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In this thesis, we developed a new experimental paradigm for studying how recent sensory history (the context) affects a basic aspect of auditory perception, the comparison of successive frequency components. Stimuli were devised to include ambiguous transitions between frequency components, as it was hypothesized that such an ambiguity would make the task especially prone to reveal context effects. Six psychophysical experiments are reported. Using pairs of Shepard tones (Shepard, J. Acoust. Soc. Am., 1964), we first demonstrate a strong hysteresis effect when successive pairs are judged, whereby past trials affect current judgments. We then isolate the cause of this context effect, by contrasting perceptual reports for a same ambiguous test pair when preceded by different contexts. We show that frequency shifts are preferentially reported when they encompass a frequency regions that was stimulated during the context. This context effect is rapidly introduced, as a single tone as short as 20ms can produce a reliable bias. Yet it also has an enduring effect on perception, persisting over more than 30s. Using random chords pairs designed to include ambiguous frequency shifts, it then shown that the context effect is not specific to Shepard tones but rather reflects a generic process acting on the tonotopic representation of sounds.

Finally, the context effect is modulated by both low-level (ear-of-entry) and high-level (selective attention) manipulations, suggesting an interplay between several processing stages for the underlying neural mechanism. Our findings show that one of the most ubiquitous and basic tasks of the auditory system, comparing successive frequency components, is not a fixed function of the physical stimulus. Rather, it is highly malleable and depends on the ongoing context. 11.3.1 Secondary task ________________________________________________________ 11.3

Chapter 1 Introduction 1.1 Should context matter?

For most experimentalists, context effects are a nuisance. One often attempts to characterize the behavioral response of a subject, or the neural selectivity of a neuron, to a given parameter of sound, such as frequency. Ideally, the result of this work should be valid in all circumstances, regardless of the sounds that precede or follow the observation. Great care is in fact usually taken to randomize trials when performing an experiment, so that putative context effects are averaged out, like any other source of experimental noise .

The desired outcome of the experiments may be the construction of models of e.g. pitch perception (see [START_REF] Cheveigné | Pitch perception models[END_REF] for a review), or the establishment of topographic maps of e.g. frequency at various stages of the auditory pathways [START_REF] Schreiner | Laminar fine structure of frequency organization of frequency organization in auditory midbrain[END_REF]. The underlying assumption is that the pitch model should broadly produce the correct prediction of behavioral performance at any moment in time regardless of the previous sequence of events, or that the feature maps will faithfully track the acoustic content in most circumstances. Context effects are of course not ruled out, but the hope is that they can be taken into account as higher-level processes, modulating the output of the first-order analysis of sound. Perhaps as a result, most computer systems dealing with sound are built on a hierarchical distinction starting with a fixed feature-based acoustic representation followed by a generic statistical learning framework (see [START_REF] Mesgarani | Toward optimizing stream fusion in multistream recognition of speech[END_REF], for a recent exception).

However, there are strong a priori reasons to suspect that context should be considered as an integral part of perception, which cannot be dissociated from it.

Perception as an ill-posed problem

In the broadest sense, perception allows us to guide behavior by comparing the state of the external world with our current goals. It is then intuitive that building an accurate internal representation of the external world should be beneficial for the observer. For hearing, it would seem extremely useful to know exactly how many objects are producing sound, what those objects are, and what they are doing.

Unfortunately, building such an accurate representation is an ill-posed problem. In all sensory modalities, the information gathered by the senses is in the form of low-dimensional projections of the external world, and there is any number of possible representations of physical objects at any given moment. As a consequence of this dimensionality mismatch, it is impossible to determine exactly the state of the world given the information transmitted by sensory receptors.

The problem has been highlighted many times in the visual sciences, and it has been efe ed to as of i e se opti s [START_REF] Kersten | Object perception as Bayesian inference[END_REF]. As is shown in the example below, the auditory system is confronted with exactly the same problem, which can e te ed i e se a ousti s . I the isual e a ple of Figure 1.1, the reduction from a 3-D world to a 2-D retina is represented. The viewer is presented with a 2-D line-drawing of a four-sided shape. This drawing is consistent with an infinite number of 3-D shapes of different sizes and at various distances from the viewer. The right panel of Figure 1.1 shows a similar example applied to auditory perception. The signal at the ear is a simple pressure waveform, consisting of amplitude variations over time. Thus, the same signal may be the result of summation of any number of different waveforms produced by any number of physical objects. In both cases, visual and auditory, the sensory information is therefore by nature ambiguous. Sensory information is not enough to completely determine the state of the world: there could always be more than meets the eye or the ear. 

Perceptual inference

Despite the inherent ambiguity of visual or auditory information, our introspection seems to indicate that we effortlessly extract information about the outside world and that we get it right, most of the time. How is this possible? One of the most influential answers to this question was provided by [START_REF] Helmholtz | Handbuch der physiologischen optik (Handbook of physiological optics)[END_REF]. As we just emphasized, Helmholtz recognized that sensory information is inherently ambiguous and that this creates a seemingly intractable problem. Since sensory information is ambiguous, the organism cannot perceive objects in the outside world by deduction, but instead must make an informed guess on their physical properties. He therefore described pe eptio a d its asso iated guesses as a p o ess of u o s ious i fe e e , he e the organism estimates the physical properties of external objects that are the most probable.

What is per ei ed are esse tiall those o je ts a d e e ts, hi h u der or al

conditions would be most likely to produce the re ei ed se sor sti ulatio [START_REF] Helmholtz | Handbuch der physiologischen optik (Handbook of physiological optics)[END_REF].

It is important to note that the perceiver need not be aware that this inference is taking place. Perception merely acts according to this principle. Indeed, perceivers should not need to consciously consider the different ways of perceiving a scene before deciding on the most plausible interpretation. It remains to be seen how the likelihood of each i te p etatio a e assessed, ut the i po ta t poi t is that, u de Hel holtz s conjecture, perception must always combine stimulus-provided information with other sources of knowledge.

Prior knowledge

A powerful source of information beyond the sensory stimulus is prior knowledge. Prior knowledge can take many forms. One is the orga is s a u ulated e pe ie es, hi h have been shown to produce perceptual biases that continually influence how we perceive.

A well-known visual example is the tendency to perceive three-dimensional objects in a way which assumes that light comes from above (Figure 1.2). This tendency to assume that lighting is overhead is presumably due to exposure to viewing conditions where objects are generally lit from above. This can be thought of as prior knowledge, in that the visual system assumes that this is most often the case and uses this bias for perceptual inference. As a side-note, this example also shows how a laboratory-designed illusion can be used to reveal general principles that are assumed to operate under normal conditions [START_REF] Gregory | Eye and brain: The psychology of seeing (5th editio[END_REF]. [START_REF] Gregory | Eye and brain: The psychology of seeing (5th editio[END_REF]. This is likely to be due to a bias to assume that light comes from above, although recent data show that the full bias is to assume an above-left illumination, which is less straightforward to account for in term of past experience [START_REF] Mamassian | Prior knowledge on the illumination position[END_REF].

Context

Something just as useful as long-term prior knowledge may be acquired over shorter timescales. Th oughout this thesis, this is hat e te o te t .

In auditory perception, temporal context seems particularly relevant. Sound necessarily has a temporal component (even a click is defined relative to the surrounding silence) and accordingly, in order to hear, we must integrate information over a certain time-

window. The temporal nature of sound even led Demany and Semal (2008) to argue that the boundary between memory and perception is blurred when it comes to hearing, as our perception of present stimuli makes little sense without considering some form of memory.

Thus, there are strong reasons to hypothesize that immediate context should play a role in auditory perception.

This brief introduction served to highlight the a priori reasons why context effects must be an integral part of perception. We end this chapter with an excerpt from a recent review on visual context effects. [START_REF] Schwartz | Space and time in visual context[END_REF] described both perception and the analysis of corresponding neural response in the following terms:

No a , a d o o ita tl o se sor sti ulus, is a isla d. That is, the perception of, and neurophysiological responses to, a target input depend strongly on its te poral o te t hat has ee o ser ed i the re e t past .

Structure of thesis

The present thesis is concerned with context effects in auditory perception. Using a novel auditory illusion, we show that context can change the way we hear a basic auditory feature, causing a striking difference in the perception of the same physical sound.

Context effects have been widely studied in auditory neurophysiology, and Chapter 2 provides a brief overview of some of the relevant studies pertaining to the representation of frequency. The point that we wish to emphasize is that neurophysiologists have convincingly characterized many changes in neural activity with respect to previous stimulation, but that the functional consequences of such a widespread operational principle remain largely a matter of speculation.

Next, in Chapter 3 we review some of the auditory context effects that have been observed with behavioral techniques. Again, there is a variety of phenomena, both in the perception of high-level constructs such as speech and low-level features such as loudness.

The novelty of our experimental approach is to use ambiguous stimuli to probe auditory context effects. This technique has been used in the visual sciences with bistable stimuli and we present some of the relevant studies in Chapter 4.

The last chapter of the literature review, Chapter 5, focuses on the type of stimulus that we will use in most of our experiments, referred to as Shepard tones [START_REF] Shepard | Circularity in judgments of relative pitch[END_REF].

We explain why such stimuli are ambiguous, and review experimental findings on their perception, with an emphasis on the few studies having tried to measure context effects with Shepard tones and their limitations.

The experimental part of the thesis presents six experiments, which are briefly introduced in Chapter 6.

Chapter 2 Neural evidence for auditory context effects

Even though the experimental part of this thesis is purely behavioral, we start by reviewing a few selected studies highlighting neural context effects associated with sound stimulation. This is because a large amount of research has conclusively shown that there is a rich variety of neural changes related to context throughout the auditory pathwaysalthough the functional consequences of such observations remain a matter of debate.

It is beyond the scope of this manuscript to provide a comprehensive review of the many studies which report an effect of previous stimulation on current neural response. As our experiments are all based on judging the relative frequency of spectral components, we will only consider context effects related to pure tone stimulation, which affect tonotopy.

The review is roughly organized according to the ascending levels of processing in the auditory system.

Tonotopy

In mammals, from the cochlea up to at least primary auditory cortex, the auditory pathways are organized in parallel frequency bands. The cochlea first effects bio-mechanical filtering, which decomposes acoustic signals into different frequency bands of widths roughly proportional to the centre frequency (see [START_REF] Pickles | An Introduction to the Physiology of Hearing[END_REF], for a review). The frequency tuning established at that early stage is then preserved in the activity of auditory nerve fibers [START_REF] Kiang | Dis harge Patter s of Si gle Fi ers i the Cat s Auditor Ner e[END_REF]. It is also observed at many subsequent stages, from the cochlear nucleus, olivary complex, inferior colliculus, thalamus and primary auditory cortex (see Popper and Fay, 1991, for a review). This frequency-to-place map is termed tonotopy.

Recent data show that tonotopy in primary cortex is not as neatly laid out as previously thought, with possibly overlapping maps and the presence of rapid plasticity [START_REF] Bandyopadhyay | Dichotomy of functional organization in the mouse auditory cortex[END_REF][START_REF] Fritz | Rapid task-related plasticity of spectrotemporal receptive fields in primary auditory cortex[END_REF][START_REF] Rothschild | Functional organization and population dynamics in the mouse primary auditory cortex[END_REF]. It is also very likely that there are several parallel tonotopic maps before the cortex, perhaps even starting in the auditory nerve with the high, medium, and low spontaneous rates fibers [START_REF] Liberman | Auditory-nerve response from cats raised in a low-noise chamber[END_REF]. Moreover, the function of tonotopy is still a matter of dispute, as a topographical map of frequency does not imply a frequency-code related to perception [START_REF] Goldstein | Auditory-nerve spike intervals as an adequate basis for aural frequency measurement[END_REF].

Nevertheless, tonotopy is perhaps the only well-established topographical principle of neural activity in the auditory pathways, even though cortical maps for other features have been put forward such as bandwidth selectivity, loudness selectivity, or space [START_REF] Schreiner | Order and disorder in auditory cortical maps[END_REF] In fact, tonotopy is used to identify functional regions such as primary and non-primary cortical areas, or lemniscal and non-lemniscal pathways subcortically.

In the following section, we review findings that show that tonotopy is not a fixed property of auditory neurons, but that it is modulated by temporal context.

Tones and tone sequences 2.2.1 Adaptation in the auditory nerve

Neural adaptation is one of the most peripherally observed context effects. Adaptation is the reduction in the firing rate of a neuron in response to continuous or repeated stimulation. In the case of continuous presentation of a tone, adaptation causes the firing rate at the end of the tone to be lower than at the onset, even though the amplitude of the tone remains constant (Figure 2.1). This can be thought of as an ongoing context effect. Adaptation has been found at the earliest stage of auditory processing, at the level of the auditory nerve [START_REF] Kiang | Dis harge Patter s of Si gle Fi ers i the Cat s Auditor Ner e[END_REF]. [START_REF] Westerman | Rapid and short-term adaptation in auditory nerve responses[END_REF] provided a systematic mapping of the characteristics of auditory nerve adaptation. Peri-stimulus time histograms from this study are displayed in Figure 2.1, showing a reduction in firing rate in response to the stimulus. They showed that adaptation over time may be described by exponential decay in the response of the nerve-fiber with two components, one rapid (1-10 ms) and a longer time constant (~60ms). Later studies have expanded the time scales of adaptation observed in the auditory nerve, with time constants up to ~45 s found by [START_REF] Javel | Long-term adaptation in cat auditory-nerve fiber responses[END_REF]. More recently, [START_REF] Zilany | Power-law dynamics in an auditory-nerve model can account for neural adaptation to sound-level statistics[END_REF] suggested a power-law type of adaptation, which would provide a relative invariance to time scale.

At the most basic level, adaptation can be thought of as a fatigue-like effect, perhaps due to the depletion of neurotransmitter in the synapse between the hair-cell and nerve fiber [START_REF] Javel | Long-term adaptation in cat auditory-nerve fiber responses[END_REF]. Due to the simple form of adaptation presented here, the tonotopic map is already known to change over time with sustained sound presentation, beginning at a peripheral level.

Sub-cortical adaptive coding

Several studies have sought a functional role for neural adaptation. In one set of studies, the concept of adaptive coding was emphasized: adaptation may be a way for neurons to adjust to the prevailing statistics of current stimulation and thus increase their coding accuracy. [START_REF] Dean | Neural population coding of sound level adapts to stimulus statistics[END_REF] investigated context-dependence in neurons coding for sound level in the inferior colliculus of anaesthetized guinea pigs. Responses of individual neurons were recorded in context conditions where sounds were presented most often with a sound pressure level (SPL) in a region of high probability, and much less often over the rest of the SPL range (Figure 2.2, top-left). Across conditions, the mean SPL was varied. For each individual neuron, the authors computed a measure of coding accuracy at each level, Fisher information, which takes into account changes in their firing rates and variance to estimate the SPL coding accuracy of each neuron. Comparison of the Fisher information revealed that adaptation improved coding accuracy for the high-probability SPLs (Figure 2.2, top-right).

Further changes in coding accuracy occurred when the variance of the SPL distribution was manipulated, with a correspondence between the widening of the context region and the Fisher information curve (Figure 2.2, bottom-left and right panels).

Further studies have shown that the adaptive coding benefits are extremely rapidly established, on the order of tens of milliseconds [START_REF] Dean | Rapid neural adaptation to sound level statistics[END_REF]. Moreover, such effects are not only observed in the inferior colliculus but already in the auditory nerve [START_REF] Wen | Time course of dynamic range adaptation in the auditory nerve[END_REF]. These studies cast a different light on physiological adaptation, which is likely to have important functional benefits in neural coding. 

Enhancement

The presentation of two successive tones does not always produce a reduction in the firing rate of the second tone. [START_REF] Brosch | Sequence sensitivity of neurons in cat primary auditory cortex[END_REF] used sequences of two pure tones: a probe tone preceded by, what we will term here as, the context tone. They systematically varied the stimulus onset asynchrony, the frequency relationship and intensity relationship between context and probe. Responses were collected from single and multi-units in the primary auditory cortex of anaesthetized cats.

Their main finding was that, in many cases, the presence of the context tone enhanced the response to the probe tone: neural firing rate to the probe was greater when preceded by context than when presented on its own. The enhancement could be substantial (median 340%). This was interpreted as a change in the frequency response area of each neuron, modulated by context. When combined with adaptation, it thus appears that a context tone can both reduce and enhance parts of the frequency response map of a neuron.

Stimulus-specific adaptation

A powerful technique that has led to findings of pure-tone related context effects is stimulus-specific adaptation (SSA). It was introduced by [START_REF] Ulanovsky | Processing of low-probability sounds by cortical neurons[END_REF] who used single unit recordings from cortical neurons of anaesthetized cats.

In a typical SSA paradigm, two pure tones of frequencies f1 and f2 are presented. For a given cell, two frequencies are chosen so that they cause equal amounts of activation when presented equiprobably. The core manipulation of SSA is to present one frequency (the standard) relatively often, while the other frequency (the deviant) is presented relatively rarely. The context is defined by the relative probabilities of f1 and f2. Figure 2.3

shows a schematic of a typical stimulus set.

In [START_REF] Ulanovsky | Processing of low-probability sounds by cortical neurons[END_REF], contexts with deviant probabilities of 10%, 30% and 50% (control) were tested. Figure 2.4 shows the activity in a neuron of primary auditory cortex in response to the different conditions. The main finding is that the neural response to a given frequency is greater when it is presented as a deviant. The effect is observed for both f1 and f2, showing that this is a property of the context and not of the specific f1 and f2 frequencies chosen.

The SSA paradigm has been refined in several subsequent studies. [START_REF] Ulanovsky | Multiple time scales of adaptation in auditory cortex neurons[END_REF] showed that it involved several time scales, from milliseconds to seconds. [START_REF] Antunes | Stimulus-specific adaptation in the auditory thalamus of the anesthetized rat[END_REF] showed that SSA was observed subcortically, in the inferior colliculus and cortex. This later point has been much debated, with the current consensus that SSA is indeed found at several stages of the auditory pathways, that its prevalence varies according to the precise anatomical location, showing greater prevalence in the non-lemniscal pathways [START_REF] Ayala | Stimulus-specific adaptation and deviance detection in the inferior colliculus[END_REF]. Even though, to the best of our knowledge, SSA experiments have not been performed together with behavioral responses, it may be hypothesized that a greater response to rare events may play an important role in the detection of novelty. This idea is similar to the ge e al fu tio al ole of adaptatio put fo a d i Ba lo s lassi pape s [START_REF] Barlow | A theory about the functional role and synaptic mechanism of visual after-effects[END_REF][START_REF] Kohn | Visual Adaptation: Physiology, Mechanisms, and Functional Benefits Visual Adaptation[END_REF].

Time-to-space mapping

In the previous studies, the experiments were designed to try and make sense of the effect of context on a pure tone response: a response reduction, or an enhancement, or a change in the coding range. In contrast, [START_REF] Klampfl | A quantitative analysis of information about past and present stimuli encoded by spikes of A1 neurons[END_REF] used a general information-based approach to characterize context effects for sequences of pure tones. [START_REF] Klampfl | A quantitative analysis of information about past and present stimuli encoded by spikes of A1 neurons[END_REF] presented successive pure tones, with a random starting frequency and upward or downward half-octave steps between tones. They collected singleunit responses from the primary auditory cortex of awake, non-behaving ferrets. As observed in the studies we discussed, they found that the response to the current tone was modulated by the preceding tones. But instead of characterizing context effects in terms of reduction or enhancement of activity, they asked how much information could be extracted from the neural response to the current tone about the preceding temporal context.

Two analysis techniques were used, the estimation of mutual information between firing patterns and context, and a linear classification scheme aimed at identifying the context based on current firing patterns. Both provided similar conclusions, in that there was reliable information about the direction of the tone step preceding a tone in the current response to that tone. Mutual information seemed to indicate that only the preceding tone left a reliable trace in current firing rates, but the authors argued that this was a technical limitation and that more distant influences could not be ruled out.

The study puts forward a computational interpretation of their findings. By including a complex but reliable trace of past stimulation in current firing patterns, cortical neurons may be able to convert temporal context into spatial patterns. This could be useful in computing e.g. simple linear classification of stimuli based on both current stimulation and p e ious te po al o te t, e i is e t of the li uid o puti g f a e o k i t odu ed one of the authors [START_REF] Buonomano | State-dependent computations: spatiotemporal processing in cortical networks[END_REF].

Plasticity and memory

Rapid plasticity

Context can have long-lasting influences on tonotopic maps in the auditory cortex. For instance, for animals raised in an acoustic context where a pure tone frequency is prevalent, the representation of this frequency in the tonotopic map is often enlarged (see Weinberger, 1995, for a review). Without reviewing the extensive literature on pure-tone induced plasticity, we will focus on the observation of task-related rapid plasticity reported by [START_REF] Fritz | Rapid task-related plasticity of spectrotemporal receptive fields in primary auditory cortex[END_REF]. [START_REF] Fritz | Rapid task-related plasticity of spectrotemporal receptive fields in primary auditory cortex[END_REF] characterized the frequency response of single units in the primary auditory cortex of awake ferrets. They used the spectrotemporal receptive field (STRF) as a measure. Briefly, the STRF represent the linear part of the neural response and is obtained by reverse correlation of the spike trains with a stimulus that is modulated in frequency and in time. It can thus show both spectral and temporal tuning of the cell. The STRFs were compared, in the same animal, for passive exposure to the stimuli and for the case when the animal had to perform a tone-detection task. Target pure tones were always at the same frequency within a block.

Their findings show that the representation of target frequency was enhanced when animals were required to detect it. region of enhancement appears in the frequency region of the target tone, indicated by an arrow. Plastic changes were also quantitatively associated with performance. They found that plastic changes were largely absent from blocks where performance of the animal on the task was poor (Figure 2.6). Moreover, these changes occurred rapidly and were found as soon as the STRF could be measured. In the case of these experiments, measurable changes occurred within ~2.5 minutes. This form of rapid plasticity may thus be related to fast context effects, although this is still unclear. Due to technical limitations of the paradigm, it is not possible to establish the precise time scale of the change in STRFs.

Tonotopic activity during maintenance of tones in memory

A last important finding about the adaptability of tonotopic map is that they are modulated by memory, even in the absence of acoustic stimulation.

Using brain imaging (functional magnetic resonance imaging, fMRI), Linke, Vicente-Grabovetsky, and [START_REF] Linke | Stimulus-specific suppression preserves information in auditory short-term memory[END_REF] measured the response of the human auditory cortex to pure tone stimuli under conditions where they had to be remembered. Listeners heard a short sequence of pure tones: two tones drawn from different frequency ranges. After the first two tones were presented, they were to be retained by listeners during a variable maintenance period (2 or 10 s) and compared to a second sequence of two tones. The liste e s task as to i di ate hethe the se ue es e e the sa e o ot. Linke et al. (2012) found that actively remembering a pure-tone stimulus left an enduring suppressive trace on neural activity during the maintenance period. The authors first investigated whether the response to tones reflected tonotopy in regions of interest encompassing primary and secondary auditory regions, and non auditory regions (the intraparietal sulcus). Multivariate pattern analysis revealed frequency-specific responses in auditory regions. For individual voxels, there was a high correlation across trials where the same frequency was presented, which decreased with the difference between the frequencies. Their main finding was that the pattern of activity in auditory regions during maintenance were negatively correlated with patterns of activity during encoding, revealing a frequency-specific suppression effect during maintenance. This was directly related to behavioral performance: listeners who had a greater degree of frequency-specific coding while listening to the sound also had better performance on the memory task. This last form of context effect shows that the tonotopic activity related to a given sound may be modulated not only by previous sounds, but also by the immediate task at hand for the listener: a tone that is being actively maintained in memory will produce a suppressed state in the corresponding tonotopic channel.

Conclusion: Pervasive neural context effects in the auditory system

This brief survey of neural context effects with pure-tone stimuli already reveals a rich variety of experimental findings. A tone may produce less activity over time through adaptation [START_REF] Westerman | Rapid and short-term adaptation in auditory nerve responses[END_REF][START_REF] Zilany | Power-law dynamics in an auditory-nerve model can account for neural adaptation to sound-level statistics[END_REF]. Repeated presentation of the same tone can also reduce firing rate, and this may in fact have beneficial consequences in the framework of adaptive coding [START_REF] Dean | Neural population coding of sound level adapts to stimulus statistics[END_REF]. Sequences of two tones at different frequency may also produce enhancement, depending on the precise time interval, intensity relation, and relative probability of occurrence between the two tones [START_REF] Brosch | Sequence sensitivity of neurons in cat primary auditory cortex[END_REF][START_REF] Ulanovsky | Processing of low-probability sounds by cortical neurons[END_REF]. Both suppression and enhancement may in fact be equally informative cues to decode temporal context from spatial patterns of activity [START_REF] Klampfl | A quantitative analysis of information about past and present stimuli encoded by spikes of A1 neurons[END_REF]. Moreover, task-related and memory-related effects also affect tonotopic maps [START_REF] Fritz | Rapid task-related plasticity of spectrotemporal receptive fields in primary auditory cortex[END_REF][START_REF] Linke | Stimulus-specific suppression preserves information in auditory short-term memory[END_REF].

From these studies, it is thus clear that neural auditory processing is profoundly adaptive, with contextual changes of the neural code at most stages of the auditory pathways -from the auditory nerve to cortex. What is perhaps less clear is whether there are behavioral consequences of such neural context effects. In the next chapter, we review behavioral data pertaining to auditory context effects.

