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Extent of distribution of frequency domain on auditory system

A lot of computational models of auditory perception use the normal distribution based on the central limit theorem. However, it is not known whether the human auditory mechanism is based on the normal distribution or not. This study aims to investigate the distribution profiles of the frequency ranges (based on ERBN rate) on the auditory mechanism. In the experiments, tone cloud (TC) stimuli were used for presenting of tones which has several frequencies in random order. The TC stimuli were constructed several profiles of the distribution of the frequency domain (uniform, normal, t, and stable distribution) which has the tones from 12.5 ERBNnumber to 18.7 ERBN-number. Participants judged by repetition whether the presented TC stimulus was the uniform distribution or not. The result found that the auditory distribution profile is sharper than the normal distribution. This result suggests that the auditory model can improve by using a sharper to the normal distribution of the frequency range.

INTRODUCTION

Auditory perception varies with the context, especially immediately preceding sound. It is unknown how humans acquire the context. Repetition sound has caught the attention, e.g. auditory prediction, irrespective of the characteristics of the sound [START_REF] Masutomi | Sound Segregation via Embedded Repetition Is Robust to Inattention[END_REF]. The prediction of auditory stimulus was varied with that not only the repetition of the same sound but also the repetition of the same tone sequence which has a determinate frequency range [START_REF] Andreou | The role of temporal regularity in auditory segregation[END_REF]. These results indicate that humans predict the regularity of sound environment from tone sequence. On the other hand, it is known that the organizing of auditory attention from auditory sequences is difficult [START_REF] Mondor | Mechanisms of Perceptual Organization and Auditory Selective Attention: The Role of Pattern Structure[END_REF]. There are no known how humans pick the regularity or attention up from auditory sequences.

There are many computational models of perception of auditory sequences [START_REF] Szabo | Computational Models of Auditory Scene Analysis: A Review[END_REF]. The auditory perception models of tone sequence were proposed based on the probability distribution. These distributions are the gauss distribution [START_REF] Wrigley | A Computational Model of Auditory Selective Attention[END_REF] or the approximately log-normal distribution [START_REF] Mill | Modelling the Emergence and Dynamics of Perceptual Organisation in Auditory Streaming[END_REF]. Using the gauss or log-normal distribution can be explained by the central limit theorem. Their models suggested that the acquiring of the regularity or attention from auditory sequences is based on the normal distribution. However, it is unknown that the auditory prediction of humans is based on any distribution.

The prediction shape indicates the range of the regularity or attention to auditory sequences. The question of this paper is how probability distribution is human auditory prediction and how wider is the shape of the prediction on the frequency domain using the ERBNnumber. This paper aims to investigate the probability distribution of which humans use to the perception of auditory sequence.

The hypothesis of this study is that it is the external of human perception distribution if the participants of the experiment percept a distribution of the auditory sequence to the uniform distribution. This paper carried out the experiment on how the participants judge four types of the probability distribution to the uniform distribution or not.

METHODS

Probability distributions

Four types of probability distributions (uniform, normal, t, and stable) were used in the experiment. Figure 1 shows the distribution profile used in the experiment. This section has the reports about the probability density function (PDF) of the four distributions.

Uniform distribution

PDF of uniform distribution is used in this experiment as shown in Eqn. [START_REF] Masutomi | Sound Segregation via Embedded Repetition Is Robust to Inattention[END_REF].
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where 𝑋𝑋 denotes the random variable, 𝑎𝑎 and 𝑏𝑏 denotes lower and upper limit. In this experiment, 𝑎𝑎 was 12.5 (ERBN-number) and 𝑏𝑏 was 18.7 (ERBN-number).

Normal distribution

PDF of normal distribution is used in this experiment as shown in Eqn. (2).

) 2

) ( exp( 2 1 ) , ( 2 2 σ µ π σ σ µ - - = x x f ( 2 
)
where μ denotes the mean, 𝜎𝜎 2 denotes the dispersion. In this experiment, μ was 15.6 (ERBN-number) and 𝜎𝜎 2 was 1 (ERBN-number).

Student's t distribution

PDF of Student's t distribution is used in this experiment as shown in Eqn. (3). where ν denotes the degree of freedom, Γ(•) denotes the gamma function. In this experiment, ν was 5.

Stable distribution

Stable distribution [START_REF] Nolan | Stable Distributions -Models for Heavy Tailed Data[END_REF] can representation some probability distribution by four parameters ( α, β, γ, δ ). Stable distribution is not able to write by PDF but is written as Eqn. (4) using characteristic function 𝐸𝐸(𝑒𝑒 𝑗𝑗𝑗𝑗𝑗𝑗 ).
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where α is the first parameter for deciding the distribution profile, β is the second parameter for deciding the profile, γ is the scale parameter, and δ is the location parameter. α was 2, β was 0.75, γ was 1, and δ was 0 in this experiment.

