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Abstract

Perceptual systems are endorsed with the challenging task to organize a
partial sensory input into a useful and stable representation of the world.
In the auditory modality this task is named ”auditory scene analysis” and
consists in grouping or streaming the acoustic input into di�erent voices.
However, perceptual systems have to confront the fact that perception is
an ”ill-posed problem”: the poverty of signal does not allow to determine
the state of the acoustic scene. However, this inherent ambiguity is being
processed unbeknownst to listeners. Perceptual systems rely on di�erent
strategies to settle on the most adjusted representation of the world, taking
into account past information and prior knowledge.

Ambiguous stimuli are experimental objects designed to highlight the pro-
cesses involved when disambiguating a signal. The aim of this Ph.D. has
been to investigate the way listeners process an ambiguous auditory stim-
ulus. The stimulus consists in pairs of tones composed of octave-related
frequency components, also known as Shepard tones. When two Shepard
tones are separated by a six semi-tones interval, the pitch-shift is ambigu-
ous: listeners report an ”upward” and a ”downward” pitch-shift with equal
likelihood. However, when the ambiguous interval is preceded by a short con-
text melody, listeners are strongly biased towards one or the other pitch-shift:
the reported direction encompasses the frequency region where the context
components are placed. My aim has been first to characterize the time
course of this context e�ect, for it conveys informations about the nature
of underlying neural processes. The results revealed remarkable temporal
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Abstract

dynamics, as the context e�ect was established by extremely short tones (of
the order of 20ms) and yet could still bias perception across long periods of
silence (of the order of 30s to minutes).

Secondly, the research tackled a novel question on perceptual ambiguity: are
listeners aware of the existence of the distinct perceptual alternatives? Oddly,
this question has so far raised relatively small interest, perhaps because the
”exclusivity of alternative percepts” has been traditionally considered one of
the hallmarks of perceptual ambiguity. In the case of the ambiguous inter-
val, an e�ect of musical expertise has been discovered. Collecting confidence
ratings and response times, it was shown that the pattern of response for
these two measures diverged between musicians and non-musicians. A max-
imally ambiguous interval (corresponding to a 0.5 ratio between ”up” and
”down” responses) was associated to lower confidence ratings and slower re-
sponse times for musicians while the opposite pattern was observed for non-
musicians. An online experiment replicated these findings on a large cohort
of participants and showed a positive correlation between the perceived am-
biguity and the number of years of musical training. Finally, two experiments
were conducted on the e�ect of context information on perceived ambiguity,
using confidence ratings and response times. Results demonstrate that the
context e�ect strength is paralleled by a reduced perceived ambiguity.

This research sheds light on the perception of an ambiguous auditory interval
that is reported as going ”up” or ”down” with equal likelihood. The tempo-
ral dynamics of a context e�ect were investigated and suggest that similar
mechanisms may be involved in the processing of daily auditory scene, which
typically require integrating information over wide temporal scales, hence
emphasizing the ecological relevance of this work. Finally, a novel approach
to perceptual ambiguity was proposed, by combining response times and
confidence ratings, in order to tackle the largely unexplored question of the
subjective experience of perceptual ambiguity.

Keywords: ambiguity, pitch, context e�ects, musicianship
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Résumé

La tâche des systèmes sensoriels est de d’organiser l’information lacunaire
collectée par les organes sensoriels afin d’aboutir à une représentation stable
et cohérente du monde. Dans la modalité auditive, « l’analyse de scène au-
ditive » consiste à regrouper ou séparer correctement le signal en di�érentes
voix. Mais les systèmes perceptifs doivent prendre en compte le fait que la
perception est un « problème mal-posé » : le caractère lacunaire du signal
ne permet pas de reconstituer entièrement la scène. Or, pour des raisons
écologiques évidentes, cette ambiguïté doit être traitée très rapidement et à
l’insu de l’observateur. Les systèmes perceptifs adoptent alors plusieurs stra-
tégies afin de construire une représentation du monde pertinente et stable
en tenant compte de l’information passée et des connaissances a priori sur
le monde.

Les stimuli ambigus sont des objets expérimentaux conçus pour mettre en
évidence ces stratégies perceptives. Ce travail de doctorat s’est attaché à
explorer les processus liés au traitement d’un objet ambigu de la modalité
auditive. Il s’agit d’un intervalle formé par la succession de deux sons de
Shepard, des composés complexes de séries d’octaves. Quand ils sont séparés
d’un intervalle de six demi-tons, la perception est ambiguë : les auditeurs
rapportent que l’intervalle monte et descend avec une probabilité égale. En
revanche, quand l’intervalle est précédé d’une courte mélodie, la perception
est fortement influencée : la direction rapportée est celle qui traverse les
composantes spectrales de la mélodie qui précède.

Le but de cette travail de thèse a été tout d’abord de caractériser les proprié-
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Résumé

tés temporelles de cet e�et de contexte, car elles sont susceptibles d’apporter
des indications sur la nature des processus neuronaux sous-jacents. Les ré-
sultats révèlent des dynamiques remarquables : l’e�et du contexte est établit
avec un son contexte de 20 ms seulement et peut être maintenu au delà de 30
s de silence. Par conséquent, on peut supposer que des processus similaires
sont en jeu lors du traitement de scènes auditives nécessitant l’intégration
de l’information sur de larges échelles de temps, comme lors de la perception
de la parole ou de la musique. L’étude des e�ets de contexte d’un intervalle
ambigu constitue donc un outil nouveau et performant pour appréhender les
processus sous-jacents lors de la perception de scènes auditives naturelles.

Dans un second temps, mes recherches ont porté sur l’expérience subjec-
tive de l’ambiguïté : est-on conscient de l’existence d’alternatives di�érentes
lors du traitement de stimuli ambigus ? Etrangement, cette question semble
n’avoir suscité que peu de recherches jusqu’à présent, la raison étant peut-
être que l’exclusivité mutuelle des alternatives est traditionnellement consi-
dérée comme l’une des caractéristiques de l’ambiguïté perceptive.

Dans le cas de l’intervalle ambigu, un e�et de l’expertise musicale a été mis
en évidence. En recueillant les jugements de confiance et les temps de ré-
ponse associés au jugement de direction, nous avons montré que ces mesures
de l’ambiguïté ressentie divergeaient drastiquement entre les musiciens et les
non-musiciens. Des jugements de confiance plus bas et des temps de réponse
plus longs étaient associés à une ambiguïté de réponse maximale (équiproba-
bilité des réponses « monte » » et « descend ») chez les musiciens alors que
l’e�et inverse était observé chez les non-musiciens. Une expérience menée en
ligne a montré que cet e�et de l’ambiguïté était robuste lorsqu’une large co-
horte était testée et positivement corrélé aux nombres d’années de pratique
musicale. Enfin, deux expériences ont été menées sur l’e�et du contexte et
l’ambiguïté perçue, en utilisant les mesures de confiance et de temps de ré-
action. Les résultats ont permis d’établir que pour les deux groupes, un e�et
du contexte plus fort était associé à une ambiguïté moins ressentie.

Ces travaux ont donc contribué à mettre en lumière les caractéristiques de
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la perception d’un object auditif ambigu, un intervalle pouvant être rap-
porté comme montant ou comme descendant. Les dynamiques d’un e�et
de contexte ont été mises en évidence et suggèrent que des mécanismes
similaires sont en jeu lors du traitement de la plupart des scènes auditives
complexes, ce qui souligne la pertinence écologique de ces travaux. Enfin,
une approche nouvelle des stimuli ambigus, alliant mesures de confiance et
temps de réponse, a été développée afin d’explorer un aspect jusqu’alors peu
documenté de la perception ambiguë, l’expérience subjective de l’ambiguïté.

Mots clés : ambiguïté, hauteur, e�et de contexte, expertise musicale
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Exergue

”Da wird für eines Augenblickes Zeichnung,
ein Grund von Gegenteil bereitet, mühsam,

daß wir sie sähen; denn man ist sehr deutlich
mit uns. Wir kennen den Kontur

des Fühlens nicht: nur, was ihn formt von außen”

”Then briefly a design that’s based on contrast,
comes into focus, carefully prepared

for us to see. (They take some pains with us.)
We do not know the contour of our feeling:
only the thing that moulds it from without”

”Pour nous permettre de voir le dessin d’un instant,
on lui prépare laborieusement

un fond de contraste ; car nous devons être très clairs envers nous-mêmes.
Le contour du sensible, nous ne le connaissons pas : seulement

ce qui du dehors le façonne”

Rainer Maria Rilke





Introduction

What does perception?

Perceptual objects

As soon as we enter the world, our senses collect a tremendous amount
of information from which they have to derive a useful representation of the
environment in order to adjust behaviors. Grouping and segregating elements
into di�erent perceptual objects is what constitute the core of this processing.
In the auditory modality, this is named ”auditory scene analysis”[47] and
consists in grouping the parts of the spectrogram that form one ”auditory
object” or ”stream” and segregating the parts of the spectrogram that are
emitted by distinct sources. Being critical to survival, infants from a very
early age are able to segregate information coming from the environment in
order to form auditory objects [82] and this ability is sharpened progressively
throughout development [241, 367].

In the 1930s, Gestalt psychologists gathered the principles underlying the
formation of « behavioral units ». To illustrate the mechanisms of such
principles at play, consider Figure 0.0.1. Having one glance at it, nobody
could refrain seeing a smiling figure. Yet, the figure also depict eleven dots
in a certain spatial arrangement without any connection between them.

This principle of grouping together elements according to proximity cues
constitutes one of the fundamental aspects of perception. Critically, it is
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Introduction

Figure 0.0.1: Example of figure of a smiling face derived from Gestalt prin-
ciples of perceptive organization

the organization as it appears to us that matters. When gazing at a starry
sky, the factual relations of distance between the objects are of the least
importance when grouping them into visual objects: only the relations as
they appear to eyes will lead the observer to form constellations. According
to Ko�ka, real units and their relations are neither the necessary nor the
su�cient condition to form behavioral units [199]. By the time they were
theorized, Gestalt principles were mostly applied to visual perception but as
Bregman claimed: ”in general, all the gestalt principles of grouping can be
interpreted as rules for scene analysis” [47].

Ill-posed problem

Perception is about forming sensible and stable perceptual objects (visual ob-
jects and auditory streams) that can lead our behaviors into a fitted action.
Yet, the sensory input coming through the sensors is inherently partials in two
ways. First the information about a particular object is rarely entirely avail-
able in the world. Consider a cat chasing a mouse in the grass, its tracking
of the visual object ”mouse” might be oftentimes obstructed by grass stalks.
Equally, in a restaurant, when having lunch in a crowded room, a listener
might miss parts of his interlocutor’s speech because of the concurrence of
an other nearby speaker’s voice [398]. Therefore, perceptual systems have
to overcome the simultaneous masking to maintain a continuous percept of
the object with sophisticated processes [318].
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Secondly, the paucity of sensory captors make perception somewhat of an
ill-posed problem: the signal is insu�cient to determine one unique inter-
pretation. In visual processing, one can for instance know the distance and
infer the size or reciprocally, know the size and infer the distance (the same
phenomenon occurs with shape and angle) as shown in Figure 0.0.2.a. In
auditory perception, the waveform hitting the eardrum can result from one
unique source or else, from the combination of an unknown number of sources
as shown in Figure 0.0.2.b.

(a) Visual ill-posed problem: From [333]. (b) Auditory ill-posed problem. From [296].

Figure 0.0.2: Perception is an ill-posed problem: the equation has too many
unknowns and to few knowns to be resolved.

This indetermination cannot lead to an e�cient behavior: if the cat cannot
reliably evaluate the mouse’s distance it will not be able to rightly calibrate
its attacking jump. For ecological reasons, it is therefore necessary to resolve
perceptual ambiguities.

Inferences

In the Principles of Gestalt Psychology, Ko�ka wrote : ”The stimulus alone,
no matter how defined, does not do justice to the perception” and further:
”if things looked as they do because they are what they are, then perception
would not contain in its very make-up a cognitive problem” [199]. From the
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mere sensory input to the representation that one has of a complete scene,
there are myriads of cognitive processes at play to fulfill the missing informa-
tion. They can be compared to unconscious inferences [151] and the result of
these inferences are a useful and stable representation of a perceptual object.
Perceptual inferences occur beyond our conscious grasp, perhaps as a way
to optimize speed processing [4]. Ambiguous stimuli are experimental ob-
jects designed to emphasize the inconclusive evidence carried by the sensory
input and are used for the scrutiny of those fast and unconscious perceptual
mechanisms.

While some perceptual organization principles may be implemented from a
very early age [82], experience and knowledge may also be critical in the
way we organize sensory input. Therefore, perceptual inferences may also re-
sult from the regularities we are exposed to throughout life. Bregman refers
the principles derived from experience schema-based streaming principles and
claims: ”undoubtedly, there are learned rules that a�ect the perceptual orga-
nization of sound. I shall refer to them as schema-based streaming principles”
and defines a schema as: ”a mental representation of some regularities in
our experience”.

Context e�ects

Context e�ects refer to the processing of information external to the stimulus
itself that contribute to process it in the most e�cient way [354]. In visual
perception a wide range of attributes such as motion, brightness, orientation,
blur or higher-level structures like faces have been reported to be influenced
by contextual information [335]. Figure 0.0.3 illustrates a simple visual con-
text e�ect on size perception. In the left figure, the central red dot seems
smaller than in the right one although they are identical. The surrounding
information a�ects the relative sizes of the two objects.

Contextual information is particularly critical in auditory processing. Acous-
tic signals being inherently temporally defined, integrating information over
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Figure 0.0.3: Context e�ect in visual perception. The central dot in the two
figures seems to have a di�erent size due to the surrounding
dots although they are identical. From [378].

wide range of time scales is believed to be crucial in most complex auditory
processing such as speech [183] and music perception [282].

Prior knowledge

A striking feature of human perception is that our subjective experience
depends not only on sensory input but also on prior knowledge, acquired
through experience and learning. Figure 0.0.4 illustrates how a priori knowl-
edge biases visual perception (from [184]). The left dot seems convex while
the right one seems concave. Why is it that an overwhelming majority of
people will interpret the shadows this way? The reason lies in a very robust
and long standing prior knowledge: object are lit by the sun from above.

Figure 0.0.4: Prior knowledge e�ect in visual perception. The left dot seems
convex while the second seems concave.

5



Introduction

In the auditory modality, a phenomenon referred as the octave illusion is
rooted in prior knowledge of listeners (demonstration: Octave illusion) [89,
246]. Two tones are presented continuously to both ears. Event A is a low
tone presented to the left ear and a high tone presented to the right ear.
Event B is the opposite: a low tone is presented to the right ear and a high
tone is presented to the left ear. The low and high tones are pure tones
separated by one octave. Events A and B alternated in a way that listeners
were presented in each ear a succession of high and low tones and therefore,
the high and low tones were always in opposite ears. However, listeners
did not report this perception. They instead heard a single tone bouncing
back and forth between the ears with an alternating pitch. Although it
is still unclear whether this results from a suppression of the contralateral
input or a fusion between the dichotic inputs [64], this subjective experience
seems underpinned by the assumption, made by listeners, that a the signal
is far more likely to come from a moving sound source, rather than two
simultaneous sound sources arriving in each ear. The prior knowledge behind
that e�ect can be explain in this words:

It is simply more probable in our world that an enduring object
abruptly moved from one position to a nearby position than that
one object suddenly ceased to exist and, at exactly the same in-
stant, a separate but similar object just as suddenly materialized
in another position.

From Shepard [344].

Prior knowledge could be defined as long-term statistical learning - the pro-
cess by which the system encodes and learns statistical regularities in the
world-. Empirical studies have suggested that statistical learning starts de-
veloping very early in life in both visual and auditory modalities [52, 320].
The precise mechanisms by which sensory information and prior knowledge
are integrated remain unclear, with longstanding disagreement concerning
whether integration is strictly feed-forward or whether higher-level knowl-
edge influences sensory processing through feedback connections.
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Sweet ambiguity

Ambiguity in laboratory

To cope with lacunary information, perceptual systems rely on various mech-
anisms such as context e�ects and prior knowledge to build a sensible and
useful representation of the world. Despite its sophistication, the system
may sometimes fail to accomplish this task. Perceptual illusions could, on
first thought, be considered as failures. However being misled by our sensors
is not necessarily problematic nor threatening. Constellations are based on
the incorrect distances seen between the stars yet, although illusory, these
objects are of great utility for sailors when searching their path at night.

Ambiguity, on the other hand shall be considered as a real perceptual defeat
for it results in a perceptual indecision which could be problematic to guide
one’s actions. Consider the object is Figure 0.0.5. Is it a rabbit or a duck?
Is it to eat or to fear? To chase or to repel? Those important questions (for,
say, a predator allergic to duck meat) could not be answered as long as the
indecision remains.

Figure 0.0.5: Jastrow’s ambiguous figure of a duck-rabbit. Here can be seen
either a rabbit figure or a duck figure. This example was then
taken by Wittgenstein to lead his thoughts on general percep-
tion [406].
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Introduction

Extreme cases of ambiguous stimuli, such as those studied in laboratories
have been frequently reported to induce a perceptual oscillation between
two choices, making it impossible to settle for one with great certainty [230].
Luckily, such inconclusive sensory evidence is rarely encountered in real life
and perceptual systems are rarely defeated, unless deliberately trapped. In
laboratories, stimuli are purposely designed to carry maximal ambiguity, in
order to allow scientists to observe the non sensory-driven mechanisms at
play in perception. The Necker cube (initially described in Necker, 1832
[265]) is one of the most famous bistable stimuli in vision but ambiguity
can also be studied in audition. Regarding the seemingly exclusivity between
competing interpretations of a sensory input, Bregman argues that:

The exclusive allocation of evidence describes how these in-
terpretations (vase/face) a�ect the edge that separate the vase
from a face. When we see the face, the same edge is now located
to the face. It is never allocated to both face and vase at the
same time, but exclusively to one of them.

The claim is that in occurrence of ambiguity, the figures are alternating
in the subjective experience and never present simultaneously. Arguably,
exclusivity of competing interpretations is rooted in ecological reasons: it is
more useful to settle on one percept at a time (a duck or a rabbit) rather
than perceiving the midst of the two, which would correspond to nothing
known (a duck/rabbit).

However, this implies that exclusivity may depend on particular ecological
strategies endorses by observers or listeners. Hence, it could be that in some
cases, the midst of the two interpretations may be sensible, which could then
not result in exclusive allocation of sensory information.
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Ambiguity in art

Ambiguity have been extensively used for aesthetic purposes and artists of
the 20th century were fascinated by bizarre perceptual e�ects. In music,
ambiguous situations tend to generate greater emotions. In the lectures he
gave at Harvard in the 1970s, Leonard Bernstein analyzed several examples of
ambiguous excerpts in Western tonal music [220]. In the first bars of the slow
movement of Mahler’s 5th symphony, the tonal material is arranged such a
way that the listener cannot decide if the main tonality is A minor or F major,
as all the notes used by Mahler purposely belong to both tonalities. When
the major F chord finally resolves the situation, the emotion aroused is even
greater due to the perceptual indecision that the listener was deliberately left
in.

Figure 0.0.6: Escher’s stairs

More structural ambiguities fascinated M. C. Escher. The stairs displayed in
Figure 0.0.6 constitute a perceptual paradox as they seem to go up indefi-
nitely. This structure is similar to Ligeti’s study for piano untitled The evil
stairs which first bars are displayed in Figure 0.0.7. The left hand part is
designed such a way that the listener is under the impression of a continu-
ously rising pitch. The part highlighted in blue is what is responsible for this
impression. This design is very similar to the Shepard tone paradigm that
we will extensively evoke in this manuscript.
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Introduction

Figure 0.0.7: Ligeti’s Evil stairs

Present research

This research is dedicated to study the perception of a case of an ambigu-
ous auditory stimulus. The stimulus consists in an interval of Shepard tones.
Shepard tones are complex harmonic tones which only contain octave-related
components. When two Shepard tones are separated by a 6 semi-tones in-
terval, i.e. a tritone, the perception of the pitch-shift is ambiguous: listeners
will report with equal chances hearing an upward pitch-shift or a downward
shift. This Ph.D work aimed at characterizing the processes underlying the
perception of this ambiguous interval.

In Chapter 1, 2 and 3, a review of literature is conducted. Chapter 1 focuses
on properties of perceptual ambiguity. Chapter 2 is dedicated to context ef-
fects. Chapter 3 reviews the main findings regarding the di�erences between
musicians and non-musicians. The next three chapters present experimen-
tal results. Chapter 5 exposes three experiments conducted to characterize
the temporal dynamics of a context e�ect biasing the perception of the am-
biguous interval. Chapter 6 tackles an ongoing and seemingly unresolved
question in the literature of ambiguous perception: do we perceive the am-
biguity. Finally, Chapter 7 presents two experiments which further addressed
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the question of the perceived ambiguity but here, it investigates the role of
context e�ects.
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PART I : Literature review





Chapter 1

Ambiguity in perception

Natural scenes, either visual or auditory, contain many ambiguities, due to
inconclusive sensory input, that are typically unnoticed because they are
resolved e�ectively in a fast and unconscious manner. Resolving perceptual
ambiguities is therefore a common and frequent task, involved in most day-to-
day perceptual processes. The specific mechanisms at play can be empirically
explored using ambiguous stimuli, experimental objects designed to maximize
the contradictory evidence. In this chapter, we will first briefly review the
main paradigms that have been used to explore perceptual ambiguity, in
the visual and auditory modalities. A second section will be dedicated to
outline the general characteristics of perceptual ambiguity that emerge from
distinct experimental procedures. Finally, we will review how inter-individual
variabilities influence the behavioral outcome of perceptual ambiguity and
what hypothesis have been proposed to account for these findings.

1.1 An hint of historical perspective

Perceptual ambiguity was first described in the visual modality by French
physician Etienne François Dutour. In this study, published in 1760, he
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Chapter 1 Ambiguity in perception

observed that, when presented with a blue patch to one eye and a yellow
patch to the other eye, the observer would not report seeing a mixture of
the two colors but instead, his conscious perception would alternate between
the two colors [103]. This phenomenon is now termed binocular rivalry and
constitutes one of the main paradigms of perceptual ambiguity in the visual
modality.

Auditory ambiguity have also drawn interest among scientists, yet to a lesser
extent. The reasons for the prevalence of visual ambiguity lies into the fact
that scene analysis has long been restricted to visual perception. Bregman,
who inaugurated the field of auditory scene analysis with his seminal work,
argues that auditory scene analysis entails as much complexity than visual
scene analysis but may be at first more di�cult to characterize [47]. De-
signing visual figures seems somewhat more straightforward, for visual items
are better objects for introspective scrutiny. Auditory ”objects” or stream,
being transient in nature, do not o�er the same grasp for phenomenological
inquiries [315]. As a matter of fact, though it seems possible to sight what
in a visual object is misleading, the same does not hold to the same extent
in the auditory modality. This might explain the current relative paucity of
auditory ambiguity paradigms.

1.2 The main paradigms

The next section will provide an overview of the main paradigms that have
been used to explore the processes involved in resolving perceptual ambiguity.

1.2.1 Binocular rivalry

In binocular rivalry studies, the basics of the experimental procedure has not
change much since its first description by Dutour in the 18th century. It
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1.2 The main paradigms

consists in presenting di�erent images to both eyes, such as two gratings
of di�erent orientations, as illustrated in Figure 1.2.1. Something intriguing
then happens: instead of a stable superimposed percept of the two images,
observers report seeing an alternation between what is presented to each
eye. It has become a very popular paradigm, for it allows to study the neural
correlates of visual consciousness with great methodological flexibility: mere
visual gratings are used to highlight encoding of simple properties, whereas
more complex figures point to mechanisms occurring in higher-level of the
visual pathway [43] .

Figure 1.2.1: Procedure of binocular rivalry. Two di�erent images are pre-
sented to both eyes. From [360].

1.2.2 Bistable visual figures

Bistable figures, such as those depicted in Figure 1.2.2 have also been exten-
sively used to study perceptual ambiguity in the visual modality. It consists in
presenting the same figure to both eyes and as in binocular rivalry, it is char-
acterized by a switch between two alternative percepts. The term ”bistable”
refers to the alternation between two distinct percepts, and is now replaced
by ”multistable” that allows more than two alternative percepts to be per-
ceived [86].

One of the earliest bistable figure studied is the Necker cube: a wire frame
drawing of a cube in isometric perspective, which makes which depth perspec-
tive perceived ambiguous [265] (Figure 1.2.2, left panel). Other examples
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Chapter 1 Ambiguity in perception

of bistable figures, static and dynamical, are displayed in the other panels of
Figure 1.2.2.

Figure 1.2.2: Illustrations of ambiguous stimuli. Left panel: Necker cube,
from [360]. Middle panel: Rubin vase/face figure, from [371].
Right panel: schematic representation of an ambiguous ap-
parent motion known as the « spinning wheel illusion », from
[360].

1.2.3 Word repetition

The ”word repetition” or ”verbal transformation” paradigm was characterized
as the ”auditory analogue of the reversible figure” [393]. Indeed, repeating
over and over the same word results in a puzzling perception: it entails a
fluctuations of auditory percepts (illustration Figure 1.2.3).

Figure 1.2.3: Word repetition paradigm. Figure by Agnès Leger from [334].
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1.2 The main paradigms

In an early study, twenty di�erent phonetic sequences were repeated for
three minutes of presentation during which listeners reported an average of
17.6 perceptual switches [394]. The switches occurred between di�erent
interpretations of the phonetic sequence, reported in Figure XX.

Ever since this first study was published, the word repetition paradigm has
been used in several studies interested that took advantage of this tool to
study the e�ect of vocabulary knowledge of listeners [395] and semantic
content of repeated sequences [264] in the perceptual outcome of the e�ect.
It was also implemented in fMRI (functional Magnetic Resonance Imagery)
studies, in order to explore the contributions of non-sensory cortical structures
in the dynamics of switches [202, 321] and EEG (ElectroEncephaloGram)
studies to explore the increase of Gamma-bands activity (>30Hz) preceding
perceptual switches [15], an activity known to parallel formation of perceptual
objects [372].

Figure 1.2.4: Results of a verbal transformation paradigm. List of the pos-
sible interpretations for the repeated word « Lame-duck » and
« Tress ». From [393].

1.2.4 Ambiguous auditory streaming

Grouping and segregating sub-parts of the acoustic signal hitting the eardrum
constitute the core of ”auditory scene analysis” (ASA) [47]. The set of rules
that characterizes ASA seem to be governed by a principle of continuity in the
spectral domain (sounds whose frequencies correspond to the same ”overtone
series” tend to be grouped) [244, 227], the temporal domain (sounds with
onset synchrony tend to be grouped) [399, 227] and spatialization (sounds
with same source location tend to be grouped) [244, 101].
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Chapter 1 Ambiguity in perception

In successive sounds, ASA consists in allocating each event to a ”voice” or
”stream”, a temporal object composed by the succession of sounds that are
grouped together. Streaming abilities are believed to be crucial in auditory
perception, as they appear very early in life [367, 405], severely impair people
who lack them [129] and are not unique to humans [162, 114].

Experimentally, auditory streaming has been studied using sequences of tones
A and B characterized by distinct frequencies, as illustrated in the top plot
in Figure XX. The perceptual output corresponds to a triplet or galloping
pattern ”ABA-ABA”, the grouped percept, or two separate streams ”AAAA”
and ”BBBB” (the segregated percept) [360] (see Figure 1.2.5).

Figure 1.2.5: Illustration of the streaming paradigm. From [360].

Using this paradigm, Anstis & Saida demonstrated that the probability to
segregate the signal in two streams increased with exposition duration [12].
The probability to hear two percepts is minimal at the onset of the signal
and builds up over the course of presentation. This was interpreted to reflect
an economy principle, according to which only the fewest number of sound
sources should be considered to account for an auditory event [255].

Further research demonstrated that both temporal and spectral factors had
an influence on the grouping of successive tones. Namely, small spectral
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1.2 The main paradigms

(�F ) and temporal (inter-stimulus interval ISI) intervals between the tones
induce a grouped percept [383]. Hence, a fission boundary was defined, as
the combination of �F and ISI that would lead to maximally undetermined
perceptual output.

Critically, when parameters are set to the fission boundary, listeners report
either grouped or streamed sequences [295]. In this sense, auditory stream-
ing under certain conditions -the ”ambiguity region”-, is a case of bistable
perception (Figure 1.2.6).

Figure 1.2.6: Ambiguity region in the streaming paradigm. From [257].

Denham et al. demonstrated that the ”ambiguity region” correspond to a
large number of �F and ISI combinations, for prolonged presentations [87].
It was observed that the first percept is maintained for a longer duration
than subsequent percepts. It was argued that the mechanisms underlying
both switches (initial and subsequents) is di�erent. The first switch timing
is determined by how long the system needs to consider the perceptual al-
ternatives. Subsequent switches, on the other hand, arise from stochastic
alternations whose dynamics rely on competitive interactions between coex-
istent interpretations (although a di�erent interpretation has been proposed
by Deike et al., see [81]).

Scientists have taken advantage of the methodological advantages carried
by ambiguous auditory streaming to investigate the neural correlates of per-
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Chapter 1 Ambiguity in perception

ceptual ambiguity within the auditory modality. Indeed, di�erent percep-
tual states are provoked by a constant stimulation and therefore ambiguity
streaming a�ord the possibility to observe in real-time neural activities that
parallel perceptual states [351, 144, 117] under various attentional conditions
[74] and its e�ect on behavioral outcome and signal encoding [154, 369].

1.2.5 The Shepard paradigm

This Ph.D has focused on a perceptual ambiguity in the auditory modality
that concerns pitch-shift direction1. Pitch is a property of certain sounds
which have the specificity to display periodic patterns over time and plays a
crucial role in speech perception and music perception. To characterize pitch,
scientists have felt the need to settle on a consensual definition formulated
by the Acoustical Society of America, according to which it is ”that property
of a sound that enables it to be ordered on a scale going from low to high”.
Pitch is not defined by a single physical property (such as frequency), nor is
it reduced to a physical concept: pitch is a psychological concept that arises
from the interplay of various acoustical features (spectral envelope, loudness,
frequency etc.) [78, 287].

Pitch possesses the curious property of having two dimensions. The fun-
damental frequency of a periodic sound (i.e. the lowest cadence at which
it propagates) partially determines where it will be placed along the high-
low scale. But pitch class -or chroma- is also an important trait of pitch
perception and is strongly linked to music. Pitch classes of periodic sounds
corresponds to the fact that, across the span of a one octave range, pitch
can be labeled in di�erent classes that will repeat for each octave cycle, as
illustrated in Figure 1.2.7.

Therefore, pitch possesses a cyclic property according to which a sound cor-
responds to a pitch class or chroma that is invariant across octave transposi-
tions. Strikingly, the octave cycle appears to be extremely broadly distributed

1 It should be noted that ”pitch-shift” here does not refer to the shift direction of the
two fundamental frequencies of the two tones.
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1.2 The main paradigms

Figure 1.2.7: Helical representation of pith along the dimension of height and
chroma, or class. The highest in the helix a tone is, the highest
the corresponding perceived pitch. The figure also captures the
fact that two tones situated on the same vertical axis on the
helix will have close pitch chroma. From [343].

across musical cultures [323, 267] which led many scientists to explore the
cognitive and physiologic underpinning of ”octave equivalence” [88, 253].

In the 1960s, Shepard designed octave-related tones, ever since referred as
Shepard tones, with the intend to explore some of the psychophysical corre-
lates of the octave cyclic representation of pitch [342]. Figure 1.2.8 displays
a spectral representation of a Shepard tone.

Shepard noted that when two of these tones are separated by a 6 semi-
tones (st) interval, also known as ”tritone” 2 and which correspond to half
of the octave (12 semi-tones), the resultant direction of the pitch-shift is
ambiguous. The ”ambiguity” here corresponds to the fact that some listeners
report an upward shift, as if tone 1 was lower than tone 2, whilst for the
exact same two tones, others will report the opposite direction, as if tone 1

2 Amusingly, the 6st. interval, also called tritone, endorses a very special role in the
History of music. Because of its extreme dissonance - to the point that its origi-
nal sobriquet was diabolus in musica, ”the Devil in music” - it has been cautiously
avoided during all Ancient Greek and Medieval music, before it was increasingly used
in Baroque and Classical periods to emphasize musical tension.
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Figure 1.2.8: One Shepard tone. Each vertical line represent a frequency
component whose amplitude is determined by a Gaussian en-
velope.

was higher than tone 2 [342, 53, 291]. The Shepard tritone hence constitutes
a case of auditory ambiguity [77].

Interestingly, for other intervals, listeners’ responses do not split up into
two equiprobable directions ; they congruently settle on one or the other
direction. The direction chosen follows what Shepard terms a ”proximity
principle” according to which frequency that are closer between the two
tones will determine the directional perceptual outcome, a principal also
observed in the visual modality [300]. The pitch-shift reported encompasses
the smallest frequency region between components of the tones.

From that perspective, the ambiguity resultant of the 6 st interval is naturally
explained: the equidistance of frequency components along a logarithmic fre-
quency axis entails the absence of proximity bias. The direction in therefore
unbiased toward one or the other directions by proximity cues [212], and the
reported responses are accordingly evenly split between the two alternatives,
as reported in visual bistability [260].

Deutsch et al. observed that listeners were consistent in the interval-shift
they report for intervals with same frequencies [95], and that these idiosyn-
cratic biases were robust to envelop modulations [132]. Long-term factors
were proposed to be responsible for these idiosyncratic biases, such as voice-
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Figure 1.2.9: Proximity principle in perceived pitch-shift direction of Shepard
tones intervals.

range [96] and early language exposure [94]. (however those findings have
raised substantial controversy, see [308, 93]).

However, for certain frequencies (which are specific to each listeners), id-
iosyncratic biases do not seem to bias one particular direction and individual
listeners’ response is equally split between the ”upward” and the ”down-
ward” interval-shift [95, 132]. This ”50/50” response pattern, at the level
of individual subjects, could results from two distinct subjective experiences:
either from a clear pitch-shift direction that varies from trial to trial, or from
an uncertainty between each pitch-shift directions that force listeners to re-
spond ”at chance”. Although this particular question has been informally
mentioned in several studies on Shepard tones [342, 311], (where anecdotal
cases of listeners puzzled and confused by the ambiguity of their experience
of the interval contrasted with other listeners being seemingly very confident
in their perception of the pitch-shift), it has yet never been systematically
explored.
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Chapter 1 Ambiguity in perception

1.3 General properties of perceptual ambiguity

Perceptual ambiguity can seemingly be observed in all modalities [61, 415],
and display across-modalities interactions [322, 163]. Hence, it is a broad
phenomenon, ubiquitous to perception in general [179]. Despite the diversity
of paradigms used to study perceptual ambiguity, (use of stimuli from diverse
modalities, steady or discrete presentations etc.), certain observations seem
to be recurrent across paradigms [334]. In the next sections, we will expose
the common features of perceptual ambiguity that can be outlined from
diverse studies.

