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Abstract 

Perception has subjective characteristics and it is goal-oriented nature resulting in 

individual differences in perceiving the same stimuli. Assessing what different personality 

theories and models tell about perception reveals that, although using different terminology and 

emphasis, many of them describe two cognitive functions, which show much commonality 

across the different approaches: maintaining stability and exploration. Exploration appears in 

these theories as a possible solution for overcoming anxiety and uncertainty by becoming more 

open to the environment and gathering more information from it, while maintaining stability 

refers to the coping and avoidance of negative emotions. 

In the current thesis, the auditory streaming paradigm was used to test exploration in 

perception. This paradigm evokes multistable perception, which appears as switching back and 

forth between different interpretations of an unchanging ambiguous stimulus. This paradigm 

allows one to examine perceptual switches and exploratory processes without confounding 

them by changes in the physical makeup of the stimulus. Temporally stable idiosyncratic 

switching patterns have been previously observed in listeners in response to this stimulus, which 

indicated strong inter-individual variability. 

 The results reported in the thesis show that inter-individual variability in switching 

patterns can be described along two dimensions: Segregation and Exploration. The Exploration 

dimension has been linked with the concentration of glutamate–glutamine in auditory cortex, 

creativity, ego-resiliency (a scale-based measure of adaptive flexibility), and functional brain 

networks extracted from the electroencephalogram. These results suggest that exploration of 

the environment offers a way to overcome uncertainty arising due to the ambiguity in the 

available sensory information and that a significant source of inter-individual variability in the 

perception of multistable stimuli stems from how individuals utilize exploratory processes in 

such situations.  
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Kivonat 

Az észlelés szubjektív tulajdonságai és cél-orientált természete miatt az egyének 

különböznek ugyanazon ingernek az észlelésében. A különböző személyiség elméletek és 

modellek észlelésről alkotott állításai alapján arra lehet következtetni, hogy bár eltérő 

terminológiát használnak, és mást hangsúlyoznak, többen is szerepel a stabilitásra való törekvés 

és az exploráció. Az exploráció ezekben az elméletekben egy lehetséges megoldást jelent a 

szorongás és a bizonytalanság csökkentésére, a környezetre való nyitottság növelésével és 

információgyűjtéssel. A stabilitásra való törekvés a megküzdésre és a negatív érzések 

elkerülésére vonatkozik. 

 Jelen tézisben, a hallási láncrabomlás ingerparadigmát használva teszteltük az 

észlelésben megjelenő explorációt. Ez a paradigma multistabil észlelést vált ki, azaz változatlan 

ingerlés esetén az észlelők oda-vissza váltanak az inger lehetséges értelmezései között. Ez a 

jelenség lehetővé teszi az észlelésben lévő váltások és az exploráció vizsgálatát az inger fizikai 

tulajdonságainak változásából fakadó hatások nélkül. Korábbi vizsgálatok időben stabil, egyéni 

válaszmintázatokat tártak fel, ami jelentős egyéni variabilitásra utal. 

 A jelen tézisben bemutatott eredmények alapján, a váltási mintázatokban megjelenő 

egyéni variabilitás két dimenzió, a Szegregáció és Exploráció mentén írhatók le. Kapcsolatot 

találtunk az Exploráció dimenzió, valamint a hallási kéregben mért glutamát-glutamin 

koncentráció, a kreativitás, az ego-rugalmasság (kérdőív-alapú adaptív flexibilitás) és egyes 

agyi funkcionális hálózatok között. Az eredmények arra engednek következtetni, hogy a 

környezet explorációja egy lehetséges mód a többértelmű szenzoros információk miatt 

keletkező bizonytalanság csökkentésére, valamint hogy a multistabil ingerek észlelésében 

megjelenő egyéni variabilitás egy jelentős forrása az explorációs folyamatok használatának 

mértéke. 
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1. Introduction 

Organisms make sense of the environment through the representation of sensory 

information (Schachter, Gilbert & Wegner, 2011). Perceptual experience is jointly determined 

by the sensory information reaching the senses and the general makeup of the brain and its 

cognitive processes. However, the brain and its cognitive processes vary across individuals. 

Therefore, when looking at, for example, a chair, individuals agree that a chair is what they 

perceive, but the exact nature of the perceptual experience is different across observers. In other 

words, perception has both objective and subjective properties (Hatfield & Allred, 2012). 

Objective perception refers to the properties of perceiving stimuli common within individuals, 

e.g. the processing of different wavelengths as colors. Subjective perception refers to the 

idiosyncratic representation and interpretation of the stimuli by an individual. However, it is 

not known where objective perception ends and subjective perception begins; that is, there is 

no clear-cut point at which the differences in subjective perception become more accentuated. 

This raises the issue that if perception has subjective properties, then human experience of 

reality is imperfect, it cannot be fully shared across individuals, and unbiased knowledge of 

reality cannot be grasped by our minds. Perhaps the most famous example of this phenomenon 

is Plato’s allegory of the cave (Plato, Grube & Reeve, 1992), which was written around 380 

BC. Although some theorists argue that all organisms, including humans have evolved in a way 

that the information needed for adapting to the environment within their ecological niche is 

directly available to them (direct realism; e.g. Gibson, 1979/1986), this problem has been a 

major topic of the epistemological works of philosophy and of science, in general. 

One source of individual differences affecting the processing of information in the brain 

and the actual perceptual experience is the distinct past experiences of individuals. These 

information can affect perception via top-down processes, which can be distinguished from the 

bottom-up processing referring to the extraction of the inherent stimulus properties (Buschman 
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& Miller, 2007; Treisman & Gelade, 1980). Individuals’ knowledge, assumptions, previous 

experiences, and aims can be different, thus complex environments cannot be perceived exactly 

the same by different perceivers. The organization of the brain is plastic; representation of the 

same entity can change as new neuronal connections become stronger than others due to new 

experiences (Harris & Littleton, 2015). Epigenetic research showed that experience with the 

environment affects what parts of the genome is expressed and thus the actual phenotype 

(Holliday, 2006).  

Even though perceptual learning can be formed on implicit processes, its effect on 

perception is considered to be a top-down phenomenon. This effect has been has been described 

in various tasks: practice and learning were found to improve perceptual performance in simple 

perceptual tasks, such as orientation sensitivity (Vogels & Orban, 1985), motion- (Ball & 

Sekuler, 1982) or musical pitch discrimination (Burns & Ward, 1978) as well as the 

discrimination of more complex trait assemblies, such as sorting young chickens by gender 

(Biedermann & Schiffrar, 1987) or identifying tumors on X-ray scans (Myles-Worsley, 

Johnston & Simon, 1988). Further, motivation, expectancies (Balcetis & Dunning, 2006; Coren, 

Porac & Theodor, 1986; Homa, Haver & Schwartz, 1976; Koyama, McHaffie, Laurienti, 

Coghill & Smith, 2005), and even mood (Forgas & Bower, 1987; Zadra & Clore, 2011) can 

alter perception. In this chapter, I am going to argue that the way these processes affect 

perception (including perceptual distortions) serves some purpose of the individual. Exploring 

individual differences in perception can shed light on some of the sources of idiosyncratic 

behavior and help understanding the subjective aspects of perception. 

 A possible way towards understanding these phenomena is focusing on individual 

differences and taking into account the person as a whole. One of the first recorded explanations 

of the differences between individuals is Galen’s personality typology from around 150 BC, 

which was based on Hippocrates’ theory of the bodily humors (Grant, 2000). This theory 
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attempted to connect individual differences with characteristics of brain- and other bodily 

functions. In psychology, explaining general differences between individuals falls into the 

domain of personality theories, while the neuroscientific approach focuses on the structural 

(Gardini, Cloninger & Venneri, 2009; Gu & Kanai, 2014; Haier, Jung, Yeo, Head & Alkire, 

2004; Kanai & Reese, 2011) and functional (Davidson et al., 2016; Kelly, Uddin, Biswal, 

Castellanos & Milham, 2008) differences of individuals’ nervous system. Most but not all 

personality theories barely touch upon perception or they only address its higher-level aspects, 

such as motivation and expectancies. Conversely, the same can be stated about perception 

research: individual differences are seldom discussed in detail.  

In the following, I will detail these two fields of psychology; personality and perception 

psychology. Separately, these topics have received much research and theoretical effort; 

therefore, a complete description of both surpasses both the scope and range of this thesis. In 

the first chapter, only those personality theories will be addressed, which consider perception 

explicitly. Similarly, the second chapter will only focus on the perception of ambiguous stimuli 

and its research as a means to gain insights into individual differences in perception.  

 

1.1. Personality as a gateway to perception 

 Personality is being studied based on a large variety of theories, such as psychoanalysis 

(Freud, 1899) or social learning theory (Bandura, 1977). Many of the theories in focus of this 

thesis have their roots Pavlov’s concept of excitation and inhibition (Gray, 1964), Freud’s libido 

concept (Freud, 1921)  and his drive theory (Freud, 1930). Libido is a form of unconscious 

energy focusing on approaching different organisms and objects, responsible for many 

automatic actions and thoughts as a drive. Freud postulated that when an organism is out of 

internal balance, libido with other approaching and avoiding drives (Eros/Thanatos) compete 

in a sense by reorganizing thoughts and actions to restore balance. Pavlov assumed that 
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excitatory processes in the nervous system are required for learning new skills and gathering 

new knowledge, whereas inhibitory processes are required when an action is already part of an 

organism’s repertoire. The balance between these two processes is a source of individual 

differences.  

The personality theories to be introduced in the first subchapter are similar to each other 

in that they describe individual dispositions and imply that these dispositions are expressed in 

multiple and variable situations (trait theories). In the second subchapter, personality theories 

discussing the organism-environment coupling, also termed situationism will be discussed. In 

contrast to the trait theories, these theories focus on situations and contexts in which the 

behavior is expressed. In other words, these theories emphasize the interaction between 

environment and personality. In the third subchapter, an information system theory of 

personality dispositions will be introduced and compared to the personality theories introduced 

in the first two subchapters. Finally, the main aspects of both trait and situationist theories will 

be summarized. 

 

1.1.1. Defining personality in terms of traits 

 Personality can be defined as a dynamic organization of intra-individual psycho-

physical systems and processes that determine the characteristic behavioral, thought, and 

affective patterns (Allport, 1961). It can also be defined along traits, which are continuous 

dimensions on which individuals differ from each other. Traits are nomothetic, thus shared 

within individuals but can also be idiosyncratic, as they can be different across individuals. 

Traits are nomothetic, thus shared within individuals but can also be idiosyncratic, as they can 

be different across individuals. Trait theories are based on Allport’s work, which was highly 

influenced by his meeting with Sigmund Freud. He defined three categories of traits based on 

their generality across situations. The first category is cardinal traits, which dominates and 
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shapes an individual’s behavior through their aims and is specific to an individual. The second 

category is central traits, which are shared across individuals, but their degree is has inter-

individual variance. The third category is secondary traits, which are expressed only in some 

specific situations are were included in his theory to account for the complexity of human 

personality.  

Trait theories such as Eysenck’s (1967) or the Big Five (Costa & McCrae, 1995) mainly 

focus on the nomothetic side of personality and see personality as a temporally stable 

organization (Costa & McCrae, 1988) with traits that are relatively stable across situations 

(Mischel & Shoda, 1995). In Allport’s framework, these can be handled as a combination of 

cardinal and central traits, but these theories do not account for situation-specific traits. Rather, 

behavioral variance across situations are handled as measurement errors. On one hand, there 

are trait theories which are not concerned with the overall personality, but only some aspects of 

it; for example sensation seeking (Zuckermann, 1979) or the locus of control (Rotter, 1966). 

On the other hand, there are trait theories aiming to describe the whole personality; for example 

Eysenck’s theory of personality (1967) or the Big Five (Costa & McCrae, 1995). Only those 

will be discussed, which attempt to grasp the whole personality and also consider perception. 

After the introduction of these theories, the theory of Jungian cognitive functions will be 

summarized due to their relationship with some of the traits detailed in the next paragraphs. 

 

1.1.1.1. Trait theories and their links to perception 

One of the central dimensions of personality across various models and theories is 

extraversion, which is a tendency to be social, energetic, and talkative. The other end of this 

dimension is introversion, which refers to individuals who tend to be less social and more 

reflective. The dimension was first coined by Jung (1921/1971) as extraverted and introverted 

personality types. These types affect perception and interpretation of information from the 



6 

 

environment: an extraverted individual focuses on the object and other individuals when 

creating multiple possible interpretations and actions. In the same situation, an introverted 

individual focuses on herself with less possible interpretations. This theory is important for the 

current thesis, because it predates all other modern psychological theories and models that 

incorporate perception into personality. It emphasizes the subjective nature of perception, 

specifically how the sensory input is transformed by each cognitive function. Even though there 

are widely used modern iterations of this theory, for example the Myer-Briggs Type Indicator 

scale (Briggs-Myers & Briggs, 1980) or Socionics (Augustinavichiute, 1996), personality types 

were criticized along methodological and theoretical considerations (see Asendorpf, 2003; 

Furnham & Crump, 2005; McCrae, Terracciano, Costa & Otzer, 2006; Pittenger, 2004). 

Because data does not support the existence of personality types in general, in the present thesis, 

Jung’s theory is regarded only as a philosophical description of personality separating object 

and self-focused perception. This notion, in various forms, returns in some recent theories. 

 Later theories envisioned and measured personality along continuous traits. Even 

though these theories try to define personality in terms of various numbers of traits, most of 

them include two central dimensions of personality. One is the already mentioned extraversion-

introversion dimension. The other main dimension is neuroticism or emotional stability (the 

opposite of neuroticism). These refer to how often one feels negative emotional states such as 

anxiety, fear, or anger (Eysenck, 1967; Costa & McCrae, 1995).  

The importance of these two dimensions further lies in those studies, which were 

probably the first to connect complex personality traits to different brain systems and functions. 

Eysenck (1990) hypothesized that the individual differences in the functioning of the Ascending 

Reticular Activating System (ARAS) are related to the extraversion-introversion dimension. 

The ARAS regulates the activity level and alertness of the cortex. Eysenck suggested that in 

introverts, ARAS keeps the activity of the cortex at a higher base level compared to extraverts. 
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Thus, extraverts require stimulation from the environment to increase the activity level of the 

cortex. Assuming there is an optimal level of cortical activation, in order to optimize their well-

being, extraverts tend to select situations with more stimulation. The behavioral activation 

(BAS) and behavioral inhibition (BIS) systems are related to both extraversion and emotional 

stability dimensions (Gray, 1990). The BAS gets activated when it is exposed to stimuli 

corresponding to a desired goal. It can trigger positive emotions those supporting the goal 

related behaviors. The BIS also gets activated when it meets with negative stimuli and it inhibits 

behavior to avoid negative experiences. Both systems describe a general tendency for 

individuals. Repeated exposure to stimuli can reinforce their activation. They also determine 

whether and which stimuli will be perceived as desired or to be avoided.  

The BIS/BAS have strong links to Pavlov’s excitation-inhibition model (Gray, 1964) 

which in turn influenced Eysenck’s (1956, 1957) definition of extraversion.  In a series of 

experiments, Marton and Urbán (1964, 1966, 1967) compared extroverts and introverts in 

habituation and conditional learning experiments. They measured extraversion and introversion 

using a wide range of techniques from scales to interviews and they also measured used EEG 

and galvanic skin response. Based on their findings it seems that extraverts were easier to 

habituate to sensory information, but conditioned information was easier to extinct compared 

to introverts whose galvanic skin response remained basically the same after 7-10 days. Thus, 

in terms of the excitation-inhibition balance suggested by Pavlov, extraverts have more 

expressed inhibitory processes than introverts as they need constant external reinforcement. 

Introverts have more expressed excitatory processes than extraverts because they do not require 

constant external reinforcements once they acquire new information. 

In sum, in the framework of understanding perception, trait theories provided two 

important dimensions. The first one is extraversion, which is related to how much external 

stimuli one needs for optimal functioning. Thus, individuals differ from each other how actively 
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they seek external stimulation. The other dimension is neuroticism or emotional stability, which 

is related to whether a stimulus is interpreted as desired or avoidable. Different levels of this 

dimension capture the phenomenon that individuals differ from each other on how they evaluate 

the emotional and goal-related value of a stimulus.  

 

1.1.1.2. Critique of trait theories 

 Trait theories consider the individual with little regard to the context in which her 

behavior manifests. The neural models of the main dimensions of personality also emphasize 

the stability of personality across situations. This is rooted in the methodology of trait theories, 

which is also what makes them popular in research and applied sciences. Traits are measured 

with questionnaires, which include a set of validated items related to specific traits. Items 

describe a situation, a property, or a feeling. Respondents have to rate to which degree each 

statement applies to them. A trait does not require many items to be measured and the 

instructions are straightforward. This makes measuring traits quite easy. Another aspect of the 

measuring procedure is that an individual’s score on a trait is measured as an average of all the 

related items. Thus, person A and person B may both have an average of three on a five-point 

scale extraversion scale and thus both are described as e.g., “average on extraversion”. 

However, it is possible that person A had an average of three by rating all items with three, 

whereas person B responded with five to half of the items and one to the other half. It can be 

argued that person A and B have different personalities, as A is always averagely extraverted 

and B can be highly extraverted or introverted, but never averagely extraverted. Trait theories 

do not take into account the variance of the score on the items as they are regarded as 

measurement error. Due to this feature of the measurement, much information is lost as the 

outcome does not account for variability across situations. Disregarding the variance of 

behavior across situations implies that personality is stable and is expressed in a situation rather 
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than interacting with it (for a detailed critique of the Big Five and other trait theories, see Block, 

2010).  

 

1.1.2. The organism-environment coupling 

In contrast to trait theories, interactionist or situationist theories consider the dynamic 

nature of personality. Situationism, which emphasizes the importance of individual-

environment interactions, has a long history in psychology. Lewin (1939, 1951) formulated his 

field theory where behavior is defined as a function of both the characteristics of the 

environment and the person. Based on this theory, no experience is the same for two individuals 

or even for the same individual on separate occasions due to the constantly changing 

environment (termed field by Lewin, 1939, 1951). Lewin’s theory is based on the Gestalt theory 

of perception (Koffka, 1936; Köhler, 1947; Wertheimer, 1938) which demonstrated how 

perception organizes stimuli to form objects through the “Gestalt laws of perceptual 

organization”. This perspective of psychology suggests that in perception there is no one-to-

one relation between the stimulus and the perceiver. The situation of the perceiver (his/her 

relation to the context) can affect the actual perceptual experience. 

 Bruner’s (1951) theory brings situationism into the description of perception. In his 

account of perception, sensory information is processed in three steps. The first step comprises 

expectancies, which mark an individual’s implicit and explicit preconceptions about the 

situation. Expectancies in a situation are formed on the basis of multiple processes: a) does the 

organism have previous experience with the stimuli; b) whether a behavior and perceptual 

decisions related to the actual situation have been previously reinforced by feedback; c) how 

many alternative hypotheses can be generated for interpreting and understanding the stimuli; 

and d) what do social peers signal about the stimuli. The second step is gathering information. 

The final step is then the evaluation of the gathered information with respect to the expectancies. 
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These steps are further affected by how relevant and reliable is the individual’s judgment of the 

available information. Bruner’s scheme and the notion of reliability of the available information 

are reflected in many current descriptions of perception and brain function (e.g., Gregory, 1980; 

Friston, 2005; Winkler & Schröger, 2015). Bruner (1951) argues that avoiding anxiety and 

approaching positive experiences are important drives in the formation of a percept: individuals 

try to avoid perceiving stimuli that evokes anxiety such as a beggar and will focus more 

attention to things they enjoy such as a nice item in a shop-window.  This notion has reappeared 

thirty years later in the BAS/BIS theory of personality discussed previously.  

 

1.1.2.1. The Cognitive-Affective Personality System  

Building on the theoretical groundwork of Lewin’s (1939, 1951) field theory and the 

inadequacy of the trait theories to account for the variance of behavior across different 

situations, Mischel and Shoda (1995) formulated the Cognitive-Affective Personality System 

(CAPS) theory. In several studies, they identified behavior-situation patterns of an individual 

in specific situations. It was found that these patterns were consistent within individuals. The 

emotional valence of the person linked to a situation was found to be an important correlate of 

the behavior-situation patterns.  

Instead of traits, CAPS explains intra- and inter-individual variability by defining 

cognitive-affective units, which are essentially broad categories of similar psychological 

functions. CAPS differentiates between five types of cognitive-affective units. The first unit 

type is encodings, which are categories for the self (such as identity or how honest do I think 

am I), others, and for external and internal situations and events. In other words, encodings 

carry the representation of all knowledge of the individual. The second unit type is expectancies 

and beliefs about the world and the results of a behavior in particular situations. The third unit 

type is affects, which groups together feelings, emotions, and affective responses. The fourth 
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unit type is goals and values of the desirable outcomes, both for short- and long term. The fifth 

unit type is competencies and self-regulatory plans, which are basically schemas and strategies 

to organize and plan behavior (Mischel, 1973, Mischel & Shoda, 1995). These plans are 

expressed by if…then… relationships: a specific input (A) is paired with a behavior (X), 

whereas another input (B) with another behavior (Y). 

The theory assumes that there are two distinct processes going on constantly within an 

individual: encoding and behavior generation. Encodings for situations are created through the 

cognitive-affective units. Each situation has various defining features. Cognitive affective units 

encode some, but not all of these features. These features have some inherent psychological 

value for the individual, which is then encoded in the cognitive-affective units with different 

weights and importance along with the sensory data. The cognitive-affective units are highly 

interlinked with each other and the initial encoding of the features of the situation is further 

processed to generate a behavioral response (the second process posited by the CAPS theory). 

That is, cognitive-affective units form the bridge between perception and behavior.  

CAPS is modulated by the biological predispositions as well as the socio-cultural 

background of the individual, but do not handle them as completely fixed characteristics of the 

individual. Based on the behavior and the feedback received from the outside world, both 

biological- and cultural history of the individual are modified, allowing the system to adapt to 

new situations.  

Some aspects of CAPS resemble Gibson’s (1979/1986) ecological perspective on 

perception. In Gibson’s model, action and perception are inseparably coupled in a so-called 

action-perception cycle. Objects supply “affordances”, which refers to information about their 

possible uses for the organism. Behavior is selected on the basis of social and non-social 

affordances. Selection of features by their inherent value is part of the CAPS theory, which thus 
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shows similarities to the role of attention in attuning to the relevant affordance in Gibson’s 

theory.  

The ideomotor action model (Hommel, 2013) postulates a similar theory to CAPS. It is 

also compatible with Gibson’s framework in that action and perception are assumed to be 

inseparable from each other. In this model, the stimulus is encoded into feature maps, which 

bear strong resemblance to the feature selection part of the CAPS theory. Perception and action 

planning are the next main part of the theory, which is similar in function to what cognitive-

affective units do. An important part of the ideomotor action model is the continuous adjustment 

of behavior to current sensory inputs, which is also included in the CAPS theory, albeit with 

much less emphasis. The main difference between the CAPS theory, the inseparability of action 

and perception in Gibson’s model ideomotor action models is that CAPS attempts to explain 

individual behavioral tendencies, whereas the other two focuses on the commonalities of 

perceptual experience across individuals. Nevertheless, in their roots all three models 

emphasize that perception and behavior cannot be separated from each other. 

 

1.1.2.2. Personality as an affect-processing system 

Perhaps Block’s (2002) personality theory incorporates perception most deeply into its 

framework. He views personality as an affect-processing system. Block’s theory incorporates 

many elements of Lewin’s field theory (1939, 1951) and Gibson’s (1979/1986) work on 

perception. He argues that experimental and social psychology focuses too much on the 

environment, whereas personality psychology concentrates too much on the organism in the 

organism-environment coupling. He therefore formulated a theory contemporaneously oriented 

in a Lewinian sense. The basic principle of the theory is that personality is an adaptive system, 

which perceives, responds to, and tries to make sense of the world while maintaining internal 

and external balance as it deals with threats and opportunities provided by the environment.  
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The default mode of the system is perceptual assimilation. The autochthonous 

assimilability (AA) of the environment refers to the inherent informational value of the 

environmental features. When the AA of the environment is unequivocal then the behavioral 

response of the organism is straightforward, as behavior is generated almost automatically. This 

notion is quite similar to affordances and their utilization (Gibson, 1979/1986). The AA is 

rooted in evolutionary and culturally defined processes.  

The perceptual apparatus (PA) denotes the idiosyncratic perceptual system of an 

individual that is shaped by experiences. The PA always processes the AA, which is termed as 

“perceptualizing” in this theory. As PA is idiosyncratic, percepts are always schematic, 

subjective, and unique to an individual. In other words, AA is the objective, whereas PA is the 

subjective side of perception.  Perceptualizing is an evolutionary-based tendency to seek new 

experiences and organize, analyze, and simplify internal representations. PA has two functions: 

1) articulation or differentiation, which refers to the capacity for multifaceted/complex vs. 

simplified/categorical processing of the environment; and 2) permeability, which refers to 

stimulus-bound and distractible perceptual processing vs. using rigid schemas and filtering out 

new information. Individuals have a stable position on the dimensions characterizing the two 

functions. 

Similarly to the CAPS theory and to the theories emphasizing the coupling of action and 

perception, Block’s theory includes how behavior is generated. In his framework, the control 

apparatus (CA) is responsible for generating behavior from the available repertoire based on 

the input from the PA. It also has the same two functions as the PA: 1) Articulation or 

differentiation refers to the quantity and quality of potential responses to the stimuli; and 2) low 

permeability is associated with an immediate need to change the course of behavior, whereas 

high permeability is associated with slow and delayed responses in face of anxiety. This notion 
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is similar to the object/environment focused vs. self-focused description of sensation by Jung 

(1921/1971). 

Anxiety is a central concept in Block’s theory, which signals the system that something 

is not processed adequately. The default mode of the system is when no unusual information 

arrives and the PA can cope with processing it. However, when percepts are not processed 

adequately, anxiety (tension) increases in the system. Due to the increase in the level of anxiety, 

the permeability function of the PA gets more active, more emphasized. Based on the 

individual’s disposition on the permeability of PA, processing of the stimuli will either be 

stimulus-driven and distractible or rigid schemas are used to make sense of the information. A 

second source of anxiety comes from internal drives, such as hunger. In this case, the 

permeability function of the CA increases. Thus, when the personality system experiences 

anxiety the permeability function of both CA and PA will increase regardless of the source of 

the anxiety. If one’s permeability of the CA is low then the generated behavior is highly 

dependent on the context, and the generated behavior could be described as assimilation or 

adapting to the environment. If it is high, then the generated behavior is closer to 

accommodation, which means manipulating and adapting the environment to the needs of the 

organism. The main function of these processes is to decrease anxiety, so the personality system 

can return to its default state.  

As mentioned previously, Block regards this system as adaptive. Adaptation manifests 

in the resiliency property of CA and PA. Resiliency is the individual’s capacity to adapt the 

permeability of CA and PA to the requirements of the situation. Resiliency defines the possible 

range of the permeability of the CA and PA. Adaptation to the environment can only happen if 

individuals are able to switch between assimilation (gathering new information) and 

accommodation (trying to keep the personality system constant). An over-controlled person 

whose permeability of the CA is always high is not successful in decreasing anxiety and, as a 
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result anxiety may be unresolved. The unresolved anxiety will affect how the individual will 

behave in various situations, such as being nervous in a situation, which would not generate 

anxiety in people, whose permeability of the CA is lower. Highly flexible or resilient 

individuals are better in adapting to the environment and they are better in decreasing their 

anxiety. In sum, Block’s theory incorporates subjective perception into his description of 

personality and gives an explanation how it can contribute to behavior, thus attempting to 

account for individual differences as well as adaptation to the environment. 

 

1.1.3. Entropy reduction and exploration 

Gathering new information in order to adapt to the environment is an important part of 

Block’s (2002) theory on personality. This chapter will focus on this exploratory tendency of 

an individual. DeYoung (2013) defined exploration as “any behavior or cognition that is 

motivated by the incentive reward of uncertainty” (p. 1). That is, exploration is gathering 

information about unknown or uncertain things. The amount of uncertainty or disorder is 

measured as the entropy of any information system (Shannon, 1948). Entropy refers to all 

possible states of the system in any given moment. In psychological terms, entropy can be 

conceptualized as a measure of all possible interpretations of the stimulus and all possible 

behavior that can be generated in any given moment. The higher the entropy the more possible 

states are available. Another possible conceptualization of entropy is free energy – as we will 

see in Section 1.2.2.3.3, Friston’s (2005) predictive coding theory is based on the notion that 

the goal of the brain is to minimize free energy. The brain responds to high entropy with anxiety 

(Hirsch, Mar & Peterson, 2012). Note, that anxiety is a central concept in Block’s (2002) theory, 

one source of which is unsatisfactory processing of sensory information (possibly due to its 

high density) and the presence of anxiety initiates various processes aiming to reduce anxiety 

(see the previous section).  
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Humans are goal-oriented and self-regulating complex systems and in any given 

moment, the brain represents the goals, the current state (especially in relation to the current 

goals), and its goal-directed skills and strategies. Whenever entropy increases, it makes the 

progress toward the goals harder and thus increases the level of anxiety. Even though the 

increase of entropy poses a threat to the individual, it also has potential positive outcomes for 

the individual such as the anticipated result of overcoming the threat or getting information 

about the likelihood of reaching the goal. Irrelevant information can also be of interest for the 

organism as something irrelevant can become relevant in future situations. One way to 

overcome anxiety and reduce entropy is exploration as it provides more information about the 

environment. The availability of information decreases the amount of possible interpretations 

and behavioral plans (the number of possible states), therefore entropy and anxiety are reduced 

together. The other method to reduce anxiety could be choosing one from the many possible 

states, but it might not be the best state for the individual (this notion is similar to the inflexible, 

highly permeable CA individuals’ strategy described by Block, 2002). Information with high 

unpredictability and-or ambiguity, such as a nearby gunfire, poses the highest threat but also 

represent the highest motivation to explore the environment (DeYoung, 2013). 

Systems, such as a human mind, strive for two general goals (DeYoung, 2013). First, 

they have to stabilize the ongoing pursuit of the current goal by choosing activities that prevent 

the increase of entropy in a psychological sense, i.e., they aim to maintain stability. Second, 

they have to engage with unknown objects in order to continuously explore the environment 

and gather knowledge. While pursuing these goals, the system needs to adapt in a way to 

decrease psychological entropy. Exploration provides the basis of the system’s plasticity 

(DeYoung, 2013). These two processes appear to be compatible with the Big Five meta-traits, 

plasticity and stability (DeYoung, 2006). Plasticity is made up of extraversion and openness, 

the tendency to be open-minded and to actively search out new information, a form of cognitive 
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exploration. This meta-dimension is associated with finding new goals, continuously 

reinterpreting the current state, and discovering new strategies to pursue the current goals. 

Extraversion was previously associated with the behavioral activation system (BAS, Gray, 

1990). Thus, this meta-trait can represent the exploration aspect of goal pursuit (DeYoung, 

2013). Stability is formed by the emotional stability (or neuroticism), agreeableness, and 

conscientiousness Big Five dimensions. Stability was previously associated with the behavioral 

inhibition system (BIS, Gray, 1990). Thus, this meta-trait can represent the disruption resisting 

and stability maintaining function of goal pursuit (DeYoung, 2013). In conclusion, these two 

meta-traits align well with the stability and exploration aims of an information system, such as 

the human mind. 

 In sum, when individuals face several possibilities, their anxiety increases. Anxiety can 

be reduced by the exploration of the environment. The information theory of personality 

(DeYoung, 2013) does not directly account for individual differences, but the stability and 

plasticity meta-traits align well with these functions and individuals show variance on these two 

meta-traits. The theory has many connections with Block’s (2002) theory of personality, namely 

that anxiety increases when information cannot be processed in an adequate manner (i.e., when 

there are too many possibilities). In response to anxiety, based on their dispositions on the 

control and perceptual apparatus and their flexibility, individuals can attempt to assimilate or 

accommodate or even choose between the two. Plasticity and its constituents, extraversion, and 

openness are correlated with ego-resiliency (Farkas & Orosz, 2015; Letzring, Block & Funder, 

2005), which in Block’s (2002) theory is the measure of flexibility. However, the relationship 

between ego-control, a measure of the permeability function of the control apparatus and 

stability’s constituents (agreeableness, emotional stability, and conscientiousness) is not so 

clear (Letzring et al., 2005). Thus, only the assumption regarding the role of exploration in 

anxiety reduction can be linked with already established personality dimensions.  
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1.1.4. The two main processes of goal-oriented perception 

 Personality psychology models that incorporate perception in some form emphasize that 

the brain processes sensory information in a goal-oriented manner. These theories focus on the 

subjective properties of perception rather than the common processes extracting sensory 

information from the proximal stimulus. This functional view of adapting to the world appears 

to have two main aims or functions, which are similar across different theories. The first one is 

approaching positive experiences to collect new information, which may be of use against 

future threats. This function is represented by extraversion (Costa & McCrae, 1995; Eysenck, 

1967), the plasticity meta-trait (DeYoung, 2006), Pavlov’s excitatory processes (Gray, 1964), 

libido (Freud, 1921), the behavioral approaching system (Gray, 1990), object- or environment 

focused sensation (Jung, 1921/1971), accommodation of new situations (Block, 2002), and 

exploration (DeYoung, 2013). The other function is to protect the organism against negative 

experiences and to maintain both internal and external balance. This function is represented by 

emotional stability (Costa & McCrae, 1995), neuroticism (Eysenck, 1967), the stability meta-

trait (DeYoung, 2006), Pavlov’s inhibition (Gray, 1990), the behavioral inhibition system 

(Gray, 1990), self-focused sensation (Jung, 1921/1971), anxiety and assimilation (Block, 2002), 

and psychological entropy reduction (DeYoung, 2013). Adapting to the probabilistic world to 

achieve goals, a notion that was first introduced by Brunswik (1943, 1955), requires a fragile 

balance between these functions and individuals differ in how they achieve this balance in 

specific situations. 

