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Abstract. Sound can be described as superposition of
sines, noise, and transients, and these components can be
embodied as acts of phonation, turbulence, and pulses oc-
curring in the human voice apparatus. The Quantum Vo-
cal Theory of Sound introduced a strict analogy between
the threefold description of sound and the three-axes of
the Bloch sphere, so that sound time evolution can be de-
scribed similarly to spin evolution in a magnetic field. A
threefold partition of the sound world is at the basis of
descriptions of sound objects and of phenomenology of
sound, as well as of their embodiment through the con-
cept of musical gesture. The interplay of sounding objects
can also be conveniently represented in three-axial space,
where trajectories objectify mutual relations.

1 Introducing the Quantum Vocal
Theory of Sound

A Quantum Vocal Theory of Sound (QVTS) was first
sketched in 2018 [1] as a strict, though rather arbitrary,
analogy between a threefold description of the sound world
in terms of vocal primitives, and the spin as a three-
vector in the Bloch projective representation of a two-
dimensional complex Hilbert space. Temporal sound evo-
lution, if represented similarly to how a spin evolves in
a magnetic field, could be related to the act of listening,
where attention shifts and streaming effects can be de-
scribed in analogy with quantum measurement [2]. Listen-
ing is therefore related to the objecthood of sound, which
itself can be embodied through human sound-generating
apparati. Repeated cycles of evolution, measurement, and
collapse can be applied to the sound material to mimic lis-
tening processes, or to transform the sound material itself
through such processes. Measurement can follow acts of
will, or be driven by context, similarly to coarticulation
in phonetics. Each cycle of evolution, measurement, and
collapse can be compactly represented through quantum
operators and become a segment of quantum computation,
thus allowing to represent sonic processes as quantum cir-
cuits. The outcome of each measurement stage is inher-
ently probabilistic, thus producing trajectories in a garden
of forking paths [3], for creative sound processing and gen-
eration [4, 5]. In the restricted context of pitch processing,
the same analogy of spin in a magnetic field has been pro-
posed as a model for perception of Shepard-tone melodies,
where a superposition of ascending and descending inter-
vals is found for each couple of successive notes, and mea-
surement decides the perceptual direction [6, 7]. In the
large context of studies in creativity and cognition, design
processes may be represented in the Bloch projection [8].

1.1 The phon

The word phon was proposed to indicate a spin-like em-
bodied description of sound [2], as seen through the three
axes of the Bloch sphere, each made to correspond to one
of the major articulatory components of a vocal sound pro-
duction. The three axes of this “phonetic space” have
an embodied vocal meaning, that can be used to describe
sound in general:

z is phonation, giving periodic waveforms, and eliciting a
pitch sensation;

x is turbulence, giving frequency-shaped noises, of variable
perceived brightness;

y is pulsation1, giving pulses, of variable perceived rate, or
tempo.

A generic phon state |ψ⟩ can be expressed as the
superposition of the basis vectors pitch-up |u⟩ and pitch-
down |d⟩

|ψ⟩ = αu |u⟩+ αd |d⟩ , (1)

where the coefficients are complex numbers, αu = ⟨u|ψ⟩,
and αd = ⟨d|ψ⟩. The probability to measure pitch-up is
α∗
uαu, and the probability to measure pitch-down is α∗

dαd,
with the two probabilities summing up to one. In quan-
tum computation, the vectors |u⟩ and |d⟩ give the compu-
tational basis of a qubit vector space, and are the eigenvec-
tors of the Pauli-Z operator σz , corresponding to a Z gate,
also called a phase flip. Applying a measurement along
the z direction to a generic phon state |ψ⟩ is equivalent to
pre-multiplying it by one of the measurement operators

Mu = |u⟩ ⟨u| =
[
1 0
0 0

]
;Md = |d⟩ ⟨d| =

[
0 0
0 1

]
,

and to normalize the resulting vector to have length one.

The eigenstates of the Pauli-X operator σx are |r⟩
and |l⟩, corresponding to turbulent primitive sounds having
different spectral distributions, one with the rightmost (or
highest-frequency) centroid and the other with the leftmost
(or lowest-frequency) centroid. In quantum computation,
σx corresponds to a X (NOT) gate, and |r⟩ and |l⟩ form the
Hadamard basis. If the phon is prepared turbulent (|r⟩ or
|l⟩) and then the measurement apparatus is set to measure
σz , there will be equal probabilities of getting pitch-up or
pitch-down phonation as an outcome. This measurement
property is satisfied if the turbulent state {|r⟩ , |l⟩} is de-
fined as

{|r⟩ , |l⟩} =
1√
2
|u⟩ ± 1√

2
|d⟩ . (2)