1.3.1 Similar behavioral observations

In and review confronting numerous studies on visual ambiguity, Leopold &
Logothetis have identified three fundamental features of perceptual ambigu-
ity in the visual modality [221]. The growing number of studies of perceptual
ambiguity in other modalities [61, 414, 295] allow now to extend this inquiry
beyond the visual domain. Which behavioral manifestations are recurrent in
diverse studies on perceptual ambiguity?

It appears that the earliest noticed manifestations of perceptual ambiguity is
that the steady presentation of an ambiguous stimuli induces the alternation
of competing percepts, either in binocular rivalry [103], bistable visual figures
[265], repeated phonetic sequences [393, 264] or streams of ”ABA” tones
[295]. Despite a undeniable role of attention and other top-down processes
on a certain control over switch rate [270, 252, 86, 60, 366], the switches
are ultimately experienced as ”inevitable”.

Interestingly, the temporal dynamics of switches display great similarities
across di�erent studies [5, 202, 295]. When measured over long period
of steady presentation, dominance duration histograms (the time measured
between two reported switches) describe what can be described as a ≈ -like
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1.3 General properties of perceptual ambiguity

distribution [5], or seemingly more accurately, as a lognormal distribution
[416, 219, 209].

Critically, when comparing temporal dynamics of visual and auditory ambigu-
ous stimuli, it was found that the distribution of dominance percepts did not
significantly di�ered between the two modalities (see Figure 1.3.1) [295, 61].

Figure 1.3.1: Histograms of dominance durations for the auditory (top) and
visual (bottom) modalities. There is no significant di�erence
between the two distributions. From [295].

1.3.2 Bottom-up and top-down integration

A sensory account of perceptual ambiguity

For binocular rivalry, it was hypothesized that the alternation between the
two competing images resulted from a competition between sensory neurons
[37]. Through reciprocal inhibition processes, the populations of neuron
would compete against each other to alternatively reach dominance of firing
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Chapter 1 Ambiguity in perception

rates, provoking the switches between alternative percepts. Supporting this
view, several studies demonstrated the strong implication of early post retinal
[292, 283] and subcortical areas [149, 408] in the reversals of competing
images.

In bistable figures, it was found that an eye movement shifting the focal
center away from a bistable figure could reset the switch rate to its base-
line [357]. Adaptation e�ects, whereby prior and long presentation of an
unambiguous stimulus induce a contrastive context e�ect [11] were found to
strongly support the sensory explanation of perceptual switches: the popu-
lation of neurons encoding for the adapted percept being satiated from prior
exposition, neurons encoding the alternative percept would display dominant
activity [228].

In the auditory modality, similar hypothesis were proposed to explain the
manifestations of verbal transformation. Warren & Gregory argue that al-
ternations arise from a satiation of the representation of the first percept,
which leads to a shift in the criterion applied to category boundaries between
speech sounds, hence provoking a perceptual change [394]. The verbal trans-
formation e�ect could arise from adaptation or fatigue-like phenomenon. In-
deed early studies have established that repeated and sustained stimulation
provokes adaptation of the neural detectors. Adaption of these detectors
through repeated presentation may modulate stimulus encoding and provoke
perceptual transformation.

Perceptual switches of alternative auditory streaming percepts were also
found to be modulated by early sensory structures. An fMRI study sug-
gest that transient BOLD signal is modulated in sub-cortical regions such
as the thalamus and the supre-marginal gyrus [203]. Another fMRI study
confirmed the involvement of such low-level structures : it reveals modu-
lated activity related to perceptual switches within the inferior colliculus, one
of the first post cochlear stages of auditory processing [324]. These recent
results are of particular interest, for they suggest that areas purely dedicated
to sensory processing are modulated during bistable perception of a constant
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1.3 General properties of perceptual ambiguity

input. As pointed out by Gutschalk et al., further studies will have to reveal
to which extent selective attentional gain ([314], for a recent review see [67])
is responsible for these puzzling findings [143].

Non-sensory structures modulated by perceptual switches

However, the implication of higher-level structures, including non-sensory ar-
eas, was also reported in di�erent studies on perceptual ambiguity [186, 361,
48, 191]. In visual bistability, fMRI fluctuations paralleling binocular rivalry
were found in cortical sensory areas, such as V3, V4 and MT (for a review
see [360]). It was found that suppressed stimuli still elicit activity in areas
not dedicated to sensory processing [403, 113]. Wang et al. demonstrated
that the implication of these high-order brain regions was more pronounced
in bistable perception that in classical, non ambiguous perception [391].

In verbal transformation implication of non-sensory structures in perceptual
reversals were found [202, 321]. Kondo et al. conducted an fMRI study
in which the word ”banana” was repeated 265 times during a 90s session,
while participants reported verbal transformation by pressing a button [202].
An event-related fMRI analysis revealed that the left inferior frontal cortex
(IFC), anterior cingulate cortex (ACC), and the left prefrontal cortex were
activated during perceptual transitions. Intra-subjects correlations revealed
that a higher reversal rate was paralleled by an increased activation of the
left IFC and a decrease activation of left ACC (Figure 1.3.2), leading them
to conclude: ”the left IFC activity facilitates changes in verbal forms, and
the ACC activity suppresses them”.

In ambiguous streaming of successive tones, it was suggested that some non-
sensory structures were implicated in the grouping of audiotry input [74, 155],
echoing findings in vision [341].

Another line of evidence consisted in showing that lesions in certain non-
sensory areas could impact the behavior of observers when confronted to
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Figure 1.3.2: Intra-individual regression analysis. Each circle corresponds to
an individual point of signal intensity as a function of the num-
ber of perceptual transitions in the left anterior cingulate cor-
tex (ACC) (closed circles) and left inferior frontal cortex (IFC)
(open circles). From [202].

ambiguous stimuli. Ricci & Blundo reported that patients su�ering frontal
lesions -known to be the siege of attentional processes, for a review see
Corbetta et al. [71]- had great di�culty perceiving the two interpretations of
the ambiguous figures as compared to control subjects and subjects su�ering
more posterior lesions [313]. This was confirmed by another study implicating
subjects who had a focal cortical excision (as a treatment to their epileptic
condition). The authors observed the same inability to perceive more than
one interpretation in subjects whose small part of the frontal cortex had
been removed as compared to control ones [245], hence implying a key role
of frontal regions in the reversal process.

Attention and prior knowledge e�ects

Supporting the view of a strong implication of top-down processes, several
studies have emphasized the role of attention in modulating the dynam-
ics of switches. It was shown that exogenous attention is very e�cient at
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determining which of the two percepts will reach dominance on the first
presentation[270, 252] or which will be maintained longer [214, 66]. Voli-
tion control, for instance, was found to have a strong impact on the rate of
switches [226, 366]. Toppino demonstrated that the e�ect of volition was
independent of the focal position with respect to the figure, suggesting that
cognitive control can overcome the e�ect of sensory adaptation [380].

Semantic knowledge was also reported to trigger perceptual switches. A
study involving high school students as observers demonstrated that the rate
of reversals drastically changed once the observers were told about the am-
biguous nature of the figure [134]. This was confirmed by a later study led
by Rock et al. on children from three to four years of age. Unlike previ-
ously observed with adults, none of the children spontaneously reversed the
figures after 60s of presentation [316]. A possible interpretation could be
that children of this age have been very little exposed to such figures as
compared to adults. Yet, Rock argues that findings in adults reflect method-
ological flaws whereby subjects are biased by experimenters’ knowledge of
the reversal possibility.

A recent study replicated Rock’s finding on ten years old children whose
reversal rates were compared to control adults’ ones [106]. It was found that
adults displayed a much higher rate of perceptual switches than children,
paralleled by a fronto-parietal activity that was not observed in children’s
recordings. However, the results of this study suggest that children have
less perceptual switches due to immature frontal structures [125, 133] rather
than di�erent prior knowledge.

A clearer e�ect of semantic content was found in verbal transformation stud-
ies. Repetition of meaningful words (e.g. dollar, seven) prolongs the occur-
rence of verbal transformation as compared to the repetition of meaningless
words (e.g. rollad, neves) [264]. Moreover, children of six to ten year of
age report more non-sense words than adults, an e�ect likely due to the
di�erence in vocabulary storage in childhood [395]. In ambiguous auditory
streaming, after they were instructed what were all possible interpretations,
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listeners experienced more spontaneous switches than before training [86].

High order context e�ects, such as semantic context, may also bias observers
towards one or the other interpretation. Bruner & Minturn demonstrated
that the image displayed in Figure 1.3.3 could be seen either as the number
”13” or the letter ”B” depending on whether letters or numbers surrounded
it [51].

Figure 1.3.3: The central item can be perceived as the number ”13” or the
letter ”B” depending on which informations is surrounding it.
From [51].

Integrative model

In various paradigms concerned with perceptual ambiguity, empirical evi-
dences that favored a sensory account of the dynamics observed in perceptual
ambiguity, both in visual [292, 283, 149, 408] and auditory [203, 324, 77]
modality were collected. However, several elements, such as behavioral ob-
servations of the role played by attention [226, 270, 252] and prior knowledge
[134, 264, 316, 395], neuropsychology studies showing specific impairment
in the perception of ambiguous stimuli [71, 313, 245], and evidences from
imaging studies of the implication of non-sensory structures in visual studies
[186, 361, 48, 191, 403] and auditory studies [202, 321, 154, 74]. Altogether,
these findings advocate for an integrative model where bottom-up informa-
tion encoded in sensory areas would be modulated by top-down processes,
the result of which determines the contents of awareness [230, 205, 50].

In binocular rivalry, Tong et al. proposed an integrative modal in which
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excitatory feedback projections from high-level structures modulate the sup-
pressive activity of early visual areas (Figure 1.3.4) [379].

Figure 1.3.4: Integrative modal of lateral inhibition and excitatory feedback
projections. From [379]

In visual bistability, an elegant study conducted by Intaite et al. was con-
ducted with the aim of disentangling the respective contributions of bottom-
up and top-down processes on the perception of ambiguous figure [165].
The ambiguous stimulus consisted in a two-dimensional drawing of a Necker
cube-like figure composed of five overlapping squares (left panel of Figure
1.3.5). The design consisted in observing the e�ects, separately and jointly,
of two types of context e�ects on the ambiguous stimulus. The context stim-
ulus was the same in both cases, but its type of presentation was supposed to
induce di�erent e�ect on the ambiguous object. It was an two-dimensional
drawing of five overlapping squares with not ambiguous depth (top panel of
Figure 1.3.5). In the adaptation condition (AC), it was supposed to induce a
contrastive e�ect [228]. In the simultaneous context condition (CC), it was
supposed to induce an attractive e�ect, where the perceived interpretation
is cue-compatible with the context figure [136, 389].

They had four conditions, two in which they tested for each e�ect separately
and two in which they tested the interaction of either congruent or incongru-
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(a) Experimental design: prior presentation and simultaneous pre-
sentation e�ects of an ambiguous figure of overlapping Necker
cubes.

(b) Results: The di�erences from random responding of
adaptation (dAC), first bar and context (dCC), second
bar. Third and fourth bar corresponds to the predicted
(if both e�ect are additive) and observed summed e�ects
in the congruent condition.

Figure 1.3.5: Experimental design and results from Intaite et al. [165].
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ent predicted output. The results (bottom panel of Figure XX) display the
results normalized by the random level for each e�ect separately (two first
bars) and observed added e�ects for the congruent condition (fourth bar).
These results demonstrate that the perception of the ambiguous stimulus
was modulated by both types of e�ects, adaptation from prolonged prior ex-
position (AC) [229] and simultaneous unambiguous stimuli (CC) [136, 389].
When biasing congruently the perceptual output of the ambiguous square,
both e�ect were additive, thus advocating for additivity of top-down and
bottom-up processes in the perceptual ambiguity [205, 336].

1.3.3 The special case of exclusivity

In their influential paper, Leopold & Logothetis stated that exclusivity was
one of the three fundamental hallmarks of perceptual ambiguity [221, 295].
However, recent findings reported that observers may report mixture percepts
associated with greater ambiguity, suggesting that the hallmark of exclusivity
might more controversial than primarily believed [295, 86, 188, 251, 348].

Exclusivity corresponds to the fact that in perceptual ambiguity, alternative
interpretations are exclusive to each other, i.e. are not perceived simultane-
ously. Although collecting mixture percepts was done in an early binocular
rivalry study [157], later studies took exclusivity for granted, as they only
allowed participants to report one or the other percept. Yet, recent stud-
ies sought to determine whether exclusivity was such a stable feature, as
they allowed participants the possibility to report undetermined or mixture
percepts, as illustrated in Figure 1.3.6 [295, 86, 188, 251, 348].

Behavioral studies in which more than the two main percepts could be re-
ported by participants have somewhat gathered contradictory findings on
this matter. In some of them, mixture percepts were very rare [295], thus
suggesting that the possible perceptual interpretations were exclusive to each
other, whereas other have reported that mixture percepts were experienced
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Figure 1.3.6: Results of Miller et al. Example of mixture percept report in
binocular rivalry procedure. From [251].

quite often [86, 188]. Whether this discrepancy reflect mere procedure di�er-
ences from studies to studies or is indicative of distinct neural and cognitive
phenomenon underlying the presence or absence of exclusivity between the
possible percepts is yet an open question and will need further investigation.

The neural bases of exclusivity

From a neuronal point of view, exclusivity may be accounted for by mutual
inhibition mechanisms. The more a neural representation is inhibited, the
more the corresponding percept is suppressed, hence yielding to exclusivity.
Findings supporting this view were found: exclusivity was found to depend
on stimulus strength in binocular rivalry [157]. In a recent study, very long
exposition of binocular rivalry using oriented gratings were presented to ob-
servers while they reported either one or the other of the exclusive percepts
or mixed percepts (see left panel of Figure XX). The results revealed that
the proportion of exclusive percepts decayed over time, as illustrated in the
right panel of Figure 1.3.7.

To account for these intriguing results, the author argue that exclusivity arise
from the counterpart of the famous ”neurons that fire together wire together”
proposed by Hebb [150], and according to which neurons that frequently fire
simultaneously tend to strengthen their synaptic connections through long-
term potentiation [38]. Reciprocally, neurons that do not tend to fire together
should unwire, a phenomenon referred as anti-Hebbian plasticity [404]. After
prolonged exposition that first elicited exclusive percepts, the system tends
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Figure 1.3.7: Results of Klink et al. Left panel displays the possible alter-
native percepts that observers could report. The right panel
corresponds to the proportion of exclusive percepts over time
averaged across participants and computed for 100s stimula-
tion. From [188].

to strengthen new bounds between neurons that suddenly started to fire
together, as a coping mechanism to the new environment, thus inducing non
exclusive percepts to build up (see also [288]).

Vagueness: a case of ambiguity without exclusivity?

Vagueness is a concept that originally belong to logic and philosophy but has
recently been experimentally invested (for a recent review, see [7]). Vague-
ness is intrinsically coupled with the phenomenon of soritical series. A soriti-
cal series is a composition of gradually changing items so that each extreme
of the series clearly belong to distinct categories and middle items constitute
borderline cases. For instance, a series of color shades that gradually changes
color so that the first item clearly corresponds to a green category and the
last item clearly belong to a blue category (as illustrated in Figure 1.3.8), is
a soritical series.
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Figure 1.3.8: Example of soritical series of color shades gradually changing
from a clear green to a clear blue. From [105].

Vagueness corresponds to the fact that no definite line can be drawn at one
point of the series that would fairly mark the transition from one category to
another: the mark point of the transition always appears to be arbitrary to
some extent. Ra�man makes the claim that border line cases in a soritical
series constitute instances of ambiguous stimuli, for their perception entail
uncertainty regarding which category they belong to [298].

Assigning stimuli to a certain category is a task named categorical perception
[148]. A recent fMRI study was conducted to investigate the neural bases
of categorical perception. Observers were presented vertical lines of di�er-
ent length that they had to assign to the category ”short” or ”long” [140].
This judgment had to be made according to two di�erent criterion lengths.
The criterion length were not shown directly but learned implicitely through
feedback. Prior to the categorical judgment task, participants were informed
of which of the two criterion they had to compare the test stimulus by a
color code. Probe lines that were close to the criterion may be considered
as borderline cases of a soritical series whose two extremes would be ”short”
and ”long”.

An psychophysical uncertainty function was computed for each participant
(n = 10) so that uncertainty ranged from 0 to 1. Figure 1.3.9 displays the
correlation between uncertainty and response time averaged across partici-
pants.

These results reveal that uncertainty of categorical judgment increases the
time that participants took to report their response. This e�ect was quite
large, as a typical participant’s response time ranged from 0.5s to 2.5s.
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Figure 1.3.9: Results from Grinband et al.. Linear regression between uncer-
tainty and response time averaged across participants (n=10),
R=0.342, (error=SD). From [140].

Therefore, consistently with Ra�man’s view, the categorical judgment of
borderline cases entail uncertainty toward which category they belong to
which results in longer response times. It might be interesting to put these
results in perspective with the di�usion model proposed by Ratcli� [302]. Ac-
cording to this model, response latency is a function of the distance between
the stimulus and the decision criterion [111].

In this respect, vague stimuli are very similarly to ambiguous stimuli. How-
ever, one could argue that a substantial di�erence between the two lies in the
fact that vague stimuli entail a conscious representation of the two categories
and of the internal criteria separating them. Categorical judgments -typically
involved in the processing of vague stimuli- then consist in comparing a par-
ticular stimulus to this internal criteria. The proximity of the stimulus to the
internal cuto� between the two categories makes the judgment more di�-
cult and this can be observed through increased response times. From that
perspective, exclusivity would hardly be a hallmark of perception of vague
stimuli.

In a recent review on multistability, Schwartz et al. develop the argument
that vague and ambiguous stimuli di�er in nature because they do not en-
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tail the same binding mechanisms: a distinction is made between ”boundary
stimuli” which have features close to a boundary between two perceptual
categories along a perceptual continuum and ”ambiguous binding stimuli”
which induce ambiguity regarding the whole binding organization. Because
of this distinction in feature organizations, the later typically involve multi-
stability while the former do not. Yet, as pointed out by the authors, this
discussion has received theoretical consideration (see [104]) but yet, it still
needs to be addressed experimentally [334].

Response times: a marker of exclusivity?

If response times increase as a function of uncertainty in categorical judg-
ment where vague perception occurs, shall we observe the same e�ect in
ambiguous perception as the degree of ambiguity varies? This question has
been explicitly addressed by Takei & Nishida in a study in which the degree
of ambiguity of two visual stimuli was varied in order to observe the e�ect
on response latency [371]. A rotative cylinder, ambiguous with regard to the
3D rotation direction (see Figure 1.3.10) was used in a first experiment.

Figure 1.3.10: Stimulus used in the first experiment in Takei & Nishida.
From [371].

A disparity cue was used to control for the magnitude of this perceptual am-
biguity. The disparity cue was varied so to bias observers’ perception toward
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one or the other direction and participants were tested on seven disparity
conditions. Observers were instructed to report, as quickly as possible, the
perceived rotational direction. Results from response latencies are displayed
in the right panel of Figure XX. The normalized reaction times are displayed
as a function of the response ambiguity.

A second experiment was conducted, using the Rubin vase/face figure, as
illustrated in the top panel of Figure XX. The contrast of the image was varied
in five contrast conditions in order to bias observers’ perception towards one
or the other interpretation and as the previous experiment, observers were
asked to report their percept as quickly as possible. The response times as a
function of response ambiguity for this task are plotted in the bottom panel
of Figure 1.3.11.

Figure 1.3.11: Normalized reaction times (RT) plotted against response am-
biguity. Each point corresponds to a participant RT and re-
sponse ambiguity for each five disparity conditions. From
[371].

The two experiments consistently demonstrated that response latency did
not significantly increased with response ambiguity. Besides, these results
echoed precedent findings from an experiment led by the same team, using
ambiguous motion quartet [370]. These results comfort the independent race
model according to which evidences for each perceptual interpretations are
accumulated independently and as a consequence, do not entail an increase
in response latency. In favor of this view, one could argue that -as discussed
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earlier-, ambiguity is a largely distributed phenomenon whose processes are
most likely at play in ”natural perception”. In this regard, the perceptual
system should take fast decisions in spite of contradictory elements.

Interestingly, findings in contradiction with those of Takei & Nishida were
recently found in a binocular rivalry paradigm [168]. Their experiment con-
sisted in presenting moving dots in two monocular presentations, dots from
both images moving either in the same direction (unambiguous), or in op-
posite (ambiguous) directions (Figure 1.3.12).

Figure 1.3.12: Schematic illustration of the two conditions (unambiguous
and ambiguous) in experimental method. From [168].

Their result showed that in the ambiguous case, the report of the direc-
tion perceived took overall longer time than when the dots presented to
the two eyes where moving in opposite directions (see Figure 1.3.13). A
control condition checked the change in reaction time was not be explained
by a transparent motion percept in the ambiguous conditions. They hence
interpret the slowing down of the decision process as the result of the sub-
conscious presence of the rivaling stimulus, in accordance with other results
showing an impact of perceptually suppressed stimuli [9].

The discrepancy with Takei & Nishida study could be rooted in the important
methodological di�erences between the two studies. In Takei and Nishida,
the ambiguity arose from the competition between two interpretations of the
same visual stimulus [371]. Their interpretation of the absence of e�ect on
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response time was rooted in ecological reasons: since resolving perceptual
ambiguities is probably a frequent task in general perception [179], it is
sensible that the choice of one interpretation over the other is made in a fast
and unconscious manner. In Kalisvaart et al ., the ambiguity was created
by opposite movements of dots in both eyes [168], a situation that is not
encountered in most day-to-day perceptual scenes.

Figure 1.3.13: Mean reaction times results. Each plot corresponds to in-
dividual data. Black triangles: Unambiguous stimuli. Gray
squares: Ambiguous stimuli. Arrows marked L and R under-
neath the horizontal axis (top) show the direction of motion
in the left and right eyes, respectively, in the ambiguous con-
dition. Solid lines show the model fit. From [168].

To conclude on this section, response latencies have so far been seldom
measured in perceptual ambiguity studies. The reason may lies in the fact
that methodological reasons: spontaneous reports of perceptual switches
from subjects do not allow to compute response times, for the time at which
the endogenous change occurs is challenging to time [365]. This could also
be explained by theoretical reasons: exclusivity have long been considered
as a hallmark of perceptual ambiguity [221] and it is only fairly recently
that this question started receiving increasing attention [295, 86, 188, 251].
Hence, using response times measures as a marker of exclusive perception
may become more and more popular.

The very few elements gathered so far point to puzzling findings [371, 168].
While Takei & Nishida did not observe an increase of response times with
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increasing stimulus ambiguity, Kalisvaart et al. report an increased response
latency associated with an exclusive percept (observers where not conscious
of opposite motions in each eyes). This suggests that response times alone
could not be su�cient to determine the presence of exclusivity in perceptual
ambiguity. The coupling of response times and confidence ratings could
therefore be used in another setting as a new tool to address the detect the
presence of exclusive perception for ambiguous stimuli [284].

Response time, marker of exclusivity? To further explore this hypothesis, it
would be interesting the observe response times modulations as the presence
of mixture percepts builds up [188, 288]. This suggests that response times
alone could not be su�cient to determine the presence of exclusivity in per-
ceptual ambiguity. The coupling of response times and confidence ratings
[387, 303, 135] could therefore be used in a novel setting, as a powerful
combination to detect the presence of exclusive perception for ambiguous
stimuli [284].

1.4 Ambiguity across individuals: inter-subject

variability

In a last section of this chapter, we will review the main findings gathered
on the inter-subject variabilities in perceptual ambiguity. Inter-individual dif-
ferences are typically treated as a source of noise in experimental results and
possible explanations for those di�erences are discarded through averaging
data [171]. However, inter-individual variabilities may also be treated as a
source of information for the exploration of cognitive mechanisms, such as
auditory perception [243, 401]. In perceptual ambiguity, great inter-individual
variabilities had been reported since the 1960s. Aajdes et al. have reported
great inter-individual variability -up to an order of magnitude- in the per-
ceptual rate of perceptual switches in binocular rivalry [1]. Inter-individual
variabilities have thus been used as a tool to tackle particular questions of
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perceptual ambiguity, such as the types of structures involved in perceptual
switches [202], or the common origins of processes across di�erent modalities
[295, 204].

Recently, an upsurge of interest has drawn back attention on individual dif-
ferences per se [187]. Perceptual ambiguity arise from the interplay of dif-
ferent levels of processing, including sensory and non sensory structures. To
date, the architecture underlying such interplays remains partially unknown.
Inter-individual variabilities may be a suitable way to explore further this ar-
chitecture for they reveal what are the neural basis of variability in perceptual
ambiguity [284].

1.4.1 Behavioral evidences for individual di�erences

While using inter-individual di�erences as a tool for addressing other ques-
tions on perceptual ambiguity, several findings consistently demonstrated
great variability in behavior.

Pressnitzer & Hupé investigated whether temporal dynamics of bistable per-
ception could be compared across modalities by using inter-individual corre-
lations within and across modalities [295]. They found individual consistency
in perceptual switches rates within modalities but not across modalities. In
a word repetition experiment, Kondo & Kashino used intra-subjects correla-
tions to demonstrate that a higher reversal rate was paralleled by an increased
activation of the left inferior frontal cortex and a decrease activation of left
anterior cingulate cortex (Figure 1.4.1) [202].

In a recent study, Denham et al. tackled the question of stability of inter-
individual variability over long period of time [86]. In a first experiment, they
presented ”ABA” triplets to listeners and trained them to report all possi-
ble perceptual interpretations. Participants had to their disposal a response
interface composed of six possible perceptual interpretations that they were
invited to use whenever they switched from one percept to another. First
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Figure 1.4.1: Intra-individual regression analysis. Each circle corresponds to
an individual point of signal intensity as a function of the num-
ber of perceptual transitions in the left anterior cingu- late
cortex (ACC) (closed circles) and left inferior frontal cortex
(IFC) (open circles). From [202].
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it appeared that, after training, participants used more than the classical
segregated vs. integrated switch, as they experienced other patterns. The
experiment took place over the course of one month during which six par-
ticipants took part in seven sessions.

Figure 1.4.2: Results from experiment 1 in Denham et al.. Di�erences be-
tween transition matrices from the same participant at di�er-
ent sessions (black dots; median—black diamonds, line), dif-
ferences between the transition matrices of each participant
and those of all other participants (red dots; median—red di-
amonds, line). From [86].

Transition dynamics were computed for all participants and allowed an intra-
and inter-participant variability analysis across all the sessions. To do so, a
transition matrix was constructed, by counting the number of occurrences of
each transition for each participant and each sessions. Figure 1.4.2 displays
the inter- and intra-individual perceptual switching behavior. Di�erences
between transition matrices from the same participant at di�erent sessions
are represented by black marks. Di�erences between the transition matrices
of each participant and those of other participants are represented by red
marks. This analysis revealed that participants’ behavior is idiosyncratic:
the switching rate of a given participant is more similar to its own switching
rate in di�erent sessions, than to other participants’ switching rates.

A second experiment was run with the same stimuli, procedures and par-
ticipants, one year later. In order to test for stability of idiosyncratic traits

47



Chapter 1 Ambiguity in perception

over a long period of time. This experiment revealed that di�erences in in-
dividual switching bias remained consistent over a long period of time. The
authors to concluded that such stable perceptual traits possibly stemmed
from genetic di�erences between listeners.

1.4.2 Genetic explanations

Kondo et al. gathered the first evidences suggesting that switches may
be modulated by genetic factors [204]. They assessed that variability in
perceptual rates of switching among individuals were correlated to genetic
factors. It was also suggested that participants su�ering from a bipolar
disorder -known to be highly heritable- exhibit slower perceptual rates than
control participants [250].

Miller et al. took this inquiry a step further as they conducted a study using
the twin method on a large sample of twin pairs. The authors recruited
two di�erent types of twins: monozygotic (MZ) twins (n = 128 pairs) who
are genetically identical, and dizygotic (DZ) twins (n = 220 pairs), who
share roughly half of their genes. The rational behind twin studies rests
on the di�erential of common genetic information in di�erent types of twin
pairs, whilst environmental factors remain similar for both pairs. Therefore,
it o�ers an opportunity to isolate purely genetic factors underlying di�erent
behaviors. In this case, the behavior is perceptual switch rate in binocular
rivalry, known to show great inter-individual variability [1].

All participants completed several sessions of binocular rivalry. They were
presented gratings of di�erent orientations in each eye and were asked to
report whether they were seeing one or the other, or a mix of both. A per-
ceptual switch rate was computed for each of them. A correlation coe�cient
could then be computed for the two types of twins, MZ and DZ. Figure XX
displays the results of comparison of di�erent behavioral measures correlation
between di�erent types of twin pairs.
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Figure 1.4.3: Results of Miller et al.. Correlation coe�cients are compared
between MZ (black bars) and DZ (white bars) twin pairs. The
pairs of bars correspond to perceptual switch rate, predomi-
nance time, number of mixed percept reports and time spent
on mixed percept respectively (error bars indicate 95% CI).
From [251].

The first two bars correspond to perceptual switch rate (BR rate) correla-
tions within the MZ and DZ twins pairs. Subsequent bars correspond to
comparison of predominance -a measure of the ratio between the two possi-
ble percepts-, and measures relative to mixed percepts. It appears that only
BR rate displayed significant di�erence between the two type of twins. In
contrast, none of the other measures di�ered between the two populations.
In other words, being MZ twins make individuals much more likely to ex-
perience the same switch rate than being DZ twins. Considering that MZ
twins have -nearly- the same genes, these results demonstrate that BR rate
in binocular rivalry is highly heritable. The authors could assess that 52%
of the variability in spontaneous switches can be accounted for by genetic
factors. To my knowledge, this study represents the first firm evidence that
behavioral peculiarities in the experience of ambiguous figures are strongly
determined by genetic factors.

49



Chapter 1 Ambiguity in perception

1.4.3 Neurophysiological explanations

Another way to explore the substrate of individual variability in behavior is to
relate it to individual variability in brain structure using morphometric analy-
sis [187]. Kanai et al. conducted two MRI studies in which they tackled this
question [169, 170]. An ambiguous motion was presented to participants
while they reported perceptual switches. Consistently with previous findings,
great inter-individual variabilities were found in percept durations and switch
rates. These idiosyncratic features were correlated with morphometric mea-
sures using MRI. The analysis revealed a significant link between cortical
thickness and percept durations in bilateral superior parietal lobule.

A further study from the same authors refined which were the involved brain
structures and demonstrated that bilateral anterior SPL were critically in-
volved in perceptual rates variability. A positive correlation between grey
matter density in these regions and percept durations could be plotted, as
illustrated in Figure 1.4.4. It suggests that the thicker the cortex in these
regions, the faster the switch rate of the brain’s owner.

Figure 1.4.4: Results of Kanai et al.. Individual standardized grey matter
density in the central voxel of the region of interest are plotted
against percept durations. Each dot corresponds to a partici-
pant (n=52). From [170].
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Finally, another line of evidence has recently demonstrated interesting results.
Individual di�erences in perceptual dominance preferences in an ambiguous
motion have been related to microstructural interhemispheric connections
[127].

These results a�ord very interesting insights on the neural substrate under-
lying individual variabilities in behavioral measures of perceptual ambiguity.
Nonetheless, it remains unclear whether these structural di�erences arise
from genetic factors or whether they result from experience and plasticity.
Indeed, a considerable degree of plasticity is retained throughout life and may
possibly change the neural structures engaged in perception in general, and
for that matter, ambiguous perception in particular [76]. The experimen-
tal research presented in this report addresses a case of variability between
musicians and non musicians in the perception of an ambiguous pitch shift,
thus raising the question of long-term modifications of the auditory system
and its impact on ambiguous auditory signal.

Conclusion

In conclusion of this chapter, it appears that perceptual ambiguity is a ubiqui-
tous phenomenon in general perception [178], that occurs in the perception
of stimuli in di�erent modalities [295, 61, 414, 334]. Despite the various
paradigms used to study perceptual ambiguity empirically, several charac-
teristics are recurrent, such as the perception of alternative interpretations
for the same sensory signal [221, 334], the temporal dynamics of perceptual
switches for continuous presentations [209, 295, 416, 202] and the contribu-
tion of sensory processes modulated by top-down influences [379, 165]. The
exclusivity of competing interpretations is consistent with the idea that re-
solving ambiguity is a frequent perceptual task that hence requires fast and
e�cient processing [371]. However, the exclusivity of competing percepts
have been recently challenged by findings of the build up of mixed percepts
over the course of presentations [251, 188, 86], a phenomenon that could
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reflect adaptation to a novel stimulus [188, 289]. Furthermore, exclusivity
being grounded in ecological reasons, it is also possible that inter-individual
variabilities in exclusivity of percepts reflect distinct strategies and needs for
di�erent individuals.
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Context e�ects and perceptual

ambiguity

Objects, whether visual or auditory, are never perceived in isolation but in-
stead, are integrated into a general context. This context may be simul-
taneous, in which case it corresponds to co-occurring informations, or it
can occur prior to stimulation but whatever its synchronicity . Contextual
influence is in itself a vast topic of research and its study encompasses a
wide range of stimuli. Scientist have taken advantage of the methodologi-
cal possibilities of ambiguous figures and implemented it in context e�ects
paradigms [136, 158, 311, 165]. Ambiguous stimuli are very well-fitted tools
to grasp the importance of contextual information, for their undetermined
nature makes them very sensitive to prior input [190].

2.1 Simultaneous context

The sensory input that is being processed at a given moment is surrounded
information, simultaneous or past. As we have in the previous chapter, the
results from Intaite et al. suggest that contextual cues have a very divergent
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impact of the processing of information, if they are prior, or simultaneous
[165]. In this section, we will briefly review the main findings of simultaneous
contexts. The e�ects of prior context will be more thoroughly discussed later
in this chapter, as they are closely linked to the topic of this Ph.D.

When ambiguous visual objects are perceived simultaneously with unambigu-
ous other objects, perceptual systems takes into account the unambiguous
information to resolve the ambiguous one. Many instances of spatial context
e�ects have been reported in the literature, in binocular rivalry [355, 137]
and more complex objects, such as moving cylinders [122, 189].

Another source of simultaneous context arise from other modalities. Cross-
modal interactions are known to help the processing of noisy [110] and am-
biguous stimuli [334]. In a verbal transformation study, Sato et al. found
that visual input of lips wording the di�erent interpretations of the repeated
phonetic sequence had an influence on the occurrence of perceptual switches:
they were triggered so to maintain congruency with the visual input [322]. In
a binocular rivalry study, Conrad et al. found that the duration of perceptual
dominance of a motion stimulus was increased when it co-occurred with a
congruent sound motion, and decreased otherwise [70]. Emphasizing the
e�ect of a less studied sensory modality, Zhou & Chen demonstrated that in
visual rivalry, olfactory input could influence the dominance duration of the
congruent visual image [415].

