X)Wf(t) = HR @ HE @ HR @ HE, @)
j=1
where:
. Wg is the space of positions through coordinates;
e HY is motor options space;
. 7—IiR is the robot identities space;
e HE is the sensors space.
Summarizing:
. ®?:1 HM (1) is the generalized musical space;
. ®j.:1 7-(13(1‘) is the swarm robotic parameter space, with just a few essential parameters.
Sounds can be obtained as feedback from robotic movements. Conversely, sound can be used to give instructions

to robots.
The sonification can be expressed as an arrow:

4 4
S: @wf(t) . ®7—(iM(t), )
i=j i=1
while sound-based robetic control can be expressed as the arrow:
4 4
C: QHM(1) - QH (). @)
i=1 i=j

In particular, the space of positions through coordinates can be mapped to the pitch space: ‘Hg - ‘Hﬁd (1),
following the projections along axis of the Lerdhal spiral pitch space [46] and the perceptive association of pitch
with space displacement; the information on motor (on, off, max power, less power...) can be mapped to loudness,
through the instinctive association between energy and loudness: HX — H}!(t). Each robot can be identified
through a specific timbre, for example associating each robot with a musical instrument, and thus: HX — HM(¢).
Finally, the on/off of sensors, and the choice itself of specific sensors, can be rendered with the activation of
non-activation of specific musical articulations: 7’[é2 - 'HIQVI (). The complete deactivation of a single robot could
be rendered with a silence from the corresponding musical instrument, and vice versa.
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Inverting all arrows, we can, in fact, use music to give instructions to robots. In category theory, inversion
of arrows allows one to create dual structures. While, in mathematics, dual structures are not always existing,
in our framework we did not make any hypothesis which could impede the inversion of arrows between the
tensor product of musical spaces and the tensor product of robotic spaces. Consequently, we can invert arrows,
interacting with robots and giving them instructions through sound. In terms of code, this can be translated as a
user-given list of parameters, i.e., pitches, and the consequent attribution of physical parameters to robots, i.e.,
space positions to be reached.

In the following paragraph, we describe a matrix approach to robotic swarms, and we discuss the use of
quantum logic gates for a search and rescue mission.

3.2 Matrices

We can relate the local behavior of swarm elements, with their individual movements, ‘perception, and decisions,
with the swarm global behavior, which is an emerging effect from local actions and interactions.

In [56, 58], it has been proposed a matrix representation to relate local with global behavior, focusing in
particular on pairwise interaction. For a swarm of N robots, we can define a block matrix (eq. 5), whose diagonal
blocks Ry, ..., Ry contain information on each single robot, as its ‘self-awareness’: position; direction, reward (we
define the reward in the following paragraph), sensor activation, message sending ON or OFF. The off-diagonal
blocks (R; * Ry), ..., (Rny * Ry—_1) represent pairwise interactions amongst swarm robots. That is, the i-th robot
R; sends a message to the j-th robot R; at time t with probability amplitude to stay in a certain position and
probability amplitude to be successful. From this information, the R; robots deduces a possible position to be
reached at ¢ + 1. Such a decision mechanism can be modeled through a logic gate, as it is described in Section 3.3.

Ry (Ri*Ry) ... (Ri*Rn)
S R O ®
(RN *Rl) (RN *Rz) RN

3.3 Logic gate

Let us summarize the logic gate as it is proposed in [56] for one-dimensional problem, focusing on a ‘search’ task.
The idea of quantum superposition enters characterizes the definition of positions and of reward as an individual
measure of target proximity. We define quantized positions along x and y as ‘up’ (1) and ‘down’ (0). A generic
position is given by the probability amplitude to stay in 0 or 1, respectively. We also quantize the outcome of
individual exploration, as ‘success’ (1) or ‘failure’ (0). Generic outcome are given by a quantum superposition of
success and failure. For the sake of simplicity, in our simulations, we computed the ‘reward’ as 1 - Euclidean
distance from the target: the smaller the distance, the closer the target, the higher the reward.

With this idea in mind, we build a logic gate. We suppose a broadcast communication for our robotic swarm:
each robot sends messages with its position and reward in terms of probability amplitudes for up/down along x
and y, and yes/no regarding the reward. Similarly, each robot receives messages from all the other robots.

The proposed logic gate (Table 1) involves pairs of robots: the i-th robot (R;) communicates position and reward,
and the j-th robot (R;), according to the probability amplitude of ‘success’ of R;, decides to reach it or to explore
other regions of the experimental arena.

The inputs are the xy-position and reward of the i-th robot R;, and the outputs include the suggested xy-position
of the j-th robot R;, but not its reward, which is calculated once R; gets to the suggested new position [58]. The
gate also returns the reward of R; by just copying it. Restricting our analysis to cases with reward = |1), the gate
is reversible. The truth table 1 contains the following elements:

® |qo) is the x-position of R; at t;;
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|q1) is the y-position of R; at t1;

|q2) is the reward of R; at ty;

lgs) is the suggested x-position of R; at ty;
|gs) is the suggested y-position of R; at t,.

