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1. Introduction

A head-related transfer function (HRTF) represents
the transmission characteristics from a sound-source
to an ear of a listener. Modeling of HRTFs is im-
portant for such applications as the reproduction of
virtual sound images. A conventional all-zero model
(FIR filter) or pole/zero model (IIR filter) is usually
used for modeling the HRTFs, but all the parameters of
the conventional models change when the source direc-
tion changes. In this paper, we first extract the com-
mon factors from HRTFs corresponding to the different
sound directions. Then, we model the HRTFs with
the estimated common factors and individual parame-
ters, which depend on the sound directions, as shown
in Fig. 1.

2. Common-acoustical-pole and zero model

HRTFs have resonance systems composed of the
pinna .and ear canal.? The poles in these resonance
systems can be considered as common to all HRTFs
corresponding to the different sound directions. There-
fore, the common-acoustical-pole and zero model
(CAPZ model)® can be used for modeling the HRTFs.
The CAPZ model represents the acoustic transfer func-
tion by common acoustical poles estimated from
multiple transfer functions and different zeros. In
this paper, the HRTFs on the horizontal plane are
considered as shown in Fig. 2.

Now, the HRTF G(0, z) (where G0, z)=G, (0, z)
or Gy(0, z) as shown in Fig. 2) from a source located in
direction & at distance r to the left or right ear can be
expressed by the CAPZ model
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Here, p, denote common acoustical poles, which are
independent of the sound directions 0, ¢,(6) denote
zeros, which depend on the sound directions 0, a, de-
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note common AR coefficients corresponding to the
common acoustical poles p,, b,(0) denote MA coeffi-
cient corresponding to zeros ¢,(0), and P and Q are the
orders of poles and zeros, respectively. The distance r
between the source and the listener is set constant.

3. Measurement of the HRTFs

The impulse responses of the HRTFs on the hori-
zontal plane were measured in an anechoic room using
a dummy head (B & K: TYPE4128). Sound direction
0 was set in intervals of 15 degrees. The frequency
band was 100 Hz to 20 kHz, and the sampling fre-
quency was 48 kHz. Figure 3 shows the frequency
responses of the measured HRTFs of the left ear from
0 to 330 degrees every 30 degrees. The peaks, for
example, at 3 kHz, 9 kHz, and 13 kHz are common to
all HRTFs, so they can be estimated as common acous-
tical poles.

4. Estimation of the common acoustical poles
The common acoustical poles p, are estimated as the
common AR coefficients @, that minimize the following
index I:
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Here, €.4(0,, k) is the equation error® for each direction
6., given by
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@k)=1 (k=0), 8(k)=0 (k+0).)
and g(0,, k) is the measured impulse response for each
direction 0, (i=1,2, ..., M).
P and Q were selected to minimize the sum of P and
Q that satisfies the following modeling error E(0,) of
—25dB.
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Here, €,,.(0;, k) is the output error between the mea-

sured impulse response g(f;, k) and model impulse
response y(0,, k).

277



B(G,. Z)

75862, 2) [ B(6z.2) Common
— p factors
TG6s2) | [P |B6sa) | |* | "/A)

} i
i
----- aows—1 |  [oous

Fig. 1 Effective modeling of multiple head-related
transfer functions (HRTFs).
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Fig. 2 Head-related transfer functions between a
source and a listener’s ears.
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Fig. 3 Frequency responses of the measured

HRTFs of the left ear.
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Finally, we chose P=20 and Q=40.

Figure 4 shows the frequency response of the transfer
function with common AR coefficients that were es-
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Fig. 4 Frequency response of the transfer function
with the estimated common AR coefficients.
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Fig. 5 Modeling errors of the conventional all-
zero model (60 MA coefficients, black bars) and
the common-acoustical-pole and zero model (20
common AR coefficients 440 variable MA
coefficients, shaded bars) for HRTFs.

timated with 12 HRTFs of the left ear corresponding to
the sound directions from 0 to 330 degrees every 30
degrees. Common peaks at 3, 9, and 13 kHz shown in
Fig. 3 are extracted as shown in Fig. 4. These peaks
correspond to the resonances of the outer ear.

5. Evaluation of the CAPZ modeling of HRTFs

The effectiveness of the CAPZ modeling of HRTFs
was evaluated by comparing the modeling error to the
conventional all-zero model having the same number of
coefficients. Since the CAPZ model had 20 common
AR coefficients and 40 MA coefficients, the conven-
tional all-zero model had 60 MA coefficients. The
HRTFs of the sound directions 15, 45, 75, 285, 315,
and 345 degrees, which were not used for estimating
common AR coefficients, were used for the evaluation.

Figure 5 shows the modeling errors of both models.
The modeling errors of the proposed model are as good
as those of the conventional all-zero model, even though
it uses a smaller number of variable parameters. These
results confirm that the common acoustical poles can
be estimated from HRTFs corresponding to the differ-
ent directions, and that the CAPZ model successfully
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Fig. 6 Impulse responses of (a) the actual HRTF ‘
and (b) the common-acoustical-pole and zero
modeled HRTF at 15 degrees.

represents the HRTFs. Figure 6 shows the measured
impulse response and the CAPZ modeled impulse
response at 15 degrees. Both impulse responses are
equivalent within a modeling error of —27 dB.

6. Conclusion

The common acoustical poles of HRTFs have been
estimated from HRTFs corresponding to the different
sound directions. The estimated poles correspond to
the resonances of the outer ear, When HRTFs are
modeled by the common-acoustical-pole and zero
model, the differences in the HRTFs for the different
sound directions can be expressed by the change in zeros
that are free from the effect of the common acoustical
poles.
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