1This has previously been called the myoelastic component, as low-
rate impulse sequences can be generated by supraglottal myoelastic os-
cillations. However, we here include other kinds of transient sounds, that
can be vocally achieved by other means, such as stops and clicks.
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The eigenstates of the Pauli-Y operator σy are |f⟩
and |s⟩, corresponding to fast-rate and slow-rate2 pulsa-
tion, respectively. If the phon is prepared pulsating (|f⟩ or
|s⟩) and then the measurement apparatus is set to measure
σz , there will be equal probabilities of getting pitch-up or
pitch-down phonation as an outcome. This measurement
property is satisfied if the turbulent state {|f⟩ , |s⟩} is de-
fined as

{|f⟩ , |s⟩} =
1√
2
|u⟩ ± i√

2
|d⟩ . (3)

2 Threefold representations in audio
signal processing

A threefold representation of sound is at the basis of a
large part of sound analysis and transformation methods;
It can be called Sines+Transients+Noise (STN) [9, 10, 11]
or, in a music-oriented approach, Harmonic, Percussive,
and Residual (HPR) [12]. The bag of available audio-
processing tools, all based on the Short-Time Fourier
Transform, makes it possible to play with the QVTS, as
the local time evolution, and the decisions on how and
when to proceed with the measurement and the subsequent
collapse, can be derived from the short-time gist or local
sound context – tonal quality, presence of noise, and per-
cussive content – as it unfolds. That is, from a given sound
state, or phon, the evolution, measurement, and collapse
depend on the sound gist itself, thus making the interac-
tion between system and measurement concrete [13].

To make the connection with audio signal pro-
cessing clear, consider the twofold Harmonic+Noise rep-
resentation [14] to describe preparation and measurement
in the phonation-turbulance planar section of the QVTS
space. An arbitrary direction in such plane is described by
the operator

σn =

[
cos θ sin θ
sin θ − cos θ

]
, (4)

where θ is the angular direction, pointing to a superposi-
tion of phonation and turbulence. If we prepare the phon
in the state corresponding to |λ1⟩ (eigenvector of σn with
eigenvalue +1) and we measure along the z axis, we get a
pitch-up with probability cos2 θ/2 and a pitch-down with
probability sin2 θ/2 [2]. Similarly, we can use threefold
decompositions that extract transient (or percussive) com-
ponents, and act on the phonation-pulsation plane, on the
turbulence-pulsation plane, or on the whole phonation-
turbulence-pulsation space. Having a framework of three-
fold separation of audio, specific audio signal processing
techniques can be used to extract the dominant pitch, or
tempo, or spectral brightness, often with a measure of con-
fidence of each. This is how quantum measurement can be
actually performed and interpreted on the time-frequency
plane, which defines the objecthood of sound [15, 16].

3 The objecthood of sound
Tensor products of partitions of the “sound universe” are
found in the phenomenology of sound as investigated by

2A single impulse is assimilated to very slow pulse rate.

Pierre Schaeffer [17, 18]. That was indeed a theory of
sound objects, found at “the meeting point of acoustic ac-
tion and listening intention”, where typo-morphological
spaces, that can be reported on the time-frequency plane,
support a phenomenological description of sound and its
embodiment as human gesture [19]. The partition of sound
according to its {impulsive, sustained, iterative} facture
(ideally deriving from punctual, continuous, or iterative
gestures) can be cross-multiplied by the classes of {tonal
(pitched), complex (inharmonic or noisy), varied (fluctu-
ating)} mass, to give a 3 × 3 mesh of typological cate-
gories [20]. A notation for the nine cells of this mesh,
using glyphs to represent sound objects and their rela-
tions, has been proposed and refined at the morphologi-
cal level [21]. A partition of a three-dimensional audible
space, with axes describing profile/sustain (facture), cal-
iber (tonal or complex mass), and variation (varied mass),
where to locate sound objects in a typological analysis, has
been proposed [22].

Schaeffer’s thesis of a natural perceptual field of
the ear, in which sound objects and their relationships
emerge and are located in accordance with natural laws, is
indeed very close to the QVTS. There might be differences
in how the perceptual field is structured and in what are its
dimensions, but the idea of sound objects appearing, being
identified (typology), and evolving in a space under natu-
ral laws parameterized according to a context is indeed part
of both theories. And the abstract space, or spaces, where
sound objects find their place is not the space we inhabit
and experience through vision and touch, but it becomes
concrete through the features of the time-frequency plane,
that musique concrète plays with. That is the playground
of Schaeffer’s sound objects [18] as well as Kubovy’s au-
ditory objects [15].