Table 1. Truth tables for two robots R;, R; on the xy-plane

90 Qi 9z 94 93 9
X-pos y-pos reward | y-pos x-pos reward
R R R; R, R R;
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

If we have N robots, we should in principle compute N!-times the logic gate. However, we compute it just
once by letting only the most successful robot enter the circuit.

To test our logic gate, we imagined a 2D scenario and we evaluated pros and cons. We run some tests using
only the logic gate in a loop.

We considered an ant-inspired search&rescue scenario, with ten robots starting from close positions at ¢, as
ants sorting out from a nest, looking for food, here represented by a target at a certain distance. The robots can
acknowledge the distance from the target through smell or sound, according to the nature of the considered
scenario.

The minimal algorithm we choose for our search and rescue 2D example is the pseudocode 1, with a quantum
circuit and a classical step of initial reshuffling, needing to ensure convergence. More discussion on this topic is
given in Section 5.

Algorithm 1 quantum search and rescue

: Set initial positions of robots as state superpositions

. if All robots have a too-low reward then

Random reshuffling of positions

: end if

: Finding the most successful robot, which enters the logic gate

: Quantum circuit implementing the logic gate (called here ‘gate’ for short)

In an optional step, all robots can be asked to reach the most successful robot. However, in 3 our of 4 trials, this
was not needed, so we can safely omit it. Overall, we can distinguish between a local dimension of the algorithm,
and a global one; see Figure 1.

While the logic circuit models pairwise interactions only, the modeling of local-global interactions can be
obtained from the matrices described in [56]. Of these matrices, only the off-diagonal blocks contain the logic-
gate information. Hidden in the overall block-matrix representation, there is the local-global behavior and
a connection with the environment. For instance, a change of the target position determines a change of the
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LOCAL GLOBAL

First individual
reward evaluation

Reach the %
new pos ition

Second 1nd1v1dua1 Choose the most
reward evaluation successful robot

Let it enter

the circuit
Reach the
new p051t10n

Reshuffle

End or create
a loop

Third 1nd1v1dua1
reward evaluation

Fig. 1. Information exchange, in our algorithm, between local and global levels of a robotic swarm.

probability amplitude of R; to be successful. Ry, thus, in its broadcast message, will include its position (unchanged)
and its reward (changed). Similarly, all other robots will communicate their changed reward, and thus all the N
diagonal blocks Ry, ..., Ry will have a different element describing their reward. Because each robot communicates
to the other robots its position and reward, also the N! non-diagonal blocks R; * R; will change. In fact, the content
of the message will be different, as well as the suggested new position for the following time point. Because a
change of the target position, or a more precise information on it, can be triggered by external factors, we can
connect environmental information and issues with the local robotic behavior, which in turn, determines the
overall swarm behavior. As environmental factors, we can think of the wind shifting a food source or bringing the
smell directly to the ants’ nest, or a falling rock blocking the visual toward the goal, or a sudden noise masking
the sound coming from the target.

We can also envisage the following circular behavior, triggered by, let’s say, an environmental effect on the food
position at ¢:

— changes of the single robot acting on the environment (e.g., different pheromone production
according to an environmental food change)

— change of behavior for all robots, modifying individual sub-matrices

— change of pairwise interactions, modifying off-diagonal sub-matrices

— change of individual robot positions at ¢ + 1

— change of the pheromone-information released.

This representations reminds to the studies of [63] concerning feedback in the domain of social sciences.

4 EXAMPLES OF IMPLEMENTATIONS

To illustrate how the proposed sonification scheme works, we present here four examples of “regular” application,
i.e., robots—sounds, and one “inverse” strategy, i.e., sounds—robots. The sonification examples are presented
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Table 2. Characteristics of the selected participants to the experiment.

index  geography profession
P1 Croatia-UK computer scientist and musician/improviser,
founder and leader of the Female Laptop Orchestra,
and former professor at the University of Greenwich

P2 Italy orchestral conductor and former professor
at the Conservatory of Palermo
P3 UK professor at the University of Plymouth,
computer scientist, composer, and performer
P4 Italy-USA professor at the Berkeley University,
mathematician and composer