Of the two, exploration is more intimately linked with perception. Therefore, it will be 

in the focus of the thesis. The adaptive nature of exploration can be illustrated using data from 

an applied research topic, which assumes that individuals either believe that their skills are fixed 

(e.g., through genetics) or that abilities and intelligence can be improved; fixed and growth 
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mindset, respectively (Dweck, 2006; Yeager & Dweck, 2012). In the United States, mindset 

interventions were conducted with students from low-income families with minority 

background in order to change their fixed mindset into growth one (Blackwell, Trzesniewski & 

Dweck, 2007; Paunesku et al., 2015). The authors found that a 45-minute long online training 

already resulted in an increased grade point average by the end of the semester (Paunesku et 

al., 2015). A short-term effect of the intervention was also observed in students with stable 

background and good grades; however this effect disappeared by the end of the semester 

(Orosz, Péter-Szarka, Bőthe, Tóth-Király & Berger, 2017). The growth mindset facilitates the 

learning of new skills to face negative life events. Thus, it appears that this intervention works, 

because it teaches the importance of exploration to a population whose exploratory efforts were 

possibly not previously endorsed by their environment.  

 

1.2. Understanding the mind through ambiguity 

 As introduced in the previous chapter, there is a consensus that the brain processes 

sensory information in a goal-oriented way. Partly due to this, the encoding of sensory 

information is a highly subjective process. Ambiguous stimuli can amplify individual 

differences in perception and hence they are well suited as experimental tools for studying 

individual differences in perception. Ambiguous stimuli have been used in various fields of 

psychology for understanding perception and personality. In the first subchapter, projective 

tests will be described. These tests apply ambiguous stimuli to infer about an individual’s 

personality. In the second subchapter, research on perceptual multistability will be discussed. 

 

1.2.1. Projective tests: A way to infer personality from ambiguity 

Projective tests present ambiguous stimuli to subjects in order to reveal unconscious 

motives, drives, and inner conflicts, as these are inaccessible for conscious techniques, such as 
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interview or self-report (Frank, 1939). The unconscious mind became a mainstream topic in 

psychology through the work of Sigmund Freud (1899). Projective tests were favored by 

psychoanalytical research and therapy, because when anxiety increases, the individual often 

does not deal with its source, reacting only to its indirect effects. In these cases, stability of the 

individual can be maintained by so called defense mechanisms. Defense mechanisms operate 

by distorting objective perception in a way that the individual can better cope with it. Note that 

this description shares many similarities with other personality theories described in the 

previous section. There are various defense mechanisms described by Anna Freud (1936), such 

as repression or denial of anxiety, projection of the negative feeling to the actions of others, etc. 

Ambiguous stimuli do not have a single socially agreed interpretation. Therefore, the defense 

mechanisms causing perceptual distortions can be revealed and the inner conflicts and 

personality of the individual can be measured.  

Perhaps the most famous projective test is the Rorschach Inkblot Test (Rorschach, 

1942). The test uses ten, bilaterally symmetric images. The Rorschach figures completely lack 

meaningful information. The closest real-life example of the task is trying to find meaningful 

forms in clouds. Test takers have to name objects, whether concrete or abstract, which they 

discern in the inkblots. Answers are evaluated based on their content, location, their similarity 

to the actual form of the object, and their prevalence based on population norms (Exner, 2002) 

and by analyzing special reactions unique to that individual (Mérei, 2002). Analysis of the 

Rorscach test allows to mapping of subconscious properties of the stimuli Another popular 

projective test is the Thematic Apperception Test (TAT, Morgan & Murray, 1935; Murray, 

1938) which uses drawings of social situations indicating some form of tension. Here, 

ambiguity is based on the alternative interpretations of social interactions and complex scenes. 

The utility of projective tests was strongly criticized due to the lack of empirical validity 

of the measures extracted from them (e.g. Cronbach, 1949; Lilienfeld, Wood & Garb, 2000). 
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Still, many therapists prefer using them alongside objective tests due to their access to 

unconscious processes and because they can provide a phenotypical analysis of an individual, 

e.g., for the purpose of diagnosing mental illnesses. Based on the survey of Camara, Nathan, 

and Puente (2000), Rorschach was the fourth, whereas TAT was the sixth most used test among 

clinical psychologists in the United States and it was also popular among neuropsychologists. 

Due to its popularity, there are continuing efforts to test which of their  dimensions and 

indicators are valid and reliable, and how can the overall reliability and validity of the tests be 

improved (e.g. Mihura, Meyer, Dumitrascu & Bombel, 2013).  

In sum, by not providing sufficient information for an unequivocal interpretation of the 

stimuli projective tests force the brain to generate multiple hypotheses.  During this process, 

the idiosyncratic properties of one’s personality and cognitive processes can be assessed. 

Despite the critiques of these techniques, frequent use of these measures indicates that there are 

some qualities of an individual that can be grasped by these methods. 

 

1.2.2. Multistability: A way to study perception by ambiguity 

Multistable perception refers to the experience evoked by ambiguous stimulus 

configurations, which result in perception stochastically switching between two (bistability) or 

more (multistability) mutually exclusive interpretations of an unchanging stimulus (Schwartz, 

Grimault, Hupé, Moore & Pressnitzer, 2012; Sterzer, Kleinschmidt & Rees, 2009). Multistable 

perceptual phenomena provide a suitable tool for studying the binding of different sensory 

features and the grouping of elements of the proximal stimulus into representations of the distal 

objects (Schwartz et al., 2012), because the changes in perceptual experience in response to a 

constant stimulus allow the study of the formation of different object representations without 

changing physical stimulus parameters. This phenomenon is rarely elicited by ecologically 

valid stimulation, because in such situations the brain can usually decrease variance and 
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increases robustness in perception by integrating multiple sources of information from various 

modalities as well as actively explore the environment until sufficient information is gathered 

for unequivocal identification of the causes of the proximal stimulus (Ernst & Bülthoff, 2004). 

In this section, four topics will be covered. First, various multistable phenomena will be 

described with a detailed description of auditory streaming, which is the stimulus paradigm 

employed by the studies described in the thesis. Second, the general characteristics of bi-

/multistable perception will be discussed. Third, neural and computational models of perceptual 

multistability will be introduced. Finally, individual differences in perceiving multistable 

stimulus configurations will be summarized. 

 

1.2.2.1. Multistable perceptual phenomena 

Visual bistable perceptual phenomena were popular at the turn of the 20th century. Some 

examples are Rubin’s face-vase illusion (Rubin, 1915, Figure 1.A), the duck-rabbit illusion 

(Jastrow, 1899, Figure 1.B), which was originally published by an unknown cartoonists in the 

Fliegende Blätter in 1892, and, again from an unknown author, the “My wife and my mother-

in-law” (Figure 1.C) which was first published on a German postcard in 1888. These bistable 

stimuli illustrate well the Gestalt principle of exclusive allocation.  

 

Figure 1. Visual bistable stimuli. A. Rubin’s face-vase illusion (Rubin, 1915), B. Duck-rabbit 

illusion (unknown author, 1892), C. My wife and my mother-in-law (unknown author, 1888). 
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 Some visual bistable stimuli are based on depth perception with or without motion cues. 

Due to the lack of depth and orientation cues, the Necker cube (Necker, 1832, Figure 2.A) can 

be experienced as being seen from the top of the cube or from the bottom. The structure-from-

motion illusion or kinetic depth effect (Wallach & O’Connell, 1953) relies on the process 

forming three-dimensional perceptual objects from a two-dimensional moving image. Wallach 

and O’Connell (1953) used the shadow of a moving wire-frame. This image lacks depth 

information, but through motion it is perceived in its original three-dimensional form. Modern 

applications use dots that are seen moving either clockwise or anticlockwise evoking the 

perception surface of a sphere (Brascamp et al, 2008, Figure 2.B) or cylinder (Ullman, 1979) 

that is made up of a clockwise- and an anticlockwise-moving layer of dots. These phenomena 

illustrate the common fate, good continuation, and exclusive allocation Gestalt principles. The 

lack of depth and orientation cues is also the cause of the silhouette illusion (Kayahara, 2003) 

in which a ballerina can be seen turning clockwise or anticlockwise (although there is a strong 

preference across perceivers to experience the figurine turning clockwise).   

 

Figure 2. Depth perception based visual bistable stimuli and monocular rivalry. A. Necker’s 

cube (Necker, 1832), B. Rotating sphere (image from Kanai, Carmel, Bahrami & Rees, 2011), 

C. Monocular rivalry (image from O’Shea, Parker, La Rooy & Alais, 2009). 
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The exclusive allocation principle of ambiguities can also be observed in monocular 

rivalry (Breese, 1899; Campbell & Howell, 1972): watching an image with two superimposed 

pictures for 10-30 seconds will lead perceiving only one of them and consequent switching 

between the two interpretations (Figure 2.C). In binocular rivalry (Blake, 1989; Blake & 

Logothetis, 2002), two images are separately presented for the two eyes. In this case, only one 

of the images is observed at any given time, and perception switches back and forth between 

the two alternatives.  

Bi/multistability was most extensively studied in the visual domain. However, there are 

some reports of similar phenomena in other sensory modalities. Similarly to binocular rivalry, 

binaral rivalry has been demonstrated by separately presenting smells to the two nostrils (Zhou 

& Chen, 2009). Further, tactile bistable apparent motion experience was elicited by alternating 

stimulation of finger pads in the opposing corners of a 1 cm2 stimulation array. Participants 

reported occasional movement direction changes (Carter, Konkle, Wang, Hayward & Moore, 

2008). As of yet, no multistable paradigm has been reported for taste. 

 In the auditory domain, verbal transformations were first described as an analogue to 

reversible figures (Warren & Gregory, 1958). Prolonged repetition of some words (e.g., “life”) 

with a short inter-stimulus interval leads to switches between the original and some other 

word(s), including meaningless but phonotactically legal non-words (e.g., switching back and 

forth between “life” and “fly”; Ditzinger, Tuller, Haken & Kelso, 1997a; Ditzinger, Tuller, & 

Kelso, 1997b; Kondo & Kashino, 2007; Sato, Schwartz, Abry, Cathiard & Loevenbruck, 2006; 

Tuller, Ding & Kelso, 1997). The studies summarized in the thesis employed the auditory 

streaming paradigm (van Noorden, 1975, Moore & Gockel, 2012) for studying individual 

differences in multistable perception. Thus, it will be discussed in more detail in the following 

section. 
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1.2.2.1.2 The auditory streaming paradigm 

The auditory streaming paradigm has been primarily used for studying how interleaved 

sequences of sounds are organized in perception. Sequential grouping is an important process 

of auditory scene analysis (Bregman,1990), the theoretical framework within which the 

perceptual ability of parsing the complex acoustic input to its veridical sources (auditory 

objects) is studied. Bi-/multistability emerge as the same sound sequence can be heard in terms 

of one or two coherent sequence of sound (termed “stream”) and the listener spontaneously 

switches between variants of these alternatives. When one stream is heard, all the sounds are 

grouped together. Two streams are heard when some sounds are connected with each other but 

separated from others. Based on which sounds are connected with each other and form a stream, 

different types of streams can emerge making auditory streaming a multistable paradigm.  

 The prototypical version of the paradigm (van Noorden, 1975) comprises two tones of 

different pitch (“A” and “B”) alternating, with every second “B” tone omitted (“-“, see Figure 

3 top panel). Based on this repeating cycle, the auditory streaming paradigm is also often called 

the “ABA-“ paradigm. When the triplets are repeated, the sequence can be heard as a single 

stream (a single auditory object), giving the experience of a galloping rhythm. This is called the 

integrated or coherent percept (Figure 3 second panel) as all the tones are grouped together. The 

same exact sequence can also be heard in terms of two parallel streams, called the segregated 

percept or fission. The typically experienced variant of the two-stream configuration (Figure 3 

third panel) is when the high and low tones are perceived separately (each forming a separate 

stream or auditory object) with one of them being in the foreground and the other in the 

background of perception. A third category of possible percepts also exists, which are referred 

together as combined (Figure 3 bottom panel). This alternative will be introduced later in this 

section. 
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Figure 3. Schematic illustration of the auditory streaming paradigm. The x-axis refers to time 

and the y-axis refers to tone pitch. The top panel illustrates the stimuli, whereas the other three 

depict possible interpretations of it. The first one of these is the integrated percept in which all 

sounds are grouped into a single stream. The second illustrates the segregated percept, when 

sounds are separated based on their frequency into a high and a low stream. The final one 

depicts what has been recently termed the combined percept, with one stream comprising both 

low and high tones and the rest of the low tones being grouped into a second stream. Figure is 

taken from Farkas et al. (2018).   

 

Due to its ambiguity, the measurement of perception in the auditory streaming paradigm 

is not straightforward and different types of measurement may limit the scope of available 

findings. For example, in his classical thesis, van Noorden (1975) examined how stimulus 

parameters affect the perception of auditory streaming by presenting short sound sequences. 
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After each sequence, participants were asked whether they heard the integrated or the 

segregated percept. Based on tone repetition time (onset-to-onset interval) and pitch (frequency) 

separation between the two tones, he assessed some of the stimulus-driven properties of 

perception in this paradigm. However, using other measurement techniques, his findings were 

given more context and limitations, which will be detailed later in this section. Nevertheless, 

van Noorden showed that perception in this paradigm is a function of both spectral difference 

and presentation rate. He found three regions of the parameter space (Figure 4) with different 

perceptual properties. One threshold was termed the fission boundary (line with x-s in Figure 

4) as above this region both segregation (fission in van Noorden’s terms) and integration 

(fusion) can be heard, whereas below it, perception of integration was predominant. The other 

(temporal coherence) boundary separates the region in which segregation is predominant from 

where both percepts can occur. that the shape of the fusion boundary shows that as tone 

repetition time is getting slower, larger frequency difference is required to eliminate integration 

(circled line in Figure 4). The region between the fission and temporal coherence boundaries 

(see Figure 4) is the ambiguous region, for which van Noorden suggested that perception of the 

sound sequence depends more on the characteristics of the processing system of the listener 

than on the stimulus. Since then, it was found that using difference in other sound features can 

also lead to similar perceptual organizations in this paradigm (for a review, see Moore & 

Gockel, 2002). 
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Figure 4. Perception in the auditory streaming paradigm as a function of tone repetition time 

(x-axis) and pitch difference (y-axis). The line with the circles marks the temporal coherence 

boundary, whereas the line with x-s shows the fission boundary. See the text for explanation. 

Figure taken from van Noorden (1975). 

 

For auditory scene analysis, these results indicate that when changes are big within a 

short period of time, the auditory system tends to assumes two separate sources, whereas small 

changes are attributed to variance within an object (van Noorden, 1975, Moore & Gockel, 

2012). Bregman (1990) argues that stream segregation is made up from a cue-focused, bottom-

up processing and a schema-based one, the latter incorporating previous experiences, 

expectations, attention, and awareness (Snyder, Gregg, Weintraub & Alain, 2012). The results 

of van Noorden (1975) demonstrate that both bottom-up and top-down processes are engaged 

in resolving ambiguity as above the temporal coherence and below the fission boundary, 

bottom-up processing appear to dominate whereas in the ambiguous region, schema-based and 
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top-down processes may have a stronger effect on the perception outcome in the auditory 

streaming.  

In contrast to the measurement technique used by van Noorden (1975), recent studies 

measured the perception of ambiguous stimuli by asking participant to continuously indicate 

their perception during an extended period of stimulus presentation. These results indicate that 

given time, switching between alternative percepts is inevitable in the auditory streaming 

paradigm (Denham & Winkler, 2006; Pressnitzer & Hupé, 2006) even for stimulus 

configurations which were thought to be strongly promoting either segregation or integration 

(i.e., fall within the unambiguous regions described by van Noorden; Denham et al., 2013). The 

stimulus-parameter effects described by van Noorden (1975) had the greatest effect on the first 

percept evoked by the sequence (termed the first perceptual phase).  

It was also assumed (Bregman, 1990) that integration is the default initial perception  of 

any sound configuration (including the auditory streaming paradigm) and that for segregation, 

evidence favoring the presence of multiple auditory objects is required to be gathered over time. 

This effect was termed as the build-up of auditory streams (Anstis & Saida, 1985; Bregman, 

1978, 1990; Deike, Heil, Böckmann-Barthel & Brechmann, 2012). The notion also includes 

that only two alternative perceptual organizations are considered by the brain: integration and 

segregation by pitch. However, recent studies showed that participants report segregation as a 

first percept with some stimulus configurations (Denham et al., 2013, 2014). Further, when 

given the possibility, listeners report percepts different from both the integrated and the 

segregated percept. Thus, both assumptions underlying the notion of the build-up of auditory 

streams have been disproved. The third alternative was termed “combined”. In this perceptual 

organization, most often a high and a low tone is grouped together either in an ascending (Figure 

5. top panel) or a descending pattern (Figure 5. bottom panel), while the rest of the tones form 

a separate stream (Bendixen, Denham, Gyimesi & Winkler, 2010; Denham et al., 2014). 
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Similarly to the segregated percept, one of the streams is in the foreground and the other is in 

the background. It should be noted that unlike the traditional segregated and integrated percept, 

the combined percept does not correspond to a single sound pattern; rather it refers to all 

possible patterns with the common feature that a) multiple streams are perceived and b) at least 

one of the streams comprise both types of sounds. The discovery of a third category of 

perceptual alternatives made auditory streaming a multistable phenomenon rather than a 

bistable one.  

 

Figure 5. The ”combined percept”: a third perceptual organization in auditory streaming. Top 

panel: high and low tones form an ascending pattern, whereas the second low tone of each 

triplet contributes to the formation of a separate stream. Bottom panel: high and low tones form 

a descending pattern and the first low tone in each triplet forms a separate stream. 

 

1.2.2.2. Characteristics of multistable perception 

 The bi- or multistable perceptual phenomena examined in the current thesis are common 

in their exclusivity that only one interpretation can be perceived in any given moment of time. 

In the case of binocular rivalry, it was assumed that competition between alternative 
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interpretations happen due to a reciprocal inhibition between monocular neurons resulting in 

that only one interpretation is processed fully by the brain, because the current percept is defined 

be early sensory processes (Blake, 1989; Lehky, 1988; Matsouka, 1983; Sugie, 1982; Wolfe, 

1986). However, later it was found that both eyes’ image is processed by the brain and 

competition occurs between fully processed interpretations (Kovács, Papathomas, Yang & 

Fehér, 1996; Leopold & Logothetis, 1996; Logothetis, Leopold & Sheinberg, 1996). The latter 

has been found also for the auditory streaming paradigm (Winkler, Denham, Mill, Bőhm & 

Bendixen, 2012). Thus, the perceptual system retains all the sensory information and forms 

multiple interpretations of the causes, but due to the ambiguity of the stimuli, it cannot fully 

commit itself to one of the interpretations.  

As a result of ambiguity switching between the different interpretations is not only 

possible, but given sufficient time for attending such stimuli, it is inevitable (Bendixen et al., 

2010; Deike et al., 2012; Denham & Winkler, 2006; Gutschalk, Micheyl, Melcher, Rupp, 

Scherg & Oxenham, 2005; Leopold & Logothetis, 1999; Pressnitzer & Hupé, 2006). Levelt 

(1965) proposed four “laws” describing how stimulus features affect the duration of perceptual 

phases (segments of time within which perception is constant) and the number of switches 

between possible interpretations of the stimuli in binocular rivalry. Since then, these 

propositions and its modifications based on new findings (e.g. Brascamp, Klink & Levelt, 2015) 

have been generalized to other forms of multistable phenomena. According to these 

experimentally tested propositions, even though the switches are inevitable, the properties of 

the stimuli promoting one of the alternatives will decrease the number of switches, whereas a 

stimulus configuration not promoting any of the possible interpretations will increase the 

number of switches (Levelt, 1965; Brascamp et al., 2015). Such features are, for example, 

brightness, contrast, and spatial frequency in binocular rivalry (Blake, 1989), pitch and 

amplitude modulation difference between the sounds in auditory streaming (van Noorden, 
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1975). Even higher-level properties, such as recognizability or semantic content affects 

perceptual switching (Walker, 1978). 

Even though stimulus properties affect the number of switches, switches occur  

stochastically, and the durations of successive phases have been often found independent from 

each other (Blake, Fox & McIntyre, 1971; Borsellino, De Marco, Allazetta, Rinesi & Bartolini, 

1972; Fox & Herrmann, 1967; Murata, Matsui, Miyauchi, Kakita & Yanagida, 2003; Walker, 

1975) as it was proposed by Levelt (1965). Randomness is a sign of exploratory tendencies 

(Leopold & Logothetis, 1999), because it allows the organism to collect information about the 

environment with high variance. For example, saccades, the always present involuntary and 

voluntary eye movements make sure that the visual scene is observed from a constantly 

changing viewpoint (Carpenter, 1999). The notion of stochastic independence has been 

challenged by results showing correlation between successive phases (Barniv & Nelken, 2015; 

Pastukhov & Braun, 2011; van Ee, 2009) and memory effects between two (Leopold, Wilke, 

Maier & Logothetis, 2002; Maier, Wilke, Logothetis & Leopold, 2003; Orbach, Ehrlich & 

Heath, 1963) or more successive phases (Brascamp et al., 2008; Pastukhov & Braun, 2008) 

indicating that the processes generating perceptual switches consider the length and thus the 

viability of previous phases.  

  The distribution of the switches and the duration of the phases can be described as a 

either a gamma or a lognormal function (Brascamp, van Ee, Pestman & van den Berg, 2005; 

De Marco et al., 1977; Fox & Herrmann, 1967; Kondo & Kashino, 2007; Kondo et al., 2012; 

Lehky, 1995; Leopold & Logothetis, 1996; Levelt, 1967, Pressnitzer & Hupé, 2006), and these 

functions can be seen across different multistable phenomena (Levelt, 1965; Brascamp et al., 

2015) and between the auditory and visual modality (Kondo et al., 2012; Pressnitzer & Hupé, 

2006). These statistical distributions have also been found in goal-oriented perceptual tasks 

(Harris, Hainline, Abramoc, Lemerise & Camenzuli, 1988; Richards & Gibson, 1997; Suppes, 
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Cohen, Laddaga, Anliker & Floyd, 1983). This may indicate that the switches in a multistable 

task represent some form of a goal-oriented approach to the task. This goal might be the 

exploration of the perceptual scene or the brain’s way to find meaning in a multistable stimuli. 

When participants are asked to press response buttons randomly, the shape of distribution 

cannot be matched with either a gamma or a lognormal distribution (Leopold, 1997). It has been 

suggested that the lognormal distribution of switches and phase durations in response to 

ambiguous stimuli indicate the involvement of a large number of independent random processes 

(Zhou et al., 2004), ), because normal distribution occurs in nature as illustrated by the central 

limit theorem by a combination of independent factors regardless of the factors’ distribution. 

The gamma distribution is a sign of small number of interrelated Poisson processes (Murata et 

al., 2003). The type of the distribution was used to infer about processes underlying the 

perception of ambiguity - these will be detailed in the next section. 

  Top-down processes such as intention and voluntary control can also affect the 

perception of multistable stimuli (Pelton & Solley, 1968; Peterson & Hochberg, 1983; Peterson, 

Harvey & Wedenbacher, 1991; Pressnitzer & Hupé, 2006; Rock, Hall & Davis, 1994, van 

Noorden, 1975) and the more ambiguous the stimuli are the more effect intention has on 

perception (Suzuki & Peterson, 2000). By voluntary control, listeners could switch more or less 

often when they were asked to switch as much or as little as they could. However, if participants 

are asked to hold onto a specific percept, counterintuitively it will not increase the duration of 

that percept. Instead, it decreases the average phase duration of the other percept in auditory 

streaming (Pressnitzer & Hupé, 2006). This is in accordance with Levelt’s (1965) second 

proposition stated for binocular rivalry that strengthening the stimulus for one eye does not 

affect the average phase duration for that eye, only shortens the average phase duration of the 

other eye. This result also suggests that the results obtained in conditions asking listeners to 

voluntarily control their perception are not byproducts of them trying to report their perceptual 
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experience in accordance of what they think the experimenter wants, because then one would 

expect an extension of the phases corresponding to the designated eye. This result thus provides 

validity for these findings.  

Intentional control can have a greater effect in consistent cross-modal stimulation: when 

rotating images were presented for the eyes using the methodology of binocular rivalry and the 

temporal frequency of simultaneously presented auditory stimuli matched the speed of one of 

the rotating images, participants were able to hold onto that percept longer and their ability for 

holding onto the temporally mismatched image was impaired (van Ee, Van Boxtel, Parker & 

Alais, 2009). This result contradicts to Levelt’s (1965) second proposition described in the 

previous paragraph in this specific case. Perhaps, when information from multiple modalities 

is available, the brain has better means to resolve ambiguities (Ernst & Bülthoff, 2004). The 

matched-mismatched layer of information provided a strong cue for the brain, which is not 

present in a single-modality ambiguous stimulus. This could have facilitated voluntary control 

over perception. 

Another important issue is which brain regions are responsible for generating switches. 

Perceptual switches during attending to ambiguous stimuli have been linked to frontal and 

parietal brain areas (Carmel, Walsh, Lavie & Rees; 2010; Kanai et al., 2011; Kanai, Bahrami 

& Rees, 2010; Leopold & Logothetis, 1999; Lumer, Friston & Rees, 1998), including the 

inferior frontal cortex, dorsolateral prefrontal cortex, temporoparietal junction, and intraparietal 

sulcus (Brascamp, Sterzer, Blake & Knapen, 2018; Cusack, 2005; Kleinschmidt, Buchel, Zeki 

& Frackowiak, 1998). The longer the preceding phase was the greater activity was recorder in 

these areas (Knapen, Brascamp, Pearson, van Ee & Blake, 2011). Some studies found that these 

regions’ activity is time-locked to perceptual switches (Brascamp, Blake & Knapen, 2015; 

Lumer, Friston & Rees, 1998; Megumi, Bahrani, Kanai & Rees, 2015). In sum, frontal and 

parietal regions may be responsible for generating switches, but their actual dynamic has not 
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been mapped. Further, it is not settled whether a single network is generating switches in all 

modalities or separate networks utilizing similar principles are generating switches in different 

modalities. This will be discussed in more detail in the next section. 

 

1.2.2.3. Models of multistable perceptual phenomena 

 For multistable stimuli, the sensory input is preprocessed, but due to the lack of 

sufficient information to decide between the interpretations, the perceptual alternatives compete 

with each other and only one of them is consciously perceived at any given time (Kovács et al., 

1996; Leopold & Logothetis, 1996; Logothetis et al., 1996; Winkler et al., 2012). Models of the 

perception of ambiguous stimuli are concerned with two problems, which will be detailed in 

the following two sections. The first problem is about whether a single brain network or region 

is responsible for generating switches for all modalities or although working on similar 

principles, within each modality, different brain networks or regions are responsible for 

generating switches. The second problem is what are the mechanisms that govern the generation 

of switches and how exactly are the alternative interpretations competing with each other. 

Incorporating predictions was one of the explanatory mechanisms invoked to answer this 

problem. Therefore, it will be shortly described in a separate section.  

 

1.2.2.3.1 Is a central “switcher” responsible for perceptual switching?  

The processing of sensory information is hierarchical, and it is possible that ambiguity 

is resolved within a single processing step. A central supramodal mechanism (Leopold & 

Logothetis, 1999) responsible for perceptual switching has to be modality independent and has 

to be near to top of the hierarchical processing. A decision favoring one interpretation over the 

other would be supported by interaction between sensory and cognitive processes, where the 

cognitive processes would favor one interpretation through top-down processes (Long & 
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Toppino, 2004; Sterzer et al., 2009), possibly taking place in some inter-modal brain area, such 

as the parietal or the frontal cortex. This notion is supported by studies using transcranial 

magnetic stimulation (TMS) studies (Carmel et al., 2010; Kanai et al., 2010, 2011). These 

studies manipulated the activity of parietal areas and found that stimulation of one region 

increased, whereas stimulation of another decreased the density of perceptual switches in 

response to ambiguous visual stimuli. Lacking similar data for ambiguity in some other 

modality, as of yet, one cannot decide whether the brain areas found would indeed act as a 

central switcher. 

As introduced in the previous section, the distribution of the number of switches and 

phase durations follow a lognormal or gamma distribution for both the auditory and the visual 

modality (Brascamp et al., 2015; Kondo et al., 2012; Pressnitzer & Hupé, 2006). This suggests 

similarities between the way perceptual switches are generated. The actual distribution is also 

important for the mechanisms of switch generation, because lognormal distribution indicates a 

large number of independent processes (Zhou et al., 2004), whereas gamma distribution 

indicates a small number of related processes (Murata et al., 2003). Unfortunately, studies 

reporting the distribution of phase durations and the number of switches provide inconclusive 

evidence on whether lognormal (Lehky, 1995) or gamma (e.g. van Ee, 2009) distribution fits 

the data better. 

Another indication of similarities between modalities would be a correlation between 

the number of switches in visual and auditory multistable paradigms. To this date, the relevant 

evidence is inconclusive, as small correlations were reported close to the threshold of 

significance (Kondo et al., 2012, Pressnitzer & Hupé, 2006). 

In contrast, some studies argue that competition between different interpretations is 

distributed in the brain (Tong, Meng & Blake, 2006). Separately for each modality, different 

networks and regions are generating perceptual switches independently from each other, but 
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based on similar mechanisms (Pressnitzer & Hupé, 2006; Hupé, Joffo & Pressnitzer, 2008). 

The latter would explain the similarities found across perceptual bi-/multistable phenomena in 

different modalities. Data suggesting differences between modalities in terms of the generation 

of perceptual switches came from Kondo et al.’s study (2012), who used confirmatory factor 

analysis to reveal that auditory and visual phenomena can be described and separated by their 

inclusion in three cross-correlated groups based on their underlying relationships: one contained 

auditory bistable paradigms, whereas the other two were motion and shape based visual bistable 

paradigms. Further, a recent meta-analysis (Cao et al., 2016) suggests that auditory and visual 

ambiguities are resolved by changes in discrete states of independent processes, but these 

processes are similar within an individual, explaining the similarities between switches from 

auditory and visual modalities. These results suggest that although visual and auditory 

multistable phenomena share several features, the perceptual processes underlying them are 

separate. 

In sum, while a central switcher responsible for generating switches between 

interpretations has been hypothesized and data indicates that perceptual switches in auditory 

and visual multistable paradigms have similar characteristics, the evidence in this regard is 

inconclusive with some results suggesting differences, which may not be compatible with the 

notion of a central switcher.  

 

1.2.2.3.2 The generation of switches between alternative interpretations 

The earliest models of perceptual switching claimed that there is reciprocal inhibition 

between different interpretations of the stimuli: one interpretation is inhibited while the other 

is perceived. The mechanism responsible for switches is the fatigue of inhibitory processes 

(Blake, 1989; Dayan, 1998; Köhler & Wallach, 1944; Gómez, Argandona, Solier, Angulo & 

Vázquez, 1995; Lehky, 1988, Lumer, 1998). A second line of models suggested that instead of 
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fatigue being responsible for switches, the brain is adapting to the perceived stimulus while 

simultaneously inhibiting the other interpretation. When adaptation reaches a certain level, a 

switch occurs and the previously inhibited interpretation is perceived (Laing & Chow, 2002; 

Stollenwerk & Bode, 2003; Wilson, 2003). However, adaptation and inhibition cannot fully 

explain the experimental data, as they alone would produce periodic switches, whereas the data 

shows that phase durations show large variation. Thus, it was proposed that noise or randomness 

caused by external or internal events, such as background changes, eye blinks, or change in 

attention is also involved in producing perceptual switches (Brascamp, van Ee, Noest, Jacobs 

& van den Berg, 2006; Kim, Grabowecky & Suzuki, 2006; Lankheet, 2006; Moreno-Bote, 

Rinzel & Rubin, 2007). Some authors found evidence suggesting that the previous perceptual 

phase is stored in short term perceptual memory and it affects the timing of upcoming switches 

(Brascamp et al., 2008; Noest, van Ee, Nihs & van Wezel, 2007; Wilson, 2007). This suggestion 

contradicts the assumption of independence between successive perceptual phases. In sum, 

currently models suggest that different neuronal populations correspond to the different 

interpretations of the input. They mutually inhibit each other with the more active one being 

perceived. Over time, the efficacy of the inhibition is reduced for example due to adaptation 

and random fluctuations also affect the competition between the alternatives.  

 

1.2.2.3.3 The role of prediction in perceptual switching 

 Perception serves a purpose for the organism as it provides information necessary for 

survival. This notion has been emphasized by the functionalist view of perception (e.g., 

Brunswik, 1955). Another set of theories is concerned with perception as a predictive process. 

These theories are rooted in Helmholtz’s (1860/1962) idea that perception infers information 

not directly available from the sensory input. Based on these considerations, Gregory (1980) 

assumed that the brain creates hypotheses about the environment from the available sensory 
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information. A hypothesis becomes dominant (and thus perceived) when it is supported by more 

actual information than the alternative ones – just as science (ideally) works. Friston (2005), 

Hohwy (2007), and others (Mumford, 1992; Rao & Ballard, 1999) added Bayesian principles 

to this framework. The results are known as predictive coding theories. It was argued that the 

role of perception is to make sense of a continuously flowing environment, rather than 

interpreting discrete sensory information outside its context. Thus, the perceptual system does 

not solely rely on the current sensory input, but also on previous information that led to the 

current state. This allows the system to predict how the environment will change in the future. 

Predictions are testable hypotheses in the sense that the discrepancy between predictions and 

the incoming information can be determined. Monitoring the difference between the two also 

allows the reduction of uncertainty stemming from insufficient information as predictions 

(inferences) can fill the sensory information missing from perception.  

According to this framework, the central aim of the brain is to reduce uncertainty 

supported by both perceptual and motor functions. As was noted earlier, this notion closely 

resembles the entropy model of personality (DeYoung, 2013) described in the first chapter of 

this thesis. Both emphasize that the stability of the organism can be defined as low level of 

uncertainty, termed in Friston’s hierarchical predictive coding theory as “free energy”. 