Sound objects are the quantal elements of
sound [23], chunks or gestalts of length between 0.5 s
and 5 s (the temporal meso-scale) that are perceived as
wholes and categorized by Schaefferian typology, although
they have an internal structure (morphology), and belong
to larger-scale structures and context. Chunks occur at
discrete moments in time and accumulate a segment of
continuous experience. These are now-points in Husserl
phenomenology, expressing the thickness of present [24],
where temporal coarticulation acts as a contextual smear-
ing [20]. Within this window of present, the perceived or-
der of events may not match their physical order. Consider-
ing the phenomena of temporal displacement [25], objects
of different types (or different axes of the phon space),
or of markedly different quality (or different basis states
along the same axis), resist physical simultaneity. Clas-
sical experiments in this area of investigation are based
on two different low-pitched tones interrupted by either a
noise burst or a high-pitched tone [26]. It is found that the
middle element is perceptually anticipated or retarded, as
compared to the instant of physical occurrence. The prob-
abilistic nature of the QVTS cycle of evolution, measure-
ment, and collapse makes the noise burst, that is physically
simultaneous with a note transition, to appear as a collapse



along the x axis, at different times on different runs of the
evolution, within a present as thick as a few hundred mil-
liseconds. When such collapse has occurred, equation 3
shows that the turbulent state can be expressed as a bal-
anced superposition of pitch-up and pitch-down. The rep-
resentation of noise in the computational basis of tones,
or sines, is indeed justified by phenomena of perceptual
restoration or auditory tunneling [27, 28], where the phon
effectively keeps its z orientation while traversing a seg-
ment of masking noise.

If sound quanta have to be looked for at the meso-
scale, it is challenging to understand how a sound object
emerges as a gestalt, from the fusion of micro-sonic fea-
tures [29]. One sensible approach is to treat sound as inex-
tricably linked to movement [20], chunked in perception-
action motor gestalts [30]. In QVTS, the space is organized
along axes that directly refer to vocal production mecha-
nisms, thus making the link to movement evident and em-
bodied. For example, a train of 30 pulses in a second may
be connected with a bilabial trill generated by a pulmonic
egressive gesture, and that whole would be a sound object.

A quantum-inspired description of sound should
deal with two motion-related phenomena that are central to
define the objecthood of sound [20]:

. Phase transition: a qualitative categorical shift due to in-
cremental change in motion features;

. Coarticulation: the fusion of otherwise separate elements
due to anticipatory (forward) or perseveratory (backward)
smearing.

A phase transition is found when a pulse rate be-
comes high enough to evoke a pitch sensation, or a rotation
of the phon from the y to the z axis. The categorical shift
corresponds, in embodied vocal terms, to a change in the
generation mechanism, from the lips to the vocal folds.

Coarticulation is introduced when considering the
phon as immersed in an auditory environment, with an evo-
lution alike that of a spin in a magnetic field. Restoring
forces act on the phon, coming from the local temporal
sound production context. Within a time neighborhood
of the present, using a time-dependent yet commutative
Hamiltonian

H(t) = e−ktS, (5)

we can govern the coarticulation smearing by the damping
factor k, where S is a Hermitian matrix representing the lo-
cal sound gist. The phon is made to have unitary evolution
within the time neighborhood:

|ψ(t)⟩ = e−i
∫ t
0
H(τ)dτ |u⟩ = U(0, t)|u⟩. (6)

Coarticulation is what allows motion, including
vocal production, to be considered as a connected flow.
The QVTS considers sound as a flow in the phon space,
where attention and context drive the formation of trajecto-
ries, or auditory streams. There is no phon state for which
the expectation of the three components x, y, and z is zero.
In other words, “There’s no such a thing as silence” [31].

The trajectories traverse the perceptual field and
leave traces, or shape images that represent both the sound-
producing body motion and the corresponding sound [32],
at the different timescales encompassed by the sound ob-
ject. At the large timescale that defines the context of
habits, training and experiences, we may consider the phe-
nomenal field [33], which may also be made to affect the
local Hamiltonian and, in turn, the resulting phon trajecto-
ries and gestural interactions.

4 Relations
Each of the principal axes of the phon space expresses two
polarities that make only relational sense. The z-axis, that
in quantum computing would host the computational basis,
in the phon space corresponds to pitch-up and pitch-down,
that are states that express the pitch relation between a cou-
ple of sound objects. In Schaefferian terms, the calibra-
tion of the pitch dimension in QVTS is ordinal rather than
cardinal. The noise (x) and pulsation (y) dimensions are
treated in a similar, relational fashion. This framework is
convenient because it affords the description of streaming
phenomena, as they emerge in auditory scene analysis. The
z-axis is agnostic to the details of harmonic morphology, as
long as it supports a relation of order between pitches in a
couple. Multiple pairwise relations between pitches can be
handled through multiple qubits, or phons.
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Figure 1: Hamiltonian evolution of the phon from
pitch-up. The red line indicates pitch-
up; The yellow line indicates pitch-
down. The green dots represent the
state at discrete time instants, being tur-
bulent when on the bottom horizontal
boundary. Reproduced from [5].