P5 Nigeria mathematician and musician,
working at the Irish Business School

Pe6 Italy composer, professor at the Conservatory of Palermo,

and supervisor of Teatro Massimo
P7  Canada-USA professor of opera theater

at the University of Minnesota

according to the their increasing complexity. We first focus on time, pitch, and timbre, adding each time one
dimension to the motion: 1D caterpillar paths, 2D ant-inspired paths, 3D robotic-fish paths. Then, we take
into account all parameters, that is, time, pitch, timbre, loudness, and articulation, proposing a simulation with
approximately 2D water-surface robots. In addition, motion in the second and third examples is modeled according
to the logic gate presented in paragraph 3.3, for 2D and 3D motion, respectively. In the first example, we propose a
different individual motion scheme, where the two robots try to explore the leaf avoiding each other. In the fourth
example, we have two robots following parallel paths, and another robot moving in the opposite way, representing
an approximate exchange of motion and position, highlighted via sound parameters. In the fifth example, we
present an application of the inverse code, where notes are given as input and robotic positions are obtained as
the output. This fifth example exemplifies how sound can be used as a controller for a swarm-robotic motion,
and not merely as an output of it. This last example opens new scenarios with human-friendly robot-human
interaction systems based on chords and chord sequences.

To qualitatively assess the degree of pleasantness of the sonified samples and meaningfulness in terms of clarity
of retrieved information, we run a first validation test. We implemented a Google form, which can be accessed
from this link. The results are available at this folder. We asked participants to listen to our four examples of
sonification, first without and then with the corresponding videos, and rate pleasantness, understandability, and
match between music and robotic motion. Before seeing the videos, participants rated the degree of pleasantness
and understandability of musical sequences, and they expressed eventual mind images they visualized. After
seeing the corresponding videos, they rated the match between music and motion, and again the understandability
of musical sequences, and its pleasantness. We used a scale from 1 to 5, with 5 associated to the best result. The
participants did not receive any previous instruction regarding content and context of the experiment and the
simulations, expect the overall, generic title “this is a test on robotic-motion sonification.”

In particular, we focused on seven selected participants with professional expertise in the musical and interdis-
ciplinary domains, from the USA, Europe, and Africa. We are grateful to them for the time and attention they
dedicated to our test. For privacy reasons, we are indicating the names of the participants as P1-P7. Geographic
provenience and profession of each participant are listed in Table ??
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4.1 1D: A pair of caterpillars

Let us present a first example of sonification of robotic movements. We consider an approximation of one-
dimensional movement of two robotic versions of Hippotion celerio at the caterpillar state. Figure 2 shows a
screenshot from the proposed video, with the explicit matrices. The law of swarm motion in this case is the
following: the caterpillars have to explore the line-space, but they should preferably avoid ending up in the same
point. Thus, their reward is 1 when they are separated. Their motion is a balance between the need to explore
and the need to stay clear from the other individual. In this example, we do not consider a quantum logic gate,
for the sake of simplicity.

Fig. 2. A screenshot from the video of our 1D simulation, with pictures of Hippotion celerio.

In this example, we identify R; (green caterpillar) with the timbre of flute, and R, (red caterpillar) with the
timbre of oboe. We consider position |0) as the pitch G4, and |1) as B4. Because of the simplicity of this example,
we stressed the movements steps through musical glissando from one pitch to the other one. Glissando represents
thus a state superposition of positions. We considered loudness |1) (]0)) when the motors are ON (OFF). We do
not propose changes in articulations, because we consider robotic sensor as ON for the entire simulation. With
this information, we can build up paths in the Hilbert spaces across the points (flute, G), (flute, B) for the first
robot, and (oboe, G), (oboe, B) for the second one. Diagonal sub-matrices are, in this example, of the form:

Ry(t) = ( x1(t) rewardl(t)) ’ ©)

motor (1) x1(t)

where the information is mainly: ‘where I am’ (x(t))—each robot has no incertitude on its own position and
reward—‘where I go’ (x(¢)), ‘what I found’ (reward(t)). Similarly for Ry(t). The interaction sub-matrices are the
following ones:

Rk = (F0 B0 ), )
and
_(F® &
(Rz*Rl)(t)—(ZO ﬁféﬂ)). ®)
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The complete matrix at time ¢ is thus:

x1(t) reward, (t) Br(t) o1(t)
_ | motor,(t) x1(t) 0 Br(t+1)
$O=1Tpn ) a0 w0 reward() ©)
0 pr(t+1)  motory(t) %o (1)

In this way, we obtain the matrices shown in the video simulation. We created a musical crescendo in corre-
spondence of the motor transitions, from OFF (0) to ON (1), as 0 — 0.1 — 1, and diminuendo for the inverse
movement. We also implemented a discrete-pitch glissando between G and B, the endpoints of the imaginary
segment along which caterpillars are moving. In the next examples, we did not include any glissando for reasons
of auditory clarity.