Stable distribution can establish the asymmetric shape of the probability distribution relative to the frequency domain by changing the parameter β. This paper only considers the symmetric shape but the probability distribution of human perception might have the asymmetric. A study on the asymmetry of the probability distribution is future work.

Stimulus paradigm

Stimuli which were used in the experiment were tone sequence consists of 200 tones. Frequencies of these tones were generated based on any one of the probability distribution that is shown in section 2.1. The tone frequencies were randomly selected from the probability distribution that was determined on the ERBN scale. The frequency range of the stimuli was from 12.5 ERBNnumber to 18.7 ERBN-number in the uniform distribution.

Stimuli that have each 50 ms duration (5-ms raisedcosine ramps and a 40-ms steady-state) were presented repeatedly 200 times with interval for 50 ms by 1 sequence. The stimuli at 65 dB in the sound pressure level (SPL) were presented from the headphone (Sennheiser HDA565) via the audio interface (Roland OCTA-CAPTURE). The levels of the stimuli were calibrated using an artificial ear (B&K 4152) with a 2cm 3 coupler (B&K DB0318) and a sound level meter (B&K Type 2250).

Participants

Three normal-hearing listeners (3 male), aged 25-36, participated in the experiment. All participants have 15 dB or less at the healing level for both ears at octave frequencies between 0.125 and 8.0 kHz.

Procedure

Participants required to judge which was a distribution of the tone sequence "uniform" or "not-uniform" by pressing the keyboard after listening to the tone sequence. The distribution was selected from 6 distributions in random order. Participants had not known in advance about the presented distribution and the frequency range. Participants judge up to 12 times of repetition to each distribution.

RESULTS

The proportions of the response that the participants judged the uniform distribution were calculated for all of the presented distribution. A higher proportion indicates that the distribution of which the participant percepts wider and wider than of which the presented. The average proportion was calculated from the responses of all participants with each distribution. The results show fig. 2. The vertical axis shows the proportion determined to be uniformly distributed and the horizontal axis shows each probability distribution.

The result indicates that the uniform distribution was judged the uniform distribution at a high rate. On the other hand, the participants judged that the stable distribution was distinctively different from the uniform distribution. The proportions of the response that the participants judged the uniform distribution for the t and the normal distribution were the similar extent of the chance level. 

DISCUSSION

My hypothesis was that the shape of the probability distribution, which subjects judge to be uniformly distributed, is the shape of human auditory predictions. The proportion of the subject's response will be a chance level if subjects were not able to judge the uniform. The results were contrary to the hypothesis. The subjects' judgments were divided into three patterns. The first pattern was that the subjects judged just about the uniform as the uniform distribution. The second was that the subject's judgments were the chance level as the t and the normal distributions. The third was remarkable which there was one that was clearly not the uniform distribution.

The results, as three patterns of the subject's response, indicated that there is a relation between the perception of probability distribution and auditory attention. Because the difference of the response indicates the difference of focus point of the auditory attention. It is known that the edge frequency of distribution has been caught the attention under difficult tasks [START_REF] Weber | Effects of practice and distribution of auditory signals on absolute identification[END_REF]. This result might have been achieved by using the tail of the distribution as a cue to the decision.

On the other hand, there is this result that cannot be explained by the focus of attention on the tail of the distribution. As the tail of the probability distribution expands, its shape approaches a uniform distribution. Therefore, a distribution with a wider (heavy) tail is more likely to be judged as a uniform distribution. However, the results indicate that auditory attention does not focus on the tail of the distribution.

The lower top of the distribution was determined to be no uniform distribution. This result suggests that the human perception distribution might be wider than the t or the normal distribution. The vertical axis shows the proportion determined to be uniformly distributed and the horizontal axis indicates each probability distribution. A higher proportion indicates that the distribution of which the participant percepts wider and wider than of which the presented.
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Figure 1 .

 1 Figure 1. Comparison of the probability distributions used in the experiment. The dotted line shows the uniform distribution, the solid line shows the normal distribution, the dashed-dotted line shows the Student's t distribution, and the broken line shows the stable distribution. The vertical axis shows the probability density and the horizontal axis shows the variant of frequency.

Figure 2 .

 2 Figure 2.Result of the proportion determined to be uniformly distributed for each probability distribution. The vertical axis shows the proportion determined to be uniformly distributed and the horizontal axis indicates each probability distribution. A higher proportion indicates that the distribution of which the participant percepts wider and wider than of which the presented.
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