Sensory information coming from surrounding parts of the scene [355, 137,
122, 189], or other modalities [322, 415], are therefore used to resolve noisy
and inconclusive sensory input, maximizing the overall coherence of the scene.

2.2 Contrastive vs. assimilative

Context e�ects correspond to the influence of surrounding or preceding in-
formation on a given test stimulus. Some are termed ”contrastive”, for the
perception of the subsequent stimulus is ”shifted away” from the preceding

54



2.2 Contrastive vs. assimilative

context. For instance, the prolonged presentation of a motion stimulus in one
direction creates the illusory perception of motion in the opposite direction
for a subsequent stationary stimulus [11]. The e�ect of context can also be
”assimilative”, in the sense that contextual information attracts subsequent
perception to maximize congruency and similarity. This occurs for instance
when a brief motion biases a subsequent ambiguous motion towards the same
direction [172].

2.2.1 Distinct functional benefits

Although they have been traditionally studied separately in distinct studies,
more and more studies have shown that a same stimulus can be biased in a
contrastive or assimilative manner, with only slight changes in the context
presentation methods [172, 165]. In Intaite et al., the perception of a Necker
cube was contrasted from the prior prolonged exposition and attracted to
the simultaneous presentation of the same unambiguous stimulus [165]. In
a motion perception study, slightly manipulating the temporal parameters of
presentation of a motion stimulus induced contrastive and attractive e�ect
on the perception of a subsequent ambiguous motion [172].

The co-existence of two opposite e�ects on the perception of a same stim-
ulus may subserve distinct functional benefits [336]. It was argued that
contrastive e�ects result from enhanced responsiveness to novel information.
By decreasing responsiveness to repeated stimuli, emphasized response to
novelty could allow perceptual systems to better detect novel, hence critical
stimulation [397, 200]. Therefore, contrastive e�ect could be the perceptual
manifestation of the optimization of information transfer [116].

Assimilative e�ects would be the perceptual manifestation of the comple-
mentary phenomenon of perceptual stabilization. Indeed, objects properties
tend to persist over time, although sensory input might vary due to external
factors (such as masking [121]), making the recent past a good predictor of
the present [99, 116]. Therefore, attractive e�ects might serve the purpose
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to stabilize percepts, a coping process due to constantly changing low-level
stimulus features [185, 336].

2.2.2 Auditory context e�ects

Contrastive e�ects

A contrastive e�ect in speech perception was identified over fifty years ago for
the perception of formants [216, 225, 239]. In the speech signal, formants
are defined as the peaks of spectral energy in the frequency spectrum of
speech sounds. Vowels are mainly characterized by the two first formants,
”F1” and ”F2” and are ordered on a scale from low F1 and F2, vowel [u],
to high F1 and F2, vowel [a] which play a crucial role in vowel recognition
[112].

In an influential study, Ladefoged & Broadbent presented a test speech se-
quence composed of a b<vowel>t in which the two main formants of the
vowel F1 and F2 where shifted so to have four test word conditions: A, B, C
and D (top panel of Figure 2.2.1) [216]. The four test sequences were pre-
ceded by a context sentence whose formants were also shifted so to have six
conditions of context, one control condition of non-shifted formants and five
conditions of either formant one F1 or two F2 shifted up or down (bottom
panel of Figure 2.2.1). The task consisted in identifying the test word as
”but”, ”bit”, ”bet”, ”bat” or ”but”. The results showed that the test word
”D” was perceived as ”but” in 82% of cases and as ”bat” in 18% of cases
when preceded by context sequence one (no shift of formants). In contrast,
word D was perceived as ”but” in 38% of cases and as ”bat” in 60% of cases
when preceded by context sequence four (formant ”F2” shifted down). The
results hence demonstrated that the identification of vowel is influenced by
the preceding context and that this e�ect is contrastive: when the preced-
ing context possesses high-frequency acoustic energy, listeners are biased to
categorize subsequent speech sounds as possessing lower-frequency energy.
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2.2 Contrastive vs. assimilative

Figure 2.2.1: Test sequence and context sequence in a study on contrastive
e�ects in vowel identification. From [216].

This e�ect of spectral contrast in vowel identification was believed to reflect
the strong implication of motor processes in vocalization [225] and hence, to
be specific to speech perception [120].

However, further studies have reported cases of spectral contrasts in more
generic processes of auditory perception. A series of studies have gathered
evidences that even non-linguistic context influence the perception of subse-
quent speech context in a contrastive way [161, 232, 158]. By presenting a
context sequence, here termed ”acoustical history”, made of pure-tones with
frequencies in either a high or low range before a nine test speech sequences
gradually shifting from /ga/ (low F2 and F3 formants) to /da/ (high F2 and
F3 formants), they assess the influence of non-speech information on speech
identification (left panel of Figure 2.2.2).

The results (right panel of Figure 2.2.2) indicate that the perception of the
test stimulus as ”ga” (low formants) or ”da” (high formants) depends on
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Figure 2.2.2: Left panel: schematic representation of experimental proce-
dure: acoustic history with distinct frequency range is followed
by a speech stimulus after 50ms of silence. Right panel: mean
percentage of ”ga” response in each test stimulus condition
(consonant-vowel condition), for each context condition (dif-
ferent curves). From [158].

the preceding context. For instance for stimulus condition 4, listeners report
hearing ”ga” in 30% of cases when preceded by the low-range frequency con-
text, and in 70% of cases when preceded by the high-range frequency context.
Hence, when the acoustic history possesses a relatively high frequency range,
the stimulus test is perceived as possessing relatively low frequency range.

Similar contrastive e�ects have been observed when a speech context pre-
cedes a non-speech test [359], and was even observed for non-speech sounds
[362]. Stilp et al. presented context sequences spectrally manipulated so to
be perceived as ”french horn” or ”tenor saxophone”, followed by non-speech
targets [362]. The results (Figure XX) echoes findings on enhanced spectral
contrast from Holt et al.: listeners were more likely to report ”saxophone”
for the target stimulus when preceded by context spectrally manipulated
to imitate French horn, and vice versa. Altogether, these findings suggest
that both speech-specific and auditory-generic processes are involved in con-
trastive speech context e�ects [160, 347].

In sound localization, a localization ”aftere�ect” has been reported: the

58



2.2 Contrastive vs. assimilative

subjective localization of a sound is shifted away from the localization of a
preceding localized sound [75, 175]. In Dahmen et al., the statistics of the
acoustical context was varied in three conditions: the mean Interaural level
di�erences (ILD, a localization cue for binaural listening [141]) of broadband
noise sequences was fixed at -15dB, 0dB or 15dB [75].

Listeners indicated whether they perceived the position of a static stimulus
with varied IDL presented immediately after the context to be on the left
or right. The context e�ect was characterized in terms of psychometric
functions plotting the percentage of “left” responses as a function of ILD
conditions for the di�erent context conditions (Figure 2.2.3). The results
show that changing the mean of the ILD in the context shifted the perceived
localization of a stimulus away from the mean.

Figure 2.2.3: Individual results of two listeners. The proportion of ”left”
response is plotted against the ILD condition of the test tone
for the di�erent context conditions. From [75].

In an influential study, Shu et al. reported what they termed a spectral
motion ”aftere�ect” [346, 176, 126, 240], in reference to the motion afteref-
fect, documented in vision and whereby the prolonged exposition to a moving
stimulus induce a shift of motion perception in a subsequent stimulus [11].
In the spectral motion aftere�ect (also termed ”spectral-motion constrast”),
the presentation of a narrowband noise with moving center frequency either
upward or downward along a frequency axis (or ”frequency glides”) is pre-
sented for 2-3 minutes to listeners. A subsequent brief noise was presented
immediately after the adapting stimulus and listeners were asked to report
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wether the test stimulus was going ”up” or ”down” in frequency. The sub-
jective spectral motion was a�ected by the context in a contrastive manner:
when the context frequency motion was going upward, a upward test stimu-
lus was perceived as stationary and a stationary test stimulus was perceived
as going downward, and reciprocally for downward motions.

These findings were supported by further studies that observed similar con-
trastive e�ects for even shorter presentation durations [6, 392]. In Wang &
Oxenham, the spectral motion aftere�ect was observed with for non-speech
and speech target stimuli, with short context sequences (100 and 500ms).
The e�ect was contrastive and frequency-specific: the perceived direction of
the test stimulus (a falling, raising or flat tone of 50ms) was shifted away
from the context direction frequency shift and this e�ect was stronger when
the test and context stimuli had the same frequency range, consistently with
Alais et al. [6] (the e�ect of context is stronger in middle panel of Figure
2.2.4 than in other panels).

Figure 2.2.4: Averaged proportion of ”falling” reported direction plotted as
a function of the onset frequency of the test tone, for each
context condition (di�erent curves) and each frequency range
of context (di�erent panels). From [392].

Assimilative e�ects

In contrast, only few instances of assimilative e�ects have been reported
in the auditory modality. In the verbal transformation e�ect, introduced in
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the previous chapter, a coupling of perceived phonetic sequences has been
observed [98]. This constitutes a case of perceptual hysteresis, one of the
hallmarks of attractive e�ects [210].

In the Shepard tone paradigm, the perception of an ambiguous tritone inter-
val of two Shepard tones was also found to exhibit hysteresis [63, 132]. As
emphasized by Hock et al., hysteresis e�ects may be di�cult to interpret,
for hysteresis in response patterns may be result from perceptual of response
biases.

In an elegant study, Chambers & Pressnitzer circumvented this methodolog-
ical issue and reported hysteresis in the pitch perception of Shepard tones
[63]. Listeners had to listen to an interval of two tones, a standard (black)
and a comparison (grey), and report which of the tones was higher in pitch.
Intervals of standard and comparison tones were presented in sequences of
either increasing or decreasing order. But in each interval, the presenta-
tion order between standard and comparison was randomized (see left panel
of Figure 2.2.5). This way, the direction responses (”up” or ”down”) were
independent of the order condition. From the response direction (”up” or
”down”) and the standard position in the interval (first or second), a propor-
tion of standard perceived as higher P(SH) was computed for each interval
size.

Listeners had to listen to an interval of two tones, a standard (black) and
a comparison (grey), and report which of the tones was higher in pitch.
Intervals were presented in sequences of either increasing or decreasing or-
der (increasing: S-C interval from 1 semi-tone step to 11 semi-tone steps,
decreasing: S-C intervals from 11 semi-tones steps to 1 semi-tone step).
But critically, in each interval, the presentation order between standard and
comparison was randomized (see left panel of Figure 2.2.5). This way, the
direction responses pattern (”up” or ”down”) was independent of the order
condition. From the response direction (”up” or ”down”) and the standard
position in the interval (first or second), a proportion of standard perceived
as higher P(SH) was computed for each interval size.
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Figure 2.2.5: Left panel: schematic representation of increasing and decreas-
ing order of intervals between standard (black) and comparison
(grey) Shepard tones (y-axis in frequency log). Right panel:
averaged proportion of standard tone perceived as higher than
comparison tone as a function of the interval size for the in-
creasing and decreasing order conditions. From [63].

A hysteresis e�ect was observed, whereby the perceived height of the stan-
dard tone was influenced by the preceding context: remarkably, the stan-
dard tone perceived height in comparison to the comparison tone drastically
di�ered between the two order conditions (see right panel of Figure XX).
However, this hysteresis e�ect could not reflect decision hysteresis, since the
randomized presentation prevented that increasing order condition resulted in
all ”up” responses and vice versa for the decreasing order condition. There-
fore, this study reported a strong hysteresis e�ect in the perception of pitch
height that was perceptual in nature, since it could not be attributed to
hysteresis in response patterns.

Another attractive e�ect was observed in a study investigating the e�ect
of prior trials on a two-tone discrimination task [304]. Listeners had to
report which of two tones was higher in a sequence of trials of intervals
whose sizes was adapted with a stair-case procedure. Consistently with the
Bayesian framework, expectations derived from previous trials influenced the
responses: small magnitudes relative to the distribution of stimuli used in
the experiment were overestimated while large magnitudes relative to this
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same distribution were underestimated, a phenomenon termed ”contraction
bias” [13].

Finally, in auditory scene analysis, Snyder et al. reported an assimilative
context e�ect in the perceptual organization of ”ABA” bistable streams [352].
For certain temporal conditions, they observed that listeners tended to report
”2 streams” in higher proportions when they last reported ”2 streams” at the
end of the context period.

2.3 Temporal dynamics of context e�ects

Prior information has a very influential e�ect on the perception of subse-
quent noisy or ambiguous stimuli [190]. Temporal parameters of context
e�ects seem to be very important to trigger context e�ects. Durations of
presentation may be critical to trigger contrastive or assimilative e�ects and
intervals of ”blank” between context and test stimuli have di�erent e�ects
on the decay of context bias . These elements are highly informative in the
underlying neural mechanisms. In the next section, the temporal dynamics
of di�erent context e�ects will reviewed and discussed.

2.3.1 Long context durations

Long presentation duration of context e�ects (on the order of seconds) have
been reported to typically result in a contrastive e�ect. This has been applied
and successfully replicated in many visual paradigms [45, 172]. In binocular
rivalry, the long presentation of an image makes it more likely to be sup-
pressed when the second image is added [45]. Similarly, in visual bistabilty,
the perceived direction of an ambiguous motion is shifted away from a long
previewed context motion [11, 172].

Auditory contrastive e�ects, such as those reviewed in the previous section
were also triggered by long presentation durations of context. In the contrast
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e�ect of vowel identification, studies report presentation durations on the
order of seconds [216, 161, 232, 158]. In Ladefoged & Broadbent and Stilp
et al., the context sequence is a sentence of approximately 1 second duration
[216, 362]. In Holt et al., the context sequence used to bias the speech
stimulus is a sequence of tones of 2,1 s duration [158]. The sound localization
contrast e�ect has been reported to follow a context sequence of 1s [75].

Similar temporal dynamics are observed in contrastive e�ects in other sensory
modalities. In a study investigating rivalry in the olfactory modality, Zhou &
Chen found that long exposition to a unique fragrance induced a contrastive
e�ect during a further exposition of competing fragrances in the two nostrils
[414] and a similar contrastive e�ects was also found in a study exploring
the ambiguous motion of a tactile stimulus [61].

All these instances may be indicative of the same phenomenon: adaptation
resulting from long durations of presentation. Adaptation is a phenomenon
believed to result from fatigue-like mechanisms of populations of neurons,
by which the responsiveness of neurons is decreased for subsequent presenta-
tions [3]. It has been documented in vision [200], audition [56, 49, 382], and
olfaction [290]. Contrastive context e�ects may therefore result from the
decrease of responsiveness in certain population of neurons, due to adapta-
tion to long durations of presentation. This view is consistent with findings
suggesting that the strength of the contextual information is also critical in
inducing contrastive context e�ects [45].

2.3.2 Short context durations

In contrast, brief context durations (in the order of milliseconds) have been
associated with attractive context e�ects [286, 306, 172, 45]. In visual mo-
tion, Pinkus & Pantle tested the e�ect of context presentation duration
on the perception of an apparent motion resulting from the sequential pre-
sentation of three static frames of gratings [286]. The transition of phase
between frames determined an apparent motion, a transition phase of 180
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degree resulting in an ambiguous motion. The motion step between frame1
and frame 2 had an e�ect on the perceived direction of the ambiguous phase
step between frame 2 and frame 3. The amount of visual motion priming
(the proportion of trials in which the ambiguous motion was perceived as
going in the same direction as the previous unambiguous motion) was plot-
ted as a function of the context duration, here the presentation of frame 2,
for two contrast conditions and three spatial-frequency conditions of gratings
(Figure 2.3.1).

Figure 2.3.1: Proportion of visual motion priming as a function of the du-
ration of context presentation. Each line corresponds to a
di�erent spatial-frequency condition of grating and each plot
corresponds to a di�erent contrast condition. From [286].

The results demonstrate that visual motion priming is established for very
short context presentations (100ms) and rapidly decays as the context du-
ration increases. This e�ect contrasts with the motion aftere�ect which
correspond to the opposite e�ect of the context and which is triggered by
longer context presentation durations [11]. This perceptual priming could
result from the increased responsiveness of neurons observed after very brief
stimulation [152].

However, recent findings in the auditory modality suggest that short du-
rations also trigger contrastive e�ects. In an early study, a spectral-motion
contrast, or spectral motion aftere�ect was reported to follow 2-3 minutes of
context presentation [346], consistently with adaptation dynamics observed
on auditory neurons [235, 69].
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But recently, two studies reported the same e�ect with much shorter context
durations (100ms-500ms) [6, 392]. Using an inter-trial approach, in which
the e�ect of prior context is measured continuously, so that each trial is both
the test of the preceding trial and the context of the subsequent one (see
method in Figure 2.3.2), Alais et al. observed a contrastive e�ect on the
perceived frequency motion established by very brief context sequences [6].

Figure 2.3.2: Inter-trial procedure in a spectral motion study. Listeners are
asked on each trial to report the direction of the glide. A
current trial (t) is both the context of the subsequent trial
(t+1) and the test of the preceding trial (t-1). Colors code the
context condition for each trial: red, downward context, black,
flat context, blue, upward context. From [6].

The perceived direction of tone glides going upward or downward was col-
lected on each trial. The results revealed that the subjective motion of a
trial was influenced by the tow preceding trials (t-1 and t-2). That is, each
tone glide of 100ms had a contrastive e�ect on the subjective perception of
the subsequent two tones.

In a study by Wang & Oxenham, a similar spectral-motion contrast was
observed for both non-speech and speech test stimuli [392]. Interestingly,
a context sequence of 500ms failed to elicit the context e�ect: only test
stimuli preceded by a 100ms context stimulus were biased.

Emphasizing the di�erence between the spectral-motion contrast e�ect ob-
served in their study from the spectral contrast e�ect reported elsewhere
[216, 161, 232, 158], these findings suggest that those unusually short tem-
poral dynamics could reflect the specific adaptation time-course of neurons
tuned to frequency shifts [84, 83].
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Figure 2.3.3: Proportion of ”ba” responses following a context sequence of
various durations and as a function of the frequency of the
target stimulus. From [392].

2.3.3 Gap duration

Gap duration refers to the time of ”blank” or ”silence” following the context
and preceding the test [158, 172]. In intermittent presentation of ambiguous
stimuli, the gap that separates consecutive presentations have been reported
to lead to assimilative e�ects: ambiguous stimuli tend to evoke the same
percept on many consecutive presentations, a phenomenon referred as per-
ceptual stabilization (see Figure 2.3.4) [222, 236, 234].

Figure 2.3.4: Perceptual alternations in continuous presentation conditions
and perceptual stabilization in intermittent presentation con-
ditions. From [44].

This assimilative e�ect may be triggered by facilitatory e�ect of the past
perceptual dominance on subsequent perception that slowly grow stronger
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over multiple presentations [277, 44]. Interestingly, the time-course of this
assimilative e�ect is extremely slow: the e�ect has been observed to persist
for a minute [234] to even dozens of minutes [46].

In binocular rivalry, Brascamp et al. introduced a blank of varied duration
between stimulation of one of the two stimulus and simultaneous presentation
of two stimuli in di�erent eyes [45]. For short presentations, an assimilative
e�ect was observed: the dominant percept during the context phase tended
to be maintained, as discussed in the previous section. They also observed an
e�ect of the duration of the blank: short durations (0 and 12ms) tended to
weaken the facilitative e�ect observed for longer blank durations (> 50ms).
In an ambiguous motion study, Kanai & Vestraten observed a similar e�ect:
the assimilative e�ect caused by an ambiguous motion context was increased
by the duration of the blank [172]. In the auditory modality, the e�ect of
preceding context was also found to persist over long gap durations, in speech
categorization [158] and auditory scene analysis [352].

As pointed out by Maier et al. such slow temporal decays are informative of
the nature of the neural processes involved. Indeed, this persistence suggest
that the locus of the underlying neural processes is not likely to be found in
the primary sensory areas [234]. This hypothesis was supported by results
observed in ambiguous motion perception. When an ambiguous motion was
used as prior exposition, the assimilative e�ect observed decayed very pro-
gressively. As they point it out, the fact that the slow decay was observed
only for ambiguous stimuli suggests that the e�ect is most likely linked to
percept-based biases, occurring beyond the primary sensory areas [172].

Snyder et al. reported a similar e�ect in the auditory modality [353]. They
investigated the e�ect of context ”ABA” sequences with di�erent degrees
of ambiguity on subsequent ambiguous ”ABA” test sequences. When the
context sequence was not ambiguous, a contrastive e�ect occurred as lis-
teners tended to report the alternative mechanism, an e�ect seemingly die
to suppressive mechanisms [353]. However, when the context sequence was
itself ambiguous, an assimilative bias occurred (see Figure 2.3.5). In this fig-
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ure, trials are sorted according to whether they were reported as two streams
(dashed line) or one stream (solid line) at the end of the context sequence.
An assimilative bias corresponded to the fact the listeners who heard two
streams at the end of the context sequence tended to maintain this percept
during the test sequence and vice versa.

Figure 2.3.5: Proportion of time trials heard as streaming for the context
period (left portion of panel) and test period (right portion of
panel). Trials are sorted according to whether they ended on
a two-stream percept (dashed line) or a one-stream percept
(solid line). From [352].

2.3.4 Systematic examination of temporal dynamics

A brief review of the literature of context e�ects revealed that temporal dy-
namics play a crucial role in the influence of contextual information. To
over-simplify, long presentation durations are associated with contrastive ef-
fects and short presentation durations with attractive e�ects. The duration
of the blank or silence between context and test also seems the play a critical
role [172, 268, 46].

However, the disparity of methods, stimuli and procedure makes it di�cult
to interpret the disparate findings. In order to observe directly the transi-
tion between contrastive and assimilative e�ects, some studies have varied
systematically the temporal dynamics of context e�ects.
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Kanai & Verstraten conducted series of experiments in which they sought to
systematically explore the e�ect of temporal parameters of context presenta-
tion on the perception of an ambiguous visual motion [172]. The ambiguous
probe stimulus was an alternation of luminance gratings phase-shifted by
180 degrees that biased participants to perceive the motion either toward
the right or the left. It was preceded by an adapting stimulus which was an
alternation of gratings whose phase-shift strongly favored one or the other
direction. A schematic representation of the procedure is displayed in the left
panel of Figure 2.3.6. The duration of the adapting non-ambiguous stimulus
and the time separating it from the ambiguous probe were systematically
varied. Results are displayed in the right panel of Figure 2.3.6. They show
that a brief context followed by a short gap result in an assimilative bias,
whereby the motion perceived in the probe stimulus is congruent with the
adapting one. For longer context durations, the e�ect of the adapting stim-
ulus was contrastive. Both assimilative and contrastive bias tended to decay
for long gap durations.

Figure 2.3.6: Left panel displays the stimuli and procedure in Kanai et al.
Right panel displays the results. The proportion of motion
congruency between context and test stimuli are displayed as a
function of di�erent ISI (on the x-axis) and for di�erent context
durations (di�erent lines). From [172].

Similar findings were found in binocular rivalry. Brascamp et al. conducted
an experiment in which duration and contrast of an adapting stimulus were
varied systematically [45]. They found that the type of e�ect induced by a
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context depended on temporal parameters. Brief exposure of one of the two
stimuli enhances its subsequent dominance (facilitation). Longer exposure
durations (around .5 s) had the opposite e�ect (suppression) (see Figure
2.3.7). This was particularly pronounced for the highest contrast level.

Figure 2.3.7: Amount of contrastive (suppression) or assimilative (facilita-
tion) e�ect as a function of context presentation duration for
di�erent contrast levels. Brief exposure enhances its subse-
quent dominance (facilitation), but exposure durations over
about.5 s have the opposite e�ect (suppression). From [45].

Altogether, this findings demonstrate that prior exposure may result in di�er-
ent context e�ects depending on temporal parameters used for context du-
ration. Several interpretation can account for the existence of both types of
e�ects on the same stimuli. Some have explained attractive and contrastive
e�ects with a single mechanism [128], some with two distinct phenomena
located in the same early stages of processing [268], or distinct stages of
processing [336].

Noest et al. proposes an model in which pre-exposure induce a decrease of
sensitivity of responsiveness, together with a small facilitation, occurring at
a single stage of low-level processing [268]. While the decrease of respon-
siveness tends to build up slowly over time, the enhanced sensitivity decays
very rapidly. The temporal dynamics are therefore crucial to determine the
type of influence on subsequent stimuli. Duration of context presentation
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will be critical to determine which e�ect will have prior stimulation: long
presentations would allow adaptation to build up and short presentation will
allow priming [172].

Conclusion

In the light of the studies discussed in this chapter, it appears that contextual
information, whether preceding or simultaneous [165], plays a tremendous
part in what determines how a particular stimulus is perceived. Ambigu-
ous stimuli, being inconclusive by nature, constitute great tools to observe
the specific processes of context information integration [190]. Temporal
parameters of context presentation and inter-stimuli blank can lead to very
di�erent perceptual outcomes [172, 45]. Therefore, systematically exploring
the time-course of context e�ects may gather very informative elements on
the type of neural processes at play.
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To be or not to be a musician

Music is a phenomenon observed in every known human culture [247]. How-
ever, the degree with which individuals in a society engage in musical ac-
tivities greatly varies across cultures. Some cultures lack of the notion of a
hierarchy in musical abilities among individuals whereas others consider mu-
sicianship as a specific competence [36]. In Western cultures, musicians are
typically considered holders of a special faculty which distinguish them from
non-musicians. They are trained from an early age in specialized schools to
learn how to play an instrument and are also taught various theoretical mat-
ters such as harmony, history of music and analysis. This intense practice
(several hours per day during many years), together with the fact that it
most often begins early in life, makes musicians a very interesting popula-
tion: their brains constitute a fine experimental object for the investigation of
how long-term experience changes brain structures and cognition [146, 409].
This chapter will first face the task of defining music as a specific activity
and musicians as a specific population. Once we have defined who they are,
and what they are trained for, we will address the question: are musicians
di�erent from non-musicians from a cognitive standpoint?
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What is music and what do musicians learn ?

Finding a definition that would describe music with a satisfactory degree of
specification and yet, that would embrace all its stunning variability amongst
and across cultures, appears to be challenging. Hence, for the purpose of our
analysis, we will focus on Western tonal music and settle on the minimalist
definition suggested by Rodriguez, according to which ”Music consists of
sound organized in time, intended for, or perceived as, aesthetic experience
(Rodriguez, 1995)” cited in [100]. Those sounds organized in time vary
along the main acoustical dimensions (i.e. pitch, loudness and timbre) and
constitute the first level of description and analysis that is referred to as
musical surface. On the other hand, musical structure corresponds to the
fact that distinct musical events fulfill di�erent structural functions beyond
the immediate sounding qualities. Those two distinct levels of organization
may require di�erent levels of cognitive processing, as we might expect the
level of musical surface to rely on mostly perceptual processes and the level
of musical structure to recruit higher-level cognitive processes [223].

As a musician, what abilities do one acquires through training that make him
or her able to interact with music as a professional? A first approach is to
examine what education is provided by institution devoted to train musicians,
in order to understand what specific skills they acquire. First, a musician
most often must know how to play an instrument, notwithstanding the fact
that his intention is to become a musicologist, a conductor, a composer or
any other musical profession that does not involve performing [349]. Playing
a musical instrument requires a certain dexterity, specific to each instrument,
that can be only achieved through years of daily practice, estimated in total at
10,000 hours [206]. Moreover, as a large part of Western music is written for
small and large ensembles of instruments -ranging from the sparing sonata for
which only two instrumentalists are necessary, to the full symphonic orchestra
which sometimes require as much as one hundred musicians-. Being able to
play in tune and rhythm with others appears to be a critical ability. In
addition to that, a much more theoretical training is also completed, for the
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musician has to learn the basics of music theory and harmony, also has to be
able to analyze a music score -very much like one would learn to comment
a poem- and to describe a musical excerpts just by listening to it, all those
tasks being challenging on an intellectual level [40].

Assessing musical abilities

Musical achievement is not only modulated by the intensity and precocity of
musical training [40]. As in any other life-time activity, such as sports and
mathematics, musical achievement also depends on self-e�cacy [41, 57], self-
regulation [417], and time spent on deliberate practice [109]. Furthermore,
it is very di�cult to precisely describe the amount of musical education a
musician received, for there are very di�erent strategies of music educations
that may impact certain musical abilities [340, 182]. Finally, musicianship is
a multi-faceted ability that includes, aside from playing an instrument, musi-
cal understanding, appreciation and evaluation [147], which makes the very
definition of ”musical expertise” and its measurement, even more challenging
[224]. Here, we will briefly review the main tools of measurements that have
been used in scientific studies.

Since the first scale for measuring ”musical talent” was imagined by Seashore
in 1919 [337], numerous scales have been conceived. Most of them rest on a
same-di�erent paradigm in which listeners have to detect subtle di�erences
occurring along di�erent dimensions of musical surface or structure (for a
recent review, see [262]). Yet, because they engage musical material and
procedures very similar to what musical institutions use to teach, those tests
favor musicians that have received a formal training, thus failing to fairly
assess the full scope of musical abilities. It seems also that some crucial
musical abilities are not directly tested through those evaluation. For in-
stance, the stimuli used are never composed of several instruments playing
together and listeners are never asked to analyze the timbre of a chord (e.i.
which instruments are simultaneously playing together), although this ability
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may be critical in some musical activities, such as music chamber practice
or analysis of orchestral music.

Law & Zentner legitimate this focus on simple musical stimuli by arguing
that the processing of structural musical ”atoms” is a pre-condition for the
successful decoding of more complex musical content and hence, the ability
to process musical ”atoms” would be a valid proxy for assessing higher-
order musical skills [217]. Aside from assessing musical abilities through
explicit testing, questionnaires were also developed, with the aim to assess
the multidimensional and continuous nature of musicianship, which extends
the concept of “musicianship” beyond formal music training and performance
factors, and captures both quantity and quality of music production and
reception [65]. Current research seeks to develop this fine-grained analysis
of the multi-faceted nature of musical expertise through explicit testing [262].

Despite of the aforementioned attempts to robustly and precisely quantify
musical expertise, there is a lack of homogeneity in criteria applied to mu-
sicianship across studies, with years of training ranging from at least two
years to at least 6 years [?]. The explanation may be that the method to
best define musical expertise is still a matter of debate [224] and can yield
to a large scope of more or less sophisticated approaches. But ultimately,
years of musical training constitute an arguably coarse but satisfying enough
measure of musical expertise as it was proven to be highly correlated with
musical expertise indexes across various scales [390].

3.1 Makes (almost) no di�erence

The origins of musical expertise has been largely discussed and remain a mat-
ter of debate [242]. If, as it has been postulated, music proficiency is rooted
in innate predisposition [381] that have been selected through evolution for
its adaptive social benefits [73], a high degree of musical competence should
be present in the general population. As a matter of fact, non-musicians
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are also exposed to music on a daily basis. This regular musical stimulation,
together with the remarkable propensity of human beings to internalize reg-
ularities from the auditory environment [320] should interact with the innate
predisposition [381] and result in a high degree of musical sophistication in
all individuals, regardless of their musical training [33, 294, 293, 32].

3.1.1 Musical tension

In line with this, several studies designed to investigate the e�ect of musi-
cal expertise on the processing of Western music have suggested that non-
musicians exhibit results that are surprisingly very similar to those of mu-
sicians (for a review, see [33]). In a series of studies investigating musical
expectancies throughout a melodic progression, the results showed no di�er-
ence between musicians and non-musicians [208]. The degree of consistency
between the two groups suggest that musical expectancies are built largely
independently from formal musical training. Concordant results arose from
a series of studies conducted by Bigand et al.. These studies have taken
advantage of the distinction between musical surface and musical structure,
showing that non-musicians could correctly identify a musical structure de-
spite the variations of musical surface elements [26]. Although musicians
performed significantly better than non-musicians in this task (e.g. 72% ver-
sus 58% of correct response), the fact that non-musicians performed above
chance demonstrate that they represent musical information on an abstract
format, despite their lack of formal training. In another study, Bigand et
al. sought to evaluate whether the e�ect of elements that determine tonal
hierarchies (e.g. how pitch and rhythm influence stability and closure in a
musical excerpts) are modulated by musical training [27]. To this aim, they
presented listeners with two melodies, T1R1 and T2R1, very similar regarding
notes and rhythms (see top panel in Figure 3.1.1). Yet, the tonal functions
are radically di�erent from one melody to the other, for one is written in
written in A minor while the other is written in G major. Hence, individual
notes carry a very di�erent degree of stability, defined by their relation to
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the tonic and thus di�erent in the two melodies. For instance, note 8 is a
tonic T2R1, thus carrying great stability and a subtonic in T1R1, thus car-
rying a great tension. Musicians and non-musicians were asked to report the
”musical stability” perceived on each note (which is linked to the hierarchical
proximity of the considered note from the tonic) on a 7-steps scale.

Figure 3.1.1: From [33].

The bottom panels in Figure 3.1.1 display the results for the two melodies
and the two groups. The results suggest that both melodies received di�erent
stability rating patterns although they shared musical surface features thus
suggesting that both musicians and non-musicians were sensitive to the key-
change embedded in the two melodies. Moreover, ratings between the two
groups were significantly correlated and on the whole, the pattern of data
of both groups was very similar. The strong correlation between musicians
and non-musicians have then been successfully replicated and extended to
paradigms in which chord progression sequence were used instead of melodies
[30, 29]. Altogether, those results suggest that tension-resolution dynamics
in music are e�ective for both musicians and non-musicians and rely on
abstract representations of musical structures elements.
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3.1.2 Musical expectancies

The formation of musical expectancies might play a key role in music listening
as it has been suggested that musical emotions arise from the composer’s tal-
ent to frustrate or fulfill our building expectancies in order to create aesthetic
sensations [164, 248]. On the other hand, it is conceivable that anticipation
in music is developed through training. This would imply a strong advantage
of musicians over non-musicians. Given the importance of harmonic struc-
ture in Western tonal music, expectancies derived from the harmonic context
should constitute a critical aspect of music cognition [22, 23, 31, 377], and
appear relatively early in life, regardless of musical education [325].

Mostly based on a priming paradigm [294, 23, 21, 35], several studies were
conducted to investigate this point. A priming paradigm consist in presenting
a probe or target stimulus -in this case, a tone or a chord- preceded by
a context sequence that facilitate its processing to a varying degree (as
illustrated in Figure 3.1.2). The task is to report a deviation in either timber,
loudness or tuning on the target stimulus, as accurately and fast as possible.
The critical point is to determine whether the preceding context facilitates
the processing of the target, which will result in either higher performance
or shorter response times. Bigand et al. presented a pair of two chords
preceded by a very congruent context or a less congruent context. This way,
the target stimulus would be very expected in the first case and less expected
in the other case. In this experiment, the last chord was a consonant or a
dissonant chord (by adding an extra tone to the triadic chord). Participants
were asked to report whether the last chord was consonant or dissonant.

The results are displayed in Figure 3.1.3. They show that, although musician
listeners usually performed better and faster, in the expected condition (e.i.
condition for which the context is ”congruent” with the target), context
facilitate the processing of the target tone for both groups, as assessed by
higher performance and shorter response times.