The first video was characterized by an alternation of movements along a line, with rising and lowering
chromatic musical scales. The qualitative answers of participants confirm that they mostly grasped the idea:
Colour green, stairs, ascending higher; Uccellini che si inseguono (Italian for Little birds chasing each other); Things
going up and down, Canon, Mountains (probably for the idea of rising and lowering paths on them). One of the
participants had not a clear visualization, and another one indicated Something beautiful but possibly dangerous -
animal or insects, showing a clear insight on a small-sized motion of insect-like robots. The majority of participants
rated 3/5 the pleasantness of music (Figure 3a), and five participants gave it the maximum rate of understandability
(Figure 3b). Once the video has been shown, the results were spread, with rates of pleasantness ranging from 2 to
5/5, and the majority assessed on 4/5 (Figure 4a). Clearness remained stable, with six participants assessed on 5/5,
and just one on 4/5 (Figure 4b). The match between music and image was rated well: four participants gave it the
maximum value, and the others were spread between 3/5 (one person) and 4/5 (two persons; see Figure 5). Table
3 breaks down the result into the individual participants’ replies.

From 1 (min) to 5 (max), how to you rate the clearness
From 1 (min) to 5 (max), how do you rate the pleasantness of the music? (understandability) of the music?

3 (42,9%) °

Fig. 3. First sonification, ratings before watching the video.
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From 1 (min) to 5 (max), how do you rate the clearness

in the video? (understandability) of the music in the video?
8 3 (42,9%) 6
2 2 (28,6%) 4
! 1(14,3%) 1(14,3%) 2
0(0%) . . 0(0%) 0(0%) 0(0%) 1(14.3%)
o1 e S BN O BN 0 \ \
1 2 3 4 5 1 2 3 4 5
@ (b)
Fig. 4. First sonification, ratings after having watched the video.
From 1 (min) to 5 (max), how do you rate the match between music and
motion?
4
3
2
D(D‘%J 0(0%)
1 2
Fig. 5. First sonification, rating of music-motion match.
Table 3. Replies of participants P1-P7 to the questions on the first test
#1 #2 #3 #4 #5 open
Pl 4 5 4 5 5 Colour green, stairs , ascending higher
P2 4 5 5 5 5 Uccellini che si inseguono
P3 3 5 4 5 /5 Things going up and down, at different speeds.
P4 2 5 2 5 3 noclear images appeared to me while listening; I tried, unsuccesfully, several times
P5 3 4 4 5 5 Canon... Overlay
Po 2.4 2 4 4 sea
P7 3 5 3 5 4 something beautiful but possibly dangerous - animal or insect

4.2 2D: Ten little ants

In this second example, we simulate a foraging ant-inspired 2D simulation, with 10 robots, in form of e-pucks.
For the sake of simplicity, we used the same timbre for all robots. Pitch choice has been performed according to
the structure of Figure 6. Our second example includes only movements on the plane, while our third example
(section 4.3) also involves movements across the space. Spiral-like octave distribution is suggested by Lerdhal
and other music theorists [46]. For the sake of simplicity, we divided the vertical axis into two parts. Positions
belonging to the lower side have been rendered with one octave-lower pitches.
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Fig. 6. Pitch choice structure

Table 4. Replies of participants P1-P7 to the questions on the second test

#1 #2 #3 #4 #5 open
Pt 2 5 1 5 4 Trumpet players
P2 5 4 5 5 5 Tensione e contrasto
P3 5 3 4 4 5 Anumber of conflicting things.
Pa 2 5 2 5 3 a castle
P5 3 3 4 4 4 Trio... Sonata
P6 1 2 1 4 4 bottom of the dark sea
P7 1 4 1 5 5 a violent death or threat

Our video shows the movements of pitches in the pitch-class circle, and the movements of robots in an
underwater scenario, obtained with software Webots. For this example, we implemented the Pseudocode 1.
Figures 10a, 10b, 10c show the starting, middle, and final step of the simulation, respectively.

The audio sample of the second video contains ten trumpet lines, first playing a cluster, then spreading, and
finally converging to the same pitch. Timbre has been recognized (Trumpet players), as well as the feeling of
tension given by dissonances: Tensione e contrasto, Italian for Tension and contrast, A number of conflicting things.
One of the listeners isolated three main lines: Trio; another one referred to the semantic field associated with
multiple trumpet players, suggesting A castle. The remaining two participants considered a ‘negative’ connotation
associated with the harmonic tension and timbral violence of brass, writing Bottom of the dark sea and A violent
death or threat, respectively. In next experiments, we may try to use more neutral tones, to privilege the feeling of
tension and contrast given by the resulting and temporary dissonant harmonies, rather than having the attention
focused on the timbre itself as an element of tension. The rating of pleasantness (Figure 7a) is aligned with the
qualitative replies: two participants selected 1/5; other two of them, 2/5; one 3/5, and only the remaining two,
5/5. Clearness (Figure 7b) was slightly more spread, with only one participant indicating 2/5, and the remaining
equally distributed between 3/5, 4/5, and 5/5. After having watched the corresponding video, pleasantness
ratings continued to be rather spread (Figure 8a). However, the perception of understandability improved: four
participants rated it as 5/5, and the remaining, 4/5 (Figure 8b). Correspondingly, the match between music and
motion was rated well, with the majority of replies of 4/5 and 5/5 (Figure 9). Table 4 breaks down the result into
the individual participants’ replies.