Chapter 3 Behavioral evidence for auditory context effects

In this section, we will present behavioral findings that show that temporal context influences auditory perception under normal conditions. For our purposes, context will be taken to mean the acoustic stimulation preceding a test stimulus. In a typical experiment (see Figure 3.1), a sound or sound sequence is presented, for which no behavioral measure is collected. It is then followed by a test stimulus, which remains fixed across conditions. An experimental measure is collected for the test stimulus and compared relative to the preceding sound events. The first part of the trial can be variously referred to as the conditioner, the precursor, the prime, etc. We will simply refer to it as the context . Many classic experiments related to context were concerned with its effect on music or speech. For instance, [START_REF] Krumhansl | Tracing the dynamic changes in perceived tonal organization in a spatial representation of musical keys[END_REF] showed that listeners rate the appropriateness of a certain pitch chroma depending on the tonality established by a short preceding melody. This effect is likely to depend on our internalization of the abstract rules of a given musical idiom, so it is debatable whether this should be considered as a purely auditory phenomenon. Speech has also been shown to exhibit a wide range of context effects. For instance, a given phoneme exhibits a large acoustic variability depending on surrounding phonemes, a phenomenon described as co-articulation (see [START_REF] Diehl | Speech perception[END_REF], for a review). Also, different speakers may produce different formant frequencies for the same vowel sound, because of differences in the shape of the vocal apparatus. Listeners a still atego ize the pho e es o e tl i u i g spee h a d o alize fo talke s variability [START_REF] Ladefoged | Information conveyed by vowels[END_REF]. Again, this may not be considered as a purely auditory process: for instance, the motor theory of speech hypothesizes that listeners try to recover the motor gestures and not the acoustic features of phonemes [START_REF] Liberman | The motor theory of speech perception revised[END_REF]Schwartz, see Basirat, Ménard, & Sato, 2012, for a more recent perceptuomotor theory of speech perception).

In this chapter we will restrict our review to context effects which appear to be based on auditory processes. This includes context effects modulating basic auditory features such as pitch or loudness. As our experiments are focused on frequency coding, we will mostly refer to studies where the context consists of pure tones.

Loudness recalibration

In a series of studies, Marks and colleagues demonstrated that the judgment of a seemingly simple auditory feature, the loudness of pure tones, was in fact highly dependent on context [START_REF] Marks | Differential effects of stimulus context in sensory processing[END_REF][START_REF] Marks | Magnitude estimation and sensory matching[END_REF][START_REF] Marks | The contingency of perceptual processing: context modifies equalloudness relations[END_REF].

In [START_REF] Marks | The contingency of perceptual processing: context modifies equalloudness relations[END_REF], pairs of tones well separated in frequency (500 and 2500 Hz) were presented on each trial. The level of the 2500 Hz tone was varied relative to the 500 Hz tone and listeners had to indicate which tone was louder. Trials were run in two blocks, A and B, with the average SPL of the 2500 Hz tone fixed within a block but varied across blocks. In condition A, the average level of the 500 and 2500 Hz tones across the block was the same (with two different averages tested, 58 dB SPL and 63 dB SPL). In condition B, the average level of the 2500 Hz tone was 10 dB higher than the 500 Hz tone. Based on acoustic SPL, 2500 Hz was expected to be reported louder than the 500 Hz more often in condition B than in condition A. However, the opposite was observed. When comparing conditions which were matched acoustically for 500Hz, 2500 Hz tone was reported louder less often when it was physically louder (condition B, Figure 3.2).

The explanation offered by Marks and colleagues for this effect is based on neural adaptation (Westerman & Smith, 1984, see Chapter 2). According to this interpretation, the tonotopic channels responding to 2500 Hz are in a more adapted state when 2500 Hz is louder on average. When comparing 2500 Hz channels with less adapted tonotopic channels, they sound quieter. This interpretation makes several assumptions on tonotopic adaptation, in particular, that it carries on across trials and that firing rate is related to loudness. We also can remark that, at least qualitatively, the effect would be consistent with adaptive coding [START_REF] Dean | Neural population coding of sound level adapts to stimulus statistics[END_REF], if the operating range of the neural coding of intensity is related to reported loudness.

Context effects may also affect the detection of spectral components. Viemeister i t odu ed the pa adig of audito e ha e e t , he e a f e ue o po e t can pop out from the test stimulus when preceded by the appropriate context.

Spectral enhancement

Consider a harmonic complex, which is the sum of pure tones with frequencies chosen as integer multiples of a fundamental frequency. Under most conditions, the percept associated with such a sound will be that of single tone with a well-defined pitch, corresponding to the fundamental. Importantly, the individual harmonics will not be heard separately without a deliberate effort of doing so [START_REF] Bernstein | Harmonic segregation through mistuning can improve fundamental frequency discrimination[END_REF][START_REF] Helmholtz | On the sensations of tone[END_REF]. In a typical enhancement experiment, the harmonic complex is preceded by the same complex but with one harmonic omitted (Figure 3.3). When the full complex is presented at the end of the trial, the previously omitted harmonic is clearly audible [START_REF] Viemeister | Adaptation of masking[END_REF].

The same principle can be used to create the perception of illusory vowels in a flat spectrum, by introducing the spectral notches at the target formant frequencies in the context preceding the target flat-spectrum sound [START_REF] Summerfield | Auditory enhancement in speech perception[END_REF]. The original explanation for enhancement was that frequency enhancement was mediated by neural adaptation of tonotopic channels in the auditory periphery [START_REF] Viemeister | Adaptation of masking[END_REF]. The idea is that a frequency component appearing in an unadapted channel will produce a larger neural response, and thus will pop out relative to similar components present in adapted channels. A variant of this hypothesis is that peripheral adaption reduces the lateral inhibition produced by the harmonics surrounding the target [START_REF] Viemeister | Forward masking by enhanced components in harmonic complexes[END_REF]. Supporting the peripheral adaptation model, enhancement was found to be absent when the context and test were presented in different ears (e.g. [START_REF] Viemeister | Adaptation of masking[END_REF]).

However, more recent data show that there may be more than peripheral adaptation to spectral enhancement [START_REF] Erviti | Enhancing a tone by shifting its frequency or intensity[END_REF]Serman, Semal, & Demany, 2008). In particular, [START_REF] Erviti | Enhancing a tone by shifting its frequency or intensity[END_REF] did observe a dichotic enhancement, albeit smaller than the diotic one. They also observed that the introduction of wide-band noise between context and test did not eliminate enhancement. This suggests that, with the appropriate experimental parameters, some spectral enhancement may occur centrally. They also report a different form of enhancement, frequency-shift enhancement, which will be discussed below.

The physiological data of Brosch et al. (2001) and [START_REF] Ulanovsky | Processing of low-probability sounds by cortical neurons[END_REF], reviewed in the previous chapter, showed that a tone representation may be enhanced in the cortex depending on its precise relation with its temporal context. However, the difference between experimental parameters used in the study of behavioral enhancement and physiological recordings is too great to allow a direct comparison. [START_REF] Nelson | Neural correlates of context-dependent perceptual enhancement in the inferior colliculus[END_REF] recorded responses to enhancement-like stimuli in the inferior colliculus of the awake marmoset and they did observe a neural enhancement, in some of the recorded cells. A model suggested the need for an interplay between adaptation and inhibition to interpret the results [START_REF] Nelson | Neural correlates of context-dependent perceptual enhancement in the inferior colliculus[END_REF].

Adaptation and enhancement of frequency shifts

Frequency-shift detectors

To our knowledge, at least two studies have investigated the effect of context on perception of frequency shifts. These are relevant here, as our subsequent experiments also involved judgments of frequency shifts. Thus, we now briefly review the behavioral evidence for the existence of frequency-shift detectors (FSDs). By definition, a FSD operates on two successive sounds, so it can be thought of as a possible mediator of context effects, as the neural response to the second sound is altered by the presence of the preceding sound.

In the first of a series of psychophysical studies, [START_REF] Demany | On the binding of successive sounds: Perceiving shifts in nonperceived pitches[END_REF] presented random chords to listeners, followed by a pure-tone probe. Performance on two tasks was investigated. In one, the pure tone probe had a frequency which was equal to the one frequency component of the chord, or was located exactly halfway between two f e ue o po e ts of the p o e. The liste e s task as to de ide hethe the p o e was part of the chord or not (present/absent task). In another condition, the probe frequency was slightly higher or slightly lower than the frequency of one component of the complex. Listeners had to judge the direction of the frequency step (up/down task).

Surprisingly, listeners were much better at the up/down task than at the present/absent task. This was in spite of the larger frequency difference between probe and chord in the present/absent task compared to the up/down task.

The interpretation provided by [START_REF] Demany | On the binding of successive sounds: Perceiving shifts in nonperceived pitches[END_REF] was that the improved performance on the up/down task was mediated by FSDs. Worsened performance on the present/absent task occurred, as FSDs were ineffective for the present/absent task because there was either no frequency shift (present) or equally large up and down shifts (absent) between chord and probe. FSDs appear to be maximally sensitive for small shifts of ~1.2 semitones [START_REF] Demany | Tuning properties of the auditory frequencyshift detectors[END_REF].

Further experiments showed that FSDs as measured behaviorally were largely insensitive to the number of tones in the chord, and distinct from explicit memory mechanisms [START_REF] Demany | Auditory Change Detection Complex Sounds[END_REF]. This led Demany and colleagues to propose that the FSDs were a form of implicit memory mechanism, which automatically compared the frequency of successive spectral components. Presumably, these FSDs could be recruited in any experiment requiring a frequency comparison (Moore and Gockel, 2011). 

Adaptation of frequency shifts

If there are indeed FSDs involved in the coding of frequency steps, it may be possible to adapt those FSDs and observe context effects on the perception of frequency glides. [START_REF] Kashino | The role of spectral change detectors in sequential grouping of tones[END_REF] found just such an effect by investigating the perception of short frequency glides that were preceded by sequences of either upward or downward frequency steps. The context consisted of sequences of pure tones alternating between a low and a high frequency (Figure 3.4). The temporal interval between the onsets of the low and high tones was varied, so that listeners would group consecutive tones differently leading them to hear upward or downward shifts. This allowed the context to have the same frequency content for the context across context conditions, but different perceived directions of frequency shifts. The context was followed by a test stimulus consisting of an upward or downward frequency glide. Listeners judged the direction of the glide.

A contrastive after-effect was observed for the perception of the test glide. When the context contained upward steps, the subsequent glides tended to be perceived as downwards (for a constant test tone or even physically upward glides). The reverse was observed for downward context steps. The magnitude of the effect, expressed in terms of the frequency-shift rate that is perceived as neither upward nor downward, is shown in Figure 3.5.

This effect may be accounted for by the adaptation of FSDs. The underlying assumption is that FSDs are implemented by neural populations sensitive to upward or downward shifts. When the context contains several upward steps, the upward-tuned FSD population is adapted. Subsequent presentation of frequency shifts in any direction would then recruit relatively more of the non-adapted, downward-tuned FSD population, resulting in the observed contrastive effect. One must note at this point that direct neural evidence for FSDs remains elusive, so this interpretation remains speculative. [START_REF] Erviti | Enhancing a tone by shifting its frequency or intensity[END_REF] found that the spectral enhancement effect mentioned above, where one component stands out from a complex tone after being excluded during the context (Figure 3.3), can also be induced by shifting the frequency of the component instead of excluding it. Enhancement was measured by means of a present-absent task. Chords of pure tones were presented, followed by a probe tone (Figure 3.6). The listener indicated whether the tone was present or absent from the test chord. In the absence of enhancement, all components of the test chord are perceptually fused, so the task should be difficult (baseline, Figure 3.7). However, if the component of the chord to be compared to the probe is perceptually enhanced, the task should be easier.

Enhancement of frequency shifts

They found that they could produce enhancement both by varying the intensity of the target component and also by introducing slight shifts in the frequency of the target component. However, the magnitude of the two effects is difficult to compare as parameters were adjusted for each subject to equate baseline performance. In this case, the 

Regression to the mean in frequency judgments

This last study presents an interesting twist on how context modulates the perception of spectral components, in that it is not easily interpreted in terms of enhancement or adaptation (of tonotopic channels or FSDs). Rather, it suggests that context may change the perceived pitch of pure tones.

Raviv, Ahissar, and Loewenstein (2012) revisited a basic auditory task: the comparison of two pure tones differing in frequency. On any given trial, listeners heard two pure tones, with frequency f1 first followed by frequency f2. They had to decide which tone was higher in pitch, f1 or f2. The frequency f1 was drawn randomly with a uniform distribution from the interval 800-1200 Hz. The frequency f2 was located randomly above or elo f , ith a f e ue diffe e e ΔF. Fo easo s that a e u lea i the pape (suggesting that this was an a posteriori analysis of pre-e isti g data , ΔF as a ied adaptively from trial to trial in order to measure a just-noticeable difference. This part of the experimental design will be ignored in the following. [START_REF] Raviv | How recent history affects perception: the normative approach and its heuristic approximation[END_REF] analyzed a large data set containing 150 listeners, who each performed 160 frequency comparisons. The collated performance observed for this large group of subjects and for all trials is reproduced in Figure 3.8. Under the standard assumption that the frequency difference limen between two pure tones is solely a function of the frequency ratio between the tones, one would expect that performance should be the same whether f1 was higher or lower than f2. In Figure 3.8, where the results are presented as a function of log f1 in abscissa and log f2 in ordinate, this would imply a symmetry of performance across the f1=f2 diagonal.

The authors interpreted these findings in terms of the regression to the mean of the frequency distribution. Regression to the mean is a very general observation whereby a stimulus dimension tends to be perceptually biased toward the mean value it takes during the course of an experiment. It has been observed for many perceptual dimensions, starting with the classic experiment on visual size [START_REF] Hollingworth | The central tendency of judgment[END_REF] to the estimation of time intervals [START_REF] Jazayeri | Temporal context calibrates interval timing[END_REF]. To illustrate the reasoning in the [START_REF] Raviv | How recent history affects perception: the normative approach and its heuristic approximation[END_REF] experiment, let us take an example of a trial where f1 and f2 are relatively low and f1<f2, which is a case where performance is poor.

As both frequencies are lower than the mean frequency over the block of trials, their representations will regress toward the mean, leading them to be heard as higher in pitch than without context. A further assumption is that the regression to the mean is more pronounced for the first sound of a test pair, f1, than for the second sound, f2. This is because, in the [START_REF] Raviv | How recent history affects perception: the normative approach and its heuristic approximation[END_REF] hypothesis, more decision noise is associated with f1 as it has to be maintained in memory until the judgment is made. As Figure 3.9 illustrates schematically, this results in f1 moving closer to f2.

This study suggests that it is possible to predict the context effect with a normative model based on Bayesian inference [START_REF] Mamassian | Bayesian Modelling of Visual Perception[END_REF]. Intuitively, the mean of the frequency distribution becomes the prior expectation of listeners for the frequencies they will encounter during the course of the experiment. The regression to the mean is simply captured by combining the likelihood of the current observation with the prior expectation, according to Bayes rules. The more noise associated with the likelihood (the f1 case), the larger the influence of the prior. A heuristic implementation of the Bayesian framework is also proposed in [START_REF] Raviv | How recent history affects perception: the normative approach and its heuristic approximation[END_REF], where listeners track a moving average of the frequency distribution and bias their frequency judgments accordingly. The conclusions of this paper are novel and interesting on several accounts. First, it suggests that the general mechanism of contextual regression to the mean, observed in several modalities, could apply to the fundamental auditory feature of frequency. Second, it provides an elegant and also general framework to account for such a context, in the form of the Bayesian framework.

The study is not without its shortcomings, however. First, the just-noticeable differences (jnds) in frequency observed across the listeners are surprisingly large: 13.6% of the F0. This is to be compared with jnds of about 0.2% reported in the literature [START_REF] Moore | An introduction to the psychology of hearing (5th revise[END_REF]. There are several differences between the two studies, including the roving of frequency and the use of naïve listeners. Nevertheless, one wonders whether the context effect may not be partly accounted for by a misunderstanding of the experimental task, or at least whether it would still be observed with trained listeners. Second, the effect is observed close to threshold, at least for the participants of this study. It would also be of interest to know whether the context effect in frequency shifts is also present above threshold. The study is not without its shortcomings, however. First, the just-noticeable differences (jnds) in frequency observed across the listeners are surprisingly large: 13.6% of the F0. This is to be compared with jnds of about 0.2% reported in the literature [START_REF] Moore | An introduction to the psychology of hearing (5th revise[END_REF]. There are several differences between the two studies, including the roving of frequency and the use of naïve listeners. Nevertheless, one wonders whether the context effect may not be partly accounted for by a misunderstanding of the experimental task, or at least whether it would still be observed with trained listeners. Second, the effect is observed close to threshold, at least for the participants of this study. It would also be of interest to know whether the context effect in frequency shifts is also present above threshold.

Conclusion

Just as was the case for the physiological findings reviewed in Chapter 2, there are several behavioral indications that context modulates auditory perception. Many of these effects can be conceptually linked to the adaptation or enhancement of tonotopic channels, such as in loudness recalibration [START_REF] Marks | Differential effects of stimulus context in sensory processing[END_REF] or spectral enhancement [START_REF] Viemeister | Adaptation of masking[END_REF].

It is however still unclear where precisely the adaptation takes place, either peripherally, centrally, or at several stages [START_REF] Erviti | Enhancing a tone by shifting its frequency or intensity[END_REF]. Adaptation and enhancement may also act beyond the tonotopic map, on putative feature detectors such as FSDs [START_REF] Erviti | Enhancing a tone by shifting its frequency or intensity[END_REF][START_REF] Kashino | The role of spectral change detectors in sequential grouping of tones[END_REF]. Finally, there may be even more general functional principles that modulate the perception of frequency depending on the prevalence of certain frequencies in the acoustic context [START_REF] Raviv | How recent history affects perception: the normative approach and its heuristic approximation[END_REF].

A common remark for all of these findings is that, overall, the context effects seem to be fairly subtle and need to be measured at or close to threshold. In the next Chapter, we will introduce a different set of methods that seems much more sensitive to evaluate context effects: the use of supra-threshold but ambiguous stimuli.

Chapter 4 Ambiguous stimuli as a tool to study context effects

In the opening chapter of this thesis, we have argued that, by nature, perceptual inference is an ill-posed problem, which operates on under-determined sensory information. Thus the perceiver has to guess to some extent about the state of the outside world [START_REF] Helmholtz | Handbuch der physiologischen optik (Handbook of physiological optics)[END_REF]. One way to summarize this point is to say that sensory information is always ambiguous: more than one state of the world is compatible with sensory activity at a given instant. This, we argued, is why contextual processing has to be integral to everyday perception.

This leads to a straightforward prediction: if an artificial stimulus is designed to have an even higher degree of ambiguity than natural stimuli, its perception should be especially sensitive to context effects. In particular, such a stimulus could be designed to provide sensory information that is fully compatible with two equally likely alternatives. As there is no reason to favor one interpretation over the other, creating such situations in the laboratory should be a highly sensitive tool to reveal contextual processes.

Ambiguous stimuli have been widely used in the visual sciences, with what is called bistable or multistable perception (for a review, see [START_REF] Leopold | Multistable phenomena: changing views in perception[END_REF].

Multistability exists in other sensory modalities such as audition [START_REF] Pressnitzer | Temporal dynamics of auditory and visual bistability reveal common principles of perceptual organization[END_REF],

but it has been much less investigated to date (see [START_REF] Schwartz | Multistability in perception: binding sensory modalities, an overview[END_REF], for a review). In this chapter, we will first introduce bistable stimuli by means of visual examples, and provide a brief overview of the visual literature that has used ambiguous stimuli to investigate context effects. Three main paradigms have been used, hysteresis [START_REF] Hock | Bistability and hysteresis in the organisation of apparent motion patterns[END_REF], perceptual memory [START_REF] Leopold | Stable perception of visually ambiguous patterns[END_REF], and priming [START_REF] Kanai | Perceptual manifestations of fast neural plasticity: motion priming, rapid motion aftereffect and perceptual sensitization[END_REF]. We will then close the chapter with two examples of context effects on an ambiguous auditory stimulus, a bistable streaming task [START_REF] Snyder | Effects of context on auditory stream segregation[END_REF] and an ambiguous-phoneme classification task [START_REF] Holt | Temporally nonadjacent nonlinguistic sounds affect speech categorization[END_REF].

Multistable perception

Multistable perception is defined by spontaneous perceptual changes in the mind of the to [START_REF] Leopold | Multistable phenomena: changing views in perception[END_REF], the perceptual reports associated with all types of multistable stimuli share three broad characteristics: i) the potential interpretations are mutually exclusive and are experienced in alternation, ii) the alternations have random duration and occur at random moments in time, iii) alternations cannot be willfully suppressed, even though they can be modulated by attentional or volitional factors.

Multistability is usually interpreted as a dynamic competition between neural representations of alternative perceptual interpretations. According to Schwartz et al. (2012), at the heart of most bistable situations lies a binding problem: in the motion quartet for instance, the direction of apparent motion is determined by which dots are bound together into a perceptual object. As veridical binding cannot be solved with the available sensory information alone, perceptual awareness entertains each possibility at different moments in ti e. This ie is full i li e ith Hel holtz s idea that pe eptio i ol es inferring the most plausible interpretation of sensory activity. Multistable stimuli then can be considered as a useful trick to reveal generic perceptual inference mechanisms. [START_REF] Fisher | Measuring Ambiguity[END_REF] showed that the interpretation of an ambiguous figure was highly dependent on past history of perception. In This is an example of assimilative hysteresis: because of past history of stimulation, one percept is maintained even when the evidence in its favor is eliminated or even reversed. [START_REF] Hock | Bistability and hysteresis in the organisation of apparent motion patterns[END_REF] revisited the study of visual hysteresis, initiated by [START_REF] Fisher | Measuring Ambiguity[END_REF] and highlighted several methodological issues to take into account in such an endeavor. In particular, they attempted to tease apart response biases from the actual perceptual content experienced by observers. As we shall see, this is not a simple problem. [START_REF] Hock | Bistability and hysteresis in the organisation of apparent motion patterns[END_REF] used the motion quartet stimulus of Figure 4.1. In the motion quartet, the most ambiguous case is in theory when the horizontal and vertical distances between dots are equal (aspect ratio of 1). [START_REF] Hock | Bistability and hysteresis in the organisation of apparent motion patterns[END_REF] hypothesized that changing the aspect ratio by e.g. having the horizontal dots closer to each other than the vertical ones would favor the perception of horizontal motion, in a parametric fashion.

Hysteresis in visually ambiguous stimuli 4.2.1 Ambiguous images

Motion quartet

To test this hypothesis, in a first experiment, stimuli were presented with an aspect ratio ranging from 0.5 (vertical distance half of horizontal distance) to 2 (vertical distance twice of horizontal distance). On each trial, observers saw from 1 to 7 cycles of the stimulus and reported in one block whether they had experienced vertical motion during the trial and in another block whether they had experienced horizontal motion. Crucially, aspect ratio varied randomly from trial to trial. Figure 4.3 displays the results. As expected, perception of the motion quartet varied with the aspect ratio, with the most ambiguous case found for a ratio of about 1.

In the next experiments, stimuli were presented in ascending or descending series, so either starting from a small aspect ratio favoring vertical motion or from a large aspect ratio favoring horizontal motion. Observers reported their percept at the end of the series.

Overall, results indicated that there was a strong hysteresis: the same aspect ratio could be overwhelmingly reported as vertical motion when preceded by small aspect ratios, or as horizontal motion when preceded by large aspect ratios (Figure 4.3). This paper is of interest from a methodological point of view. There are seven experiments in [START_REF] Hock | Bistability and hysteresis in the organisation of apparent motion patterns[END_REF] which correctly identified at least three causes of potential confounds in experimental measures of perceptual hysteresis, that they tried to minimize.

First, the choice of the motion quartet was motivated by the need to have a single parameter to control for the degree of ambiguity in the stimuli. This allows for a finer control than the Fisher drawings for example, but it does cause the effect to be somewhat transparent, in that observers may notice the direct link between aspect ratio and expected direction of apparent motion. Second, hysteresis may not only occur in perception but also in responding. For instance, if observers had to reply for each aspect ratio, they could simply hold on to the same response button, or count the number of trials before changing their responses. To minimize this, [START_REF] Hock | Bistability and hysteresis in the organisation of apparent motion patterns[END_REF] used a modified method of limits, where subjects only responded at the end of each trial, which had variable starting points and step between stimuli across trials. Third, it is quite possible that when the stimulus enters the most ambiguous range, observer will be faced with a greater uncertainty and could, as a result, use the strategy to report the last clear percept. [START_REF] Hock | Bistability and hysteresis in the organisation of apparent motion patterns[END_REF] suggest that there is no good solution to this issue. In the experimental chapters, we will come back to this point and suggest what we believe is an appropriate solution with our auditory stimuli. [START_REF] Maloney | Past trials influence perception of ambiguous motion quartets through pattern completion[END_REF] further used the motion quartet to investigate context effects, with a method of presentation and analysis that was different from [START_REF] Hock | Bistability and hysteresis in the organisation of apparent motion patterns[END_REF]. They presented successive stimuli with random aspect ratios, and analyzed the conditional probability of reporting a given direction of motion given the detailed history of previous reports. Their results demonstrate that it is not only the previous trial that influences perceptual reports, but that at least the four previous trials can modulate the current response. Moreover, the pattern of modulation is rather complex, and cannot be summarized by a simple assimilative hysteresis.

Short-and long-range interactions with the motion quartet

Perceptual memory in interrupted ambiguous stimuli

Here, we describe a paradigm which has been used to examine context effects in ambiguous stimuli, with many similarities to the hysteresis method but that goes under the name of perceptual memory . In a typical perceptual memory paradigm, an unchanging ambiguous stimulus is presented with blank intervals inserted at regular intervals (interrupted presentation). Perception on a given trial is put in relation with how the ambiguous stimulus was perceived on previous trials. The main difference with the hysteresis experiments described above is that all stimuli are physically the same -but perception could potentially change from one trial to the next because of bistability. If there is any context effect, it must be due to previous perception and not previous stimulation. [START_REF] Leopold | Stable perception of visually ambiguous patterns[END_REF] used interrupted presentations of various bistable stimuli, including the motion quartet described above. The motion quartet was presented for 5s followed by 5s of interruption (empty screen), this being repeated for 300s. A stabilization of perception was observed. Whereas continuous presentation of the ambiguous stimulus led, as expected, to multiple perceptual switches between perceived directions of motion, the interrupted presentation eliminated the switches almost entirely (Figure 4.4). One interpretation is that the perception of the direction experienced for the first stimulus of the series biased the subsequent presentations, by an effect akin to assimilative hysteresis.

Further investigation provided a much more complex picture of the phenomenon.