As pointed out by the author, the critical point in the results is that, despite
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Figure 3.1.2: Example of two di�erent sequences preceding two chords, one
facilitate the processing of the target chords while the other
does not. From [28].

Figure 3.1.3: Percentage of correct response (left panel) and response time
(right panel) averaged across sequences for the two target
chord conditions (dissonant in dashed line and consonant in
solid line) and for the two groups, musicians and non-musicians.
From [28].
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the group e�ect reflected in the two measures, the size of the priming e�ect
revealed by the two conditions is similar for the two types of listeners. This
suggest that non-musicians are also sensitive to the harmonic function of
chords defined by the musical context. Those results were consistently repli-
cated ; in various following studies, using di�erent paradigms, it was found
that the size of the priming e�ect was equally pronounced in musicians and
in non-musicians [34, 294].

In a further study, Bigand et al. sought to determine the level of processing
of musical context priming [32]. The question arises because chords that
typically end a syntactically correct chord sequence (i.e. tonic chords) contain
de facto more tones in common with the contextual sequence than chords
that are less stable at the end (i.e. fifth chords), thus favoring a sensory
account of harmonic expectancies [330]. But on the other hand, harmonic
priming could also result from the internalized knowledge of a listeners of
the hierarchical relations between chords in a music piece [22, 23, 28], after
implicit acquisition of the regularities in Western tonal music [374, 373]. To
disentangle the sensory vs. cognitive roots of harmonic expectancies [68],
Bigand et al. by manipulating the harmonic function of the target chord
(cognitive factor) and the number of notes shared by the context sequence
and the target chord (sensory factor).

Figure 3.1.4: Sensory vs. cognitive account of harmonic priming. From [32].

The results showed that listeners were faster and more accurate in processing
the target chord that had a higher position in the hierarchy (i.e. tonic chord),
independently of the number of tones shared with the context and regardless
of the group. Both types of listeners, musicians and non-musicians were
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mostly influenced by cognitive rather than sensory priming.

This e�ect was then replicated with a di�erent experimental setting [35]
and on six-year-old children [325] and extended to electrophysiology studies
[293]. Furthermore, a study exploring the integration of large-scale musical
structures (such as tonality) in musicians and non-musicians revealed that
musicianship does not provide a strong advantage: both groups failed to
integrate local harmonic structures into global ones [375] (for a review, see
[376]).

Electrophysiological recordings of neural response to syntactic musical ir-
regularities opened a new avenue in the inquiry of music cognition and the
e�ect of musicianship. The experimental protocol used is somewhat similar
to those used in the aforementioned studies in that it rests on a priming
paradigm ; the response to a probe tone, more or less congruent with a pre-
ceding context is measured in musicians and non-musicians. In response to
a syntactic violation, an event-related potential (ERP) named the early right
anterior negativity (ERAN) was identified (see Figure 3.1.5) and considered
as the musical counterpart of the well-known Mismatch Negativity (MMN)
(for a discussion on that matter, see [193]). The ERAN is supposed to re-
flect the processing of abstract and complex regularities carried by musical
syntactical structures and results indicate that it builds up with age [167].

Koelsch et al. conducted several studies investigating the e�ect of musical
expertise on the ERAN. They revealed that it was larger in professional
musicians [197] and amateurs [196] than in non musicians (as illustrated in
Figure 3.1.6). Yet, in the first study, the di�erence between the two groups
was very small and barely reached the threshold of significance and in the
second study, the group di�erences did not reach statistical significance. An
fMRI study revealed a small but significant di�erence between adults and
eleven-year-old children [194].

Other ERPs related to music processing have been observed [307, 293, 192,
358]. In Poulin-Charronat et al., an ERP study was conducted to assess
the contribution of sensory and cognitive priming in chord processing [293]
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Figure 3.1.5: Top panel displays examples for syntactically correct chord pro-
gression in sequence (i) and incorrect one in sequence (ii). The
bottom panel displays the ERPs elicited by the final chords of
these two sequence types (recorded from a right-frontal elec-
trode site from 12 subjects. From [192].

Figure 3.1.6: Di�erence in ERPs (expected chords subtracted from un-
expected chords) elicited in musicians (solid line) and non-
musicians (dotted line). From [193].
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(similarly to [32]). The ERP was the N5, reported to reflect processes of
harmonic integration [198, 195]. Consistently with previously observed be-
havioral findings, they demonstrated that the less stable chord target elicited
a larger ERP than the more stable chord than the more stable chord, even-
though it was previously played in the context sequence. Besides, this e�ect
was more pronounced for expert musicians than non-musicians, suggesting
that the abstract representation of complex harmonic rules is still modulated
by musical education.

On the whole, concordant evidence gathered from di�erent behavioral and
electrophysiological findings reveal that musicians exhibit a small advantage
in processing complex musical structures when compared to non-musicians.
However, this advantage should be considered in light of the considerable dif-
ference that exists between the two groups as far as formal musical training
is concerned. From that perspective, this di�erence may reflect the advan-
tage provided by the formal training, rather than a qualitative di�erence in
cognitive processes involved in music processing. From this interpretation,
we can sketch the conclusion that the human brain is able to process music
in a highly sophisticated manner that is only marginally enhanced by for-
mal musical training: passive exposition to musical material provides enough
stimulation to develop this abilities [374].

3.2 Makes a (big) di�erence

Expertise in specific domains raises the question of whether the special abil-
ities can be generally transferred in other activities. In a recent study, Green
& Bavelier suggest that experts in action video games exhibit enhanced abili-
ties to sustain their attention on key stimulus features for an extended period
of time [139]. Over the course of their training, musicians must acquire chal-
lenging skills and develop a strong ability to sustain attention on complex
mixtures of sounds for a long period of time. Consequently, one might ex-
pect to observe a transfer of such sharp abilities onto broader perceptual
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and cognitive tasks. A large body of studies have gathered evidences sug-
gesting that musical training induces behavioral, functional and structural
changes and that those changes modulate the processing of generic auditory
processes [259]. The impact of musical training seems so important that it
is now consensually considered as a model for brain plasticity [326, 409].

3.2.1 Anatomical di�erences

Playing a musical instrument require moving both hands, fingers, feet -and
sometimes other unexpected parts of the body- in coordination. This inten-
sive and daily motor activity is very likely to cause changes in the brain. Elbert
et al. were the first to demonstrate that violinists players have enlarged cor-
tical representation of the little finger of their left hand [108]. On the same
trend, Schlaug et al. generalized this e�ect of motor training using morpho-
metric MRI, as they published the first study that demonstrated that musi-
cians possess a thicker corpus callosum -a structure of white matter bridging
the two hemispheres-. This di�erence was interpreted to result from the
repeated and intense sensory-motor information exchange between the right
and left motor area during instrument playing [328]. Yet, these anatomical
peculiarities concerned only musicians who had started their musical training
before the age of seven, which may suggest that great brain plasticity may
be required at the start of training to induce such chances. Further studies
revealed that the asymmetry between the two planum temporale -a structure
present on both hemispheres and known to be the siege of auditory infor-
mation integration- was more pronounced in musicians with perfect pitch
compared to non-musicians, as is appears in Figure 3.2.1 [327, 410]. Musi-
cians with perfect pitch (also referred as absolute pitch) display a leftward
asymmetry which could therefore reflect a prenatal disposition to develop
absolute pitch and therefore, good musical abilities [177].

In a study using voxel-based morphometry (a technique that scopes the whole
brain), Bermudez & Zatorre found a maximal di�erence between musicians
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Figure 3.2.1: Brain surface projection of the right and left planum temporale
in a musician (top panel) and a non-musician (bottom panel).
From [327].

and non-musicians in grey matter density in a small region of the right planum
temporale, a structure dedicated to pitch discrimination [19]. This increased
grey matter was found in all types of musicians -independently of absolute
pitch- thus suggesting that this anatomical di�erences are shaped by musical
experience.

The Di�usion Tensor Imaging (DTI) technique provides a novel tool to ex-
plore the anatomical modulations caused by musical training. Indeed, this
technique allows a fine tracking of axonal fibers in subcortical areas which can
reveal increased organization of white matter tracks. Using DTI, Schmithorst
& Milke found increased fiber density and orientation in the anterior corpus
callosum, thus consistent with Schlaug et al. findings [329]. A subsequent
study demonstrated that this increased white matter organization was cor-
related to the number of hours of musical practice, as displayed in Figure
3.2.2 [18].
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Figure 3.2.2: Correlations between participant’s total amount of practice and
white matter structure. Individual points display the mean
FA (index of white matter organization) value across voxels
for each participant. Vertical lines represent s.d. within that
participant. Dashed lines are regression lines. From [18].

3.2.2 Behavioral di�erences

Pitch discrimination

As they constantly monitor the outcome -sound quality, tuning, timbre etc.-
of their instruments, musicians potentially acquire very fine-grained pitch
discrimination abilities. Indeed, numerous studies reported that musicians
largely outperform non-musicians in frequency thresholds [182, 8, 249], es-
pecially for complex tones [249, 356]. In all the cited studies, the group
di�erences were massive, raging from a factor of about two (in [182]) to a
factor of six (in [249]), depending on the criteria for selecting musicians. It
appears indeed that thresholds sizes are modulated by the number of years
of musical training, as indicated by Figure 3.2.3 which displays the results
collected on a cohort of musicians with varying degree of training duration
[182].

However, although musicians exhibit a clear advantage on pitch discrimina-
tion tasks, it was also observed that the gap was rapidly filled with appropri-
ate training [249, 182]. Micheyl et al. conducted two experiments on pitch
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Figure 3.2.3: Points indicate averaged individual frequency threshold as a
function of the number of years of musical practice for each
reference frequency. Curves indicate best fitting exponential
curves. From [182].

discrimination thresholds in musicians and non-musicians [249]. In the first
experiment they observed large di�erences, consistently with previous find-
ings. The second experiment was preceded by 14 hours of practice on pitch
discrimination tasks. Results revealed that only 4 to 8 hours of practice in
average was enough to wear o� the group di�erence in thresholds.

Interval Categorization

Categorical perception (CP) corresponds to the fact that pairs of stimuli
that lie along a physical continuum are perceived as belonging to distinct
categories. As a consequence, perceptual discrimination thresholds between
pairs of stimuli of same physical di�erence are smaller when they straddle
a category boundary than when they belong to the same category. Thus
CP can be explored through a combined methodology of identification and
discrimination tasks. CP is considered as evidence that perceptual systems
transform continuum sets of stimuli into discrete mental categories. Such
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a perceptual phenomenon was observed in a speech contrast experiment
conducted on infants [107].

Figure 3.2.4: An idealized categorical speech perception function. The stim-
ulus covers a continuous range and yet, perception dramatically
shift from one category to the other at a particular point in the
continuum. From [278].

Burns & Ward conducted an experiment on CP for intervals in musicians
and non-musicians. Their paradigm consisted in varying an interval size by
small increments between two endpoints, for instance between a minor third
and a perfect fourth. This way, the pitch range encompasses three intervals:
the minor third, the major third and the perfect fourth. As the identification
task, listeners are presented the intervals in random order and are asked to
assign them to one of the three categories. As a discrimination task, they
are presented with pairs of intervals for a same-di�erent judgment. Results
exhibited evidence of CP for musicians but not for non-musicians which led
them to claimed that CP of intervals for musicians were as robust as CP of
phonetic items for non-musicians [54, 55].

CP induced by musical training constitutes an interesting case of a substantial
alteration of abstract representation which alter perception itself and induced
by long-term experience. However, it has received little attention in the past
years, as few studies have tackled its neural counterparts. A behavioral
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study was conducted in order to address a methodological default present
in previous studies. Smith et al. sought to overcome the bias induced
by formal training in musicians in giving novice a non-musical technique
to perform the task [350]. Namely, participants were trained to identify
intervals by matching them with the beginning notes of familiar tunes such as
”What child is this?”. Surprisingly, they found that the use of the alternative
method enhanced performance of identification. However, in the task of
discrimination, the alternative method did not contradict previous results,
as the group e�ect was maintained. These results suggest that although
CP measurements are sensitive to the degree to which the method require
formal musical training, this cannot fully account for the di�erence observed
between groups.

Encoding complex auditory signal

Concordant findings have also highlighted a positive correlation between mu-
sical training and acoustic signals encoding [261, 407, 218, 364] (for a review
see [207]). This e�ect has been observed through the modulated response
to complex acoustic signals in early areas of auditory processing (such as the
cochlear nuclei in the brainstem and the inferior colliculus in the midbrain),
thus fostering the view of auditory signal encoding as the result of a com-
plex mixture of feed-forward and feed-back pathways [14] (see Figure 3.2.5)
modulated by musicianship [363].

The e�ciency, or accuracy of complex acoustic signals encoding in brainstem
can be assessed by the adequacy between spectral and temporal features of
the ”neural code” referred as frequency-following response, observed in the
subcortical structures and the those of the acoustic signal [59, 319]. The
precision of the FFR response to speech has been observed be correlated to
musical training, resulting a in a better tracking of the fundamental frequency
of the voice (see Figure 3.2.6) [407] and a more synchronous neural responses
to syllables [274]. The degree of accuracy for speech and intervals was
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Figure 3.2.5: The hierarchical structure of auditory processing, from cochlea
to primary auditory cortex. Red connections indicate bottom-
up and top-down neural connections responsible for enhanced
low-level encoding of complex signals for musically trained lis-
teners. From [281, 181].

also shown to be modulated by the number of years of musical training
[261, 407, 218, 364].

Further studies have gathered evidences suggesting that the e�ect of musi-
cianship had also a positive impact on the comprehension of speech in noise
[274, 273] and distorted speech signals [24] (although contradictory findings
have been reported [317]). It was also reported that the deleterious e�ects
of age on speech perception in noisy environment were attenuated by life-
long musicianship [275]. The beneficial e�ects of musicianship were also
reported in mistuning detection studies, in which a mistuned component is
embedded in a complex harmonic tone [411]. Although it has been shown
that aging causes a drop of mistuned component detection thresholds [142],
musicianship seems to hinder this degradation [413, 412]. Although be-
havioral and ERP studies have repeatedly demonstrated that musicians and
non-musicians only marginally di�er in processing highly complex musical
structures [33], recent findings have evidenced that musicians encode mu-
sical intervals [123], polyphonic melodies [124], sequential tones [384, 385]
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Figure 3.2.6: The top plots display FFR waveforms for musician and non-
musician listeners. The bottom plots displays the fundamen-
tal frequency of the speech signal as the (black line) and the
FFR’s primary periodicity (orange line) for musicians and non-
musicians. The tracking of fundamental frequency is more
accurate for the musician listener. From [407].
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and segregate spatially distributed sounds [263] with greater accuracy and
precision than non-musicians.

Patel advocates for a causal e�ect of musicianship: musical training causes
the enhanced neural encoding of speech sounds, a theory known as the
well-named OPERA hypothesis [279, 280]. This hypothesis is consistent
with findings suggesting that the advantage provided by musicianship does
not pertain to enhanced sensory processes [317]. Rather, musical education
modulates higher cognitive functions that in turn benefit auditory skills [363],
which could therefore constitutes a novel tool to develop auditory skills during
childhood [207].

Conclusion

Since musical expertise originates from a rigorous daily training throughout
life starting at a very young age, it plausibly induces changes in musicians’
brain. Musical practice has been shown to induce anatomical di�erences in
the corpus callosum and the planum temporale in musicians (for a review
see [146]), although the extent to which those changes parallel particular
musician traits, such as the possession of absolute pitch or the age of training
starts, remain unclear [396].

These important brain modifications may therefore in turn modulate pro-
cessing of acoustic signals [363], and among those, music. However, musical
expertise seems to only marginally impact how complex musical structures
are processed. Indeed, numerous studies have demonstrated that musicians
and non-musicians in the Western culture only sightly di�er in this area (for
a review see [33]), especially considering their tremendous di�erence in mu-
sical education [206]. This has been hypothesized to result from the passive
integration of the highly structured rules of Western music [374, 373].

But musicianship seems to enhance performance on other auditory process-
ing tasks. Indeed, musical expertise has been reported to decrease pitch
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discrimination thresholds [182], interval categorization [54, 55] and improve
the encoding of musical [123, 124] and speech [281] signals. However, it
should be noted that di�erences between musicians and non-musicians have
sometime not been successfully replicated [317]. Moreover, it was also sug-
gested that this di�erence can be rapidly overcame by training [249, 258, 269]
or by adapting the task to non-musicians [350].

Overall, several elements point to a robust advantage of musicians in the
processing of complex acoustic scenes [411, 124, 263], see also [296] and
[368].
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Chapter 4

The temporal dynamics of an

auditory context e�ect

The work described in this Chapter is partially reported in: C. Chambers,
S. Akram, V. Adam, C. Pelofi, M. Sahani, S. Shamma, and D. Pressnitzer.
Prior context in audition informs binding and shapes simple features (under
review). Nature Communications.

Abstract

In context e�ects, temporal parameters of contextual information, such as
the durations of context presentation and the gap between context and test,
have been demonstrated to induce di�erent perceptual output in ambiguous
stimuli [172]. In the Shepard paradigm (see detailed description in Section
1.2.5 on page 22) [342], it was found that a short sequence of tones heard
prior to the ambiguous interval induced a strong assimilative bias: listeners
tended to report the pitch-shift direction encompassing the frequency compo-
nents of the context sequence [2]. The present series of experiment sought
to characterize the temporal dynamics of this auditory context e�ect. To
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this aim, the duration of the context was first varied, in order to investigate
the minimal duration required to establish a significant e�ect. In a second
experiment, a silent gap placed between the context and the test sequence
was varied in duration, in order to investigate the remanence properties of
the context e�ect. Finally, both parameters were varied, in order to observe
interactions between the two factors.

Introduction

Contextual information plays a crucial role in everyday perception, as stimuli
are never perceived in isolation. Rather, they belong to a complex network
of sensory input and integrating prior knowledge, which interact to sketch
a complex perceptual scene. Experimentally, context e�ect are studied by
observing the influence of prior information (context) on a target stimu-
lus and thereby contribute to explain how information integration occurs at
di�erent time-scale levels. Context e�ect can modulate the perception of
non-ambiguous stimuli, creating for instance the illusion of a motion in a
stationary image [11], but are especially well-suited for ambiguous stimuli,
for their undetermined nature rises the sensitivity to the context [190].

As discussed earlier, the preceding context can yield to a contrastive e�ect
or an assimilative e�ect. Contrastive e�ects have been reported in the vi-
sual modality in visual motion perception [11, 172], in the auditory modality
in speech categorization [216, 231, 158, 160], and were even extended to
other modalities [61, 414]. Assimilative e�ects, whereby the presentation
of a context ”attracts” the perception of a subsequent stimulus were also
reported in vision [172] and in audition [131, 352, 63]. These two opposite
context e�ects are believed to fulfill two essential goals of perceptual pro-
cesses: contrastive e�ects may optimize information transfer and assimilative
e�ects may subserve stabilization of perception over time [116, 336].

But what triggers the contrastive or assimilative nature of context e�ects?
Temporal parameters, such as the duration of presentation of the context
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and the gap separating context and test, seem to play a critical part in this
regard. Scoping across di�erent studies, it seems that prolonged presentation
of context (in the order of seconds) induce contrastive e�ects, while short
presentations (in the order of milliseconds) induce assimilative e�ects. In vi-
sion, an ambiguous motion was perceived as shifted in the opposite direction
when preceded by a prolonged context [11] while much shorter context pre-
sentation have been reported to induce the exact opposite e�ect [286, 306].
In the auditory domain, comparable e�ects were found. Holt et al. reported a
contrastive pitch perception following prolonged context presentation [158].
Namely, when preceded by what Holt et al. terms an ”acoustic history” of
several seconds, the perception of a subsequent vowel is shifted away from
the frequencies present in the acoustic history, an e�ect then generalized to
the perception of non-speech stimuli [158, 359, 362]. However, the synthesis
of these concordant results is made di�cult by the disparity of stimuli and
methods. Besides, both in vision and in audition, other studies have reported
contrastive e�ects following brief context presentations [305, 392, 6].

In order to assess directly the e�ect of temporals parameters, Kanai & Ves-
rtraten conducted a study in which the duration of presentation and gap
preceding an ambiguous motion was systematically varied [172]. Strikingly,
they observe either contrastive or assimilative e�ects depending on the pre-
sentation duration and an interaction of the two temporal parameters (con-
text and gap durations). They interpret these results as evidence for dis-
tinct adaptation mechanisms, both occurring in early stages of sensory pro-
cesses but supported by neural populations with distinct temporal dynamics
[152, 201, 200]. To date, not such opposite e�ects on the same stimulus
were found in the auditory domain, but perhaps for lack of a systematic
variation of the temporal parameters of the context.

Interestingly, Kanai et al. also report di�erent temporal dynamics of the
context e�ect depending on whether an ambiguous or unambiguous stimu-
lus was used as context. Namely, they found that for the ambiguous context,
the build up of an assimilative e�ect gradually increased and which did not
decrease as the gap duration was prolonged. This slower temporal course
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Chapter 4 The temporal dynamics of an auditory context e�ect

was interpreted as evidence of the higher-order nature of the context e�ect
induced by the ambiguous stimulus. First, because it is caused by an am-
biguous motion, the context e�ect cannot emerge from the excitation of
early stage motion-tuning neurons, but rather, involves an higher level of
representation. Second, the slow build-up of the e�ect could hardly be sup-
ported by adaptation of sensory neurons. In the auditory domain, a similar
argument was made by Holt et al., when they found that context temporally
separated from target elicited an increased context e�ect [158]. Indeed, while
most context e�ects are interpreted as the result of early-stage adaptation
processes, a growing body of evidence point to the existence of other types
of context e�ects. In music cognition, the contribution of sensory vs. cog-
nitive processes was revealed by an elegantly designed study, demonstrating
that the cognition of chord sequences largely relies on high-level, cognitive
processes [32]. In this perspective, the higher-order nature of these e�ects
may be revealed through specific temporal dynamics [312]. Snyder et al.
reported an assimilative e�ect in the perception of a ”ABA” triplet: when
the preceding context was perceived as integrated, the following sequence
had increase chances to be perceived similarly [352]. This stabilization of
perception over time may be the result of a statistical analysis of past, lead-
ing to a ”regression to the mean”, as it was recently reported in an auditory
study on the perception of intervals [304].

The present study focuses on a recently observed context e�ect that biases
the perception of an ambiguous pitch-shift. The ambiguous stimulus consist
in the succession of two Shepard tones [342]. When two Shepard tones are
separated by an interval of 6 semi-tones (st), it was consistently observed
that listeners may report an upward or a downward shift with equal proba-
bility. Recently, it was discovered that a short sequence of tones presented
before the ambiguous interval could induce a strong e�ect in the reported
direction [2, 62] (online demonstration: http://audition.ens.fr/dp/illusion/),
but the level at which this e�ect occurs in the auditory pathway remains
unknown. To date, the observed e�ect of context is assimilative: listen-
ers report the pitch-shift direction that encompasses the frequency region in
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4.1 Experiment 1.1

which context tones were placed. Three experiments were conducted with
the aim to characterize the temporal course of this context e�ect. Systemat-
ically manipulating the durations of context presentation and gap, we could
probe whether the assimilative nature of the context e�ect was dependent
on temporal parameters and assess the dynamics of the e�ect in terms of
establishment and decay.

4.1 Experiment 1.1

Expmt 1.1 was conducted in order to investigate the minimal duration of a
context sequence required to bias the perception of an ambiguous pitch-shift.
To this aim, we presented listeners with the ambiguous interval preceded by
a context tone of varying duration. At the end of the trial, listeners reported
the pitch-shift direction of the final ambiguous interval. The experimental
design was:

Subj*Context8

4.1.1 Method

Participants

Ten self-reported normal hearing participants (age: M = 24.7, SD = 2.87),
eight women and two men, were included in this experiment after providing
written informed consent. Six of them had never participated in an experi-
ment involving Shepard tones. All were selected after the second version of
the screening procedure (see below) and all were paid for their contribution.

Stimuli

Shepard tones: All the tones used in this experiment were Shepard tones
generated as described in previous experiments [63]. A Shepard tone consists
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Chapter 4 The temporal dynamics of an auditory context e�ect

in nine pure tones, related by an octave relationship with respect to a base
frequency Fb, added together to cover the audible range in frequency and
amplitude-weighted by a fixed spectral envelope (see Figure 4.1.1). The
spectral envelope was linear on the amplitude scale and logarithmic on the
frequency scale (M = 960 Hz and SD = 1 log2 unit). The relative amplitudes
of the components, A(f), were computed using the equation below where f

is the frequency of the component, cf , the central frequency of the envelope
and ‡, the standard deviation.

A(f) = exp(1
2 ú ( log(f/cf)

log(2)/‡

)2)
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Figure 4.1.1: Shepard tones were generated by adding octave-related pure
tones, weighted by a bell-shaped amplitude envelope.

A trial consisted in the succession of a context sequence composed of one
context tone (C) followed by a test sequence composed of two test tones (T1-
T2). The Fb for T1 was randomly drawn for each trial, uniformly between
60 Hz and 120 Hz, to counterbalance possible idiosyncratic biases in pitch-
shift direction preference [90, 63]. The interval between Fbs in T1 and T2
was fixed at 6 st which correspond to the ambiguous interval (for which
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4.1 Experiment 1.1

listeners typically report two pitch-shift directions with equal chances). The
interval between Fbs in C and T1 was fixed at 3 st and 9 st so that C
would induce the maximal bias toward an upward (3 st) or a downward (9
st) pitch-shift (see [2] and appendix D). The duration of the test tones was
125ms each, including 2.5ms raised-cosine onset and o�set ramp. There
was no delay between T1 and T2. The duration of the context tone varied
from trial to trial between 0ms, 5ms, 10ms, 20ms, 40ms, 80ms, 160ms and
320ms, including a 2.5ms raised-cosine onset and o�set ramp. There was no
delay between C and T1. Each duration condition was repeated forty times
and presentation order was scrambled within each test session. Figure 4.1.2
displays a schematic representation of one trial.
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Figure 4.1.2: In a trial, a context tone preceded a pair of Shepard tones,
T1 and T2 separated by a 6 st interval. When reporting the
pitch-shift between T1 and T2, listeners tend to choose the
path that encompasses the region where the context tone is,
that corresponds here to an ”upward” pitch-shift.

Inter-trial tones: Pilot data revealed that an across-trial e�ect could
occur, by which test tones of the previous trial biased the perception of
the test tones of the subsequent bias, thus possibly interacting with the
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Chapter 4 The temporal dynamics of an auditory context e�ect

e�ect induced by very short context tones. In order to minimize this e�ect,
participants were played an inter-trial sequence between trials. Inter-trial
tones were designed to ”saturate” a broad range of frequency and thus ”clean
up the ears” between each trial. Therefore, the inter-trial tones were similar
to Shepard tones but with a half-octave relationship between tones. The
base frequency Fb of each inter-trial tones was randomly drawn uniformly
between 60 Hz and 120 Hz. Each inter-trial tone had a duration of 125ms,
including a 5ms raised-cosine onset and o�set ramp. The inter-trial sequence
consisted in the succession of five inter-trial tones separated by a short silence
of 125ms.

Screening procedure

The task required in this experiment requires participant to report the pitch-
shift direction resulting from an interval. For this task, individual display
di�erent performances [339]. As a screening procedure we therefore selected
participants on their abilities to accurately report pitch-shift directions in the
basis of their score in a screening test that was carried out systematically
prior to participation.

In this test, participants had to report the pitch-shift direction of an interval
T1-T2 either composed of two pure tones, or composed of two Shepard
tones. For the pure tones intervals, the frequency of T1 was randomly drawn
between 960Hz and 1920Hz. The frequency of T2 was shifted by an interval
of 3 st, 2 st or 1 st. For the Shepard tones intervals, the two Shepard tones
were designed as previously described (Stimuli). The Fb of T1 was randomly
drawn in a frequency range of 60 to 120Hz. The Fb of T2 was obtained by
shifting Fb of T1 by an interval of 3 st, 2 st or 1 st. The di�erent intervals
between T1 and T2 corresponded to distinct levels of di�culty, 3 st being
the easiest condition and 1 st the most di�cult [339].

The duration of each tone was 125ms, including a 5ms onset and o�set
ramp. T1 and T2 were played separated by a delay of 125ms. The order
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4.1 Experiment 1.1

presentation between T1 and T2 was randomized so that both upward and
downward shifts were played. After each interval, participants had to report
their response by pressing the 1 or 2 touch on the keyboard. Through the
display of a green or red patch on the screen, listeners were provided with
feedback on their response.

In a first version of the screening test, all di�culty conditions (3 st, 2 st
and 1 st) were presented in random order with 10 repeats per condition in
each session. Participants who obtained a minimum score of 80% correct
for the 1 st interval for both Shepard tones and pure tones in one session
were selected. This version of the test was used to select participants in
Expmt 1.2 (which was, chronologically speaking, the first experiment that
was conducted). Yet, as version 1 excluded an excessively large proportion
of participant, a second version of the screening test was designed.

In the second version of the screening test, which was used for all the other
experiments, the di�culty level (i.e. interval size) was fixed in blocks con-
taining each 40 trials. The 3 st interval was presented first, followed by
the 2 st and 1 st conditions. This way, participants had the opportunity to
become familiarized with the di�culty of the task before moving the next
di�culty level. If a participant obtained a score above 80% in one session,
the next session moved on to the next di�culty level, until the score of 80%
was reached for the 1 st di�culty level. If a participant obtained a score
below 80%, after three blocks of the same di�culty condition, the screening
procedure stopped and the participant was excluded.

Apparatus and procedure

Listeners were tested individually in a double-walled sound-insulated booth
(Industrial Acoustic Company) during one session containing 320 trials. The
total duration of the test session was approximately forty minutes. Stimuli
were played diotically through an RME fireface 800 sound-card at a 16-bit
resolution and a 44.1 kHz sampling rate. They were presented to both
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ears simultaneously through Sennheiser HD 250 Linear II headphones. The
presentation level was 65 dB SPL, A-weighted. At the end of each trial,
listeners were asked to report whether the interval formed by the two final
tones was going upward or downward in pitch. To give their answer, they
had to press either key 1 (downward shift) or key 2 (upward shift) of the
keyboard. The inter-trial sequence was then played.

Data analysis

For each listener and context duration condition, the proportion of ”up”
P(up) responses was computed from the pitch-shift direction responses.
Since this experiment focused on the bias of the context depending on its
duration a more synthesized measure of the context was computed fro each
listener and each context duration. The proportion of ”biased” responses
P(bias) was indeed obtained by computing the proportion of time listeners
responded with a bias in the direction expected from previous findings, that
is with a pitch-shift encompassing the frequency region where the frequency
components of the context tone were [62, 2]. This way, P(bias) of 1 would
correspond to listeners always reporting pitch shifts encompassing the fre-
quency region of the context tones. A P(bias) of 0 would correspond to
listeners always reporting the opposite direction of pitch shift. An absence
of context e�ect, that is, a response probability una�ected by the context,
would correspond to P(bias) of 0.5.

In order to control for across trial-e�ects, a complementary analysis was
conducted. We wanted to make sure that in the control condition -i.e.
in the absence of a context tone- T2 of the previous trial T2(prev) was not
biasing the perception of the current trial T1-T2(curr). To this aim a P(bias)
was computed similarly as described above for each control condition with
T2(prev) as the context tone.

4.1.2 Results
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4.1 Experiment 1.1

Pitch-shift direction response

The results are displayed in Figure 4.1.3: the P(bias) averaged across par-
ticipants is plotted as a function of the context tone duration. Thin lines
represent individual results. As expected, in the control condition with no
context tone, the P(bias) was near 0.5. As the duration of the context
increases, the P(bias) builded up gradually. A one-way repeated measure
ANOVA conducted on the context duration as within subject factor con-
firmed that the duration of the context had a significant e�ect on the P(bias)
(F (7, 63) = 30.47, p = 2e ≠ 16).
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Figure 4.1.3: The proportion of “biased” responses, P(bias), is displayed for
each context duration and averaged across listeners. Shaded
areas indicate +- 1 standard error about the mean and lines
indicate individual results.

The figure indicates that the assimilative e�ect builds up very quickly as it
appears for a context sequence as short a 20ms. This was confirmed by a
series of corrected t-tests performed on the context bias measure using a
Bonferroni correction (see Table 5.1 for all t-test results). A sequence of
20ms was su�cient to induce an e�ect significant bias on the direction of
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Context (ms) Mean P(bias) (SE) t-test(df = 9) p-value (Bonferroni corrected)
0 0.44 (0.03) -1.8773 0.72
5 0.52 (0.03) 0.7151 3.93
10 0.48 (0.02) -0.7276 3.88
20 0.59 (0.02) 4.8347 0.007**
40 0.76 (0.06) 4.0118 0.024*
80 0.81 (0.06) 5.3435 0.003**
160 0.89 (0.03) 11.6066 8.1e-06***
320 0.89 (0.04) 9.3901 4.8e-05***

Table 4.1: Post-hoc analysis results are reported. T-tests with a Bonfer-
roni correction were conducted and the proportion of ”biased”
response P(bias) was compared to 0.5 in each context condition.
Reported p-values are multiplied by the number of observations
N = 8.

the ambiguous test interval (one-sample t-test, t(9) = 4.83, p = 0.007 , the
p-values reported here are multiplied by N = 8).

Across-trial e�ect

Since the context tone was very short in certain condition and given that
the e�ect revealed to be extremely sensitive, a complementary analysis was
carried out to ensure that the perception of a current trial was not biased
by the previous trial. To this aim, a P(bias) was computed for each listener
for all control condition trials (trials with no context tone) with T2(prev)
as the context tone, as described above. The P(bias) computed for each
participant did not significantly di�ered from a neutral bias (one-sample t-
test: M = 0.5, SD = 0.07, t(9) = 0.32, p = 0.76).

4.1.3 Summary

The experiment was conducted to determine the minimal duration of a con-
text tone to induce a significant bias on the ambiguous interval. To this aim,
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context sequences of various duration preceded the ambiguous interval and
the pitch-shift direction reported from the interval constituted a measure of
the direction and strength of the bias for the di�erent context conditions.
The context strength increased as the context duration increased from 5ms
to 20ms and reached maximum for a context duration of 160ms. The con-
text e�ect could be established extremely rapidly since a context tone of only
20ms was su�cient to induce a significant bias. Besides, as previously ob-
served, the perceived pitch-shift ”cut through” the frequency region in which
the context tone was placed, relative to the interval for all tested duration
conditions.