However, in contrast to predictive coding, the entropy model of personality also states that high 

uncertainty is required for the organism to get new experiences, as it will be helpful for 

maintaining optimal functioning in later situations. 

Predictive coding theories can explain the nature of perceptual switches in binocular 

rivalry (Hohwy, Roepstoff & Friston, 2008). In these terns, bistability occurs when no single 

hypothesis can account for a sufficiently large part of the sensory information. Specifically, 

perceptual switches can occur for two main reasons. 1) Sensory information supporting the 

current perceptual pattern also supports the other one, thus constantly decreasing its exploratory 
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value. This process accounts for adaptation. 2) The amount of uncertainty increases 

simultaneously with adaptation, leading to unexplained prediction error. A perceptual switch 

will occur, when the prediction error gets too high compared to the viability of the currently 

dominant perceptual pattern.  

A model compatible with the predictive coding view has been developed for explaining 

perception in the auditory streaming paradigm (Mill, Bőhm, Bendixen, Winkler & Denham, 

2013, Winkler et al., 2012). An important difference between this model and the predictive 

coding model of binocular rivalry is that the stimuli in binocular rivalry are static, whereas the 

stimuli in the auditory streaming paradigm have temporal properties. Thus, a predictive model 

of auditory streaming has to account for the temporal properties of the stimuli, whereas in 

binocular rivalry time is of less importance (for a detailed description of the putative role of 

predictive processes in auditory scene analysis, see Bendixen, 2014). Similarly to the predictive 

coding view, Mill and colleague’s model assumes that alternative predictions (termed 

alternative interpretations) are produced all the time to account for the ongoing stimulation. It 

is assumed that alternative interpretations are based on regularities detected from the sensory 

information and that there is an explicit competition between them. An interpretation is 

strengthened when the incoming stimulus matches it and it is weakened (possibly even removed 

from the competition) when the incoming stimulus mismatches it. When alternative 

interpretations are compatible with each other as they do not predict the same event at the same 

time, both can be perceived (one in the foreground, the others in the background) although they 

are still competing with each other for being perceived in the foreground. When two alternative 

interpretations are not compatible with each other―as in the case of ambiguous stimuli―, only 

the currently dominant one is perceived, but competition between the different interpretations 

continues unbroken. Competition is based on mutual inhibition between the alternatives. 
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Adaptation and noise prevent the perceptual system from permanently committing to any of the 

interpretations as long as the ambiguous stimulus is present.  

Models and theories emphasizing the role of prediction in perception are especially 

important for the current thesis, because many of the models discussed previously view 

perception as a mechanistic process: a deterministic mechanism (supplemented with some 

random effect) is assumed to be responsible for the perceptual switches occurring when 

encountering ambiguous stimuli. However, as it will be described in the next section, 

individuals differ in the perception of these stimuli. A trivial assumption could be that 

individual differences in one’s brain organization, such as the speed of adaptation or is the 

strength of inhibition, is the governing force behind individual differences in perceiving 

ambiguous stimuli. In addition, the noise (random effect) included in these models might be 

related to individual differences caused by individual differences in current aims, moods and/or 

in the different personalities of individuals. Models of perception including prediction 

incorporate some aspects of this by including a notion of functionality: i.e., that perception 

serves to minimalize uncertainty. In case of ambiguous stimuli, individuals might differ on 

when their perceptual system deems the prediction error to be high enough for switching to 

another interpretation of the stimuli. However, a predictive model of perception incorporating 

individual differences is yet to be suggested. 

 

1.2.2.4. Individual differences in perceiving multistable stimuli 

 Perceptual switches to multistable stimuli are highly variable across individuals, for 

example in terms of the number of switches (Aafjes, Hueting & Visser, 1967; Carter & 

Pettigrew, 2003; Crain, 1961; Frederiksen & Guilford, 1934; Kondo & Kashino, 2009; Kondo 

et al., 2012). Similarly to projective tests, behavioral measures obtained in perceptual 

multistable paradigms have been related to other measures of individual differences in order to 
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find an explanation for the individual variability. Eysenck (1957) hypothesized that extraverts 

will switch more than introverts for reversible figures, whereas McDougall (1929) assumed the 

opposite of this prediction. However, none of these hypotheses was consistently supported by 

data as introverts switched more often than extraverts in one study (Franks & Lindahl, 1963), 

but another study did not find any relationship between perceptual switching and 

extraversion/introversion (Frederiksen & Guilford, 1934). It is worth noting that the studies 

used different methodologies for measuring switching rates and extraversion, thus findings and 

lack of them can be attributed to methodological differences. Another study demonstrated how 

descriptions about the perception of the Necker cube were related to anxiety (Meredith, 1967). 

There is also a study in which higher intelligence quotient was linked to more switches in 

binocular rivalry (Crain, 1961).  

 Structural brain studies revealed that differences in brain structures are related to 

switching rates in binocular rivalry: higher grey matter density and cortical thickness in both 

superior parietal lobes (Kanai, Bahrami & Rees, 2010) and interhemispheric transcallosal 

connectedness between the left and right primary visual cortices (Genc et al., 2011) were related 

to higher number of switches. Miller and colleagues (2010) demonstrated using mono- and 

dizygotic twins as participants that 52% of inter-individual variability in switching rates 

obtained for binocular rivalry could be explained by genetic factors and 18% of variance could 

be attributed to environmental factors. The remaining 30% of variance was attributed to error 

or randomness.  

 Recently, it was demonstrated that perception of the auditory streaming paradigm is 

idiosyncratic across listeners and it is temporally stable across a one-year-long interval 

(Denham et al., 2014). In this study, listeners continuously indicated which of the seven possible 

interpretations they perceive (the alternatives are those shown on Figure 3). Using the time 

course of the continuous behavioral data, listeners’ switching patterns were described as the 
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conditional probabilities of transitions (switches) between perceptual alternatives (Denham et 

al., 2012). Results showed that the similarity between switching patterns within the same 

participant across sessions separated by days or even a year was higher than that between the 

switching patterns of the same participant and other participants (Denham et al., 2014). 

 Thus, it seems that the way the brain resolves ambiguity is highly tied to its idiosyncratic 

characteristics. It is possible that this effect is what modelling studies of perception describe as 

noise. The notions of adaptation and inhibition can be extended to higher organizational levels 

of the brain: inhibition could be seen as governing the stabilization of the current experience 

whereas adaptation facilitates the exploration of new alternatives. Individual differences in 

these tendencies could lead to differences in the switching rate (Kashino & Kondo, 2012). 

However, this assumption has not yet been directly confirmed. These tendencies can be aligned 

with the ones shared across various personality theories, maintaining balance and exploring 

new possibilities. My hypothesis underlying the studies forming this thesis has been that 

individual differences in these two tendencies on the level of perception and on behavior 

organization are responsible for individual variability in switching rate and idiosyncratic 

switching patterns in multistable stimuli.  

 

2. Common methods 

 In the current thesis, all studies applied the same method for measuring perception in 

the auditory streaming paradigm. Even though switches occur also in stimulus configurations 

either strongly promoting segregation or integration (Denham et al., 2013, 2014), participants 

switch more in stimulus configurations corresponding to the ambiguous region defined by van 

Noorden (1975). The parameter configuration yielding the most ambiguous responses in 

Denham et al. (2014) was selected for the current studies. There was a four-semitone difference 

between the A and B tones, the lower tone having a 400 Hz frequency. The stimulus onset 
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asynchrony (SOA) was 150 ms, while the length of the tones was 75 ms. The reason for 

choosing the most ambiguous stimuli was that individual differences were thought to be easier 

detected this way. 

 Beside the integrated and segregated percepts, combined patterns were also offered as a 

response alternative (see, e.g., Bendixen et al., 2010). In Denham et al.’s (2014) study, based 

on the patterns appearing in the foreground vs. the background, participants were asked to 

distinguish between two versions of the segregated and four versions of the combined 

perceptual categories, separately. In the studies reported here, no distinction was made between 

these subtypes: the segregated and combined alternatives were used as global categories. Thus, 

participants had four alternatives to choose from when marking their perception: integrated, all 

forms of segregated, all forms of combined, and neither. The neither response was offered for 

marking the less prevalent, but still possible perceptual alternatives of the stimuli and for cases 

when participants could not match their perceptual experience to the response options. Listeners 

were instructed to continuously indicate their perception throughout the four-minute long 

stimulus blocks. They were asked to closely follow possible changes in their perception by 

switching between the alternatives. It was emphasized to them that there is no right or wrong 

way to perceive the stimuli and, in the “neutral”, but not in the “biased” conditions, that they 

should not try to voluntarily force hearing the sounds according to one or the other pattern. 

The state of the keys was continuously sampled with 100 Hz, allowing the calculation 

of transitional probabilities between the different alternatives. A transition matrix contains these 

probabilities in four rows and four columns corresponding to the four response alternatives. 

Cells of the matrix refer to the conditional probability of perception changing from the percept 

coded in the column to the percept coded in the row. The diagonal represents the probability of 

continuing to perceive the same alternative (Denham et al., 2012). This compact representation 

allows analyzing data from different multistable paradigms in terms of a finite data pattern, 
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comparing across different conditions, and even across different bi-/multistable phenomena. 

The matrices can also be used to simulate data to produce measures that are typically used to 

characterize switching behavior, such as the average duration of perceptual phases or the 

number of switches. While by default, the transition matrices are calculated separately for each 

stimulus block and listener (termed the “listener-block transition matrix), they can be used to 

represent each level in the hierarchy of an experiment: matrices can be created for the whole 

experiment by pooling together all the data (termed the “global transition matrix”), separately 

for each condition by pooling together all data belonging to a given condition (termed the 

“condition transition matrix”), and for different listeners by pooling together all data belonging 

to a given listener (termed the “listener transition matrix). It was shown that missing transitions, 

which were not observed during a given listener/condition can be substituted with reasonable 

statistical properties by the using the conditional probability of one step above the hierarchy: 

empty (unobserved) cells of a condition transition matrix can be substituted by the 

corresponding probabilities form the global transition matrix and empty cells in listener-block 

transition matrices can be substituted either by data from the listener or the condition transition 

matrix, depending on the goal of the analysis (Denham et al., 2012). 

 Transition matrices can be compared by measuring their dissimilarity or distance. The 

Kullback-Leibler divergence (K-L distance, Kullback, 1959) measures the dissimilarity 

between two probability distributions. This allows measuring the consistency of transition 

matrices or switching patterns within and between listeners. By comparing the distributions of 

intra-participant dissimilarities to inter-participant dissimilarities one can assess whether 

participants are more consistent within themselves compared to their similarity to other 

participants. If this difference is significant for a given listener, one can presume that this 

listener has an idiosyncratic switching pattern. However, it should be noted that intra-individual 

consistency does not prove that participants produced idiosyncratic switching patterns 
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(although this is likely), but only that their switching behavior is sufficiently consistent 

compared to the variability across the whole group of participants in the sample. Thus, when 

the term idiosyncratic switching pattern is used in the current thesis, it refers to high intra-

participant consistency compared to lower inter-participant consistency. Previous studies using 

this method found that even though switching behavior is stochastic, its features (as 

characterized by the transition matrices) are consistent within an individual (Denham et al., 

2012, 2014). 

 The K-L distances can also be used to represent conditions, individuals, or stimulus 

blocks in a multi-dimensional space using Multidimensional Scaling (MDS, Kruskal & Wish, 

1978).  This method extracts dimensions on which distances between pairs of data points can 

be represented by explaining the highest amount of variance in the data. Stress values indicate 

the goodness-of-fit of the solution. The coordinates of participants on the resulting dimensions 

can be treated as variables characterizing the individual in this space. The dimensions can then 

be interpreted by correlating the coordinates of individuals with other perceptual variables 

measured from the same individual, such as the number of switches or the proportion of each 

perceptual alternative. Ultimately, this method was used to identify the main dimensions of how 

individuals differ from each other when perceiving multistable stimuli. Further, these 

dimensions can also be correlated with other variables characterizing the individual, such as 

personality measures, etc., thus the relationship between switching patterns and other sources 

of individual differences such as personality traits can be revealed. 

 The above described methods were used in all of studies reported in the thesis for 

assessing and interpreting individual differences in perceiving stimuli of the auditory streaming 

paradigm.  
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3. Synopsis and rationale of the thesis 

The main goal of the current thesis was to investigate the nature of individual differences 

in the multistable auditory streaming paradigm. It has been previously established that the 

perception in this paradigm is affected by individual variability (Denham et al., 2014, Kashino 

& Kondo, 2012). A recent finding (Denham et al., 2014) suggests that individual variability in 

the auditory streaming paradigm appears in terms of individual idiosyncratic switching patterns. 

The goal of my thesis was to confirm the validity of idiosyncratic switching patterns and to find 

their bases in behavior, personality, and functional brain networks.  

In Thesis I, the validity of subjective perceptual reports in the auditory streaming 

paradigm was tested through various analytical methods, and guidelines were provided for 

future research to ensure validity. Thesis II was aimed to reveal the main dimensions on which 

individual switching patterns differed from each other as well as how personality, creativity, 

and executive functions are related to individual differences in perceiving the auditory 

streaming stimulus. Thesis III investigated how the concentrations of the gamma-Aminobutyric 

acid (GABA) and glutamate-glutamin (Glx) neurotransmitters were related to individual 

differences in perceiving the auditory streaming stimulus. Finally, Thesis IV used 

electroencephalography (EEG) and near-infrared spectroscopy (NIRS) in searching for 

functional brain network characteristics related to idiosyncratic switching patterns. 

  

3.1. Thesis I: The validity of subjective perceptual report in the auditory 

streaming paradigm 

 Multistable phenomena can be tested by both objective and subjective measures. From 

an individual-differences perspective, subjective measures provide more relevant data than 

objective measures. Further the advantages of collecting continuous data over a few-minutes 

period over responses measured for a few discrete time-points have already been described in 
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Section 1.2.2.1.2. However, individual errors and biases can affect the validity of the results. 

Imperfect understanding of the task might be detected using catch trials: short segments of 

stimuli promoting one interpretation of auditory streaming over the others attached to both 

training and experimental stimuli. In the training blocks, participants’ understanding can be 

monitored and when needed, researchers can give instructions to facilitate the training process. 

We aimed to find out whether catch trials from the experimental blocks are valid tools for 

finding participants, who passed the training but show unsatisfactory understanding of the task 

later in the experiment. 

Participants’ bias to voluntarily affect their responses was tested by delivering 

conditions, in which they were instructed switch as much or as little as they could. If behavior 

in these conditions differed from the neutral instruction set (asking for no voluntary biasing 

perception), can one argue that listeners do not voluntarily bias their responses when they are 

asked not to do so? We also asked whether random button presses have similar or different 

distributions compared with the responses marking the individual’s perception. Finally, implicit 

biases such as modifying responses to satisfy the experimenter’s assumed expectation can be 

tested by measuring the listener’s social desirability trait. We assessed whether this scale-based 

measure of susceptibility to implicit social expectations is related to the individual’s pattern of 

perceptual reports. 

 

3.2. Thesis II: Exploring the main dimensions of idiosyncratic switching 

behavior and its correlates 

 Previous research revealed idiosyncratic switching patterns using a small sample with 

many repetitions for each of the various parameter combinations (Denham et al., 2014). In this 

thesis, a much larger sample but only four repetitions were used. We determined the proportion 

of participants showing idiosyncratic switching patterns. The main aim of this study was to 
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reveal the dimensions on which idiosyncratic switching patterns differ from each other. We 

asked how many dimensions are necessary to describe the distances between individuals and 

what these dimensions represent about perceptual processes. Further, we assessed the 

correlations between these dimensions and perceptual variables extracted from the individual 

transition matrices with various psychological constructs: executive functions, personality 

dimensions, and creativity.  

 

3.3. Thesis III: Neurotransmitter concentrations and idiosyncratic switching 

patterns 

 Multidimensional scaling is an exploratory method. Thus, it is possible that the 

dimensions revealed in the previous study will not be found in a different sample, especially 

one with a different cultural background. Therefore, we asked whether previous results can be 

replicated in a Japanese sample. “Verbal transformations” is another notable auditory 

multistable stimulus paradigm. One such stimulus in the Japanese language has five separate 

alternative perceptions. The question we asked is whether listeners show similarities in their 

perceptual patterns across different types of multistable phenomena. We therefore asked 

whether similar proportions of listeners show idiosyncratic switching patterns in the verbal 

transformations and the auditory streaming paradigm. Another issue is how consistent s 

behavior across the two multistable phenomena: do those, who show intra-individual 

consistency in the auditory streaming paradigm also show consistency in verbal 

transformations; are the main dimensions describing the distances between individuals similar 

across the two perceptual phenomena?  Finally, we measured gamma-Aminobutyric acid 

(GABA) and glutamate-glutamin (Glx) neurotransmitter concentrations and asked whether they 

are related to switching patterns. 
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3.4. Thesis IV: Functional brain networks associated with idiosyncratic 

switching patterns 

 The first question was identical to that in Thesis III: can the previous results concerning 

the proportion listeners with idiosyncratic switching patterns and the main dimensions of 

individual perceptual differences be replicated? The main goal of this study was to identify 

functional brain networks related to individual differences in perceiving auditory streaming 

stimuli by electroencephalography (EEG) and near-infrared spectroscopy (NIRS). We 

determined the frequency bands and properties of functional brain network which are correlated 

with the perceptual variables measured for the auditory streaming paradigm. We also asked 

whether these correlations show a pattern across the different EEG frequency bands and for the 

hemoglobin concentration changes measured with NIRS. 
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While subjective reports provide a direct measure of perception, their validity is not self-

evident. Here, the authors tested three possible biasing effects on perceptual reports in the audi-

tory streaming paradigm: errors due to imperfect understanding of the instructions, voluntary

perceptual biasing, and susceptibility to implicit expectations. (1) Analysis of the responses to

catch trials separately promoting each of the possible percepts allowed the authors to exclude

participants who likely have not fully understood the instructions. (2) Explicit biasing instruc-

tions led to markedly different behavior than the conventional neutral-instruction condition, sug-

gesting that listeners did not voluntarily bias their perception in a systematic way under the

neutral instructions. Comparison with a random response condition further supported this con-

clusion. (3) No significant relationship was found between social desirability, a scale-based mea-

sure of susceptibility to implicit social expectations, and any of the perceptual measures

extracted from the subjective reports. This suggests that listeners did not significantly bias their

perceptual reports due to possible implicit expectations present in the experimental context. In

sum, these results suggest that valid perceptual data can be obtained from subjective reports in

the auditory streaming paradigm. VC 2016 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4945720]

[JFC] Pages: 1762–1772

I. INTRODUCTION

The term bi-/multistable perception refers to the sen-

sory phenomenon of conscious perceptual awareness

switching stochastically and to some extent uncontrollably

between alternative interpretations of an unchanging stimu-

lus (for a review, see Schwartz et al., 2012). Perceptual

bi-/multistability are often studied by asking participants to

continuously report their perception of the stimulus. Such

subjective reports have advantages over “objective” tests

that measure performance in some task assumed to be

facilitated when experiencing one of the alternative per-

cepts (for discussion, see Bendixen, 2014). Subjective

reports provide a direct measure of the listener’s percep-

tion, as opposed to the indirect measures inferred from task

performance in objective tests. They also reduce the effects

of the listener’s task-related strategies on the assessment of

perception (i.e., listeners may bias their perception for bet-

ter task performance or use some strategy not accounted for

by the experimenter when inferring perception from task

performance). Subjective reports can also be recorded

continuously whereas most objective task measures provide

information only at discrete time points. Therefore, subjec-

tive reports allow comparisons between brain activity

observable in different perceptual states (within the same

listener and evoked by the same stimulation) without the

confounding effects of success vs failure in some task.

However, the validity of subjective reports requires careful

examination, because the experimenter cannot directly ver-

ify the truthfulness of these reports. In general, one has no

reason to believe that volunteers do not faithfully report

their perceptions. Nevertheless, unintended biases may be

evoked by the experimental environment, such as the for-

mulation of the instructions, the nonverbal behavior of the

experimenter, etc. These kinds of biases could especially

affect the reports of listeners who are sensitive to social

expectations. The current study assesses the effects of such

biases using the auditory streaming paradigm (an auditory

multistable stimulus serving as the primary test-bed of audi-

tory stream segregation, cf. van Noorden, 1975), in four

different ways: (1) by analyzing the responses to catch tri-

als, which promote the perception of one of the alternatives,a)Electronic mail: farkas.david@ttk.mta.hu
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 (2) by assessing the effects of explicitly instructing listeners

to bias their perception, (3) by examining the effects of lis-

teners’ sensitivity to social expectations [termed the social

desirability bias (SDB); Paulhus, 1991] on the variables

extracted from the subjective reports, and (4) by comparing

participants’ deliberately random responses to their

responses when asked to report their perceptions.1

Separating concurrent and/or interleaved sounds (termed

“auditory stream segregation” by Bregman, 1990) is an essen-

tial function of the human auditory system. In the auditory

streaming paradigm, a sequence made up of a repeating

ABA- sound pattern (where A and B denote two different

sounds and “-” stands for a silent interval with the same dura-

tion as the two sounds; Fig. 1, topmost panel; van Noorden,

1975), has been widely used to study the processes underlying

stream segregation. Such sequences can be perceived in a

number of different ways, the most common being (1) all

sounds are grouped together into a single coherent sequence

that gives the impression of a galloping rhythm (termed the

integrated percept; Fig. 1, second panel from the top) and (2)

the A and B sounds are grouped separately, resulting in the

perception of two parallel isochronous streams of sound (A-

and -B--) with one appearing in the foreground and the other

in the background (termed the segregated percept; Fig. 1,

third panel from the top). When given the option, listeners are

also able to report other repeating patterns, which have been

termed the both response in previous reports (Fig. 1, bottom

panel; Denham et al., 2010). In the current study we will refer

to these patterns as combined, because they combine features

of the integrated and the segregated percepts.

In the auditory streaming paradigm, perception is pri-

marily influenced by the distinctiveness/similarity of the A

and B sounds (e.g., differences in pitch, location, timbre,

etc.) and the presentation rate (for a review see Moore and

Gockel, 2012). However, given sufficient time, perception

has been shown to inevitably switch back and forth between

the alternative percepts (Bendixen et al., 2010; Deike et al.,
2012; Denham and Winkler, 2006; Gutschalk et al., 2005;

Pressnitzer and Hup�e, 2006) even for stimulus parameter

combinations that have been assumed to strongly promote

one of the perceptual alternatives (Denham et al., 2013).

Although switching between alternative percepts has been

found to occur inevitably (Kashino et al., 2008; Pressnitzer

and Hup�e, 2006), at least for a large part of the parameter

space, listeners can voluntarily bias their perception toward

one or another alternative percept (van Noorden, 1975; for a

review of top-down effects on bi-stable perception, see

Snyder et al., 2012). In order to study the validity of subjec-

tive reports in the auditory streaming paradigm, we devel-

oped a simplified version of our previous protocol for

assessing individual switching patterns in the auditory

streaming paradigm (Denham et al., 2014).

Four possible sources of bias in the subjective percep-

tual reports were examined in the current study: (1) imper-

fect understanding of the instructions by the listener, such as

confusion about how to categorize and respond to the vari-

ous perceived patterns; (2) the listener voluntarily biasing

their perception; (3) susceptibility to implicit expectations

attributed to the experimenter. That is, beyond possible con-

fusion/errors in reporting their percepts (point 1), listeners

may bias their perception explicitly then report it truthfully

(point 2) or bias either their perception or the report of it due

to perceived implicit expectations (point 3). In a follow-up

experiment, we also tested the possibility that, knowing that

the experimenter cannot directly verify their responses, lis-

teners have altogether disregarded the sounds and randomly

pressed the response keys.

Imperfect understanding of the instructions can be tested

by including catch trials in the experimental design. Catch tri-

als for the auditory streaming paradigm were created by using

parameter combinations that strongly promote one of the per-

ceptual alternatives. Participants who did not reliably detect

the patterns on which they were trained can be rejected based

on their catch trial matching (CTM) accuracy. However, the

rejection criterion is largely arbitrary. Therefore, we assessed

the effects of the rejection criterion on intra-individual

FIG. 1. Schematic depiction of the au-

ditory streaming paradigm (top panel)

and its possible perceptions grouped

into three categories [as was done in

the current study and by, e.g., Bendixen

et al. (2010); the three lower panels].

Rectangles depict the A and B sounds

with feature difference between them

indicated by displacement in the verti-

cal direction. Time flows along the hor-

izontal direction. Sounds perceived as

part of the same stream are connected

by lines. Darker notes with gray back-

ground indicate the stream in the fore-

ground (also described with symbols to

the right of each lower panel).

J. Acoust. Soc. Am. 139 (4), April 2016 Farkas et al. 1763
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 consistency in the subjective perceptual reports. The underly-

ing assumption was that participants who did not fully under-

stand, remember, or follow the instructions would not report

their perception in a consistent manner.

For testing the effects of voluntary perceptual biasing,

listeners were instructed to either hold each percept for as

long as they could or to switch to another percept as soon as

they could. Both of these instructions have been found to

affect the rate of switching between the perceptual alterna-

tives for visual bi-stable configurations (for holding percepts

as long as possible, see, e.g., Toppino, 2003; for switching

as often as possible, see, e.g., van Ee et al., 2005). In the au-

ditory modality, Pressnitzer and Hup�e (2006) tested the

effects of instructing participants to hold on to either the

integrated or the segregated percept for as long as they

could. They found that switching between alternatives

occurred even in this case. They also found that the average

duration of the periods in which the designated sound orga-

nization was perceived (termed average phase duration) as

well as the proportion of perceiving this organization

increased compared to the neutral-instruction condition.

Thus, listeners can voluntarily bias the length of the time

they experience the alternative perceptual states, but their

control over their perception is also limited. We expected

the number of switches in the neutral-instruction blocks to

fall between those obtained when listeners are instructed to

(a) hold their percept as long as they can and (b) switch

between percepts as often as they can. Thus these data

should place boundaries on the possible effects of voluntary

perceptual biasing by listeners in the neutral-instruction con-

ditions. Another possibility for voluntary biasing was that

listeners assumed that the perceptual alternatives should be

experienced with equal probability. This possibility was

tested against the observed responses.

Listeners reporting their perception in a biased way due

to perceived implicit expectations from the experimenters is

an example of the SDB phenomenon, which refers to the

“systematic error in self-report measures resulting from the
desire of respondents to avoid embarrassment and project a
favorable image to others” (Fisher, 1993, p. 303). One solu-

tion for preventing such effects is to use a double-blind exper-

imental design with carefully assessed instructions. However,

collecting subjective reports in the auditory streaming para-

digm requires a balance between preassigned wording and

individually tailored explanations for participants to under-

stand their task, which naive experimenters may not be able

to provide. Here we provide an estimate of the social desir-

ability effect on the measures extracted from subjective

reports obtained in the auditory streaming paradigm by

assessing the listeners’ susceptibility to implicit expectations.

Two dimensions of the SDB have been identified

(Paulhus, 1984, 1991; Zerbe and Paulhus, 1987). The first

one is self-deceptive positivity (SDP), which is a tendency to

protect the self from threats by positively biased responding.

This is an honest bias, because the respondent believes that

his or her answers are truthful. The second dimension is

impression management (IM), which refers to the tendency

to present oneself as favorably as possible to others. In other

words, responses are consciously and deliberately altered to

present a good image of the respondent. SDP is considered

to be an invariant personality trait, while IM is only active

when other people are present in a situation (Paulhus, 1984,

1991; Zerbe and Paulhus, 1987). Psychological studies using

questionnaires have long been used to screen and control for

participants based on their SDB score (e.g., Fisher and Katz,

2000), either by excluding participants who have a high

tendency for socially desirable responding, or by taking the

phenomenon into account during the statistical analysis

(King and Bruner, 2000).

For assessing the effects of implicit expectations attrib-

uted to the experimenter, we assumed that listeners with a

higher tendency for SDB would be more susceptible to pos-

sible implicit expectations and thus the bias would induce

some systematic tendencies in the variables extracted from

the subjective reports as a function of the level of SDB.

Therefore, using correlation analysis and regression models,

we assessed the effects of SDB on the variables extracted

from the subjective reports. In addition, to estimate the

effects of SDB at the group level, we systematically rejected

an increasing number of listeners with the highest SDB from

the group and compared the results across the remaining

(overlapping) groups (i.e., simulating the effects of exclud-

ing participants on the basis of high SDB).2

Finally, in a follow-up study, we wished to verify that

the responses of the listeners’ were in fact based on their per-

ception of the sounds by comparing the switching patterns

produced under the perceptual report instructions with those

produced when the same participants were instructed to pro-

duce random responses. The distribution of perceptual

reports is expected to be either gamma (if these perceptual

decisions result from a combination of discrete stochastic

processes; Zhou et al., 2004) or lognormal (if they are the

product of independent stochastic processes; Murata et al.,
2003). The distribution of button presses produced when par-

ticipants were instructed to press randomly has been found

to differ from either of the above distributions (Leopold,

1997). The distribution of perceptual reports obtained in the

auditory streaming paradigm has been found to be consistent

with a lognormal distribution (Pressnitzer and Hup�e, 2006).

However, in this case perceptual reports were not compared

with random button presses.

In summary, the aim of the current study is to assess the

validity of subjective reports in the auditory streaming para-

digm (1) through the screening of participants by catch trials

appended to the test blocks; (2) by demonstrating the effects

of voluntary control on perception in the auditory streaming

paradigm in order to provide bounds on the variables

extracted from subjective reports; (3) by assessing the effects

of SDB on the variables extracted from subjective reports

obtained in the auditory streaming paradigm; and (4) by

comparing responses obtained as perceptual reports with

those produced with random-press instructions.

II. METHODS

A. Participants

Seven volunteers (5 males), aged between 20 and 26 yrs

[Mage¼ 22.14, SDage¼ 2.04 (SD represents standard

1764 J. Acoust. Soc. Am. 139 (4), April 2016 Farkas et al.
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 deviation)] participated in the pilot study. Fifty-three healthy

volunteers (77.4% female), aged between 18 and 42 yrs

(Mage¼ 22.38, SDage¼ 4.04) participated in the main experi-

ment. One participant’s data were excluded from this experi-

ment, because she reported hearing the integrated percept

throughout the test blocks. While this is a valid response, the

participant is an extreme outlier within the group, one whose

perceptual tendencies cannot be correctly represented in the

statistical analyses. Thus, the sample analyzed was based on

52 participants (76.9% female), aged between 18 and 42 yrs

(Mage¼ 22.44, SDage¼ 4.05). Fourteen volunteers (4 males),

aged between 19 and 26 yrs (Mage¼ 22.57, SDage¼ 2.53),

participated in the follow-up experiment. All participants

reported having normal hearing. None of the participants

were taking any medication affecting the central nervous

system or took part in more than one experiment.

Participants gave written informed consent after the experi-

mental procedures had been explained to them. The study

was approved by the institutional review board of the

Institute of Cognitive Neuroscience and Psychology,

Research Centre for Natural Sciences of the Hungarian

Academy of Sciences. Participants either received modest fi-

nancial compensation or extra credits in a university course

for their participation.

B. Stimuli and apparatus

Sinusoidal tones of 75 ms duration (including 10 ms rise

and fall times) with an intensity of 45 dB sensation level

(hearing threshold measured individually for each participant

with a staircase procedure using the experimental sounds)

were arranged according to the auditory streaming paradigm

(a cyclically repeating “ABA-” pattern). The frequency dif-

ference was 4 semitones with the “A” tone’s frequency set at

400 Hz and “B” tone frequency at 504 Hz. The stimulus

onset asynchrony (onset-to-onset time interval) was 150 ms.

Participants were presented with 4-min-long ABA- tone

sequences. An additional ca. 40 s catch-trial segment (see

Sec. II C) was appended without a break to the end of each

block. Tones were delivered through Sennheiser HD600

headphones (Sennheiser Electronic GmbH & Co. KG,

Germany) by an IBM PC computer using the Cogent 2000

stimulus presentation software under MATLAB (MathWorks

Inc., Natick, MA).

C. Tasks and procedures

Listeners were instructed to mark their perception con-

tinuously in terms of four possible categories (see Fig. 1):

(a) integrated (ABA-; depressing one of the two response

keys), (b) segregated (A-A-/-B-- or -B--/A-A-, depending on

which stream was heard in the foreground; depressing the

other response key), (c) combined (AB--/--A-, -BA-/A---,

see Denham et al., 2014 for details; simultaneously depress-

ing both response keys), and (d) none (none of the above pat-

terns being perceived; releasing both response keys).

Participants received both descriptions and training for

the different perceptual categories. The description of the

integrated percept emphasized hearing all tones as part of

a single repeating pattern with a galloping rhythm. The

description of the segregated percept emphasized hearing

two isochronous sound streams in parallel, one in the fore-

ground, the other in the background, each with a uniform

rate (one slower, the other faster). The description of the

combined percept emphasized the perception of two parallel

streams of sound, at least one of which included a repeating

pattern composed of both high and low tones. Finally, the

“none” choice allowed listeners to indicate that they did not

hear any repeating pattern or could not decide between the

patterns previously described to them. The left and right

arrow keys of a standard Hungarian IBM PC keyboard were

used as response keys; their role was balanced across partici-

pants. Participants were instructed to keep one or both keys

depressed for as long as they continued hearing the corre-

sponding pattern, but to switch to another combination as

soon as their perception changed. Instructions emphasized

that their perception might change and that there are no cor-

rect or incorrect answers in the task. We also asked them not

to voluntarily try perceiving the sounds in one or another

way; this set of instructions will be referred to as the neutral
instructions. The state of the response keys was continuously

recorded at a nominal sampling rate of 10 Hz using MATLAB

and the Cogent 2000 software.

Participants were trained to indicate their perception in

terms of the above listed four categories without hesitation.