Simply reducing the duration of the blank from seconds to hundreds of milliseconds led to the exact opposite effect (e.g. [START_REF] Noest | Percept-choice sequences driven by i te upted a iguous sti uli : A lo -level neural model[END_REF] 

Temporal dynamics of visual motion priming

The time constants of assimilative versus contrastive context effects have been systematically investigated with yet another paradigm, termed motion priming. [START_REF] Kanai | Perceptual manifestations of fast neural plasticity: motion priming, rapid motion aftereffect and perceptual sensitization[END_REF] As can be seen in Figure 4.7, both assimilative and contrastive biases were observed depending on the precise temporal parameters of the sequence. For a brief context (e.g. 80 ms) and a short gap (e.g. 20 ms), the context effect was assimilative: observers tended to report the same direction of motion for the ambiguous test, as that of the unambiguous adaptation sequence. For longer context durations (160-640 ms) or longer gaps with short contexts (40 ms-2 s), the context effect turned contrastive: observers were more likely to report opposite direction of motions between context and test. This contrastive effect was greatly reduced at the longer gap durations (2s) but not fully eliminated.

The authors offer an explanation of this intriguing finding by involving suppressive and potentiative forms of adaptation, which would affect perception over different timescales. They argue that the different time scales reflect different processing stages, with potentiative and suppressive forms of adaptation operating over different timescales.

However, computational models applied to the perceptual memory paradigm have suggested that both contrastive and assimilative effects can be obtained with a single stage of adaptation, which interacts with a neural baseline [START_REF] Noest | Percept-choice sequences driven by i te upted a iguous sti uli : A lo -level neural model[END_REF]. 

Context effects in ambiguous auditory stimuli

Next, we will review research which has addressed taken advantage of ambiguous stimuli to investigate auditory context effects. In spite of the success of the approach in vision, at least to the autho s k o ledge, the e see s to e elati el little esea h hi h has adopted this specific type of paradigm. Here, we will describe two unconnected series of studies: one using a streaming paradigm, and one investigating non-linguistic context effects on a phoneme categorization task.

Auditory streaming

Auditory streaming refers to the perceptual organization of sequential sounds into coherent streams , like the voice of a given talker in the midst of background noise. It has classically been studied with highly simplified stimuli consisting of sequences of pure tones [START_REF] Van Noorden | Temporal coherence in the perception of tone sequences[END_REF]. In the so-called ABA paradigm, listeners are presented with a sequence of two pure tones of frequencies A and B, in an ABA-ABA-… pattern. Depending on the physical parameters of the sequence, listener may report hearing all sounds as grouped in a single ABA-ABA stream, or as segregated into two concurrent A-A-A… a d -B---B---… st ea s. I a broad parameter range, the stimulus is in fact bistable [START_REF] Pressnitzer | Temporal dynamics of auditory and visual bistability reveal common principles of perceptual organization[END_REF]Schwartz et al., 2012).

Snyder and colleagues [START_REF] Snyder | Adaptation reveals multiple levels of representation in auditory stream segregation[END_REF][START_REF] Snyder | Effects of context on auditory stream segregation[END_REF] used a context-test paradigm, where both context and test were ABA sequences. The parameter that was varied was the frequency difference between A and B tones. With a difference ΔF of 6 semitones, the sequence is maximally ambiguous. This is the value that was used for the test sequence. For the context sequence, they either used the same ambiguous sequences (ΔF = 6 st); sequences biased towards a grouped interpretation (ΔF = 3 st); or sequences biased a segregated interpretation (ΔF = 12 st).

Results showed a contrastive effect when the context stimuli were biased toward one particular interpretation. For instance, sequences at ΔF = 3 st produced less grouped percepts in the following ambiguous sequences with ΔF = 6 st, than the condition where the ΔF of the context sequence equaled 6 st or 12 st (Figure 4.8).

However a different analysis led to a different kind of observation. The condition where the context was itself ambiguous was sorted into trials, where the percept for the last phase of the context was either the one-stream or two-stream percept. The perceptual bias was found to be assimilative as is shown in Figure 4.9: when listeners ended the context in the one-stream percept, they tended to hear the one stream percept during a greater proportion of the test than in trials where they ended the context hearing the two-stream percept.

The interpretation provided rests on multiple stages of adaptation for the stimulusbased versus perceptual-based bias, with the stimulus-based bias depending on a depressive earlier form of adaptation, whereas the perceptual-based bias depended on a potentiative form of adaptation. This explanation is somewhat reminiscent of the idea proposed by [START_REF] Kanai | Perceptual manifestations of fast neural plasticity: motion priming, rapid motion aftereffect and perceptual sensitization[END_REF]. Direct neural evidence for such a proposal is still lacking, however. 

Contrast enhancement in the categorization of ambiguous speech sounds

Even though we carefully avoided discussion of the abundant literature on speech-related context effects in the previous Chapter, we will now address a series of studies by Holt and colleagues that used speech material [START_REF] Holt | Temporally nonadjacent nonlinguistic sounds affect speech categorization[END_REF](Holt, , 2006a[START_REF] Holt | The mean matters: effects of statistically defined nonspeech spectral distributions on speech categorization[END_REF][START_REF] Huang | Listening for the norm: adaptive coding in speech categorization[END_REF][START_REF] Laing | Tuned with a Tune: Talker Normalization via General Auditory Processes[END_REF][START_REF] Stephens | Preceding phonetic context affects perception of nonspeech[END_REF]. This is for two reasons. First, those studies purposely used ambiguous sounds as targets. Second, the interpretation provided for the experimental findings is a general auditory process of spectral contrast, not necessarily restricted to speech.

The paradigm of Holt and colleagues has been used in several publications. Here we describe in more detail one particular study [START_REF] Holt | Temporally nonadjacent nonlinguistic sounds affect speech categorization[END_REF] that attempted to cast the context effect in general auditory terms. The task used is a phoneme-classification between /ga/ and /da/. Because of the specific structure of those two phonemes (see [START_REF] Diehl | Speech perception[END_REF], for a review), it is possible to generate an acoustic continuum between /ga/ and /da/ by increasing the onset frequency of the second and third formants of /ga/, until they reach the values leading the perception of /da/. Presumably, at least some members of this continuum should be perceptually ambiguous. Listeners were asked to categorize the sounds of the continuum as either /ga/ or /da/.

The test stimuli to be categorized were preceded by a context sequence consisting of a random sequence of pure tones (see Figure 4.10). The frequencies of tones were drawn from four distributions: one with a low mean compared to the formant frequencies (1300-2300 Hz); one with a high mean relative to the formants frequencies (2300-3300 Hz); and two control condition with a medium mean and low or high variance (1800-2800 Hz). [START_REF] Holt | Temporally nonadjacent nonlinguistic sounds affect speech categorization[END_REF] found that the context could shift the category boundary for the test phonemes. Namely, a context with high frequency led to more /ga/ responses, so responses corresponding to relatively lower formant frequencies. Interestingly, the effect was maintained for relatively long gaps between context and test, longer than 1.3 s and even when neutral tones with medium frequency were introduced between context and test. This is shown in Figure 4.11, where it can be seen that the proportion of /ga/ responses varies with the context.

This led [START_REF] Holt | Temporally nonadjacent nonlinguistic sounds affect speech categorization[END_REF] to propose that there exists an auditory spectral contrast enhancement mechanism, which shifts the frequency perception of a test away from the more prevalent frequency of the context. One notices that this the opposite of the regression to the mean for frequency perception demonstrated by [START_REF] Raviv | How recent history affects perception: the normative approach and its heuristic approximation[END_REF].

The task used by [START_REF] Holt | Temporally nonadjacent nonlinguistic sounds affect speech categorization[END_REF] is speech categorization, so even if the context itself is non-linguistic, the effect may still be speech specific. [START_REF] Aravamudhan | Perceptual context effects of speech and nonspeech sounds: the role of auditory categories[END_REF] addressed the question by using sine-wave speech equivalents and comparing a speech categorization task with a frequency-range categorization task (high or low). They find that a similar contrastive effect can be observed with the non-speech task, but only with trained listeners. The effect is also smaller than with speech targets. 

Conclusion: perceptual stabilization and novelty detection

Ambiguous stimuli seem to be a promising tool to investigate perceptual context. They are able to reveal and isolate general contextual mechanisms that may be harder to characterize with other types of stimuli. The small selection of visual studies that we discussed shows that important experimental findings have been obtained with such a technique. Hysteresis is one possible paradigm to probe those context effects, which has the advantage of large behavioral effects but also comes with its own methodological pitfalls to be considered [START_REF] Hock | Bistability and hysteresis in the organisation of apparent motion patterns[END_REF]). The context-test approach has also been used, and it has revealed the coexistence of both contrastive and assimilative effects, at different time scales [START_REF] Kanai | Perceptual manifestations of fast neural plasticity: motion priming, rapid motion aftereffect and perceptual sensitization[END_REF]. There is still a debate as to whether this indicates several levels of adaptation, as is traditionally proposed, or not [START_REF] Noest | Percept-choice sequences driven by i te upted a iguous sti uli : A lo -level neural model[END_REF]. From a functional point of view, a recent neuroimaging study [START_REF] Schwiedrzik | Untangling Perceptual Memory: Hysteresis and Adaptation Map into Separate Cortical Networks[END_REF] suggested that the two processes serve different purposes. The contrastive biases, usually associated with short time scales and early processing, may be a way of the sensory code to enhance novelty by reducing the response to unchanging stimulation. The assimilative biases, usually associated with longer time scales and higher processing stages, could be a way for the perceptual system to stabilize the experienced interpretation of a stimulus by exploiting its redundancies over time. In addition to providing imaging data supporting the early versus late distinction, this study adds a Bayesian computational model to account for the behavioral and neural data. If one returns to a Bayesian interpretation of the context effects, [START_REF] Schwiedrzik | Untangling Perceptual Memory: Hysteresis and Adaptation Map into Separate Cortical Networks[END_REF] show that the contrastive component of the effect can be modeled by an adaptation-like process on the likelihood of each observation, whereas the assimilative effects can be modeled by altering longer-term priors.

In comparison, there are much less data in the auditory modality using such paradigms. We reviewed two lines of research, one involving auditory streaming [START_REF] Snyder | Adaptation reveals multiple levels of representation in auditory stream segregation[END_REF], the other the classification of ambiguous phonemes. Both convincingly demonstrated context effects, with some parallels to the visual case (e.g. the existence of both assimilative and contrastive effects). However, in both cases a relatively complex

Chapter 5 Shepard tones: Ambiguous auditory stimuli to study context effects?

In Chapter 2, we described some of the many neural mechanisms by which the context is known to modulate the tonotopic representation of sound. This was put in perspective with behavioral context effects on the perception of frequency in Chapter 3 -however, all of those psychophysical measures were either around detection threshold, or displayed relatively modest effects. Chapter 4 suggested that ambiguous sounds should be especially appropriate to investigate supra-liminal context effects, as hinted by the vast visual literature using the technique. To date, such an approach has been much less used for auditory investigation. When it has [START_REF] Snyder | Adaptation reveals multiple levels of representation in auditory stream segregation[END_REF][START_REF] Holt | Temporally nonadjacent nonlinguistic sounds affect speech categorization[END_REF], listeners reports were related to presumably high-level functions, namely, perceptual organization or speech categorization.

In the current chapter, we present a class of sounds that, we hypothesize, should be especially well-suited to probe context effects in the perception of frequency, known as Shepard tones [START_REF] Shepard | Circularity in judgments of relative pitch[END_REF]. Importantly, these stimuli are constructed to be ambiguous on the dimension of frequency itself, and can be used in pitch judgments. We first introduce the stimulus and the findings of Shepa d s o igi al stud . Fi di gs suggesti g longterm idiosyncratic biases in the perception of Shepard tones have been reported [START_REF] Deutsch | The perceived height of octave-related complexes[END_REF]Deutsch, North, & Ray, 1990;Deutsch, 1987a;[START_REF] Ragozzine | A Regional Difference in Perception of the Tritone Paradox Within the United States[END_REF]), which will be described briefly. More relevant to our present goals were previous attempts to investigate contextual biases on the perception of Shepard tones [START_REF] Dawe | Spectral-motion aftereffects and the tritone paradox among Canadian subjects[END_REF][START_REF] Giangrande | Perceptual Dynamics of Circular Pitch[END_REF][START_REF] Repp | Context sensitivity and invariance in perception of octave-ambiguous tones[END_REF][START_REF] Repp | Spectral envelope and context effects in the tritone paradox[END_REF].

However, these have provided conflicting results or, as we will argue, have been plagued by the potential methodological confounds such as those highlighted by [START_REF] Hock | Bistability and hysteresis in the organisation of apparent motion patterns[END_REF].

Shepard tones

5.1.1 Definition [START_REF] Shepard | Circularity in judgments of relative pitch[END_REF] introduced a now-classic auditory illusion, with the original intent to highlight the strong perceptual similarity between tones separated by an octave. He generated complex tones made of the same note (chroma) at different octaves. A standard harmonic complex sound consists of a pure tone at the fundamental, F0, and all of its integer multiples (e.g. F0 = 100Hz, subsequent components at 200Hz, 300Hz, 400Hz, etc.). In contrast, Shepard tones only contain successive octaves (e.g. F0 = 100 Hz, subsequent components at 200 Hz, 400 Hz, 800 Hz, etc.). In other words, a Shepard tone consists of a F0

and each component is doubled to obtain the next higher component (f n = F0 * 2 n , where f n is the frequency of the nth partial). In addition, Shepard chose to impose a bell-shaped spectral envelope that remained constant even as F0 varied.

This had several interesting properties. First, each Shepard tone does sound like a tone and not like a chord, presumably because the spectral components are a subset of the harmonic series. Also, the octave relationship between all components may enhance perceptual fusion. Second, any two Shepard tones under the same spectral envelope have the same spectral centre of mass, and thus, the same tone height: only the chroma changes (see [START_REF] Warren | Separating pitch chroma and pitch height in the human brain[END_REF]. Finally, the stimulus is cyclic: a Shepard tone is physically identical to its octave-shifted version.

This cyclic property is illustrated in Figure 5.1. The top panel represents a Shepard tone with a given F0, and the next panels show the corresponding Shepard tones shifted by an amount measured in musical semitones (st). As F0 is shifted upward we eventually obtain, for 12st, the exact same stimulus that we started off with at 0 st -provided that a new component is introduced in the low frequency range as a high component disappears in the high frequency range. [START_REF] Shepard | Circularity in judgments of relative pitch[END_REF] noted that the physical circularity in the stimulus was reflected in how it was heard. He created a tape where scales of Shepard tones were presented repeatedly, under the same amplitude envelope, and with a frequency step of a half-semitone between each sound. The scale would thus repeat itself every 12 tones. Listeners reported hearing only upward pitch shifts, without detecting the cyclical nature of the sequence. The shifts corresponded to the shorter frequency path between two successive tones: a small upward shift of 1 st, rather than a larger downward shift of 11 st. This tendency to hear the smallest possible shift was described by [START_REF] Shepard | Circularity in judgments of relative pitch[END_REF] as a Gestalt-like p o i it p i iple . I the framework of auditory scene analysis (Bregman, 1990), it is also possible to assume that listeners grouped together the sounds that were closest in frequency. Alternatively, in the framework of FSDs, it is assumed that shift-detectors are most sensitive to small frequency shifts [START_REF] Demany | Tuning properties of the auditory frequencyshift detectors[END_REF].

Circularity in pitch judgment

This leads to the paradoxical situation of a pitch percept that rises continually, even though with standard tones this would lead to the disappearance of the stimulus into the ultrasound range. [START_REF] Shepard | Circularity in judgments of relative pitch[END_REF] compared this to the visual staircase illusion in Figure 5.2, which shows a staircase that continually rises without ever getting any higher [START_REF] Penrose | Impossible objects: A special type of visual illusion[END_REF]. The Shepard illusion has been used musically, in the piece Computer Suite from Little Boy by Jean-Claude Risset (1968), and made its way into popular culture in the sound-track of the video game Super Mario 64.

Ambiguity in pitch judgment

Shepard noted an additional consequence of the circularity of the stimulus. Logically, for the case of equally large upward or downward shifts (6st up or down), the perceived direction of the shift should be ambiguous. In a new experiment, [START_REF] Shepard | Circularity in judgments of relative pitch[END_REF] used trials consisting of only two tones. To reduce the number of possible pairs within one octave, the interval between the tones was varied between 1.25 st and 10.75 st, in 1.25 st steps. Trials were presented in random order.

Examples of Shepard tone pairs are shown in Figure 5.3, one where the second tone is 3 st above the first (top) and another where there is an interval of 6 st between the two tones.

Listeners were split into three groups according to their performance on a screening task, which consisted of judging the direction of a small frequency-shift between two pure tones.

As has been confirmed since [START_REF] Semal | Individual differences in the sensitivity to pitch direction[END_REF], listeners varied greatly in this screening task: even though most listeners reported hearing a difference between the pure tones, a sizeable proportion was unable to report accurately the direction of small pitch shifts.

The results are shown in Figure 5.3, for listeners with high (Group I, broken line) or low (Group III, dotted line) performance on the screening test. The measure displayed is the proportion of times that listeners reported the second tone of the pair as lower in pitch, te ed he e P Do . Liste e s judg ent of the direction of shift varied according to the frequency interval between two tones. For the Group I listeners, the P(Down) value increased regularly as a function of the frequency interval, which corresponded to listeners hearing a frequency shift corresponding to the smaller frequency distance. This is shown in the upper left panel of Figure 5.3. For the Group III listeners, the pattern is qualitatively similar with the added feature that they could not reliably report the direction of shift for small intervals.

As hypothesized, P(down) tended to reach chance levels (50%) as the difference between the size of the upward versus downward frequency shifts decreased. In particular, for the fully-balanced case of 6st, the reports are equally split between upward and downward pitch shifts ( Additionally, Shepard noted that listeners gave surprisingly confident judgments for the fully ambiguous shift. They were unaware that the sounds contained any perceptual ambiguity, the P(down) at chance rather stemmed from confident judgment in opposite directions on successive trials. This is an important point. Like the multistable stimuli we discussed in Chapter 4, Shepard tone pairs can lead to one of two percepts which are mutually exclusive. However, unlike the majority of visually bistable stimuli, the root causes for the ambiguity of the sounds is not particularly transparent to the listener.

Is the circularity of Shepard tones related to pitch chroma?

I Shepa d s stud , the o ta e e ui ale e et ee o po e ts as dee ed to e an important characteristic of the stimuli. Part of the reasoning was that, as all components were equivalent, it was possible to remove one from the high frequencies and introduce a different one in the low frequencies without introducing a salient change. Thus, Shepard tones were described in term of their chroma.

One study cast doubts on the notion that chroma was an important factor in the illusion. [START_REF] Burns | Circularity in relative pitch judgments for inharmonic complex tones: the Shepard demonstration revisited, again[END_REF] presented listeners with repeating scales of circular complex tones, like those used by [START_REF] Shepard | Circularity in judgments of relative pitch[END_REF], but conditions were also included with scales of chords whose spacing was more than or less than one octave. Semitone spa i g s of 6, 8, 10, 12 (1 octave), 14, and 16 per chord were used, with intervals of 1 or 2 st between consecutive chords. Findings indicated that listeners experienced the illusion of pitch continually changing in the same direction for all conditions, in a way that did not depend on the spacing between components. Some listeners did not reliably perceive the illusion, however, but this was the same across conditions and did not depend on the spacing used.

This finding would indicate that octave spacing and the associated chroma equivalence is not the core feature needed to produce the circularity illusion. Rather, the Gestalt-like principle of proximity described by [START_REF] Shepard | Circularity in judgments of relative pitch[END_REF] is likely to apply for any frequency shift: it is not specific to sounds which have one clear chroma.

Biases in the perception of pitch class

Despite the results of [START_REF] Burns | Circularity in relative pitch judgments for inharmonic complex tones: the Shepard demonstration revisited, again[END_REF], most of the research with Shepard tones has emphasized the notion of chroma (or, equivalently, pitch class). We will first review the work of Deutsch who described idiosyncratic biases in the perception of pitch class, which can be thought of as long-term context effects.

Deutsch and colleagues (Deutsch et al., 1990;[START_REF] Deutsch | A Musical Paradox[END_REF]Deutsch, , 1987a) used Shepard tone pairs with a half-octave interval (6 st, also termed the tritone in music as it contains 3 full tones). As we just described, the tritone interval is fully balanced in terms of frequency shifts and it gives rise to both upward and downward perceptual reports. In a set of findings, hi h ha e ee eg ouped u de the te of the t ito e pa ado , Deuts h a d olleagues found that listeners heard the directional shift in a way which seemed determined by their individual perceptual biases. for two individual listeners (left and middle panels). The listeners, selected as having particularly strong biases, had strikingly stable preferences in how they hear each pitch class:

the average judgments of P(down) would be close to 50% as expected, but only when averaged across pitch class. For some classes, a listeners may exhibit a P(down) of 100% or 0%, and those classes would differ from listener to listener. [START_REF] Deutsch | The tritone paradox: effects of spectral variables[END_REF] reported that listeners exhibited the same biases even when the centre frequency of the spectral envelopes was varied. She concluded that the effect was related to pitch class and not tone height.

In subsequent work, these biases were related to the long-term experience of the listener (Deutsch et al., 1990;[START_REF] Ragozzine | A Regional Difference in Perception of the Tritone Paradox Within the United States[END_REF]. I Deuts h s account, based on the liste e s lo g te lea i g e pe ie es, the de elop a i te al te plate of pitch classes, in which some classes are designated as low and others as high. This hypothesis was developed based on findings that pitch-class biases seemed to co-vary ith the i di idual s linguistic background, with differences in biases between English and American listeners, for example.

This last finding, however, has not been reliably replicated, and is still a matter of controversy [START_REF] Dawe | Spectral-motion aftereffects and the tritone paradox among Canadian subjects[END_REF][START_REF] Repp | The tritone paradox and the pitch range of the speaking voice: A dubious connection[END_REF][START_REF] Repp | Spectral envelope and context effects in the tritone paradox[END_REF]. In particular, [START_REF] Repp | Spectral envelope and context effects in the tritone paradox[END_REF] found that there was an effect of the spectral envelope of each Shepard tone on the individual biases.

These effects were rather complex and variable across subjects, but they did rule out pitchclass preference as the sole determinant of idiosyncratic biases. As in previous investigations, [START_REF] Repp | Spectral envelope and context effects in the tritone paradox[END_REF] used Shepard tone pairs with a half-octave interval as an ambiguous test stimulus. In his Experiment 3, the test pair was immediately preceded by another Shepard tone, which was either 3 st above or 3 st below the first tone of the test. The liste e s task was to indicate the direction of perceived pitch shift between the context tone and the first test tone, and then the direction of shift between the two test tones. Results are presented in table format in [START_REF] Repp | Spectral envelope and context effects in the tritone paradox[END_REF], but here we show a plot of the results in Figure 5.5, agai i te s of P do . Whe espo di g to the test pai , liste e s perception was clearly biased by the context tones. In the +3 st context, where the context tone was 3 st above the first test tone, there was a bias toward hearing a 6 st upward shift during the test. This pattern was reversed in the -3 st condition. The size of the effect is remarkable, as perception is swayed from P(down) = 25% to P(down) = 90% by a single context tone. While the effect is sizeable, it was not clearly emphasized by [START_REF] Repp | Spectral envelope and context effects in the tritone paradox[END_REF]. The interpretation of minimizing the distance between pitch classes is also somewhat lacking and provides merely a superficial description. It is unclear from the interpretation given whether the effect is thought to be due to the conscious expectations of the listener or whether it constitutes a context effect in auditory processing. Also, the fact that listeners had to reply to both the context and the test pairs introduces one of the issues related to response bias, highlighted by [START_REF] Hock | Bistability and hysteresis in the organisation of apparent motion patterns[END_REF].

Context-invariance of the pitch class bias

Repp revisited the context effect for Shepard tone pairs in a more recent study [START_REF] Repp | Context sensitivity and invariance in perception of octave-ambiguous tones[END_REF]. Using a different technique, he reached the opposite conclusion that context effects were small or inexistent in the pitch judgments of ambiguous Shepard tone pairs. Unlike [START_REF] Repp | Spectral envelope and context effects in the tritone paradox[END_REF], [START_REF] Repp | Context sensitivity and invariance in perception of octave-ambiguous tones[END_REF] used a pair of harmonic complex tones as a context. The pair provided an unambiguous pitch shift cue for listeners. The pair was heard to be either up or down. It was then followed by an ambiguous Shepard tone pair.

Listeners had to report the perceived pitch shift of the Shepard tone pair.

The radial plot in Figure 5.6 shows P(down) as a function of the pitch class of the first tone of the Shepard tone pair. In their examination of the results, the data were separated according to pitch class, due to the pitch class biases found by Deutsch and colleagues [START_REF] Deutsch | The perceived height of octave-related complexes[END_REF](Deutsch et al., , 1990;;[START_REF] Deutsch | The tritone paradox: effects of spectral variables[END_REF][START_REF] Ragozzine | A Regional Difference in Perception of the Tritone Paradox Within the United States[END_REF]. Radial axes extend from 0 to 100% in 20% steps. Figure 5.6 show that the direction of the shift during the context (rising prime, falling prime) has very little effect on whether the ambiguous test is heard as rising or falling.

Thus, results from the same author but slightly different experiment procedures seem to indicate either a strong context effect [START_REF] Repp | Spectral envelope and context effects in the tritone paradox[END_REF] or no context effect at all [START_REF] Repp | Context sensitivity and invariance in perception of octave-ambiguous tones[END_REF]. In the experimental part of this thesis, we will resolve this issue with our new data and explain why the results are fully consistent with a context effect that is unrelated to pitch class. 

Spectral motion adaptation

A different idea from pitch-class bias is that it may be possible to influence the perception of pitch-shift between Shepard tone pairs by adapting putative spectral-motion detectors (or FSDs). Similar to Kashino and Okada (2005), the logic is that if e.g. upward spectral motion is adapted, a subsequent ambiguous stimulus will be perceived with a downward shift. [START_REF] Dawe | Spectral-motion aftereffects and the tritone paradox among Canadian subjects[END_REF] used ambiguous Shepard tone pairs that were preceded by a context of ascending or descending scales of six octave complexes with 1 st steps between consecutive tones. Listeners consistently hear the direction imposed by the small 1 st shift in such scales [START_REF] Shepard | Circularity in judgments of relative pitch[END_REF]. [START_REF] Dawe | Spectral-motion aftereffects and the tritone paradox among Canadian subjects[END_REF] predicted that the shift during the ambiguous pair would occur in the opposite direction from that heard during the scale, because of a putative spectral motion aftereffect. The authors excluded the effect of the last adapti g to e , hi h as p e iousl fou d 'epp , e su i g that fo a gi e condition, ascending or descending, there were an equal number of trials which would end in tones which would introduce an upward or downward bias accordi g to 'epp s findings.