4.2 Experiment 1.2

The aim of Exp. 1.2 was to explore another temporal aspect of the context
e�ect: its remanence, that is, the duration for which the e�ect of the context
was maintained. In each trial, a test sequence of an ambiguous interval of
Shepard tones was preceded by a context sequence. Between the context
sequence and the test sequence, a gap of various duration was introduced
during which participants were required to stay passive and wait for the test
tones to be played. At the end of each trial, listeners had to report the pitch-
shift direction of the final ambiguous interval. The experimental design was:

Subj*Gap8

4.2.1 Method

Participants

Ten self-reported normal-hearing listeners (M = 26.3, SD = 1.54), four
men and six women were included in this experiment after providing written
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informed consent. Two of them had never participated in an experiment in-
volving Shepard tones. All were paid for their contribution. All were selected
after the first version of the Screening procedure and all were paid for their
contribution.

Stimuli

All the tones used in this experiment were Shepard tones generated as de-
scribed above (Stimuli). Each trial consisted in the succession of a context
sequence of five context tones (Cs) and a test sequence composed of two test
tones (T1-T2). The Fb for T1 was randomly drawn for each trial, uniformly
between 60 Hz and 120 Hz. The interval between Fbs in T1 and T2 was
fixed at 6 st which correspond to the ambiguous interval (for which listeners
typically report two pitch-shift directions with equal chances). In each trial,
all the Fb of the five context tones were randomly drawn in a frequency range
of either 0 st - 6 st or 6 st - 12 st from the Fb of T1. This way, in half of the
trials the context sequence would induce an upward shift (0 st - 6 st) and
in the other half, a downward shift (6 st - 12 st), consistently with previous
findings [2]. The duration of the test tones was 125ms each, including 5 ms
raised-cosine onset and o�set ramp. There was a delay of 125 ms between
T1 and T2.

The duration of the context tone was 125 ms, including a 5 ms onset and
o�set ramp. Each context tone was separated by a delay of 125 ms. A silent
gap was introduced between the context sequence and the test sequence C-
T1 which duration varied between 0.5, 1, 2, 4, 8, 16, 32 and 64 s. Each gap
duration condition was repeated twenty times and the presentation of condi-
tions was shu�ed. Those temporal parameters were chosen consistently with
previous findings (see Appendix D) so that the context sequence followed by
the minimal gap duration would elicit a strong context. Figure 4.2.1 displays
a schematic representation of one trial. There were no inter-trial sequence
played between trials.
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Figure 4.2.1: In a trial, a context sequence composed of five tones preceded
a pair of Shepard tones, T1 and T2 separated by a 6 st interval.
When reporting the pitch-shift between T1 and T2, listeners
tend to choose the path that encompasses the region where
the context tone is. The duration of the silent gap between
the context sequence was varied.
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Apparatus and procedure

Listeners were tested individually in a double-walled sound-insulated booth
(Industrial Acoustic Company) during two sessions containing 80 trials and
lasting thirty minutes each. Listeners took a short break between the two
sessions. The total duration of the experiment was approximately one hour.
Stimuli were played diotically through an RME fireface 800 sound-card at
a 16-bit resolution and a 44.1 kHz sampling rate. They were presented to
both ears simultaneously through Sennheiser HD 250 Linear II headphones.
The presentation level was an above threshold of 65Hz. At the end of each
trial, listeners were asked to report whether the interval formed by the two
final tones was going upward or downward in pitch. To give their answer,
they had to press either key 1 (downward shift) or key 2 (upward shift) of
the keyboard.

Data analysis

The proportion of ”up” response P(up) was computed from the pitch-shift
direction responses for all listeners and each gap duration condition. As pre-
viously described, a proportion of ”biased” responses P(bias) was computed
from the P(up). A P(bias) of 1 would correspond to listeners always re-
porting pitch shifts encompassing the frequency region of the context tones
i.e. assimilative bias, whereas P(bias) of 0 would correspond to listeners al-
ways reporting the opposite direction of pitch shift, i.e. contrastive bias ; an
absence of context e�ect, that is, a response probability una�ected by the
context, would correspond to P(bias) of 0.5. In order to control for across
trial-e�ects, the e�ect of T2(prev) was computed for each listeners and all
conditions, as described above.

4.2.2 Results
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Figure 4.2.2: The proportion of “biased” responses, P(bias), is displayed for
each gap duration and averaged across listeners. Shaded areas
indicate +- 1 standard error about the mean and lines indicate
individual results.

Pitch-shift direction response

The results are displayed in Figure 4.2.2. The P(bias) averaged across partic-
ipants is plotted as a function of the gap C-T1 duration. Thin lines represent
individual results. Consistently with previous results, the P(bias) was near
maximum for the shortest C-T1 condition, indicating a strong e�ect of the
context sequence. As the C-T1 duration increased, the e�ect gradually decay,
yet it was not neutral even for the longest C-T1 duration. A one-way ANOVA
with gap C-T1 as a within factor confirmed that it has a significant e�ect
on the P(bias) (F (6, 63) = 14.48, p = 4.5e ≠ 11). To investigate at which
gap duration the e�ect of the context was significant, we conducted a series
of t-tests with a Bonferroni correction which details are reported in Table
XX. This results revealed that the context sequence induced a bias signifi-
cantly di�erent from neutral (0.5) even after a 32 s silent gap (t(9) = 5.43,
p = 0.003 ).
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Gap (s) Mean P(bias) (SE) t-test(df = 9) p-value (Bonferroni corrected)
0.5 0.94 (0.02) 17.962 1.8e-07***
1 0.93 (0.02) 23.169 1.9e-08***
2 0.92 (0.02) 21 5.90E-009***
4 0.86 (0.02) 14.696 4.72e-08***
8 0.79 (0.04) 7.515 0.0002***
16 0.77 (0.04) 6.941 0.0005***
32 0.73 (0.04) 5.438 0.003**
64 0.63 (0.06) 2.281 0.38

Table 4.2: Post-hoc analysis results are reported. t-tests with a Bonfer-
roni correction were conducted and the proportion of ”biased”
response P(bias) was compared to 0.5 in each gap condition. Re-
ported p-values are multiplied by the number of observations N

= 8.

Across-trial e�ect

To ensure that no across-trial e�ect impacted the results, the analysis of
the previous trial e�ect was conducted. A P(bias) was computed for each
listener for all conditions trials with T2(prev) as the context tone. The
P(bias) computed for each participant did not significantly di�ered from a
neutral bias (one-sample t-test: M = 0.48, SD = 0.08, t(9) = ≠0.54,
p = 0.59).

4.2.3 Summary

Exp. 1.2 was conducted to investigate the remanence properties of a con-
text e�ect on the perception of the ambiguous interval. A context sequence
containing five tones and inducing a strong bias was placed before the am-
biguous interval. A silent gap of various durations was introduced between
the two sequences. The pitch-shift direction reported from the interval con-
stituted a measure of the direction and strength of the bias for the di�erent
gap duration conditions. The results suggest that a context e�ect was still
significant after a silent pause as long as 32 seconds, although individual
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results suggest that for some listeners, the context e�ect is still quite strong
after over one minute of silent gap. Indeed, individual lines reveal that for
some listeners, the e�ect of the bias was still maximally strong, even after 32
seconds. Since we could not control the behavior of participants during this
long silent pause, we can suppose that some listeners adopted strategies for
memorizing the context sequence, leading to enhance its e�ect. This point
will be examined in the discussion section.

4.3 Experiment 1.3

The last experiment presented in this chapter was conducted in order to
investigate the interaction between the duration of the context and the du-
ration of the silent gap separating the context and the ambiguous interval.
To this aim, the duration of the context and the silent gap separating the
context sequence and the test were both varied. At the end of each trial,
listeners had to report the pitch- shift direction of the final ambiguous inter-
val. As a control experiment, an additional task was carried out, in which
participants were presented either no context or a very short context before
the test tones. After providing their pitch-shift response, they had to re-
port whether they heard a brief tone before the test interval. In the main
experiment the design was:

Subj*Context4*Gap6

4.3.1 Method

Participants

Ten self-reported normal-hearing listeners (M = 24.6, SD = 3.54), two
men and eight women participated in the experiment. All of them success-
fully passed through the screening test (version 2, see Screening procedure).
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Among them, two had never participated in a previous experiment involving
Shepard tones. All were paid for their contribution.

Stimuli

All the tones used in this experiment were Shepard tones generated as de-
scribed above (Stimuli). Each trial consisted in the succession of a context
sequence of one tone (C) and a test sequence composed of two test tones
(T1-T2). The Fb for T1 was randomly drawn for each trial, uniformly be-
tween 60 Hz and 120 Hz.

F
re

qu
en

cy
 (

oc
ta

ve
)

Time (s)
0 0.5

0

1

2

3

4

5

6

7

8

9

Figure 4.3.1: In a trial, a context tone preceded a pair of Shepard tones, T1
and T2 separated by a 6 st interval. When reporting the pitch-
shift between T1 and T2, listeners tend to choose the path
that encompasses the region where the context tone is. The
duration of the tone and the silent gap between the context
sequence were varied.

The interval between Fbs in T1 and T2 was fixed at 6 st which correspond
to the ambiguous interval (for which listeners typically report two pitch-shift
directions with equal chances). The interval between Fbs in C and T1 was
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fixed at 3 st and 9 st so that C would induce the maximal bias toward an
upward (3 st) or a downward (9 st) pitch-shift. The duration of the test
tones was 125ms each, including 2.5 ms raised-cosine onset and o�set ramp.
There was no delay between T1 and T2. The duration of C was varied
between 20, 40, 80 and 160 ms. A silent gap was introduced between the
context tone and the test tones. Its duration varied between 0, 0.25, 0.5, 1,
2 and 4 s. Each gap and context duration combination was repeated forty
times and the presentation order was shu�ed within test sessions. Figure
4.3.1 displays a schematic representation of one trial.

In order to prevent across-trial e�ects, an inter-trial sequence of five inter-
trial tones was played, as previously described Stimuli. Each inter-trial tone
had a duration of 125 ms, including a 5ms raised-cosine onset and o�set
ramp and was separated from the subsequent tone by a short silence of 125
ms.

Additionally, every participant completed the control experiment. Its aim was
to control that the very short context tone immediately followed by the test
tones was not masked by a backward masking phenomenon [297]. During
the control experiment, listeners were presented a test sequence immediately
preceded by a very short context tone of 20 ms or no context tone at all.
The test tones and context tone were designed as described in the main
experiment. The two context conditions were presented forty times and
shu�ed within test session. Between each trial, an inter-trial sequence was
played, similar to previously described.

Apparatus and procedure

Listeners were tested individually in a double-walled sound-insulated booth
(Industrial Acoustic Company) during three sessions. The main experiment
was composed of two sessions of 480 trials of 50 minutes each. Then, listen-
ers completed the control condition in one session of 80 trials which lasted 10
minutes. The total duration of the experimental session was approximately
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two hours and between each sessions listeners took a short break. Stimuli
were played diotically through an RME fireface 800 sound-card at a 16-bit
resolution and a 44.1 kHz sampling rate. They were presented to both ears
simultaneously through Sennheiser HD 250 Linear II headphones. The pre-
sentation level was 65 dB SPL, A-weighted. At the end of each trial of the
main experiment, listeners were asked to report whether the interval formed
by the two final tones was going upward or downward in pitch. To give their
answer, they had to press either key 1 (downward shift) or key 2 (upward
shift) of the keyboard. The inter-trial sequence was then played. During
the control experiment, listeners had to report the pitch-shift direction, as in
the main experiment. Then, they were asked to report whether they heard c
tone before the final tone pair. To give their answer, they had to press either
key 1 or key 2 of the keyboard. A green or red box appeared on the screen
after each detection response to provide feedback. The inter-trial sequence
was then played.

Data analysis

The proportion of ”up” response P(up) was computed from the pitch-shift
direction responses for all listeners and each gap duration condition. As pre-
viously described, a proportion of ”biased” responses P(bias) was computed
from the P(up). A P(bias) of 1 would correspond to listeners always re-
porting pitch shifts encompassing the frequency region of the context tones,
whereas P(bias) of 0 would correspond to listeners always reporting the oppo-
site direction of pitch shift ; an absence of context e�ect, that is, a response
probability una�ected by the context, would correspond to P(bias) of 0.5.
This analysis was carried out for the main experiment and the control ex-
periment. Additionally, in the control experiment a performance score was
computed for each listeners. It corresponded to the proportion of correct
response in the detection task P(hit).
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4.3.2 Results
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Figure 4.3.2: Each panel displays the proportion of “biased” responses,
P(bias), is displayed for each gap duration and averaged across
listeners for one context duration. Shaded areas indicate +- 1
standard error about the mean.

The results are displayed in Figure 4.3.2. The P(bias) averaged across par-
ticipants is plotted as a function of the gap C-T1 duration for each context
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duration conditions in separated panels. As expected, the P(bias) tends to
decay with the gap duration increasing and this e�ect is more pronounced
for shorter context durations (20 ms and 40 ms). Remarkably, the P(bias)
quickly build up as the gap duration increases. It was mostly pronounced for
very short context durations (20 ms and 40 ms) in the two upper panels.

A two-way repeated measure ANOVA with gap and context durations as two
within subject factors was conducted. It confirmed that both factors had a
significant e�ect on P(bias) (context: F (3, 27) = 15.84, p = 3.8e ≠ 06 and
gap: F (5, 45) = 11.84, p = 2.3e ≠ 07).

Interaction between context and gap duration

The interaction between the two factors was also significant (F (15, 135) =
2.21, p = 0.008). To investigate what pairs of conditions of gap and context
duration were responsible for the interaction, a post-hoc multiple comparison
(Bonferroni correction) was run. The results are reported in Table 4.3. Only
pairs of conditions with a significant di�erence are reported.

This post-hoc analysis revealed that all the pairs of gap/context duration
that significantly di�ered contained the combination of condition ”gap 0s
- context 20ms”. This suggests that the duration of the silent gap has a
specific e�ect for the short context tone duration: for this condition, the
silent gap enhances the context bias. This interaction e�ect corresponds to
the ”build-up” that is observed in the first upper panel in Figure XX.

To further detail the results, we then investigated the e�ect of each factor,
context and gap durations, independently. A P(bias) was computed plotted
for each context duration condition in Figure XX and for each gap condition in
Figure XX. A post-hoc multiple comparison (Bonferroni correction) analysis
was conducted on each factor independently.
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Pair of conditions Z-value Pr(>|z|)
gap2.dur1 - gap1.dur1 6.11 2.62e-07 ***
gap3.dur1 - gap1.dur1 5.523 9.19e-06 ***
gap4.dur1 - gap1.dur1 5.35 2.38e-05 ***
gap5.dur1 - gap1.dur1 5.43 1.49e-05 ***
gap6.dur1 - gap1.dur1 3.90 0.025 *
gap1.dur2 - gap1.dur1 4.33 0.004 **
gap2.dur2 - gap1.dur1 7.73 2.94e-12 ***
gap3.dur2 - gap1.dur1 6.88 1.62e-09 ***
gap4.dur2 - gap1.dur1 6.37 5.12e-08 ***
gap5.dur2 - gap1.dur1 5.86 1.25e-06 ***
gap6.dur2 - gap1.dur1 4.24 0.005 **
gap1.dur3 - gap1.dur1 5.01 0.0001 ***
gap2.dur3 - gap1.dur1 6.96 8.89e-10 ***
gap3.dur3 - gap1.dur1 7.81 1.47e-12 ***
gap4.dur3 - gap1.dur1 7.98 3.68e-13 ***
gap5.dur3 - gap1.dur1 7.39 3.98e-11 ***
gap6.dur3 - gap1.dur1 5.69 3.44e-06 ***
gap1.dur4 - gap1.dur1 6.54 1.67e-08 ***
gap2.dur4 - gap1.dur1 8.24 6.13e-14 ***
gap3.dur4 - gap1.dur1 7.73 2.94e-12 ***
gap4.dur4 - gap1.dur1 8.92 2e-16 ***
gap5.dur4 - gap1.dur1 7.13 2.62e-10 ***
gap6.dur4 - gap1.dur1 4.5 0.001 **

Table 4.3: Post-hoc multiple comparisons of means for pairs of gap and con-
text duration factor. Only pairs with a significant di�erence are
reported.
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Context duration

Figure 4.3.3 report the results for the context duration. In Figure 4.3.3
each bar corresponds to the mean and SEM of P(bias) for one context
duration condition averaged across participants. In table XX, only the pairs
of condition with a significant di�erence are reported.

P
(b

ia
s)

Context (ms)
20 40 80 160

0

0.25

0.5

0.75

1

Pair of conditions Z-value Pr(>|z|)
dur2 - dur1 3.43 0.003 **
dur3 - dur1 5.48 2.49e-07 ***
dur4 - dur1 6.31 1.59e-09 ***
dur4 - dur2 2.88 0.0234 *

Figure 4.3.3: The proportion of “biased” responses, P(bias), is displayed for
each context duration and averaged across listeners. Bars in-
dicate +- 1 standard error about the mean. Post-hoc multiple
comparisons of means for pairs of context duration factor. Only
pairs with a significant di�erence are reported.

Gap duration

Figure 4.3.4 report the results for the gap duration. In Figure 4.3.4 each bar
corresponds to the mean and SEM of P(bias) for one gap duration condition
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averaged across participants. In table 4.3.4, only the pairs of condition with
a significant di�erence are reported.
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Pair of conditions Z-value Pr(>|z|)
gap2 - gap1 5.62 2.87e-07 ***
gap3 - gap1 5.14 3.94e-06 ***
gap4 - gap1 5.43 8.07e-07 ***
gap5 - gap1 4.24 3.33e-04 ***
gap6 - gap2 -4.56 7.38e-05 ***
gap6 - gap3 -4.09 6.28e-04 ***
gap6 - gap4 -4.38 1.72e-04 ***
gap6 - gap5 -3.19 0.021 *

Figure 4.3.4: Top panel: The proportion of “biased” responses, P(bias), is
displayed for each gap duration and averaged across listeners.
Bars indicate +- 1 standard error about the mean. Bottom
panel: Post-hoc multiple comparisons of means for pairs of
gap duration factor. Only pairs with a significant di�erence
are reported.

Time from onset

It is also possible that the most impacting factor is the duration between the
onset of C and T1, which corresponds to a combination of the context and
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the gap duration, hence not visible when plotting the P(bias) as a function
of gap and context durations. To visualize the e�ect of this delay between C
and T1 onset, the onsets are computed from each combination of gap and
context durations. In Figure 4.3.5, the P(bias) is plotted as a function of the
C-T1 onset duration on a real scale. Only the first onset durations are plotted
since the e�ect rapidly reached a maximum plateau. An ANOVA confirmed
that the e�ect of onset was significant (F (23, 207) = 6.728, p = 2.66e≠15).
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Figure 4.3.5: The proportion of “biased” responses, P(bias), is displayed for
each C-T1 onset delays and averaged across listeners in real
scale. Bars indicate +- 1 standard error about the mean.

Control experiment

A performance score at the detection task was computed as the percentage
of correct responses for each listener. The performance was was very high
(percent correct: M = 0.97, SD = 0.02). Listeners had no di�culty
detecting to context tone of 20ms. Figure 4.3.6 displays the P(bias) averaged
across participants for the two context condition (no context and 20 ms
context). Individual dots correspond to individual results. Consistently with
previous results, P(bias) was not neutral (0.5) for the 20 ms context condition
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(one-sample t-test, t(9) = 3.4, p = 0.007). A pairwise t-test revealed that
the context bias for the two condition significantly di�ered (t(9) = ≠3.3,
p = 0.009).
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Figure 4.3.6: The proportion of “biased” responses, P(bias), is displayed for
each context duration and averaged across listeners. Bars in-
dicate +- 1 standard error about the mean.

4.3.3 Summary

Exp. 1.3 was conducted to investigate the interactions between the context
duration and the silent gap duration. Therefore, both temporal parameters
were varied as within subject factors and their e�ect on the proportion of
”biased” response was observed. The results were consistent with previously
presented results in the same chapter, namely, the context duration was
critical to establish the context e�ect and this build up occurred extremely
rapidly, since a context tone of 20ms, with no silent gap between the context
sequence and the test sequence was enough to induce a significant e�ect. A
control experiment was conducted to ensure that the absence of e�ect for
tone duration shorter than 20ms was not due to a backward masking e�ect.
Very high detection performance on this task confirmed that listeners were
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indeed able to detect the very short tone. Consistently with Exp. 1.2, after
a silent gap of 4s, the e�ect remained very strong. The most remarkable
results lies in the fact that for short gaps and short context durations, an
interaction between the two parameters occurred, whereby the build up of
the e�ect was much more pronounced when no silent gap separated the two
sequences, suggesting that the silent gap had a more critical role for very
short context durations that for longer ones.

4.4 Discussion

Three experiments were conducted in order to characterize the temporal
dynamics of a recently observed context e�ect on the perception of an am-
biguous pitch-shift. Indeed, it was shown that when a short sequence of five
tones preceded an interval of two Shepard tones separated by 6 st, the percep-
tion was strongly biased in an assimilative manner: the reported pitch-shift
encompasses the frequency region in which the context tones were placed
[2].

We observed extremely fast establishment properties (20 ms). Such a rapid
tim-course is outstanding in the literature. In vision, it was found that the
exposure to an energy-based motion of 80 ms could induce a priming e�ect
on a subsequent ambiguous motion [286, 172]. In audition, short presenta-
tions of frequency glides were shown to bias the perception of subsequent
stimuli. These e�ects were observed for context presentation durations as
short as 100ms [6, 392]. In the mentioned studies, shorter durations of the
context were not tested, it is therefore impossible to assess whether even
shorter context, as short as what we have tested in Exp. 1.1, could elicit a
similarly strong bias. A similar ”logarithmic build-up” was reported in visual
aftere�ects [312], but following longer context presentations. Hence, this
constitutes the first piece of evidence for extremely rapid form of context
e�ect that bias the perception of an ambiguous interval.
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4.4 Discussion

Interestingly, all tested context durations induced a context e�ect that was
assimilative. In previous studies, it was found that varying the context dura-
tion could lead to opposite context e�ects; short presentations would induce
assimilative and long presentations would induce contrastive e�ects for the
same tested stimulus [172, 45]. These results were interpreted as reflecting
distinct processes of neural adaptation with distinct time-scales [44], a phe-
nomenon that could also arise from neurons in the auditory pathway [382].
Here the context e�ect observed was assimilative for all the tested conditions,
which suggests that it may result from a single mechanism that is triggered by
very short exposition durations and persist for very long exposition durations.

In Exp. 1.2 we observed a very slow decay of the context e�ect: it was still
significant after a silent gap of 32s. Such a slow time course is striking, for
many context e�ects have been observed to decay much more rapidly. In
the visual priming e�ect, it was observed that introducing a delay between
the context and the test yielded to a rapid and exponential decrease of the
bias. Pinkus & Pantle, consistently with previous results, reported that the
decay of the priming e�ect occurs in a range of 500 ms to 1 s [10, 286],
which correspond to refractory periods of neurons that are believed to support
these assimilative context e�ects: once the baseline is recovered, the context
e�ect fades out [152]. In the spectral-contrast e�ect, temporal decays of the
context e�ect were reported to occur with hundreds of milliseconds [159,
232].

However, other studies have reported similarly slow decays. In motion per-
ception, it was observed that the e�ect of an ambiguous motion does not
decay after 5s of ”blank” [172]. Similarly, Holt et al. observed that the e�ect
of a long context was maintained even when a silent gap as long as 1,3s was
introduced between context and target [158]. Unfortunately, in both cited
studies, longer gap durations were not tested, thus not allowing the compari-
son with our results. The observed decay of this context e�ect is informative
of the nature of the underlying neural processes: the persistence of the e�ect
over seconds suggest that the locus of the underlying neural processes is not
likely to be found in the primary sensory areas [234]. Indeed such remanence
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can hardly be accounted for by recovery periods of peripheral neurons and
seemingly point to processes stages known to display concordant recovery
dynamics [386, 382].

Comparable temporal properties have been observed in studies on intermit-
tent presentations of ambiguous stimuli [271]. Typically, an assimilative
e�ect is observed between subsequent presentations of the same ambigu-
ous stimulus, with a decay of the e�ect occurring over the course of min-
utes [46, 234]. This phenomenon is thought to reflect perceptual ”stabi-
lization” or ”sensitization”, a process that ”freezes” the perception of an
ambiguous stimulus in one of the possible interpretation for several minutes
[222, 234, 236]. Snyder et al. observed a similar e�ect in the perceptual
organization of ambiguous tone sequences in the streaming paradigm: the
last perceived organization of tones tended to be maintained in the next
presentation [352]. Interestingly, those e�ects were shown more robust over
time than other context e�ects, lasting for seconds to minutes [222]. Given
the extremely robust nature of the context e�ect presented in this chapter,
it seems possible that similar processes are at play: the context e�ect may
result from high-order mechanisms devoted to perceptual stabilization over
time [234], a process likely to involve perceptual memory processes [277].

Although storage of the auditory information is arguably crucial in the ob-
served e�ect, whether the remanence of this e�ect rests on entirely auto-
matic sensory memory [72] or benefit from active and conscious recall from
listeners remains unknown. Individual results indicate that listeners’ abilities
to maintain the context e�ect for the longest gap duration tested (64 s)
vary. Possibly, this di�erences arise from distinct strategies during the silent
gap, some listeners might be repeating over the context sequence in their
head, while other might think of something completely di�erent. To explore
that question, further experiments exploring the e�ect of distracting tasks
during the context and during the silent gap would be needed. Kanai & Ves-
traten conducted a study with similar questions and found that a distractive
task during the encoding (context presentation) or the retention (silent gap)
modulated the strength of the perceptual stabilization e�ect [173].
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4.4 Discussion

Exp. 1.3 was conducted to explore the interactions between the duration of
context presentation and the duration of silent gap before test. We observed
that the context e�ect was assimilative for all tested combinations of gap
and context duration conditions. This experiment revealed an interaction
between the two temporal factors that results in a rapid build up of the
e�ect as the gap duration increases for short context durations. Namely,
when the context duration is very short (20 and 40 ms), the context e�ect
is strengthened by an increasing silent gap duration (0-250 ms). Similar
findings were found in studies exploring the interaction of context and gap
durations for the strength of context e�ects. However, as pointed out by
Noest et al., such interaction e�ects may arise from the co-existence of
contrastive and assimilative e�ects, the e�ect of the gap having di�erent
impact on facilitative and suppressive processes [268]. Our findings suggest
that the interaction does not arise from distinct e�ects on competing context
bias, since all results point to the existence of a single, assimilative, context
e�ect.

Alternatively, the interaction resulting in the build up of context strength
for increasing gap durations only for short durations could indicate that the
neural processes involved are not located in primary sensory areas . Rather
the fact that for the same amount of acoustic information the silent duration
increases the bias induced on the ambiguous stimulus suggests that the neural
processes are located at a high stage of the pathway, thus requiring more
time to be fully operant [158]. This interpretation of the build up interaction
is also consistent with the robust remanence over time which points to the
involvement of high-level neural adaptations [386, 382].

To conclude, the present series of studies uncovered the outstanding tempo-
ral properties of a context e�ect on the perception of an ambiguous interval.
It was indeed established by very brief tones and could remain e�ective even
after a second of silence. Auditory objects are temporally-defined by defi-
nition and carry critical information over broad-range temporal scales, from
milliseconds to minutes. The context e�ect under scrutiny in this chapter
could contribute to highlight auditory processing requiring the integration of
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information over long temporal scales, such as speech [183] and music [282]
perception and is therefore a well-fitted tool to unravel the processes at play
in everyday auditory perception.
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Chapter 5

Ambiguity is perceived

di�erently by musicians and

non-musicians

The work described in this Chapter is published in: C. Pelofi, V. De Gardelle,
P. Egré, and D. Pressnitzer. Inter-individual variability in auditory scene anal-
ysis revealed by confidence judgments (in press). Philosophical Transactions
of the Royal Society B: Biological Sciences.

Abstract

Because musicians are trained to hear out sounds within complex acoustic
scenes, such as an orchestra playing, it has been hypothesized that musician-
ship improves general auditory scene analysis abilities. Here, we compared
musicians and non-musicians in a behavioral paradigm using ambiguous stim-
uli, combining performance, reaction times, and confidence measures. We
used “Shepard tones”, for which listeners may report either an upward or
a downward pitch shift for the same ambiguous tone pair. Musicians and
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non-musicians performed similarly on the pitch-shift direction task. In partic-
ular, both groups were at chance for the ambiguous case. However, groups
di�ered in their reaction times and judgments of confidence. Musicians re-
sponded to the ambiguous case with long reaction times and low confidence,
whereas non-musicians responded with fast reaction times and maximal con-
fidence. In a subsequent experiment, non-musicians displayed reduced con-
fidence for the ambiguous case when pure-tone components of the Shepard
complex were made easier to hear out. The results suggest an e�ect of
musical training on scene analysis: we speculate that musicians were more
likely to hear out components within complex auditory scenes, perhaps be-
cause of enhanced attentional resolution, and thus discovered the ambiguity.
For untrained listeners, stimulus ambiguity was not available to perceptual
awareness.

Introduction

Two observers of the same stimulus may sometimes report drastically di�er-
ent perceptual experiences [42, 90]. When such inter-individual di�erences
are stable over time, they provide a powerful tool to uncover the neural
bases of perception [342, 171]. Here, we investigated inter-individual di�er-
ences for auditory scene analysis, the fundamental ability to focus on target
sounds amidst background sounds. We used an ambiguous stimulus [342],
as inconclusive sensory evidence should enhance the contribution of idiosyn-
cratic processes [187]. We further compared listeners with varying degrees of
formal musical training, as musicianship has been argued to impact generic
auditory abilities [259]. Finally, we combined standard performance measures
with introspective judgments of confidence [80]. This method addressed a
basic but unresolved question about ambiguous stimuli: are observers aware
of the physical ambiguity, or not [371, 334]?

Ambiguous stimuli have been used to uncover robust inter-individual di�er-
ences in perception. For vision, color [42] or motion direction [400] can be
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modulated by strong and unexplained idiosyncratic biases, surprisingly stable
over time. For audition, reports of pitch-shift direction between ambiguous
sounds have also revealed stable biases [90], correlated to the language ex-
perience of listeners [92] although this has been debated [308]. Stable inter-
individual di�erences also extend to so-called metacognitive abilities, such
as the introspective judgment of accuracy of our percepts [119, 80]. When
they are not treated as experimental noise, inter-individual di�erences can
be leveraged to correlate behavioral characteristics subject-by-subject [388],
and to probe neurophysiological (Kondo et al., in press), neuroanatomical
[171], or genetic [174] bases of perceptual processing.

For auditory perception, one long-recognized source of inter-individual vari-
ability is musical training [409]. Musical training provides established benefits
for music-related tasks, such as fine-grained pitch discrimination [259, 58].
Generalization to basic auditory processes is still under scrutiny, however.
In particular, a number of studies have investigated whether musicianship
improved auditory scene analysis. Musicians were initially shown to have
improved intelligibility for speech in noise, which was correlated to enhanced
neural encoding of pitch [274]. However, attempts to replicate and general-
ize these findings have been unsuccessful [317]. An advantage for musicians
was subsequently found by emphasizing non-auditory aspects of the task, by
using intelligible speech as masker instead of noise [368, 16], but null findings
also exist with intelligible speech as masker [39]. For auditory scene analysis
tasks not involving speech, musicians were better at extracting a melody [20]
or a repeated tone [17, 272] from an interfering background. Musicians were
also more likely to hear out a mistuned partial within a complex tone [411]
or within an inharmonic chord [115].

Here, we take the comparison between musicians and non-musicians to a dif-
ferent setting, using ambiguous stimuli. We used Shepard tones [342], which
are chords of many simultaneous pure tones, all with an octave relationship
to each other. When two Shepard tones are played in rapid succession, lis-
teners report a subjective pitch-shift, usually corresponding to the smallest
log-frequency distance between successive component tones. When two suc-
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cessive Shepard tones are separated by a frequency distance of half-an-octave,
however, an essential ambiguity occurs: there is no shortest log-frequency
distance to favor either up or down pitch-shifts. In this case, listeners tend
to report either one or the other pitch-shift direction, with equal probability
on average across trials and listeners [342]. Inter-individual di�erences have
been observed for the direction of reported shift, but no systematic e�ect of
musicianship [90, 92].

We did not investigate inter-individual di�erences in pitch-shift direction bias,
but rather, di�erences in the introspective experience of Shepard tones: are
listeners aware of the ambiguity, or not? The experimental measure of am-
biguity so far has been an equal split between “up” and “down” pitch-shifts
reports, for the same stimulus. However, there are three possible reasons
for such an outcome. First, listeners may hear neither an upward nor a
downward shift, and respond at chance. Second, listeners may hear simul-
taneously upward and downward shifts, and randomly choose between the
two. Third, listeners may clearly hear one direction of shift, and report it
unhesitantly, but this direction may change over trials. The question bears
upon current debates on the nature of perception with under-determined in-
formation, which is the general case. The first two options, hearing neither
or both pitch shifts, would be compatible with what has been termed vague-
ness: response categories are fuzzy, non-exclusive, and observers are aware
of their uncertainty when selecting a response [299, 105]. The third option
would be more akin to what is assumed for bistable stimuli [334]. We will
designate this third option as a “polar” percept: observers are sure of what
they perceive, unaware of the alternatives, but they di�er in which percept
they are attracted to. Based on informal observations, Shepard described
ambiguous tone pairs as polar [342]. Deutsch further argued that the stable
individual biases observed for such sounds pointed to polar percepts [90].
Interestingly however, the idiosyncratic biases can be overcome by hystere-
sis [63] or cross-modal influence [310], suggesting that both percepts may
be available to the listener. Here we tested directly for the participants’
introspective confidence in their perception of Shepard tone pairs.
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5.1 Experiment 2.1

In three behavioral experiments, we investigated the perception of pitch-shifts
between Shepard tone pairs, comparing ambiguous and non-ambiguous cases.
We collected pitch-shift direction choices, but also reaction times and judg-
ments of confidence. We hypothesized that, if listeners were aware of the
perceptual ambiguity in physically ambiguous stimuli, this would translate
into longer reaction times [371, 168] and lower confidence judgments. We
finally controlled whether non-musicians could report the ambiguity when
the component tones were made easier to hear out, through acoustic ma-
nipulation [85]. Results showed that the Shepard tones were polar for the
naïve non-musicians listeners, but that musicianship or acoustic manipulation
could reveal the ambiguity.