Training started with the participant listening to six 1-min

long auditory streaming sequences, each promoting the per-

ception of one of the alternatives shown in Fig. 1. The inte-

grated percept was introduced by using a smaller frequency

difference between the A and B tones (1ST; 400 and 426 Hz,

respectively) than the parameters chosen for the experiment,

while the segregated percept was initially demonstrated by

using a larger frequency difference (400 and 890 Hz, respec-

tively). Subsequently, the two segregated and three of the

combined percepts in Fig. 1 were demonstrated by empha-

sizing the corresponding repeating tone pattern within an au-

ditory streaming sequence with the parameters used in the

experiment. This was done by attenuating by 18 dB those

tones which were not part of the intended foreground stream

(thus promoting perception of the normal-intensity tones as a

single coherent sequence). After the response key assign-

ment and the none choice was explained, training continued

in blocks of six sequences separated by short silent intervals.

The first sequence was 1 min long and its parameters were

identical to those used in the experiment. This was followed

by five sequences of 6–9 s, each, one sequence for each of

the examples presented initially to the participant, except for

the large frequency-difference version of the segregated per-

cept demonstration (to avoid confusion regarding the segre-

gated percept). The order of the five catch trial sequences

(low-frequency difference and the four attenuated-intensity

examples) was randomized separately for each training

block. The training was completed when the participant

made the intended response during at least 80% of the pre-

sentation time of the examples or once 20 training blocks

had been delivered. During the training blocks, the experi-

menter gave feedback and further help as needed. No partici-

pant was rejected on the basis of the accuracy of their

responses within the training blocks.

J. Acoust. Soc. Am. 139 (4), April 2016 Farkas et al. 1765
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The ca. 40-s catch-trial (30–45 s) appended to the end of

each 4-min long block in the experiment consisted of five

6–9 s long segments of the example patterns used in the

training blocks. The order of the example patterns was

randomized across participants, and segments with each pat-

tern appeared exactly once in a catch-trial.

In the pilot experiment, once their training had been

completed, participants received three blocks with the neu-

tral instructions, after which they completed the additional

tasks and questionnaires.3 Finally, they received another

three blocks, again with the neutral instructions. Breaks were

included when switching tasks and between blocks as

needed. The session lasted for about 150 min.

In the main experiment, the auditory streaming segment

consisted of the training part followed by 11 experimental

blocks. For the first five blocks, participants reported their

perception according to the neutral instructions. For three of

the remaining blocks, participants were instructed to hold

on to each percept as long as they could (Hold condition)

and for the other three blocks, participants were instructed

to switch to another percept as fast as they could (Switch

condition). In both of these conditions, participants were

instructed to continue to report their perception faithfully

(i.e., they were asked to bias their perception, not their

reporting behavior). The order of these two biased conditions

was counterbalanced between participants. Breaks were

included when switching tasks and between blocks as

needed. The session lasted for about 180 min.

Before and after the auditory streaming tasks, partici-

pants completed several other tasks and questionnaires;3

only one of which is reported here. The Balanced Inventory

of Desirable Responses (BIDR; Paulhus, 1984, 1991) meas-

ures two dimensions, SDP and IM. Both dimensions are

measured by 20 items. Respondents indicate their agreement

with items on a seven-point Likert scale ranging from “Not

true” to “Very true.” Based on the results of St€ober et al.
(2002) scores were calculated by summing the item scores

separately for each dimension.

In the follow-up experiment, participants first performed

the random conditions. They were instructed to switch

between the three combinations of button states described

for the pilot and the main experiments (i.e., one or the other

or both buttons depressed) randomly (Random-Neutral con-

dition). Next they were instructed to either switch more often

(Random-Switch condition), or less often (Random-Hold

condition) between the button states than they did in the first

condition. During these three blocks (4 min, each), partici-

pants listened to the same sound sequences as were pre-

sented in the main experiment. They were informed that the

sounds were not related to their task. After the random con-

ditions, participants completed the training for reporting

their perception in the auditory streaming paradigm. The

training was identical to that described for the main experi-

ment, except that the duration of the last training block was

identical to that of the experimental blocks (i.e., 4 min).

After the training, participants completed three blocks with

instructions to report their perception as was described for

the main experiment: the first block was performed under

the neutral instructions (Auditory-Neutral condition), then

one block under the Hold (Auditory-Hold condition) and

another under the Switch instructions (Auditory-Switch con-

dition). The instructions were identical to those described for

the main experiment. The order of the two biased-condition

blocks was counterbalanced across participants.

D. Data preprocessing

As a first preprocessing step, perceptual phases (contin-

uous periods during which the same perception is reported)

that were shorter than 300 ms were discarded because these

were assumed to result from small inaccuracies when

switching between key combinations (i.e., when the response

mapping requires changing two keys simultaneously, syn-

chronization between the two movements is usually imper-

fect, resulting in a short phase with a third key combination;

see Moreno-Bote et al., 2010). The data removed by this pre-

processing step amounted to 0.5% of the total data in the

main experiment.

Transition matrices were constructed from the resulting

records using the method described by Denham et al. (2012).

In the current study, each transition matrix is a 4� 4 matrix

with elements that represent the probability of switching

from one percept to another (i.e., four possible response

states: three possible perceptual categories and the none

choice), with the percept of origin corresponding to the col-

umn and the destination percept to the row of the matrix.

Transition matrices can be created separately for each lis-

tener and block (block matrix), but also for each listener (by

pooling data from all blocks of the listener; listener matrix),

for a condition (by pooling all data for all listeners for the

given condition; condition matrix), and for the whole experi-

ment (by pooling all data of the experiment; experiment ma-

trix). The mean number of switches and the proportions and

mean phase durations of the integrated, segregated, and com-

bined percepts were extracted from the transition matrices,

separately for each listener and block and also for each lis-

tener. Variables for the none response were not analyzed,

because the overall proportion of this response was less than

0.8%. The remaining variables characterizing the perception

of the tone sequences were used in the analyses to be

reported (see below). The transition matrix method enables

representing the observed perceptual data in the form of a set

of probabilities of transitions from one perceptual state to

another and provides a principled way of dealing with the

problem of missing observations in a block or listener matrix

by substituting missing values from the corresponding condi-

tion matrix. As the lack of observing a perceptual state in a

given participant/condition does not indicate that a partici-

pant is not capable of perceiving that pattern, it is important

to provide an estimation of the corresponding missing varia-

bles in the statistical analysis (e.g., one cannot use the value

of 0 for the mean phase duration of an unobserved state, as

this distorts the statistical tests).

Data were preprocessed with the help of MATLAB

(MathWorks, Inc., Natick, MA) scripts. Statistical analyses

were conducted with SPSS 15.0 (SPSS Inc., Chicago, IL)

and R 3.1.2 (R Core Team). All significant effects are

reported, together with the g2 effect size, observed power
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 and, where applicable, the Greenhouse-Geisser e correction

factor.

III. RESULTS

A. The number of blocks required for reliably
measuring idiosyncratic switching patterns
(pilot and main experiment)

Intra-individual inconsistency was assessed as the

Kullback-Leibler divergence (K-L distance) between the

block-wise transition matrices of the same listener. Intra-

individual inconsistency was then used to determine the

number of blocks necessary for detecting individual switch-

ing patterns in the pilot experiment. First, K-L distances

between all possible pairs of the six experimental blocks of

the pilot experiment were calculated to identify the blocks in

which the switching pattern substantially differed from that

of the rest (see Table I for the group-mean within-listener

K-L distances between each pair of blocks). Higher values

indicate higher intra-individual inconsistency. The pattern of

the K-L distances (see Table I) suggested that perception in

blocks 1 and 4 are the farthest from that observed for the rest

of the blocks. Therefore, mean K-L distances in six possible

block-sets were assessed: (1) all six blocks; (2) excluding

block 1; (3) excluding block 4; (4) excluding blocks 1 and 4;

(5) block 2 and 3, only; and (6) blocks 5 and 6, only.

Wilcoxon Signed Rank tests were used to determine

the block-sets with the best intra-individual consistency.

Pairwise comparisons between the all- six set and the other

five sets revealed that only the exclusion of both blocks 1 and

4 improved intra-individual inconsistency compared to that

measured from all six blocks (Z¼�2.366, p¼ 0.018). There

was also a strong tendency for improvement when only

blocks 5 and 6 were included (Z¼�1.859, p¼ 0.063). Since

blocks 1 and 4 were delivered first within two series of three

blocks (see Sec. II), the perceptual reports recorded for them

probably differ from the rest because in these blocks, partici-

pants familiarized themselves with the stimuli and the task,

after which they could settle into a steady way of performing

the task. In other words, blocks 1 and 4 could be regarded as

part of the training.

Based on this finding, in the main experiment, we deliv-

ered to listeners five blocks without longer breaks in between,

and then excluded the responses recorded in the first block

from the analysis. This choice was verified post hoc in the

main experiment similarly as described above. First, the

within-listener K-L distances for all block-pairs were averaged

across the participants (M¼ 0.182, SD¼ 0.167). Second, the

first block was removed and the remaining within-listener K-L

distances averaged (M¼ 0.125, SD¼ 0.147). A Wilcoxon’s

Signed Rank test showed that in line with our expectation

from the pilot experiment, excluding the first block reduced

intra-individual inconsistency (Z¼ 3.855, p< 0.001).

B. Analysis of the catch trials (main experiment)

Spearman’s rank order correlation was used to deter-

mine whether the proportion of time in which the listener’s

perception matched the percept promoted by the catch trials

(catch-trial matching: CTM) was related to their mean intra-

individual inconsistency (average of the block-to-block K-L

distances of the listener). A significant correlation (r(52)

¼�0.282, p¼ 0.043) was obtained between CTM and the

mean intra-individual inconsistency. For illustration pur-

poses, Fig. 2 shows a scatterplot of the mean intra-individual

inconsistency values (log10 transformed to ensure normal

distribution) as a function of the CTM, with the linear

regression (F(1,50)¼ 4.06, p¼ 0.049, R2¼ 7.52%) depicted.

A second linear regression was run with excluding partici-

pants having a CTM below 60% (see Fig. 2). This model

was not significant (F(1,46)¼ 1.24, p¼ 0.272, R2¼ 2.62%).

These results show that, as hypothesized, higher CTM values

are associated with lower intra-individual inconsistency—in

other words, those participants who showed relatively poor

performance on the catch trials (low CTM values) were rela-

tively less consistent in their perceptual reports across the

blocks (high intra-individual inconsistency).

For assessing the effects of the participant exclusion cri-

terion, we reassessed the correlation between CTM and the

mean intra-individual inconsistency with exclusion based on

CTM criteria from 60% to 80% in 5% steps. The number of

remaining participants as a function of the exclusion criterion

were as follows (correlation between CTM and the mean

intra-individual inconsistency and their significance is also

given): no exclusion (N¼ 52, r(52)¼�0.282, p¼ 0.043),

60% exclusion criterion (N¼ 48, r(48)¼�0.171, p¼ 0.245),

65% (N¼ 45, r(45)¼�0.123, p¼ 0.420), 70% (N¼ 40,

TABLE I. Group-mean (N¼ 7) within-participant K-L distances with stand-

ard deviations in parentheses between the transition matrices computed for

each of the six blocks in the pilot experiment.

Blocks 1 2 3 4 5

2 0.15 (0.12)

3 0.33 (0.49) 0.12 (0.14)

4 0.21 (0.14) 0.11 (0.11) 0.09 (0.08)

5 0.39 (0.43) 0.14 (0.11) 0.08 (0.09) 0.18 (0.27)

6 0.35 (0.48) 0.12 (0.12) 0.07 (0.08) 0.19 (0.26) 0.06 (0.05)

FIG. 2. Linear regression of the log10 mean intra-subject inconsistency (y
axis) over CTM (x axis) in the main experiment. Solid line represents the

regression over all participants, whereas the dashed line that after employing

the 60% exclusion criterion and thus rejecting the data of the four listeners

with the lowest CTM values (marked with full circles).
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 r(40)¼�0.029, p¼ 0.857), 75% (N¼ 30, r(30)¼�0.214,

p¼ 0.256), and 80% (N¼ 15, r(15)¼�0.100, p¼ 0.723).

Even employing the lowest (60%) exclusion CTM criterion

resulted in the loss of significant correlation between CTM

and the mean intra-individual inconsistency (see Fig. 2). This

suggests that the correlation was due to very few (four or

fewer) participants, whose inconsistent responses were caused

by problems with following the task instructions. In order

to preserve the data of as many participants as possible,

based on the above results, we employed the 60% cutoff for

participant exclusion. The analyses reported in Secs. III C and

III D are thus based on 48 participants’ data (77.1% female,

Mage¼ 22.5, SDage¼ 4.2).

C. Effects of voluntarily biasing switching between
alternative perceptual organizations (main
experiment)

The effect of voluntary biasing on the average number of

switches within the blocks was tested with a repeated-

measures analysis of variance (rmANOVA). Sphericity cor-

rection was done by the Greenhouse-Geisser method. The

mean number of switches in the Neutral and Hold condition

were not normally distributed, thus a log10 transformation was

applied in all conditions. The number of switches in the

Neutral and the two biased conditions (Mneutral¼ 36.48,

SDneutral¼ 16.44, Mhold¼ 22.49, SDhold¼ 15.63, and Mswitch

¼ 49.17, SDswitch¼ 21.36) significantly differed from each

other (F(2,94)¼ 58.654, p< 0.001, partial g2¼ 0.555,

observed power> 0.99, e¼ 0.782). Figure 3 shows that for

almost all participants, the number of switches reported with

the neutral instructions fell between those reported in the

Hold and Switch conditions.

It is possible that participants assumed that each of the

perceptual alternatives should be reported with approxi-

mately equal probability. This assumption was tested using a

Chi-squared test comparing the percentage of the three per-

ceptual alternatives pooled over participants and the four

blocks of the neutral condition. Results show that the three

values differed from each other (v2(2)¼ 10.45, p¼ 0.005).

D. SDB effects (main experiment)

Reliability of the BIDR scores was measured by

Cronbach’s alpha. The reliability of the SDP factor scores

was acceptable (Cronbach’s a¼ 0.790), whereas it was

below the acceptable level for the IM factor (a¼ 0.562). The

magnitude of the SDB effect was estimated by including

the two BIDR dimension scores as covariates into the

rmANOVA model testing the effect of voluntary biasing.

This analysis allows testing the effect of social desirability

on the overall outcome of the perceptual experiment. The

scale of the BIDR scores and the number of switches

differed from each other, thus they were normalized in

the following way: the observed minimum value over all

participants was subtracted from the individual measures

and this difference value was divided by the observed range

of the variable (i.e., maximum minus minimum) to preserve

the mean differences, separately for the number of switches

(pooled across the three conditions) and the BIDR scores.

There was a significant main effect of task instruction

(F(2,90)¼ 57.981, p< 0.001, g2
p¼ 0.563, observed power-

> 0.99, e¼ 0.763). Neither SDP (F(2,90)¼ 1.007, p¼ 0.369,

g2
p¼ 0.022, observed power¼ 0.196) nor IM (F(2,90)¼ 0.106,

p¼ 0.847, g2
p¼ 0.002, observed power¼ 0.064) showed sig-

nificant interactions with the main effect of task instructions.

In addition, the effects of SDB were tested with inde-

pendent correlations between the BIDR dimensions and the

auditory perceptual variables extracted from the listener tran-

sition matrices as well as intra-individual inconsistency

obtained for the neutral instruction set for testing possible

effects of the SDB on variables extracted from the subjective

perceptual reports in the Neutral condition. Spearman’s Rank

Order correlations were used, because intra-individual incon-

sistency, the three mean duration variables, and the proportion

of segregated were not normally distributed. This approach is

FIG. 3. Average number of switches in the Neutral (circles), Hold (squares), and Switch (triangles) conditions, separately for each participant (1 to 48, empty

symbols) and for the whole group (N¼ 48; filled symbols; right side) in the main experiment.
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deliberately lenient: as the tests are not independent of each

other, correction by family-wise error would offer a more

conservative assessment. However, we wished to detect any

possible effect of SDB in order to uncover any possible source

of bias in the subjective reports.

None of the correlations between any of the perceptual

variables or the intra-individual inconsistency and the two

SDB dimensions reached significance (see Table II) and

only the correlations between SDP and the proportion of the

segregated responses showed a strong tendency, suggesting

that the participants with higher SDP tended to report hear-

ing the segregated percept for a smaller proportion of time

than the ones with lower SDP.

E. Differences between random button presses and
perceptual reports (follow-up experiment)

Distributions of the button press durations (pooling across

the different button combinations) were created separately

for the Random/Auditory�Neutral/Hold/Switch conditions

(Fig. 4). First, all distributions were tested against the gamma

and lognormal distributions using One-Sample Kolmogorov-

Smirnov tests (Massey, 1951). Results (Table III) showed

that only the Auditory-Hold condition was consistent with a

gamma distribution, whereas the other two conditions pro-

duced significantly different distributions. On the other hand,

all auditory conditions could be described with the lognormal

distribution. In contrast, none of the random conditions could

be described by either of these distributions. Further, employ-

ing Two-Sample Kolmogorov-Smirnov tests we found that

the distributions observed in the random and auditory condi-

tions differed from each other under each of the neutral/

voluntary-bias instructions (Table III). Finally, an rmANOVA

with the factors of (Random/Auditory�Neutral/Switch/

Hold) was conducted on the number of switches. Sphericity

violation correction was done using the Greenhouse-Geisser

method. Because the variables were not normally distributed,

log10 transformation was applied to them. Significant main

effects were observed for the Random/Auditory (F(1,13)

¼ 7.137, p¼ 0.019, g2
p¼ 0.354, observed power¼ 0.695,

e¼ 1) and the Neutral/Switch/Hold factors (F(2,26)¼ 47.289,

p< 0.001, g2
p¼ 0.785, observed power> 0.99, e¼ 0.767),

whereas the interaction between the two factors was not

significant (F(2,26)¼ 3.182, p¼ 0.078, g2
p¼ 0.197, observed

TABLE II. Spearman’s rank correlations between perceptual variables and

the two dimensions of social desirability in the main experiment. Notes:

rho¼Spearman’s rank correlation coefficient, p¼ p-value of the correlation,

SDP¼ self-deceptive positivity, IM¼ impression management.

SDP IM

rho p rho p

Duration of integrated �0.059 0.688 �0.048 0.746

Duration of segregated �0.161 0.273 �0.010 0.945

Duration of combined 0.074 0.619 0.051 0.728

Proportion of integrated 0.003 0.983 �0.108 0.465

Proportion of segregated �0.273 0.061 �0.063 0.762

Proportion of Combined 0.239 0.102 0.071 0.631

Mean number of switches 0.147 0.320 0.027 0.853

Intra-individual inconsistency 0.162 0.270 0.174 0.236

FIG. 4. Density distributions of button press durations in the six conditions (Auditory/Random � Neutral/Switch/Hold) in the follow-up experiment. Please

note that the top of the peak for the Random/Switch condition is not visible, because adjusting the y axis to it is high value (1.2) would reduce the resolution of

the traces on the other panels.
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power¼ 0.464, e¼ 0.719). A considerably higher number of

switches occurred in the random than in the auditory condi-

tions and the biasing instructions had the expected Hold

<Neutral< Switch effect in both cases (Table III).

IV. DISCUSSION

The aim of the pilot experiment was to test whether it is

possible to record a set of subjective reports with a relatively

simple experimental procedure (compared to Denham et al.,
2014) with high consistency within individuals. Data from

the pilot experiment suggested that adequate intra-individual

consistency can be achieved by recording five 4-min-long

stimulus blocks successively within a single session, with

the first stimulus block being regarded as a training block for

which the reports are not analyzed. The main experiment

confirmed that the exclusion of the first block from the anal-

ysis increases the intra-individual consistency across blocks.

This procedure allows studying the consistency and inter-

individual variability of perception in a multi-stable auditory

streaming paradigm, as was demonstrated by Denham et al.
(2014), without the need to employ a time-consuming multi-

session experimental design.

The follow-up experiment confirmed that listeners pro-

duce markedly different reports when instructed to mark their

perception of the sounds than when instructed to press buttons

randomly. Further, similar to the results of Pressnitzer and

Hup�e (2006), we found that the distribution of button presses

produced when listeners are instructed to mark their percep-

tions in response to a bi- or multistable tone sequence can be

best approximated by the lognormal distribution, suggesting

that these responses are produced by independent stochastic

processes (Murata et al., 2003). These results suggest that lis-

teners do not disregard the instructions to mark their percep-

tions, even though the experimenter has no way of directly

verifying the truthfulness of their responses.

In the following paragraphs, the results related to the

three potential biasing factors are discussed. When recording

subjective reports, it is especially important to find a way to

exclude participants who do not reliably follow the instruc-

tions. There are several possible reasons for such behavior:

the participant may not have fully understood or remem-

bered the instructions; fatigue and not paying attention to the

task could also lead to unreliable data. Catch trials, for which

the expected report is known, can help to detect such behav-

ior. We found that higher CTM values were associated with

higher intra-individual consistency. One possible reason for

this was that participants with lower CTM reported their

perception in an inconsistent manner. To test this possibility,

we reassessed the correlation between CTM and intra-

individual inconsistency by excluding participants with low

CTM. We found that even excluding only a few participants

this way (those with a CTM below 60%) eliminated the

significant correlation between CTM and intra-individual

inconsistency. This suggests that the significant correlation

was to a large degree caused by a few participants with low

CTM and low intra-individual consistency. That is, partici-

pants with higher CTM values can be regarded as a reason-

ably homogeneous and reliable group.

Results obtained with the voluntary biasing instructions

showed that, in general, participants were able to bias their

perception such that it switched between the alternatives

more (or less) often than under the neutral instructions.

The follow-up experiment provided convergent results. The

results rule out a number of possible voluntary biasing sce-

narios for the subjective reports obtained with the neutral

instructions: listeners (1) did not randomly press the

response buttons; (2) did not attempt to switch as often or as

seldom as they could; and (3) did not follow a strategy to

mark the three possible response types in approximately

equal proportion. Although there is no way to rule out that

some or possibly even all listeners biased their perception by

idiosyncratic voluntary strategies, it appears likely that the

experimental procedures did not promote a systematic bias

of the subjective perceptual reports. The results obtained in

the biased conditions are also consistent with those previ-

ously reported for bistable auditory (Pressnitzer and Hup�e,

2006) and visual stimulus configurations (e.g., Klink et al.,
2008; Toppino, 2003; van Ee et al., 2005). This result thus

demonstrates a further similarity between the perception of

auditory and visual bistable stimuli (see Denham et al.,
2013; Pressnitzer and Hup�e, 2006; Schwartz et al., 2012).

Sensitivity of the subjective reports in the auditory

streaming paradigm to potential biases caused by perceived

(implicit) expectations present in the experimental situation

was tested by measuring participants’ SDB (Paulhus, 1984,

1991). The assumption underlying this approach was that

biases in the subjective reports caused by perceived implicit

expectations would be stronger for participants who are

more susceptible to SDB. The results showed that neither of

the social desirability dimensions (SDP and IM) was associ-

ated with any of the perceptual variables or with the outcome

of the voluntary bias manipulations. The null results were

obtained despite the rather liberal statistical approach (i.e.,

correlation tests were treated as being independent of each

other without family-wise error or similar corrections being

employed). Given that SDB measures sensitivity to expecta-

tions including implicit ones, the lack of significant associa-

tion between SDB and the perceptual variables suggests that

participants did not significantly misreport their perceptions

TABLE III. Group-average (N¼ 14) button-press durations, the results of

comparisons against the gamma and lognormal distributions, and between

the Auditory and Random conditions in the follow-up experiment. The

standard deviation is included next to the mean value in parentheses.

Comparison to the gamma and lognormal distributions were done with one-

sample Kolmogorov-Smirnov tests: the p-value is included in the parenthe-

ses next to the D-value. The last row provides the results of the two-sample

Kolmogorov-Smirnov tests between the Auditory and Random condition

with the p-value included in the parentheses next to the D-value.

Neutral Switch Hold

Auditory Mean (SD) 30.76 (26.22) 52.05 (29.64) 17.24 (11.73)

gamma 0.096 (0.001) 0.062 (0.008) 0.078 (0.136)

lognormal 0.055 (0.175) 0.034 (0.367) 0.071 (0.221)

Random Mean (SD) 95.84 (92.11) 181.55 (185.54) 52.46 (91.92)

gamma 0.167 (<0.001) 0.224 (<0.001) 0.215 (<0.001)

lognormal 0.140 (<0.001) 0.160 (<0.001) 0.164 (<0.001)

Comparison 0.466 (<0.001) 0.603 (<0.001) 0.445 (<0.001)
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 due to perceived implicit expectations. In sum, these results

support the validity of subjective reports within the current

experiment.

If the level of susceptibility to SDB was low in our sam-

ple (compared to the overall population), it would explain

the lack of observed SDB effects. Table IV shows side by

side the mean SDB scores obtained from a sample of

Hungarian university students (N¼ 708, 72.3% female, age

range between 18 and 34 yrs, Mage¼ 22.94, SDage¼ 3.28;

Orosz, 2014) with those obtained in the current experiment.

The two studies used identical SDB measurements. For both

SDB dimensions, the range, mean, and standard deviation

are quite similar for the two groups. Although a direct com-

parison between the two samples is not possible due to the

large difference in the sample size, it is reasonable to suggest

that the current sample did not substantially differ from the

larger one. Thus the explanation of the lack of SDB effect

being due to the small sample size is unlikely.

SDP is defined as a general biasing tendency working

within an individual, whereas IM is dependent on the context

(Paulhus, 1991; Zerbe and Paulhus, 1987). Taking this into

account, the lack of significant SDB effects suggests that nei-

ther the experimental context nor the task itself generated

strong and systematic implicit expectations that caused par-

ticipants to alter their natural behavior by a detectable

amount. The instructions emphasized that there were no

“correct” or “incorrect” responses in the task as the aim of

the study was to learn how each individual experiences these

stimuli. This may have created a friendly, non-stressful ex-

perimental atmosphere. The main limitation for this interpre-

tation is that IM had low reliability within our sample.

Future studies could further investigate the effects of task

instructions by collecting data from a group of participants

to whom some implicit expectations have been

communicated.

In sum, the current study constitutes a reasonably simple

paradigm for studying intra-individual consistency and inter-

individual differences in auditory multistable perception.

Perceptual reports differed from random button presses, thus

it seems likely that listeners responded to the experimental

stimuli. Further, we have tested three major sources that

could possibly bias subjective perceptual reports collected

within the auditory streaming paradigm. We found that the

proportion of time during which participants’ reports

matched the perception promoted by catch trial sequences

successfully detected those participants who did not reliably

follow the task instructions. Rejecting them made the data

from the remaining group sufficiently reliable. We also

showed that participants are not likely to have biased their

perception or their report of it either voluntarily or in

response to perceived implicit expectations of the experi-

mental situation. These results show that by careful planning

of the stimuli and the task as well as the experimental situa-

tion (such as the wording of task instructions) it is possible

to obtain valid data using subjective reports. Because for cer-

tain research questions subjective reports have important

advantages over so-called objective measures, perceptual

research benefits from the possibility of recording reliable

and valid subjective report data.
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4.2. Exploring the main dimensions of idiosyncratic switching behavior and its 
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Abstract
Multi-stability refers to the phenomenon of perception stochastically switching between pos-

sible interpretations of an unchanging stimulus. Despite considerable variability, individuals

show stable idiosyncratic patterns of switching between alternative perceptions in the audi-

tory streaming paradigm. We explored correlates of the individual switching patterns with

executive functions, personality traits, and creativity. The main dimensions on which individ-

ual switching patterns differed from each other were identified using multidimensional scal-

ing. Individuals with high scores on the dimension explaining the largest portion of the inter-

individual variance switched more often between the alternative perceptions than those

with low scores. They also perceived the most unusual interpretation more often, and expe-

rienced all perceptual alternatives with a shorter delay from stimulus onset. The ego-resil-

iency personality trait, which reflects a tendency for adaptive flexibility and experience

seeking, was significantly positively related to this dimension. Taking these results together

we suggest that this dimension may reflect the individual’s tendency for exploring the audi-

tory environment. Executive functions were significantly related to some of the variables

describing global properties of the switching patterns, such as the average number of

switches. Thus individual patterns of perceptual switching in the auditory streaming para-

digm are related to some personality traits and executive functions.

Introduction
The phenomenon of perception stochastically switching back and forth between possible inter-
pretations of an unchanging stimulus is termed multi-stable perception (often referred as bi-
stability, for a review, see [1]). For example, in the duck-rabbit illusion [2], a perceiver can see
either a duck or a rabbit, and his/her perception can change over time between the two
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alternatives. Aafjes, Hueting, and Visser [3] were the first to show that individuals differ in how
often they switch between the alternative percepts. Extending this observation, Denham et al.
[4] found idiosyncratic switching patterns in a multi-stable auditory stimulus paradigm (audi-
tory streaming [5]). These authors also found that listeners retained their idiosyncratic switch-
ing pattern even with over a year between successive tests. These observations suggest that the
perception of ambiguous sound sequences can reveal individual differences in information
processing. The current study explores whether the idiosyncratic patterns that characterize per-
ception correlate with other more widely recognized differences in executive functions, person-
ality traits, and creativity.

Individual differences in switching rate have been found in a number of visual multi-stable
perceptual paradigms, such as binocular rivalry [3,6,7], structure-from-motion illusion [8],
visual plaids, and reversible figures [9]. In the auditory modality, individual switching rate dif-
ferences have been demonstrated for verbal transformations [9,10] and auditory streaming [9–
11]. Some of the individual variability in switching rates have been linked to genetic markers
[7], differences in brain activations [10,11], and inter-hemispheric connectivity [8].

The auditory streaming paradigm [5] (Fig 1, top panel) has been widely used to study how the
human auditory system separates concurrently active sound sources (termed auditory scene anal-
ysis by [12]). This stimulus consists of sequences of sounds of the form ABA-ABA-. . ., where
“A” and “B” denote two different sounds and “-”stands for a silent interval with the same dura-
tion as A and B. Listeners mostly perceive this stimulus as either a single coherent sequence (or
“stream”) consisting of the repeating ABA pattern with a characteristic galloping rhythm (termed
the “integrated percept”; Fig 1, second panel) or as two separate isochronous streams in parallel,
one consisting of the A, the other of the B sounds alone (termed the “segregated percept”; Fig 1,
third panel). However, when given the option, from time to time, listeners also report other
repeating patterns (together these are interchangeably termed the “both percept” or “combined
percept” [4,13], we use the latter term throughout this manuscript; Fig 1, bottom panel). Percep-
tion of the “ABA-”sound sequence is influenced by the similarity of the A and B sounds (e.g. dif-
ferences in pitch, location, timbre, etc.) and the presentation rate (for a review see [14]). Given
sufficient time, perception has been shown to inevitably switch back and forth between the alter-
native percepts [15–22] even for stimulus parameter combinations that have been assumed to
strongly promote one of the perceptual alternatives [13].

Fig 1. Schematic depiction of the auditory streaming paradigm (top panel) and its possible perceptual
interpretations grouped into 3 categories (the 3 lower panels).Rectangles depict the “A” and “B” sounds
with the feature difference between them indicated by displacement in the vertical direction. Time flows along
the horizontal direction. Sounds perceived as part of the same stream are connected by lines in the lower
panels. Darker notes with grey background indicate the stream in the foreground (also described with
symbols to the right of each of the lower panels).

doi:10.1371/journal.pone.0154810.g001
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Denham et al. [4] characterized individual switching patterns using transition matrices [23],
which contain the conditional probabilities for transitions between perceptual alternatives. This
method gives a richer characterization of switching behaviour than that provided by the number
of switches or percept proportions and phase durations alone, or even together. If required, all of
these traditional measures can be extracted from the transition matrices. However, by pooling
data firstly from the entire participant set to build a ‘global’ transition matrix, and then by partici-
pant and/or condition, the probabilities of any missing perceptual alternatives, or specific transi-
tions, can be assigned in a principled and unbiased way (for more details, see [23]). This makes
the transition matrices suitable for comparing individuals based on a multidimensional descrip-
tion of their switching patterns without the need for ad hoc probability estimates or for excluding
participants who do not report all the perceptual alternatives. By comparing the Kullback-Leibler
divergence (K-L distance, [24]) metric between transition matrices describing the same listener’s
switching patterns in separate experimental sessions with those of different listeners, Denham
et al. [4] found that switching patterns were significantly more similar within than between lis-
teners even when the sessions were separated by more than a year. This suggests that individuals
display idiosyncratic switching patterns, which are highly stable over time.

Here we asked what other characteristics of individuals may be related to their idiosyncratic
perceptual behaviour displayed in the auditory streaming paradigm. Frontal-lobe functions are
known to affect the perception of ambiguous stimuli (see, e.g., [25–27]).Because executive
functions are usually linked to the frontal lobes [28–30], we decided to explore correlations
between individual differences in three classes of executive functions [31] and switching pat-
terns in the auditory streaming paradigm.

The first executive function class according to Miyake et al. [31] is termed set shifting, which
refers to the ability to shift between tasks or sets of information required to solve that task.
Developmental studies [32,33] showed no significant relation between this ability and individ-
ual differences in ambiguous figure reversals (switching rate). However, to the best of our
knowledge, no adult studies have tested the possible role of set shifting in the perception of
ambiguous stimuli.

The second class of executive functions [31] is updating or working memory, which refers to
the capacity to hold on to relevant information. There is some controversy regarding whether
working memory capacity and working memory updating represent similar or different func-
tions. There is evidence that updating tasks also measure working memory capacity [34] as
well as evidence discriminating the two [35]. It has been shown that larger working memory
capacity was related to longer intervals with no change in perception (termed “perceptual
phase”) in binocular rivalry [36] and reversible figures [37]. Further, individuals with higher
verbal but not spatial working memory capacity were more successful in voluntarily biasing
their perception of ambiguous figures [38].