ACM Trans. Hum.-Robot Interact.



16 « Mannone et al.

From 1 (min) to 5 (max), how to you rate the clearness
From 1 (min) to 5 (max), how do you rate the pleasantness of the music? (understandability) of the music?

2 (28,6%) 2 (28,6%)

2(28,6%)

2(28,6%) 2(28,6%)

1(14,3%) 1(14,3%)

@ (b)

Fig. 7. Second sonification, ratings before watching the video.

From 1 (min) to 5 (max), how to you rate the clearness

From 1 (min) to 5 (max), how do you rate the pleasantness of the music? (understandability) of the music?

3 (42,9%)

4(57,1%)

2 (28,6%)

0 (?%) 0(0%) 0(0%)

o \ I
1 2 3 4 5 ] 2 3

(a) (b)

Fig. 8. Second sonification, ratings after having watched the video.

From 1 (min) to 5 (max), how do you rate the match between music and
motion?

1 (14,3%)

0(0%) 0(0%)
0 |
1 2 3 4 5

Fig. 9. Second sonification, rating of music-motion match.

4.3 3D: Three robo-fish in the ocean

In our third example, we simulated a swarm of three swimming robots, implementing the Pseudocode 1. In fact,
as the swarm motion law, the robots have to converge to a target as a search and rescue mission. We simulated a
3-dimensional underwater motion. Figure 11a shows a screenshot from the video simulation. Here we considered
Flute, Trumpet, and Cello to distinguish the three robots in the upper pitch register, and Tenor Saxophone,
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(b)

Fig. 10. Initial (a), middle (b), and final (c) steps of our 2D-simulation video.

Trombone, and Double Bass for the lower register. Figure 11b presents the notes obtained through the example
sonification.

ir

) 9
Trumpet in By [F2
(Robot 1 |5
Trombone | 7 E = e
Flute [P =
(Robot 2) | A9
9
Tenor S
5
Cello £
(Robot 3) -
Double Bass |EFa——FF e 2 2
(a) (b)

Fig. 11. A screenshot from our our 3D underwater swarm simulation video (a) and its sonification (b).

The third sample was the only sonification of a 3-dimensional motion, where the pitch range was corre-
spondingly expanded. Participants seemed to perceive correctly the idea. Their qualitative answers included
Potenza e corposita (Italian for Powerfulness and thickness), and Mountains coming out of the sea. Other listeners
indicated Something of mysterious and Epic. Thus, the feeling of a different size and space of motion seems to be
pretty clear. A participants wrote: ...two entities moving in a space... one smaller... the other bigger or heavier. This
is in correspondence with the alternation between higher and lower-range pitches, associated with bodies of
different size (because of crossmodal correspondences having a physical foundation). Four participants rated
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Table 5. Replies of participants P1-P7 to the questions on the third test

#1 #2 #3 #4 45 open
P1 4 4 3 4 2 Coming together
P2 5 4 5 5 5 Potenza e corposita
P3 4 4 4 2 3 I visualise two entities moving in a space, one smaller or lighter and another bigger or heavier.
P4 2 5 2 5 3 no images came to my mind while listening, after several times
P5 4 4 3 3 3 Epic
P6 2 4 3 4 4 mountains coming out of the sea
P7 3 5 4 4 4 antonionifilm avventura - something mysterious and ominous but not necessarily physically dangerous

the pleasantness (Figure 12a) as 4/5, and the remaining split between 2/5 and 3/5. The majority of replies rated
understandability as pretty high (five listeners chose 4/5, and the remaining 5/5; see Figure 12b). After having seen
the associated video simulation, one participant rated pleasantness as 5/5, while the majority was assessed on 3/5
(Figure 13a). However, understandability then became more spread between 2 and 5/5, with a peak on 4/5 (Figure
13b). A spread outcome was also obtained by the match between music and motion, with the majority (three
listeners) that assessed on a medium value, 3/5 (Figure 14). Table 5 breaks down the result into the individual
participants’ replies.

From 1 (min) to 5 (max), how to you rate the clearness
From 1 (min) to 5 (max), how do you rate the pleasantness of the music? (understandability) of the music?

4(57,1%)

5 (71,4%)

2(28,6%)

2 (28,6%)
1 (14,3%)

0 (0‘%) 0(0%) 0(0%) 0(0%)

(a) (b)

Fig. 12. Third sonification, ratings before watching the video.

From 1 (min) to 5 (max), how do you rate the pleasantness of the music From 1 (min) to 5 (max), how do you rate the clearness
in the video? (understandability) of the music in the video?

3 (42,9%)

3 (42,9%)

2(28,6%) 2 (28,6%)

1 (14,3%) 1 (14,3%) 1 (14,3%) 1 (14,3%)

() (b)

Fig. 13. Third sonification, ratings after having watched the video.
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From 1 (min) to 5 (max), how do you rate the match between music and
motion?