5.1 Experiment 2.1

In this experiment, a sequence of two tones, T1 and T2 were presented to
listeners. The task was to report the pitch-shift direction of the interval.
The interval T1-T2 was varied. In the 0st. interval condition, the sequence
was composed of two identical tones so that no pitch-shift separated them.
Hence, in this condition, we expected listeners to be at chance level in the
direction response. It was previously reported that in the case of a 6st.
interval, listeners also responded at chance, as they were as likely to report an
upward or a downward pitch-shift while the response followed a proximity cue
principle for other intervals [342]. However, the direction response does not
to disentangle two alternative hypothesis regarding the perceptual processing
underlying the chance level response observed in 6st. intervals; it might either
reflect a switch of the direction perceived among listeners from trials to trials,
or it could result from uncertainty as to which direction was heard. As those
two hypothesis would lead to observe the same response direction patterns,
confidence ratings and response times were collected in order to tackle this
yet unsolved question. The experimental design was:

Subj<Group2>*Interval12
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5.1.1 Method

Participants

Sixteen self-reported normal hearing participants (age in years M = 26.4,
SD = 5.11) were included in the experiment. Eight were musicians (four
men and four women, age M = 27.1 , SD = 6.79) and eight were non-
musicians (four men and four women, age M = 26.1, SD = 2.29). Musi-
cians had more than five years of musical practice in an academic institution.
Among them, three were professionals (a clarinet player, a pianist, and a
composer and pianist, all with self-reported absolute pitch). Among the non-
musicians, four reported having no musical training whatsoever, the other
four having practiced an instrument for less than four years in a non-academic
institution. Such a binary distinction between musicians and non-musicians
was arbitrary and based on the sample of participants who volunteered for
the experiment. A finer sampling will be presented later with the online ex-
periment. The two groups did not di�er with respect to age (two-samples
t-test, t(14) = 0.39, p = 0.69). All were selected after the second version
of the Screening procedure and paid for their contribution.

Stimuli

All the tones used in this experiment were Shepard tones generated as de-
scribed in the previous chapter (Stimuli). Briefly, nine pure tones all with an
octave relationship to a base frequency, Fb, were added together to cover the
audible range. They were amplitude-weighted by a fixed spectral envelope,
as illustrated in Figure 5.1.1 (Gaussian in log-frequency and linear amplitude,
with a M = 960 Hz and SD = 1 log2 unit). The relative amplitudes of the
components, A(f), were computed using the equation below where f is the
frequency of the component, cf , the central frequency of the envelope and
‡, the standard deviation.
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A(f) = exp(1
2 ú ( log(f/cf)

log(2)/‡

)2)

A schematic representation of a Shepard tone spectrogram is displayed in
Figure 5.1.1.
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Figure 5.1.1: Shepard tones were generated by adding octave-related pure
tones, weighted by a bell-shaped amplitude envelope.

A trial consisted of two successive tones, T1 and T2. The Fb for T1 was
randomly drawn for each trial, uniformly between 60 Hz and 120 Hz, to
counterbalance possible idiosyncratic biases in pitch-shift direction preference
[90, 63]. The Fb interval between T1 and T2 was randomly drawn, uniformly,
from 0 semitones (st) to 11 st in steps of 1 st. The interval of 6 st corresponds
to a half-octave, the ambiguous case. Other intervals were less ambiguous,
as it was expected that listeners would be biased towards the pitch-shift
direction of the shortest path. The duration of T1 and T2 was 125ms
each, including 5ms raised-cosine onset and o�set ramp. There was no delay
between T1 and T2 with no delay between the two tones.

Each interval condition was presented forty times with presentation order
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Figure 5.1.2: Pairs of Shepard tones, T1 and T2 for thee interval conditions,
3 st, 6 st and 9 st.

randomly shu�ed. As in previous experiment, to minimize across-trial ef-
fects participants were played an inter-trial sequence of five tones between
trials. To minimize context e�ects [63], the inter-trial tones were designed
as described in the previous chapter (Stimuli). The Fb for inter-trial tones
was randomly drawn, uniformly between 60 Hz and 120 Hz. The experiment
lasted for about 90 minutes, in a single session split over 4 sessions. Figure
5.1.2 displays a schematic representation of three trial with di�erent interval
conditions: 3 st, 6 st and 9 st.

Apparatus and procedure

Listeners were tested individually in a double-walled sound-insulated booth
(Industrial Acoustics Company). Stimuli were played diotically through an
RME Fireface 800 soundcard, at a 16-bit resolution and a 44.1 kHz sam-
pling rate. They were presented through Sennheiser HD 250 Linear II head-
phones. The presentation level was 65 dB SPL, A-weighted. Participants
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provided “up” or “down” response through a custom-made response box,
which recorded reaction times with sub-millisecond accuracy. The right/left
attribution of responses was counterbalanced across subjects. Trial presen-
tation was self-paced. A trial was initiated by participants depressing both
response buttons. This started a random silent interval of [50-850] ms fol-
lowed by the stimulus pair T1 - T2. Participants were instructed to release as
fast as possible the response button corresponding the pitch-shift direction
they wished to report. Then, participants used a computer keyboard to rate
their confidence in the pitch-shift direction report. They used a scale from 1
(very unsure) to 7 (very sure). The inter-trial sequence was then played and
the next trial was ready to be initiated by listeners pressing buttons.

Data analysis for perceptual performance

For each listener and interval condition, the proportion of ”up” responses
P(up) was computed from the pitch-shift direction responses. Psychometric
curves were fitted to individual listeners over the 1 st-11 st interval range,
using cumulative Gaussians and estimating their parameters using the psig-
nifit software [402]. The fitting procedure returned the point of subjective
equality corresponding to P(Up) = 0.5 ; a noise parameter corresponding
to the standard deviation of the cumulative Gaussian, ‡, inversely related to
the slope of the psychometric function; and the two higher and lower asymp-
totes. The response times (RTs) were defined relative to the onset of T2,
the first opportunity to provide a meaningful response. RTs faster than 100
ms were discarded as anticipations. Because of the long-tailed distribution
typical of RTs, the natural logarithms of RTs were used for all analyses.

Data analysis for metacognitive performance

We used an extension of the signal detection theory framework to quantify
the use of the confidence scale by each participant [237]. In this frame-
work, a stimulus elicits a value of an internal variable, and this value is

139



Chapter 5 Ambiguity is perceived di�erently by musicians and
non-musicians
used to predict both perceptual decisions and metacognitive judgments of
confidence. For perceptual decisions, as is standard with signal detection
theory, the internal variable is compared to a fixed criterion value. For con-
fidence judgments, it is the distance between the internal variable and the
criterion that is used: values closer to the criterion should correspond to
lower confidence. Assuming no loss of information, the metacognitive per-
formance of each participant can then be mathematically derived from the
perceptual performance. As shown in [237], this performance can be ex-
pressed as meta-d’, which measures the perceptual information (in d’ units)
that is translated into the empirical metacognitive judgments. Under those
assumptions, meta-d’ equals d’ for participants with perfect metacognition.
A complete formulation of the method is available in [237, 238] and com-
parisons with other techniques reviewed in [118]. For each participant, we
computed d’, meta-d’, and the ratio metad’/d’ which quantifies the e�cacy
of metacognitive judgments [118]. Intervals from 1 st to 5 st, which had
an expected correct response of “up”, were treated as signal trials. Inter-
vals from 7 st to 11 st, which had an expected correct response of “down”,
were treated as noise trials. Intervals of 0 st and 6 st, for which there was
no expected correct or incorrect response, were discarded from this analy-
sis. For the confidence judgments, we summarized confidence levels using
a median-split for each participant and added 1/4 trial to each condition
(stimulus x response x confidence) to ensure that there were no empty cells
in the analysis.

5.1.2 Results

Pitch-shift direction response

The results are displayed in Figure 5.1.3: the P(up) averaged across par-
ticipants is plotted as a function of interval T1 - T2. As expected, both
musicians and non-musicians reported mostly “up” for small intervals and
“down” for large intervals, corresponding to the shortest log-frequency dis-
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Figure 5.1.3: The proportion of “up” responses, P(up), is displayed for each
interval and averaged within groups (non-musicians: red o,
musicians: blue x). For all panels, shaded areas indicate +- 1
standard error about the mean. The interval of 6 st corresponds
to the ambiguous case.

tances between successive components. Figure 5.1.4 and 5.1.5 displays P(up)
and fitting curves for each listener in both groups. Performance was around
the chance level of P(Up)= 0.5 for both the 0-st interval, corresponding to
no physical di�erence between T1 and T2, and for the 6 st interval, corre-
sponding to the ambiguous case with no shortest log-frequency distance.

Overall accuracy, as measured by ‡, was statistically not di�erent between
musicians and non-musicians (two-sample t-test: (t(14) = 0.46, p = 0.16).
The trend for a higher performance for musicians at the extreme of the raw
values (as visible in Figure XX) was not confirmed in the fitted psychometric
functions (one-sample t-tests, upper asymptote: t(14) = 1.46, p = 0.16
, lower asymptote: t(14) = 1.28, p = 0.22 ). The PSE corresponding to
P(up) = 0.5 was not di�erent from 6 st for both groups (one-sample t-tests,
musicians: M = 5.96, t(7) = ≠0.26, p = 0.80 ; non-musicians:M = 6.05,
t(7) = 0.37, p = 0.72 ) and not di�erent across groups (two-sample t-test,
t(14) = 0.45, p = 0.66).

141



Chapter 5 Ambiguity is perceived di�erently by musicians and
non-musicians

P
(u

p)

T1-T2 interval (st)
0 1 2 3 4 5 6 7 8 9 1011

0

0.5

1

P
(u

p)

T1-T2 interval (st)
0 1 2 3 4 5 6 7 8 9 1011

0

0.5

1

P
(u

p)

T1-T2 interval (st)
0 1 2 3 4 5 6 7 8 9 1011

0

0.5

1

P
(u

p)

T1-T2 interval (st)
0 1 2 3 4 5 6 7 8 9 1011

0

0.5

1

P
(u

p)

T1-T2 interval (st)
0 1 2 3 4 5 6 7 8 9 1011

0

0.5

1

P
(u

p)

T1-T2 interval (st)
0 1 2 3 4 5 6 7 8 9 1011

0

0.5

1

P
(u

p)

T1-T2 interval (st)
0 1 2 3 4 5 6 7 8 9 1011

0

0.5

1

P
(u

p)

T1-T2 interval (st)
0 1 2 3 4 5 6 7 8 9 1011

0

0.5

1

Figure 5.1.4: Individual results for non-musicians: in red, the proportion of
“up” responses, P(up) is displayed for each interval and in
black, the fitted psychometric curve.
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Figure 5.1.5: Individual results for musicians: in blue, the proportion of “up”
responses, P(up) is displayed for each interval and in black, the
fitted psychometric curve.
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Response times

Figure 5.1.6 displays the averaged RTs as a function of the interval T1-T2.
Perhaps predictably, the longest RTs for judging the pitch-shift direction were
observed for 0 st, corresponding to identical sounds for T1 and T2. But for
the other intervals, the pattern of response di�ered across groups. Musicians
were slower for the ambiguous 6 st interval compared to less ambiguous
intervals (1-5 st and 7-11 st), whereas non-musicians seemed faster for the
ambiguous interval and slower for the non-ambiguous ones. Note that this
ambiguous interval also contained the largest log-frequency distance between
successive components of T1 and T2. We tested for the statistical reliability
of this observation by averaging the log-RTs for non-ambiguous intervals (all
intervals in the 1 st – 11 st range except 6 st) and comparing this value with
the log-RT at 6 st. This di�erence between the averaged non-ambiguous
cases and the ambiguous case, what we will now term the ambiguity e�ect.
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Figure 5.1.6: Response times for each interval, averaged within groups (non-
musicians: red o, musicians: blue x). The natural logarithms
of RTs were used to compute mean and standard error; y-labels
have been converted to milliseconds for display purposes.
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The results for the ambiguity e�ect for the two groups are displayed in Fig-
ure 5.1.7 and mean and SE are reported in Table 5.1. Comparing the am-
biguity e�ect within each group confirmed that musicians were slower for
the ambiguous interval compared to non-ambiguous intervals (paired t-test,
t(7) = 3.72, p = 0.007). For non-musicians, this di�erence was not signifi-
cant (paired t-test, t(7) = 0.93, p = 0.38). Finally, to test the interaction
between response pattern and musicianship, we contrasted the ambiguity
e�ect between the two groups. The contrast was significant (two-sample t-
test, t(14) = 3.07, p = 0.008), confirming that musicians and non-musicians
displayed di�erent ambiguity e�ects in terms of log-RTs.
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Figure 5.1.7: Ambiguity e�ect for log-RTs is obtained by averaging the log-
RTs for non-ambiguous intervals (all intervals in the 1 st – 11 st
range except 6 st) and comparing this value with the log-RT
at 6 st within each group (non-musicians: red o, musicians:
blue x). Bars indicate +-1 standard error about the mean and
individual symbols indicate individual results.
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Mean (SE)
non-musicians -32 (134.1)

musicians 130.25 (105)

Table 5.1: Mean and standard error of ambiguity e�ect on Rt-logs for the
two groups.

Confidence ratings

Did confidence ratings also indicate an ambiguity e�ect? First, averaged
confidence ratings across groups were plotted as a function of the interval
T1-T2, as displayed in Figure 5.1.8. Confidence was lowest for 0 st, and lower
for musicians than non-musicians at this interval. For the other intervals, we
observed di�erent patterns of responses across groups. Musicians displayed
a dip in confidence for the ambiguous case, but not non-musicians.
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Figure 5.1.8: Confidence ratings on a scale to 1 (very unsure) to 7 (very sure)
for each interval, averaged within groups (non-musicians: red
o, musicians: blue x).

We used the same analysis method as above to quantify this observation:
we averaged the confidence ratings for non-ambiguous intervals (all intervals
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in the 1 st – 11 st range except 6 st) and compared this value with the
confidence rating at 6 st. Results are displayed in Figure 5.1.9 and reported
in Table 5.2. For musicians, confidence was higher for the non-ambiguous
intervals compared to the ambiguous interval (one-sample t-test, t(7) =
3.38, p = 0.012). For non-musicians, the pattern was reversed, with higher
confidence for the ambiguous interval (one-sample t-test, t(7) = ≠3.34,
p = 0.012).
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Figure 5.1.9: Ambiguity e�ect for confidence is obtained by averaging the
confidence for non-ambiguous intervals (all intervals in the 1
st – 11 st range except 6 st) and comparing this value with
the confidence at 6 st within each group (non-musicians: red
o, musicians: blue x). Bars indicate +-1 standard error about
the mean and individual symbols indicate individual results.

Mean (SE)
non-musicians 0.57 (0.42)

musicians -1.08 (1.01)

Table 5.2: Mean and standard error of ambiguity e�ect on Confidence ratings
for the two groups.

The interaction between group and ambiguity, tested with the ambiguity
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e�ect, was significant (two-sample t-test, t(14) = ≠4.43, p = 0.001). Mu-
sicians and non-musicians displayed di�erent ambiguity e�ects in terms of
confidence.

Metacognitive performance

We investigated whether the di�erence in confidence judgments between
non- musicians and musicians could be explained by a di�erent use of the
confidence scale.We estimated a meta-d’ for each participant, which mea-
sures the perceptual information (in d’ units) needed to explain the empirical
metacognitive data, and expressed the results as the meta-ratio of meta-d’/d’
[237].
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Figure 5.1.10: Meta-d’/d’ for both groups (non-musicians: red o, musicians:
blue x). Bars indicate +-1 standard error about the mean and
individual symbols indicate individual results.

We observed relatively low values of meta-ratio overall, and no di�erence be-
tween groups (musicians: M = 0.4, SD = 0.14 ; non-musicians: M = 0.3,
SD = 0.39 ; t(14) = ≠0.68, p = 0.5). Moreover, there was no correla-
tion between meta-ratio and ambiguity e�ect (Pearson correlation coe�cient
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fl(14) = 0.24, p = 0.36). The metacognitive analysis thus suggests that not
all of the perceptual evidence available for pitch-shift direction judgements
was used for confidence judgements, but that, importantly, the e�cacy of
each individual participant in using the confidence scale was not related to
the ambiguity e�ect. Results for this analysis are plotted in Figure 5.1.10.
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Figure 5.1.11: Correlation between confidence and log-RT. Each point rep-
resent an interval condition for an individual listener, solid
lines are fitted linear regressions over all intervals for each
individual listener (non-musicians: red o, musicians: blue x).

We hypothesized that RTs and confidence judgments would be negatively
correlated. To test for this hypothesis, we correlated the log-RTs and confi-
dence values for each participant separately, over the 1 st-11 st range. The
correlations are displayed in Figure 5.1.11. We found negative correlations for
almost all participants. The relation between the two variables was strong.
Pearson correlation coe�cient fl averaged across participants: M = ≠0.7,
SD = 0.23.
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5.1.3 Summary

Exp. 2.1 was conducted in order to disentangle two distinct perceptual phe-
nomena for the Shepard ambiguous interval: either an alternation of two
unambiguous percepts on successive trials, or an uncertainty for each trial.
Confidence ratings and response times were collected for varying degree of
interval ambiguity in two di�erent groups: musicians and non-musicians.
Whilst performance in reporting the interval direction was not di�erent for
musicians and non-musicians, confidence ratings and response times strongly
diverged between the two groups. Namely, musicians were more confident
for intermediate intervals and less confident for the tritone, whereas non-
musicians exhibited the opposite pattern. Response times corroborated this
divergence. This strong di�erence between the two groups could not be ex-
plained by a di�erent use of the confidence scale as assessed by the metacog-
nitive analysis which revealed no di�erence between the groups.

5.2 Exp. 2.2: online experiment

In the main experiment, we observed di�erent ambiguity e�ects for non-
musicians and musicians. However, the comparison rested on a relatively
small sample size (8 listeners in each group). Moreover, the binary defini-
tion of musicianship, required to analyze a small sample, could not reflect
the spread of musical abilities between listeners. We performed an online
experiment to try and replicate our main findings on a larger cohort. Partic-
ipants completed a questionnaire about their music background. Secondly,
they performed the pitch- shift direction task, followed by the confidence
task, for a reduced set of intervals containing non-ambiguous and ambigu-
ous cases. Response times were not collected, for technical reasons and also
because they were strongly correlated with confidence in the main experi-
ment. Thanks to the number of online participants with useable data (N
= 134), we could then correlate the e�ect of ambiguity with years of mu-
sical training. Thirdly, a detection task of a ”mistune” component within a
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complex harmonic was conducted [411, 413]. Two versions of the mistune
experiment were carried out. Here, only results from the second version will
be presented. The aim was to investigate the correlation between ambiguity
e�ect and ability to parse complex tones. Therefore, the online experiment
consisted of three phases, the questionnaire, the Shepard tone experiment
and the mistune experiment. In the Shepard tone experiment, the experi-
mental design was:

Subj<Group2>*Interval6

In the mistune experiment, the experimental design was:

Subj<Group2>*Mistuned2

5.2.1 Method

Participants

Participants were recruited through an email call sent to a self-registration
mailing list, provided by the “Relais d’information sur les Sciences Cogni-
tives”, Paris, France. . They received an email explaining briefly the ex-
periment and inviting them to complete it by following a link. The link
led to the experiment platform were the entire procedure was explained to
them (http://cogitolabo.risc.cnrs.fr/pelofi/). Participation was anonymous
and listeners were not paid. In total, 359 participants started the experiment
after reading the instructions (age: M = 30.1, SD = 10.9). Among them,
173 participants completed the Shepard tones experiment and 49 partici-
pants completed the second version of the mistune experiment. The high
abandonment rate is explained by the duration the experiments, about 40-45
minutes.
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Stimuli

Shepard tone experiment. All the tones used in this experiment were Shep-
ard tones generated as described above (Stimuli). A trial consisted of two
successive tones, T1 and T2. The Fb for T1 was randomly drawn for each
trial, uniformly between 60 Hz and 120 Hz. To keep the experiment at a rea-
sonable length, the Fb interval between T1 and T2 were limited to [0, 2, 4,
6, 8 10] st. The interval of 6 st corresponds to a half-octave, the ambiguous
case and the other intervals (2, 4, 8, 10 st) corresponded to less ambiguous
cases. The duration of the test tones was 125ms each, including 5 ms raised-
cosine onset and o�set ramp. There was a delay of 125 ms between T1 and
T2. Each interval was presented twelve times and the presentation order was
shu�ed across participants.Randomly interspersed with experimental trials
were four catch trials, used as a screening procedure. Catch trials were con-
stituted from two successive harmonic complex tones of 125 ms each (first 6
harmonics with flat spectral envelope) at an interval of 12 st. To minimize
across-trial e�ects, an inter-trial sequence of three tones was played between
trials. Inter-trials tones were generated as described above Stimuli. Each
inter-trial tone had a duration of 125ms, including a 5ms raised-cosine onset
and o�set ramp.

Mistune experiment. The tones in this experiment consisted of harmonic
complex that were created by adding together six pure tones of equal in-
tensity and with integer-ratio relationship. Frequencies of the six pure tones
components were 220, 440, 660, 880, 1100 and 1320 Hz. In half of the trials,
the third component of the tone was mistuned by 2%, which corresponded
to a frequency of 673.2 Hz. Harmonic complex had a duration of 150 ms,
including a 10 ms onset and o�set ramp.

Procedure

Participants were instructed to listen over headphones or loudspeaker, prefer-
ably in a quiet environment, but no attempt was made to control for the
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sound presentation conditions.

Shepard tone experiment. After each trial, they provided a pitch- shift di-
rection response by means of the up or down arrows on the keyboard. They
were then asked for their confidence ratings on a scale ranging from 1 to 7
(1 = very unsure, 7 = very sure) using number keys on the keyboard.

Mistuned experiment. After each trial, they were asked to report if they
heard one sound (control condition) or two simultaneous sounds (mistune
condition). They reported their response by mean of the up or down arrows
on the keyboard. They were then asked for their confidence ratings on a
scale ranging from 1 to 7 (1 = very unsure, 7 = very sure) using number
keys on the keyboard.

5.2.2 Results

Questionnaire

During the first phase, we collected information about age, education level,
years of formal musical training in instrument and musical theory, current
practice and type of instrument played. For simplicity, and to be consis-
tent with the main experiment, we only used the duration of formal musical
training in instrument as a shorthand for musicianship. In the self-selected
sample of the Shepard tone experiment, mean number of years of musical
training was M = 8.74, SD = 8.49. For group contrasts, we used the same
criterion as for the main experiments: musicians were participants with 5
years or more of formal musical training. This resulted in a sample compris-
ing 90 musicians and 83 non-musicians in the Shepard tone experiment and
23 non-musicians and 26 musicians in the mistune experiment.
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Figure 5.2.1: Histogram of the number of years of training in instrument
from participants

Data-based screening

Data were expected to be noisy, especially as we did not control for the equip-
ment used for playback nor for the attentiveness of listeners. Therefore, we
chose to perform a data-based screening of participants, using their perfor-
mance on the pitch-shift direction task (and not the confidence judgements).
To this aim, psychometric functions were fitted for each participant, as de-
scribed above. This fitting procedure returned three parameters: a point of
subjective equality (PSE) corresponding to P(up)= 0.5, a noise parameter
corresponding to the standard deviation of the cumulative Gaussian ‡, in-
versely related to the slope of the psychometric function and the two higher
and lower asymptotes. There was a large spread in the parameter represent-
ing accuracy ‡ (M = 6.2, SD = 43.3). After visual inspection of individual
functions, we decided to discard participants with ‡ > 5. Indeed larger values
of ‡ indicate shallower slope of the psychometric function and thus poorer
performance. This selected 134 participants for subsequent analyses. The
new sample comprised 86 musicians and 48 non-musicians. The unequal
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balance may reflect higher performance or higher motivation from musicians
in the online experiment. Performance on catch trials after the data-based
screening was high overall, but marginally di�ered between groups as assessed
by percent correct scores (musicians M = 98.3, SD = 0.06 ; non-musicians
M = 95.8, SD = 0.09 ; two-sample t-test, t(132) = ≠2.05, p = 0.04).

Shepard tone experiment

Pitch-shift direction response

Figure 5.2.2 displays the proportion of ”up” response as a function of the
interval for the two groups, in red, non-musicians and blue, musicians. As
in the previous experiment, participants responded in the expected way for
unambiguous cases and were close to P(Up) = 0.5 for the ambiguous case.
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Figure 5.2.2: The thick lines represents the averaged proportion of ”up”
responses across participants in the two groups (red: non-
musicians, blue: musicians) plotted as a function each interval.
The shaded area corresponds to the standard error.

Concerning overall accuracy as assessed by ‡, no di�erence was found be-
tween the groups, as previously observed (two-sample t-test, t(132) = 0.83,
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p = 0.4). However, as visible in the figure, groups di�ered for extreme
interval values accuracy, corresponding to small log-frequency distances be-
tween T1 and T2, i.e. small intervals (two sample t-tests, upper asymptote:
t(132) = 2.72, p = 0.007 , lower asymptote: t(132) = 3.60, p = 0.001).
This higher performance of musicians over non-musicians for accuracy in
small pitch-shift is consistent with improved fine frequency discrimination
for musicians [58].

Confidence ratings
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Figure 5.2.3: The thick lines represents the averaged confidence ratings
across participants in the two groups (red: non-musicians, blue:
musicians) plotted as a function of each interval. The shaded
area corresponds to the standard error.

Figure 5.2.3 displays averaged confidence rating as a function of the interval
for both groups. Inspecting the figure, it appears that as in the previous
experiment, musicians showed a dip in confidence for the ambiguous case,
whereas non-musicians showed a broad peak in confidence for the same
stimulus.
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However, the contrast between intervals was less pronounced than in the main
experiment. Moreover, musicians used higher confidence values than non-
musicians overall. The same statistical analysis as for the main experiment
was applied: the ambiguity e�ect was assessed by averaging confidence for
non-ambiguous intervals of [2, 4, 8, 10] st and comparing it to confidence
for the ambiguous interval of 6 st.

As visible in the Figure 5.2.4, musicians were less confident for the ambigu-
ous interval (one-sample t-test, t(85) = ≠4.22, p = 0.001 ) and whereas
non-musicians showed equivalent confidence for both types of intervals (one-
sample t-test, t(47) = 1.21, p = 0.23 ). The two distributions indicate that
the interaction between group and confidence was significant. Statistically,
the contrast of ambiguity e�ect between the two groups confirmed this in-
teraction (two-sample t-test, t(132) = 3.45, p = 0.001).

P
ro

po
rt

io
n 

pa
rt

ic
ip

an
ts

Ambiguity effect (confidence)
-2 0 2

0

0.1

0.2

0.3

Figure 5.2.4: Histograms of the ambiguity e�ect, in confidence units, for
non-musicians (red) and musicians (blue). The ambiguity ef-
fect was defined as the average confidence for all intervals ex-
cluding 0 st and 6 st, minus confidence for 6 st, the ambiguous
case. Negative values correspond to listeners being less confi-
dent for the ambiguous case.

Thus, even though the di�erences across groups were less pronounced on
average than in the main experiment, presumably because of the noisy nature
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of online data, the main findings were replicated.

Metacognitive performances

The meta-ratio analysis revealed a di�erence between musicians and non-
musicians (musicians: M = 0.69, SD = 0.43 ; non-musicians: M = 0.36,
SD = 0.62, t-test, t(132) = ≠3.58, p < 0.001). However, the meta-ratio
was not correlated to the ambiguity e�ect (fl(132) = ≠0.053, p = 0.55 ).
Also, we observed a sizeable proportion of participants with negative meta-
ratio values, denoting a higher confidence for incorrect perceptual judgments,
or meta-ratio values greater than 1, suggesting that confidence was not en-
tirely based on perceptual information within a signal detection theory frame-
work [237]. To test whether such unexpected response patterns a�ected the
results, we performed an additional metacognitive analysis, retaining only
those participants with a meta-ratio comprised between 0 and 1. In this
sub-group of 52 musicians and 30 non-musicians, there was no di�erence in
meta-ratio (musicians: M = 0.57, SD = 0.26 ; non-musicians: M = 0.50,
SD = 0.31, t(80) = ≠1.13, p = 0.26). We also confirmed that the ambi-
guity e�ect was maintained for this sub-group ( t(80) = 2.67, p = 0.009).
As in the main experiment, there was therefore no link between the use of
the confidence scale and the ambiguity e�ect.

Correlation with musical expertise

Given our large sample of participants exhibiting various degrees of musical
expertise, we could analyze the relation between musical expertise and the
ambiguity e�ect by observing the correlation between the two factors. The
correlation is displayed in Figure 5.2.5. The rank-order correlation between
the two variables was negative and significant (fl(132) = ≠0.25, p = 0.004).
Inevitably, the measure of ”years of musical training” were partly confounded
by the measure of ”age”. Also, one outlier subject with 25 years of musical
training displayed an especially strong ambiguity e�ect, which could have
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driven in part the correlation. We performed an additional correlation re-
stricting the analysis to participants younger than 35 yrs, retaining 73 musi-
cians and 41 non- musicians (and thus excluding the outlier, who was over
35 yrs). Age did not di�er across the two subgroups (two-sample t-test,
t(112) = ≠0.97, p = 0.3). Even when matching age, the correlation be-
tween years of musical practice and the ambiguity e�ect was maintained and
became even more pronounced (fl(112) = ≠0.37, p = 0.0001).
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Figure 5.2.5: Correlation between the ambiguity e�ect and years of formal
musical training. Blue stars indicate participants aged 35 yrs
or less. Solid lines indicate the linear regression (blue line) and
95% confidence interval (red lines) fitted to the data for these
younger participants.

Correlation with other factors

Finally, we looked at the relation between the ambiguity e�ect and all the
other factors collected during the questionnaire for participants under 35.
This analysis revealed that none of the other factor was more correlated to
the tritone e�ect (i.e. the confidence di�erence measure) than the number of
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years of musical training (plotted in Figure 5.2.6). The correlation (Spearman
ranking) between the confidence di�erence and the number of weekly practice
of a musical instrument was also significant (fl(132) = ≠0.19, p = 0.03).
None of the other factors had a significant link with the ambiguity e�ect
(years of training in another musical discipline: fl(132) = ≠0.15, p = 0.07,
Academic level: fl(132) = ≠0.03, p = 0.71).

Mistune experiment

Perceptual performance

d’ for detection of the mistuned component was computed in a detection
theory framework for each listener and averaged across groups. The aver-
aged d’ for both groups are displayed in Figure 5.2.6. Contrary to what was
expected, musicians and non-musicians did not di�er in terms of d’ (mu-
sicians: M = 2.33, SD = 1.74, non-musicians: M = 1.93, SD = 1.47,
two-sample t-test, t(47) = ≠0.86, p = 0.39).

Correlation with musical expertise

We analyzed the relationship between the sensitivity in the mistuning task,
as assessed by the correlation between individual d’ and ambiguity e�ect.
The correlation is displayed in Figure 5.2.7. This analysis revealed that the
ambiguity e�ect and the d’ did not have any strong relationship: the rank
correlation was not significant (fl(47) = 0.10, p = 0.47).

5.2.3 Summary

Exp. 2.2. was conducted in order to probe the robustness of the tritone
e�ect, as defined by the di�erence in confidence between the tritone inter-
val and the intermediates intervals which diverge between the two groups.
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Figure 5.2.6: Each bar correspond to a the XX averaged across participants
in both groups, in red, non-musicians and in blue, musicians.
Error bars correspond to standard error.
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Figure 5.2.7: Correlation between the degree of musical expertise, measured
as the number of years of instrument training, and the XX in
the mistuning task.
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Overall, the results strongly replicated those of Exp. 2.1., as the same group
e�ect was observed. Besides, the large cohort of data yielded to observe the
correlation between the degree of musical expertise (as defined by the num-
ber of years of an instrument practice) and the confidence di�erence between
tritone and intermediate. We could establish that the more musical training
participants had received, the less confident they were when reporting the di-
rection of the ambiguous tritone, as compared to the intermediate intervals.
Phase 3 tested the hypothesis that the “tritone e�ect” can be accounted by
the greater abilities of musicians to segregate the concurrent components of
the Shepard tones, leading them to perceive the pitch-shift direction ambi-
guity. But no di�erence in performance between the two groups.

5.3 Experiment 2.3

Exp. 2.1 and its online replication suggest that musicians were aware of the
ambiguity at 6 st, whereas non-musicians were not. Following our initial
hypothesis, this would be consistent with a perceptual di�erence between
musicians and non-musicians: musicians were able to hear out the component
tones of the ambiguous stimuli, which enabled them to discover the physical
ambiguity of the stimulus. But it is also possible that the di�erence was in
the report itself. Possibly, non-musician listeners also heard out the di�erent
component tones, but were unable to discover the ambiguity. We controlled
for this possibility by making component tones easier to hear out for non-
musicians, through acoustic manipulation. We compared conditions where
all component tones started in synchrony, as in the previous two experiments,
with conditions where the onset of each tone was jittered in time. Successive
components of complex chords that would be normally fused can be explicitly
compared when onset jitter is applied [85]. The hypothesis was that, if non-
musicians could hear out component tones thanks to onset jitter, they would
behave as the musicians of the main experiment. The experimental design
was:
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Subj<Group2>*Interval6*Jitter4

5.3.1 Method

Participants

Sixteen participants (age: M = 24.25, SD = 0.79), six men and ten women
were were included in this experiment after providing written informed con-
sent. All had less than five years of formal musical training and were thus
labelled non-musicians by our criterion. They were paid for their participa-
tion. Their hearing was tested through an audio-gram. All participants had
thresholds below 20dB SPL for frequencies between 125Hz and 8kHz.

Stimuli

All the tones used in this experiment were Shepard tones generated as de-
scribed above (Stimuli). Each trial consisted of the succession of two suc-
cessive tones, T1 and T2. The Fb for T1 was randomly drawn for each
trial, uniformly between 60 Hz and 120 Hz, to counterbalance possible id-
iosyncratic biases in pitch-shift direction preference [90, 63]. As in the online
experiment, the Fb interval between T1 and T2 were [0, 2, 4, 6, 8 10] st.
The interval of 6 st corresponds to a half-octave, the ambiguous case and
the other intervals (2, 4, 8, 10 st) corresponded to less ambiguous cases.

Three values of temporal jitter were prepared. For 0-ms jitter, stimuli were
T1 - T2 test pairs generated as in the main experiment. For 50-ms jitter,
a time jitter was introduced on the onset of individual component tones.
Nine di�erent onset-time values, linearly spaced between 0 ms and 50 ms
included, were assigned, at random on each trial, to the components of T1
and T2 independently. For 100-ms jitter, the jitter values were linearly spaced
between 0 ms and 100 ms included. In order to minimize any across trial
e�ect, an inter-trial sequence of five inter-trial tones was played, as previously
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described Stimuli. Figure 5.3.1 displays a schematic representation of three
trials.
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Figure 5.3.1: Schematic representation of stimuli in Exp. 2.1. Each fre-
quency component in T1 and T2 is ”jittered”.

Apparatus and procedure

Listeners were tested individually in a sound-insulated booth. They per-
formed six blocks, with a short rest after each block. The total duration of
the experiment including the rests was approximately three hours, performed
in a single session. During the first two blocks, only stimuli with 0-ms jit-
ter were presented, for all intervals, with 40 repeats per interval. This was
intended as a replication of the main experiment for this group of naïve lis-
teners. We term these initial two blocks the “baseline” condition. For the
following four blocks, all intervals and jitter values (0 ms, 50 ms, 100 ms)
were presented at random, with 40 repeat per interval and jitter value. We
designate these conditions by their jitter values. At the end of each trial,
listeners were asked to report whether the interval formed by the two final
tones was going upward or downward in pitch. To give their answer, they
had to press either key 1 (downward shift) or key 2 (upward shift) of the
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keyboard. The inter-trial sequence was then played. Response times were
not recorded.