It must be acknowledged first that the results, as presented in [START_REF] Dawe | Spectral-motion aftereffects and the tritone paradox among Canadian subjects[END_REF], are somewhat difficult to interpret because they combine issues related to the pitch-class preference of Deutsch and colleagues [START_REF] Deutsch | The perceived height of octave-related complexes[END_REF](Deutsch et al., , 1990;;[START_REF] Deutsch | The tritone paradox: effects of spectral variables[END_REF][START_REF] Ragozzine | A Regional Difference in Perception of the Tritone Paradox Within the United States[END_REF] with the test of context effects. Figure 5.7 is reproduced from their paper.

It displays P(down) as a function of the pitch class of the first tone of the Shepard tone pair, either without context (pre-adaptation) or after a context of ascending or descending scales (post-adaptation). It can be seen that P(down) varies in the pre-adaptation case, reminiscent of Deuts h s pit h lass ias ut i o siste t ith details of the li guisti h pothesis, as discussed at length by [START_REF] Dawe | Spectral-motion aftereffects and the tritone paradox among Canadian subjects[END_REF]. There are differences between pre-and postadaptation results, suggesting a context effect. However, this effect appears inconsistent across conditions. A context of ascending scales seems to increase P(down) in many cases, consistent with the after effect hypothesis. However, for a context of descending scales, the effect seems to be highly pitch-class dependent, either increasing or decreasing P(down) depending on the pitch class.

Perhaps because of the method of analysis used, which focuses on pitch class, the results of this study do not seem to indicate a large and reliable context effect of spectralmotion adaptation on the perception of Shepard tone pairs. 

Hysteresis in Shepard tone perception

We finally review a study where a more consistent effect of context was found in the perception of Shepard tone pairs [START_REF] Giangrande | Perceptual Dynamics of Circular Pitch[END_REF]. This study employed the hysteresis paradigm, similar in spirit to [START_REF] Hock | Bistability and hysteresis in the organisation of apparent motion patterns[END_REF] who addressed hysteresis in the visual motion quartet. However, as we will argue, [START_REF] Giangrande | Perceptual Dynamics of Circular Pitch[END_REF] did not avoid the methodological pitfalls emphasized in [START_REF] Hock | Bistability and hysteresis in the organisation of apparent motion patterns[END_REF]. [START_REF] Giangrande | Perceptual Dynamics of Circular Pitch[END_REF] presented successive Shepard tone pairs with all possible intervals from 1 st to 11 st, in 1-st steps. In a baseline condition, the intervals were presented in random order within a sequence of trials. In test conditions, the intervals were presented in ascending or descending order. Listeners had to report the perceived direction of pitch shift for all intervals. The authors described their Shepard test pair as a fixed, sta da d to e, follo ed the o pa iso to e. All sta da d to es had a pit h lass of D#. Results are presented in Figure 5.8, with the proportion of hearing an upward motion between standard and test, P(up). The baseline condition, with randomly-ordered intervals, replicates the results of [START_REF] Shepard | Circularity in judgments of relative pitch[END_REF]. In particular, for the 6 st interval (pitch-class A), the stimulus is fully ambiguous and P(up) is about ~50%. A strong hysteresis was observed in the test conditions. In the ascending sequences, where the frequency interval was regularly increased across trials (squares), perception was strongly biased toward maintaining an upward shift for the 6 st interval. The effect is even seen to carry on for intervals that would favor a downward response without context. The reverse pattern is observed for descending sequences.

Unfortunately, this strong experimental finding may be questioned on the basis of all of the methodological problems highlighted by [START_REF] Hock | Bistability and hysteresis in the organisation of apparent motion patterns[END_REF]. Listeners responded to each tone pair and a putative perceptual hysteresis would be indistinguishable from a response hysteresis: in the ascending case for instance, listeners would repeatedly respond up , up , etc. and their response patterns may have persisted when the stimulus reached the ambiguous range, confounding response uncertainty with perceptual hysteresis. Even if, from subjective debriefings, [START_REF] Shepard | Circularity in judgments of relative pitch[END_REF] claimed that there was no perceptual uncertainty for Shepard tone pairs, this is still an unfortunate characteristic of the experimental design.

If the data were reflecting a perceptual hysteresis, it is fully unclear where the hysteresis may come from. It may be a directional bias, that is, a tendency to hear frequency In summary, the findings of [START_REF] Giangrande | Perceptual Dynamics of Circular Pitch[END_REF] provide promising results on the effect of context in the perception of Shepard tone pairs. Unfortunately, those results are somewhat qualified by the psychophysical method used. Our first experiment will basically revisit the paradigm of [START_REF] Giangrande | Perceptual Dynamics of Circular Pitch[END_REF], in an attempt to overcome those limitations. Briefly, we suggest that a very simple trick is effective in doing so: the a do izi g of the o de et ee sta da d a d o pa iso , i Gia g a de s otatio . This removes the possibility of response hysteresis, while at the same time allowing us to distinguish between effects on pitch-shift direction from effects on pitch itself.

Conclusion

Shepard tone pairs, as introduced by [START_REF] Shepard | Circularity in judgments of relative pitch[END_REF], seem to have all of the required features to be a powerful tool to investigate auditory context effects. Those stimuli can be made fully ambiguous on the frequency dimension. In this case, listeners provide an equal number of upward or downward responses. They also seem unaware of the ambiguity of the stimulus. A simple parametric manipulation (the interval between the tones) modulates the degree of ambiguity. Moreover, this manipulation is generally not transparent to the listener, which is a bonus compared to many visually-ambiguous stimuli (e.g. [START_REF] Hock | Bistability and hysteresis in the organisation of apparent motion patterns[END_REF].

In spite of these promising characteristics, the evidence for context effects on the perception of Shepard tones remains mixed. Two studies showed strong effects, either with a context-test paradigm (Repp et al., 1997, Experiment 3) or with an hysteresis paradigm [START_REF] Giangrande | Perceptual Dynamics of Circular Pitch[END_REF], but both had methodological limitations. Two other studies found no effect or a weak effect (Repp & Thompson 2009;[START_REF] Dawe | Spectral-motion aftereffects and the tritone paradox among Canadian subjects[END_REF]. One common issue is that there is no agreement on whether the effect should be thought as affecting the pitch representation of each tone, or the representation of the frequency-shifts between the tones. All experiments to date have confounded the two possibilities. This is something that we will attempt to address in the following chapter.

Chapter 6 Experimental plan

The second part of this thesis describes six different psychophysical experiments investigating context effects on the perception of ambiguous frequency shifts. To provide a brief overview of the rationale of this series of experiment, we now outline each of them in turn.

In Experiment 1, we re-examine hysteresis in the perception of sequences of Shepard tone pairs. A set of methodological modifications are introduced compared to previous studies to control for potential confounds such as response biases. Our method also teases apart distinct hypotheses on the representation which may be altered by the context (frequency or frequency-shifts). Results show a strong perceptual hysteresis effect, which is not related to the perception of a frequency shift during the context.

In Experiment 2, we simplify the experimental conditions used to observe the context effect. We use a context-test paradigm and show that the context effect can be predicted on the basis of the frequency content of the context sequence. This observation provides a common interpretation for the results of Experiment 1 and of previous reports that reached apparently conflicting conclusions.

In Experiments 3 and 4, we investigate the temporal dynamics of the context effect, by manipulating temporal parameters of the context-test sequence. We observe that the bias can established rapidly, in tens of milliseconds, but that once established it can also have an enduring effect on perception, persisting for tens of seconds.

In Experiment 5, we investigate whether the context effect is specific to Shepard tones or whether it can be generalized to arbitrary stimuli. We introduce a technique to produce ambiguous tone pairs from random-chord stimuli. The same context effect is observed, showing that the process we observe is not a peculiarity of Shepard tones.

Finally, in Experiment 6, we attempt to put some constraints on the likely levels of neural processing that are involved in the context effect. We use dichotic presentation and

show that a context sequence in one ear can bias a test pair in the other ear, although less efficiently than when context and test are in the same ear. Moreover, when two competing context sequences are presented to the two ears, selectively attending to one ear tends to increase its efficiency in creating the bias.

The last chapter of the thesis summarizes these findings and suggests interpretations of the context effect, along with some thoughts on the potential uses of the paradigm.

Chapter 7 Experiment 1: Hysteresis in the perception of Shepard tones

Introduction

In this first experimental chapter we revisit the hysteresis paradigm of [START_REF] Giangrande | Perceptual Dynamics of Circular Pitch[END_REF] presented in Chapter 5, where the authors reported hysteresis in the perceived direction of frequency shifts between successive pairs of Shepard tones. Like [START_REF] Giangrande | Perceptual Dynamics of Circular Pitch[END_REF] and other studies on perceptual hysteresis [START_REF] Hock | Bistability and hysteresis in the organisation of apparent motion patterns[END_REF][START_REF] Maloney | Past trials influence perception of ambiguous motion quartets through pattern completion[END_REF], our methodology involves presenting sequences of trials and varying a critical parameter of the stimulus which is known to influence perception ithout o te t. I ou ase, the f e ue i te al et ee a fi ed sta da d to e a d a a ia le o pa iso to e is a ied. Se ue es of t ials i lude i te als f o to st, to cover the octave range (12 st) as in [START_REF] Shepard | Circularity in judgments of relative pitch[END_REF] and [START_REF] Giangrande | Perceptual Dynamics of Circular Pitch[END_REF]. Within each sequence, the order of the intervals is manipulated. In the baseline condition, intervals are presented in random order. In test conditions, the interval is monotonically increased across trials, or monotonically decreased across trials. All conditions are seamlessly interleaved within an experimental block. Any difference between baseline and tests would indicate hysteresis.

The main novelty of our technique is that, unlike in previous studies of Shepard tones in context, we attempt to address all of the methodological issues raised by [START_REF] Hock | Bistability and hysteresis in the organisation of apparent motion patterns[END_REF], which were reviewed in Chapter 4. In particular, we were concerned about the potential confusion between perceptual hysteresis and response bias. We remove this potential confound by introducing a simple modification to the methodology of [START_REF] Giangrande | Perceptual Dynamics of Circular Pitch[END_REF]: the order of standard and comparison tones is reversed on random trials within a sequence. This simple manipulation also allows us to examine a long-standing issue in the attempts to measure context effects with Shepard tones (Repp, 1987;[START_REF] Dawe | Spectral-motion aftereffects and the tritone paradox among Canadian subjects[END_REF][START_REF] Giangrande | Perceptual Dynamics of Circular Pitch[END_REF][START_REF] Repp | Context sensitivity and invariance in perception of octave-ambiguous tones[END_REF]. If a perceptual bias is found in a hysteresis sequence, does it represents a tendency to hear the same direction of pitch shift throughout the sequence, or is it the representation of the tones themselves that is affected? In Figure 7.4, we show how our technique contrasts the two hypotheses. In the uppe pa el s e a ple, the pe ept fo ed o the fi st Shepa d tone pair is maintained until it finally switches on the last trial of the sequence, due to the proximity cue. In particular, the up espo se is ai tai ed fo the full a iguous ase that is plotted i the iddle of the sequence. This could be either because the upward bias is passed on, or because the pitch values of the standard and comparison are passed on to this ambiguous trial. Predicted responses in our experiment are shown in the lower panel. There, the predicted responses are opposite depending on whether the bias is related to a pitch-shift bias (e.g. upward shifts) or pitch bias (e.g. standard tone lower). The observed response pattern of listeners should thus distinguish between the two possibilities.

The main purpose of the condition where the interval is randomly varied across trials is to obtain a baseline, against which to compare the conditions where the interval is increased or decreased. An added benefit is that it also allows us to investigate potential carry-over effects across multiple trials (e.g. [START_REF] Maloney | Past trials influence perception of ambiguous motion quartets through pattern completion[END_REF]. Randomizing the interval potentially introduces opposing biases on consecutive trials. Thus, with a regression technique, it is possible to examine dependencies of the current response on recent trials, by assessing how much the percept in trial n was predicted by the percept in trial n-1, n-2 etc. This is not possible in conditions where the interval is increased or decreased across trials, as all preceding stimuli in a sequence introduce the same bias. We used the te h i ues k o as ole ula ps hoph si s [START_REF] Dittrich | A comparison of the temporal weighting of annoyance and loudness[END_REF] to test whether the bias was simply passed on from one trial to the next, or whether more distant trials exerted a cumulative influence on a given trial.

Finally, we included an additional condition where the ambiguous interval at 6 st was presented on several consecutive trials. This allows us to assess whether listeners have idiosyncratic biases which might affect the strength of the context effect. Since the interval is perceptually ambiguous, we could predict that the percept on each trial will be random.

Alternatively, the ambiguity of the stimuli could cause idiosyncratic biases to emerge. These could either be directional biases (e.g. a listener may have a general tendency to hear upward shifts) or stimulus-related biases toward hearing a tone with a particular pitch-class as lower in pitch [START_REF] Deutsch | The perceived height of octave-related complexes[END_REF]. Lastly, a contextual bias may occur [START_REF] Pearson | Sensory memory for ambiguous vision[END_REF], with the percept in the first trial of the sequence determining the percept in subsequent trials. This first percept could be fully random, or biased by the last percept of the previous sequence.

Screening test

In all experiments presented here and in subsequent Chapters, a meaningful interpretation of the results required that participants were able to identify pitch direction in pairs of short tones. As shown in previous work [START_REF] Semal | Individual differences in the sensitivity to pitch direction[END_REF][START_REF] Shepard | Circularity in judgments of relative pitch[END_REF], we expected some across-subject variability in such a task. Thus, prior to participation, listeners carried out a test to ensure that they were able to report reliably the direction of a pitch shift for frequency differences as small as 1 st. 

Method

Stimuli

In the screening test, stimuli consisted of pairs of Shepard tones, which were also used in the subsequent experiment in this chapter. However, since Shepard tones may be ambiguous in terms of the pitch direction heard, trials containing pure tones were also included. Pure to es p o ided a o e sta da d easu e of liste e s a ilit to ide tif pit h di e tio .

In the screening test, stimuli consisted of pairs of Shepard tones and, which were also used in the subsequent experiment in this chapter. However, since Shepard tones may be ambiguous in terms of the pitch direction heard, trials containing pure tones were also included. Pure tones provided a more standard measure of liste e s a ilit to ide tif pit h direction. Shepard tones were composed of 9 octave-related sinusoidal components with a Gaussian spectral envelope. The envelope was linear on the amplitude scale and logarithmic on the frequency scale. The relative amplitudes of the components, ) ( f A , were computed using the equation below, where f is the frequency of the component, cf the central f e ue of the e elope, a d σ is the sta da d de iatio of the e elope. 2 where i is the interval in semitones (st), if i was lower or equal to 6, and multiplying by i/12 2 and adding an additional component at

12)/12 - (i 2 × 0 f
, if i was greater than 6. This ensured the cyclical nature of the Shepard tones. The spectral envelope was held constant throughout the experiment.

For the pure tone trials, the standard tone frequency was chosen randomly between 1046.6 and 2093.2 Hz, which corresponds to the frequency region of the central component of the Shepard tones. Intervals of 1, 2, and 3 st were used. The duration of each tone was 0.125 s. In the test and in all subsequent experiments in this thesis, a sinusoidal ramp at onset and at offset lasting 0.05 s was used for each tone. The inter-stimulus interval (ISI) was 0.125 s. The order of tones within each pair was random, so that there was an equal number of upward and downward frequency shifts.

Procedure

On each trial, participants were required to indicate whether the first or second tone was higher in pitch. In a first version of the test, all conditions described above were presented in random order with 10 repeats per condition. Participants with 80% correct or over for the 1 st interval for both Shepard tones and pure tones took part in the experiment. This version of the test is used in Experiments 1, 4, 5, and 6 of the current manuscript.

At a later stage, a second version of the test was designed and used instead of version 1, as we judged that version 1 may have been overly conservative and resulted in the exclusion of many participants. The main difference between this version and version 1 was the ordering of the conditions. Version 2 was designed so that listeners could first become familiarized with the stimuli and task on the largest interval first, before moving on to more difficult conditions. This was used in Experiments 2 and 3 of the current manuscript.

Intervals were fixed in blocks containing 40 trials. The F0 was randomized across the block.

Listeners did a maximum of three blocks per interval condition, depending on their performance. The 3 st interval condition was presented first, followed by the 2 st and 1 st conditions. If performance for one block was equal to or exceeded 80%, the interval was decreased on the following block. If performance did not reach 80% after three blocks of the same condition, the participant was excluded. Listeners who completed a 1 st block with a performance of 80% or over within three attempts were included in the experiment.

Experiment 1: Hysteresis in Shepard tones

Method

Participants

Fourteen self-reported normal-hearing listeners with a mean age of 25.43 (SE = 0.4) participated in the experiment. Four participants were excluded, as they did not pass the screening test (version 1). Seven out of the remaining ten participants had not previously taken part in experiments involving Shepard tones (the other three participants had participated to pilot experiments not reported here).

Stimuli

Stimuli were Shepard tones, generated in the same manner as in the screening test. Each trial consisted of a tone pair: a standard tone whose frequency was fixed across trials, and a comparison tone whose frequency was varied with respect to the standard. The duration of each tone was 0.125 s, with a sinusoidal ramp at onset and at offset lasting 0.05 s and an ISI of 0.125 s. The interval between Shepard tones was varied between 1 and 11 st. Standard and comparison tones within each trial were presented in random order. Four F0 conditions were chosen so that they were equally spaced within an octave with intervals of 3 st between adjacent F0 conditions (0 st, 3 st, 6 st, and 9 st. re: 65.41 Hz).

Procedure

Participants were presented with a tone pair on each trial and were required to indicate whether the first or second tone was higher in pitch. Unbeknownst to the listener, experimental blocks were organized into sequences of trials. Within sequences, the interval was varied in a specific manner in order to investigate potential context effects. Sequence types are displayed in Figure 7.2 and they are described in detail below. Each sequence contained ten trials. Responses were self-paced, and the time interval between the response and the next trial was always the same, set to 250 ms: thus there was no indication for the listener that a sequence condition started or stopped. The order of the sequences within a block was randomized, so that the listener was unable to predict the next sequence. 

6 st condition

Tone pairs with an interval of 6 st were presented on consecutive trials (6 st, 6 st, 6 st... See Figure 7.2A). Tone pairs were identical within sequences, except that the order of standard and comparison tones within each trial was random.

Random condition

Intervals from 1 to 11 st were presented in random order (e.g. 8 st, 3 st, 11 st... See Figure 7.2B). The order of standard and comparison tones within each trial was random.

Increasing condition

Intervals from 1 to 11 st were presented in an ordered manner. The interval was gradually increased across trials (1 st, 2, st, 3 st... See Figure 7.2C). The order of standard and comparison tones within each trial was random.

Decreasing condition

The interval was gradually decreased across trials (11 st, 10 st, 9 st, ... See Figure 7.2D). The order of standard and comparison tones within each trial was random.

Omissions

We further attempted to control for response bias by omitting one interval per sequence, leading to a total of ten trials per sequence instead of the eleven intervals from 1st to 11st.

If for any reason listeners would tend to change their response after counting a certain number of trials within a sequence, then the psychometric functions should change depending on the omitted interval.

Repeats and number of trials

There were 40 repeats for each interval in the random interval and ordered interval conditions and 440 repeats for the ambiguous interval condition, resulting in 1760 trials in total. There were additional repeats in the ambiguous condition, in order to have an equal number of sequences for the ambiguous, random and ordered conditions (44 sequences per condition). The experiment was divided into eight blocks of 220 trials.

Apparatus

Listeners were tested individually in a double-walled sound-treated booth (Industrial Acoustics Company). Stimuli were generated through custom programs on a personal computer, using Matlab. They were delivered through a RME Fireface 800 sound card and 16-bit digital-to-analogue converter, at a 44.1-kHz sample-rate. Stimuli were presented through Sennheiser HD 250 linear II headphones. The average intensity was 65 dB SPL (A-weighted) as calibrated with a Bruel & Kjaer (2250) sound level meter and a Bruel & Kjaer ear simulator (4153).

Data analysis

First, for all conditions, responses were analyzed both in terms of the proportion of times that a listener reported an upward shift between the tones of the pair. This measure is noted P(Up). We also recoded the button presses provided by listeners to compute the proportion of the times they reported that the standard tone was higher than the comparison tone in the pair, irrespective of the order of presentation of standard and comparison. This is noted as P(SH).

Then, psychometric functions were estimated for P(SH) for each individual listener, for the random, ascending, and descending conditions. The psignifit data-fitting software was used to fit Weibull functions to individual data for each sequence type (random, increasing, and decreasing) using constrained maximum-likelihood estimation [START_REF] Wichmann | The psychometric function: I. Fitting, sampling, and goodness of fit[END_REF]. A goodness-of-fit test established a lack of fit for 7 out of the 30 cases tested (10 listeners and 3 interval types). These 7 conditions were excluded from further analysis. From the remaining cases, the interval for which the Shepard tone pairs were at their most ambiguous was computed from the fitted function. This corresponds to the estimated interval for which P(SH) = 0.5, the point of subjective indifference noted PSI [START_REF] Maloney | Past trials influence perception of ambiguous motion quartets through pattern completion[END_REF].

A further analysis was performed on the random interval condition. We used a technique described as molecular analysis [START_REF] Dittrich | A comparison of the temporal weighting of annoyance and loudness[END_REF]. We assessed acrosstrial effects using a multiple binary logistic regression on each individual data set, including as factors the percept (standard lower or higher) on the four most recent trials plus the interval on the current trial. These five variables served to predict the response on the current trial. It was necessary to include the interval as a predictor, due to its strong influence on responding in the current trial. Separate regression analyses were conducted for each participant, resulting in a set of weights for each individual. Global goodness-of-fit for each regression model was assessed using the Hosmer-Lemeshow goodness-of-fit test. A lack of fit was found for two out of ten participants, whose data were excluded from this analysis. Regression coefficients were normalized so that their absolute sum was equal to one.

Results

6 st condition

We first examine the results of the 6 st interval condition. This condition was important in establishing 1.) whether listeners had idiosyncratic biases and 2. The fact that perception rarely switched within a sequence, when measured by the relative pitch of standard and comparison, could be due to stimulus-related biases. A given listener may have a general tendency to hear a tone with certain frequency parameters as lower than another, with the low number of switches reflecting this general tendency [START_REF] Deutsch | A Musical Paradox[END_REF](Deutsch, , 1987a)). The next analysis examines this possibility. Figure 7.4 displays the proportion of sequences where the standard was heard as higher in the first trial of the sequence, for individual listeners and F0 conditions. Since there are four F0 conditions (0 st, 3 st, 6 st, 9 st, re: 65.41 Hz), these collapse onto two F0 conditions for the 6 st interval condition (0-6 st is the same as 6-0 st with the order reversed). We denote this measure P(P1=SH). The figure shows that there are no strong stimulus-related biases which determine how the standard is perceived across the whole sample of listeners, as the P(P1=SH) are within a reasonably small range around 0.5. If the perceptual stability was due to the idiosyncratic biases as described in the research of Deutsch and colleagues [START_REF] Deutsch | A Musical Paradox[END_REF], we would expect extreme values for most listeners and condition (e.g. see Figure 5.4, Chapter 5). Here, the absence of a large bias for the first percept rather suggests that the absence of switches within sequences is context-related, passed on from the first trial (and possibly from the previous sequence).

These findings strongly suggest that the random distribution of P(Up) of Figure 7.3A was in fact reflecting the random ordering of standard and comparison tones in the stimuli.

Perception was very stable within a sequence of 6 st, but only when it was measured in terms of which tone, standard or comparison, was perceived lower in pitch. The order of presentation standard and comparison made no difference and thus a stable perception of pitch translated into a random pattern of up and down shift responses. As a consequence, from now on we will mostly present results in terms of the proportion of standard tone perceived higher on a given trial, P(SH). 

Random condition

The P(SH) for individual listeners was computed for the random interval sequences, as a function of the interval between standard and comparison and averaging for both orders of presentation. The raw data were then fitted with psychometric functions (see Methods, Data analysis).

Listeners tended to report more often the smaller of the two possible frequency shifts between Shepard tones (Figure 7.5A, gray curve). When the F0-interval was small, listeners respond that the standard tone was lower. When the F0-interval is large, the standard was heard as higher. For more ambiguous intervals, either response occured with a balance occurring at about 6 stthe fully ambiguous Shepard tone pair. 

Increasing and decreasing conditions

The same analysis was performed for the ordered series, that is, the sequences where the interval between standard and comparison was regularly increasing from 1st to 11st or regularly decreasing from 11st to 1st. Results are shown by the blue and green curves in The bias based on the sequence type (increasing, decreasing or random interval) was quantified by estimating the interval at which the P(SH) was 0.5, a measure which was termed the point of subjective indifference (PSI, [START_REF] Maloney | Past trials influence perception of ambiguous motion quartets through pattern completion[END_REF]. Figure 7.5B shows the PSI for the increasing, decreasing, and random interval conditions. Any difference between PSIs would reflect a hysteresis effect. A repeated-measures ANOVA revealed a highly significant effect of condition on the PSI (F(2, 22) = 136.08, p < 0.001). The PSI does not average at exactly 6 st, but this small deviation may be due to random sampling or idiosyncratic biases.

Omissions

There was an additional control for the response biases in our experimental design. In all sequences, one interval was omitted at random (balanced across all possible sequences). If listeners displayed a response bias, whereby they would wait for a certain number of trials befo e s it hi g f o sta da d lo e to sta da d highe o i e-versa, a horizontal shift of the psychometric curve should be observed depending on which interval was excluded.

This is similar in spirit to the modified method of limits of [START_REF] Hock | Bistability and hysteresis in the organisation of apparent motion patterns[END_REF].