Figure 1 shows an example evolution of the phon
state from pitch-up, for two gliding and crossing tones, in-
terrupted by a 200ms-band of white noise, intervening at
time 1.5s. The two crossing lines are given by the two most
salient pitches, as derived from short-time Fourier analysis.
Pitch attribution becomes wiggly when the tones get close
to each other, and even more when they are interrupted by
noise. The phon sticks to phonation until well inside the
noise band, with occasional switches to turbulence. The
phon evolution is still uncertain after the noise interrup-
tion, until the tones are sufficiently far from each other,
and the phon takes a stable pitch-up. Such uncertainty on
noise location is consistent with the known perceptual fact
that bursts of noise overlapped to a tone transition are not



precisely located, with errors that can be up a few hun-
dred milliseconds [34]. The phon evolution represents the
listening process, going through the relation between the
tones, and the relation between tones and noise, and draw-
ing a trajectory in the perceptual field.

The quantal view of sound objects is applicable
to a substrate that is made of discrete elementary events,
that we may call onsets, or pulses. In this domain, the co-
herent gestalts that emerge at the temporal meso-scale can
be called rhythmic objects [35, 36, 37]. Humans (and ani-
mals) appear to be analyzers of time as a dimension of and
between things, in a contextual relationship with a range
of differences in sound qualities. The phases of chunking,
segmentation (serial integration, ordinal contour), and seg-
regation (parallel representation, streaming) can be distin-
guished as fan-shaped sectors of a plane, whose abscissa is
the contextual inter-onset interval at the sub-sound-object
scale, and the ordinate is the considered sound quality,
such as pitch, on an interval scale [38, 39].

Similarly to tones along the z axis, we can con-
sider the relation between objects along the pulsation (y)
axis. Think of two concurrent metronomes, beating time
at generally-different tempi. As long as the metronome
pulses are auditorily distant, by timbre or spatial location,
the phon can be made to evolve by taking pulsation-fast
(|f⟩) or pulsation-slow (|s⟩) states, corresponding to fo-
cusing on one source or the other. Or, for specific tempo
ratios, the listener may grasp the overall cyclic repetition
of pulses, as a rhythm. For example, a three against four
polyrhythm may be treated along the y axis, with a listen-
ing process that follows the evolution of a phon, possibly
switching between the fast (|f⟩) and slow (|s⟩) orthogo-
nal states. The rhythmic object emerges when it is equally
likely, in such evolution, to measure one of the two states,
“with concurrent rhythm motion layers becoming a single-
layer motion”, and a polyrhythm becoming “a monophonic
series of durations” [35]. Listening establishes a relation,
of probabilistic nature, between |f⟩ and |s⟩. “Relation-
ships are not ends but means, which allow the event to
emerge” [40].

5 Trajectories
A relational view is at the basis of the RhyGlyph visual-
ization, that embeds the idea that rhythmic patterns reveal
objects in motion, so that the relation between concurrent
sequences of inter-onset-intervals becomes a trajectory in
spacetime [41, 42]. The pairwise interactions can be rep-
resented as outwards-going trajectories within defined sec-
tors of the plane, each corresponding to the relation be-
tween two sounding objects, as “polyrhythm does not so
much generate acoustic space as show us how one might
move through it” [43]. At a glance, a compact glyph can
show all three relations between three sounding objects,
such as Kick, Snare, and Hi-hat of a drumset. More sound-
ing objects can tessellate the plane, with redundant trajec-
tories (see fig. 2). Within a sector delimited by two dis-
tinct metronomes, a bisecting line would represent the tra-
jectory of iso-temporal sequences of pulses, while a three-

against-four polyrhythm would give rise to a trajectory that
is tilted towards the faster tempo. This representation can
be phase blind (as in a quantum measurement), although
the relative phase can be introduced by visualizing the lo-
cal push-pull dynamics between the two sounding objects.
Once rhythms are actively perceived as concrete move-
ments [33], a form of embodied interaction by direct ma-
nipulation of spacetime trajectories becomes possible, as
perception of motion enables the interaction gestalt of a
rhythmic object [44].

The RhyGlyph trajectories can be interpreted as
showing the probabilistic interdependence between two
variables, as in relational quantum mechanics, where vari-
ables gain meaningful values only at discrete moments
(i.e., the onsets), and the value of each variable is always
relative to the interacting system [13]. The garden of fork-
ing paths, that would fill the relational sectors of figure 2,
represents quantum rhythmic listening, or in a generative
perspective, quantum improvisation as it was envisioned
by Pauline Oliveros, as a mean to find “new ways to ex-
press and understand the relationship between mind and
matter” [45, 46].

Figure 2: Sketch of five sounding objects in a
honeycomb tessellation, with trajecto-
ries of pairwise rhythmic relations.
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