5.3.2 Results

Pitch-shift direction response

The proportion of ”up” responses P(up) as a function of the interval condition
and for the baseline and each jitter condition was computed and averaged
across participants, as displayed in Figure 5.3.2. As in previous experiments,
psychometric curves were fitted to P(Up) for each individual participant in
all conditions, baseline and jitter conditions. The accuracy of participants,
as measured by ‡for the fitted psychometric functions, was equivalent for
baseline and 100 ms jitter (pairwise t-test, t(15) = ≠1.01, p = 0.327).
There was also no di�erence for the point of subjective equality (t-test,
t(15) = 0.40, p = 0.7 ), which was not di�erent from 6 st in both cases
(baseline: M = 5.97, SD = 0.28, t(15) = ≠0.46, p = 0.65 ; 100 ms jitter:
M = 6.03, SD = 0.52, t(15) = 0.30, p = 0.76). In summary, temporal
jitter had no measurable e�ect on the pitch-shift direction task.

Confidence ratings

Confidence ratings are displayed as a function of T1-T2 interval and averaged
across participants in Figure 5.3.3. Baseline results replicated the main and
online experiments for non-musicians, whereas a dip in confidence appeared
for those same non-musicians at a jitter of 100 ms. As before, we evaluated
the ambiguity e�ect: we compared confidence for the non-ambiguous cases
([2 4 8 10] st) to confidence for the ambiguous case (6 st). For the baseline
condition, we found no ambiguity e�ect (t(15) = ≠0.10, p = 0.920). To
quantify the e�ect of jitter on a subject per subject basis, we normalized
the ambiguity e�ect observed for each jitter conditions by subtracting the
ambiguity e�ect observed for the baseline condition.
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Figure 5.3.2: Averaged ”up” response averaged across participants as a func-
tion of T1-T2 interval. The di�erent plots correspond to the
baseline and each jitter condition (error = SE).
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Figure 5.3.3: Averaged confidence ratings averaged across participants as
a function of T1-T2 interval for the baseline and each jitter
condition (error = SE).
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Figure 5.3.4 displays the individual data for the normalized ambiguity: the
ambiguity e�ect is normalized by the baseline for each participant. A negative
ambiguity e�ect corresponds to a decrease of confidence for the ambiguous
case and thus mimic the behaviors of musicians in the previous experiments.
Not all participants exhibited such a negative ambiguity e�ect, but for some
of them, the e�ect was as large as for musicians. When comparing the
ambiguity e�ect to the baseline value, we only found a statistical di�erence
for the 100 ms condition (0 ms: t(15) = ≠1.40, p = 0.182 ; 50 ms:
t(15) = ≠1.18, p = 0.258 ; 100 ms: t(15) = ≠2.52, p = 0.024). However,
when contrasting the three jitter conditions against each other, we did not
find any significant di�erence (all pairwise comparisons p > 0.17).
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Figure 5.3.4: For each participant, we normalized the ambiguity e�ect ob-
served in each condition by subtracting the ambiguity e�ect
observed for the baseline. The panel displays individual means
and standard errors about the means. Negative values signal
a dip in confidence for the ambiguous case, when jitter was
applied.
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Metacognitive performances

There was only one group of participants in this experiment, but we still
tested whether the ambiguity e�ect might have been related to a di�erent
use of the confidence scale across conditions. This was not the case, as
variations in the ambiguity e�ect between baseline and 100-ms jitter were
not correlated to variations in meta-ratio (fl(14) = 0.24, p = 0.38).

5.3.3 Interim discussion

Non-musicians exhibited a significant confidence dip for the non-ambiguous
interval when a large temporal jitter was introduced, while for the baseline
condition no dip was observed. However, there was some variability across
participants. Furthermore, results were statistically less clear cut when all
jitter conditions were interleaved (note also that we did not correct for multi-
ple comparisons). The lack of di�erence across jitter conditions is likely due
to a trend towards an ambiguity e�ect for 0 ms, even though this condition
corresponded the same stimulus as for the baseline. A possible interpretation
of this contextual e�ect is that non-musicians were able to partially hear out
the component tones, even without jitter, but only when their attention had
been drawn to the stimulus’ structure by other trials that contained jitter.
A further point to consider is that we did not test whether the jitter values
were su�cient for all participants to hear out component tones, which may
also account for part of the variability across listeners.

5.4 Discussion

Results from the three experiments can be summarized as follows. In the
main experiment, all participants responded with “up” and “down” responses
in equal measure when judging the pitch direction of an ambiguous stimu-
lus. The same pattern of chance result was, predictably, observed when
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they compared two physically identical stimuli. However, confidence di�ered
between the two cases: participants were more confident in their judgment
for the ambiguous tones than for identical tones. Non-musician partici-
pants were even more confident for ambiguous tones, for which they were
at chance, than for non-ambiguous tones, for which they could perform the
task accurately. As the ambiguous tones also contained the largest interval
between tones, results for non-musician participants are consistent with con-
fidence mirroring the size of the perceived pitch shift, irrespective of stimulus
ambiguity. Musicians provided the same pattern of responses for “up” and
“down” judgments as non-musicians, but, importantly, response patterns dif-
fered markedly for confidence ratings. For musicians, confidence was lower
for the ambiguous tones than for the non-ambiguous tones. In both groups
of participants, response times mirrored the confidence ratings, with higher
confidence corresponding to faster responses. The online experiment repli-
cated those findings on a larger cohort (N = 134), further demonstrating
that the ambiguity e�ect was correlated with years of musical training. The
control experiment showed that at least some naïve non-musicians, initially
unaware of the ambiguity, could exhibit an ambiguity e�ect when compo-
nent tones were easier to hear out. This confirms that the di�erence between
musicians and non-musicians was perceptual and not purely decisional.

What was the nature of the perceptual di�erence between musicians and
non-musicians? Based on prior evidence [411, 115] combined with the re-
sults of Empt 2.3, we hypothesize that musicians were better able to hear
out acoustic components within Shepard tones. Hearing out components
would have revealed that two opposite pitch-shift directions were available,
entailing low confidence in the forced-choice task. The advantage previously
demonstrated for musicians when hearing out tones within a chord [115] or
a complex tone background [272] did not seem to be based to enhanced
peripheral frequency selectivity (although see [25]). In our case, the octave
spacing of Shepard tones was also greater than the frequency separation
required to hear out partials [254], so we can rule out a di�erence in the
accuracy of peripheral representations.
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Another possible di�erence between listeners, perhaps due to more central
processes, is the distinction first introduced by Helmholtz between “analytic”
versus “holistic” listeners [332]. Stimuli containing frequency-shifts chang-
ing in one direction if one focuses on individual component, or the opposite
direction if one focuses on the (missing) fundamental frequency, have been
used to characterize such a di�erence. Analytic listeners focus on individual
components, whereas holistic listeners focus on the missing fundamental.
In a first study, the analytic/holistic pattern of response was found to be
correlated with brain anatomy, but not musicianship [331]. A later behav-
ioral investigation suggested, in contrast, that musicians were overall more
holistic [338]. Recent data indicate that listeners may in fact change their
listening style according to the task or stimulus parameters [215]. In our
case, musicians would be classified as analytic, as they spontaneously heard
out component tones within ambiguous stimuli. Non-musicians were able to
switch from holistic to analytic, when component tones were easier to hear
out. This confirms that the holistic/analytic description is task-dependent
[215].

We would argue that a more general characteristic is relevant to the inter-
individual di�erences we observed: the ability to focus on sub-parts of a
perceptual scene. In the visual modality, experts such as drawing artists
[285] or video-game enthusiasts [138] have been shown to better resist vi-
sual crowding (the inability to distinguish items presented simultaneously in
the visual periphery even though each item would be easily recognized on
its own). This has been interpreted as enhanced “attentional resolution”
for experts. The notion of attentional resolution can be transposed to au-
ditory perception, through what has been termed “informational masking”
[180, 102]. Informational masking is defined as the impairment in detect-
ing a target caused by irrelevant background sounds, in the absence of any
overlap between targets and maskers at a peripheral level of representation
[180]. An e�ect of auditory expertise has been shown for informational
masking. Musicians are less susceptible to informational masking than non-
musicians, when using complex maskers such as random tone clouds with a
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large degree of uncertainty [272], environmental sounds [58], or simultane-
ous speech [368]. This has been interpreted as better attentional resolution
for musicians [272]. Importantly, informational masking can also occur in
simpler situations, through a failure to perceptually segregate target and
background [180]. The Shepard tones we used certainly challenged per-
ceptual segregation, because component tones had synchronous onsets and
were all spaced by octaves [47]. Scene analysis processes related to informa-
tional masking may thus have caused non-musicians to hear Shepard tones as
perceptual units, while reduced informational masking may have helped mu-
sicians to hear out component tones. Moreover, in the control experiment,
asynchronous onsets between components were introduced, a manipulation
that has been shown to reduce informational masking [266]. This led non-
musicians to behave qualitatively like musicians, again consistent with an
implication of informational masking in our task.

We now come back to the distinction, drawn in the introduction, between
vague and polar percepts. The results suggest that, for non-musicians, per-
ception was polar: the intrinsic ambiguity of the stimuli was unavailable to
awareness. This is consistent with recent observations using bistable visual
stimuli [371]. In this visual study, the degree of ambiguity of bistable stimuli
(defined as the proximity to an equal probability to report either percept)
was varied, and reaction times were collected for the report of the first per-
cept. No increase in reaction time was observed for more ambiguous stimuli,
consistent with an unawareness of ambiguity, as in our results. Why would
ambiguity, a potentially useful cue, not be registered by observers? One hy-
pothesis is that ambiguity is not a valid property of perceptual organization
at any given moment; either an acoustic feature belongs to one source, or
it does not. This has been formulated as a principle of exclusive allocation
for auditory scene analysis [47, 345]. However, there are exceptions to this
principle, as for instance when a mistuned harmonic within a harmonic com-
plex is heard out from the complex, but still contributes to the overall pitch
of the complex [256, 254]. Another hypothesis, perhaps more specific to our
experimental setup, involves perceptual binding over time. Shepard tones
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are made up of several frequency components, which have to be paired over
time to define a pitch shift. If musicians heard Shepard tones as percep-
tual units, this may have biased the binding processes towards a single and
unambiguous direction of shift. In contrast, if musicians were able to hear
out components, they may have experienced contradictory directions of pitch
shift and thus ambiguity.

To conclude, we must point out that these interpretations remain speculative,
especially as we have no direct evidence that musicians heard out component
tones. Further tests could include counterparts to our control experiment,
increasing informational masking to prevent musicians from hearing out com-
ponent tones. This could be achieved for instance by presenting shorter du-
ration sounds. Context e�ects could also be used to bias perceptual binding
in a consistent manner across components [63], again predicting higher con-
fidence for musicians. Irrespective of the underlying mechanisms, the mere
existence of polar percepts demonstrates that a seemingly obvious feature
of sensory information, ambiguity, is sometimes unavailable to perceptual
awareness. The precise conditions required for polar perception remain to be
explored experimentally. Ambiguity in the stimulus often causes multistable
perception [334], but it is yet unknown whether all multistable stimuli elicit
polar perception, or whether all polar percepts are associated to spontaneous
perceptual alternations over time. By analogy to categorical perception, it
could also be tested whether polar perception is a feature of conscious pro-
cessing and absent from subliminal processing [79]. Finally, we showed that
ambiguity was not experienced in the same way by di�erent observers, so
polar perception may be another useful trait to consider when investigating
inter-individual di�erences.

In conclusion, ambiguous auditory stimuli [90, 342, 63] were judged with high
confidence and fast reaction times by naïve non-musician listeners, showing
that those listeners were unaware of the physical ambiguity of the sounds.
This confirms an untested assumption in previous reports about those stim-
uli [90, 342, 63, 311]. In contrast, musicians judged ambiguous stimuli
with less confidence and slower reaction times, suggesting that they did

173



Chapter 5 Ambiguity is perceived di�erently by musicians and
non-musicians
perceive the ambiguity. We interpreted this inter-individual di�erence as
an enhanced attentional resolution in crowded perceptual scenes for musi-
cians [272, 411, 115]. From a methodological perspective, we showed robust
e�ects in confidence judgements for matched performance within subjects
(identical sounds versus ambiguous sounds), and robust inter-individual dif-
ferences for matched performance and matched stimuli (musicians versus
non-musicians). Ambiguous stimuli may thus provide a useful tool for prob-
ing the neural bases of inter-individual di�erences in perception.

174



Chapter 6

Context e�ect and perceived

ambiguity: when musicians and

non-musicians accord

The work described in this Chapter is reported in: C. Pelofi and D. Press-
nitzer. Context-dependent variability in auditory scene analysis revealed by
response times and confidence judgements (in preparation).

Abstract

When confronted to an ambiguous stimulus, whose inconclusive sensory evi-
dence does not lead to a stable perceptual output, perceptual systems’ sensi-
tivity to contextual information is enhanced [190]. In the ”Shepard illusion”
[342], an ambiguous interval has been reported to be extremely sensitive to
context information [63]. Here, we explored the e�ect of the context on
the introspection of the exclusivity of the two alternative percepts. Listen-
ers had to report the pitch-direction of an ambiguous interval preceded by
a context that varied in strength. Confidence ratings and response times
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were collected, as marker of the ambiguity perceived by listeners. Musicians
and non-musicians were compared, as recent findings established a strong
divergence between the two groups in terms of the perceived ambiguity (see
preceding Chapter). Two experiments were conducted, in which the strength
of the context was varied through temporal and spectral parameters, respec-
tively. The results show an e�ect of context on the perceived ambiguity: as
the direction was more biased towards one pitch-shift direction, due to the
influence of the preceding contextual sequence, listeners from both groups
report higher confidence judgment paralleled by faster response times.

Introduction

Perceptual ambiguity, where a conflicting set of information leads to unstable
percepts, is a general perceptual phenomenon, observed in di�erent sensory
modalities [74, 61, 414]. Encompassing the wide range of findings, Leopold
& Logothetis identified three fundamental hallmarks of perceptual ambiguity:
randomness, inevitability and exclusivity [221]. Exclusivity corresponds to the
fact that, while a stimulus leads to several alternative percepts, only one at
a time is experienced. This could to be rooted in ecological reasons: while
perceptual systems process highly complex an sometimes contradictory set
of informations, its intertwined relationship with action may constrain the
perceptual outputs into being unambiguous [153, 145].

Exploring the introspection paralleling the perception of ambiguous stim-
uli, it has been reported that the ambiguity was processed unbeknownst to
listeners [371]. Contradictory findings have reported that observers may re-
port mixture percepts associated with greater ambiguity[157, 188, 251, 348].
However, none of those studies explored the influence of context e�ects on
the prevalence of mixture percepts, although they are known to greatly im-
pact the perceptual output of ambiguous stimuli [334, 190].

In Chapter 4, the temporal dynamics of a context e�ect on the perception
of an ambiguous auditory interval were explored. The findings revealed very
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short establishment properties and vey long lasting e�ect. This remarkable
robustness suggest that the underlying processes occur beyond primary sen-
sory areas and require a storage of the perceptual trace at a hight level
of processing [234]. Also, for all the tested conditions, the e�ect was as-
similative: the reported pitch-shift encompasses the frequency region corre-
sponding to context components. It was hypothesized that the prior context
resulted in context-induced tracks that ”forced” to assign the octave-related
components of the Shepard tones within the same track, thus biasing the
pitch-shift in the same direction for all listeners [2].

In Chapter 5, the perceived ambiguity resulting from the interval was ex-
plored, using a combination of response times and confidence ratings. A
strong and robust e�ect of musicianship was found: musical expertise was
associated with a the perception of the ambiguity. This e�ect was thought
to reveal enhanced ”attentional resolution” of the sub-parts of Shepard
tones. Namely, musicians being less sensitive to informational masking
[272, 58, 368] caused by the octave-related components of the Shepard
tones, they are more likely to hear competing pitch-shift directions and thus,
report an ambiguous percept.

In this chapter, we explored the e�ect of context bias strength on the percep-
tion of ambiguity associated with the ambiguous interval. We hypothesized
that the context sequence forces the attribution of octave-related component
to the same ”context-induced track” for musicians and non-musicians, re-
sulting in a bias in the reported pitch-shift. However, the context bias should
induce an additional e�ect for musicians: since the distinct octave-related
components of the Shepard tones are attributed to the same context-induced
tracks, the perceived ambiguity -thought to result from conflicting tracks of
pitch-shifts- should decrease as the context bias increases.

To test this hypothesis, two experiments were conducted. In each, musicians
and non-musicians were asked to report the pitch-shift of an ambiguous
interval preceded by a context sequence whose strength was varied by tem-
poral and spectral parameters. Confidence ratings and response times were
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collected to assess the degree of perceived ambiguity associated with the
ambiguous stimulus. In Exp. 3.1, the strength of the context was manipu-
lated by varying the duration of one context tone (see Chapter 4). In Exp.
3.2, the strength of the context was manipulated by varying the frequency
of one context tone.

6.1 Experiment 3.1

Expmt 3.1 was conducted in order to investigate the e�ect of context e�ect
strength on the perceived ambiguity in the ambiguous interval. To this aim,
we presented listeners with context and test trials in which the duration of
the context was systematically varied in duration. At the end of the trial,
listeners reported the pitch-shift direction of the final ambiguous interval, as
rapidly and accurately as possible. Then, they were asked to report their
confidence in their response using a confidence scale. The experimental
design was:

Subj<Group2>*Context6

6.1.1 Method

Participants

Sixteen self-reported normal-hearing listeners (M = 24.9, SD = 4.28), nine
men and seven women, participated in the experiment. One participants
had not previously taken part in experiments involving Shepard tones and
three only participated to Exp 3.2 (which was conducted before this one and
with most of the participants in common with Exp 3.1). All participants
passed the screening test, version 2 (see Screening procedure). Eight were
musicians and eight were non musicians. The selection criteria for inclusion
in the musician group was as follows: musicians had more than five years of
musical practice in an academic institution.
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6.1 Experiment 3.1

Stimuli

All the tones used in this experiment were Shepard tones generated as de-
scribed in previous chapters (Stimuli). A trial consisted in the succession
of a context tone (C) and two test tones (T1 and T2). The Fb for T1
was randomly drawn for each trial, uniformly between 60 Hz and 120 Hz, to
counterbalance possible idiosyncratic biases in pitch-shift direction preference
[90, 63].
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Figure 6.1.1: In a trial, a context tone preceded a pair of Shepard tones,
T1 and T2 separated by a 6 st interval. When reporting the
pitch-shift between T1 and T2, listeners tend to choose the
path that encompasses the region where the context tone is.
Here it would result in a upward shift response. The duration
of the context tone was varied.

The interval between Fbs in T1 and T2 was fixed at 6 st which correspond
to the ambiguous interval (for which listeners typically report two pitch-shift
directions with equal chances). The interval between Fbs in C and T1 was
fixed at 3 st and 9 st so that C would induce the maximal bias toward an
upward (3 st) or a downward (9 st) pitch-shift [2]. The duration of the test
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tones was 125ms each, including 2.5ms raised-cosine onset and o�set ramp.
There was no delay between T1 and T2. The duration of the context tone
varied from trial to trial between 0ms, 5ms, 10ms, 20ms, 40ms, 80ms, 160ms
and 320ms, including a 2.5ms raised-cosine onset and o�set ramp. There
was no delay between C and T1. Each duration condition was repeated forty
times and presentation order was scrambled within each test session. Figure
XX displays a schematic representation of one trial.

As in previous experiment, we sought to minimize across-trial e�ects by
playing an inter-trial sequence of five tones between each trials. The inter-
trial tones were designed as described in previous chapters (Stimuli).

Apparatus and procedure

Listeners were tested in the same conditions as described previously (see
5.1.1).

Data analysis

For each listener and interval condition, the proportion of ”up” responses
P(up) was computed from the pitch-shift direction responses. As in previous
experiments (Exmpt 1.1, 1.2 and 1.3), a more synthesized measure of the
context e�ect was computed. The proportion of ”biased” responses P(bias)
was obtained by computing the proportion of time listeners responded with
a bias in the direction expected from previous findings, that is with a pitch-
shift encompassing the frequency region in which were situated the frequency
components of the context tone [62, 2]. This way, P(bias) of 1 would corre-
spond to listeners always reporting pitch shifts encompassing the frequency
region of the context tones, i.e. assimilative bias whereas P(bias) of 0 would
correspond to listeners always reporting the opposite direction of pitch shift,
i.e. contrastive bias ; an absence of context e�ect, that is, a response prob-
ability una�ected by the context, would correspond to P(bias) of 0.5. The
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responses times (RTs) were defined relative to the onset of T2 which corre-
spond to the first opportunity to provide a meaningful response. Rts faster
than 100ms were discarded as anticipations [233]. Because of the long-tailed
distribution typical of RTs, the natural logarithms of RTs were used for all
analyses [301].

6.1.2 Results

Pitch-shift direction responses
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Figure 6.1.2: The thick lines represents the context bias averaged across lis-
teners and plotted as a function of context duration conditions.
In red are non-musicians and in blue, musicians. The shaded
area corresponds to the standard error.

The proportion of biased response P(bias) averaged across individuals in each
group for all context duration is displayed in Figure 6.1.2. Consistently with
previous results, P(bias) increases with the context duration. To assess for
the contribution of context duration and group on the P(bias), a repeated
measure ANOVA with the context duration as within-subject factor and the
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group as between-subject factor was conducted. It revealed that the context
tone duration factor had a significant e�ect (F (7, 98) = 108, p = 2e ≠ 16).
The group factor was not significant (F (1, 14) = 0.16, p = 0.69) and neither
was the interaction between the two factors (F (7, 98) = 1.33, p = 0.24).

Context (ms) Mean context bias (SE) t-test (df = 15) p-value
0 0.47 (0.07) -1.35 1.52
5 0.53 (0.07) 2.05 0.45
10 0.74 (0.15) 6.25 0.0001***
20 0.89 (0.07) 22.26 5.3e-12***
40 0.89 (0.09) 15.90 6.76e-10***
80 0.90 (0.07) 22.21 5.48e-12***
160 0.92 (0.06) 24.26 1.5e-12***
320 0.90 (0.08) 19.61 3.34e-11***

Table 6.1: The averaged context bias across all participants (both groups
mixed) for each condition is compared with 0.5. The reported
p-values are multiplied by the number of observationsN = 8.

As in the previous experiment (Exp 1.1), we conducted a series of post-hoc
t-tests with Bonferroni correction to evaluate which context duration was
enough to have a statistically significant e�ect. The results of this analysis
are reported in Table 6.1, the p-values reported are multiplied by N = 8).

Confidence ratings

Regarding confidence, averaged ratings across groups were plotted as a func-
tion of the interval T1-T2, as displayed in Figure 6.1.3. A repeated measure
ANOVA with the context duration as within-subject factor and the group as
a between-subject factor was conducted on the confidence ratings, leaving
out the condition with no context. It revealed that the context duration
had a significant e�ect (F (6, 84) = 8.1, p = 6.41e ≠ 07) but not the group
factor (F (1, 14) = 0.1, p = 0.75), nor the interaction between the two
(F (6, 84) = 1.84, p = 0.09 ).

182



6.1 Experiment 3.1

C
on

fid
en

ce
 r

at
in

g

Context (ms)
0 5 10 20 40 80 160 320

1

2

3

4

Figure 6.1.3: The thick lines represents the averaged confidence ratings
across participants in the two groups (red: non-musicians, blue:
musicians) plotted as a function of the context duration condi-
tion (shaded areas correspond to standard error), from Z-score
data (left panel) and raw data (right panel).
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To observe more directly the e�ect of the context e�ect itself on confidence
ratings, the correlation between the P(bias) and confidence was plotted. A
linear regression was conducted on each individual data set, as displayed in
Figure 6.1.4.

Each line represents the linear regression for each individuals with in blue,
musicians and in red, non-musicians. We found positive correlations for
almost all participants. The relation between the two variables was strong.
The Pearson correlation coe�cients fl averaged across participants: M =
0.57, SD = 0.36 was statistically significant (one-sample t-test: fl(15) =
6.22, p < 0.001 ).

Furthermore, a two-sample t-test was conducted on averaged coe�cients
in the two groups and confirmed that there was no significant di�erence
between the groups (non-musicians: M = 0.43, SD = 0.46, musicians:
M = 0.69, SD = 0.15, t(14) = ≠1.5, p = 0.156).
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Figure 6.1.4: Individual linear regression between confidence and P(bias).
In blue, individual musician data and in red, individual non-
musician data.
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Response time

Figure 6.1.5 displays the e�ect of the context duration on log-RTs, averaged
across participants for the two groups, in red non-musicians and in blue,
musicians.
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Figure 6.1.5: Averaged logarithmic response times across participants in the
two groups (red: non-musicians, blue: musicians) are plotted
as a function of the context duration condition (error = SE)
from Z-score data (left panel) and raw data (right panel).

A repeated measure ANOVA with the context duration as a within-subject
factor and the group as a between-subject factor was conducted on the log-
RTs, leaving out the control condition. It revealed that the context duration
had a significant e�ect (F (6, 84) = 15.35, p = 8.4e ≠ 12) but not the group
factor (F (1, 14) = 0.2, p = 0.65) and neither the interaction between the
two (F (1, 14) = 0.72, p = 0.63).

The correlation between the log-RTs and the pitch-shift direction was con-
ducted through a linear regression on each individual data set, as displayed in
Figure XX. This analysis revealed that the relation between the two variables
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was negative and strong. The Pearson correlation coe�cients fl averaged
across participants: M = ≠0.71, SD = 0.18 was statistically significant
(fl(15) = ≠15.57, p = 1e ≠ 10).
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Figure 6.1.6: Top panel: Correlation between log-RTs and context bias
strength. In blue, individual musician data and in red, indi-
vidual non-musician data.

A two-sample t-test revealed that the two groups did not significantly di�ered
regarding the correlation coe�cient (non-musicians: M = ≠0.64, SD =
0.19, musicians: M = ≠0.78, SD = 0.16, t(14) = 1.61, p = 0.129).

6.1.3 Summary

Exp 3.1 was conducted in order to observe the e�ect of the context e�ect
on the perceived ambiguity of an ambiguous auditory stimulus. In order to
vary the strength of the bias induced by the context sequence, the duration
of a context tone was varied.We observed an extremely fast establishment
of the e�ect, which is consistent with previous results (Exp 1.1). However,
the fact that a tone duration of only 10 ms could induce a significant bias
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(vs. 20 ms in Exp 1.1) maybe due to the silence gap separating the con-
text sequence and the test sequence (310 ms), consistently with the build
up e�ect observed in Exp 1.3. The increase of context e�ect was paralleled
by increasing confidence ratings and decreasing rapidity of response. In the
condition with no context, non-musicians were more confident than musi-
cians when reporting the pitch-shift of the tritone interval, consistently with
previous results (however, the di�erence was not significant). As the context
tone duration increased, the confident in both groups build up. A linear
correlation was conducted on individual data and revealed that the P(bias)
was directly correlated with the confidence and log-Rts.

6.2 Experiment 3.2

In Exp. 3.1, the context strength was varied by the mean of the context
tone duration. In this experiment, the context strength was manipulated
by varying the frequency of the context tone. We observed that the group
e�ect disappeared when the context strength was manipulated by temporal
parameters. In this experiment, we sought to test the robustness of these
findings by changing the parameters used to induce the context e�ect. Pre-
vious findings indeed revealed that the strength of the context e�ect was also
modulated by the interval between the context tone and the test tones, as in
Figure 6.2.1 (see Appendix A and D). The perceptual bias was found to vary
with the interval size. This figures indicate that the context bias displays
local maxima: the maximum ”upward” bias corresponds to an interval of
3st. and the maximum ”downward” bias corresponds to an interval of 9st.

In this experiment, we tested the perceived ambiguity of the ambiguous
interval preceded by a context sequence whose spectral parameters were
manipulated to induce a stronger bias. The experimental design was:

Subj<Group2>*Context10
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Figure 6.2.1: Results from a previous experiment (see Appendix A, section
”Context E�ect in Pitch Perception”). E�ect of frequency of
the context tone. The mean P(T1 lower) is shown as a function
of the interval between C and T 1 (error bars = SE).

6.2.1 Method

Participants

Sixteen self-reported normal-hearing listeners (M = 25.6, SD = 5.96), eight
men and eight women, participated in the experiment. One participants had
not previously taken part in experiments involving Shepard tones and three
only participated to Exp 3.1. All participants passed the screening test,
version 2 (see Screening procedure). Eight were musicians and eight were
non musicians. The selection criteria for inclusion in the musician group
was as follows: musicians had more than five years of musical practice in an
academic institution.

Stimuli

All the tones used in this experiment were Shepard tones generated as de-
scribed above (Stimuli). Each trial consisted in the succession of a context
sequence of one tone (C) and a test sequence composed of two test tones
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(T1-T2). The Fb for T1 was randomly drawn for each trial, uniformly be-
tween 60 Hz and 120 Hz. The interval between Fbs in T1 and T2 was
fixed at 6 st which correspond to the ambiguous interval (for which listeners
typically report two pitch-shift directions with equal chances). The interval
between Fbs in C and T1 was varied between [0.75 1.5 3 4.5 5.25 6.75 7.5
9 10.5 11.25] st. The duration of the test tones was 125ms each, includ-
ing 5 ms raised-cosine onset and o�set ramp. There was a delay of 125
ms between T1 and T2. The duration of C was 125 ms, including a 5 ms
raised-cosine onset and o�set ramp. A silent gap of 500 ms was introduced
between the context tone and the test tones. Each C-T1 interval condition
was repeated forty times and the presentation order was shu�ed within test
sessions. Figure XX displays a schematic representation of one trial.
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Figure 6.2.2: Schematic representation of Exp 3.2 design. The duration of
the context tone was fixed and the frequency was varied be-
tween 0 st and 12 st relative to T1.
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Apparatus and procedure

Listeners were tested in the same conditions as described previously (see
5.1.1).

Data analysis

For each listener and interval condition, the proportion of ”up” responses
P(up) was computed from the pitch-shift direction responses. As in previous
experiments (Exmpt 1.1, 1.2 and 1.3), a more synthesized measure of the
context e�ect was computed. The proportion of ”biased” responses P(bias)
was obtained by computing the proportion of time listeners responded with
a bias in the direction expected from previous findings, that is with a pitch-
shift encompassing the frequency region in which were situated the frequency
components of the context tone [62, 2]. In this experiment, this corresponded
to reponding ”up” for [1.75 1.5 3 4.5 5.25] st and ”down” for [6.75 7.5 9
10.5 11.25] st. This way, P(bias) of 1 would correspond to listeners always
reporting pitch shifts encompassing the frequency region of the context tones,
i.e. assimilative bias whereas P(bias) of 0 would correspond to listeners
always reporting the opposite direction of pitch shift, i.e. contrastive bias
; an absence of context e�ect, that is, a response probability una�ected
by the context, would correspond to P(bias) of 0.5. The responses times
(RTs) were defined relative to the onset of T2 which correspond to the first
opportunity to provide a meaningful response. Response times shorter than
100ms were discarded as anticipations [233]. Because of the long-tailed
distribution typical of RTs, the natural logarithms of RTs were used for all
analyses [301].

6.2.2 Results
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Pitch-shift direction

The proportion of P(bias) averaged across participants for each C-T1 interval
is displayed in Figure 6.2.3. As it was observed before P(bias) increases
as a function of the interval C-T1, as in Figure 6.2.1. To assess for the
contribution of the interval and the group on P(bias), a repeated measure
ANOVA with the frequency of the context tone as a within-subject factor and
the group as a between-subject factor was conducted on the data. It revealed
that the interval factor was significant (F (4, 56) = 9.6, p = 5.29e ≠ 6),
while the group factor was not (F (1, 14) = 0.95, p = 0.34). the interaction
between the two factors was not significant (F (4, 56) = 9.64, p = 0.05).
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Figure 6.2.3: The thick lines represents the context bias averaged across
listeners and plotted as a function of context frequency con-
ditions. In red are non-musicians and in blue, musicians. The
shaded area corresponds to the standard error.

Confidence ratings

Considering confidence ratings, Figure 6.2.4 displays the averaged confidence
as a function of C-T1 interval for both groups. Interestingly, for both groups
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confidence increases varies as a function of the position of C. As it is closer to
the center of the frequency region, confidence ratings increase. To investigate
this e�ect, a repeated measure ANOVA with the interval C-T1 as a within-
subject factor and the group as a between-subject factor was conducted on
confidence ratings. It revealed that the interval C-T1 had a significant e�ect
(F (4, 56) = 12.4, p = 2.52e≠07) but not the group factor (F (1, 14) = 0.87,
p = 0.36), nor the interaction between the two (F (4, 56) = 0.64, p = 0.63).
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Figure 6.2.4: The thick lines represents the averaged confidence ratings
across participants in the two groups (red: non-musicians, blue:
musicians) plotted as a function of the context frequency condi-
tion (shaded areas correspond to standard error), from Z-score
data (left panel) and raw data (right panel).

To observe more directly the e�ect of the context e�ect itself on confidence
ratings, the correlation between the P(bias) and confidence was plotted. A
linear regression was conducted on each individual data set, as displayed in
Figure 6.2.5. Each line represents the linear regression for each individu-
als with in blue, musicians and in red, non-musicians. We found positive
correlations for almost all participants. The relation between the two vari-
ables was strong. The Pearson correlation coe�cients fl averaged across
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participants:M = 0.66, SD = 0.49 was statistically significant (one-sample
t-test: fl(15) = 5.42, p < 0.001 ).
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Figure 6.2.5: Individual linear regression between confidence and P(bias).
In blue, individual musician data and in red, individual non-
musician data.

Non-musicians exhibited a weaker relationship, there was no di�erence be-
tween groups regarding the relationship between P(bias) and confidence
(non-musicians: M = 0.46, SD = 0.64, musicians: M = 0.87, SD = 0.06,
two-sample t-test, t(14) = ≠1.82, p = 0.09).

Response times

Figure 6.2.6 displays the e�ect of the frequency of the context tone on the
log-RTs, averaged across participants for the two groups. To assess for the ef-
fect of the interval C-T1 and the group factors on response times, a repeated
measure ANOVA with the frequency of the context tone as a within-subject
factor and the group as a between-subject factor was conducted on log-RTs.
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It revealed that the interval C-T1 had a significant e�ect (F (4, 56) = 9.81,
p = 4.34e ≠ 06) but not the group factor (F (1, 14) = 1.17, p = 0.29) and
neither the interaction between the two (F (4, 56) = 1.29, p = 0.28).
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Figure 6.2.6: Averaged log-RTs across participants in the two groups (red:
non-musicians, blue: musicians) are plotted as a function of
the context duration condition (error = SE).