The third class of executive functions [31] is inhibition, which encompasses three interre-
lated processes, namely interference control, aborting an ongoing response, and inhibition of a
prepotent response [39]. Some neural models of multi-stable perception (e.g., [40,41]) suggest
that inhibition and adaptation are two low-level processes that determine the dynamics of per-
ception of ambiguous stimuli. Neural-level inhibition and inhibition as an executive function
are not equivalent, thus they could affect perception differently. Developmental studies show
that inhibition as an executive function is required for switching between possible interpreta-
tions of ambiguous stimuli [33]. In the current study, we assessed the relationship between
these three classes of executive functions and the switching patterns recorded using the audi-
tory streaming paradigm.

Inter-individual variation in personality traits may also be related to individual differences
in perceptual switching. In addition to the neural-level inhibition and inhibition as an executive
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function described above, it is possible that a third type of inhibition, namely impulsivity—the
lack of inhibition as a personality dimension could also be related to perceptual switching pat-
terns. Only one previous study showed that impulsive individuals switched less than less
impulsive ones, but this study measured impulsivity indirectly [42].

We also explore the effects of some general personality traits, such as the ones measured by
the Five Factor Model (termed “extraversion”, “agreeableness”, “conscientiousness”, “emo-
tional stability”, and “openness”[43]), on the perception of ambiguous stimuli. A classic study
on the relationship between reversal rate and personality found that introverts switch less than
extroverts [44]. Recently, Bosten et al. [45] found that indicators of perceptual behaviour are
related to both extraversion and agreeableness in dichoptic masking, but not in binocular
rivalry or stereo acuity.

Another possibly related personality meta-trait is ego-resiliency (ER), which assesses the
adaptive flexibility of behaviour [46–48]. Individuals with high ego-resiliency are able to flexi-
bly coordinate their behaviour with situational demands and behavioural possibilities in an
adaptive way. They can also be described as having an open-minded experience and informa-
tion-seeking tendency. Individuals with low ego-resiliency tend to perseverate rather than
responding adaptively to environmental demands. Flexibility defined by ER could be a factor
that is related to the individual differences observed in perceptual switching.

In addition, the Internal and External Encoding Styles Scale [49] was considered as a possi-
ble correlate of individual switching patterns in the auditory streaming paradigm. This is based
on the notion that the amount of external information required to activate a pre-existing
schema depends on the encoding style of the individual: the more internal one’s encoding style,
the less information is required and vice versa. Further, the more internal one’s encoding style,
the greater the probability that interpretation of external information will be based solely on
pre-existing schemas. In contrast, the more external one’s encoding style, the more likely it is
that the schema will be modified based on new information. In multi-stability paradigms the
external information is constant, thus internal coding styles might play an important role in
the variability between individuals.

Finally, higher creativity has been previously related to increased rates of switching between
alternative interpretations of ambiguous figures [50,51]. There are several competing and com-
plementary theories of creativity [52] and no consensual definition has yet emerged [53]. Crea-
tivity is typically assessed by measuring ideational fluency, uniqueness or originality, and
flexibility of thinking [54]. The most commonly used measure is that of divergent thinking, the
ability to generate new ideas from a wide range of cues, experiences, ideas, and information
[55]. We included divergent thinking tests to assess creativity in our study.

In summary, the aim of the current study was to identify idiosyncratic switching patterns in
the perception of auditory streaming and to explore their possible correlation with three types
of psychological constructs: executive functions, personality traits, and creativity. Some of
these constructs have been implicated in previous research as being related to the way individu-
als experience ambiguous stimuli, while other constructs included here have so far not been
considered. The current study attempted to conduct an explorative, yet systematic investiga-
tion of possible relationships between these different constructs and individual differences in
multi-stable perception.

Methods

Participants
Fifty-three healthy volunteers (41 female; 18–42 years,Mage = 22.38, SDage = 4.04) participated
in the experiment. All participants reported having normal hearing. None of the participants
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were taking any medication affecting the central nervous system. Participants gave written
informed consent after the experimental procedures had been explained to them. The study
was approved by the institutional review board of the Institute of Cognitive Neuroscience and
Psychology, Research Centre for Natural Sciences of the Hungarian Academy of Sciences,
Budapest, Hungary. Participants either received modest financial compensation or extra credits
in a university course for their participation. One participant’s data was excluded from the
main experiment, because she reported hearing only one perceptual state throughout all test
blocks. Although this is a valid response, the participant is an extreme outlier within the group
whose perceptual tendencies cannot be correctly represented in the statistical analyses. Four
participants were excluded from the analysis based on poor catch-trial matching (see below) in
the auditory streaming task. Thus, the sample analysed was based on forty-eight participants
(37 female; 18–42 years;Mage = 22.46, SDage = 4.19).

Measures
Auditory perceptual task. Sinusoidal tones of 75 milliseconds (ms) duration (including

10 ms rise and fall times) with an intensity of 45 dB sensation level (hearing threshold mea-
sured individually for each participant with a staircase procedure using the experimental
sounds) were presented according to the auditory streaming paradigm (a cyclically repeatin-
g”ABA-”pattern; Fig 1, top panel). The frequency difference was 4 semitones with the”A” tone
frequency set at 400 Hz and”B” tone at 504 Hz. The stimulus onset asynchrony (SOA, onset to
onset time interval) was 150 ms. Participants were presented with eleven four-minute-long
sequences with an additional ca. 40 second catch-trial segment (see the Test procedure section)
appended without a break to the end of each block. Tones were delivered through Sennheiser
HD600 headphones by an IBM PC computer using the Cogent 2000 toolbox [56] under
MATLAB [57].

Listeners were instructed to mark their perception continuously in terms of four possible
categories: a) “integrated” (ABA-; Fig 1, second panel; response: depressing one of the two
response keys), b) “segregated” (A-A-/B—; Fig 1, 3rd panel; depressing the other response
key), c) “combined” (-AB-/—A or -BA-/A; Fig 1, bottom panel; simultaneously depressing
both response keys), and d) “none” (no repeating pattern perceived; releasing both response
keys). Participants received both instructions and training to help them identify the different
perceptual categories. The description of the integrated percept emphasized hearing all tones
as part of a single repeating pattern with a galloping rhythm. The description of the segregated
percept emphasized hearing two isochronous sound streams in parallel, one in the foreground,
the other in the background, each with a uniform (one slower, the other faster) delivery rate.
The description of the combined percept emphasized the perception of two parallel streams of
sound, at least one of which included a repeating pattern composed of both high and low
tones. Finally, the “none” choice allowed listeners to indicate that they did not hear any repeat-
ing pattern or could not decide between the patterns previously described to them. The left and
right arrow keys of a standard Hungarian IBM PC keyboard were used as response keys with
their roles counterbalanced across participants. Participants were instructed to keep one or
both keys depressed for as long as they continued hearing the corresponding pattern but to
switch to another combination as soon as their perception changed. They were asked to employ
a neutral listening mind-set (termed “neutral instructions”; for a detailed discussion of the
instructions, see [13]). The state of the response keys was continuously recorded at a nominal
sampling rate of 10Hz.

Participants were trained to indicate their perception in terms of the above listed four cate-
gories without hesitation. Training started with the participant listening to six one-minute long
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demonstration sequences, each promoting the perception of one of the alternatives shown in
Fig 1. The integrated percept was introduced by using a smaller frequency difference between
the “A” and “B” tones (1ST; 400 and 426 Hz, respectively) than the parameters chosen for the
experiment, while the segregated percept was initially demonstrated by using a larger frequency
difference (890 Hz). Subsequently, the two segregated and the three combined percepts in Fig
1. were demonstrated by emphasizing the corresponding repeating tone pattern within an
auditory streaming sequence with the parameters used in the experiment. Emphasis was cre-
ated by attenuating by 18 dB those tones which were not part of the intended foreground
stream and their timbre was also manipulated by including eight harmonics with equal weights
(thus promoting perception of the normal-intensity puretones as a single coherent sequence).
After the response key assignment and the “none” choice were explained to the participant,
training continued in blocks of six sequences separated by short silent intervals. The first
sequence was one-minute-long and its parameters were identical to those used in the experi-
ment. This was followed by five sequences of 6–9 s, each, one sequence for each of the catego-
ries the participant was required to identify. The order of the five short sequences (small-
frequency-difference sample and the 4 attenuated-intensity tones examples), which served as
catch trials, was randomized separately for each training block. The training was completed
when the participant made the intended response for at least 80% of the presentation time dur-
ing the catch trials or when 20 training blocks had been delivered. During the training blocks,
the experimenter gave feedback and further help as needed. No participant was rejected on the
basis of the accuracy of their responses within the training blocks.

A ca. 40-second long catch-trial period, consisting of the five 6–9 s long segments of the
example patterns used in the demonstration blocks, was appended to the end of each four-min-
ute stimulus block in the experiment, with the purpose of checking correct response assign-
ment for the non-ambiguous patterns throughout the experiment. The order of the catch-trial
patterns was randomized across participants and blocks with each pattern appearing only once
within a catch-trial period. If the average of the catch-trial matching performance across per-
ceptual patterns and blocks during the experiment was below 60%, the participant was
excluded.

Executive functions. Inhibition, updating, and shifting [31] were assessed as follows. Inhi-
bition was measured using a computerized version of the Stroop task [58,59] using E-Prime 2.0
[60]. The colours red, green, and blue were used, and participants were instructed to press the
arrow key assigned to the colour appearing on a 15.6” screen with a resolution of 1366 x 768
pixels as quickly as possible. Participants were approximately 60cm away from the screen and
stimuli had a width of 12cm and height of 3cm, giving them a vertical visual angle of 2.9° and
horizontal visual angle of 11.4°. The arrow keys were used as response keys: “up” was paired
with red, “left” was paired with blue, and “right” was paired with green. The task consisted of
four conditions, each measured by 60 trials and delivered in three stimulus blocks. The first
block was the neutral-word condition. In this condition, the names of the three colours
appeared on the screen written in black. In the neutral-colour condition (2nd block) four “X”
letters appeared in one of the three colours. The number of the “X” letters was decided by the
average number of letters (4) in the Hungarian names of the colours used in the experiment.
The third and final block mixed together the congruent and the incongruent condition in equal
proportion. In congruent trials, the colour names appeared in their respective colours, whereas
in the incongruent trials, the colour names appeared in one of the other two colours. The par-
ticipants’ task was to press the correct response key as quickly and accurately as they could.
The stimuli were shown on the screen until one of the response keys was depressed. This was
followed by a blank screen for 250 ms. The Stroop interference effect was measured in the fol-
lowing way: first, the median reaction times of the correct responses measured in the colour-

Individual Differences in Auditory Streaming

PLOS ONE | DOI:10.1371/journal.pone.0154810 May 2, 2016 6 / 20



68 

neutral and word-neutral conditions were averaged to get a neutral reaction time; second, the
neutral reaction time was subtracted from the median reaction time of the correct responses in
the incongruent conditions. Thus, a smaller reaction time difference indicates stronger inhibi-
tory control of a prepotent response. The task was run using E-prime 2.0.

The executive function of updating was measured using a computerized version of the N-
back task [61] using PsychoPy2 [62]. The same screen and viewing distance was used as in the
Stroop task (see above). Stimuli had a width and height of 5cm each, giving visual angles of
4.8°. The task consisted of three blocks, each with 50 trials, of which 20 trials contained targets.
14 different capital letters were used as stimuli. Each letter was presented for 500 ms followed
by a blank screen for 250 ms. In the first stimulus block, the participant’s task was to press a
key when the current stimulus matched the preceding one (1-back condition). In the second
and the third stimulus block, the letters to be matched were separated by one (2-back condi-
tion) and two letters (3-back condition), respectively. Responses were recorded during the 500
ms intervals of letter presentation but not during the 250-ms blank intervals. A response that
was made within 500 ms from the onset of a target letter was scored as a hit, whereas a response
within that time frame for a non-target was coded as a false alarm. Corrected Recognition Rate
(CRR) was calculated for each condition using the following formula: (Hits / Targets)–(False
alarms / Non-targets). The 1-back condition showed a ceiling effect, thus only the CRRs from
the 2- and 3- back conditions were taken into account for further analysis.

Shifting was measured by semantic fluency [63], where participants were asked to name as
many animals as they could. Unknown to them, they had one minute to complete the task.
Responses were written down by the experimenter. During the spontaneous production of
words, participants often name animals from various subcategories, such as African animals or
pets. Shifts between these subcategories or semantic clusters can be used to assess the shifting
executive function. Identification and analysis of the clusters was based on the protocol of
Troyer and colleagues [63,64], adapted to Hungarian by Mészáros, Kónya, and Csépe [65] and
was scored by an independent rater. Cluster-size was given as the length of the cluster minus
one, such that a single word from a category was regarded as a cluster of the size zero, while for
example, a cluster with five consecutive words belonging to the same category had the size
four. The average cluster size and the number of subcategory changes (number of clusters
minus one) were used as the output measures. All participants had at least 18 correct
responses.

Personality questionnaires. Participants completed four personality questionnaires on a
computer using E-prime 2.0 software [60]. Computer-based administration helped to ensure
that all participants responded to all questions, thus, there were no missing values in the final
dataset.

First, they completed the ER89 questionnaire [66], which measures ego-resiliency (ER). The
ER89 is a 14-item questionnaire, where participants have to indicate to what extent the items
apply to them on a four-level Likert scale from “Does not apply to me at all” to “Applies to me
very much”. In the Hungarian version [48], ER is measured using eleven items of the question-
naire (Cronbach’s α = .639 for the current sample).

Participants then filled out the Big Five Inventory [67] (Hungarian adaptation by personal
communication from Z. Vass, Károli Gáspár University of the Reformed Church in Hungary),
which measures the big five traits: Extraversion (8 items, α = .768 for the current sample),
Agreeableness (nine items, α = .740), Conscientiousness (9 items, α = .833), Emotional stability
(8 items, α = .855), and Openness (10 items, α = .806). Participants were instructed to rate the
items on a 5-level Likert scale ranging from”I strongly disagree” to “I strongly agree”.

The next inventory was the UPPS Impulsive Behavior Inventory (Hungarian adaptation by
personal communication from G. Orosz, Hungarian Academy of Sciences [68]). This inventory
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consists of 45 items that assess the four different aspects of impulsivity, labelled Urgency (12
items, α = .850 for the current sample), (lack of) Premeditation (11 items, α = .881), (lack of)
Perseverance (10 items, α = .862), and sensation seeking (12 items, α = .881). Items on the
questionnaire are scored on a 4-level Likert scale from ‘‘I strongly agree” to ‘‘I strongly
disagree”.

Next, the Internal/External Encoding Style Questionnaire (NISROE [49]) was completed
(the Hungarian version was adapted by the authors following the protocol of [69]). NISROE
measures the internal and external encoding styles on 21 items using a 6-level Likert scale rang-
ing from”I strongly disagree” to “I strongly agree”. As suggested by Lewiczki [49], only items 5,
8, 11, 15, 18, and 21 are used to calculate the final score on the questionnaire (α = .708 for the
current sample).

Finally, participants filled out the Balanced Inventory of Desirable Responding (BIDR;
[70,71] Hungarian adaptation by personal communication from G. Orosz, Hungarian Acad-
emy of Sciences). This questionnaire uses 20 items to measure two dimensions, self-deceptive
positivity (SDP, α = .790) and impression management (IM, α = .562), to assess individual sen-
sitivity to social expectations. Respondents indicate their agreement with items on a seven-level
Likert scale ranging from “Not true” to “Very true”. The scores of this questionnaire can be
used to identify respondents whose responses are likely to be affected by implicit expectations
present in the social context. We have reported in a separate paper that the social desirability
bias as measured by the BIDR did not have a significant effect on perception [72] in the present
dataset. Therefore, the data obtained with this instrument will not be reported here.

Creativity. Creativity was measured through two divergent thinking tasks, because this
aspect of creativity can be best assessed in laboratory settings [73]. The first task was the Use of
Objects Task [74], in which participants were instructed to produce as many novel uses as they
could for three common objects (brick, paperclip, and newspaper). They had one minute for
each word. Their voice was recorded and later transcribed. The second task was caption gener-
ation [73] in which participants were instructed to write as many captions as they could for
three “New Yorker Magazine” cartoons, which were provided to the authors by R. E. Jung
(University of New Mexico) through personal communication. Participants had two minutes
for each of the cartoons and recorded the captions using paper and pen. All participants pro-
duced at least one response for each task.

Three independent raters (2 females) with MA in psychology (age: 25–28 years; M = 26.33,
SD = 1.53) assessed the responses using the consensual assessment technique [75–77]. They
rated 283 captions and 1106 uses of common objects in a randomized order on a 6-level Likert
scale ranging from “Not creative at all” to “Very creative”. Raters were instructed to attempt to
achieve a normal distribution of the assigned levels and creativity was not defined to them.
Inter-rater reliability was assessed as adjusted inter-class correlations with the Reliability Cal-
culator 1.5 (Mangold International GmBH). Inter-rater reliability was .811 for the Use of
Objects and .706 for the caption generation task, both being acceptable values. Item ratings
were averaged and linearly transformed to the 0–1 range, separately for the two tasks. The aver-
age of the two task-ratings were taken into account as the Composite Creativity Index (CCI,
inter-rater reliability = .797) of each participant.

Procedure
The experimental session started with the questionnaires followed by the auditory streaming
sequences and ended with the executive function and creativity tasks. The order of the ques-
tionnaires was fixed, whereas the tasks within the executive functions and creativity categories
were counterbalanced across participants. The auditory streaming segment consisted of the
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training part followed by 11 experimental blocks. During the first five blocks, participants
reported their perception according to the neutral instructions described above. For three of
the remaining blocks, participants were instructed to hold on to each percept as long as they
could (Hold condition) while still reporting their perception faithfully. For the remaining three
blocks, participants were instructed to switch to another percept as soon as they could (Switch
condition) while also marking their perception truthfully. The order of these two biased condi-
tions was counterbalanced across participants. Data obtained in the two biased instruction con-
ditions have been reported separately [72]. Only the data recorded using the neutral
instructions are reported here. Breaks were included when switching tasks and between blocks
as needed. The session, including questionnaires, lasted altogether for ca. 180 minutes.

Data analysis
Variables were grouped into four categories based on the different aspects of cognition they
represent: perceptual variables (8), personality or questionnaire-based variables (11), executive
function variables (5), and creativity variables (3). Normality was assessed using the skewness
and kurtosis of each variable distribution. Reliability of the questionnaires was assessed using
Cronbach’s alpha. Data were analysed using MATLAB 2014a [57] and R 3.2.1. [78].

Pre-processing perceptual data from the auditory streaming paradigm. Perceptual
phases shorter than 300ms were discarded from the data recorded in the auditory streaming
paradigm, because these were assumed to result from inaccurate switching between key combi-
nations (see [79]). The data removed by this pre-processing step amounted to 0.5% of the total
record duration.

Transition matrices were constructed from the perceptual reports using the method
described in [4,23]. Each transition matrix had 4 rows and 4 columns (each corresponding to
one of the 4 alternative perceptual classes, described previously) with elements representing the
conditional probability of the percept changing from the one assigned to the column (starting
percept) to the one assigned to the row (next percept; including the probability of no percept
change). The conditional probabilities were estimated for each listener and block separately
(block transition matrix), but also for each listener (by pooling data from all blocks for each lis-
tener: listener transition matrix), and for the whole experiment (by pooling all data from all
neutral blocks for all participants: global transition matrix). Denham et al. [23] showed that the
global transition matrix can be used to estimate missing data for individual listeners (i.e., tran-
sitions that were not observed for a given listener) and listener transition matrices can be used
to estimate missing data for the each individual's block transition matrices. Therefore, this pro-
cedure was employed to provide a principled method for assigning default values in the event
of missing data. Because the switching patterns obtained in the very first experimental block
substantially differed from those obtained in the subsequent blocks [72], data from the first
block were excluded. Four participants did not experience the combined percept. In the whole
sample 37.67% of the sixteen possible transitions were missing. Most of the missing transitions
were related to the ‘none’ percept, whose overall proportion was less than 0.8% in the data.
Since we did not analyse the ‘none’ responses, the effective proportion of missing transitions
was 13.19%.

Perceptual variables. Most previous studies investigating individual differences in percep-
tual multi-stability (e.g., [21]) measured perceptual variables, such as the proportions and aver-
age phase durations of the alternative perceptual reports as well as the number of switches
between the alternative perceptual reports. In order to allow comparisons between the current
and previous results, the mean number of switches, and the proportions and mean phase dura-
tions of the integrated, segregated, and combined perceptual reports were estimated from the
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listener transition matrices. Variables for the “none” perceptual report were not analysed,
because the overall proportion of this percept was less than 0.8%. The remaining variables
characterizing the perception of the tone sequences were used in the analyses to be reported
(see below).

Motivated by the idea that some listeners might discover the perceptual alternatives faster
than others, we also analysed the time to discover all three perceptual alternatives, which is a
potential source of individual differences in the data. This new measure provides information
about the viability of the possible perceptions. Short discovery times suggest that all alternatives
are relatively easy to perceive for the given participant, whereas long discovery times suggest
that some perceptual alternatives are less viable; i.e. more difficult to discover and/or less able
to win the competition for perceptual dominance. The measure was calculated by means of
simulation: the listener transition matrices were used to simulate switching behaviour. Each
simulation was run until all patterns were discovered. For each listener, the median duration of
1000 simulation runs was used as the “Time to discover all patterns” value. Lower values indi-
cate quicker discovery of all perceptual patterns. The descriptive statistics of all variables are
included in the S1 Table.

Testing the presence of idiosyncratic switching patterns. In order to determine whether
a given listener showed an idiosyncratic switching pattern, the intra-individual and inter-indi-
vidual similarities were calculated for each participant and compared using Wilcoxon’s Signed
Rank test. Intra-individual similarity was assessed by calculating the K-L distance values
between each pair of the 4 (2nd to 5th) block transition matrices of the same listener. Inter-
individual similarity was assessed by calculating the K-L distance values between transition
matrix pairs for each combination having one of the 4 blocks of one listener and one of the 4
blocks of every other listener. In the Wilcoxon’s Signed Rank test, one-tailed assessment of sig-
nificance was employed, because intra-individual similarity was expected to be lower than
inter-individual similarity if the listener showed an idiosyncratic switching pattern. In previous
studies (e.g. [3]), inter-individual variability was investigated using the number of switches
measure. Therefore, we repeated the above analysis using the number of switches. The possibil-
ity of a different number of listeners being identified as having an idiosyncratic switching pat-
tern by the two methods was tested with McNemar’s test [80].

Multidimensional Scaling of the transition matrices. Based on the K-L dFistances
between the listener transition matrices, Multi-Dimensional Scaling (MDS [81]) was used to
find the main dimensions characterising listeners’ perceptual switching behaviour in the audi-
tory streaming paradigm. MDS is similar to factor analysis, but instead of using the covariance
matrix of the investigated variables, it uses a distance measure between the points in order to
extract the underlying dimensions. The scree test [82], which evaluates the stress values of the
dimension configurations was used to decide on the number of dimensions to be used. The
stress value assesses how well the observed distance matrix is reproduced by an MDS configu-
ration. A linear stress criterion was used as an index of the goodness-of-fit, which is the stress
normalized by the sum of squares of the inter-response distances. The scree test indicated that
three dimensions were sufficient for describing the transition matrix space of the listeners'
switching patterns (MDS stress = .0408).

Interpretation of the MDS dimensions was attempted by correlating them with the percep-
tual variables. Because some of the variables did not have a normal distribution, and a normal-
ity transformation could have distorted their magnitude, Spearman’s rank-order correlations
were used for this analysis. The significance levels of the correlations were determined by two
randomization (permutation) methods. In the first approach, the distribution of the correlation
coefficients under the null hypothesis was estimated for each perceptual variable separately, by
permuting the values of the given perceptual variable and correlating them with the given MDS
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dimension 10,000 times. The p-value of the observed correlation was established as the propor-
tion of random correlations higher than or equal to the observed value (more precisely, the
absolute values of the correlation coefficients were compared to obtain a two-tailed test). The
second method controlled for the family-wise error rate of the above procedure by registering
the highest (absolute) correlation between the given MDS dimension and all perceptual vari-
ables in each permutation run, and using the distribution of these maximal coefficients to com-
pute the p-value of the observed correlations [83,84].

Correlations between perceptual and other variables. Spearman’s correlations were used
to test the relationship between the MDS dimensions and personality, executive functions, and
creativity variables. Correlations between these variables and the perceptual variables were also
tested. Family-wise error correction was done as described in the section titled ‘Multidimen-
sional Scaling of the transition matrices’, separately for the four groups of variables described
at the beginning of the Data Analysis section. For correlations with significant p-values after
family-wise error correction (marked as pfwe), both types of p-values are reported. The correla-
tion matrix between the perceptual variables and the executive functions, personality traits,
and creativity is included in S2 Table with p-values without family-wise error correction.

Results

Idiosyncratic Switching Patterns
42 of 48 participants (87.5%) showed significantly higher intra-individual similarity than inter-
individual similarity, and hence an idiosyncratic switching pattern, as assessed by transition
matrix distances. Using the number of switches to measure individual similarity, the number
of listeners showing idiosyncracity was numerically, but not significantly (McNemar’s test:
p = .424) lower: 38 of 48 participants’ number of switches (79.17%) was distinguishable from
that of the rest of the participants (for individual results with Wilcoxon Z values see Table 1).

Correlates of the Perceptual Variables
High scores on the Stroop task (indicating less inhibition) were negatively related to the dura-
tion of the segregated phases (r(48) = -.370, p = .012, pfwe = .049) and positively to the mean
number of switches (r(48) = .372, p = .008, pfwe = .036). The average cluster size in the fluency
task as a measure of set shifting was positively related to the proportion of the integrated per-
ceptual reports (r(48) = .374, p = .009, pfwe = .043). This suggests that the ability to access a
higher number of elements within a cluster in one run during the fluency task correlates with
increased experience of the integrated perceptual state.

Of the personality dimensions, Ego-resiliency (r(48) = .443, p = .002, pfwe = .018) was posi-
tively related to the proportion of the combined percept. Thus, ego-resilient individuals experi-
ence more combined percepts than ego-brittle ones. None of the other personality scores nor
any of the creativity measures were significantly linked to any of the perceptual variables. For
the other correlation coefficients, see S2 Table.

Multi-Dimensional Scaling and Correlations with the MDS Dimensions
The first MDS dimension was related to all perceptual variables with the exception of the pro-
portion of segregated (Fig 2. and Table 2). Its most prominent correlates are the proportion of
combined (r(48) = .998, p< .001, pfwe < .001), the proportion of integrated (r(48) = -.800, p<
.001, pfwe < .001), the time to discover all patterns (r(48) = -.568, p< .001, pfwe < .001), and
the number of switches (r(48) = .534, p< .001, pfwe = .001). Based on these correlations we
term this dimension “Exploration”, because participants who switched more, required less
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time to discover all patterns, reported more combined (the least common perceptual organiza-
tion,M = 19%, SD = 16%) and fewer integrated experiences (the most frequently experienced
perceptual organization,M = 45%, SD = 15%) are placed at one end of the range in this dimen-
sion. At the other end of the range are the participants who switched less, required more time
to discover all perceptual patterns, and experienced more integrated but fewer combined per-
ceptual reports. The second dimension was linked only to the proportions of the segregated (r
(48) = -.899, p< .001, pfwe < .001) and the integrated perceptual reports (r(48) = .571, p<
.001, pfwe < .001). Based on these correlations, we term this dimension “Segregation”, because
it separates the participants who experienced more integrated and less segregated percepts
from those showing the opposite pattern. The third dimension was not linked significantly to
any of the perceptual variables.

Ego-resiliency (r(48) = .444, p = .002, pfwe = .020) was positively related to the Exploration
dimension. These results suggest that individuals scoring higher on Ego-resiliency are likely to
be more explorative than those who score lower on this meta-trait. It appears that this explor-
ative tendency is one of the main sources of the explained variance between the participants in

Table 1. Participants with idiosyncratic switching patterns based on transition matrices (Trans. Mat.) and number of perceptual switches (# of
Switches) byWilcoxon's Z values.

Participant Trans. Mat. # of Switches Participant Trans. Mat. # of Switches

1 -3.174** -2.702** 25 -3.239** -1.981*

2 -3.505*** -2.281* 26 -1.933* -1.381

3 -3.413*** -1.439 27 -3.222** -1.822 *

4 -1.875* -1.914* 28 -3.208** -1.961*

5 -3.966*** -0.484 29 -1.635 -4.035***

6 0.257 -0.207 30 -0.171 -3.045**

7 -2.580** -1.038 31 -3.295*** -2.955**

8 -3.939*** -2.446** 32 -3.908*** -2.590**

9 -2.470** -1.594 33 -2.841** -1.796*

10 -1.089 -1.849* 34 -2.726** -1.154

11 -4.158*** -3.211** 35 -2.416** -1.704*

12 -2.477** -3.627*** 36 -2.653** -0.508

13 -3.724*** -3.507*** 37 -1.753* -2.386**

14 -4.222*** -1.212 38 -2.758** -2.663**

15 -3.775*** -2.504** 39 -3.333*** -3.786***

16 -3.954*** -1.865* 40 -0.407 -1.703*

17 -1.665* -2.217* 41 -3.550*** -2.187**

18 -3.522*** -2.631** 42 -3.007** -2.622***

19 -2.206* -2.562** 43 -0.392 -1.691*

20 -4.222*** -1.813* 44 -3.778*** -1.678*

21 -3.266** -1.341 45 -3.846*** -2.477**

22 -3.732*** -3.391*** 46 -1.717* -2.528**

23 -2.367** -1.892* 47 -4.220*** -1.719*

24 -1.998* -3.062** 48 -3.346*** -2.934**

Participant = participant number, Trans. Mat. = Wilcoxon’s Signed Rank test Z-values from the transition matrix based testing, # of Switches = Wilcoxon’s

Signed Rank test Z-values number of switches based testing

*** p < .001

** p < .01

* p < .05

doi:10.1371/journal.pone.0154810.t001
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this multi-stable perceptual situation. No other personality trait, executive function, or creativ-
ity measure was significantly related to any of the MDS dimensions. All correlation coefficients
between the perceptual variables and the executive functions, personality traits, and creativity
can be found in the table of S2 Table.

Discussion
The aim of this study was to explore the executive function, personality trait, and creativity-
related correlates of inter-individual variability of switching patterns in multi-stable auditory
perception. Most participants displayed an idiosyncratic perceptual switching pattern both in
terms of the number of switches and in their patterns of switching, as characterized by the

Fig 2. The Kullback-Leibler distances between listener transition matrices visualized on the
dimensions extracted by Multi-Dimensional Scaling. Coloured numbers mark the participants.

doi:10.1371/journal.pone.0154810.g002

Table 2. Spearman’s Rank Order correlation coefficients between the Multi-Dimensional Scaling
dimensions and the perceptual variables.

MDS X MDS Y MDS Z

Proportion of integrated -.800*** .571*** .035

Proportion of segregated -.242 -.899*** .024

Proportion of combined .998*** -.057 -.086

Duration of integrated -.436* .074 .103

Duration of segregated -.428* -.309 .211

Duration of combined .282 .047 .222

Number of switches .534** -.056 -.102

Time to discover all -.568*** .291 .179

MDS X = the first dimension of the MDS, MDS Y = the second dimension of the MDS, MDS Z = the third

dimension of the MDS, Duration of integrated/segregated/combined = average phase duration of the

integrated/segregated/combined perceptual reports, Number of switches = average number of switches,

Time to discover all = time to discover all patterns.

*** pfwe < .001

** pfwe < .01

* pfwe < .05

doi:10.1371/journal.pone.0154810.t002
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transition matrices. Thus, the finding of Denham et al. [4] who studied six participants in
numerous sessions, was replicated for a larger sample and with only four perceptual alterna-
tives (as opposed to the 7 alternatives used in [4]). Numerically, a higher number of partici-
pants were identified as having an idiosyncratic perceptual switching pattern using the
transition matrix description than using the number of switches, although the difference was
not significant. Thus the number of switches proved to be a useful indicator of individual dif-
ferences even though the transition matrix contains additional information about the dynamics
of perceptual switching.

The main dimensions on which listeners’ switching patterns differed from each other were
identified as Exploration (positively correlated with the proportion of combined, and the num-
ber of switches, whereas negatively correlated with the proportion of integrated and the time to
discover all patterns) and Segregation (positively correlated with the proportion of the inte-
grated perceptual reports and negatively with that of the segregated perceptual reports). We
found that only a personality meta-trait termed Ego-resiliency [46] (ER) was significantly
related to the Exploration dimension. Further, ER was also significantly related to the propor-
tion of the combined percept, which is the least common perceptual organization experienced
in the current auditory streaming paradigm and which is also the most prominent perceptual
correlate of the Exploration MDS dimension. Exploration can be defined as “any behaviour or
cognition motivated by the incentive reward value of uncertainty” ([85], p. 2) and it is important
to note that “the brain addresses these questions both consciously and unconsciously” ([85],
p. 2). This measure can indicate an unconscious tendency to explore as much of the environ-
ment as possible to reduce uncertainty. However, a conscious, top-down type of exploration is
also possible during the task. It is not possible to decide between these two alternatives based
on the present data, but it seems that the flexibility and open-minded experience-seeking ten-
dency of the individual measured with ER is related to this explorative tendency during the
auditory streaming task. No other personality, executive-function, or creativity measure used
in the current study was significantly correlated with this or the other two MDS dimensions.

Two executive functions, inhibition and shifting, were significantly related to individual dif-
ferences in perceptual variables. Higher inhibition levels were related to longer average segre-
gated phase durations and to a lower number of switches. Developmental findings reported
that more inhibition is required to be able to switch [33]. Children start to switch between pos-
sible interpretations of multi-stable stimuli at about the age of 5, as they are not able to switch
before that. Frontal functions are required for switching (e.g. [25]), and frontal brain areas are
also developing during this period and up to puberty [86]. Thus, it is possible that the positive
relationship between the number of switches and inhibition observed in developmental studies
represent the parallel maturation of these functions, thus the relationship is due to a shared
source. It should be noted that there are large differences between the current and the refer-
enced developmental studies both in the stimuli and the instructions used. The significant rela-
tionship found between the duration of the segregated phases and inhibition (as measured by
the Stroop task) is compatible with models of auditory stream segregation based on competi-
tion between alternative groupings of sound (proto-objects; e.g. [87]), as in these models
proto-objects mutually inhibit each other. However, the actual mechanisms by which inhibi-
tion as an executive function affects auditory stream segregation are not yet known.