3 (42,9%)
2 2.(28,6%)
! 1(14,3%) 1(14,3%)
0(0%)
o — | 2 e N RS O N
1 2 3 4 5

Fig. 14. Third sonification, rating of music-motion match.

4.4 Five sound parameters, 2D-motion of aquatic robots

Our fourth example is a sonification where all the mentioned sound parameters, that is, time, pitch, timbre,
articulation, and loudness are exploited. We present a simulation of floating toy-swarm of three robots moving
between given coordinates, sensing obstacles, and capturing images of the ground. The physics of the system
is included in the simulation. The robots are simple tablets of wood, with GPS and distance sensors on each
side. The sensors emerge from the water surface. On the bottom face of each robot, there is a camera, capturing
pictures of the ground. The robots are in fact to recognize objects according to their color. On each side, there are
also propellers, which are visible by clicking on them on the simulator software. This is a simple, original robot
we called RoboWood.

The controllers are in C and the chosen simulation environment is Webots. The motion algorithm is also
original. Each robot knows the GPS coordinates of the middle points of each one of its sides. Thus, it can calculate
its barycenter and its orientation with respect to a given target. According to the coordinate difference between
each robot’s side and the target, the robot autonomously chooses which propeller or couple of propellers to
activate. The output information we print in a file are the barycenter position at each discrete time-point, the
distance sensors outcomes, the detection of objects on the ground. The sonification we present here is composed,
to give an idea of how a complete auditory output should sound like. With a suitable code, we could also obtain a
formal map from the simulation output parameters. We considered higher pitches at the north-east corner of the
scenario, and lower pitches at the south-west, approximately. During one step of the simulations, two of the two
robots get closer, and thus also their pitches are closer. We choose to describe the robotic proximity, signaled
by distance sensors (even though the robot are not equipped yet with lateral camera devices, to recognize each
other), by an articulation variation. The closer the robots, the more staccato the notes. This can be compared
with distance sensors and proximity alarms used in cars. The fourth parameter is loudness. In our sonification, it
follows the activation level of motors. To distinguish the robots, we considered Bb-clarinet sound for the first and
third robot, and flute sound for the second robot. The main steps of the simulation are represented in Figures 15
(a-c). Figure 15(d) shows the propellers of one of the robots. Finally, in Figure 15 (e), we present the resulting
micro-piece, titled Sing, Swim, Swarm.

The fourth simulation featured three robots, with two of them moving along parallel paths, which were
associated with parallel melodic lines. In severe counterpoint of Western music, parallel intervals are either
prohibited (fifths and octaves), or restricted (not more than three consecutive intervals), to increment diversity
and make the different voices recognizable. Thus, we are not surprised that listeners mostly distinguished only
two lines of motion, identifying and thus merging the parallel lines into only one line. One listener indicated
Two parallel things going up and up, one reaching the end before the other. This is correctly perceived, because the
two parallely-moving robots stop before the third one. Other participants also got the idea of different elements
moving around: People moving around, Night, walking tiptoes. A participant thought of a single human agent,
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Fig. 15. The three main steps of the simulation in an aquatic scenario (a-c); the detail of robots, visibile by clicking on them
(d) and the sonification score (e)..Robots 1 and 3 start from the south-west, while robot 2 starts from north. We used here the
newly-coded RoboWood. The complete simulation can be accessed from this link.

interacting with a moving living being: Child playing some kind of game — alone — chasing a butterfly. This last
comment caught the idea of a less-moving element, the child, chasing a smaller, lighter, randomly-moving element,
the butterfly. This corresponds with the image of an element moving less or at least stopping its motion before
the other one. The reply Animation gives the idea of cartoon-style soundtrack, with a precise correspondence
between movement and sound. The comment Leaves of trees in the wind reminds of a non-organized movement of
multiple, light, and small elements. Four out of seven participants rated pleasantness as 5/5 (Figure 16a); clearness
was mostly rated as the top value (Figure 16b). These results were almost confirmed after having seen the video
simulation, with a rating of 5/5 on pleasantness by four participants (Figure 17a), and 5/5 on understandability by
five participants (Figure 17b). Regarding the correspondence between music and motion, three listeners indicated
5/5, other three of them indicated 4/5, and only one rated it as 2/5 (Figure 18). Table 6 breaks down the result
into the individual participants’ replies.

We concluded the test with an optional section of overall, qualitative comments. According to P3, With the
movies the music works very well for all examples. However, P4 stated: The acoustic material didn’t really engage
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From 1 (min) to 5 (max), how to you rate the clearness

From 1 (min) to 5 (max), how do you rate the pleasantness of the music? (understandability) of the music?
4 4(57.1%) 6
3 5(71,4%)

1(14,3%) 1(14,3%) 1(14,3%)

(a) (b)
Fig. 16. Fourth sonification, ratings before watching the video.