The P(SH) obtained for each listener and conditions (increasing and decreasing) were computed again, but this time splitting the data in two: sequences with an early omission (an interval smaller than 6 st was omitted) and sequences with a late omission (an interval larger than 6 st was omitted) Sequences where 6 st was omitted were excluded from this analysis. if it has the strongest influence, it is not only the previous trials but at least 3 trials back that modulate perception on the current trial.

Note that in this analysis, the influence of the interval and the previous percepts are not directly comparable, as the interval is a continuous predictor, whereas the percepts are categorical predictors and they are scaled differently (int: 1-11, percept: 0 or 1). The difference is scaling leads to the interval having a lesser contribution than the percept in the current analysis. However, this is unimportant, as our main aim was to compare the contribution of previous percepts. 

Predictor

Discussion

We devised a hysteresis paradigm where listeners had to judge the direction of pitch change between pairs of Shepard tones. We attempted to reduce most potential confounds related to response biases in order to target perceptual hysteresis.

First, a simple parametric manipulation allowed us to control the degree of ambiguity in each stimulus pair. This parameter, the interval between a standard tone and a comparison tone, was hopefully made less transparent to listeners by randomizing the order of standard and comparisons between pairs. We cannot rule out the possibility that the more musically trained of our listeners identified the change in interval, but the complex structure of our experimental block (random order, interleaved conditions, omissions) should still have contributed to obscuring the experimental manipulation. We have not s ste ati all o t olled fo usi al t ai i g i this e pe i e t a d othe s, ut the su je t s pool was diverse in this respect and the author could not find any pattern related to selfreported musical training.

Second, perceptual hysteresis was distinguished from response bias. By randomly ordering the standard and comparisons, listeners were forced to vary between up a d do espo ses e e he the e pe ie ed a i al h ste esis.

Third, if listeners reached a region of perceptual uncertainty when the stimulus entered the most ambiguous range, the strategy consisting in holding on to the last button pressed would result in no recorded hysteresis (again because of the random ordering).

Furthermore, we used omissions to further vary the structure of each sequence and detect such types of decisional strategies. Thus, we would argue that the main confounds put forward by [START_REF] Hock | Bistability and hysteresis in the organisation of apparent motion patterns[END_REF] were all addressed in our design.

The results were clear-cut. We observed a strong hysteresis in the perception of Shepard tone pairs. Consistent with the reports of [START_REF] Giangrande | Perceptual Dynamics of Circular Pitch[END_REF], the context effect we observed was assimilative: a given percept was maintained in the face of ambiguity or even conflicting evidence, if it had been sufficiently established by the context.

In addition to removing potential confounds from the interpretation, we also extended their findings on several accounts. First, the hysteresis we observed was stronger than in [START_REF] Giangrande | Perceptual Dynamics of Circular Pitch[END_REF]. This may be because of differences in the stimulus parameters.

They used a fixed cosine spectral envelope centered at ~600 Hz, whereas we used a

Gaussian envelope centered at ~1050 Hz. We varied the F0 of the standard tone across sequences (0, 3, 6, 9 st, Re: 65.41 Hz) whereas they used a fixed F0 for the standard (19.45 Hz). Differences may also arise from the fact that we reversed tones in random pairs. There are additional differences in the temporal parameters used. We used approximately the same tone duration (125 ms in the current experiment/120 ms in [START_REF] Giangrande | Perceptual Dynamics of Circular Pitch[END_REF], different ISIs between tones of a pair (125 ms/0 ms), and between tone-pairs (self-paced/3 s). It could be that a possibly longer duration between tone pairs led to a weakening of the effect in their case. It is not clear why other differences should give rise to a stronger effect in our experiments. It could also be due to the different samples of listeners in these experiments.

More interestingly, we can also now specify what the context effect actually modulates. It is not the perception of upward versus downward shifts per se. In our experiment, when the data for the fully ambiguous interval of 6 st were analyzed using P(Up), a measure of the direction of perceived shifts, responses were randomly distributed and most likely reflected the random ordering imposed on the stimuli. In contrast, the measure quantifying the relative pitch of the standard versus the comparison, P(SH), was remarkably stable. Later analysis showed it was exquisitely sensitive to context. This observation could explain the negative results of [START_REF] Dawe | Spectral-motion aftereffects and the tritone paradox among Canadian subjects[END_REF] and [START_REF] Repp | Context sensitivity and invariance in perception of octave-ambiguous tones[END_REF]. They attempted to bias the direction of the shift, either by adapting out one direction [START_REF] Dawe | Spectral-motion aftereffects and the tritone paradox among Canadian subjects[END_REF] or by presenting unambiguous pitch shifts before an ambiguous one [START_REF] Repp | Context sensitivity and invariance in perception of octave-ambiguous tones[END_REF]. However, it is clear from our analysis that hearing an upward shift on one trial will not have much effect on hearing an upward or downward pitch on the next trial. Rather, it is the pitch of the standard relative to the comparison that is being biased. This bias is observed irrespective of the standard-comparison or comparisonstandard pattern that is being presented to the listener, and hence the up or down percept.

Finally, we also examined for the first time the influence of past trials prior to the current percept using a molecular analysis technique. Our results show that the bias is not simply passed on from trial-to-trial, but that perception depends on sensory history from recent trials, with trials extending back as far as the third most recent trial exerting an influence on perception in the current trial. The effect therefore constitutes a memory-like phenomenon dependent on more than the directly preceding percept, and thus is not entirely eliminated by intervening stimuli. This is qualitatively consistent with the conclusions of [START_REF] Maloney | Past trials influence perception of ambiguous motion quartets through pattern completion[END_REF] using visually ambiguous motion quartets. However the pattern of influence we observe is much simpler than theirs: it is a cumulative effect, always in the direction of assimilative hysteresis, with a decay as trials are further in the past. In a very different experiment, [START_REF] Raviv | How recent history affects perception: the normative approach and its heuristic approximation[END_REF] also quantified the effect of past trials on current judgments of frequency-shifts. In their Bayesian model framework, they found that two trials into the past, each consisting of two tones, were needed to predict current responses. In our study, the time-course of delivery of the different trials was not controlled for as the stimulus delivery was self-paced with the responses of each listener. We will come back to the issue of time-course in Chapter 9, with a different and possibly more sensitive technique to map the time course.

This first experiment establishes the existence of a strong assimilative hysteresis in the perception of Shepard tone pairs. Now, we will aim to investigate what underlies it. One way of approaching the issue is to try and characterize the minimal contextual requirements for the bias to occur. This is what is attempted in the next chapter.

between the ambiguous test pair. The upper panel shows a schematic spectrogram of trial sequences from [START_REF] Repp | Spectral envelope and context effects in the tritone paradox[END_REF]), Experiment 3. Repp (1997), in one condition, introduced a bias toward an upward shift by preceding the fully ambiguous, 6-st interval with a single Shepard to e lo ated st a o e the fi st to e of the test pai . This led to a up ias. T ial se ue es of [START_REF] Giangrande | Perceptual Dynamics of Circular Pitch[END_REF], from the condition where the interval was increased, are shown i the iddle pa el. This also led to a up ias. The lo e pa el ep ese ts i easi g sequences from Experiment 1 of the current manuscript, with the order between tones on a t ial ei g a do ized. He e, the ias as defi ed the sta da d lo e . I the illust atio

shown in Figure 8.1, this ould e a up ias, ut, i po ta tl , if the o de of sta da d a d

comparison was reversed i the last pai , this ould e a do ias. I all ases, one remarks that listeners chose the frequency shift which crossed the frequency region of the context tones.

We thus put forward a new hypothesis to account for the commonalities between these three experiments: the important stimulus characteristic of the context which led to the perceptual bias was the presence of frequency components within a specific half-octave range, relative to the tones of the test pair. To test this hypothesis, we adopted the o te ttest pa adig illust ated i Chapte Figure 3.1), where a fixed test is preceded by a parametrically-varied context sequence. For the test, we used the interval of 6 st, as this interval should be the most ambiguous one. This was reasonably well confirmed in Experiment 1 of Chapter 7. For the context, we simply used random sequences of Shepard tones, which were restricted to a half-octave range. The number of context tones was an experimental parameter, with sequences consisting of one to ten tones and a no context control.

Method

Participants

Sixteen self-reported normal-hearing listeners with a mean age of 23.93 (SE = 0.17) participated of which five were excluded as they did not pass the screening test (version 2).

Listeners had not previously participated in experiments involving ambiguous Shepard tones. 

Stimuli

Stimuli consisted of Shepard tones generated in the same manner as in Experiment 1 (see section 7.2.1.1), except that the central frequency of the spectral envelope was set to 960

Hz. This change in parameters is not related to any of the specific aims of this experiment.

In the previous chapter, we adopted the terminology of [START_REF] Giangrande | Perceptual Dynamics of Circular Pitch[END_REF] and described the stimuli in terms of the standard and comparison tone, due to the similarity of these paradigms. In the current experiment, each trial consisted of a context, which did not require a response from listeners, followed by an ambiguous test stimulus. Therefore, we refer to the ambiguous test as T 1 and T 2 and the context as C (C 1 ,...,C N ). A F0 was chosen for T 1 of each trial, randomly drawn from the range between 60 and 120 Hz. The T 1 -T 2 interval was set to 6 st. We knew that at least three previous trials could influence results, which could introduce some noise in the measurements. Therefore, inter-trial sequences were introduced between trials, designed to reset the bias at the start of each trial. Inter-trial stimuli were sequences of ten tone-complexes with half-octave spacing between their components, presented under the same spectral envelope as the Shepard tones. This, we hypothesized, should introduce equal bias for all frequency regions. The F0 was roved between 60 and 60* Hz across tones of the sequence. The duration of each tone was 0.125 s, with a sinusoidal ramp at onset and at offset lasting 0.05 s and an ISI of 0.125 s.

Responses were self-paced, and followed by the inter-trial sequence 0.25 s later. The ISI between the inter-trial sequence and the stimuli of the following trial was 0.25 s. Stimuli were presented at an average intensity of 65 dB SPL (A-weighted).

Procedure and apparatus

Listeners indicated which of the two final tones was higher in pitch. There were 40 repeats per condition, leading to a total of 440 trials. The experiment was divided into two blocks, with 220 trials per block. Conditions were presented in random order.

Apparatus was as in Experiment 1.

Data analysis

Our hypothesis that the pitch of the test would shift across the frequency region of the context predicted that the context tone would lead to a bias toward upward or downward shifts, depending on its frequency relative to the test. Therefore, in the trials where one context tone was presented, the bias was analyzed in terms of the effect of the context on the proportion of upward shifts heard (P(Up)).

We also computed a measure of the bias which combined conditions where the pitch was expected to shift upward and downward. For the [-6 0] context conditions, for which, according to our predictions, the pitch between T 1 and T 2 was expected to shift upward, the Bias was computed as:

For the [0 6] conditions, for which the pitch was expected to shift downward, between T 1 and T 2 , the Bias was computed as:

. context tone analysis, we expect mirror effects of the context where C-T 2 was negative or positive.

We combined both cases in the analysis by computing a single measure of Bias, which reflects the proportion of trials where the reported shift crossed the region that contained frequency components during the context, rescaled between -1 and 1. Such reports were those predicted by our hypothesis.

As can be seen in Figure 8.4, the Bias was positive in all conditions tested. It increased with the number of context tones. A repeated-measures ANOVA with a Greenhouse-Geisser correction, on the Bias as the dependent variable and with the number of context tones as the independent variable showed that the effect of the number of context tones was significant (F(3.37, 33.72) = 61.55, p < 0.001). This effect is significantly different from zero for all sequence lengths tested, but not the control condition, as shown by a series of t-tests whose results are displayed in Table 8.1. 

# context tones

Discussion

We used a context-test paradigm to test a simple hypothesis about the cause of the strong hysteresis effect observed in Experiment 1. We introduced random sequences of context tones preceding a test pair. Results showed that, as hypothesized, context biased listeners towards reporting the shift between the test tones across the frequency region of the context tones. This effect was already observed with one context tone. Sequences of 10 context tones almost fully swayed listeners in one direction or another, for the same physical test pair, depending on the context.

The analysis of the single context tone case contains conditions similar to [START_REF] Repp | Spectral envelope and context effects in the tritone paradox[END_REF], plotted in Chapter 5. Our results are quantitatively consistent with [START_REF] Repp | Spectral envelope and context effects in the tritone paradox[END_REF]: a si gle o te t to e at st al ead has a sizea le effe t o liste e s epo ts. We also found that the effect varied with the frequency of the context relative to the test. The bias was at its strongest at 3 st which was the interval tested by [START_REF] Repp | Spectral envelope and context effects in the tritone paradox[END_REF]. This corresponds to a situation where the context tone is presented at the centre of the bias region. There are slight asymmetries in the P(Up) as a function of the C-T 2 interval in 8.3B. This is likely to be experimental noise and we would hypothesize that it should be fully symmetrical with a larger number of trials per condition (~4 per subject in this particular analysis).

The context effect appears to accumulate with the number of context tones presented. This could have two explanations. First, as the context tone frequencies were random, and as an interval of 3 st was the most efficient, it is possible that the increased Bias simply reflects an increased likelihood to present a 3-st context tones. The other possibility is that the Bias accumulated. This would be more in line with results of Experiment 1, where the molecular analysis showed a combined effect of at least 3 past trials on present responses. Our findings in Experiment 3 presented in the next chapter provide further support for the accumulation hypothesis, showing that the effect increases with the length of a single context tone at a fixed frequency.

Our results provide a single interpretation for all three experiments so far that observed a context effect on Shepard tones. The effect of [START_REF] Repp | Spectral envelope and context effects in the tritone paradox[END_REF], which was explained in terms of distance between pitch class, is in fact of the same nature as that of [START_REF] Giangrande | Perceptual Dynamics of Circular Pitch[END_REF] and of Experiment 1. The effect found with increasing number of context tones is sufficient to account quantitatively for the hysteresis effect of Experiment 1. In the ordered conditions of Experiment 1, the effect was close to ceiling for the condition with the ambiguous 6 st interval preceded by five intervals (or five tones presented to the Bias region). The Bias in the current experiment equals the Bias in the preceding experiment for these parameters, as in both cases the Bias is ~ 0.9.

In the present chapter, we have established an effect of the frequency region of the context on how we hear frequency shifts. The effect found previously is not dependent on the hysteresis paradigm: it occurs when the context is presented without any response required from the listeners, and with context tones drawn randomly from the appropriate frequency region (and not in any particular order). We describe the current effect as assimilative, as the perceived shift between the test tones is across the region previous stimulated with the context. This description is not a priori committed to any underlying mechanism, however, and we will defer the discussion of those until the final chapter of the thesis. It can already be noted, however, that our effect does not bear any straightforward resemblance to any of the auditory context effects discussed in Chapters 3 and 4. Most other spectral context effects which have been reported could be better described as contrastive (adaptation to frequency glides, contrast enhancement in speech).

Using the context and test paradigm developed in the previous chapter, we now investigate the influence of some temporal parameters on the perceptual bias. The paradigm is well-adapted to the investigation of the time course of context effects, as one can control easily the various temporal parameters of the context. Here, we investigate two questions: what is the minimum context duration that leads to a bias? How long after the context does the bias persist? These are tested by manipulating the duration of a single context tone in Experiment 3 and by varying the silent gap between a context and the test pair in Experiment 4, respectively.

Experiment 3: Minimum duration of context

Rationale

In Chapter 8, we found that an assimilative bias is already present after a single context tone lasting 0.125 s. Therefore, in the current experiment, we reduced the duration of the context tone to estimate the minimum duration where a bias was still observed. We chose to present the context tone at the centre of the context frequency region (interval of -3 st or +3 st), as this was found to produce the strongest bias for a single tone in Experiment 2.

There are several possible options for the temporal parameters of the stimuli (duration of each test tone, ISI between the context and test, and the ISI within the test). As a first attempt, we chose to keep the duration of the test tones equal to those used in the previous experiments 1 and 2, that is, 0.125s long. All ISIs, between context and test and between test tones, were set to zero.

Method

Participants

Fifteen self-reported normal-hearing listeners with a mean age of 24.4 (SE = 0.24) participated in the experiment, of which five were excluded as they did not pass the screening test (version 2). The remaining ten participants included six participants who had not previously taken part in experiments involving Shepard tones. 

Stimuli

Stimuli were Shepard tones, as in Experiment 2. Trials consisted of an ambiguous test pair preceded by one context tone. As in Experiment 2, on each trial, a random F0 between 60 and 120 Hz was chosen for T 1 . There was an interval of 6 st between T 1 and T 2 . The context tone had an interval of 3 st or -3 st with respect to T 2 . The context tone duration was varied.

Durations of 0.02, 0.04, 0.08, 0.16 and 0.32 s were used. A control condition without a context was also included. The test duration was 0.125. The ISI between the test tones and the ISI between the context and test were set to 0 s. Inter-trial sequences were presented between trials with the aim of minimizing biases from previous trials. These sequences were identical to Chapter 8. A schematic spectrogram of a trial is presented in Figure 9.1, with the test (T 1 and T 2 ) preceded by a context stimulus, with an interval of -3 st with respect to T 2 .

Stimuli were presented at an average intensity of 65 dB SPL (A-weighted).

Procedure and apparatus

Listeners indicated which of the two final tones was higher in pitch. There were 40 repeats per condition, leading to a total of 320 trials presented as a single block of trials. Conditions were presented in random order. Apparatus was as in Experiment 1. 

Stimuli

Stimuli were Shepard tones, generated in the same manner as in previous experiments. Each trial consisted of an ambiguous test tone pair preceded by a sequence of context tones, as in 

Procedure and apparatus

Listeners indicated which of the two final tones was higher in pitch. There were 20 repeats per condition, leading to a total of 160 trials. The experiment was divided into two blocks, with 80 trials per block. Conditions were presented in random order. Apparatus was as in Experiment 1.

Results

Results are shown in Figure 9.4. A strong assimilative Bias was found for the shortest duration of the silent gap, 0.5 s. This gap duration was longer than in any previously tested conditions: in Experiment 2 for instance, the silent gap was of 0.25 s. In that condition, the Bias observed was 0.87 (SE = 0.03). In the present experiment, the Bias at 0.5 s is 0.91 (SE = 0.03). The two values are similar. The Bias decreased with increasing gap duration. A repeated measures ANOVA showed that there was a significant effect of gap duration on the Bias, F(7, 42) = 9.63, p < 0.001. When tested with a series of t-tests with a conservative Bonferroni correction, the Bias was significant up to a gap duration of 32 s. However, the effect remained above 0 Bias in all conditions tested.

Discussion

We investigated two distinct aspects of the temporal dynamics of the context effect that modulates the perception of Shepard tones. On the one hand, Experiment 3 showed that the perceptual bias could be established rapidly. With the parameters chosen for the test pair and ISIs, a context tone as short as 20 ms could produce a reliable context effect. On the other hand, Experiment 4 showed that, once established, the perceptual bias was longlasting. Again with the parameters chosen, it persisted over a 32-s long silent gap.

There are many additional parameters that could be tested to refine the estimation of the shortest possible context tone that still produces a bias. It seems highly plausible that varying the duration of the test tones and the ISIs within the stimulus sequence could affect the quantitative outcome of the experiment. In particular, the absence of any silent interval between context and test may have introduced some degree of backward masking of the context tone by the first test tone, even though context and test were likely to recruit different frequency channels. Thus the present results do not necessarily indicate the shortest possible context duration that can lead to an effect, as under different conditions, there could be an effect for even shorter context durations. However, it does show that tones as short as 20ms can bias subsequently presented Shepard tone pairs. Similar limitations may apply to the measure of bias persistence. It would be of interest to manipulate orthogonally the strength of the initial context and the time-course of the bias persistence. Again, we show that the bias can persist for at least 32s, but there may be situations were persistence is longer, for a stronger initial context, for example. More importantly, we have not attempted to control attention of listeners during the silent gap.

They may have used any strategy, from silent rehearsal to mind-wandering. This may explain the greater variability in the results for longer gap durations. It would be of interest to add a task in the silent gap, auditory or non-auditory. We had attempted to test such conditions, but matching exactly the difficulty of all tasks proved to be difficult.

The general conclusion we draw from Experiments 3 and 4 is that the bias was remarkably insensitive to temporal factors. The bias, when present, was invariably assimilative under all conditions tested. This is in strong contrast with previous findings with visual stimuli [START_REF] Kanai | Perceptual manifestations of fast neural plasticity: motion priming, rapid motion aftereffect and perceptual sensitization[END_REF][START_REF] Noest | Percept-choice sequences driven by i te upted a iguous sti uli : A lo -level neural model[END_REF].

The fact that the bias was present at very short context durations (0.02 s) in Experiment 3 also suggests a very rapid underlying process. On a descriptive level, this

shows that the biasing of the perception of frequency components does not require long durations nor the accumulation of a substantial amount of evidence: thus, the process we highlight with our psychophysical technique is likely to be continuously operational during auditory perception. For neural interpretations, a relevant observation of Experiment 3 is that the bias did not decrease or become negative as context tone duration increased.

Therefore, it is not necessary to appeal to opponent processes to explain it, such as neural depression and potentiation, but a single process may suffice. The combination of a rapid establishment (tens of milliseconds) with a long persistence (tens of seconds) induces even more constraints on the underlying neural mechanisms.

Chapter 10 Experiment 5: Random spectra

All the experiments we have presented up to now use Shepard tones as the ambiguous stimuli. We have uncovered a strong context effect in these stimuli, which appears to be related to the frequency content of the context relative to the test pair. In this chapter, we ask whether the effect is specific to Shepard tones or whether it is more general and applies to any ambiguous frequency shift.

Shepard tones were devised by [START_REF] Shepard | Circularity in judgments of relative pitch[END_REF] with the original intent to investigate octave-similarity between pitch classes. All components of a Shepard tone are from the same pitch class, separated by octaves. This property was initially thought to be important in the Shepard scale illusion, in which a scale appears to go up in pitch indefinitely (reviewed in Chapter 5). The structure of the Shepard tone also favors a fused percept, with a single pitch, even though its octave may be ambiguous. However, none of these properties seem directly related to the hypothesized biasing process we put forward in the previous chapters.

We have hypothesized that, when faced with an ambiguous frequency shift between components, listeners will tend to report the shift that encompasses previously-stimulated frequency channels. Even though we have reported the effect in terms of pitch shift, and indeed, asked the listeners to judge a pitch shift, it is conceivable that the biasing effect does not require a single, fused pitch, but rather operates on a component per component basis.

We devised a stimulus to test this hypothesis, by focusing on the core hypothesized requirement for creating the context effect, and removing all other characteristics of the Shepard tones. The stimulus here is simply a chord of pure tones with random frequencies.

I po ta tl , ou test sti ulus ill e a pai of a do ho ds, ith o ple e ta spe t a so that each component of the first chord is exactly halfway between two components of the second chord, on a log-frequency scale. Thus, for each tone, there is a potentially ambiguous frequency shift between the first and second tone of the test pair.

The stimuli are illustrated in Figure 10.1. Stimuli were chords composed of pure tones, like Shepard tones. However, unlike Shepard tones, the spacing between adjacent components of each tone was randomized, thus removing the octave-based structure and circularity of the Shepard tones. In addition, we removed the bell-shaped spectral envelope of the Shepard tones and replaced it with a flat spectral envelope, so all frequency components had the same amplitude. In order to create ambiguous shifts, we first generated a standard tone for each trial, by taking a complex tone with even spacing between its components on a logarithmic frequency scale, shown in Finally, we tested whether the effect would take place at different average spacings between components. For Shepard tones, the spacing between components is always of 1 component per octave. With our random-spectrum technique, we could include conditions where the average spacing was broad (e.g. ~1 component every 3 octaves), or other conditions where the spacing was dense (e.g. ~8 components per octave).

The question arises as to what task should be used to measure the perceived direction of all local frequency shifts. Informal listening and pilot data indicated that the task was easily described in terms of pitch shift to naïve listeners, even though there is no single pitch for each chord. We thus decided to use exactly the same procedure as is Experiment 2, asking listeners to report whether the pitch shifted up or down. If the task was in fact illdefined for our stimuli, this should result in a random pattern of response by listeners and the absence of any reliable effect.

Method 10.1.1 Participants

Fourteen self-reported normal-hearing listeners with a mean age of 26.85 (SE = 1.1) participated of which four were excluded as they did not pass the screening test (version 1).

Out of the final sample of ten listeners, five had not previously participated in experiments involving Shepard tones.

Stimuli

Stimuli were inharmonic complexes with randomly-spaced components. Components were equal in amplitude. For a given tone, N components were generated between the lowest frequency FL (set at 30 Hz) and half the sampling rate sf (sf = 44100 Hz). Each trial contained a standard chord, with respect to which additional chords were generated. The frequency of each component,
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, of the standard was computed as:

FL f i cs i . 2  where N x i k cs i i ) (   and k = log 2 sf 2.FL with i
x representing independent, uniformly distributed random numbers between 0 and 1.

Note that component i = N was, in fact, not generated, as when the random variable was added, its frequency exceeded half the sampling frequency. Its value was however used to compute the highest component of comparison and context tones.

In order to generate ambiguous spectral shifts between consecutive tones, the frequencies of the components of the comparison and context tones were shifted with respect to adjacent components of the standard tone. The frequency of each component of the context and comparison
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was generated with respect to the components of the standard tone in the following manner:

where
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with y a number between 0 and 1, specifying the relationship between the components of the standard tone and the comparison tone. A value of y=0.5 was used to create fully ambiguous shifts.

The context tones were generated in the same manner as the comparison tone, except that the variable y was randomly varied between 0 and 0.5. The value of y is in fact similar to the C-T 2 interval in previous experiments.

The number of components within each chord, N, was an experimental parameter. N could take the values of 3, 5, 10, 20, 40, or 80 components. These values correspond to an average spacing of 0.32, 0.53, 1.05, 2.10, 4.20, and 8.40 components per octave, respectively. As in Experiment 2, context tones and test tones had a duration of 0.125 s. The ISI between context tones was 0.312 s. The ISI was 0.312 s between the context sequence and the test pair. This ISI was chosen for comparison with results of an experiment which is not reported in this thesis. The ISI between test tones was 0.125 s. The order of the standard
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and comparison tone within the test pair was random across trials. Sounds were presented at 65 dB SPL (A-weighted).