Shifting was significantly related to the proportion of integrated perceptual reports, with
higher shifting values corresponding to lower proportions of integrated perceptual reports. In a
developmental study of multi-stable perception, Wimmer and Doherty [33] found that shifting
is not required for the development of the ability to switch between alternative interpretations
of an ambiguous stimulus. Thus, perhaps, shifting is related to fine-tuning the individual
switching patterns, rather than being a necessary prerequisite of switching. Again, however,
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one should note that Wimmer and Doherty [33] used a different measure of shifting, and dif-
ferent stimuli and instructions for this measurement, which may also explain the differences in
the results. Finally, as for the third main executive function, previous studies indicated a link
between working memory capacity and inter-individual variability in perceptual multi-stability
[36,37]. The current results did not provide corroborative evidence for these findings.
Although some studies showed that working memory capacity tasks may also measure updat-
ing and vice versa [34], other evidence suggests that the two are different constructs [35].
Future research is needed to investigate whether the working memory capacity and working
memory updating have different effects on individual differences in different forms of percep-
tual multistability.

Neural models of perceptual multi-stability are generally based on the assumption that
there are three effects responsible for switching between alternative interpretations [40,41,88].
The first one is adaptation, which refers to the characteristic that the perceptual system gradu-
ally adapts to the dominant interpretation; thus explaining the inevitability of switching. The
second one is inhibition, which underlies the competition for dominance by inhibiting the cur-
rently non-dominant perceptual alternatives. Thus, this mechanism promotes stability by help-
ing to maintain the current perceptual organization. The third factor is noise, which is
responsible for the non-periodic, stochastic dynamics of switching behaviour. So, increasing
inhibition leads to fewer switches and longer phase durations. Kondo et al. [89] found that the
higher the concentration of the GABA inhibitory neurotransmitter in the auditory cortex, the
fewer the switches and longer the phase durations experienced by participants in the auditory
streaming paradigm. We observed two similar effects for the shifting and the inhibition execu-
tive functions: more shifting was related to lower proportions of the integrated percept, the per-
cept that is typically dominant for a long period of time at the beginning of the stimulus block
[13], whereas higher inhibition was related to lower switching rates (longer phase durations).
Although shifting and inhibition as executive functions are different from neural-level adapta-
tion and inhibition, they may represent top-down modulators of these low-level mechanisms.

In summary, the current study identified idiosyncratic switching patterns in an auditory
multi-stability paradigm. We found that the dimension on which individuals primarily differed
from each other was related to the number of switches, time required to discover all possible
perceptual patterns, and the relative proportions of the least and most common percepts. This
dimension of inter-individual differences was termed Exploration. It was significantly associ-
ated with Ego-resiliency, a meta-trait describing adaptive flexibility to meet the challenges of
the environment. Individuals with high ego-resiliency were more explorative on the Explora-
tion dimension than individuals with lower ego-resiliency. Inter-individual differences in the
inhibition and shifting executive functions were found to be related to some indicators of per-
ceptual switching. We assume that these executive functions may modulate the neural-level
processes of inhibition and adaptation, which have been suggested as two important factors
governing multi-stable perception. Future research may help to clarify commonalities and dif-
ferences between the various multi-stable perceptual phenomena (i.e., modality, level of repre-
sentation) and how the various individual capabilities (including working memory capacity)
and personality traits interact in their effect on them.

Supporting Information
S1 Table. Descriptive statistics of the measured variables.Mean (SD) = the mean and the
standard deviation of the variable, Min = the minimum of the variable, Max = the maximum of
the variable, α = Cronbach’s alpha in the case of the personality questionnaires and inter-rater
reliability in case of Creativity tasks, MDS X = the first dimension of the MDS, MDS Y = the
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second dimension of the MDS, MDS Z = the third dimension of the MDS, Duration of inte-
grated = average phase duration of the integrated percept in seconds, Duration of segregated =
average phase duration of the segregated percept in seconds, Duration of combined = average
phase duration of the combined percept in seconds, Number of switches = average number of
switches, Time to discover all = time to discover all patterns (in seconds), Stroop RT = median
reaction time on the Stroop task in seconds, 2-Back CRR = Corrected Recognition Rate on the
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Multistability in perception is a powerful tool for investigating sensory–per-

ceptual transformations, because it produces dissociations between sensory

inputs and subjective experience. Spontaneous switching between different

perceptual objects occurs during prolonged listening to a sound sequence of

tone triplets or repeated words (termed auditory streaming and verbal trans-

formations, respectively). We used these examples of auditory multistability

to examine to what extent neurochemical and cognitive factors influence

the observed idiosyncratic patterns of switching between perceptual objects.

The concentrations of glutamate–glutamine (Glx) and g-aminobutyric acid

(GABA) in brain regions were measured by magnetic resonance spectroscopy,

while personality traits and executive functions were assessed using ques-

tionnaires and response inhibition tasks. Idiosyncratic patterns of perceptual

switching in the two multistable stimulus configurations were identified

using a multidimensional scaling (MDS) analysis. Intriguingly, although

switching patterns within each individual differed between auditory streaming

and verbal transformations, similar MDS dimensions were extracted separately

from the two datasets. Individual switching patterns were significantly correl-

ated with Glx and GABA concentrations in auditory cortex and inferior frontal

cortex but not with the personality traits and executive functions. Our results

suggest that auditory perceptual organization depends on the balance between

neural excitation and inhibition in different brain regions.

This article is part of the themed issue ‘Auditory and visual scene

analysis’.

1. Introduction
An essential function of perceptual systems is to parse complex scenes into mean-

ingful components. The sequential integration and segregation of frequency

components play a critical role in auditory scene analysis because sound sources

produce information over time [1]. Multistable perceptual phenomena, such

as auditory streaming have been used to identify the factors influencing audi-

tory scene analysis [2,3] (see also [4,5]). A sequence of repeating tone triplets

(ABA, where A and B differ in frequency) is presented in the auditory streaming

paradigm [6]. The perceptual organization depends on the frequency difference

between the A and B tones and the presentation rate: a small difference

and slow presentation favour integration (i.e. all tones experienced as a single

stream), whereas a large separation and fast presentation favour segregation

(i.e. two separate streams). For intermediate differences and presentation rates,

perception tends to switch between the two types of percept [7]. Recent studies

& 2017 The Author(s) Published by the Royal Society. All rights reserved.
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using auditory streaming have pointed out that listeners can

experience three or more types of perceptual organization,

such as integrated, segregated and combined percepts

[8–10]. In verbal transformations, a series of perceptual

switches is produced by prolonged listening to a repeated

word without a pause [11,12]. For instance, the stimulus

‘tress’ may be transformed into a variety of verbal forms,

such as ‘dress’, ‘stress’ and ‘drest’ [13]. In daily life, we some-

times have difficulty taking signals from acoustic inputs

because of various types of noise. From the perspective of

adaptive behaviour, it is important for the brain to create

some possible percepts from ambiguous inputs and fluctuate

perceptual interpretations of them. Thus, these paradigms are

simple but important for investigating our abilities to identify

sound events, communicate with others and enjoy music.

Multistable stimuli induce successive spontaneous switches

between different perceptual objects, in a seemingly random

manner [14]. A recent study has demonstrated that perceptual

switching patterns are idiosyncratic: the switching patterns

of each participant are more similar to their own switching pat-

terns in different sessions than to those of other participants and

this tendency is preserved even when sessions are separated by

more than a year [9]. This raises the following question: what

are the idiosyncratic factors of perceptual switching?

One possibility is that genetic or anatomical differences are

responsible for interindividual variations in multistable per-

ception. A twin heritability study has revealed that 50% of

the variance in the binocular rivalry rate is explained by addi-

tive genetic factors [15]. The dopaminergic system has been

linked with individual differences of perceptual switching in

auditory streaming and verbal transformations [16,17]. Brain

structures, such as regional cortical volumes [18] and inter-

regional connections [19], are associated with spontaneous

switching in visual rivalry. However, few studies have exam-

ined whether neurochemical factors in the brain contribute to

the stability of idiosyncratic switching patterns in an auditory

multistable task. Computational models with mutual inhib-

ition and sensory adaptation have been proposed to account

for the nonlinear dynamics of perceptual multistability

[20–24]. In these models, perceptual switching is driven by

adaptation of the winning neural population and lateral inhib-

ition of the competing population [25]. Thus, we can expect

that the excitation–inhibition balance plays an important role

in perceptual multistability. However, it is essentially difficult

to elucidate the excitation–inhibition balance of brain acti-

vations, because both processes are activity dependent but in

fundamentally different ways [26]. To overcome this difficulty,

we used magnetic resonance spectroscopy (MRS) to mea-

sure the concentration of glutamate–glutamine (Glx) and

g-aminobutyric acid (GABA) within brain regions. In the cere-

bral cortex, roughly 80% of the neurons are excitatory

glutamatergic and 20% are inhibitory GABAergic neurons

[27]. The ratio of synaptic neurotransmitters plays a key role

in coordinating the pyramidal cell activity and in driving the

haemodynamic response. Specifically, MRS studies have

demonstrated that the GABA concentration in different cortical

areas predicts individual differences in visual awareness [28],

visual attention [29,30] and orientation discrimination [31].

However, it is unclear to what degree neurotransmitter systems

are involved in the formation and selection of auditory objects.

Another approach is to search for high-level processes

related to switching patterns for each individual [32–34].

Although the frontal areas are probably responsible for

perceptual switching in different multistable stimuli [35–37],

there is little evidence for a link between personality traits

and switching patterns, except for the results of one recent

study [38]. We assessed personality traits and executive func-

tions to investigate whether cognitive abilities are associated

with individual differences in perceptual switching. Perceptual

organization may also be influenced by the big five traits

(measured by the Big Five Inventory [39]), which are con-

sidered to be the basic broad domains of personality.

Behavioural impulsivity and flexibility have been measured

by using the UPPS Impulsive Behaviour Inventory [40] and

ego-resiliency scale [41,42], respectively. Inhibitory control is

thought to be one of the important executive functions [43].

This study focused on inhibition of a prepotent response to

test the possible role of cognitive-level inhibition processes in

perceptual organization. We extracted several variables for

auditory streaming and verbal transformations and computed

correlations between perceptual variables, neurotransmitter

measures, personality traits, and response inhibition abilities.

2. Material and methods
(a) Participants
We recruited 34 Japanese participants (24 males and 10 females;

21–60 years, Mage ¼ 36.3, s.d.age ¼ 11.2) for this study. The score

of the Edinburgh Handedness Inventory [44] was 94.8+5.2,

indicating that they were strongly right-handed. None had any

history of neurological or psychiatric disorders. On the basis of

the performance of catch trials, we excluded 11 participants

from subsequent analyses (see the electronic supplementary

material, Data Analysis for details). One additional participant

was discarded because she did not complete the verbal trans-

formations task. Thus, the reported results were derived

from 22 participants (16 males and 6 females; 21–58 years,

Mage ¼ 32.6, s.d.age ¼ 10.7).

(b) Magnetic resonance spectroscopy data acquisition
MRS data were acquired with a Siemens MAGNETOM Trio 3T

MRI scanner with a 12-channel receive-only head coil. Head

motion was minimized with comfortable padding around the

participant’s head. For assessment of cortical thickness and

volume, anatomical images were obtained with a T1-weighted

pulse sequence (isotropic voxel size of 1 mm3). To minimize con-

founding factors, we acquired MR spectra at a fixed time during

the day, which was one and a half hours from 13.00 to 14.30.

MR spectra were acquired from four 3 � 3 � 3 cm3 voxels of

interest: the auditory cortex (AC), inferior frontal cortex (IFC), pre-

frontal cortex (PFC) and anterior cingulate cortex (ACC; electronic

supplementary material, figure S1a). Voxels were positioned by

using internal landmarks in order to achieve a consistent position

between participants. The AC voxel included Heschl’s gyrus

(Brodmann area: BA 41) and the anterior part of the temporal

plane (BA 42). The IFC voxel included the pars opercularis

(BA 44) and pars triangularis (BA 45) of the inferior frontal gyrus.

The PFC voxel was located at the anterior part of the middle frontal

gyrus (BA 46). The ACC voxel (including portions of BAs 32 and 9)

was located superior to the genu of the corpus callosum and centred

on the interhemispheric fissure. All voxels except the ACC one were

angled parallel to the brain surface of the left hemisphere. For each

participant, voxels were separately placed to exclude cerebral

spinal fluid from the ventricles or the cortical surface.

Four consecutive runs were acquired from the different voxels

for each participant. Before each run, we carefully carried out

manual shimming (approx. 5 min) of the magnetic field in the
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voxel to avoid line broadening. MR spectra were obtained by using a

GABA spectral editing sequence. For each spectrum, 64 spectral

averages of 1024 data points were acquired with a repetition time

of 1500 ms and an echo time of 68 ms, resulting in scan duration of

3 min 18 s. We used the short duration to reduce effects of head

motion on MR spectra. An editing pulse with bandwidth of 44 Hz

was applied at 1.9 ppm (on) and 7.5 ppm (off) in interleaved scans.

Differences in the edited spectra yielded the Glx and GABA peaks

(electronic supplementary material, figure S1b). The unsuppressed

water signal was also acquired from the same voxel.

Gannet and in-house software was used to quantify total Glx

and GABA in the difference spectra [45]. All spectra were phase

aligned with reference to water, frequency aligned to creatine

and modelled with a simple Gaussian function. The final results

were expressed as the ratio of Glx and GABA signal areas (peaks

at 3.76 and 3.00 ppm, respectively) relative to the unsuppressed

water signal area (W). The Glx/W and GABA/W concentrations

were quantified in institutional unit (i.u.) [46]. The Glx/W and

GABA/W concentrations (mean+ s.e.) were 1.23+0.03 i.u. and

1.71+0.06 i.u. for AC; 1.19+0.05 i.u. and 1.55+0.08 i.u. for

IFC; 1.13+0.05 i.u. and 1.43+0.08 i.u. for PFC; and 1.06+0.04

i.u. and 1.30+0.05 i.u. for ACC. The fit errors related to the

Glx/W and GABA/W values were 13.2+0.8% and 8.5+0.4%

for AC; 15.7+0.7% and 11.7+0.5% for IFC; 15.2+0.7% and

11.3+0.5% for PFC; and 16.6+0.6% and 9.9+0.5% for ACC.

(c) Task procedures
Right after the MRS data acquisition, participants performed the

multistability tasks and response inhibition tasks and filled out

the personality questionnaires in a quiet room. The behavioural

tasks were controlled by the Cogent 2000 Toolbox running

under MATLAB (Mathworks Inc.) on a PC, whereas the per-

sonality questionnaires, consisting of the Big Five Inventory,

the UPPS Impulsive Behaviour Inventory and ego-resiliency

scale, were pen-and-paper tests. The order of these tests was

randomized across participants.

For auditory streaming, the stimuli and task procedures were

identical to those used in our previous studies [38,47]. The

streaming stimulus was a 4-min-long sequence of a repeating

ABA-pattern, where the frequency of the A tone was 400 Hz

and the frequency difference between the A and B tones was

four semitones. The tones had a duration of 75 ms, and the

stimulus onset asynchrony was 150 ms. Participants were

instructed to continuously report their perception by holding

down the assigned arrow key on a computer keyboard for as

long as they perceived the tones in the same way. Participants

were given four alternatives for categorizing their perception:

integrated (ABA-ABA-), segregated (A-A- and -B- - -B- -), com-

bined (AB- - and - -A- or -BA- and A- - -) and none (none of the

above possibilities). The five test blocks were preceded by train-

ing blocks, where participants practised reporting their

perception confidently and precisely.

For the verbal transformations, the stimulus consisted of repe-

titions of the word ‘banana’, spoken by a female native Japanese

speaker [37]. Participants heard the word for 340 ms without

gaps while refraining from silently repeating it. They were asked

to continuously indicate the word they heard by holding down

the assigned arrow keys on a computer keyboard. The alternatives

to be marked were banana, nappa (‘vegetables’ in English),

some nonsense word, or some other word (i.e. actual Japanese

words other than banana and nappa), and none (undecided).

Five 4-min blocks were conducted for verbal transformations for

comparability with the auditory streaming task.

Three inhibition tasks were employed to assess participants’

ability to inhibit automatic or prepotent responses. Although the

term of ‘inhibition’ is commonly used to describe a wide variety

of functions, the concept of inhibition in this study is restricted to

the controlled suppression of dominant responses. In the antisac-

cade task, a visual cue was followed by a target, and participants

had to suppress stimulus-driven attention induced by the cue.

The stop-signal task was similar to a go/nogo task, but required

them to inhibit an already initiated motor response. Thus, in

addition to response accuracies, latencies to stop a response

could be calculated. In the Stroop task, participants had to

resolve name–colour conflicts and provide a response verbally.

The detailed procedures of personality questionnaires and inhib-

ition tasks are described in the electronic supplementary

material, Task Procedures and figure S2. The scores for all

items of the personality scales were summed to produce the sub-

scale scores. The reliabilities reached a satisfactory level (range of

0.73–0.88). A summary of descriptive statistics for the personal-

ity scales and inhibition tasks is shown in the electronic

supplementary material, tables S1 and S2.

(d) Data analysis
For the auditory streaming paradigm, catch trails were used to

exclude participants who likely did not fully understand the

instructions (see the electronic supplementary material, Data

Analysis for details). Each of the possible perceptual alternatives

were promoted in the catch trials. On the basis of catch-trial per-

formance, we excluded participants from further analysis if their

correct identification of the disambiguated integrated, segregated

or combined percept fell below 30% or their composite correct

score was less than 60% [47]. The data for 11 participants were

removed, making the sample size 22.

For each multistability task, the time-series data of phase

durations were collected from all test blocks. Phases shorter

than 300 ms were excluded from data analyses [48], resulting

in 99.7% of the analysed data. Results of a previous study

suggested that the first block should be discarded from the

analysis because the switching pattern in this block substantially

differs from that in the rest of the blocks [47]. The following ana-

lyses were based on blocks two to five (electronic supplementary

material, figure S3a). In addition, the first phase was removed

from each block, because the first phase duration is known to

be longer than that of the subsequent ones [7,49]. Individual

switching patterns were characterized by using transition

matrices, which represent the conditional probabilities of percep-

tual switches [10]. We modelled time-series switching data using

a Markov chain of four types of percepts in auditory streaming

and five types of percepts in verbal transformations. The par-

ameters of a Markov chain were used to calculate transition

probabilities from one to the other percepts. The transition

matrices include several measures of switching patterns, such

as switch numbers, phase durations and percept proportions.

The number of perceptual switches and the durations of each

percept were extracted from transition matrices. For auditory

streaming, the number of switches across blocks was 35.8+
24.6 (mean+ s.e.). The phase durations were 14.7+13.3 s for

integrated, 7.5+5.8 s for segregated, 6.6+4.9 s for combined

and 1.5+1.4 s for none. The proportions of the percepts were

49.0+18.7% for integrated, 27.3+11.8% for segregated, 23.4+
23.9% for combined and 0.3+0.5% for none. For verbal trans-

formations, the number of switches was 32.5+18.8. The phase

durations were 19.3+49.8 s for banana, 9.2+8.0 s for nappa,

10.4+7.5 s for nonsense, 10.2+6.2 s for others and 4.5+1.8 s

for none. The proportions of the percepts were 26.8+20.1% for

banana, 31.7+15.5% for nappa, 19.0+13.7% for nonsense,

20.7+16.6% for other percepts and 1.8+0.0% for none.

The time to discover all percepts was calculated by simulat-

ing the switching patterns using the transition matrices [38].

Short discovery times suggest that all alternatives are relatively

easy to perceive for the given participant, whereas long discov-

ery times suggest that some perceptual alternatives are less
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viable. We ran the simulation 1000 times for each partici-

pant until all percepts were discovered. The median time of the

simulations was used as the ‘time to discover all percepts’ vari-

able of the participant. The times to discover all percepts were

24.4+33.4 s for auditory streaming and 197.7+180.4 s for

verbal transformations.

The transition matrices were suitable for comparing individ-

uals based on multidimensional scaling (MDS) of their switching

patterns (see also the electronic supplementary material, Data

Analysis). A scree test was performed to decide on the number

of dimensions in the MDS (electronic supplementary material,

figure S3b). A smaller stress value (less than 0.05) indicates that

the dataset is well represented by the corresponding number of

MDS dimensions [50]. To interpret the MDS dimensions, we

assessed the extent to which the coordinates of each participant

were correlated with the following variables: for auditory stream-

ing, the number of switches, the time to discover all percepts, the

durations and proportions of the integrated, segregated and com-

bined percepts; for verbal transformations, the durations and

proportions of the banana, nappa, nonsense and others.

We calculated significance levels by Spearman’s rank order

correlations using two methods. The first approach was to estimate

the probability of obtaining the correlation by a random projection

of the factor values. The probability was determined by permuting

the factor vectors 10 000 times and establishing the proportion of

random correlations that were higher than the one obtained

empirically ( pperm). The second approach was to control for the

family-wise error rate in this randomization context by registering

the highest absolute correlation between the given MDS dimension

and each perceptual variable in each permutation run. The distri-

bution of these maximal coefficients was then used to compute

the p-value of the observed correlations ( pfwe). Variables were

sorted into five families: perceptual measures (eight variables in

auditory streaming and 10 variables in verbal transformations);

Glx measures in the four brain regions (AC, IFC, PFC and ACC);

GABA measures derived from the same brain regions as the Glx

measures; personality traits (10 variables of the personality

scales) and measures from the inhibition tasks (accuracy of antisac-

cade trials, stop-signal reaction time and reaction time difference in

the Stroop task).

3. Results
Idiosyncratic switching patterns were first checked by using

the intraindividual difference calculated from the Kullback–

Leibler (KL) distances between participant’s own transition

matrices across blocks (electronic supplementary material,

figure S3c). Then interindividual difference was assessed by

computing the KL distances between the participant’s and

every other participants’ transition matrices. The relationship

between a participant’s intra- and interindividual consistency

was tested by Wilcoxon’s signed-rank test. The hypothesis

was that the intraindividual distances would be smaller

than the interindividual ones. Thus, we used a one-tailed

test for each participant (a-level ¼ 0.05).

Using the transition matrices from auditory streaming, 17

of the 22 participants (77.3%) were distinguishable from the

rest of the participants (electronic supplementary material,

table S3). Using the number of switches variable, 15 of the

22 participants (68.2%) were separable from the rest. For

verbal transformations, the transition matrices allowed 15 of

the 22 participant (68.2%) to be distinguished from the rest

of the participants, whereas by the number of switches,

16 of the 22 participants (72.7%) were separable from the

rest. In both auditory streaming and verbal transformations,

14 participants (63.6%) had characteristic transition matrices,

although only 10 participants (45.5%) had characteristic

switch numbers. The transition matrices were chosen for the

MDS because it led to similar results reflecting characteristic

switching patterns for each individual.

The MDS was used to examine relationships between

individual cases in the auditory streaming dataset (table 1).

A two-dimensional solution gave an acceptable fit to the

data (stress ¼ 0.028; electronic supplementary material,

figure S3b). The first dimension was positively related to

the proportion of the combined percept (rs ¼ 0.986), whereas

it was negatively related to the proportion of the integrated

and segregated percepts (rs ¼ 20.744 and 20.666). The first

dimension also showed negative correlations with the dur-

ation of integrated and segregated percepts (rs ¼ 20.614

and 20.604). Because integrated and segregated percepts

are the most frequent ones in a classic streaming paradigm

[6], our interpretation is that the first dimension is strongly

affected by the presence of the additional option of describing

one’s perception in terms of the combined percept. Thus, the

first dimension was named the ‘exploration–exploitation’

axis. This idea is consistent with the evidence that partici-

pants with high scores on the first dimension discovered all

percepts quickly (rs ¼ 20.495). The second dimension was

positively related to the proportion of the integrated percept

Table 1. MDS dimensions derived from auditory streaming variables. Values indicated in italics are significant ( p , 0.05, N ¼ 22). rs, Spearman’s rank order
correlation coefficient; pperm, permutated p-value; pfwe, family-wise error controlled p-value.

measure

first dimension second dimension

rs pperm pfwe rs pperm pfwe

duration of integrated 20.614 0.003 0.020 0.312 0.160 0.568

duration of segregated 20.604 0.002 0.024 20.085 0.703 0.999

duration of combined 0.208 0.352 0.872 0.022 0.923 1.000

proportion of integrated 20.774 ,0.001 ,0.001 0.540 0.011 0.063

proportion of segregated 20.666 ,0.001 0.007 20.572 0.007 0.036

proportion of combined 0.986 ,0.001 ,0.001 20.172 0.439 0.940

number of switches 0.422 0.057 0.244 20.211 0.344 0.863

time to discover all percepts 20.495 0.023 0.111 0.605 0.002 0.022
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(rs ¼ 0.540) and negatively to that of the segregated percept

(rs ¼ 20.572). Thus, the second dimension was termed the

‘integration–segregation’ axis. Taken together, these results

suggest that the listener’s task to categorize their perception

in terms of multiple alternatives produces distinct individual

differences in auditory streaming and that these differences

can be mapped on two dimensions.

We identified the neurotransmitter measures associated

with switching patterns of auditory streaming (electronic

supplementary material, table S4). The Glx in the AC was nega-

tively correlated with the ‘exploration–exploitation’ dimension

(rs ¼ 20.550, pperm¼ 0.007, pfwe ¼ 0.039), but the other vari-

ables were not. This suggests that higher Glx concentration in

this region is related to the ‘exploitation’ property of auditory

streaming. We further examined the relationship between

neurotransmitter measures and perceptual variables. The Glx

in the AC was correlated positively with the proportion of

the segregated percept (rs ¼ 0.761, pperm¼ 0.001, pfwe ¼ 0.001)

and negatively with that of the combined percept

(rs ¼ 20.520, pperm ¼ 0.014, pfwe ¼ 0.050; figure 1a). This con-

firms that participants with a higher Glx concentration in the

AC experience more segregated and fewer combined percepts.

It has been found that neural responses in the AC can account

for important features of auditory streaming [51–54]. Here, we

argue that the formation and selection of the combined percept

also requires other brain areas. One possible candidate is

the IFC, because the GABA measured there was related posi-

tively to the proportion of the combined percept (rs ¼ 0.446,

pperm ¼ 0.041, pfwe¼ 0.138) and negatively to the duration of

the segregated percept (rs ¼ 20.425, pperm ¼ 0.050, pfwe¼

0.185; figure 1b). Thus, it is possible that the ‘exploration–

exploitation’ property of auditory streaming is supported by

a balance between Glx and GABA concentrations in different

brain regions.

MDS was also used to examine what separates individuals’

switching patterns in verbal transformations (table 2). A three-

dimensional solution was chosen (stress ¼ 0.014; electronic

supplementary material, figure S3b). The first dimension was

related positively to the proportion of banana (rs ¼ 0.816)

and negatively to that of others (rs ¼ 20.906). The second

and third dimensions were negatively correlated with the pro-

portion of nappa (rs ¼ 20.966) and nonsense (rs ¼ 20.868).

These results indicate that the proportion of each percept,

rather than its duration, is associated with individual

differences in verbal transformations.

Neurotransmitter measures did not show any significant

correlation with the MDS dimensions of verbal transform-

ations (electronic supplementary material, table S5). We then
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Figure 1. Scatter plots of neurotransmitter concentrations and auditory streaming variables. Symbols indicate individual data. Grubbs test did not reveal any outliers
for the variables.

Table 2. MDS dimensions derived from verbal transformations variables. Values in italics are significant ( p , 0.05, N ¼ 22).

measure

first dimension second dimension third dimension

rs pperm pfwe rs pperm pfwe rs pperm pfwe

duration of banana 0.318 0.145 0.677 0.287 0.193 0.771 0.095 0.671 1.000

duration of nappa 20.036 0.872 1.000 20.271 0.222 0.820 0.012 0.958 1.000

duration of nonsense 20.064 0.778 1.000 0.091 0.685 1.000 0.007 0.972 1.000

duration of others 20.419 0.058 0.344 0.041 0.854 1.000 0.069 0.761 1.000

proportion of banana 0.816 ,0.001 ,0.001 0.250 0.261 0.876 0.355 0.104 0.553

proportion of nappa 0.142 0.518 0.995 20.966 ,0.001 ,0.001 20.080 0.732 1.000

proportion of nonsense 20.191 0.397 0.965 0.403 0.068 0.384 20.868 ,0.001 ,0.001

proportion of others 20.906 ,0.001 ,0.001 0.029 0.898 1.000 0.414 0.056 0.353

number of switches 20.027 0.909 1.000 20.187 0.405 0.972 20.177 0.433 0.977

time to discover all percepts 0.465 0.031 0.218 20.169 0.445 0.982 0.110 0.622 0.999
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investigated the relationship between neurotransmitter

measures and perceptual variables. The Glx concentration

in the AC was related positively to the duration of banana

(rs ¼ 0.542, pperm ¼ 0.011, pfwe¼ 0.042) and nappa (rs ¼ 0.581,

pperm ¼ 0.005, pfwe¼ 0.021; figure 2a) and negatively to the

number of switches (rs ¼ 20.539, pperm ¼ 0.010, pfwe¼ 0.010).

The Glx concentration in the AC showed a negative correlation

with the time to discover all percepts (rs ¼ 20.539, pperm ¼

0.010, pfwe¼ 0.157). Given that banana and nappa are the

most common percepts in this variant of verbal transform-

ations, the pattern of correlations described is partly

consistent with that obtained for auditory streaming. In

addition, the GABA in the IFC was related to the duration of

others (rs ¼ 20.433, pperm ¼ 0.042, pfwe¼ 0.167; figure 2b).

Thus, there is the possibility that Glx and GABA concentrations

in the AC and IFC contribute to durations of verbal forms.

The first MDS dimension of auditory streaming was not

related to the first (r ¼ 0.132, p ¼ 0.559), second (r ¼ 0.167,

p ¼ 0.457) and third MDS dimensions of verbal transform-

ations (r ¼ 20.147, p ¼ 0.514). The same was true for the

second MDS dimension of auditory streaming for the first

(r ¼ 0.017, p ¼ 0.940), second (r ¼ 0.089, p ¼ 0.692) and

third MDS dimensions of verbal transformations (r ¼ 0.380,

p ¼ 0.081). Thus, an MDS position in one multistability task

does not appear to be related to the MDS position in the

other task. For the personality scales and response inhibition

tasks, we did not find any measure that significantly correl-

ated with any of the MDS dimensions of the switching

patterns (electronic supplementary material, tables S6–S9).

4. Discussion
The present results demonstrated that Glx and GABA concen-

trations in the AC and IFC were related to idiosyncratic

switching patterns of auditory streaming and verbal transform-

ations. By contrast, we found no evidence that neurotransmitter

concentrations in PFC and ACC contributed to individual

differences in the switching patterns. This lack of correlation

is consistent with recent neuroimaging evidence in visual bi-

stable perception [55]. Thus, the interindividual variation of

auditory multistability can be linked to the balance of glutamat-

ergic and GABAergic signalling between different brain

regions. We did not find any correlation between perceptual

switching patterns, personality traits and response inhibition

abilities. Thus, cognitive factors probably have a limited effect

on auditory multistability.

We acquired the following two dimensions from the

transition matrices of auditory streaming: ‘exploration–

exploitation’ and ‘integration–segregation’. The MDS results

in this study are consistent with those obtained in a recent

study [38]. The dimensions probably reflect a general principle

of switching patterns in auditory streaming, beyond language

and culture, because similar results are obtained in laboratories

in different countries. More importantly, Glx concentrations in

the AC were correlated with the proportion of the integrated

and segregated percepts (i.e. more exploitation), whereas

GABA concentrations in the IFC were correlated with the

proportion of the combined percept and the short time to dis-

cover all percepts (i.e. more exploration). This suggests that

switching patterns are based on the balance of Glx and

GABA concentrations between sensory and suprasensory

areas. Although most neuroimaging studies have focused on

the role of AC in perceptual organization [52,53,56], several

researchers have argued that the intraparietal sulcus mediates

the figure-ground segregation in auditory scenes [57,58]. Thus,

there is the possibility that an interaction between different cor-

tical areas is responsible for individual differences in auditory

multistability. The previous studies mentioned above allowed

only two choices for participants to report their percepts of

sound sequences, whereas this study allowed them four

alternatives. The latter possibly involves schema-based pro-

cesses to a larger degree for classifying one’s experience.

Given that the IFC is associated with perceptual classification,

the IFC involvement in perceptual organization should be

larger when the classification part of the task becomes more

complicated (i.e. when neither of the common categories fit

one’s perception).

We found different contributions of the AC and IFC to

verbal transformations, as well as to auditory steaming. Glx

concentrations in the AC were correlated with the durations

of banana and nappa percepts, whereas GABA concentrations

in the IFC were correlated with the proportion of the other

percept. A simple interpretation is that the IFC involve-

ment in verbal transformations depends on speech-specific

mechanisms [37,59]. However, several researchers have

argued that the IFC is associated with the generation of percep-

tual objects even in vision. For the apparent motion quartet,
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Figure 2. Scatter plots of neurotransmitter concentrations and verbal transformations variables. Symbols indicate individual data. Grubbs test did not reveal any
outliers for the variables.
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IFC activity occurs earlier during spontaneous perceptual

switches but not during stimulus-driven changes [60]. Thus,

the temporal precedence of the activation indicates that the

IFC participates in initiating the formation of perceptual

objects.