From 1 (min) to 5 (max), how do you rate the pleasantness of the music From 1 (min) to 5 (max), how do you rate the clearness
in the video? (understandability) of the music in the video?

4 (57,1%)

5(71.4%)

2 (28,6%)
2(28,6%)

0(0% 0(0%) 0(0%
(0%) (J (0%)

1 2 3 4 5 1 2 3 4 5

@ (b)
Fig. 17. Fourth sonification, ratings after having watched the video.

From 1 (min) to 5 (max), how do you rate the match between music and
motion?

3 (42,9%) 3 (42,9%)

! 1(14,3%)
0(0%) 0(0%)
. ] ]

1 2 3

Fig. 18. Fourth sonification, rating of music-motion match.

with me; it was difficult for me to match the sounds with the images. Interestingly, this reply came from a composer
used to work with timbral masses of sound, rather than thinking in terms of lines and counterpoint. P6 stated: I
think a little bit more of precision is needed. These two comments can help us refine the sonification techniques
for our further research. For instance, we can shape timbral masses as a field of sound, to be modified by the
movement of robots. We can also exploit more fine-grained correspondences between motion and sound, to
increase the perception of precision. From the user test, we can evaluate some take-home findings: the expected
correspondence of perceived motion was overall confirmed. It can be improved via a more refined position-sound
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Table 6. Replies of participants P1-P7 to the questions on the fourth test

#1 #2 #3 #4 #5 open
Pt 5 5 5 5 5 People moving around
P2 5 5 5 5 5 Movimento
P3 5 3 5 4 5 Two parallel things going up and up, one reaching the end before the other.
P4 1 5 1 5 2 night, walking tiptoes
P5 4 5 4 5 4 Animation
P6 3 4 4 4 4 leaves of trees in the wind
P7 5 5 5 5 4 child playing some kind of game - alone - chasing a butterfly?

mapping, maybe using consistently continuous-glissandos. We could generalize the work with a variable number
of robots and timbres. Next, we could also keep unchanged some parameters such as pitch, loudness, and timbre,
and check if the articulation variations are clearly perceived by all participants.

4.5 The inverse code

The presented four examples involve sonification as a feedback from robotic movements. It is possible to do the
inverse, indicating input chords as positions of robots at the beginning or for each time point. The skeleton of an
inverse code has, as input, chords, and as output, robots’ positions. The additional materials contain the inverse
code in Jupyter, where user-given input notes are used as instructions. A snippet of the code for a 10-robot swarm
is shown in Figure 19.

In (4] # User input of 10 notes!!! (at each time point...)

for i in RoboSound._registry:
i.note = input("Enter a note:")

for i in RoboSound._registry:
print(i.name, i.note)

Enter a note:C
Enter a note:C#

m 612 # graph
Enter a note:D
Enter a note:B for 1
Enter a note:C
Enter a note:D In [51: || 1 \# setting Up positions and croate the sound file AT T, B )
Enter a note:E
Enter a note:A
Enter a note:B
Enter a note:C
Rl C
R2 C#

RoboSound._registry:
catter(i.betax, i.betay, s = 400, marker = ‘o', color = 'black')

plt.show()

R3 D
R4 B
RS C
R6 D
R7 E
R8 A
R B
R10 C

(@) (b) (©

Fig:19. User-given pitches (a), a snippet of the inner code (b), and positions of the robots obtained as output (c).

5 DISCUSSION AND CONCLUSIONS

In this article, we proposed an approach to build musical spaces, robotic spaces, and their connections. Sound can
be provided as feedback from robotic movements, but, within an inverse code, it can be given by the (human)
user to robots to convey instructions. In this way, sound, and music in particular, becomes a privileged way
of interaction between humans and robots, bringing robotic information closer to a human-understandable
language. We focuses on swarms of robots for our examples. Then, we propose four examples of implementation,
where simulated robotic movements are mapped to sound. We also present an example of inverse code, where
user-input chords are mapped to robotic positions. We also ran a user test to validate the proposed technique. We
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asked music professionals to listen to the music samples first, and then jointly with their corresponding videos.
We asked the professionals to rate enjoyability and understandability of samples, qualitatively assessing the
amount of retrieved (and retrievable) information from sonification.