The correlation between the log-RTs and the pitch-shift direction was con-
ducted through a linear regression on each individual data set, as displayed in
Figure XX. This analysis revealed that the relation between the two variables
was negative and strong. The Pearson correlation coe�cients fl averaged
across participants: M = ≠0.65, SD = 0.55 was statistically significant
(fl(15) = ≠4.69, p < 0.001).

A two-sample t-test revealed that the two groups did not significantly di�ered
regarding the correlation coe�cient (non-musicians: M = ≠0.44, SD =
0.74, musicians: M = ≠0.85, SD = 0.11, t(14) = 1.55, p = 0.144).
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Figure 6.2.7: Individual linear regression between log-RTs and P(bias). In
blue, individual musician data and in red, individual non-
musician data.

6.2.3 Summary

In Exp 3.2, the frequency of a context tone was varied in order to manipulate
the strength of the context e�ect. Previous findings using the same stimuli
and procedures and conducted in the same laboratory demonstrated that the
context e�ect was maximal when the frequency of the context tone was 3st.
or 9st. shifted from the frequency of the test tone T1 (see Appendix A).
The context bias was assessed by the direction response and the results were
consistent with those previous findings. Confidence ratings and response
times were measured and analyzed as a marker of the perceived ambiguity
underlying the pitch-shift response. As in Exp 3.1, it was found that the
strength of context, as assessed by the P(bias) was positively correlated
with confidence ratings and negatively linked to response times. No group
di�erence was found for both correlations.
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6.3 Discussion

The two experiments presented in this chapter explore the e�ect of context
on the ambiguity perceived by listeners associated with ambiguous pitch-
shift. Previous results indicate that, when presented in isolation, an interval
composed of the succession of two Shepard tones separated by a six semi-tone
interval would be reported with equal probability as going ”up” or ”down” in
pitch-shift direction [342, 90]. The ambiguous interval is sensitive to context
information: when a tone is placed shortly prior the ambiguous interval, it
induces a strong bias toward the shift that encompasses that tone, biasing
the pitch-percept towards either an ”upward” or ”downward” response.

Using a combination of confidence and response time measures [303], we in-
vestigated the e�ect of context strength, manipulated by temporal (Exp.3.1)
and spectral (Exp.3.2) parameters on the perceived ambiguity in musicians
and non-musicians. Previous results have shown a strong divergence be-
tween the two groups, for ambiguous intervals with no prior context. This
di�erence was interpreted to reflect musicians’ reduced sensitivity to masking
e�ects, thus leading them to stream out the components of Shepard tones
and therefore perceive conflicting pitch-shift simultaneously. The results of
two experiments revealed that the group di�erence disappeared as the con-
text e�ect strengthened. Musicians and non-musicians were equally sensitive
to the context bias and as displayed increased confidence and faster response
times for stronger context bias. Individual linear regressions revealed that the
bias in response and the confidence and response time measures were directly
correlated. Besides, both types of context e�ects (temporal and spectral)
led to a decrease in perceived ambiguity.

The context e�ect of a previous sequence of context tones is believed to
reflect a process of ”context-induced tracks” that biases the attributions of
subsequent components heard (for more details see Appendix D), in order to
optimize spectra-temporal continuity [63, 309]. In the absence of a context,
the components of the Shepard tones are not attributed to determined tracks
and the binding between T1 and T2 in the Shepard interval may result in
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6.3 Discussion

conflicting pitch-shift directions, resulting in a perceived ambiguity for mu-
sicians. However, when a context sequence is played prior to the ambiguous
pair of tones, the ”context-induced” tracks lead to group the components of
the ambiguous interval in a way that does not lead to conflicting pitch-shifts
between T1 and T2, thus reducing the perceived ambiguity.

In summary, it was shown that an ambiguous auditory stimulus [342, 90, 63]
preceded by a context sequence was judged with higher confidence judge-
ments and faster response times when it was preceded by a stronger context
sequence, both triggered by temporal and spectral parameters. These find-
ings further support the idea that contextual information is crucial when pro-
cessing inconclusive sensory evidence [190]. However, the e�ect of context
was proved to impact ambiguous perception beyond mere bias in alternative
interpretation perception. The subjective experience triggered by ambiguous
stimulus has started to raise interest only fairly recently and remain largely
unexplored [188, 251, 371, 86, 348]. Here, it was shown that the perceived
ambiguity induced by an ambiguous auditory stimulus was modulated by the
bias of a prior context sequence. These findings could therefore contribute
to foster the investigation of novel facets of the way context informations
are exploited in the challenging task of processing highly complex natural
scenes.
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General discussion

When analyzing a complex scene, perceptual systems constructs a stable
percept which will lead to appropriate behaviors [153, 145]. However, the
information encoded by the limited range of sensors is never su�cient to spec-
ify the state of the outside world, making perception a ”ill-posed problem”
[97]. Resolving the ambiguity that arise from this partial set of information
is therefore a crucial part of perceptual processing [179, 178]. Therefore, the
myriad of processes at play when processing parsed and ambiguous sensory
input into a coherent scene constitutes the core of the scientific inquiry of
perception.

Whilst the visual modality has raised substantial interest among scientists,
ever since the first buds of modern psychology broke, it is only fairly recently
that the auditory modality started to receive a comparable attention [47].

This Ph.D. research has been dedicated to investigate auditory perception
processes through the study of an ambiguous auditory object. Ambiguous
stimuli were used in vision [5, 221], in audition [393, 202, 12, 255] and re-
cently in other modalities [414, 61], in order to uncover the mechanisms at
play in perceptual processes in general, for they convey maximally inconclu-
sive sensory evidence. Shepard tones are complex harmonic tones composed
of octave-related components shaped by a Gaussian envelope [342]. The
circularity of Shepard tones entails interesting properties to investigate pitch
perception [90]. Here, the ambiguous auditory object consists in the suc-
cession of two Shepard tones separated by a six semi-tone interval, also
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referred as ”tritone”. This interval has been reported to result in an am-
biguous percept: listeners report with an equal probabilities an ”upward” or
a ”downward” pitch-shift [342, 90, 63, 309]. Interestingly, the pitch-shift
of this six semi-tones interval being by far above the averaged threshold of
normal-hearing listeners [339], the split in reported direction does not reflect
uncertainty due to the di�culty of the task. Rather, it was interpreted to
reflect an ambiguity in terms of temporal-spectral continuity [47, 211]: no
shorter path between components may favor one or the other binding alter-
natives between the components of the two tones, making both pitch-shift
equally likely.

The pitch-shift reported by individual listeners seems to be influenced by
idiosyncratic biases [90, 91, 96, 92] (but also see [308, 93]). However, a
context e�ect was recently reported, that rapidly overwrites idiosyncratic
biases, and influence the perception of the ambiguous interval toward one
or the other pitch-shift [63, 2] (see Appendix A and D). By placing a short
sequence of tones before the ambiguous pair, a strong assimilative e�ect
was observed: listeners tended to report the pitch-shift encompassing the
frequency components of the context tone, with maximal e�ciency for a
context tone located halfway in between the tones of the ambiguous interval.
This e�ect gradually builds up with the number of tones in the context
sequence.

I first sought to characterize the temporal dynamics of this context e�ect, as
it may be highly informative of the type of neural processes at play, as it was
suggested by visual [10, 172, 312] and auditory [6, 158, 392] studies. We
observed an assimilative context e�ect, for all tested conditions [172, 45],
that was established extremely rapidly. The complementary question was to
explore the remanence of the e�ect by introducing a silent gap of varying
length between the context and the ambiguous tones. We found that the
e�ect persisted for a surprisingly long time, 32 seconds on average (Exmpt
1.2). A third experiment was conducted to observe the interactions between
the two temporal parameters and we found that the gap between the context
tone and the test had an e�ect of enhancing the context e�ect (Expmt 1.3).
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Such temporal properties are remarkable, for very few context e�ects, either
in vision [286, 172] or in audition [392, 6, 347], displayed such fast establish-
ment properties. Similarly, the slow decay of the e�ect is unusual, as context
e�ect have been observed to fade out over shorter periods of time. Slow de-
cays have been reported in certain cases [172, 158, 352] and interpreted as
markers of the fact that high-order cognitive processes are involved, the ra-
tionale being that such remanence can hardly caused by recovery periods of
sensory neurons [158]. In summary, this e�ect was found to be attractive
with all the tested temporal parameters, suggesting that its functional rel-
evance could be to stabilize perceptual organization [116]. Its remarkable
temporal dynamics cover a wide range of time scales which suggest that the
underlying mechanisms may be active in most everyday auditory scene pro-
cessing, such as speech segmentation processing [183] and music listening
[282].

The second part of my work was dedicated to address a simple and yet
largely unanswered question: are we aware of the ambiguity? Exclusivity in
perceptual ambiguity corresponds to the fact that the alternative percepts
are exclusive to each other: only one is perceived at the time. It was de-
fined as one of the hallmarks of perceptual ambiguity [221] but a growing
body of evidence suggests that perceiving ambiguous stimuli can result in
mixture percepts, where participants tend to report an unclear perception
[157, 188, 251, 371]. A study on binocular rivalry report that mixture per-
cepts builds up over time during the experimental session [188], the result
of and anti-Hebbian plasticity [404]. After prolonged exposition of ambigu-
ous figures, usually non-perceived in most natural scene, synaptic connection
may strengthen as unwired neurons spike synchronously, as a coping strategy
for processing the novel sensory input.

In the Shepard paradigm, it is commonly assumed that both percepts, the
”upward” and the ”downward” shift are exclusive to each other, meaning
that listeners clearly hear one or the other direction, but informal comments
have raised the possibility that some listeners may experience a somewhat
mixture percept [90, 342, 63, 311]. The pitch-shift response was measured
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for intervals with varying degrees of ambiguity [342, 63]. The six semi-tones
interval was the most ambiguous case, with listeners’ response split up be-
tween upward and downward responses. We also collected confidence ratings
[80] and response times, as a way to measure the perceived ambiguity as-
sociated with the pitch-shift direction [371, 140]. Our results point to a
strong group e�ect between musicians and non-musicians. Musicians tend
to respond with less confidence and longer response times for the most am-
biguous case and non-musicians display the opposite pattern, an ”ambiguity
e�ect” that seemingly correspond to di�erent degrees of the perceived am-
biguity (Expmt 2.1). These results were then replicated on a larger cohort in
an online experiment (Expmt 2.2) and a correlation between the ambiguity
e�ect and the number of years of musical practice was observed.

Musicianship has been associated with enhanced auditory streaming of com-
plex scenes [411, 115, 272] and reduced sensitivity to informational masking
[58, 368, 272]. In our case, we interpreted the ambiguity e�ect as a result of
a finer attentional resolution at play in auditory scene analysis, that as been
associated with expertise in the auditory [263] and visual domain [285, 139].
The Shepard tone could be streamed out into its di�erent components by lis-
teners with enhanced spectral resolution abilities, thus enhancing the saliency
of the two percepts. Non-musicians, on the other hand, may process Shepard
tones as a holistic object, without considering each component separately,
which results in only one percept being salient. Interestingly, when the tones
were manipulated so to increase the saliency of each component by slightly
jittering their onsets, non-musicians tended to perceive the ambiguity (Expmt
2.3).

Finally, it was shown that the context e�ect had a similar e�ect on musicians
and non-musicians: the bias of pitch-shift direction is paralleled by higher
confidence ratings and faster response times. This was interpreted to reflect
a decrease of perceived ambiguity associated with stronger context e�ect
(Expmt 3.1 and 3.2). These findings are in line the proposed model to ac-
count for the context e�ect, which claims that each frequency components is
assigned to a ”context-induced track”, based on a temporal-frequency conti-
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nuity principles [47, 211]. The context constrains the grouping of frequency
components in a way that favor only one or the other pitch-shift direction,
leading to a decrease in the perceived ambiguity.

This Ph.D has been dedicated to the investigation of an ambiguous auditory
stimulus. By exploring systematically the temporal dynamics of a context
e�ect and the perceived ambiguity associated with the ambiguous auditory
stimuli, this work has contributed to better characterize the neural processes
underlying a context e�ect that is likely to be at play in day-to-day auditory
perception. Using the same paradigm, it was also possible to explore the
subjective experience associated with ambiguous stimuli. Using the combi-
nation of confidence and response measures [303, 135] in a novel setting, we
demonstrated that the perception of an ambiguous stimulus was associated
with di�erent degrees of perceptual ambiguity. Despite similar perceptual
responses, some listeners were sensitive to the ambiguity. From spontaneous
comments, it appears that they experience a mixture of both ”upward” and
”downward” pitch-shift, as it has been reported in other studies on ambigu-
ous stimuli [188, 86, 251] although with various frequency [348, 295]. Here,
we found that various degree of perceived ambiguity was correlated with mu-
sical expertise. This findings therefore further support the hypothesis that
musicians have enhanced abilities in auditory scene analysis related tasks
[58, 368, 272, 411, 115], a advantage that could be attributed to the speci-
ficity of musical training in parsing very complex acoustic scenes such as an
orchestra ensemble [296, 263].

In my view, the most interesting aspect of this research pertains to the dis-
tinction between vague and ambiguous perception that can be sketched. In a
special issue paper on perceptual ambiguity, Schwartz et al. suggest that ex-
clusivity is a specificity of ambiguous stimuli carrying conflicting binding cues,
such as the duck-rabbit or the Rubin face/vase: for each perceptual alterna-
tive to be perceived, an overall reorganization of the stimulus must be oper-
ated, which implies that both percepts can not be perceived simultaneously
[334]. The perception of vague stimuli, on the other hand, is characterized
by the fact that response categories are fuzzy, non-exclusive, and observers
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are aware of their uncertainty when selecting a response [299, 105, 140]. In-
terestingly, the binding organization of perceptual objects can be modulated
by di�erent aspects [213] such as the synchronicity of its components [276]
or prior knowledge [316, 134]. Vagueness and ambiguity experiences may
therefore be triggered by factors extraneous to the signal itself, such as prior
information or a priori knowledge.

In that framework, confidence ratings and response times could arguably
constitute well-fitted tools to disentangle perception of vague and ambigu-
ous stimuli, as the di�erence lies in introspective aspects of the perceptual
experience that can be addressed with those measures. In an experiment in-
vestigating the processes of perceptual categorization, longer response times
were associated with categorical indecision [140, 111]. In contrast, diverse
degrees of ambiguity in a ambiguous motion were found to cause no e�ect on
response times [371]. In that framework, our findings suggest that musicians
experienced the interval as vague, as both percepts were available simulta-
neously, resulting in lower confidence ratings and slower response times. In
contrast, non-musicians displayed a behavior indicative of perceptual ambigu-
ity: only one percept at a time was experienced, resulting in high confidence
ratings and fast response times. It was hypothesized that the specificity of
musicians consisted in an enhanced spectral resolution on the sub-parts of the
scene, a consequence of expertise [285, 138, 139] in auditory scene analysis
tasks [296]. It may also be argued that the di�erence between musicians and
non-musicians lies into their a priori knowledge of sound organizations, that
may result in di�erent perceptual experiences of the ambiguity [134, 213].
Musicians, being trained to interact with extremely complex auditory scenes
-for instance when they play in an orchestra-, develop a stronger knowledge
of the fact that even synchronous sounds may originate from distinct sources
[296]. This could account for the fact that they maintain a high attention to
the distinct components of the Shepard tones, considering that they poten-
tially originate from distinct sources. Strikingly, when non-musicians have
access to cues that enhance the streaming of Shepard tones into its dif-
ferent components, they perceive the ambiguity as their attention is drawn
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to sub-parts of the scene. In conclusion, this research contributed to de-
velop a novel method to explore introspective aspects of the perception of
inconclusive stimuli. By shedding light on a relevant distinction between
vagueness and ambiguity, this work could therefore foster new perspectives
on the processes as play when dealing with complex auditory scenes.
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Appendix A

Shepard tones and context

e�ects

This poster presents the general method for the context e�ect of ambiguous
intervals formed by two Shepard tones separated by a six semi-tone interval
[342]. Here, two di�erent types of prior information e�ects are reported.
One is an hysteresis e�ect, by which the point of subjective indi�erence was
modulated by the ordering presentation, one of the hallmarks of attractive
context e�ects [63, 131]. The second reports the e�ect of a short sequence
of tones played prior to the ambiguous pair. An attractive e�ect is observed:
listeners tended to report the shift encompassing the frequency components
of the context tones. The context e�ect accumulated with increasing number
of tones in the sequence.
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Perception of Ambiguous Auditory Stimuli: 
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• Most investigations of pitch have used methods where the stimulus is
manipulated and the effect on perception is recorded. Here we present a
paradigm where context influences pitch perception in identical stimuli.
• Listeners judged the direction of pitch change in pairs of Shepard tones.
• In Expt. 1, we found strong assimilative hysteresis: the pitch change
reported for one interval was influenced by previous percepts.
• In Expt. 2, we explored the causes of the hysteresis effect and found that it
is likely to result from perceptual sensitisation.
• The paradigm may be of interest for investigating the neural bases of pitch,
as activity can be recorded for different pitch percepts caused by the same
stimulus.

Overview
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Method
Stimuli
• Shepard tones (Shepard, 1964) with different fundamental frequencies
(F0): Dominant cue for judging pitch direction is the proximity between
components
• F0-interval of a half-octave (6 semitones, a tritone): Proximity cue is
removed, resulting in ambiguous pitch shift (Shepard, 1964; Deutsch, 1986)

Hysteresis in Pitch Perception 

Results
Ambiguous 6 st. interval
• No systematic bias was found for “up” or “down” responses
• Standard or comparison systematically perceived as higher within series

Procedure
• Shepard tone pairs were presented: Standard (black) and comparison (red)
• The F0 of the standard was varied across sequences
• Random order of standard and comparison
• Task: Pitch direction (up/down)
• Participants: 10 normal-hearing listeners

Procedure
• Task: Pitch direction (up/down) for the last two tones of each trial
• Participants: 8 normal-hearing listeners

Discussion
Expt. 1.
• Biases unlikely to derive from response hysteresis (Giangrande et al,
2003; Hock et al, 2005). Due to the random order within pairs, ‘up’ and
‘down’ responses were always balanced.
• Pitch was perceptually biased by the context.
Expt. 2.
• Both hysteresis (Expt. 1) and the context effect (Expt. 2) act like a form of
perceptual sensitisation.
• Context acts in an implicit manner, outside the awareness of the listener
• Effect of context rapidly established. We suggest a role for rapid neural
plasticity in producing the effect (Fritz et al, 2003).

Sequence Interval (semitones)
6 st. 6  6 6  6  6 6…
Random 3 6  8 4  1  11...
Increasing 1 2  3  4 5  6...
Decreasing 11  10  9 8  7 6…

Context Effect in Pitch Perception
Method
Stimuli
• Trial: ambiguous Shepard tone pair (6
st. interval), preceded by a context
sequence of Shepard tones with random
F0s ranging from either F0 to F0 + 6 st.
(circle: upper path) or F0 to F0 - 6 st.
(circle: lower path)

Results
Accumulation of bias
• Biases consistent with those found in Expt. 1
• Bias occurred when one context tone was presented
• Bias accumulated as the number of context tones was increased (F(10,60)
= 121.20, p < 0.0001)
F0 of Shepard tones
• F0-interval of 3 st. and 9 st. relative to the standard tone resulted in the
strongest biases, towards standard lower and standard higher percepts
respectively (F(11, 77) = 19.02, p = 0.0001)

Future Work
Future experiments will further characterise the context effect
• Specific to pitch stimuli or a more general phenomenon?
• The role of attention in producing the context effect 
• The duration of the effect and the role played by attention in maintaining 
the effect (see companion poster, Pelofi, Chambers, & Pressnitzer)
• This paradigm provides a tool to investigate the neural bases of pitch 
perception, as neural activity can be recorded for different pitch percepts 
caused by the same stimulus, thus avoiding acoustical confounds

Random interval
• F0-intervals: 1 - 11 st. in random order
Ordered interval
• Hysteresis: 1 st. → 11 st., 11 st. → 1 st.
• Percept biased according to sequence type
• Point of subjective indifference (PSI) estimated by fitting a Weibull
distribution to individual data
• Effect of sequence type on PSI: F(2, 192) = 282.42, p < 0.0001)
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Appendix B

E�ect of very short context tone

Expmt 1.3 revealed that a when a short silence was introduced before the test
sequence, the build up of the context e�ect was even more pronouced. To
further investigate that, n experiment was conducted that tested only very
short context durations (10 and 20 ms) succeded by silent gaps of various
durations. The experiment design was:

Subj*Context2*Gap4

B.0.1 Method

Participants

Ten self-reported normal-hearing listeners (M = 25.6, SD = 7.2), four men
and six women participated in the experiment. All of them successfully passed
through the screening test (version 2, see Screening procedure). Among
them, three had never participated in a previous experiment involving Shepard
tones. All were paid for their contribution.
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Appendix B E�ect of very short context tone

Stimuli

All the tones used in this experiment were Shepard tones generated as de-
scribed above (Stimuli). Each trial consisted in the succession of a context
sequence of one tone (C) and a test sequence composed of two test tones
(T1-T2). The Fb for T1 was randomly drawn for each trial, uniformly be-
tween 60 Hz and 120 Hz. The interval between Fbs in T1 and T2 was
fixed at 6 st which correspond to the ambiguous interval (for which listeners
typically report two pitch-shift directions with equal chances). The interval
between Fbs in C and T1 was fixed at 3 st and 9 st so that C would induce
the maximal bias toward an upward (3 st) or a downward (9 st) pitch-shift.
The duration of the test tones was 125ms each, including 2.5 ms raised-
cosine onset and o�set ramp. There was no delay between T1 and T2. The
duration of C was varied between 10 and 20 ms.A silent gap was introduced
between the context tone and the test tones. Its duration varied between
0, 0.0625, 0.125 and 0.25 s. Each gap and context duration combination
was repeated forty times and the presentation order was shu�ed within test
sessions.

In order to minimize any across trial e�ect, an inter-trial sequence of five
inter-trial tones was played, as previously described Stimuli. Each inter-trial
tone had a duration of 125 ms, including a 5ms raised-cosine onset and o�set
ramp and was separated from the subsequent tone by a short silence of 125
ms.

Apparatus and procedure

Listeners were tested individually in a double-walled sound-insulated booth
(Industrial Acoustics Company). Stimuli were played diotically through an
RME Fireface 800 soundcard, at a 16-bit resolution and a 44.1 kHz sampling
rate. They were presented through Sennheiser HD 250 Linear II headphones.
The presentation level was 65 dB SPL, A-weighted. At the end of each trial
of the main experiment, listeners were asked to report whether the interval
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formed by the two final tones was going upward or downward in pitch. To give
their answer, they had to press either key 1 (downward shift) or key 2 (upward
shift) of the keyboard. The inter-trial sequence was then played. During the
control experiment, listeners had to report the pitch-shift direction, as in the
main experiment. Then, they were asked to report whether they heard c
tone before the final tone pair. To give their answer, they had to press either
key 1 or key 2 of the keyboard. A green or red box appeared on the screen
after each detection response to provide feedback. The inter-trial sequence
was then played.

Data analysis

The proportion of ”up” response P(up) was computed from the pitch-shift
direction responses for all listeners and each gap duration condition. As pre-
viously described, a proportion of ”biased” responses P(bias) was computed
from the P(up). A P(bias) of 1 would correspond to listeners always re-
porting pitch shifts encompassing the frequency region of the context tones
i.e. assimilative bias, whereas P(bias) of 0 would correspond to listeners
always reporting the opposite direction of pitch shift, i.e. contrastive bias
; an absence of context e�ect, that is, a response probability una�ected by
the context, would correspond to P(bias) of 0.5.

B.0.2 Results

Pitch-shift direction response

Figure B.0.1 displays the P(bias) averaged across participants is plotted as
a function of the gap C-T1 duration for each context duration conditions in
separated panels.

A two-way repeated measure ANOVA with gap and context durations as two
within subject factors was conducted. It revealed that the gap factor had a
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Appendix B E�ect of very short context tone
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Figure B.0.1: The proportion of “biased” responses, P(bias), is displayed for
each context duration and averaged across listeners. Shaded
areas indicate +- 1 standard error about the mean.

significant e�ect (F (3, 27) = 3.49, p = 0.03) and the context duration factor
barely reached significance (F (1, 9) = 5.02, p = 0.051). The interaction
between the two was not significant (F (3, 27) = 1.64, p = 0.2).

B.0.3 Discussion

From the results of Expmt 1.3, we could have expected to observe a strong
build up e�ect that would result from the interaction between short context
and the silent gap preceding the test tone. The results presented here did
confirm our expectations, as no strong build up was observed.
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Appendix C

Can distraction tasks interrupt

context e�ect in Shepard tone

paradigm?

This poster presents preliminary results of a set of experiments exploring the
e�ect of di�erent types of distracting tasks on the disruption of a context
e�ect. Chapter 5 of this manuscript reports remarkable remanence properties
of the context e�ect of a short sequence of tones on an ambiguous interval
[62]. Although the slow decay dynamics points to the contribution of non-
sensory, higher-order cognitive processes [10, 286], as it has been argued with
non-temporally adjacent context e�ects on speech perception [158] and visual
motion perception [172], the exact nature of memory processes involved
remain obscure. Especially, the strategies endorsed by participants during
the silent gap are not controlled and could strongly modulate the remanence
dynamics. By introducing a distraction task in between the context and the
test sequence, we sought to control for listener’s behavior and observe what
would disrupt the context e�ect. The results presented in this poster are
preliminary and would require further attention.
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We investigated context effects in the perception of ambiguous pitch stimuli,
specifically addressing its duration and the role of attention in maintaining the
context effect. The stimuli were pairs of “complementary” sounds, known as
Shepard tones (Shepard, 1964).
In the companion poster (Chambers, Pelofi & Pressnitzer), it was found that it
was possible to bias the direction of pitch shift by preceding the ambiguous
Shepard tone pair with a context sequence of Shepard tones.
In Expt. 1, the duration of the effect was investigated by introducing a variable
silent delay (0.5 s-64 s) between the context sequence and the ambiguous
test. It was found that the effect lasted up to 32 seconds which suggests a
rapidly established, long-lasting auditory context effect.
Expt. 2 examined the role of attention in maintaining the effect by requiring
participants to respond to a distractor task during the silent delay. An auditory
frequency discrimination and mental calculation task were used. Results
suggest that the effect of attention is variable across participants.

Overview

Method
Stimuli
• Shepard tones : tones which comprise all octaves of a given fundamental
frequency. A Shepard tone pair with a half-octave interval is ambiguous in
terms of the direction of pitch shift.
• Context: Five Shepard tones, with random F0s restricted to a half-octave
range relative to T1.
• Delay: A silent gap of variable duration (0.5s-64s). Delays were varied
randomly within a block.
• Test: A pair of Shepard tones, T1 and T2, with a half-octave F0-interval
(Shepard, 1964). Random order of T1 and T2 on each trial.

Expt. 1: Implicit memory in the perception 
of ambiguous pitch stimuli

Results
• The proportion of trials where T1 was perceived as lower in pitch was
computed. A normalised measure of bias was derived so that 0 indicates the
absence of bias and 1 indicates full bias.
• Repeated measures ANOVA: significant decrease of the context effect over
time (F(7, 42) = 9.63, p < 0.001).
• T-tests (Bonferroni correction): the normalised bias is significantly different
from 0 for delay durations up to 32 s.

Procedure
• Participants indicated whether they heard upward or downward pitch
change.
• Six normal-hearing listeners participated.

Expt. 2: Does attention maintain the bias?
Method
Stimuli
• As in Expt. 1 for context and test with delay(s): 8, 16, and 32. During the
delay, distractor tasks were added. Three conditions were tested:
• Auditory frequency discrimination: A component of the Shepard tones
was randomly selected. Two pure tones were generated at frequencies of
+-0.25 st. relative to the selected component. Participants judged the
direction of pitch-change.
• Mental calculation: Participants added random two-digit numbers.
• Control: Silent gap, as in Expt. 1.

Procedure
• Following each trial, participants responded to the distractor task, then
indicated the direction of change of the ambiguous tone pair.
• Six normal-hearing listeners participated, two were excluded.

Results
• Preliminary results reveal that there was no effect of distractor condition. 
• However a comparison between Expt. 1 and 2 reveals two different 
patterns: 
(i) a weaker context effect in Expt. 2 than Expt. 1 (participant CR) 
(ii) an equally strong context effect in both experiments (participant CP)
• This dichotomy leads us to two hypotheses: (i) maintenance of the 
context effect requires more attention in certain listeners, (ii) the distracting 
task is more attentionally demanding for some participants.
• All participants scored more than 85% correct on all distractor tasks.

Context effect in the perception of an ambiguous pitch stimulus
• Rapidly established (five context tones)
• Long lasting (persists up to 32s)
• Hypothesis (i) and (ii) to be tested in further research
• Possible behavioral correlate of rapid plasticity (Fritz et al, 2005)
Future research
• The present paradigm will be tested on amusic subjects (Supervisor:
Isabelle Peretz, BRAMS laboratory, Montréal), who exhibit impaired music
perception but intact peripheral auditory processing (Peretz et al., 2009).
• We will investigate the hypothesis that their impairment is linked to explicit
processing involved in music perception and short memory for pitch
information.

Rapid auditory context effect 
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Appendix D

Model of pre-perceptual

grouping

This poster introduce a model proposed to account for the perception of
an ambiguous interval of Shepard tones [342]. It is inspired by a factorial
hidden Markov model [130] and claim that each frequency component in
the acoustic scene is assigned to a perceptual track constrained by spectro-
temporal continuity, in agreement with perceptual grouping principles at play
in auditory scene analysis [47]. The properties of the perceptual tracks are
continuously adapted, based on the integration of past information [156,
304, 166, 13].
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Appendix D Model of pre-perceptual grouping

Pre-perceptual grouping of auditory scenes explains contextual biases in the

perception of ambiguous tonal shifts.
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Background

Shepard Tones
Base frequency fb, and octave
related
Bell-shaped envelope on
log-frequency
Evoke a non ambiguous pitch

Shift Ambiguity
Small Physical upward shift
fb " leads to upward percieved
shift
Octave shift = Identity
Half-Octave Shift !
Ambiguous percept

Biasing Pitch Shift Perception (Chambers and Pressnitzer) [3]

Psychophysical Results
Demonstration of half-octave ambiguity. (a,b)
A single Shepard tone played shortly prior to the ambiguous pair can induce a strong bias,
toward the shift that encompasses that tone. (c,d)
Build up of the bias with the number of preceding tones (e,f)

A simple adaptation mechanism?

Adaptation is usually local
tonotopically local adaptation
e↵ects falls o↵ to 0 with distance
! Here bias is strongest in the middle of the region
Psychophysical manifestations of adaptation are usually repulsive
Englitz et al [2], showed repulsion in a decoding paradigm
repulsion predicts the opposite e↵ect

More that Average Spectrum of Context
Sparsely dropping individual pure tones
removes the bias
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Model Concept: Preperceptual Grouping

Inspiration: perceptual grouping in stream
segretation [4].

Items of an auditory scene can be
segregated in multiple distinct
perceptual objects

Preperceptual grouping
Items of an auditory scene can be
grouped in multiple distinct
pre-perceptual tracks based on
spectro-temporal continuity
Helps solving the attribution problem
(prevents misbinding)
Assumption reflects natural sounds
statistics

Model Presentation

Model assumptions

sensory noise corrupt frequency
representation
track spectro-temporal continuity
tracks persist in time
tracks generate tones close to their
mean (std �C)
sensory noise / 1p
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Formalism: Factorial Hidden Markov Model [5]
Probabilistic inference:

Online inference of the tracks underlying
the auditory scene
sensed tones are attributed to tracks
(clustered)
beliefs on tracks center frequency are
updated
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From pre-perceptual tracks to perception:

Track-local features are extracted and combined to give rise to a percept. Here, track-local shifts
are linearily combined to give rise to the global shift percept.

Model Fitting Results

The model predictions qualitatively and quantitatively match the psychophysical results. It
explains perceived shift both in the presence and the absence of context.

Discussion

Summary
Chambers et al. presented a contextual bias in auditory perception
We suggest that a simple adaptive mechanism cannot account for the bias
We propose a model relying on pre-perceptual tracking of auditory scenes to account for the
bias and show it matches psychophysical results

Pre-perceptual Grouping, a general mechanism?

This work was funded by the Gatsby Charitable Foundation. Contact: vincenta@gatsby.ucl.ac.uk
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Résumé 
 
La tâche des systèmes sensoriels est 
d’organiser l’information lacunaire et ambiguë 
en une représentation stable et cohérente du 
monde. Dans la modalité auditive, « l’analyse 
de scènes auditives » consiste à regrouper 
ou séparer correctement le signal en 
différentes voix.    
 
Cette thèse a été dédiée à caractériser la 
manière dont est perçu un stimulus auditif 
ambigu. Le stimulus est composé de deux 
sons qui forment un intervalle qui peut être 
entendu comme montant ou descendant en 
hauteur.   
 
Dans un premier temps, mon but a été de 
mettre en évidence le décours temporel de 
l’effet de contexte permettant d’orienter la 
perception ambiguë dans un sens ou dans 
l’autre. Les dynamiques temporelles 
remarquables de cet effet de contexte ont 
permis de déterminer plus précisément la 
nature des mécanismes neuronaux sous-
jacents. 
 
Dans un deuxième temps, ce travail de 
recherche s’est penché sur une question 
nouvelle : l’expérience subjective du stimulus 
ambigu. Grâce à la combinaison de mesures 
de confiance et de temps de réponses, les 
résultats ont mis en évidence un effet 
prononcé et robuste de l’expertise musicale.  
 
Cette thèse présente donc une nouvelle 
approche de la perception d’un stimulus 
auditif ambigu qui permet d’aborder la 
question encore largement inexplorée de 
l’expérience subjective de l’ambiguïté. 
 

Mots clés 
Ambiguité, Hauteur, Effet de Contexte, 
Expertise Musicale 
 
 
 
 
 
 

Abstract 
 
Perceptual systems are endorsed with the 
challenging task to organize a partial and 
ambiguous sensory input into a useful 
representation of the world. In the auditory 
modality this task named “auditory scene 
analysis” consists in grouping or streaming 
the acoustic input into different voices.  

The aim of this Ph.D has been to investigate 
how listeners process an ambiguous auditory 
stimulus. The stimulus consists in two tones 
that can be heard as an upward or a 
downward pitch-shift.  

First, I investigated the sensitivity of the 
ambiguous interval to prior contextual 
information and the time-course of these 
context effects. The remarkable temporal 
dynamics of the context effect are informative 
of the underlying neural processes at play.  

Second, my research tackled a novel 
question on perceptual ambiguity: are 
listeners aware of the existence of the distinct 
perceptual alternatives? By combining 
confidence ratings and response times, the 
results revealed a strong and robust effect of 
musical expertise.  

This work proposes a novel approach to an 
ambiguous auditory stimulus, to tackle the 
largely unexplored question of the subjective 
experience of ambiguity.  

Keywords 
Ambiguity, Pitch, Context Effects, 
Muscianship 
 

 

 
 
 
 
 
 
 
 
 