We did not find any significant correlation between

auditory multistability and personality scales. By contrast, a

recent study demonstrated that ego-resiliency is linked to

switching patterns of auditory streaming [38]. In this study,

a post hoc power analysis showed that more than 70 partici-

pants were needed to achieve a statistical power of 80% for

significant correlations between ego-resiliency scores and

switching patterns of auditory streaming (at the a-level of

0.05). This suggests that the lack of correlation in the current

study was possibly due to low statistical power. Also we did

not find any correlation between auditory multistability and

response inhibition. Some theoretical models have postulated

that perceptual switching is determined by the dynamics of

mutual inhibition between neural populations representing

each percept [21,22]. Our results suggest that neurochemical

inhibition is not directly related to inhibition of a prepotent

response at the cognitive level.

Previous studies have demonstrated that the dopamine

tone of individuals is related to idiosyncratic switching pat-

terns of auditory streaming and verbal transformations

[16,17]. However, it is unclear what brain areas are influenced

by the different neurotransmitter systems. This study suggests

that AC Glx and IFC GABA concentrations are associated with

auditory multistability. This is consistent with findings in

the literature of auditory scene analysis, which has shown

that perceptual organization involves an interaction be-

tween distributed neural circuits below, in and beyond AC

[56,61,62]. Furthermore, our findings have clinical implications

in that dysfunctions of the GABAergic and glutamatergic

systems impact auditory perceptual organization.

Ethics. The study was conducted in accordance with the Declaration of
Helsinki and approved by the Ethics and Safety Committees of NTT
Communication Science Laboratories and ATR-Promotions.

Data accessibility. Supplementary material includes a supplementary
text, three figures and nine tables. The datasets supporting this article
are available at https://figshare.com/s/0531ebc55884a85dd38d.

Authors’ contributions. H.M.K., D.F., S.L.D. and I.W. designed the study
and wrote the manuscript; H.M.K. and T.A. collected data; H.M.K.,
D.F., S.L.D. and T.A. analysed data; H.M.K., D.F. and I.W. interpreted
data. All authors helped draft the manuscript and approved the final
version of the article.

Competing interests. H.M.K. is the guest editor of the special issue.

Funding. This research was supported by the Hungarian Academy of
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A B S T R A C T

In perceptual multi-stability, perception stochastically switches between alternative interpretations of the sti-
mulus allowing examination of perceptual experience independent of stimulus parameters. Previous studies
found that listeners show temporally stable idiosyncratic switching patterns when listening to a multi-stable
auditory stimulus, such as in the auditory streaming paradigm. This inter-individual variability can be described
along two dimensions, Exploration and Segregation. In the current study, we explored the functional brain net-
works associated with these dimensions and their constituents using electroencephalography. Results showed
that Segregation and its constituents are related to brain networks operating in the theta EEG band, whereas
Exploration and its constituents are related to networks in the lower and upper alpha and beta bands. Thus, the
dimensions on which individuals’ perception differ from each other in the auditory streaming paradigm probably
reflect separate perceptual processes in the human brain. Further, the results suggest that networks mainly
located in left auditory areas underlie the perception of integration, whereas perceiving the alternative patterns
is accompanied by stronger interhemispheric connections.

1. Introduction

Perceptual multi-stability (often referred to as bi-stability) refers to
the phenomenon when perception stochastically switches between
possible interpretations of an unchanging stimulus (for a review see
Schwartz et al., 2012). It has been found that individuals vary in the
frequency of switching both for visual (Aafjes et al., 1966) and auditory
multi-stable stimuli (Kondo et al., 2012). Recently, idiosyncratic
switching patterns have been found for verbal transformations (Kondo
et al., 2017) and in the auditory streaming paradigm (Denham et al.,
2014; Farkas et al., 2016a; Kondo et al., 2017). The latter have been
linked to personality traits, executive functions (Farkas et al., 2016a),
and neurotransmitter concentrations (Kondo et al., 2017). Using con-
current electroencephalogram (EEG) measures, the current study in-
vestigated for the first time the relationship between idiosyncratic
switching patterns and functional brain networks activated while par-
ticipants listened to an auditory streaming stimulus.

The auditory streaming paradigm (van Noorden, 1975) has been
extensively used to study how the human auditory system extracts co-
herent sound sequences (auditory streams) from a mixture of sounds

emitted by concurrently active sources (cf. auditory scene analysis;
Bregman, 1990). The stimulus is a repeating sound sequence of ABA-
ABA-… structure, where “A” and “B” denote two sounds differing from
each other in some acoustic features, such as the frequency of simple
tones and “-” stands for a silent interval with the common duration of
“A” and “B” (Fig. 1, top panel). Listeners can perceive this stimulus as a
single stream (the integrated percept; Fig. 1, second panel), as two se-
parate streams of isochronous sounds, one for the “A” and another for
the “B” sounds (the segregated percept; Fig. 1, third panel), as well as in
terms of two streams in which one stream includes some of the “A” and
all of the “B” sounds while the other is made up of the rest of the “A”
sounds (the combined percept; Fig. 1, fourth panel; for a full description
of the variants of the combined percept, see Denham et al., 2014). The
initial perception of this stimulus is strongly influenced by the stimulus
parameters, with larger separation between “A” and “B” and faster
presentation rates promoting the perception of the segregated and the
opposite the integrated percept (for a review see Moore and Gockel,
2012). However, for longer (> 30 s) stimuli, perception inevitably
switches between the alternative percepts (Anstis and Saida, 1985;
Bendixen et al., 2010; Deike et al., 2012; Denham and Winkler, 2006;
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Gutschalk et al., 2005; Pressnitzer and Hupé, 2006) and the effects of
the stimulus parameters are reduced at longer delays from the stimulus
onset (Denham et al., 2013).

Studies using fMRI have provided information about brain regions
activated during perception of the auditory streaming stimulus.1 Au-
ditory cortex, especially Heschl's gyrus, is more active when listeners
experience the segregated than the integrated sound organization
(Wilson et al., 2007). Compatible evidence was obtained with EEG by
Snyder et al. (2006), who found that differences between event-related
potentials elicited during integrated vs. segregated percepts probably
originated from Heschl's gyrus. Deike et al. (2004) found that the left
auditory cortex was more active during segregated than integrated
perception of the stimulus. However, Cusack (2005) found no differ-
ence in auditory cortical activation between the two percepts; rather
the intraparietal sulcus was more active during segregation than in-
tegration. The latter result is also supported by the data of Kashino et al.
(2007), who found that beyond the auditory cortex, the left in-
traparietal sulcus, the posterior insular cortex, the supramarginal gyrus,
and the thalamus were also differentially involved in the perception of
the auditory streaming stimulus. These findings provide evidence that
the brain network underlying auditory scene analysis extends beyond
auditory cortex.

Denham et al. (2014) studied individual differences in the percep-
tion of the auditory streaming stimulus, characterizing participants’
switching patterns by the conditional probabilities for transitions be-
tween perceptual alternatives (Denham et al., 2012). These authors
found that although perceptual switching is stochastic, the character-
istics of participants' switching patterns tended to be idiosyncratic

(switching patterns from the same individual across repeated blocks
were significantly more similar in comparison with those of other
participants) and stable (individual similarity was preserved across
sessions separated by more than a year). Farkas et al. (2016a) identified
two main dimensions of the variance in individuals’ switching patterns.
The first one was termed Exploration, because individuals scoring high
on this dimension experienced the least frequently reported perceptual
alternative (combined) more often and the most frequently reported
alternative (integrated) less often, they switched between alternatives
more frequently, and required less time to discover all perceptual al-
ternatives compared to those who scored low on the dimension. The
second dimension was termed Segregation, because scoring high on the
dimension was related to reporting more time spent experiencing the
segregated and less the integrated percept (for similar dimensions
found in a different group of listeners, see Kondo et al., 2017).

Ego-resiliency (ER; Block, 2002; Block and Block, 1980), a person-
ality meta-trait of adaptive behavioral flexibility was positively linked
to the Exploration dimension (Farkas et al., 2016a). Individuals with
high ER are able to flexibly coordinate their behavior with situational
demands in an adaptive way. However, Kondo et al. (2017) did not find
a significant relationship between ER and idiosyncratic switching pat-
terns in two auditory multi-stable stimulus paradigms. Discrepancies
between the findings of these two studies may stem from the much
larger sample size in Farkas et al. (2016a) than in Kondo et al. (2017)
study (N = 48 and N = 22). Personality trait related effects typically
require larger statistical power due to their higher variability. Further,
Kondo et al. (2017) found that the concentration of the glutamate-
glutamine (Glx) neurotransmitter measured in auditory cortex was
negatively related to the Exploration dimension: higher Glx concentra-
tion in auditory cortex accompanied higher proportions of segregated
and lower proportions of combined reports. In sum, these correlations
between idiosyncratic switching patterns, individual personality traits
and neurotransmitter profiles are compatible with the observed tem-
poral stability of switching patterns, as these stable characteristics may
influence the perceptual processing of multi-stable auditory stimuli.
High creativity has been found to be related to increased switching in
ambiguous figures (Doherty and Mair, 2012; Wiseman et al., 2011), but
was found to be unrelated to individual differences in auditory
streaming (Farkas et al., 2016a). However, there is a lack of consensus
both in the definition (Kozbelt et al., 2010) and in the assessment
(Plucker and Mackel, 2010) of creativity. Farkas et al. (2016a) study
measured creativity using divergent thinking tasks (Torrence, 1988). In
the current study, we decided to measure creativity using a self-report
scale, as this has been found to provide a better assessment of creativity
than divergent thinking tasks (Silvia et al., 2012).

In the current study, we explored the functional brain networks
underlying idiosyncratic switching patterns. Functional connectivity
refers to the temporal interdependence of the activity of anatomically
separate brain regions. In brain networks, functionally separate regions
are usually linked with each other through hubs, which integrate in-
formation from several regions (Bullmore and Sporns, 2009; Rubinov
and Sporns, 2010). The low EEG frequency ranges (delta: 0–4 Hz, and
theta: 4–8 Hz) are often thought to predominantly reflect long-distance
connections with fewer hubs, whereas, the high frequency ranges (beta:
13–30 Hz, and gamma: 30- Hz) are indicative of short-distance con-
nections with more hubs (Smith-Bassett and Bullmore, 2006). Graphs
are used for an abstract mathematical representation of the networks. A
graph is defined as a set of nodes connected with edges. The Minimum-
Spanning Tree (MST) algorithm (Kruskal, 1956; Stam et al., 2014)
provides a way to extract the structure of functional networks. A
spanning tree is a graph that includes all nodes of the original network
(N) linked by N−1 edges and without forming loops. MST graphs can
be characterized using metrics representing the network's centrality,
connectedness, and modularity.

To date, only one study has examined functional networks (though
not functional connectivity in the above defined sense) in the auditory

Fig. 1. Schematic depiction of the auditory streaming paradigm (top panel) and its
possible perceptual interpretations grouped into 3 categories (the 3 lower panels).
Rectangles depict the “A” and “B” sounds with the feature difference between them in-
dicated by displacement in the vertical direction. Time flows along the horizontal di-
rection. Sounds perceived as part of the same stream are connected by lines in the lower
panels. Darker rectangles with grey background indicate the stream appearing in the
foreground (also described with symbols to the right of each of the lower panels).

1 Please note that these studies only took into account the integrated and segregated
perceptual alternatives.
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streaming paradigm (Kondo and Kashino, 2009). Connections between
regions of interests (ROI) were calculated by Structural Equation
Modeling (SEM) of event-related fMRI activity time-locked to percep-
tual switches. The left and right auditory cortices (AC) were strongly
correlated and the right AC was also correlated with the right medial
geniculate body (MGB). Further, the right MGB was correlated with the
left cerebellar area. Comparing these connections between two groups
differing in the number of switches, the authors found generally
stronger connections in the group with more frequent perceptual
switching, especially for the connection between the right AC and MGB.
Thus, it appears that the AC-MGB loop is an important generator of
switches between alternative perceptual organizations.

We hypothesized that the main dimensions found to explain the
perceptual variability of individuals for auditory streaming stimuli
(Farkas et al., 2016a; Kondo et al., 2017) are supported by different
functional brain networks. Because some previous studies found asso-
ciations between inter-individual variability in perceiving multi-stable
stimuli and some personality (ego resiliency and creativity) and ex-
ecutive function measures (performance in the Stroop task and se-
mantic fluency), finding separate functional brain networks associated
with the perceptual dimensions would provide important links between
these different levels of description of human behavior. Finally, based
on the notion that integration may be assumed to be the default mode
of sound organization (Bregman, 1990), one could theorize that in-
tegration would be subserved by more local networks than the other
sound organizations.

2. Material and methods

2.1. Participants

Sixty volunteers without a history of psychiatric or neurological
disorders (32 female; 18–37 years of age; M = 22.78, SD = 3.15; 53
right-handed) participated in the experiment. During the experimental
session, they performed a perceptual task during which EEG and near-
infrared spectroscopic (NIRS) signals were recorded from the scalp,
performed tasks assessing some executive functions, and filled person-
ality questionnaires (see details in Section 2.2). All participants had
pure-tone thresholds within normal limits for the frequencies ranging
from 250 Hz to 4 kHz: none exceeded the normal hearing threshold by
more than 25 dB in either ear and none had more than 10 dB threshold
difference between the two ears. Participants gave written informed
consent after the aims and methods of the study were explained to
them. The study was conducted in full accordance with the Helsinki
Declaration and all applicable national laws and it was approved by the
inter-University Ethical Review Committee for Research in Psychology
(EPKEB). Participants received modest financial compensation. Five
participants did not pass the training procedure: they did not reach 80%
correct responses by the end of the training (see section Auditory per-
ceptual task). One participant's data was excluded due to NIRS data
recording errors. Another participant's data was excluded due to re-
porting far more ‘none’ responses (25%; see section Auditory perceptual
task) compared to the rest of the group (1%), which made her Grubb's
outlier detection z-score 5.5, almost double the acceptable maximum
(3). Finally, eleven participants’ data were excluded from the analysis
based on poor performance (< 60%) in the catch-trials, which were
appended to each stimulus block (see section Auditory perceptual task).
Thus, the final sample consists of 42 participants (23 female; 19–37
years of age; M = 23.10, SD = 3.41; 40 right-handed).

2.2. Measurements

2.2.1. Auditory perceptual task
Sinusoidal tones of 75 ms duration with 10 ms rise and 10 ms fall

times were presented in the auditory streaming paradigm (a cyclically
repeating „ABA-” pattern; Fig. 1, top panel). The frequency difference

between the “A” and “B” tones was 4 semitones with the „A” tone
frequency set at 400 Hz and “B” tone at 504 Hz. The stimulus onset
asynchrony (SOA, onset-to-onset interval) was 150 ms and the intensity
was 45 dB sensation level; individual hearing thresholds were sepa-
rately measured for each participant using a staircase procedure with
the sounds employed in the experiment. Participants were presented
with nine four-minute-long sequences of the auditory streaming sti-
mulus with an additional ca. 40 s catch-trial segment (see the Procedure
section) appended without a break to the end of each stimulus. Tones
were delivered through Sennheiser HD600 headphones by an IBM PC
computer using Psychtoolbox-3 (Brainard, 1997; Pelli, 1997) under
MATLAB 2015b (Mathworks, 2015).

Listeners were instructed to mark their perception continuously in
terms of four possible categories using two response keys: a) „in-
tegrated” (ABA-; Fig. 1, second panel; response: depressing one of the
two response keys), b) „segregated” (A-A-/B—; Fig. 1, 3rd panel; de-
pressing the other response key), c) „combined” (-AB-/—A or -BA-/A;
Fig. 1, bottom panel; simultaneously depressing both response keys),
and d) „none” (no repeating pattern perceived; releasing both response
keys). Note that, similarly to the integrated and the segregated percept,
the combined percept appears spontaneously when listening to se-
quences of the auditory streaming paradigm (Denham et al., 2013).
Participants received instructions and training for identifying the dif-
ferent perceptual categories without hesitation. They were instructed to
report faithfully their perception as it occurred. The description of the
integrated percept emphasized hearing all tones as part of a single re-
peating pattern with a galloping rhythm. The description of the segre-
gated percept emphasized hearing two isochronous sound streams in
parallel, one in the foreground, the other in the background, each with
a uniform (one slower, the other faster) delivery rate. The description of
the combined percept emphasized the perception of two parallel
streams of sound, at least one of which included a repeating pattern
composed of both high and low tones. Finally, the “none” choice al-
lowed listeners to indicate that they did not hear any repeating pattern
or could not decide between the patterns previously described to them.
Participants were instructed to maintain the key combination depressed
for as long as they continued hearing the corresponding pattern and to
switch to another combination as soon as their perception changed.
They were informed that there was no “correct” response and asked to
employ a neutral listening mind-set (termed “neutral instructions”; for
an in-depth discussion of the instructions, see Denham et al., 2013). The
left and right arrow keys of a standard Hungarian IBM PC keyboard
were used as response keys with their roles counterbalanced across
participants. The state of the response keys was continuously recorded
at a sampling rate of 10 Hz.

Training started with the participant listening to six one-minute
long demonstration sequences, each promoting the perception of one of
the alternatives shown in Fig. 1. The integrated percept was introduced
by using a smaller frequency difference between the „A” and „B” tones
than the parameters chosen for the experiment (1ST; 400 and 426 Hz,
respectively); the segregated percept was initially demonstrated by
using a larger frequency difference (890 Hz). Subsequently, the two
segregated and the three combined percepts (as shown in Fig. 1.) were
demonstrated by emphasizing the corresponding repeating tone pattern
within the auditory streaming sequence used in the experiment. Em-
phasis was created via attenuating by 18 dB those tones which were
part of the intended background stream; further, the timbre of these
tones was changed to a complex tone with eight harmonics of equal
intensity. These demonstrations promoted perception of the normal-
intensity pure tones as a coherent foreground stream. After the response
key assignment and the „none” choice were explained, training con-
tinued in blocks of six sequences separated by short silent intervals. The
first sequence was one-minute-long and its parameters were identical to
those used in the experiment. This was followed by five sequences of
6–9 s, one for each of the percepts the participant was required to
identify. These short segments served as catch trials. The order of the
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five short sequences (the small-frequency-difference and the four atte-
nuated-intensity variants of the auditory streaming stimulus) was ran-
domized separately for each training block. Training was completed
when the participant made the expected response in at least 80% of the
presentation time during the catch trials or when 10 training blocks had
been delivered. During the training blocks, the experimenter gave
feedback and further help as needed. Five participants were rejected on
the basis of their performance in the training blocks.

Catch trials of the same structure were appended to each stimulus
block in the main experiment, allowing the monitoring of the partici-
pants’ understanding of the instructions throughout the experiment.
Participants who scored lower than 60% in the catch segments, aver-
aged across all stimulus blocks, were excluded from the data analysis.
Eleven participants’ data was excluded in this way, as noted in the
previous section.

2.2.2. Pre-processing perceptual data
Perceptual phases (continuous intervals with the same combination

of response keys depressed) were extracted from the key press records.
Phases shorter than 300 ms were discarded, because these were as-
sumed to result from finger coordination misalignments during
switching between key combinations (see Moreno-Bote et al., 2010).
The data removed this way amounted to ca. 0.4% of the total duration.

Transition matrices, containing conditional probabilities for transi-
tions between perceptual alternatives, were constructed from the per-
ceptual reports using the method described in Denham et al. (2012).
Transition matrices had 4 rows and 4 columns (each corresponding to
one of the 4 alternative perceptual choices described above) with cells
representing the conditional probability of the percept changing from
the starting percept (column) to the percept assigned to the row; the
diagonal contained the probability of no change. The conditional
probabilities were estimated for each listener and stimulus block, se-
parately (block transition matrix), for each listener (by pooling data
from all stimulus blocks of a listener: listener transition matrix), and for
the whole experiment (by pooling data from all blocks and participants:
global transition matrix). Denham et al. (2012) showed that the global
transition matrix can be used to optimally estimate missing data (i.e.,
unobserved transitions) for individual listeners while listener transition
matrices can be used for estimating missing data in the individual's
block transition matrices. This procedure was employed for substituting
missing data. Because the switching patterns obtained in the very first
stimulus block were shown to substantially differ from those obtained
in subsequent blocks (Farkas et al., 2016b), data from the first block
were excluded from the analyses. Four listeners never experienced the
combined percept. On average, 31.9% of the sixteen possible transitions
were missing within the block transition matrices. Most of the missing
transitions were related to the „none” percept, whose overall propor-
tion was less than 0.62% in the data. Since we did not analyze the
„none” responses, the effective proportion of missing transitions was
13.19%.

Similarly to previous studies investigating individual differences in
perceptual multi-stability (e.g., Farkas et al., 2016a), the mean number

of switches between the alternative perceptual reports, and the pro-
portions and mean phase durations of the integrated, segregated, and
combined perceptual reports were entered into the statistical analyses.
These variables were extracted from the listener transition matrices.
The time to discover all three perceptual alternatives was added to the
above list of variables as it provides information about the viability of
the alternative percepts for the listener. Short discovery times suggest
that all alternatives were relatively easy to discover for the given lis-
tener, whereas long discovery times suggest that some perceptual al-
ternatives were less accessible to him/her. The discovery time for each
participant was determined by simulating the switching behavior of the
listener 1000 times, based on the listener's transition matrix. In each
run, the simulation stopped when all patterns had been discovered. The
value for the time to discover all patterns was defined as the median of
the values from the simulation runs.

2.2.3. EEG recording and preprocessing
EEG was recorded with a BrainAmp DC 64-channel system with

actiCAP active electrodes. The electrodes were placed according to the
International 10/20 system (Fig. 2) with an additional electrode at-
tached to the tip of the nose. Bipolar recording from two further elec-
trodes, one attached lateral to the outer canthus of the right eye and the
other below the left eye, was used for monitoring eye movements.
During recording, the FCz electrode served as the common reference.
Sampling rate was 1 kHz, and a 100 Hz online low-pass filter was ap-
plied. The electrode impedances were kept below 20 kΩ.

The continuous EEG signals recorded from the second to the fifth
stimulus block were re-referenced to the average voltage of all elec-
trodes and filtered between 0.5–45 Hz2 by a finite impulse response
(FIR) band-pass filter (Kaiser windowed; Kaiser β = 5.65; filter order
1812) by the EEGlab 11.0.5.4.b toolbox (Delorme et al., 2007) under
Matlab 2015b (Mathworks, 2015). A maximum of one malfunctioning
EEG channel per participant was interpolated using the spline inter-
polation algorithm implemented in EEGlab. The Infomax algorithm of
Independent Component Analysis (ICA) of EEGlab was employed for
artifact removal (for detailed mathematical description and validation,
see Delorme et al., 2007). ICA was performed on the continuous filtered
dataset of each participant, separately. ICA components constituting
blink artifacts were removed via visual inspection of their topo-
graphical distribution and frequency content. Due to the high compu-
tational demand of EEG source analysis, epochs of 2048 ms duration
were extracted from the preprocessed signals. Epochs with an ampli-
tude change exceeding 100 μV at any electrode were rejected from
further analysis. The final dataset consisted of minimum of 376 epochs
(M = 452.19, SD = 18. 37) per participant.

EEG sources were reconstructed using the minimum norm estimate
model (sLORETA developed by Pascual-Marqui, 2002 based on

Fig. 2. Examples of two different MST graphs based on the
schematic configuration. All dots depict nodes. Empty dots
depict peripheral nodes, grey dots depict nodes that have at least
two connections, whereas black dotes depict nodes having more
than three connections (centers or hubs). Lines depict edges,
whereas dashed lines depict interhemispheric edges. Subplot A
depicts a decentralized MST with no centers, a few peripheral
nodes, and many interhemispheric connections. Thus, this net-
work would have a low leaf fraction, a low tree hierarchy, and a
high number of interhemispheric connections. Subplot B depicts a
more centralized network with two hubs, many peripheral nodes
and a few interhemispheric connections. Thus, this network
would have a high leaf fraction, a high tree hierarchy, and a low

number of interhemispheric connections.

2 The EEG data was reanalyzed using a 80 Hz low pass filter and a 47–53 Hz notch filter
assessing the higher (> 55 Hz) gamma band. As this analysis did not yield results relevant
for the main conclusions, it can be found in Supplement 2: 30–80 Hz gamma band ana-
lysis.
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Hämäläinen and Ilmoniemi, 1994) included in the Brainstorm toolbox
(Tadel et al., 2011). Using the MNI system, the generic anatomical brain
template was segmented into 15002 voxels with a resolution of
1×1×1 mm restricted to lie within the grey matter. Default electrode
locations were entered into the forward model provided by the open-
MEEG algorithm (Gramfort et al., 2011). Note that individual variance
in head shape and electrode placement was not taken into account. The
time-varying source signals were modeled wherever the dipole had a
component perpendicular to the cortical surface. By averaging all di-
pole strengths of the voxels in the corresponding cortical regions, the
mean neuronal activity (current density) was derived for 62 cortical
regions using a parcellation scheme (Klein and Tourville, 2012) set
prior to the analysis. The number of connections in functional networks
grows exponentially with the number of nodes used to create them, and
having a large number of edges increases the probability of false posi-
tive connections. Thus, some of these cortical regions were excluded
from further analysis after the source analysis procedure. Occipital re-
gions were excluded from further analysis, because they are unlikely to
be involved in auditory streaming. Motor areas were excluded, because
the participants’ constant button pressing would have likely produced
connections unrelated to auditory streaming. In sum, 15 cortical re-
gions per hemisphere were excluded, leaving 16 cortical regions of
interest (ROI) per hemisphere (Table 1) for further analysis.

The goal of source localization was to investigate the interplay be-
tween brain regions during perception of the auditory streaming sti-
mulus and relate this interplay to inter-individual variance in percep-
tion. However, due to the lack of individual MRI scans and electrode
localization data, the current source analytical protocol does not allow
a sufficiently precise localization of EEG sources for reliably distin-
guishing any pair of the 16 regions per hemisphere. A likelihood ana-
lysis (based on the studies of Baillet et al., 2001; Huang et al., 2016;
Pizzagalli, 2007; Plummer et al., 2008; Song et al., 2015) conducted
with the assumption of a 1.5 cm leakage distance and 50% overlap
criterion showed only one case of significant overlap: the transverse
temporal gyrus can overlap with the superior temporal and supramar-
ginal regions. Despite this issue, we decided to employ the above de-
scribed parcellation, because by using a coarser resolution and thus
collapsing large chunks of data would have eliminated a large part of
inter-individual differences existing in the data, the primary goal of the
study. However, acknowledging that the resolution of parcellation is
higher than what is allowed by the data, the high-resolution current
source analysis is only used for functional network formation and vi-
sualization, thereby allowing the exploration of variance in the network
structure. In contrast, interpretation of the findings is expressed in
terms of much broader brain regions, as specified in Table 1 (right
column).

Source signal epochs were re-merged into a single time-series, se-
parately for each participant for compatibility with the behavioral data,
which was analyzed using continuous time series. These signals were
then filtered using band-pass finite impulse response (FIR) filters
(Kaiser windowed, Kaiser β = 5.65, filter order = 1812) into six EEG
bands: delta (.5–4 Hz), theta (4–8 Hz), lower alpha (8–10 Hz), upper
alpha (10–13 Hz), beta (13–30 Hz), and gamma (30–45 Hz). Undirected
functional connectivity matrices were calculated separately for the EEG
bands and participants by measuring phase synchronization strength
between all pairs of EEG source ROIs using the phase lag index (PLI;
Stam et al., 2007). PLI calculates the asymmetry of the phase difference
distribution between two signals, and reflects the consistency with
which one signal's phase leads or lags that of the other. This resulted in
32*32 functional connectivity matrices (16 ROI × 2 hemispheres),
separately for each participant and EEG frequency band.

2.2.4. NIRS recording and other measures
NIRS signals were recorded with a montage of 16 sources and 24

detectors by the NIRStar 14.1 device (NIRx Medical Technologies,
2014). Because the results obtained from the analysis of this data did
not significantly contribute to the report, the methods and results re-
lated to the NIRS data can be found in Supplement 3: Near-Infrared
Spectroscopy (NIRS) analysis.

Two executive functions were assessed: the inhibition executive
function was measured using the Stroop task (Lansbergen et al., 2007;
Stroop, 1935) and the shifting executive function was assessed by se-
mantic fluency (Troyer et al., 1997). Participants filled out two ques-
tionnaires: The ER89 questionnaire (Block and Kremen, 1996), which
measures ego-resiliency (ER) and the Biographical Inventory of Creative
Behaviors (BICB, Batey, 2007), which measures creative achievements.
The details of these measures and their analysis are described in
Supplement 1: Executive functions, questionnaires, and correlation
analysis.

2.3. Procedure

The experimental session started with filling out the questionnaires
and measuring the executive functions. The order of the questionnaires
was fixed (ER89 followed by BICB), whereas the order of the executive
function tasks was counterbalanced across participants. This was fol-
lowed by the auditory perceptual task, which consisted of the training
part followed by 9 experimental stimulus blocks. After the training,
participants were fitted with the EEG electrodes and NIRS optodes.
They then completed one further training block before starting the main
experiment.

During the first five stimulus blocks, participants reported their
perception according to the neutral instructions described in the
“Auditory perceptual task section” (Neutral condition). For two of the
remaining four blocks, participants were instructed to hold on to each
percept for as long as they could (Hold condition) while still reporting
their perception faithfully. For the other two blocks, participants were
instructed to switch to another percept as soon as they could (Switch
condition) while also marking their perception truthfully. The order of
these two biased conditions was counterbalanced across participants.
Only the data recorded using the neutral instructions are reported here.
Breaks were included when switching between tasks and between
blocks as needed. The session lasted for ca. 180 min.

2.4. Data analysis

MATLAB 2015b (Mathworks, 2015) was used for all data analysis.

2.4.1. Idiosyncratic switching patterns
Intra-individual similarities of switching patterns were calculated

using the Kullback-Leibler (K-L, Kullback, 1959) distance between each
pair of the block transition matrices of the same listener. Inter-

Table 1
Regions of interest (ROI) per hemisphere and their abbreviations.

Region of interest Abbreviation Brain regions

Superior Frontal Gyrus SFG Frontal regions
Medial Orbitofrontal Gyrus OFG med
Caudal Middle Frontal Gyrus MFG caud
Rostral Middle Frontal Gyrus MFG rost
Opercularis Inferior Frontal Gyrus IFG operc
Parsorbitalis Inferior Frontal Gyrus IFG orb
Triangularis Inferior Frontal Gyrus IFG triang
Caudal Anterior Cingulate Gyrus ACG caud Anterior Cingulate regions
Rostral Anterior Cingulate Gyrus ACG rost
Inferior Temporal Gyrus ITG Temporal regions
Middle Temporal Gyrus MTG
Superior Temporal Gyrus STG
Transverse Temporal Gyrus HES
Supramarginal Gyrus SMG Parietal regions
Inferior Parietal Gyrus IPG
Superior Parietal Gyrus SPG
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individual similarity was assessed by calculating the K-L distances be-
tween block transition matrix pairs for each combination of pairs of
blocks from two different listeners. Separately for each listener, the two
measures were compared using a one-tailed Wilcoxon's Signed Rank
test. When intra-individual similarity was significantly lower than inter-
individual similarity for the same listener the listener was categorized
as having an idiosyncratic switching pattern.

2.4.2. Multi-dimensional scaling of the individual switching patterns
Based on the inter-individual K-L distances of the listener transition

matrices, Multi-Dimensional Scaling (MDS, Kruskal and Wish, 1978)
was set up to find the main dimensions characterizing listeners’ per-
ceptual switching behavior in the auditory streaming paradigm. MDS
uses the distances between data points to extract the dimensions ex-
plaining the variance of the data. “Stress values” (Kruskal and Wish,
1978) assess how well the observed distance matrix is reproduced by a
given MDS configuration. A linear stress criterion was used as an index
of the goodness-of-fit, which is the stress value normalized by the sum
of squares of the inter-response distances. The number of dimensions
was determined using the scree test (Cattell, 1966), which evaluates the
stress values for different MDS solutions.

2.4.3. Functional network construction and network metrics
The Minimum Spanning Tree (MST; Kruskal, 1956; Stam et al.,

2014) algorithm was used for a topological representation of the
structure of the functional connectivity matrices. MST is a method to
construct a graphical representation of a network in which all nodes are
connected to each other without forming circles or loops. MST networks
were derived for each participant. Only those edges which were most
often present, i.e. the top 5%, in participants MST network (based on
the edge MST connection distributions) are shown in the figures. Edge
selection for visualization had no effect on the variables calculated from
the MST metrics. These are shown on circular graph plots based on the
Matlab function developed by Paul Kassebaum (http://www.
mathworks.com/matlabcentral/fileexchange/48576-circulargraph)
and on the cortical surface using the BrainNet Viewer (Xia et al., 2013).

MST functional networks were characterized by the following three
derived measures. 1) “Leaf fraction” gives an estimate of how much
periphery a network has by dividing the number of nodes with only one
connection by the total number of nodes. A high leaf fraction value
indicates a graph with a few centers and many peripheral nodes. 2)
“Tree hierarchy” provides an estimate of how hierarchical a network is
by the normalized rate of the number of connections per node. Low tree
hierarchy values indicate non-hierarchical networks with no distinct
centers, whereas high values indicate centralized, hierarchical net-
works. 3) Finally, the number of interhemispheric connections was
calculated. Examples for MST graphs with different characteristics
based on these measures are depicted in Fig. 2.

2.4.4. Correlation analysis
Measures originating from different methods were grouped into

categories: perceptual measures (8), questionnaire measures (3), ex-
ecutive function measures (3), and graph metrics measures (three graph
metrics with the six EEG frequency bands: 18). MDS dimensions were
interpreted by correlating them with the perceptual measures. Because
some of the variables did not have a normal distribution, and a nor-
mality transformation could have distorted their magnitude,
Spearman's rank-order correlations were used. Family-wise error was
controlled by a permutation method: the distribution of the absolute
values of the correlation coefficients under the null hypothesis was
estimated by permuting the values of all perceptual variables and cor-
relating them with the given MDS dimension 10,000 times. In each
permutation run, the highest absolute correlation coefficient was re-
gistered. The distribution of the maximal coefficients was used to es-
tablish the p-value of the observed correlation as the proportion of the
random correlations higher than or equal to the observed value (cf.