Procedure and apparatus

In each trial, participants indicated the direction of what was described to them as a pitch or frequency shift. In a control no-context condition, the ambiguous tone pair was presented alone, without any preceding context. In the main context condition, five context tones preceded the ambiguous tone pair. All conditions were interleaved randomly within a block.

There were 40 repeats per condition (6 densities x 2 context conditions x 40 repeats), resulting in a total of 480 trials. Apparatus was as in the previous experiments.

Data analysis

Liste e s epo ts were analyzed in terms of the Bias measure, defined in Chapter 8. If the shift heard by the listeners crossed the frequency region of the context, as was found in previous experiments, this would have led listeners to judge the standard as lower, because the variable y was varied between 0 and 0.5. Therefore, as a measure of the bias, we computed the proportion of trials per condition where the standard tone was heard as lower than the comparison. This Bias measure was scaled so that it would vary between -1 and +1.

A value of +1 would indicate a fully assimilative context affect, as described in previous chapters.

Results

Figure 10.2 displays the Bias averaged across listeners for each condition. A positive Bias was observed for all conditions. The Bias was stronger in context conditions relative to control conditions. Although the trend of a positive Bias due to context was visible in all density conditions, the strength of the context effect varied with the spectral density. The effect was maximal at a density of approximately one octave, and was slightly weaker for chords with widely-spaced components (one component every three octaves). The effect became notably weaker for conditions where components were dense (maximum of 8 components per octave). A repeated-measures ANOVA with context and density as independent variables was performed. It showed a significant main effect of the context (context vs. no context: F(1, 9) = 589.62, p < 0.001). It also showed a significant main effect of the density of components (F(5, 45) = 16.25, p < 0.001) and an interaction between the density of components and the context (F(5, 45) = 11.40, p < 0.001). Comparison between the context and no context conditions for each density, using paired sample t-tests with a Bonferroni correction, revealed a statistically significant differences in all density conditions, except when components were at their most dense (mean density = 8.4 components per octave).

Discussion

We devised stimuli with random spectra that produced fully balanced frequency transitions between their components. Generalizing the results with Shepard tones, we found that such transitions were ambiguous and could be strongly affected by context. The bias was of the same form as in the case of Shepard tones, in that listeners tended to report the frequency shifts encompassing previously-stimulated frequency regions. This indicates that the octaveregularity of the complexes or their cyclic nature were not relevant for the contextual effects.

We further tested whether the average spacing between the components of the context and test influence the strength of the effect. We found a context effect over a very broad range of densities, from only one tone per three octaves up to 4 tones per octave. The effect only started to break down at the highest density that we tested, 9 components per octave. Due to the density of components in this condition, it is likely that the stimuli were partly unresolved by the auditory system. Measurements in implanted human patients suggest that, at the cortical level, the neural tuning widths observed vary between 1/6 to 1/12 of an octave [START_REF] Bitterman | Ultra-fine frequency tuning revealed in single neurons of human auditory cortex[END_REF]. This would approximately correspond to the highest density we tested.

A critique of the current experimental design is that it is not clear what listeners judged he the p essed the up o do espo se utto s. The a do -chord stimuli presumably did not have a single clear pitch percept, as they lacked harmonic structure. For the sparsest conditions, it is thus possible that listeners focused on a single frequency transition. However, this seems less likely in the denser conditions, with 40 components in total and an average of 4 components per octave. Listeners have been shown to be able to report reliably the direction of frequency shifts for components within random chords that could not be perceived individually [START_REF] Demany | On the binding of successive sounds: Perceiving shifts in nonperceived pitches[END_REF]. It could be that listeners used the frequency-shift detection mechanism advocated by [START_REF] Demany | On the binding of successive sounds: Perceiving shifts in nonperceived pitches[END_REF] to provide a highly reliable report for the random-chord stimulus, at least in the dense conditions. It should be noted, however, that experimental evidence suggests that FSDs are best tuned to small frequency shifts, of the order of a musical semitone [START_REF] Demany | Tuning properties of the auditory frequencyshift detectors[END_REF]. The sparsest densities would thus pose a challenge to the involvement of FSDs in the task.

An unexpected aspect of the results is the positive Bias found in the no context control conditions. The frequency transitions without context were highly ambiguous, as indicated by the small values of Bias that were observed in those control conditions.

However, all of these values turned out to be positive, if only by a small amount. This could be a random variation due to our sample of listeners, or it could indicate an edge effect in our stimuli (which had a flat spectral envelope). We will explore the latter explanation in more detail. The causal factor could be that the components of the comparison are presented in between the components of the standard on a log frequency axis, as is shown in Figure 10.1C. An edge effect at the lower frequencies would lead to the standard to be heard as lower, which is consistent with the positive Bias, and an edge effect at higher frequencies would lead the standard to be heard as higher. Therefore, our results are consistent with an edge effect at the lower spectral edge. This positive Bias in the control condition is less pronounced for the denser chords (8.4 components per octave). This finding is consistent with the spectral edge account, as the shift occurring at the edge may be less audible when the components are dense.

With these caveats in mind, results were remarkably clear-cut. They show that the context effect observed with Shepard tones is, in fact, not specific to the specific octavebased structure of these stimuli. Moreover, whatever the cue used by listeners, the present experiment strongly suggests that the context effect is unlikely to operate on a representation of pitch corresponding to what has been termed the pitch of the fundamental, virtual pitch, or low pitch (see [START_REF] Cheveigné | Pitch perception models[END_REF] for a review). For the random chords we used, there would be no clear pitch of the fundamental. However, they did have a clearly defined spectral pattern, and the effect broke down when reaching the limit of spectral resolvability. Overall, the results so far suggest that the context effect is fairly general and only tied to the tonotopic representation of sound.

The manipulation also opens up the possibility to investigate the effect of selective attention. There is neural evidence suggesting that selective attention may be required for plastic changes of the tonotopic representation (e.g. Fritz et al. 2003, reviewed processes, then an advantage could be found for the attended ear.

An additional feature of this new paradigm is that the experiment contains trials for which we ould p edi t the sa e ias f o thei ph si al p ope ties, ut fo hi h liste e s instructions change and where opposite biases may be found only because of those instructions. Such trials may be especially well-suited for future neurophysiological experiments investigating the bases of the context effect.

Finally, the paradigm also allows us to investigate the influence of context stimuli presented to the unattended ear. In our design, the attended ear during the context and the ear of entry of the test pair are independently varied. If there is a larger bias when context and test are presented to the same ear, even when the context ear is unattended, this would indicate that selective attention is not the sole determinant of the effect.

Method

Participants

Sixteen self-reported normal-hearing listeners with a mean age of 27.16 (SE = 1.06) participated, of which four were excluded as they did not pass the screening test (version 1).

Two further participants were excluded due to biases reporting shifts in one direction on the main task (one participant indicated upward shifts on 953 out of 960 trials, while the other indicated upward shifts on 1 out of 960 trials). Out of the final sample of ten listeners, four had not previously participated in experiments involving Shepard tones.

Stimuli

The stimuli for the context sequences and test tone pairs were Shepard tones, generated as those of Experiment 1. The central frequency of the spectral envelope was 960 Hz. Some modifications were introduced in the temporal parameters of the stimuli. The context tones duration was halved, to 0.0625 s. The ISI between context tones was 0.1875 s. This was to accommodate the dichotic presentation of two interleaved context sequences. Test tones (T 1 and T 2 ) were presented with a 6 st interval as in Experiment 1, with a duration of 0.125 s and ISI between tones of 0.125 s. The ISI between the last context tone and first test tone was 0.5 s.

A random F0 between 60 and 120 Hz was chosen for T 1 of each trial. Context sequences comprised 10 tones with random F0, selected from one of the two possible biasing ranges [-6 0] and [0 6] relative to the test, as described in Chapter 8. Stimuli were presented at a level of 65 dB SPL (A-weighted).

The main difference with previous experiments was that each context sequence and test tones were presented to a single ear. In one set of conditions, which we will refer to as the monaural conditions, a single monaural context sequence was presented followed by the In a second set of conditions, which we will refer to as the dichotic conditions, two temporally interleaved context sequences were presented to the two ears, followed by a single test pair presented to one ear. Context stimuli were dichotic and test stimuli were monaural. The frequency ranges of the two context sequences were chosen so as to induce opposite biases, when presented diotically. Specifically, one was presented to the [-6 0] region and the other was presented to the [0 6] region relative to T 2 . Stimuli for the dichotic conditions are illustrated in Figure 11.1.

The first context tone was presented on the left and on the right in an equal number of trials. This was because the last tone of the sequence may have a stronger biasing effect than previous tones. Counterbalancing this factor was also a measure to prevent listeners from being influenced by context presented to one ear in the majority of trials.

Finally, in both monaural and dichotic conditions, listeners were required to detect a pair of target tones in the attended context. Thus some of the context sequences contained two consecutive tones with identical frequency, at a randomly selected position, from the second tone onwards. Target tones were present in 50% of trials. We ensured that all other shifts between consecutive context tones were a minimum of 1 st.

Procedure and apparatus

Listeners were required to carry out two tasks on each trial. They first indicated which of the two final tones of the stimulus was higher in pitch, and it was mentioned to them that this was considered the more important of the two tasks. They then indicated whether they detected a repeated tone in the context sequence of the attended ear. The purpose of the second task was to obtain a performance measure to verify that listeners were indeed attending to the instructed ear. Monaural and dichotic conditions were mixed within a block. The attentional conditions were blocked, meaning that for the entire duration of a block, the listener was required to attend to context stimuli presented to one ear (but respond to either ear for the test pair).

Di hoti o ditio s e e ge e ated i e a tl the sa e a a oss lo ks. O l the liste e s attentional focus changed from one block to another. Monaural conditions were always presented to the attended ear within a block. For example, in the blocks where the listener attended to the left, only monaural conditions where the context was on the left were presented. This was to allow listeners to maintain their attentional focus throughout the block.

To ensure that listeners followed instructions, they were given a secondary task on the attended context sequence. Specifically, they were to detect two consecutive identical Listeners were first trained on four blocks of monaural sequences, followed by four blocks of dichotic sequences.

Listeners completed all conditions where they were required to attend to one ear including training and experimental blocks, followed by all conditions where they attended to the other ear. The order with which they completed conditions where they attended to the left and right was counterbalanced. In total, there were 120 repeats for each of the eight conditions described above, leading to a total of 960 trials.

Apparatus was as in the previous experiments.

Data analysis

The results for the secondary task were analyzed in terms of the d' sensitivity statistic of signal detection theory [START_REF] Macmillan | Dete tio theor : A user s guide d editio[END_REF]. A hit as e o ded he liste e s epo ted a ta get i t ials that did o tai a ta get, a d a false-ala as e o ded he listeners reported the target for trials that did not contain the target. Note that non-target trials did not contain any repeated sounds, neither in the attended ear nor in the other ear.

Results from the main task were analyzed using a Bias statistics, adapted from Experiment 2. The Bias was defined, as in Experiment 2, so that it would vary between -1 and +1, with +1 corresponding to a full assimilative bias with respect to the context sequence. A value of 0 would indicate no bias.

As we knew from the results of previous experiments that negative biases would not occur, we took the additional step of reversing the sign of the Bias statistics (multiply by -1)

for context sequences presented to the left ear. This is for display purposes in monaural conditions, with negative bars indicating that context stimuli presented on the left biased perception of the test, and positive bars showing that context stimuli presented to the right ear biased the test.

In dichotic conditions, a slightly different Bias statistic was computed, again like that of Experiment 2. Here, we defined Bias so that positive values were obtained if listeners responded according to the direction of the bias expected from the context sequence in the right ear. As context stimuli presented to the left ear biased towards shifts in the opposite direction, negative values indicate responses conforming to the direction of bias expected from the context sequence in the left ear. As before, values between -1 and +1 are possible, and 0 represents no significant bias.

.

Results

Secondary task

Results for the secondary task are presented in Figure 11.2. Performance was well above zero for the whole group of listeners on the task in the monaural and dichotic task conditions. One sample t-tests with a Bonferroni correction (significant at 0.025) showed that performance was significantly different from 0 in monaural conditions (t(9)=19.26, p<0.0001) and dichotic conditions (t(9)=13.37, p<0.0001). The performance was higher for monaural than dichotic conditions, as shown by a two-sample t-test (t(18)=2.22, p<0.05).

This was expected, since there was no distracting sequence presented to the opposite ear in monaural conditions. Overall, the results confirm that listeners followed the instructions and selectively attended to the instructed ear. 

Monaural conditions

We first present a separate analysis for all of the trials corresponding to monaural conditions. Results for all four possible combinations of ear-of-entry for the context and test are displayed in Figure 11.3. A bias with the expected characteristics was observed when all sounds were to a single ear (C-T same : context right and test right; context left and test left).

Moreover, the bias persisted with when context and test were presented to different ears (C-T diff ,: context right and test left, context left and test right). Bonferroni-corrected t-tests (significant at 0.025) showed that the bias was present both in C-T same and C-T diff conditions.

In order to do this, we examined the absolute Bias for C-T same and C-T diff conditions. The absolute bias for conditions within these two categories were averaged for each listener and Bonferroni-corrected one-sample t-tests were used to test whether the absolute Bias was different to zero. Results indicate that the bias was significantly different from zero in C-T same (t(9)=8.49, p<0.0001) and in C-T diff conditions (t(9)=5, p<0.0001).

In those cases again, listeners displayed the assimilative bias found in previous experiments. Finally, the bias seemed stronger when both stimuli were presented to the same ear (C-T same , uppermost and lowermost bars in Figure 11.3) than opposite ears (C-T diff , two central bars). A two-sample t-test showed that there was a significant difference in the bias between C-T same and C-T diff conditions (t(18)=2.39, p<0.05). 

Dichotic conditions

We now turn to the remaining trials in the experiment, corresponding to dichotic conditions.

In these trials, a context sequence was presented to both ears, but the two contexts provided opposite predicted biases.

We found a complex pattern of responses depending on the combination of attended ear and the ear-of-entry of the test tone pair. We will first address the general effect of selective attention. We compared conditions using Bonferroni-corrected two-sample t-tests, to address the effect of attention and ear-of-entry between pairs of conditions, comparing the conditions which differed in attention, and conditions which differed in the ear-of-entry. The results are shown in Table 11.1.

The difference in the bias between conditions where listeners attended to the left and right was significant, when the test was presented to the right. Due to the conservative correction used, this was not significant when the test was presented to the left ear. This may be due to a general tendency to be biased by context stimuli presented to the left ear.

Indeed, another feature of the results was that context sequences presented to the left ear were generally more efficient to introduce a bias. This is noticeable in (significant at 0.025) revealed that listeners had a statistically significant general tendency to be biased by stimuli presented on the left (t (9) = 3.58, p < 0.01). For comparison, we performed a similar analysis on the data corresponding to the monaural conditions. There was no significant left-bias for the monaural conditions (t(9) = 1.16, p = 0.28). Thus, the stronger efficiency for context presented on the left was only observed when competing context sequences were presented to the two ears.

Finally, the ear-of-entry had a sizeable influence on the results, as shown by the ANOVA and t-tests reported above. Let us first consider the top two bars in Figure 11.4, which represent cases where listeners attended to the context in the left ear. In those cases, the Bias was stronger when the test pair was also presented to the left ear. A similar observation can be made for the bottom two bars, where listeners attended to the right ear.

There, the Bias even went in the direction of the unattended ear, the left one, when the test final tone pair. They also responded to the secondary task (detection of repeated tones in the attended context sequence).

Results and Discussion

Performance on the secondary task is presented in Figure 11.5. Despite the use of different stimuli (harmonic complex tones versus Shepard tones), performance was highly similar to that observed in Experiment 6. Thus, listeners seemed to have attended to the instructed ear in the same way as they did for Experiment 6.

Performance on the pitch direction task is summarized in Table 11.2. As the pitch shifts were unambiguous, performance is expressed in terms of percentage correct. In both monaural and dichotic conditions, the performance on the pitch direction task was at ceiling when (attended) context and test were presented to the same ear, C-T same , and when they were presented to opposite ears, CT diff . In particular, there is no decrease in performance when listeners had to switch attention compared to when attention could be maintained in the same ear. auditory nerve. Interestingly, however, the bias was not as strong when context and test were presented to opposite ears, compared to when they were presented to the same ear.

This difference could be because of an additional cost of switching attention to the opposite ear between context and test. However, a control experiment did not provide any support for the attention-switching hypothesis. Thus, it seems that whereas the context effect cannot solely be accounted for by peripheral processes, a context biases more efficiently a test in the case where they may interact peripherally.

The effect of selective attention was investigated by presenting two competing context sequences, one in each ear, and asking listeners to attend to only one of them. Thus we could compare physically identical stimulus conditions, differing only with respect to the attended ear during the context. Robust biases were found in most conditions, and listeners were more likely to be biased by the context they were selectively attending to.

This general finding was qualified by other more subtle features of the results. First, listeners tended to be biased by context stimuli presented on the left in dichotic conditions.

This left-dominance would be consistent with functional imaging studies [START_REF] Brechmann | Hemispheric shifts of sound representation in auditory cortex with conceptual listening[END_REF][START_REF] Zatorre | Spectral and Temporal Processing in Human Auditory Cortex[END_REF] and neurophysiological studies of patients with damage to the right hemisphere [START_REF] Johnsrude | Functional specificity in the right human auditory cortex for perceiving pitch direction[END_REF]. Both sets of studies suggest the right auditory cortex plays an important role in pitch and spectral processing.

Because of the dominant contralateral processing in auditory cortex, this would correspond to the left-presented context in our experiment. Interestingly, the effect only appeared when the left and right ears were in competition, and listeners had to attend to one of those ears. In our experiment at least, the right-cortex putative specialization for pitch processing was only revealed when combined with selective attention and competition with left-cortex processing.

Second, listeners did not always report the bias corresponding to the attended context. Rather, the ear-of-entry of the test played a role in the response pattern.

Specifically, a context sequence was more efficient to bias a test pair in the same ear, regardless of whether it was attended or not. Again the attention-switching confound potentially exists, but if one accepts that the control experiment has ruled it out, this observation does further suggest an involvement of monaural pathways.

In summary, Experiment 6 provided support for the involvement of both top-down processes such as selective attention, and bottom-up factors such as ear-of-entry. This seems to provide a conundrum. It is generally accepted that selective attention will have a larger impact on higher stages of processing, such as auditory cortex. However, the information of ear-of-entry may not be accurately preserved up to cortex, with most neurons displaying broadly spatially-tuned characteristics [START_REF] Mickey | Representation of auditory space by cortical neurons in awake cats[END_REF]. It is of course possible that selective attention reaches down to the earliest stages of processing [START_REF] Maison | Influence of focused auditory attention on cochlear activity in humans[END_REF], or that ear-of-entry is in fact indirectly represented in cortical activity in terms of spatial position. Therefore, it is possible that these top-down and bottom-up influences converge at one level of processing, which underlies the bias.

Another possible way out of the conundrum is to hypothesize that there is not one single locus for the context effects, but rather that they emerge from contributions of different processing stages in the auditory hierarchy. This line of reasoning is consistent with what has been found for other perceptual phenomena, such as auditory streaming. Findings indicate that many levels of processing can impact on whether sounds are perceived as one fused stream or as separate streams [START_REF] Cusack | The intraparietal sulcus and perceptual organization[END_REF][START_REF] Kondo | Involvement of the thalamocortical loop in the spontaneous switching of percepts in auditory streaming[END_REF]Micheyl et al., 2007;[START_REF] Pressnitzer | Perceptual organization of sound begins in the auditory periphery[END_REF][START_REF] Snyder | Toward a neurophysiological theory of auditory stream segregation[END_REF]. Perhaps paralleling this suggestion is the current consensus on stimulus-specific adaptation (SSA). As reviewed in Chapter 2, SSA has been observed at various stages of the auditory pathways.

Each finding may reflect a complex interplay between feedforward and feedback processing.

Such an architecture would be consistent with the findings of the current experiment.

phenomenology of the effect and does not commit to any particular mechanism, but it does capture the description of most of our experimental findings.

The context effect, we argue, was also remarkable because it altered the direction of the perceived shift between stimuli that were separated by large suprathreshold intervals. In some conditions, context could almost fully determine perception, for the same physical test stimulus, with a reasonably brief context sequence of five tones lasting approximately 1 s.

We observed the same context effect in the outcome of several independent experiments using different paradigms. A hysteresis paradigm was first used, with a strong effect that could be attributed to perceptual hysteresis and not response biases. We also used context-test paradigms, and showed that the context was unrelated to pitch class, but rather fully described by the tonotopic representation of context and test. In particular, the context effect could be observed with random spectra, so it is likely to be a process applicable to any type of auditory stimulus.

A number of the experiments we ran were designed in an attempt to constrain the possible neural mechanisms underlying the behavioral effect. In particular, we investigated the time-course of the effect, which had unexpected results. We found that the bias was introduced rapidly, as it was present following a context lasting only 20 ms. However, once established, the bias also had an enduring effect on perception, wearing off between 30 and 60 s. This means that, accordingly, the neural mechanisms underlying it must operate on the same broad-ranging timescale.

Another question was the neural level of processing at which the bias was created.

Perceptual effects related to tonotopy could be related to processing at a peripheral or central level, as adaptive changes to neural tonotopy have been reported throughout the auditory pathways. Our results first showed that the effect must have a component located after binaural convergence, as it occurred when context and test were presented to opposite ears. However, the context effect was also weaker under those conditions, suggesting an involvement of monaural pathways. Second, we found that the context effect was modulated by selective attention. Comparison of context conditions where opposing biases were presented to opposite ear and only attention was varied between conditions led to the finding that listeners were more likely to be biased by the context stimuli to which they attend. However, we also observed an effect of the unattended ear, for instance when unattended context and test were presented to the same ear.

A potential interpretation for those results is an interplay between top-down and bottom-up processes. It may be that there is one level of neural processing where those processes converge, through feedback and feedforward connections, which would be where the context effect is generated. Alternatively, the processes underlying the context effect may be replicated over many levels of processing and each contribute to the resulting perceptual bias.

What is being biased?

Up to now, we purposely avoided mention of neural interpretation of the context effect. This is in large part because we do not have a fully satisfactory hypothesis at this time.

Before neural investigations contribute to settling the issue, we can outline two very different possibilities to account for the context effects, each with its own set of unresolved issues.

Sensitization of frequency shift detectors

Considering that listeners report a pitch shift in our paradigm, it seems intuitive to think that the context effect is related to the processing of pitch. However, one of our experiments showed that the effect occurred in chords with uneven spacing between their components, which did not evoke a single pitch percept. The shift the listener reports may thus correspond to a spectral shift rather than a shift in the residue pitch as it is traditionally defined (Seither-Preisler et al., 2007). This spectral shift may be encoded through frequencyshift detectors (FSDs, [START_REF] Demany | On the binding of successive sounds: Perceiving shifts in nonperceived pitches[END_REF].

Our results do not support an interpretation in terms of the adaptation of FSDs, such as the one previously investigated by [START_REF] Dawe | Spectral-motion aftereffects and the tritone paradox among Canadian subjects[END_REF] or [START_REF] Repp | Context sensitivity and invariance in perception of octave-ambiguous tones[END_REF], which would favor the same directional shift occurring on consecutive trials. The randomization of the order between standard and comparison in our test pair meant that such an adaptation would have produced no effect on the P(SH) measure in Experiment 1, clearly at odds with the experimental findings.

However, there is another FSD-based possibility that is consistent with our observations. This possibility is illustrated in Figure 12.1. To judge the shift between the standard and the comparison tone, listeners may recruit the population of FSDs lying between the relevant frequency components. This population contains in equal number upward-tuned and downward-tuned FSDs. In the absence of a context effect, there is an equal number of upward and downward FSDs activated, hence an ambiguous perceptual decision. If the context tones sensitized the FSD population in the region of the context, then this balance would be disturbed: the sensitized FSDs would weigh more on the perceptual outcome. Such a model produces the correct predictions for our experimental result, including the robustness to changes in the order of standard and comparison.

Moreover, FSDs have been shown to operate dichotically (Carcagno, Semal, & Demany, 2011), in line with our dichotic results. However, an issue for this interpretation is that FSDs have been found to operate best on small frequency shifts [START_REF] Demany | Tuning properties of the auditory frequencyshift detectors[END_REF].

This would be at odds with our finding with random spectra, for which even sparse sounds and hence large frequency shifts could be strongly biased by the context. 

Frequency regression to the mean

An alternate interpretation is that context effects altered the frequency representation of the tones. In this account, each frequency component is attracted towards the running average of previous tones. This would reduce the frequency distance between some components of our ambiguous test pairs and increase this distance for others. If the perceptual decision is taken in accordance with the proximity principle outlined by [START_REF] Shepard | Circularity in judgments of relative pitch[END_REF], then this model is fully compatible with our experimental results (Figure 12.2).

The regression to the mean illustrated here is strongly reminiscent of the findings of [START_REF] Raviv | How recent history affects perception: the normative approach and its heuristic approximation[END_REF], reviewed in Chapter 3. It is not clear whether their experimental findings can be directly compared to ours, as they used intervals close to the just noticeable difference whereas we used much larger suprathreshold intervals. Nevertheless, such a qualitative model would be compatible with all of our experimental findings.

The added appeal of [START_REF] Raviv | How recent history affects perception: the normative approach and its heuristic approximation[END_REF] was that they provided a normative account for the context effects on frequency, based on the Bayesian framework. While the Bayesian framework is agnostic as regards to the underlying neural mechanism, it does provide a principled way to include contextual information into a statistical decision model. The context is used to build a prior expectation of the distribution of frequency components.

When the standard tone is observed, each of its frequency components is estimated, with an associated noise. The probability distributions of the estimated components (likelihoods) are then combined with the contextual expectation (prior) to p odu e the pe ei ed to e (posterior). However, while the above description may sound relatively simple, implementation of such a Bayesian model is not so straightforward. Our pilot attempts to build a quantitative model have been hampered by the matter of how to build a decoder for the Bayesian estimate. Many modeling choices are involved, which are beyond the scope of the present thesis.

