Proceedings of the Institute of Acoustics

POLYNOMIAL APPROXIMATION OF BINAURAL IMPULSE
RESPONSES FOR MOVING SOUND IMAGES

Mitsuo Matsumoto, Chiba Institute of Technology
Hirofumi Yanagawa, Chiba Institute of Technology

1. INTRODUCTION

Advances in computers and computer networks have enabled the development of
virtual auditory systems'. We also have developed a virtual auditory system, the
Integrated Sound Field Network (ISFN), that renders many auditory events and
describes these events using an artificial language, the auditory events modeling
language?.

Auditory events include not only static sound images, but also moving sound
images. In virtual reality systems, the sound image is moved by updating
coefficients of a digital filter convolution®. Changes in the coefficients may produce
clicks. A moving sound image can be simulated using a series of static sound
images. Therefore, moving a sound image smoothly and slowly requires a series of
slightly different binaural impulse responses. However, measuring many binaural
impulse responses is both difficult and time consuming.

Kistler and Wightman introduced a principal components analysis (PCA) that
extracts the five basic magnitude functions and approximates head-related transfer
functions as linear combinations of the basic functions*. They also introduced the
minimum-phase component of a binaural impulse response. Extracting the
minimum-phase component of a binaural impulse is similar to correcting for arrival
time. However, the responses interpolated using minimum-phase components do
not always result in minimum-phase responses. We have proposed an algorithm
that moves a sound image®. This algorithm consists of a time-variant convolution
and a method for interpolating binaural impulse responses that allows for arrival
time correction®.

For simulating a moving sound image, describing global changes in binaural
impulse responses due to changes in the sound source direction should be better.
Binaural impulse responses after arrival time correction gradually change due to
changes in the sound source direction. Therefore, we approximate a set of the
responses using a set of low degree functions. We evaluated the accuracy of the
approximation using the error ratio. We evaluated six binaural signals generated
using a rotating dummy head, or simulated using a conventional method and the
approximation method.
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Figure 3 Measured binaural impulse responses — left ear

2.2 ARRIVAL TIME CORRECTION

Figure 4 shows changes in the arrival time of the responses. The X- and Y- axes
denote the azimuth of the sound source and the sampled times. As the sound
source moves from kft to right, the arrival times of the responses for the left ear
increased.
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Figure 4 Changes in arrival times due to changes in azimuth of sound source
The responses after arrival time correction are shown in Fig. 5. Figure 5 also

shows that the responses gradually changed due to changes in the azimuth of the
sound source.
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For example, the 4"-degree function
£217a,2527¢,2*2d2% e 24,

where n and ? denote the sampled time and azimuth of the sound source. The
solid line plotted using the 4"-degree function approximates the asterisks on the
least square error basis. Therefore, as shown in Fig. 7, a set of binaural impulse
responses, h» (n), can be approximated using a set of low degree functions, f, (?).
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Figure 7 Set of binaural impulse responses and set functions for approximation

The set of binaural impulse responses shown in Fig. 3 were approximated using
the set of functions shown in Fig. 8.
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Figure 8 Binaural impulse responses approximated using 4th-degree functions
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3.2 OBJECTIVE COMPARISON

Figures 9(a) to (f) show spectrograms of the six binaural signals for the left ear.
The x-axis denotes the time transition from 0 to 9 sec. It also shows the changes in
azimuth of the sound source. The y-axis denotes frequency up to 22.05 kHz, and
the graduation shows the frequency amplitude characteristics.

Figure 9 (a) shows the spectrogram for the binaural signal recorded using the
dummy head. Since the dummy head was rotated manually, the binaural signal
was affected by time fluctuations. Since the sound source moved from the sunny
side of the left ear to the shady side during the sound source transition, the
frequency levels higher than 8 kHz decreased.

Figure 9 (b) shows the spectrogram for the binaural signal simulated using cross
fading. As compared to the spectrogram in Fig. 9 (a), many vertical pin stripes are
seen at regular intervals. Such stripes are perceived as ripples of the signal.

Figures 9 (c) through (f) show the spectrograms for the binaural signals simulated
using the approximation method. The changes in the frequency amplitude
characteristics higher than 8 kHz, shown in Fig. 9 (e) for 4™ degree function, due
to time transitions is the closest to that shown in Fig. 9 (a).

4. SUMMARY

We have proposed a method for approximating binaural impulse responses for
moving sound images using low degree functions. Global changes in the binaural
impulse responses due to sound source movement were approximated using a set
of low degree functions. Approximation accuracy was evaluated using the error
ratio. The error ratios were -15.1, -19.7, -21.0, and -23.1 dB for the 2"-, 3/-, 4.
and 5%- degree functions, respectively. The set of approximated binaural impulse
responses was similar to that of the measured responses.

Furthermore, six binaural signals were compared and the binaural signal simulated
using the approximation method of 4"- degree function was the closest to that
generated using the dummy head.
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