Farkas et al., 2016a). Both the empirical and family-wise error cor-
rected (marked as pfwe) p-values are reported.

3. Results

3.1. Idiosyncratic switching patterns and multi-dimensional scaling

Based on the K-L distances between transition matrices, 37 of 42
listeners (88.1%) showed significantly higher intra-individual than
inter-individual similarity, suggesting that they had an idiosyncratic
switching pattern (for the individual results see Supplement 4: Table 1).

The scree test indicated that two dimensions were sufficient for
describing the transition matrix space of the listeners' switching pat-
terns (MDS stress = .049). The first MDS dimension was positively
related to the proportion of the combined percept reports (r(42) =
.992, p< .001, pfwe< .001) and to the number of switches (r(42) =
.464, p= .002, pfwe = .016). It was negatively related to the proportion
of the integrated percept (r(42) = −.652, p< .001, pfwe< .001), to the
duration of the segregated percept (r(42) = −.477, p = .001, pfwe =
.010), and to the time to discover all perceptual alternatives (r(42) =
−.683, p< .001, pfwe< .001). This pattern of correlations indicates
that participants with high values on this dimension switched more
often, required less time to discover all perceptual alternatives, re-
ported segregation for shorter phase durations, and experienced the
integrated percept for lower and the combined percept for a higher
proportion of the time compared to participants scoring low on this
dimension. We term this MDS dimension Exploration. The second MDS
dimension was positively related to the proportion (r(42) = .675,
p< .001, pfwe< .001) and the duration of the integrated percept (r(42)
= .507, p= .001, pfwe = .004), whereas it was negatively related to the
proportion of the segregated percept (r(42) = −.887, p< .001,
pfwe< .001). This correlation pattern suggests that the second dimen-
sion separates participants who reported more integration and less
segregation from those with the opposite balance between these two
percepts. We term this dimension Segregation. We also noted that seg-
regation was reported first in 10.71% of the stimulus blocks, and the
combined pattern in 8.33% blocks. In the remaining stimulus blocks,
the integrated percept was reported first.

3.2. Functional networks

The functional connections appearing most often (top 5%) in the
listeners’MSTs are shown in Fig. 3, separately for the six EEG frequency
bands. In the delta band, the left ITG has the highest number of con-
nections (i.e., serving as a hub), predominantly with frontal regions.
Temporo-parietal networks are indicated in both hemispheres, whereas
in the left hemisphere, fronto-temporal connections are also present. In
the theta band, the left SMG shows connections with both frontal and
caudal regions. Left temporal regions, especially the ITG and STG dis-
play both frontal and caudal connections, including some interhemi-
spheric ones. The right hemisphere shows a similar pattern, but with
lower number of connections. In the lower alpha band, the number of
frontal and caudal connections is lower, while temporo-parietal con-
nections are more common compared to the delta and theta bands. Left
temporal and both parietal regions appear to have the highest number
of connections. In the upper alpha band, parietal regions become even
more prominent compared to the lower frequency bands, and the
number of frontal connections further decreases. The beta band is
characterized by shorter, predominantly temporo-parietal connections,
and no inter-hemispheric connections are present. The gamma band
connections remain local as was observed for the beta band, but the
connection density shifts back from parietal to frontal regions.

In sum, the lower frequencies show more inter-hemispheric con-
nections and hubs in the temporal, especially the left temporal, regions.
Moving from lower to higher frequency bands, the number of inter-
hemispheric connections decreases, and networks become less

D. Farkas et al. Neuropsychologia 108 (2018) 82–91

87



96 

 

 

centralized. Further, graphs from the lower frequency bands show more
fronto-temporal connections, whereas temporo-parietal connections
become more prominent in higher frequency bands.

3.3. Correlation with the EEG measures

Some of the graph metrics of the functional networks for the six
different EEG bands showed significant relationships with some mea-
sures characterizing switching in the auditory streaming paradigm as
well as with some executive functions. Results from the theta band
functional network graphs suggest that interhemispheric connections
within this band are positively related to the Segregation dimension of
the MDS (r(42) = −.418, p = .006, pfwe = .019) and also consistently
correlated with all of the perceptual measures associated with this di-
mension (see the Section “Idiosyncratic switching patterns and multi-
dimensional scaling”). Higher numbers of interhemispheric connections
result in larger proportion of segregation (r(42) = .388, p = .011, pfwe
= .035) and lesser proportion (r(42) = −.388, p = .011, pfwe = .033)
and shorter average phase duration of integration (r(42) = −.494, p =
.001, pfwe = .003). Further, more hierarchical networks are associated
with higher scores in the shifting executive function, namely higher tree
hierarchy was associated with lower cluster sizes (r(42) = −.390, p =
.011, pfwe = .035) and higher leaf fraction was associated with in-
creased number of switches between categories (r(42) = .454, p =

.003, pfwe = .009)
Graph metrics of both of the alpha and the beta band were related to

the Exploration dimension of the MDS. For the lower alpha band, more
connections between the two hemispheres is related to higher values in
Exploration dimension of the MDS (r(42) = .375, p= .014, pfwe = .041)
and a larger proportion of the combined percept (r(42) = .371, p =
.016, pfwe = .044), which is a correlate of Exploration. Correlations
found between MST measures for the higher alpha (r(42) = .384, p =
.012, pfwe = .037) and beta (r(42) = .385, p = .012, pfwe = .037) bands
and perceptual measures suggest that functional networks with a higher
percentage of peripheral nodes (more centralized networks) are ac-
companied by longer times for discovering all perceptual patterns,
which is negatively related to Exploration. In the upper alpha band, the
percentage of peripheral nodes of the MST was also positively related
with the average phase duration of the integrated percept (r(42) =
.383, p = .012, pfwe = .035) and negatively with inhibition in the
Stroop task (r(42) = .381, p = .013, pfwe = .038).

4. Discussion

The aim of the current study was to test whether the two main di-
mensions explaining inter-individual variance in perceiving auditory
streaming stimuli are associated with different functional brain net-
works. The proportion of participants with idiosyncratic switching

Fig. 3. Functional connections appearing most often (top 5%) in the listeners’ Minimum-Spanning Tree graphs for the six EEG bands. From upper left to lower right, panels
represent functional connectivity in the delta, theta, lower alpha, upper alpha, beta, and gamma bands. Each panel contains visualization of the edges on three plots of the cortical surface
(top, left, and right view), where dots represent the spatial locations of the EEG sources reconstructed for the 16 ROIs (nodes in the graphs) in MNI space. The size of the dot represents the
number of connections of the ROI. Edges are also shown on abstract circular graphs. The left and right sides of the circle represent the two hemispheres. The color of the ROI dots (for
abbreviations, see Table 1) indicates the lobe (the unit of interpretation): red – frontal, yellow – cingular, green – temporal, blue – parietal. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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patterns was similar to that reported by Farkas et al. (2016a). The main
dimensions of the switching patterns—Exploration and Segregation—
were the same as the ones previously found by Farkas et al. (2016a) and
similar to the those observed by Kondo et al. (2017), and showed very
similar patterns of correlations with perceptual measures as the ones
found in these previous studies. Functional networks derived from the
EEG data suggest that these perceptual differences are accompanied by
different functional connections in the brain.

Based on these results, it appears that the main dimensions of in-
dividual differences in auditory streaming are quite consistent. That is,
listeners’ experience of auditory streaming can be largely described by
two dimensions. The first, one is the tendency to explore the environ-
ment and the second is the tendency to perceptually segregate versus
integrate incoming sound events. The observed EEG functional con-
nectivity as a function of frequency band is compatible with the as-
sumed functional role of low- and high-frequency oscillatory networks
in the brain (Smith-Bassett and Bullmore, 2006): power in lower fre-
quency bands may reflect the integration of information across anato-
mically distant areas and they connect through a few hubs, whereas
higher frequency bands are probably associated with short-distance
connections mediated by a larger number of hubs. Note that the border
between low and high frequency bands varies in the literature. Here we
only regard delta and theta as low-frequency oscillations. In the lower
frequency bands, we found functional networks with the hubs often
located in left temporal areas. These regions displayed several con-
nections to anatomically distinct areas as well as many interhemi-
spheric connections. In both alpha bands, there are long-range as well
as local connections. Parietal regions were often involved within these
networks. In the two higher frequency bands (beta and gamma), local
connections were more typical.

Characteristics of each frequency-band network were linked with
the individuals’ experience of listening to the auditory streaming sti-
mulus. The number of interhemispheric connections in the theta net-
works correlated with the perceptual dimension Segregation: partici-
pants who reported segregation more than integration were
characterized by a larger number of interhemispheric connections than
those who reported more integration. The number of interhemispheric
connections observed for the lower alpha-band networks, was related to
higher incidence of the combined pattern and higher scores on the
Exploration dimension. Together, these results suggest that networks
mainly located in left auditory areas underlie the perception of in-
tegration, whereas perceiving the alternative patterns is accompanied
by stronger interhemispheric connections. A major difference between
segregated and combined is that they are associated with networks
operating over different EEG frequency bands. Whether this separation
is due to more complex temporal-spectral organization of the combined
compared to the segregated percept or to some other reason cannot be
deduced from the current data.

The current data has implications for how one can conceptualize the
build-up of auditory streams. Traditionally, it has been assumed that
integration is the default mode of auditory processing in stream seg-
regation and that it requires time to build-up separate streams (Anstis
and Saida, 1985; Bregman, 1990), although this assumption has been
challenged (Deike et al., 2012; Denham et al., 2013). The current data is
incompatible with the assertion that a default mode of the auditory
system processes sound sequences in terms of the integrated organiza-
tion, because in close to one-fifth of the experimental blocks, integra-
tion was not the first reported percept. The current data suggests that
whereas integration appears as a default tendency within (left) auditory
cortical areas, depending on the strength of inter-regional commu-
nication, the initial perception of a sequence may also be different. That
is, integration is not the default for the whole perceptual system.

The results also provide evidence that the combined percept is in-
deed a distinct perceptual alternative. Historically, the combined per-
cept has not been considered, and to now, only behavioral evidence
supports that it is separate from the two main (segregated and

integrated) alternatives (Denham et al., 2013, 2012, 2014; Farkas et al.,
2016a, 2016b; Kondo et al., 2017). The current data shows that the
perception of the combined pattern is associated with stronger con-
nections in a different frequency band than perception of the segregated
pattern. Thus, these results suggest that combined and segregated
perceptual patterns are characterized by different neural processes and
thus they should be distinguished in behavioral studies.

The upper alpha and beta frequency band network graphs were
related to the Exploration dimension. In both of these frequency bands,
the time required to discover all patterns was related to the leaf fraction
of the graphs. This indicates that individuals with fewer peripheral
nodes explore the auditory environment faster than those who have
more. Fewer peripheral nodes in a minimum-spanning tree graph sug-
gests that the number of possible edges is distributed more uniformly
across nodes, making the graph more decentralized and interconnected.
Thus, this result can be interpreted as suggesting that when brain re-
gions are more interconnected (in the upper alpha and beta bands), the
exploration of alternative patterns proceeds more quickly. Further, in
the upper alpha band, the presence of a larger number of peripheral
nodes was also related to increased average phase duration for the in-
tegrated percept. Given that the integrated pattern is reported initially
in over 80% of the stimulus blocks, this result probably reflects the
longer time needed to discover all perceptual patterns.

Taken together, the correlations found between EEG functional
network parameters and perceptual variables indicate that the main
dimensions explaining the variance of the individuals’ switching be-
havior are indicative of functionally distinct processes in the brain: the
perceptual dimension Segregation is linked with some characteristics of
theta-band networks and Exploration with lower- and upper-alpha and
beta-band networks. Further, the two most prominent constituents of
the Exploration dimension, the proportion of the combined responses
and the time needed to discover all patterns, were also linked with
network characteristics in different frequency bands. Thus, constituents
of the Exploration dimension are associated with different frequency
bands, which suggests that they are subserved by separate processes.
Whereas some constituents of the current Exploration dimension are tied
to the auditory streaming paradigm (such as the proportions and phase
durations of the specific percepts), others can be used to generally
characterize perception in complex scenes (such as the time to discover
all patterns and the frequency of switching between alternative per-
cepts). The different functional networks associated with these mea-
sures may reflect that the current Exploration dimension is related to a
more general tendency for exploration in individuals, which is colored
by the actual stimulus paradigm used to capture it.

Limitations of the current study mainly concern the source re-
construction of the EEG data. Source reconstruction gives a statistical
solution to the inverse problem concerning the sources of EEG signals,
thus the data from this analysis is only a model of the likely origin of the
observed signals. This model can be improved by constraining the
analytical procedure with additional information. MRI scans and elec-
trode localization data could increase the validity of this estimation.
However, we were not able to obtain this information. A further lim-
itation concerns the functional network construction using the func-
tional connectivity matrices. The Minimum Spanning Tree (MST,
Kruskal, 1956; Stam et al., 2014) method is fully automatic and data-
driven. An advantage of this is that network construction is not based
on haphazard choices of the threshold above which the most important
edges are selected. Due to the lack of previous functional network
analysis studies of the auditory streaming paradigm with EEG, this
method seemed an appropriate choice for this study. However, this
approach removes any possibility to parametrize the procedure based
on theoretical considerations. It should also be noted that MST creates
functional networks without forming loops within the graph. While this
enables the use of well-defined graph metrics, which were instrumental
in the current study, it is possible that some important local networks or
well-connected regions are missed using this method.
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In conclusion, these results show that listeners’ perception of the
auditory streaming paradigm is idiosyncratic and the main dimensions
on which they differ from each other, Exploration and Segregation, are
linked to different functional brain networks. The theta frequency band
is related to Segregation and its constituents, whereas the alpha and beta
frequency bands were found to be related to Exploration and its con-
stituents. It seems that a key factor for perceiving the segregated and
combined percepts lies in the connectedness between the left auditory
cortex and the right–hemispheric regions. The centralized vs. decen-
tralized nature of the upper alpha- and beta-band networks were linked
with the time to discover all patterns and the number of perceptual
switches. Thus, listeners’ idiosyncratic switching behavior during au-
ditory streaming can be described by behaviorally observed dimensions
which are rooted in distinct patterns of functional connectivity in the
brain.
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5. General discussion 

 The goal of the studies reported in the thesis was to identify dimensions that explain 

variance across individuals’ switching patterns in the auditory streaming paradigm and to find 

the correlates of these dimensions from personality traits, creativity measures, executive 

functions, neurotransmitter concentrations, and functional brain networks. An integration of the 

literature and the current results will be provided in the following three sections. First, the main 

findings of the studies of the thesis will be summarized. Second, a synthesis of personality and 

perception research with the main findings of the current studies will follow. Finally, 

outstanding and follow-up questions will be described along with some possibilities of how to 

answer them.   

 

5.1. Summary of the findings of the thesis 

Before turning to the main questions of the thesis, first the face validity of subjective 

perceptual reports was assessed in the auditory streaming paradigm. We have shown that catch 

trials–short segments of stimuli promoting one of the possible interpretations followed by each 

experimental block–can be used to screen participants with suboptimal understanding of the 

perceptual task. Further, these results showed that responses were valid in terms of that they 

were not significantly affected by either conscious or unconscious biases of the participants, 

such as their possible desire to act in accordance with the assumed expectations of the 

experimenter. In addition, we also found that when participants were instructed to switch their 

perception as often or as rarely as they could do, they reported more or fewer switches than in 

the neutral condition. These results are in line with previous ones testing voluntary effects on 

switching for various multistable phenomena (Pelton & Solley, 1968; Peterson & Hochberg, 

1983; Peterson, Harvey & Wedenbacher, 1991; Pressnitzer & Hupé, 2006; Rock, Hall & Davis, 

1994, Suzuki & Peterson, 2000; van Noorden, 1975). When participants were asked to press 



101 

 

response keys randomly while the stimuli were presented to them, the distribution of the phase 

durations were different compared to those conditions in which they were instructed to press 

the same response keys according to their perception. The distribution of  perceptual phase 

durations have been assumed to be either gamma or lognormal, but there is no consensus which 

one fits experimental data better (Brascamp, van Ee, Pestman & van den Berg, 2005; De Marco 

et al., 1977; Fox & Herrmann, 1967; Kondo & Kashino, 2007; Kondo et al., 2012; Lehky, 1995; 

Leopold & Logothetis, 1996; Levelt, 1967, Pressnitzer & Hupé, 2006). This was also the case 

in the current studies. However, the distributions calculated from the random and the 

perception-related responses were different from each other as was previously reported by 

Leopold (1997). This indicated that participants have probably tried to report their perceptual 

experience, when they were instructed to do so. 

 Previous studies tested the full switching patterns as characterized by transition matrices 

(Denham et al., 2014) and the number of switches as indicators of individual differences in the 

perception of multistable perception (Aafjes, Hueting & Visser, 1967; Carter & Pettigrew, 

2003; Crain, 1961; Frederiksen & Guilford, 1934; Genc et al., 2011; Kanai, Bahrami & Rees, 

2010; Kashino & Kondo, 2012; Kondo & Kashino, 2009; Kondo et al., 2012; Miller et al., 

2010). The number of switches is included in the switching pattern as characterized by 

transition matrices. In line with this, we found that individual variability in perceiving 

multistable phenomena can be more thoroughly described by the transition-matrix description 

than by the number/density of perceptual switches.   

We identified two dimensions on which individual switching patterns differ from each 

other, and these dimensions were similar across studies (groups of listeners). We termed the 

first dimension Exploration, because compared to having a low score on this dimension having 

a high score indicated fewer reports of the most frequent percept (integrated), more reports of 

the least frequent interpretation (combined), higher number of switches between the percepts, 
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and shorter time required to explore all possible interpretations of the stimuli (i.e., the delay 

from the beginning of the stimulus to the time at which all three alternatives have been reported 

at least once). The second dimension was termed Segregation, because having a high score on 

the dimension indicated reporting more segregated and less integrated percepts compared to 

having a low score. 

Functional brain networks were calculated for six frequency bands of EEG, delta (0.5-

4 Hz), theta (4-8 Hz), lower (8-10 Hz) and upper alpha (10-13 Hz), beta (13-30 Hz), and gamma 

(30-45 Hz). These networks were characterized for each participant by the number of 

interhemispheric connections within the network and how centralized or distributed the network 

was. Results showed that higher number of interhemispheric connections (mainly between the 

left temporal region and right frontal, temporal, and parietal regions in theta frequency band) 

was related to a higher proportion of segregated percepts. In the lower alpha frequency band, 

the same pattern was observed but for the combined percept: more interhemispheric 

connections were related to a higher proportion of combined percepts. Highly interconnected 

and decentralized networks in the upper alpha and beta frequency bands were associated with 

a shorter time required to discover all possible interpretations of the stimuli. Thus, it appears 

that characteristics of functional brain networks in the theta frequency band are related to the 

Segregation dimension, whereas both alpha and beta networks are related to the Exploration 

dimension. These results indicate that the dimensions explaining individual variability between 

switching patterns observed behaviorally can be linked to large-scale network activity in the 

brain. Further, a distinction between two forms of exploration is suggested by the data: one, 

which is tied to the perception of combined, thus closely related to the actual task of the listener 

and another, which is related to the time to explore all possible interpretations of the stimuli, 

which could be linked to a more general exploratory tendency of an individual. An important 

limitation of this study is that individual MRI recordings were not able during source analysis 
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leading to possible errors in localization. Due to this, exact connections between regions were 

only analyzed with a broad resolution. The functional connectivity calculation and functional 

network formation was based on this data and could be affected by these localization errors, but 

due to the characteristics of these analytical steps it can be assumed that the graph metrics were 

distorted by possible source localization errors. 

 Other correlates of the Exploration dimension have also been observed. First, the 

concentration of the glutamate-glutamine (Glx) neurotransmitter in auditory cortex was related 

to the Exploration dimension, such that participants with a higher Glx concentration reported 

more segregated and less combined percepts than the ones who showed a lower concentration 

of this neurotransmitter. Thus, higher Glx concentration measured before the auditory 

streaming task was correlated with the perception of stimuli in terms of two streams with 

grouping solely based on pitch-identity. In the inferior frontal cortex (IFC), the concentration 

of gamma-Aminobutyric acid (GABA) showed correlation in the opposite direction. Our 

functional brain network study suggested that the difference between the segregated and 

combined percepts correlated with two differences in functional networks. First, the left 

auditory cortex had more interhemispheric connections in those who observed more segregated 

and combined than those experienced these percepts less in the theta band and lower alpha 

bands, respectively. Second, the combined percept had more interhemispheric frontal and 

parietal connections than the segregated percept. Thus, it appears that excitatory processes in 

auditory cortex are generally responsible for hearing multiple streams instead of one. However, 

stream formation based on rules more complex than pitch similarity, such as that involved in 

perceiving the combined pattern, require also frontal activity. As GABA is an inhibitory 

neurotransmitter one may speculate about frontal inhibition of grouping by pitch similarity 

allowing the formation of auditory objects based on more complex rules. Another possible 

interpretation is that an inhibitory effect in frontal areas can act as an excitatory one in other 
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brain regions. Thus, inhibition in the IFC led to the facilitation of auditory cortical processes 

related to the combined percept. Both speculations emphasize that the brain operates on 

dynamic principles, and thus understanding the neural bases of perception requires theories that 

beyond identifying processes taking place in separate brain regions also take into account their 

interactions.  

Further, the Exploration dimension was found to be correlated with ego-resiliency in 

one of the current studies. Ego-resiliency (Block, 2002; Farkas & Orosz, 2015) measures the 

adaptive flexibility component of Block’s (2002) personality theory. In another one of the 

current experiments, a measure of everyday creativity (Batey, 2007) was correlated with the 

Exploration dimension. The lack of consistency regarding these findings across studies 

weakens their importance. However both measures are linked with the exploratory tendencies 

of an individual and they are highly correlated (Farkas & Orosz, 2015). Further, both measures 

were related to oxygenated hemoglobin functional networks: the more decentralized these 

networks were the more ego-resilient and creative the individual was. Thus, it appears that the 

exploratory tendencies of personality are linked with exploratory tendencies in perceiving 

auditory streaming stimuli, although the current data may be too noisy to draw strong 

conclusions. 

 

5.2. Synthesis with previous theories 

 Perception does have subjective aspects. It is only argued, how much of perception is 

subjective compared to its common aspects. Due to its subjective nature, individuals differ in 

how they perceive and interpret the world. Multistable perceptual phenomena provide a good 

tool for examining the subjective aspects of perception, because even though the stimulus is 

constant, perception inevitably switches between possible interpretations of the stimulus 

(Bendixen et al., 2010; Deike et al., 2012; Denham & Winkler, 2006; Denham et al., 2013; 
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Gutschalk, Micheyl, Melcher, Rupp, Scherg & Oxenham, 2005; Leopold & Logothetis, 1999; 

Pressnitzer & Hupé, 2006). Therefore, while individuals can perceive the stimuli within some 

bounds, they are different in exactly how they perceive it over time. 

 In the current thesis, exploration explained the highest amount of variance from the 

inter-individual variability observed in the auditory streaming paradigm. Exploration is defined 

as any behavior or cognitive process that aims to reduce uncertainty, which individuals may 

experience as anxiety (DeYoung, 2013). In the case of multistable stimuli, uncertainty increases 

due to the inability of to commit oneself to a single interpretation of the stimulus due to its 

ambiguity. Uncertainty and anxiety is a signal that the stability of the individual is at risk, thus 

the brain tries to decrease uncertainty in some way (DeYoung, 2013). In Block’s (2002) model 

of personality, the autochthonous assimilability (AA) of ambiguous stimuli proposes a high 

processing demand for the perceptual apparatus (PA) because anxiety increases in the system. 

PA can process the stimuli using its two functions: articulation and permeability. These 

functions produce different solutions based on the disposition of the individual. Together, the 

articulation and permeability functions of the PA can be mapped onto exploration in the 

following way: 1) low articulation and permeability corresponds to simplistic, categorical 

processing of information with less regard to the stimuli and new information, which leads to 

experiencing fewer alternatives and fewer switches compared to 2) high articulation and 

permeability, which corresponds to multifaceted, stimulus–driven, and exploratory processing 

leading to more interpretations being considered, higher number of switches between them, and 

probably less delay before discovering all possible interpretations of the stimulus. Both 

strategies lead to a decrease in anxiety and uncertainty as the bounds of possibilities are 

explored. Another description can be offered by basing on the goal of maintaining stability. 

Facing ambiguous stimuli makes switching between alternative interpretations inevitable (e.g. 

Denham et al., 2013). Thus, uncertainty is never depleted. The brain aims to predict a range of 
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possible interpretations of the stimuli and while one interpretation is perceived, it is 

continuously exploring the environment to gather new information to decrease prediction error 

and minimize free energy (Friston, 2005; Hohwy, 2007; Winkler et al., 2012). 

 The assumed process described above raises the question whether exploratory processes 

observed in perception and exploratory tendencies described in personality are a general 

disposition of an individual which as a top-down process affects many cognitive functions or 

separate exploratory tendencies and processes exist in various cognitive functions. For example, 

in models of perceptual switching, it is known that adaptation alone cannot fully account for 

the observed behavior (as it would lead to periodicity); other processes modelled as noise effects 

also contributes to switching (Brascamp et al., 2006; Kim et al., 2006; Lankheet, 2006; Moreno-

Bote et al., 2007). It is possible that the processes modelled as noise are exploratory tendencies, 

but whether it is a general or a local process cannot be inferred from the current data. However, 

the observed voluntary control over perceptual switches and the correlation between the 

Exploration dimension on one side and ego-resiliency and/or creativity on the other suggest that 

exploratory processes can be facilitated in a top-down manner. Thus, even if multiple separate 

exploratory processes function within the human brain, they can at least facilitate each other.  

The functional networks activation observed while listening to the auditory streaming 

stimuli suggest that exploration may stem from at least two distinct processes. First, the 

correlation between the number of interhemispheric connections in the lower alpha frequency 

band and the proportion of combined responses indicates a form of exploration that are probably 

specific to the auditory streaming paradigm. Second, the correlation between the time to explore 

all perceptual patterns on one side and the some topological features of the networks in the 

upper alpha and beta frequency band (how distributed and hierarchical they are) suggests the 

existence of a form of exploration whose function is to quickly explore the environment. I 
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suggest that this second form of exploration is more general, and it could be also related to other 

exploratory and perceptual processes. 

 Exploratory processes–whether a single general or multiple specific ones–show 

characteristic tendencies in each individual, as inter-individual variability is present in a number 

of measures of exploration in personality psychology, such as extraversion (Eysenck, 1967, 

Costa & McCrae, 1995), the plasticity meta-trait (DeYoung, 2006), the behavioral approaching 

system (Gray, 1990), or ego-resiliency (Block, 2002) as was also observed for multistable 

phenomena in the current thesis. It has been found that intentional effects on switching has high 

individual variability and the exploration dimension itself has been identified on differences 

between the switching patterns of individuals. Instead of assuming that exploratory processes 

of an individual are dispositions, as personality traits are proposed to be (e.g. Eysenck, 1967, 

Costa & McCrae, 1995), it is more likely that the source of individual variability is associated 

with dynamic interactions between the environment, the level of uncertainty, and whether 

exploration can be utilized for decreasing uncertainty in the specific situation. For multistable 

phenomena, the source of individual variability in exploration stems from interactions between 

the context and the individual. This may appear as the individual’s involvement in the situation. 

Involvement in the situation can determine to what degree the individual uses exploration as a 

tool to decrease uncertainty: disinterested individuals explore less than interested ones. 

However, because switching is inevitable, some form of exploration should always be present 

for monitoring the environment and preparing new predictions.  

 The concept of exploration is useful for explaining a large variety of psychological 

phenomena, such as perception, motivations, personality. Exploration functions as a tool to 

decrease uncertainty by gathering more information about the environment. In perceptual 

multistable phenomena, uncertainty builds up due to the ambiguous nature of the stimulus. 

Exploration can be used to decrease this uncertainty. Individuals differ from each other on how 
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they utilize exploration for this purpose. As a consequence, the Exploration dimension explains 

the largest amount of individual variance in the perception of the auditory streaming stimulus. 

5.3. One vs multiple exploratory processes: A possible future direction for 

research 

The main question following from the studies reported in the thesis is whether there is 

a single exploratory process or multiple exploratory processes function in the human brain. If 

exploratory tendencies stemmed from a single process, exploration in perception and 

exploration measured as a general personality tendency would rely on common brain networks. 

This network could be primarily governed by perceptual processes focusing on collecting more 

information, which would then also manifest in personality. The other possibility is that 

exploratory processes originate in areas of the brain which are responsible for integration of 

pre-processed information, affecting perceptual processes in a top-down manner to gather more 

information. If there are multiple exploratory processes in the brain, individuals could be 

characterized by different exploratory tendencies in different tasks, and different brain networks 

could be responsible for motivating the gathering of new information in different situations. 

This problem cannot be addressed by a simple correlation between exploration measured in 

perception and personality, because while it could suggest connections between the two, it is 

also possible that multiple separate exploratory mechanisms function similarly within an 

individual due to the common genetic background and social learning history. 

One way for possibly shedding some light on this matter is to compare multistable 

phenomena across the visual and auditory domains. Although this does not answer the above 

question, in general, if exploration is domain-specific, then the notion of a centrally generated 

exploratory tendency can be ruled out. In the introduction, various similarities along with some 

differences were detailed regarding auditory and visual multistable phenomena. A recently 
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accepted study from our research group (Denham et al., 2018) indicates that instead of a central 

hub responsible for perceptual switching (Carmel et al., 2010; Kanai et al., 2010, 2011), 

separate, modality-specific mechanisms functioning along similar principles can be found. In 

this study, we tested whether measures of exploration, such as the number of switches and the 

time required to explore all possible interpretations of the stimuli, were correlated across 

modalities. Finding such correlations would suggest that a common exploratory mechanism 

functions in both modalities. The results were mixed in this respect, because although the 

number of switches was correlated across modalities, the time required for discovering all 

perceptual patterns was not. Thus, this data confirm neither the single-process nor the multiple-

process model of exploratory tendencies. As for assessing the causes of perceptual switching in 

response to ambiguous stimuli, the results of this study suggest that modality-specific processes 

functioning along similar principles determine perceptual switching. This conclusion is 

supported by the lognormal distribution of the perceptual phases, whose parameters were 

different for the auditory and visual modalities. The lognormal distribution itself indicates that 

a large number of independent random processes jointly determine the observed behavior (Zhou 

et al., 2004). 

Further, data from the above experiment provided information on the sequential 

dependence of perceptual phases, which complements those obtained by the already published 

studies (Barniv & Nelken, 2015; Pastukhov & Braun, 2011; van Ee, 2009). Switches are 

generally regarded to be generated by stochastic processes (Blake et al., 1971; Borsellino et al., 

1972; Fox & Herrmann, 1967; Leopold & Logothetis, 1999; Levelt, 1965; Murata et al., 2003; 

Walker, 1975; see also noise in models of perceptual switching: Brascamp et al., 2006; Kim et 

al., 2006; Lankheet, 2006; Moreno-Bote et al., 2007). Considering them in terms of exploratory 

processes, sequential dependence of phase durations indicates that there are certain 

characteristics of exploratory processes that affect the time between switches and that these 
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characteristics have individual variance. Thus, exploration can drive switching between 

alternative interpretations of the stimulus. However, as of yet, it is difficult to determine how 

exploratory process(es) contribute to perceptual switching, because, as was detailed earlier, the 

way exploratory processes function is highly dependent on the coupling between the 

characteristics of the individuals’ exploratory tendencies and the situation (such as the given 

experimental paradigm). It is possible that an individual has well-functioning exploratory 

processes in some situations but not in others. This may be another source of individual 

differences which would be difficult to assess with a single method due to its possibly situation-

specific nature. Based on the notion of “behavioral invariance across situations” from the 

Cognitive-Affective Personality System (Mischel & Shoda, 1995), a possible solution to this 

problem could be achieved by monitoring the participants’ behavior using a short experience 

sampling method (Larson & Csíkszentmihályi, 1983), e.g., implemented as a mobile phone 

application. This would allow one to collect data multiple times within a day in real-word 

situations. Collecting data this way for weeks would then allow an assessment of individual 

characteristics of exploratory processes across a wide variety of real-life situations. It would 

also help to answer the question of the generality vs. situation-specificity of exploratory 

processes by identifying (through self-reports) those situations in which the individual showed 

exploratory behavior, and checking consistency between these situations by analyzing their 

content. 

The necessity of exploration in perception is well-illustrated by new deep learning 

algorithms. These algorithms are programmed to “doubt” themselves when their predictions are 

not fully supported by data. This “doubt” leads to revising the available information and to 

further exploration (Chow, 2018). “Doubt” in an artificial intelligence (AI) system can be 

interpreted similarly to anxiety of humans based on the models proposed by Block (2002) and 

DeYoung (2013). According to these models, when the system cannot function optimally, some 
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tension is generated, which humans experience as anxiety. This anxiety is a cue for the system 

that the amount of uncertainty became high and the system is out of balance. Being out of 

balance initiates processes, such as exploration and/or avoidance to reduce anxiety and 

uncertainty. The predictive coding view (Friston, 2005, Hohwy, 2007) proposes a similar 

mechanism: predictions and/or avoidance are used to decrease uncertainty. Along these lines, 

“doubt” in AI has a similar function as a cue for initiating exploratory processes to decrease 

“doubt” and thus taking steps towards the solution of the AI’s task. If no solution can be 

reached, the AI may stop the processing. Exploratory functions can decrease the likelihood of 

this outcome. Such AIs are designed to learn all the time, similarly as human intelligence was 

evolved to do so. Success in deep learning algorithms utilizing exploration as a response to 

uncertainty indicates that exploration in humans is probably also required to learn and adapt to 

the environment. Thus, research of exploration in humans can provide a good source of 

knowledge to further develop these algorithms as well as deep learning algorithms can be used 

to gather more insight about human exploration. 
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