There is one particular issue with this account, which leads to a prediction on how the ambiguous test pair should be perceived. Taken literally, the regression to the mean account supposes that the representations of tones on the tonotopic axis are shifted depending on the context, by a sufficiently large amount so that the perceptual decision is swayed one way or the other. Therefore, it seems reasonable to assume that, if this were the case, the perception of intervals should be altered accordingly. In our experiments, we do not have an indication of whether this is the case, as listeners only performed relative judgments. However, informal listening by us and musically trained members of the laboratory would seem to indicate that if the reduction of the perceived interval is present, its effect is not striking. In future experiments, it may be informative to design a more formal test of the perceived interval size after the context. Note that in the likely case that the perception of the interval was not altered, it could still be argued that the Bayesian inference takes place at a decisional level, and not at the perceptual one.

Methodological considerations

We have just mentioned one limitation in our methodology. Due to our choice of task, we were unable to determine the magnitude of the shift heard by the listeners within our ambiguous test pair. Here, we will mention some other limitations associated with our methodology.

It has generally been claimed in previous work that the effect of decisional uncertainty in this stimulus is minimal, or that the naïve listener is not even aware of the a iguit i the sti ulus Shepa d, . Co se ue tl , e did ot easu e the liste e s degree of uncertainty in our experiments. It is an informal observation that listeners generally did not report experiencing any problems with the task. In many conditions we tested, their reports indicated that they were fully influenced by the bias we describe.

However, this does not fully prove that listeners did not experience some degree of uncertainty when doing the task. Future investigations could address directly the measure of listener uncertainty in the current paradigm, in particular how this varies with the strength of the bias, for instance by using reaction times (Takei & Nishida, 2010).

One additional piece of information which may inform how we interpret the bias is how listeners hear each individual tone. This may prove difficult to measure. One option would be to test a sample of listeners with absolute pitch and ask them to report the pitch of each individual tone. One problem with this approach is that listeners with absolute pitch often experience octave confusion, which would only be made more acute by the use of Shepard tones. An alternative would be to use a pitch-matching task to estimate the pitch that listeners hear during the ambiguous test. However, extra care would have to be taken to ensure that the matching stimulus does not interfere with the bias.

A final point relates to the sample of listeners tested. Due to the demands of the task in our Experiment 1, we excluded listeners who showed poor performance in the identification of small frequency shifts. However, these listeners may not have experienced such difficulties for the half-octave shifts used in subsequent experiments. As we now claim that the context effects are general processes related to tonotopy, they should also occur in the perception of listeners with poor performance in the pitch direction task for small intervals.

Perspectives

One practical outcome of the current set of experiments is a new paradigm to address the effects of context in perception. This paradigm appears especially well-suited for future neuroscientific investigations of context effects. We have now established a paradigm using a simple behavioral task, which produces robust and sizeable effects. The context-test structure of the task provides a way to precisely manipulate the perception of a listener, in a short amount of time as brief contexts can be used. The time-scale of the effect also means that there is the possibility to isolate temporally context and test, which may be useful for techniques with slow temporal resolution such as functional magnetic resonance imaging (fMRI). Finally, and importantly, a different percept can be induced for the same physical tes stimulus. This has the advantage of avoiding physical confounds associated with varying the test stimulus. Different percepts can also be induced for the same test and context stimulus, by leveraging selective attention. This could also be a useful manipulation for brain imaging.

In order to refine the paradigm for neurophysiology, we would suggest that an interesting perspective is to refine the characterization of the temporal dynamics of the effect. Addressing the relationship between the time-course of the decay and the strength of the initial bias, for example, would provide a range of parametric manipulations that can be used to test neural correlates of the effect.

This work should commence in the near future, due to a new neurophysiological laboratory located at the École Normale Supérieure. Neurophysiological recordings will be conducted in the auditory cortex of awake behaving ferrets, while they conduct the same up/down task which human listeners carried out in the psychophysical experiments presented here. Pilot data indicate that the ferrets can learn the up/down task, so it will be possible to use the sort of operant conditioning paradigm previously used to measure rapid plasticity (Fritz, Elhilali, & Shamma, 2005;[START_REF] Fritz | Rapid task-related plasticity of spectrotemporal receptive fields in primary auditory cortex[END_REF].

Functional brain imaging would also provide an interesting technique to measure simultaneously, in human listeners, the behavioral and neural context effects. We hope to be able to pursue such investigations in the future.
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 11 Figure 1.1. Perception as an ill-posed problem. The 2-D image in the left panel could be the result of a 2-D or 3-D object of infinitely many different sizes (top) or orientations (bottom), from Scholl (2005). Equally the waveform in the right panel could be the result of an infinite number of different combinations of waveforms emitted by external objects. From Pressnitzer, Suied, and Shamma (2011).
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 12 Figure 1.2. The crater illusion. The bottom panel is an upside-down version of the top panel, as can be confirmed by rotating the page. Most observers report seeing a mound in the top panel and a crater in the bottom panel. From Gregory (1997). This is likely to be due to a bias to assume that light comes from above, although recent data show that the full bias is to assume an above-left illumination, which is less straightforward to account for in term of past experience (Mamassian & Goutcher, 2001).
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 21 Figure 2.1. Response histograms from gerbil auditory nerve averaged across many repetitions of a tone burst stimulus. The response over time of six nerve fibers is shown. Stimulus duration is indicated by horizontal bars. A decrease in firing rate over time is shown. From Westerman and Smith (1984).
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 2 Figure 2.2. Top-left: Sound level distribution for stimulus with a high-probability region centered at 63 dB SPL (width: 12 dB). Fisher information as a function of level was computed for each neuron. Top-right: Population Fisher information is shown for each mean SPL (39 shown in green, 51 in blue, 63 in red, and 75 in cyan). Bottom-left: Sound level distribution for stimulus with a wider high-probability region (24 dB). Bottom-right: Population Fisher information for stimuli with high-probability regions of width 12 dB (gray) and 24 dB (black).
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 2 Figure 2.3. The SSA stimulus paradigm. Each stimulus set consisted of three probability conditions. The size of the bars on the left indicates the relative probabilities for the lower frequency tone (f1) and the higher frequency tone (f2). Upper panel: f1 was common and f2 was rare. Middle panel: the roles were reversed -f2 was common and f1 was rare. Lower panel: control condition, f1 and f2 were presented with 50/50% probability.
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 24 Figure 2.4. Peri-stimulus time histograms (PSTH) of a neuron over a period of ~300 ms in response to f1 and f2 presented in low and high probability conditions. The top panels show the response to f1. The color indicates the probability condition (high probability, blue; low probability, red; 50% control, black). Each panel thus represents responses to the same physical stimulus in different probability contexts, with a greater response when the stimulus is rarer. The two lower panels show the same result for f2. Notably, the effect is more striking for the larger difference in probability, there being a greater effect for the two panels on the right (90%/10%) than the two panels on the left (70%/30%).

  Figure 2.5 shows an example of an STRF for the passive condition (Passive STRF) and the STRF of the same cell when the animal is required to detect a pure tone at the frequency indicated by the arrow (Behavior STRF). During behavior, a
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 2 Figure 2.5. Passive STRFs and STRFs during behavior. Color scale represents increased (red) to suppressed (blue) firing about the mean firing rate (green). Black arrow: frequency of the target tone during the detection task. In the behavioral STRF, there is an extension of the excitatory region which encompasses the region of the target frequency.
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 26 Figure 2.6. Plastic changes are absent in blocks with poor performance. A local maximum difference between the passive and behavioral STRFs around the frequency of the target as o puted ∆Alo al . Dist i utio of ∆Alo al fo lo ks ith good a d poo performance and for passive blocks is shown. In good blocks, the distribution is asymmetric toward positive values, which is absent both in blocks where behavior is poor and in passive blocks, showing more change when performance is good.
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 31 Figure 3.1. Schematic of a typical paradigm to examine the effect of context. Perception is measured for a test stimulus (T), which does not vary across conditions. T is preceded by different contexts (C and C′). During this phase, the listener usually does not respond. The experimenter examines how perception of the test varies as a function of the context.
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 32 Figure 3.2. Psychometric functions, showing the probability that a 2500-Hz tone was judged louder than a 500-Hz tone, in two contextual conditions. In condition A (left-hand function in each successive pair, open symbols), the average SPL at 500 Hz and 2500 Hz were the same. In condition B (right-hand function in each successive pair, filled symbols), the tone at 2500 Hz was more intense by 10 dB. Changing the context displaces the functions as indicated, reflecting the changes in loudness.
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 33 Figure 3.3. Schematic spectrogram of a stimulus showing the phenomenon of auditory enhancement. The full harmonic series (to the right of the dotted line) is preceded by a harmonic complex with the 5th harmonic missing, which results in the excluded harmonic popping out. From Hartmann and Goupell (2006).
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 34 Figure 3.4. Alternating pure tone sequence context stimulus followed by a frequency glide test. So that listeners would hear upward or downward shifts during the context, the onset asynchrony of the first two tones of each cycle was varied across conditions (60 ms, 100 ms, and 140 ms). This was followed by a frequency glide test. The central frequency of the alternating pure tones and the test was 1000 Hz. The frequency interval between the tones was 2 semitones (st), 4 st, or 2 octaves.
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 35 Figure 3.5. Magnitude of the after-effect as measured by the frequency shift rate for which the glide is perceived as stationary (octaves/s) for the conditions tested. Averaged data are shown in the bottom right panel. At low onset asynchrony (60 ms) in the low first adaptor condition (open symbols), listeners heard upward shifts during the context condition, which biased them toward perception of a downward glide. This is indicated by an upward glide being perceived as stationary in this condition (positive effect). Listeners hear an isochronous sequence at 100 ms which leads to a lack of bias. At 140 ms, listeners hear downward shifts during the context, leading to perception of an upward glide, as indicated by a downward glide being perceived as stationary (negative effect). The bias is not due to the frequency content or order of the tones as these are the same for all lowfirst adaptor conditions. The same contrastive bias may be noted in the high-first adaptor conditions, as the pattern of results is reversed.

  context effect is proposed to work in the following way: the component stands out from the chord by virtue of activity in FSDs coding for one direction of shift. This takes place as they respond to the directional change between the slightly shifted target components, thus improving detection. The authors propose that these two forms of enhancement are caused by two different mechanisms, with the enhancement caused by a frequency shift having a stronger central component. This conclusion comes from the fact that the frequency shift enhancement is less affected by the context and test being presented contralaterally than the intensity enhancement. They propose that adaptation of tonotopic channels underlies the intensity-induced enhancement and that adaptation of FSDs is the cause of the frequency-based enhancement.
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 36 Figure 3.6. Schematic spectrogram of stimuli on two trials with frequency on a logarithmic scale over time. Each horizontal segment represents a pure tone. Pure tones form four successive chords. The first and third chords are the context and the second and fourth chords are the test chord. The only difference between the context and test chords is that the second component tone of the test chord is slightly higher in frequency than the second component tone of the precursor chord. This changing tone is the target tone for the two trials depicted here. The rightmost horizontal segment represents the probe tone. I thise a plethe o e t espo seis p ese t .

Figure 3 . 7 .

 37 Figure 3.7. Performance on the present/absent task. Enhancement corresponds to the difference between performance in the baseline condition (probe matched to one component of a preceding chord with a flat envelope) and other conditions, where context and test are presented to the same ear (ipsi) and opposite ears (contra) for the frequency shift (freq) and intensity shift (intens) conditions. Performance is more affected by contralateral presentation for the intensity condition than in the frequency condition.
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 38 Figure 3.8. Binned performance in terms of mean % correct across listeners as a function of the frequency of f1 and f2 on a logarithmic scale. Horizontal and vertical lines indicate mean f1 = mean f2 = 1000 Hz. f1=f2 at the diagonal. Arrows illustrate two cases with the same f1/f2 ratio but very different performance.
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 39 Figure 3.9. Schematic spectrogram with frequency over time illustrating the concept of regression to the mean in the experiment of Raviv et al. (2012). In a trial two frequencies were presented f1 and f2, which are represented by segments in black. The representation of each tone is drawn to the mean frequency of past trials (shown by the blue line). This affects the first tone more due to decision noise, causing it to be shifted by a larger amount than f2. The new representations (shown in red) are closer in frequency leading to decreased performance in this condition (mean > f2 > f1).

  figures su h as the Ne ke u e o the G ps a d Gi l i age i Figure 4.1 (left). Motionbased examples also exist such as the motion quartet shown in Figure 4.1 (right). According
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 4 Figure 4.1.Left:The G ps a dGi l pi tu e a esee as a sp ofile ithe es losed and looking to the left, or, it can also be seen as a woman holding a mirror in front of her and looking to the right. From Fisher (1967). Right: In the motion quartet as depicted here, light dots (white and black squares) are flashed in alternation. Apparent motion between dots is usually perceived, but either in the vertical or in the horizontal direction. From Hock et al.(1993).

  Figure 4.2, the a iguous G ps a d Gi l figu e is o presented at the center of the display. Through various changes in details of the drawing, less ambiguous figures are presented in other panels, from a drawing favoring the Gypsy interpretation (top left panel) to a drawing strongly favoring the Girl interpretation (bottom right panel). Fisher (1967) argued that when one starts by looking at e.g. the biased-towards-Gypsy panel and then progressively looks towards the center panel, the dominant perception will be of Gypsy for the fully ambiguous central panel. The reverse is true when one starts with the biased-towards-Girl panel.
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 42 Figure 4.2.The G ps a dGi l setofa iguous figures. The ambiguity of the drawing is a iedsothatagi e i age a epe ei edasa G ps o a Gi l .F o Fishe .
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 43 Figure 4.3. Top: Proportion of horizontal (white) and vertical (black) judgments as a function of the aspect ratio for two individual subjects, with random order of presentation.. Bottom: Proportion of horizontal judgments as a function of the aspect ratio for trials where the aspect ratio was increased (white) and decreased (black) across presentations for two individual subjects. From Hock et al.(1993).

  . Now, each new presentation of the same stimulus led to a change in perception compared to the previous one, producing a perfect alternation of percepts over the course of a trial. Thus both assimilative and contrastive effects of context can be found depending on the time-constants of the experiment (Figure 4.5).
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 44 Figure 4.4. Bistability vs. perceptual memory in the perception of the motion quartet. Left: The stimulus is presented continuously (lower panel), which gives rise to alternations in perception, as shown by individual results (upper panels, responses oscillating between the two possible states). Right: Perception of conditions of interrupted presentation (lower panel). The corresponding percept is highly stable (upper panels). From Leopold et al. (2002).
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 45 Figure 4.5. Assimilative and contrastive perceptual memory with different time-constants in the perception of an ambiguous turning sphere. An assimilative effect is found for longer blank intervals of 0.5 s to 2 s. When the duration of the blank interval between presentations, shown on the x-axis, is reduced to 0.125 to 0.25 s, a contrastive effect emerges, where one percept favors the opposite percept on the next presentation. From Noest et al. (2007).

  examined the effect of context in the perception of ambiguous motion stimuli. The test stimulus was an alternation of luminance gratings, phase-shifted by 180 degrees relative to each other. On its own, this results in the perception of apparent motion, but the direction of motion is ambiguous either to the right or to the left with equal probability (test stimulus, Figure4.6). In one set of experiments, this test stimulus was preceded with non-ambiguous gratings, phase-shifted by an amount that clearly favored one perceived direction of motion (Adaptation stimulus, Figure4.6). Importantly,[START_REF] Kanai | Perceptual manifestations of fast neural plasticity: motion priming, rapid motion aftereffect and perceptual sensitization[END_REF] varied in a parametric manner the time-constants of their stimulus: the duration of the adaptation sequence, and the time gap between adaptation and test.
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 46 Figure 4.6. Ambiguous motion stimuli. The figure shows how the stimuli change over time.The adaptation stimulus or context consists of sinusoidal gratings which are gradually shifted to create an unambiguous motion percept in one direction. This is followed by a blank interval, after which gratings with a 180 degree phase shift are presented. The direction of motion between these stimuli is ambiguous. From Kanai and Verstraten (2005).
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 47 Figure 4.7. Bias in motion perception, as measured by the proportion of trial in which motion is perceived in the same direction, as a function of the duration of the blank interval (ISI) for different adaptation durations. The bias is assimilative and contrastive depending on these temporal parameters. From Kanai and Verstraten (2005).
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 48 Figure 4.8. The proportion of 2 stream percepts as a function of time, during the context phase a ia le ΔF a d the test phase ΔF = st . The uild-up of streaming is shown during the context and test phasesfo thediffe e t o te t o ditio s ΔF= st,ΔF= st sa eastest ,ΔF= st,a dsile t o te t .The eisa o t asti eeffe t, he elo uild up ΔF= st, oke li e du i gthe o te tfa o s o e uildupdu i gthetest,a dhigh buildupdu i gthe o te t ΔF= st ,leadstolo uildupdu i gthetest.
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 49 Figure 4.9. The proportion of 2 stream percepts as a function of time, during the context phase and the test phase for the ΔF = 6 st context condition shown above. In this analysis, trials were sorted according to whether they perceived 1 stream or 2 streams at the end of the context phase. An assimilative perceptual bias was found. When listeners heard the end of the context phase as one stream they had a greater tendency to perceive the test phase as one stream than when the last context phase was perceived as two streams.
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 4 Figure 4.10. Spectrogram of context and test stimuli from Holt et al. (2005). Top: The layout of the trial is shown: context, neutral tone (standard), silent interval, and then an ambiguous test stimulus are shown. Bottom: An ambiguous phoneme (/ga/ or /da/) is preceded pure tones, differing in their mean frequency (high mean, low mean, and two mid mean control conditions with low and high variance).
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 4 Figure 4.11. Averaged results from Holt et al.(2005). The proportion of /ga/ responses for test stimuli varying between /ga/ (1) and /da/ (9). For the ambiguous phonemes (4-7), the effect of context is visible. High mean favors /ga/ responses which have a concentration of low spectral energy. Low mean favors /da/ responses with more high spectral energy.
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 5 Figure 5.1. Four Shepard tones are shown, , with varying F0 and a fixed spectral envelope. Top: Shepard tone with a reference F0. Right: F0 shifted by 3 st with respect to the reference. Bottom: F0 shifted by 6 st with respect to the reference. Left: F0 shifted by 9 st relative to the reference. We obtain the original stimulus by further shifting the components by 3 st.

  Figure 5.3, right, steps clockwise = 5). A spectrogram of the corresponding stimuli is shown in the lower left panel of Figure 5.3.
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 5 Figure 5.2.Pe ose si possi lestai ase .A isualillusio o sisti gofastai ase which rises continually without ever getting any higher.
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 5 Figure 5.3. Left: Spectrograms of pairs of Shepard tones. In the upper panel, the components of the second tone are shifted 3 st above the components of the first tone (or 9 st below the first tone, due to the circularity of the stimulus). Listeners hear the smaller upward shift of 3 st. In the lower panel, the tones have an interval of 6 st. The components of the successive tones are equidistant in the upward and downward directions. Listeners may either hear upward or downward change when listening to these stimuli. Right: Average proportion of down responses as a function of the F0 interval for listeners with good performance (broken line) and poor performance (dotted line) on a pitch direction task. Liste e s judg e ts a e i a o da e ith the predicted percepts shown on the left.

Figure 5

 5 Figure 5.4, reproduced from Deutsch (1986), displays the proportion of trials where listeners heard the tone pair as descending as a function of the pitch class of the first tone,

Figure 5 . 4 .

 54 Figure 5.4. Proportion of downward shifts, as a function of the pitch class of the first tone. Results are shown for two individual listeners. From Deutsch (1987).

Figure 5 . 5 .

 55 Figure 5.5. The proportion of down responses as a function of the context, plotted from a table of individual data found in Repp (1997).

Figure 5

 5 Figure 5.6.'adialplotssho thep opo tio of do espo ses,asafu tio ofthepit h class of the first test tone, for the context conditions where tone pairs which are heard either to rise or to fall.

Figure 5 . 7 .

 57 Figure 5.7. Proportion of down responses as a function of the pitch class of the first tone for pre-adaptation (closed symbols) and post-adaptation (open symbols) conditions. Results are shown for ascending scales on the left and descending scales on the right.

Figure 5 . 8 .

 58 Figure 5.8. Mean percent ascending pitch judgments across subjects (y-axis) as a function of presentation condition. The standard tone is always D# and the comparison tone is indicated on the x-axis. Conditions: comparison tone sequentially shifted upward with respect to the standard (squares), comparison tone sequentially shifted downward relative to the standard (triangles), random stimulus presentation (circles). From Giangrande et al. (2003).

  shifts i the sa e di e tio o o se uti e t ials up , up , … . Alte ati el , it ould a t o the perceptual represe tatio of ea h pit h lass i the e pe i e t sta da d lo e , sta da d lo e , … . It is i possi le to disti guish the t o possi ilities ith the design of Giangrande and colleagues.Finally, it remains to be seen if the bias is limited to ascending and descending sequences, which establish some form of high-level pattern in the stimulus sequences, or if across-trial biases are always present. Analyzing the baseline condition, which has a random ordering of intervals, with techniques such as the one of[START_REF] Maloney | Past trials influence perception of ambiguous motion quartets through pattern completion[END_REF] would provide a straight-forward response to this question.

Figure 7 .

 7 Figure7.1 shows a schematic example of the sequences used by[START_REF] Giangrande | Perceptual Dynamics of Circular Pitch[END_REF], in the upper panel, and sequences from our experiment, in the lower panel. Trials where tones are reversed in our paradigm are highlighted. Reversal of tone order cancels out the effects of response bias by making it impossible for listeners to use their response on previous trials to predict the response on the current trial. In other words, if listeners e o ed thei headpho es afte the fi st to e pai a d al a s used the up espo se button,[START_REF] Giangrande | Perceptual Dynamics of Circular Pitch[END_REF] would register maximal hysteresis whereas we would register none.

Figure 7 . 1 .

 71 Figure 7.1. Schematic spectrograms of sequences of trials. As Shepard tones are cyclic stimuli, we zoom on a single octave, but the actual stimuli repeat themselves over several octaves. The upper panel displays the stimuli sequences used in a previous study of hysteresis with Shepard tone pairs (Giangrande et al. 2003). Each trial consisted of a tone pair, with a standard tone whose frequency was fixed across trials (displayed in black) and a comparison tone whose frequency was varied across trials (displayed in red). In the sequence shown here, the F0-interval is gradually increased across trials. Importantly, the standard is always presented first, followed by the comparison. An example of a sequence of responses is shown above the spectrogram, with a hysteresis effect occurring up until the penultimate trial. In particular, decision on the middle trial, the 6 st case which is fully ambiguous, is swayed in the direction of previous trials. The lower panel displays a stimulus sequence from our paradigm. The interval is gradually varied as before, but the order of the standard and comparison within the trial is randomized. Reversed pairs are highlighted in pink. This allows us to avoid response bias and distinguish between two potential forms of bias, for which predicted responses are shown. In particular, for the middle pair, a pitch-shifth ste esis ill iasto a dsa up espo se, he eas a pit h h ste esis ill ias to a d a do espo se. If the e is o perceptual hysteresis but a response bias to hold on to the last button press, no hysteresis will be recorded when all sequences are averaged, because of the different random permutations of standard and comparison within each sequence.

  Each trial contained two tones, a standard and comparison. The standard tone consisted of Shepard tones with a random F0 roved within an octave between 65.41 and 130.82 Hz and a spectral envelope centered at 1046.6 Hz. The comparison tone was obtained by multiplying the components of the standard tone by i/12

Figure 7 . 2 .

 72 Figure 7.2. Schematic spectrograms of stimuli, from different trial sequences in Experiment 1. The experiment was organized into sequences of ten trials, seamlessly interleaved during a block. The standard tone is represented in black and the comparison tone in red. The order of standard and comparison was random on each trial. The conditions were as follows: (A) the interval was fixed at 6 st; (B) all intervals from 1 to 11 st were presented in a randomized order; (C) the interval was gradually increased from 1 st to 11 st; (D) the interval was gradually decreased from 11 st to 1 st. Each sequence condition is color coded for comparison with the results of Figures 7.3, 7.5, 7.6, and 7.7.

  ) how response patterns should be represented, the question being, should we consider di e tio al espo ses up o do o the pit h elatio et ee the sta da d a d o pa iso sta da d highe o sta da d lo e . The dist i utio of up espo ses is displa ed i Figu e . A. The histog a displa s P(Up), the proportion of up responses (one score per sequence), compiled for all listeners for all 6 st sequences. The distribution appears perfectly random and centered around 0.5. A oss a d e e ithi a se ue e, liste e s ill espo d as a ti es up tha do , o average. Next we analyzed how the standard tone was perceived relative to the comparison tone. To this end, we re-oded the up a d do espo ses p o ided liste e s to o pute the u e of ti es the a tuall s it hed et ee sta da d highe a d sta da d lo e pe epts ithi a se ue e. The esulti g histog a is p ese ted i Figu e 7.3B, with one measure per sequence compiled for all listeners. Strikingly, within sequences of trials at 6 st, switches occurred very rarely.

Figure 7 . 3 .

 73 Figure 7.3. Results for the 6 st sequences. A) The histogram of P(Up) for each sequence compiled across subjects. Overall, up and down responses were used equiprobably throughout an experiment. B) The histogram of the number of switches, f o sta da d lo e espo sesto sta da dhighe espo seso the e e se,i espe ti eoftheo de of presentation of the two tones. The scores are compiled across subjects. Very few switches occurred per series.

Figure 7 . 4 .

 74 Figure 7.4. For each individual and F0 condition (F0=65.41 shown in black and F0=77.78 in white), the proportion of sequences where the standard was heard as higher in the first trial of the sequence (P(P1=SH)) is shown. Across the sample of listeners, there are no strong biases for the initial trial of a sequence.

Figure 7 .

 7 Figure 7.5. A) The proportion of standard higher responses (P(SH)) as a function of the interval for the random, increasing and decreasing interval sequences. The average fitted curve is shown, the shaded area displaying the standard error of the mean. A large hysteresis effect is observed (difference between green, gray, and blue). B) Point of subjective indifference (PSI) defined as the interval where P(SH) = 0.5 estimated from each fitted curve The PSI for the random, increasing and decreasing interval sequences are shown. Again, differences indicate hysteresis.

Figure

  Figure 7.5A.

Figure 7 .

 7 Figure 7.6 overlays the P(SH) obtained in such an analysis. Clearly, there was no shift of the psychometric function due to omissions. The psychometric functions for early omissions and late omissions are almost fully superimposed.

Figure 7 .