Our study may advance the literature, joining concepts and formalism from mathematical music theory,
suggestions from cross-modal correspondences, and characteristics of generic robotic swarms. Three out of
four simulation examples are inspired by different naturalistic scenarios, and the fourth example is based on
a new robot type. Such a difference of scenarios and simulated devices shows the generality of the proposed
approach and its flexibility. Other works in the literature present specific choices of sound parameters to represent
elements of robotic motion [42], often considering a symbolic use of pre-defined sound sequences [89], or
compare different sound features [93]. Conversely, we describe a general flexible framework based on sound
spaces, which leaves room for specific choices, and yet can in principle be widely understood, being based on
human perception and complexity of music. In fact, specific choices lie inside equivalence classes which ensure
a degree of understandability of motion characteristics. Our scheme can be further generalized by including
more parameters and make them correspond to other swarm-robotic features, or enriching the existing ones.
For example, we used timbre to label each robot of the swarm. This parameter can be made flexible through
variations of the spectral centroid according to specific motion: a robot approaching the correct target can have a
slightly brighter timbre, while a robot approaching the wrong object can get a slightly darker timbre.

In our study, we also considered global/local features of a robotic swarm. In fact, sonification constitutes a
method to represent the swarm behavior at a micro and marco level. In our approach, each individual behavior is
represented by a sound at each time point—changing pitch according to robot’s position—and a polyphony to the
swarm. Thus, musical features such as voice leading are here expression of the emerging swarm behavior.

We made the hypothesis of a component-wise connection; and we reached the objective to build up a theoretical
model and an algorithm for practical applications. In two out of three examples, we used a quantum circuit
implementing a logic gate. The pros of using a quantum approach are the conceptual simplicity of the overall
machinery and the rapidity of convergence to the target with a mixture of quantum and non-quantum approach.
The non-quantum approach converges quite rapidly but not as fast as the mixing of quantum and non-quantum.
The main cons is the inadequacy of this formula for a quantum-only approach: in fact, while initial positions of
robots are improved, in the sense that they get closer to the target, they are then stuck in the middle (approximately)
of the arena. Thus, the step of reshuffling to scramble initial positions seems necessary. Concerning the number
of robots, we considered 2 for the 1D example, 10 for the 2D example, and 10 for the 3D example. In the fourth
example, we considered an approximately planar motion, but we took into account five sound parameters. With
particular regard to the second and third example, where we exploited the quantum circuit, we do expect a
scalability: that is, by adding more robots, we do expect similar to the obtained ones. We anyway notice that,
the more are the robots, the more likely we are that one robot makes it closer to the target. With few robots, an
eventual position ‘stuck’ in the middle of the arena can be solved by looping the reshuffle & circuit structure,
where the reshuffle is however limited to the region of space with higher reward.

To reduce the N!logic gate computations for each pair of robots to just 1 computation, we let only the first
successful robot (the one closer to the target) enter the gate. In our model, each robot sends information broadcast
with position-and reward (target proximity in our computational examples), with some incertitude described as
quantum superposition of states. The behavior of each single robot is autonomous but, at the same time, it is
connected with the decisions of other robots of the swarm. All robotic movements contribute to the emerging
swarm behavior. A change in the environment is reflected by a change of target proximity perception for at least
one robot. In our model, all robots notice the change. A change of reward even for just one robot is reflected
into the message sent broadcast. Thus, this information influences those pairwise terms involving that robot,
potentially affecting decisions on new positions to be reached at the following time points. When the robots reach
their new positions, they have a different perception of target proximity (that we called reward in our analysis),
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and thus the messages they send each other are different. New messages imply new inputs for quantum circuits,
that imply new positions reached. We can describe this effect through a system with feedback, as the social
model of “chance” and “necessity” described for social sciences [63]. A change in the environment is reflected
into a change of rewards, enacting the described cycle. The cycle is interrupted when all robots have reached the
target. These effects can be recovered from matrices introduced in [56] and summarized here, mainly residing in
pairwise interaction terms (off-diagonal elements of the overall block-matrix). A more detailed description of
feedback effect, maybe also using diffusion differential equations to describe swarm’s overall movements, can be
the topic of further research.

This study is meant to be a small contribution toward a deeper understanding and modeling of robotic swarm
phenomena, as a benchmark of swarm-understanding theories, with music as a unique and human-friendly
investigation tool.

6 DATA AVAILABILITY

The links to our videos are provided in the captions of Figures 2, 10, and 11. Our codes for the 2D example are
available at the GitHub folder https://github.com/medusamedusa/10_little_ants. This folder contains another
copy of the videos as well. The Jupyter codes for the 2D case (direct and inverse) are original. As the output, the
direct Jupyter code provides sound files with a chord and the positions for each robot at each time point. Through
an opportune change of coordinates, these positions are then taken by the Webots code as steps to be reached by
robots. The Webots code also includes an obstacle-avoidance script. The Webots code has been adapted from
sections 2 and 3 of the public repository https://github.com/albertbrucelee/webots-e-puck_robot-tutorial by A.
Alfrianta. Data of the 3D example can be retrieved at https://github.com/medusamedusa/quantum_robo_sound.
The Jupyter code for the 3D case is original. These are public repositories. The codes for RoboWood can be
freely accessed at https://github.com/medusamedusa/RoboWood. The robotic structure, its motion code, and their
implementations in C and Webots are original.
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