 7 Figure 7.6. P(SH) as a function of the interval, for increasing (blue) or decreasing (green) interval sequences. Data have been further split into two cases: early omission (< 6 st, solid lines) or late omission (> 6st, dotted lines). Unlike in Figure 7.5A, here the data are presented without fit and without exclusions. Each value is the averaged P(SH) across participants. The error bars indicate the standard error of the mean.

Figure 8 . 1 .

 81 Figure 8.1. Schematic spectrograms for the three existing experiments that resulted in context effects. As before, we only display a one octave range, but all stimuli were cyclic Shepard tones. The comparison tones preceding the final ambiguous pair had frequency components in the frequency range that was reported as the direction of shift (in this example, below the solid line that marks the half-octave between the octave-spaced components of the standard tone).

Figure 8 . 2 .

 82 Figure 8.2. Schematic spectrogram of the context (C 1 -C n ), followed by an ambiguous test (T 1 and T 2 ). Context sequences are presented to the frequency region defined by the C-T 2 interval [-6 0] or [0 6]. The number of context tones is varied between 1 and 10.

Figure 8 .

 8 Figure 8.3. A) Illustration of the ambiguous test pair preceded by a single context tone. The frequency of the context tone relative to the test was systematically varied. The experimental variable is the interval, in semitones, between the context tone C and the second tone of the test pair, T 2 . B) Results for Experiment 2, effect of frequency of a single tone. The mean P(Up) for 11 listeners is shown as a function of the interval between C and T 1 (error bars = SE). A perceptual bias was found which varies as a function of the interval.

Figure 8 . 4 .

 84 Figure 8.4. Results for Experiment 2, number of context tones. The measure plotted is Bias, which takes the value of 1 if all trials were influenced by the context in a way consistent with our hypothesis (frequency shift reported across the region containing frequency components in the context sequence). A Bias of -1 would indicate the opposite finding, whereas a Bias of 0 would indicate no effect of context. The mean Bias is presented for 11 listeners as a function of the number of context tones (error bar = SE).
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 91 Figure 9.1. Ambiguous test with a 6 st interval (T 1 and T 2 ) preceded by a context tone (C) at -3 st with respect to T 2 . The duration of C was varied.

Figure 9 . 2 .

 92 Figure 9.2. Results for Experiment 3. The mean Bias is shown for 10 listeners, as a function of the context tone duration (error bar = SE).

Figure 9 . 3 .

 93 Figure 9.3. Schematic spectrogram of an example trial. Each contained a context sequence (C), a silent gap of variable duration, and an ambiguous test (T 1 and T 2 ).

  Experiment 2 either presented to the frequency regions [-6 0] or [0 6]. The number of context tones was fixed at five and the ISI between the context and test was varied. ISIs of 0.5, 1, 2, 4, 8, 16, 32, and 64 s were used. The context tone duration, the test tone duration and the context ISI were set to 0.125s. A schematic spectrogram of an example trial is shown in Figure 9.3. Each contained a context sequence, a silent gap of variable duration, and an ambiguous test. Stimuli were presented at an average intensity of 65 dB SPL (A-weighted).

Figure 9 . 4 .

 94 Figure 9.4. Results for Experiment 4. The Bias measure is shown as a function of the C-T 1 silent gap duration, averaged over 7 listeners (errors = SE). Individual results are also shown as thin lines.

  Figure 10.1A, and shifting each component by a random amount, up to the difference between two adjacent components, as is shown in Figure 10.1B. Then, in order to generate the comparison tone, we shifted each component of the standard by half of the log-frequency distance between that component and the next higher component of the standard. This shown in Figure 10.1C. This ensured a fully balanced and hence potentially ambiguous frequency-shift between each tone of the standard and the closest two tones of the comparison. A similar method was used to generate the context tones. Instead of shifting each component of the standard by half the log-frequency distance between each component and the next higher component, the components of the standard were shifted by a smaller proportion (0-0.5). This resulted in context tones which were restricted to certain frequency regions relative to the test, like the context Shepard tones from previous chapters (gray highlighted regions in Figure 10.1D). A schematic spectrogram of context and test pair is displayed in Figure 10.1D. I tuiti el , the esult is a a ped e sio of the li sti ulus used i previous experiment, where each cycle covers a different frequency range (and not always one octave, as with the Shepard tones).

Figure 10 .

 10 Figure 10.1. A) Schematic spectrogram of a complex tone with equal spacing between its components. A Shepard tone follows this structure, with a spacing of exactly one octave between components. B) Schematic spectrogram of the random chord stimulus used in Experiment 5. The frequency of each component in A) was jittered, by increasing each component by a random interval (up to the maximum spacing in A). The standard is la eled S .This asho asta da dto e aso tai edfo at ial.C Thea iguoustest pair. From the standard tone in B), a comparison tone was generated by shifting each component of the standard by a proportion of the difference between that component a d the e t highe o po e t. The o pa iso is la eled c . D The o te t se ue e followed by the test pair. The ambiguous shifts of the test pair are visually marked by gray (up) and white (down) regions. In this example, five context tones are presented to the frequency regions in gray. B a alog ith the e pe i e ts usi g Shepa d to es,a up bias is expected.

Figure 10 . 2 .

 102 Figure 10.2. Results for Experiment 5. The mean Bias for 10 listeners is displayed for the no-context (black bars) and context (white bars) conditions, as a function of the density of the chord in terms of components per octave. Error bars = SE.

  test pair. Context and test were presented either to the left or to the right ear. Thus they could be presented to the same ear (context left, test left; context right, test right) or opposite ears (context left, test right; context right, test left).

Figure 11 . 1 .

 111 Figure 11.1. An illustration of a trial from the current experiment. As in previous experiments, trials consisted of a context (C) and a test (T 1 and T 2 ). The test is monaural, in this case, presented to the left ear (red). The context is presented dichotically, consisting of up-ias to es p ese ted to the ight ea lue i te lea ed ith doias to es presented to the left ear (red). Monaural context trials were the same as the stimuli shown here, except that one of the two monaural context sequences was omitted.

  tones embedded in the otherwise random monaural sequence. Due to the difficulty of the secondary task, listeners completed training blocks prior to participation. Stimuli consisted of monaural and dichotic context sequences presented without the test stimuli. They completed blocks of 40 trials, in which half the trials contained target pairs of tones.

Figure 11 . 2 .

 112 Figure 11.2. Performance in the secondary task. The d' sensitivity measure of signal detection theory was computed for the target (repeated tones) detection task. The average d' is presented for dichotic and monaural conditions. Performance was high in both cases.

Figure 11 . 3 .

 113 Figure 11.3. Results for Experiment 6, monaural conditions. A Bias statistics, explained in the Method, is shown for the four monaural conditions. The mean results for ten listeners are presented. The two upper and two lower bars display the bias for conditions where the context was presented on the left and right respectively. Black and white bars displaying conditions where the test was presented on the left and the right. The error bars show the standard error.

Figure 11

 11 Figure 11.4, the two conditions shown by the black bars (dichotic context, test on left) were the same in terms of the bias predicted based on the context stimuli, as were conditions shown by the white bars (dichotic context, test on right). The only difference between black bars, or between white bars, was the ear attended during the context sequence. As can be seen qualitatively in the figure, listeners were more likely to be biased by the context ear they were attending. Specifically, the attend-left test-left condition produced a larger negative Bias than the attend-right test-left condition. In complementary

Figure 11 . 4 .

 114 Figure 11.4. Results for Experiment 6, dichotic conditions. The mean bias for ten listeners for the four conditions tested is displayed using the Bias measure explained in the Method. The two upper and two lower bars display the bias for conditions where listeners attended to context stimuli on the left and right respectively. Black and white bars displaying conditions where the test was presented on the left and the right. The error bars show the standard error.

Figure 11

 11 Figure 11.4, as three out of the four cases showed negative Biases, e.g. biases conforming to the context presented to the left ear. In order to quantify this observation, we computed two average scores per participant, in the dichotic conditions, reflecting their overall tendency to be biased by context sequences presented on the left or right. Contextleft and test-left or test-right were included in one average. Context-right and test-left or test-right were included in another average. Bonferroni-corrected one sample t-test

Figure 11 . 5 .

 115 Figure 11.5. Performance in the secondary task as measured by sensitivity to pairs of repeated tones in the context sequence. As in Experiment 6, performance is high in both monaural and dichotic conditions. Performance is lower in the dichotic condition, due to the distracting sequence in the unattended ear, which is absent in the monaural condition.

Figure 12 . 1 .

 121 Figure 12.1. An illustration of the FSD-based interpretation of the context effect. See text for details.

Figure 12 . 2 .

 122 Figure 12.2. An illustration of the regression-to-the-mean interpretation of the context effect. See text for details.

  

Table 7 .1. Results of t-tests, which assess whether normalized weights of the molecular regression analysis are significantly different from zero, for the following factors: P-1,...,P- 4, and the current interval

 7 

		Mean (SE)	t(df=9)	p (significant at 0.01)
	P-1	0.44 (0.02)	21.26	0.0001*
	P-2	0.17 (0.02)	8.30	0.0001*
	P-3	0.11 (0.02)	5.92	0.001*
	P-4	0.07 (0.03)	2.32	0.05
	Current Interval	0.18 (0.01)	13.19	0.0001*

Table 8 .1. Results of Bonferroni corrected t-tests. The Bias in each # context tones condition is compared with 0.

 8 

		Mean(SE)	t(df)	p (significant at 0.0045)
	0	-0.04 (0.05)	0.73	0.48
	1	0.47 (0.07)	6.08	0.0001*
	2	0.68 (0.07)	8.79	0.0001*
	3	0.81 (0.05)	14.41	0.0001*
	4	0.84 (0.03)	23.00	0.0001*
	5	0.87 (0.03)	26.78	0.0001*
	6	0.87 (0.03)	29.42	0.0001*
	7	0.89 (0.03)	31.31	0.0001*
	8	0.90 (0.03)	30.42	0.0001*
	9	0.91 (0.02)	44.95	0.0001*
	10	0.91 (0.03)	32.88	0.0001*

Table 9 .1. Results of Bonferroni-corrected t-tests. The Bias for each context duration is compared with 0.

 9 

	Context tone duration (s)	Mean (SE)	t(df = 9)	p (significant at 0.0063)
	0	-0.11 (0.06)	-1.8773	0.09
	0.005	0.05 (0.07)	0.7151	0.49
	0.01	-0.03 (0.03)	-0.7276	0.49
	0.02	0.19 (0.04)	4.8347	0.001*
	0.04	0.53 (0.13)	4.0118	0.003*
	0.08	0.63 (0.12)	5.3435	0.0005*
	0.16	0.80 (0.07)	11.6066	0.0001*
	0.32	0.78 (0.08)	9.3901	0.0001*

C-T 1 silent gap (s) Mean (SE) t(df=6) p (significant at 0.0063)

  

	0.5	0.91 (0.03)	26.88	0.0001*
	1	0.87 (0.05)	16.71	0.0001*
	2	0.86 (0.05)	16.23	0.0001*
	4	0.73 (0.07)	10.71	0.0001*
	8	0.61 (0.10)	5.94	0.001*
	16	0.51 (0.11)	4.67	0.005*
	32	0.47 (0.11)	4.10	0.006*
	64	0.33 (0.13)	2.56	0.04

Table 9 .2. Results of Bonferroni-corrected t-tests. The Bias for each C-T 1 silent gap duration is compared with 0.

 9 

Table 9 .1. Results of Bonferroni-corrected t-tests. The difference in Bias for each context density condition (rows) and context condition (context, no context control; columns) is compared with 0.

 9 

	0.32 (3)	0.16 (0.06)	0.82 (0.04)	8.44	0.0001*
	0.53 (5)	0.06 (0.05)	0.92 (0.02)	16.32	0.0001*
	1.05 (10) 0.08 (0.05)	0.96 (0.02)	16.00	0.0001*
	2.10 (20) 0.12 (0.04)	0.92 (0.05)	11.23	0.0001*
	4.20 (40) 0.09 (0.06)	0.75 (0.08)	6.12	0.0001*
	8.40 (80) -0.01 (0.03)	0.25 (0.08)	2.77	0.01

  in Chapter 2). Here, we can present two different contexts in the two ears, with opposite biases when presented diotically, and focus the attention of listeners on one of them. Specifically, a monaural test pair (presented to the left or right ear) is preceded by a context which consists of two interleaved monaural sequences, each with a predicted bias in opposite directions e.g. up o te t o left, do o te t o ight . Liste e s a e ued to atte d to sti uli presented to one ear and we measure the effect of this attentional manipulation on the bias. If the context effects are not modulated by selective attention, we could predict that listeners should respond according to the combination of left and right context sequences, i.e. they should display no bias, or alternatively they could be biased by stimuli presented to the same ear as the test. In any case, if selective attention can modulate the contextual

  The experiment included four monaural conditions (context left, test left; context right, test right; context left, test right; context right, test left) and four dichotic conditions (attend left, test left; attend right, test right; attend left, test right; attend right, test left).

Table 11 .1 Results of comparisons between conditions, in the form of Bonferroni-corrected two-sample t-tests.

 11 

	Comparison	Mean difference (SE)	t(df = 18)	p (significant at 0.0125)
	Attend left-Attend right (Test left)	0.34 (0.08)	2.30	0.018
	Attend left-Attend right (Test right) 0.61 (0.11)	6.11	0.0001*
	Test left-Test right (Attend left)	0.52 (0.1)	4.55	0.001*
	Test left-Test right (Attend right)	0.78 (0.16)	6.42	0.0001*

function was probed, either scene analysis or speech categorization. Also, while definitely robust, the effects were relatively small.

In this thesis we aimed at developing a new paradigm that would 1.) use a basic auditory task, and 2.) have the potential to produce large effects in perception like in the visual hysteresis experiments. The ambiguous stimuli we chose are Shepard tones [START_REF] Shepard | Circularity in judgments of relative pitch[END_REF], which we review in the next and final chapter of this introduction.

Molecular analysis of the random condition

Up to now, the random condition has been used as a baseline for the ordered conditions. However, it can also be used to assess there was a tendency for previous trials to influence current responses (see Methods, Data analysis). We assessed across-trial effects using molecular analyses [START_REF] Dittrich | A comparison of the temporal weighting of annoyance and loudness[END_REF].

Perception on the current trials, as measured by P(SH), was predicted by five factors: the percept on the four most recent trials plus the interval on the current trial. Results are displayed in Figure 7.7. The significance of each predictor on the current response was estimated using Bonferroni-corrected one-sample t-tests (test with chosen significance at a p-value of 0.01). The tests showed that weights were significantly different from zero for the interval of the current trial and the three most recent percepts (p-1, p-2, p-3), becoming non-significant (with our stringent correctin and significance threshold) for the fourth most recent percept (p-4). Results are shown in Table 7.1. The molecular analysis shows that, even Chapter 8 Experiment 2: Tone sequences as context

Introduction

In the previous chapter, we used a hysteresis paradigm to establish the existence of context effects on the perception of Shepard tones. A perceptual bias was found, whereby previous trials acted on the perceived pitch relationship between the standard and comparison tones of any given trial. In the current chapter, we investigate a simpler situation in which this effect may occur.

Hysteresis effects are usually assumed to depend on an initially formed bias which is passed on from trial to trial. In our experiments, this would correspond to the perceived relationship between the standard and comparison. For instance, a trial that is perceived as non-ambiguous, because one direction of shift is much smaller than the other, could determine the perceptual relation of standard and comparison for the rest of the series.

However, the context effect may also depend on the properties of the tones preceding the tone pair to be judged. In Figure 8.1, we plot all types of stimulus sequences that previously led to sizeable context effects: the Experiment 3 of [START_REF] Repp | Spectral envelope and context effects in the tritone paradox[END_REF][START_REF] Giangrande | Perceptual Dynamics of Circular Pitch[END_REF], and our Experiment 1 from Chapter 7. The plots show schematic spectrograms of trials up to the fully balanced 6 st case (even though the hysteresis studies did not stop at this interval). We note a commonality between these studies: they all presented frequency components in the half-o ta e that as su se ue tl hose as the p efe ed path With this definition, the Bias measure can take all values between -1 and 1. A Bias of 1 would indicate an observed bias consistent with our hypothesis in all trials; a Bias of -1 would indicate the opposite bias in all trials; a Bias of 0 would indicate that perception of the test pair was unaffected by the context.

Results

Effect of frequency for a single-tone context

The first analysis we present considers only the subset of trials where only one context tone (C) was presented before the ambiguous test (T 1 -T 2 ). Results are reported in terms of the interval between C and T 2 . This interval was chosen at random over the full octave range [-6 6]. An illustration of the stimuli is shown in 8.3A. The ias i the p opo tio of up responses, P(Up), as a function of the C-T 2 interval was computed.

Results are presented in Figure 8.3B. The analysis is presented in terms of P(Up).

Presenting a context tone to the [-6 0] st region favored an upward shift during the test.

Conversely, presenting a context tone to the [0 6] region favored a downward shift during the test. This is fully consistent with the hypothesis put forward in the introduction to this chapter. This bias is at its strongest when the context tone is presented at the centre of each of these bias regions, that is, around -3 and +3 st. The bias is weakest when presented to the edges of the context region, that is, when the frequency of the context tone is close to that of either of the test tones. A repeated-measures ANOVA with C-T 2 interval as the independent variable confirmed that the effect of the frequency of the context tone was significant (F(11,115) = 8.12, p < 0.001).

Effect of number of tones

In the next analysis, we evaluate the effect of the number of context tones on the measure of Bias described in the data analysis section. As detailed in the Methods, the context sequences were constructed to be limited to half-octave region relative to the tone T 2 of the test pair. As was described in the data analysis section and based on results from the one

Chapter 9 Experiments 3 and 4: Time course of the perceptual bias

The temporal dynamics of a behavioral effect may be informative on different accounts.

Within a purely descriptive approach, it is important to know the regions of existence of the effect. This can provide useful indications on the kind of situations for which the laboratory findings may apply. The time-course also provides important data in the search of the neural bases of the effect. The detailed mapping of time course can provide test data for comparison with neurophysiological data, and can also orient investigation of the kinds of underlying mechanism to be considered. This is especially true for context effects for which there are a host of potential candidates, ranging from adaptation to plasticity.

Moreover, previous investigations in vision have shown that context effects for a same test stimulus could turn to be assimilative or contrastive, depending on the timing characteristics of the context [START_REF] Kanai | Perceptual manifestations of fast neural plasticity: motion priming, rapid motion aftereffect and perceptual sensitization[END_REF]. This study has been reviewed in Chapter 4. To briefly summarize their findings, [START_REF] Kanai | Perceptual manifestations of fast neural plasticity: motion priming, rapid motion aftereffect and perceptual sensitization[END_REF] found an assimilative effect of context on ambiguous motion for very short contexts and delays between test and context (of less than about 100 ms). They found contrastive effects for longer durations and delays. They interpreted their findings as revealing two forms of neural adaptatio , i dep essi e o pote tiati e fo s, ope ati g o diffe e t ti e-scales and possibly at different processing stages.

Results

Figure 9.2 shows the effect of context tone duration on the resulting Bias. The measure used is the Bias defined in Chapter 8, which could in theory take any value from -1 (contrastive Bias) to +1 (assimilative Bias). The horizontal line in Figure 9.2 indicates a Bias of 0, which would mean no effect of context. The Bias increases with the duration of the context tone.

Positive values of the Bias appear from a 20-ms long context duration. The negative value for no context control is unexpected and probably indicates random variation in our sample of subjects. The effect of duration appears to level off at about 0.16 s.

A repeated-measures ANOVA revealed a significant effect of the context duration (F(2.6,23)=30.47, p<.001, with a Greenhouse-Geisser correction. The Bias becomes significantly different from 0 at a duration of 20 ms as indicated by t-tests with a Bonferroni correction, which are shown in Table 9.1.

Experiment 4: Persistence of the bias

Rationale

It is likely that the persistence of the bias depends on its initial strength. As a first measure, we measured the persistence of the bias for a context condition that provided near-ceiling performance in Experiment 2: a sequence of five Shepard tones, with a tone duration of 0.125 s and an ISI between context tones of 0.125 s. Even though a slightly larger context effect was found for ten context tones, our choice was a trade-off between the duration of a context sequence and the strength of the context. Bias persistence was estimated by introducing a silent gap of variable length between context and test.

Method

Participants

Ten self-reported normal-hearing listeners with a mean age of 26.33 (SE = 0.49) participated in the experiment. Two participants had not previously taken part in experiments involving Shepard tones. One listener took part in both Experiments 3 and 4. No listeners were excluded based on their performance on the screening test (version 1).

Chapter 11 Experiment 6: Dichotic presentation and selective attention 11.1 Introduction

The outcome of Experiment 5 using random spectra suggests that the context effects we are investigating are based on the tonotopic representation of sound. Tonotopy appears at the earliest stages of neural processing, in the auditory nerve, and is observed at least up to primary auditory cortex. Neural context effects have been found at most stages of processing from the nerve to cortex, either in the form of simple adaptation or more complex adaptive processing (e.g. [START_REF] Ulanovsky | Processing of low-probability sounds by cortical neurons[END_REF][START_REF] Wen | Time course of dynamic range adaptation in the auditory nerve[END_REF] reviewed in Chapter 2). Thus, it is unclear whether peripheral or central processes are involved in the context effect. Even though an entirely peripheral effect appears unlikely due to the long time scales found in Experiment 4, it is still possible that simple peripheral adaptation combines with more central processes. The experiment in the current chapter attempts to clarify the relative importance of peripheral and central processes.

We adopt the same context and test paradigm, but with an additional experimental manipulation: the control of the ear of entry of the context and test. Context sequences and test pairs are now monaural, but the whole stimulus is dichotic. This manipulation allows us to test, for instance, whether the bias occurs when context and test are presented to opposite ears. If the bias occurs under these conditions, it would show that the effect cannot be entirely attributed to peripheral processing before convergence of the signal from the two ears.

was presented to the left ear. This shows that attended context had a stronger effect on test pairs presented to the same ear. Since, in these conditions, context stimuli biasing in the opposite direction were presented to the unattended ear, this can be viewed as an effect of the unattended context on the bias.

Control Experiment: rapid switches of attention between ears 11.4.1 Rationale

The ear-of-entry finding just described, that the attended context affected more a test pair presented to the same ear, may have been confounded by the need to switch attention during the pitch task (R. Cusack, personal communication). Indeed, for context and test pairs presented to the same ear, listeners did not need to switch the ear they attended to for the whole trial. In contrast, when the test was presented to the opposite ear compared to the context, a switch in attention would have been required to perform the pitch direction task.

This could have impaired performance on the pitch direction task, and resulted in smaller

Biases as observed experimentally. Therefore, we ran a control experiment to try and evaluate the impact of attentional switches on a pitch direction task. We emulated the switch versus no-switch conditions, but using non-ambiguous stimuli to be able to report an objective performance measure.

Method

Four listeners with a mean age of 23.5 (SE = 1.19) participated. Two of the listeners had previously taken part in Experiment 6.

Stimuli were harmonic complexes instead of Shepard tones. The F0 of the standard tone was randomly selected in a one-octave range, between 240 and 480 Hz. All other experimental parameters, including the duration of tones, ISIs, and structure of the contexttest pair were identical to Experiment 6. The test pair thus consisted of two harmonic complex tones with a 6-st interval between them. They were presented either to the left or to right in an equal number of trials. The order of the standard and comparison toness was random, so that there would be an equal number of trials where there were unambiguous upward and downward half-octave shifts.

The procedure was also identical to Experiment 6. Listeners were instructed to attend one ear during the context sequence. They then had to indicate the pitch shift of the At face value, the results of the control experiment suggest that there was no measureable cost associated with the switching of attention for the pitch direction task. The conclusion is somewhat qualified by the fact that all results are at ceiling, so the measure clearly lacks in sensitivity. The ceiling effect is likely due to the large size of the test interval:

a half-octave. This renders the pitch comparison very easy for listeners. However, this interval was the same as what was to be reported by listeners in Experiment 6. Even though the shift was ambiguous, it was of a half-octave in one or the other direction. It is possible that the ambiguous nature of stimuli made the task more difficult in Experiment 6, and thus lo e ed pe fo a e a d e ealed a effe t of atte tio -switching. However, it is hard to define objective performance in the Shepard tone pair task, so we adopted the strategy of equating interval size in order to equate difficulty between Experiment 6 and this control.

Note also that there was no competing stimulus in the other ear when the test pair was presented to one ear. Any attentional switch would thus likely be exogenous and fairly automatic, which would be consistent with a non-measureable effect on an easy task.

Discussion

Experiment 6 was designed to address two distinct but related questions: can the context effects of previous experiments be fully accounted for by peripheral processing, and can they be modulated by selective attention?

The first question was addressed by testing conditions where the context sequence and the test tone pair were presented to opposite ears. We found that robust context effects were still observed in this situation. Thus, the context effects cannot be solely attributed to peripheral processes taking place before binaural convergence, such as adaptation [START_REF] Westerman | Rapid and short-term adaptation in auditory nerve responses[END_REF] or adaptive processing [START_REF] Wen | Time course of dynamic range adaptation in the auditory nerve[END_REF] in the Chapter 12 Summary and Perspectives

Summary of findings

The starting point of this thesis was the observation that sensory information is by nature ambiguous and insufficient to fully determine the state of the outside world. The organism must thus rely on additional sources of information to make inferences about the properties of external objects. One such possible source of information is the recent past history of sensory stimulation, what we termed here the context.

In our set of experiments, we addressed the effect of the stimulus context on the perception of a fundamental acoustic cue, which is present in most natural stimuli, i.e. the perceived relation between successive frequency components. To achieve better experimental sensitivity, we used stimuli purposely constructed to give rise to ambiguous shifts between consecutive components.

Our principal finding was a strong context bias, which influenced the perceived direction of shifts. The bias may be described as follows: the shift between consecutive frequency components of the ambiguous test crosses the frequency regions previously stimulated during the context. A useful image is that of a ud odel as suggested ou colleague, Jean-Michel Hupé). Imagine being on one side of a small pond and wishing to cross to the other side. There are two possibilities: going around the pond clockwise or counter-clockwise. The natural choice is to take the shorter path (proximity principle).

However, if both paths are of equal length, then following the one that bears the traces of many footsteps may be a wise strategy (context bias). This description concerns the