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Introduction

For the presentation of virtual sound sources over head-
phones, the individual direction dependent head-related
transfer functions (HRTF) are needed. In order to re-
duce the number of required HRTF measurements, it is
common to measure a limited number of HRTF's and to
interpolate the HRTF's for the directions in between. Dif-
ferent interpolation methods are analyzed in this study,
both objectively and perceptually.

HRTF interpolation methods

Four different methods for spatial HRTF interpolation
are implemented and evaluated. The most straight-
forward method is the linear interpolation of adjacent
head-related impulse responses (hrir) in the time domain
(method 1). It has to be considered that the initial de-
lay of each hrir has to be matched to avoid errors by
destructive interpolation. The temporally matched hrirs
are interpolated by using linear and cubic spline interpo-
lation functions. The second method is the linear inter-
polation of HRTF magnitudes by principal component
analysis (PCA) and minimum-phase reconstruction (see
[1]) (method 2). Based on the HRTF magnitudes, the ba-
sis functions and the corresponding weighting functions
obtained by PCA are calculated. In this study, the maxi-
mum number of weighting functions are interpolated lin-
early using an order of 257. The obtained HRTF's were
represented by their minimum-phase components. The
third method is the separate linear and spline interpola-
tion of HRTF magnitudes and group delays in the fre-
quency domain (method 3). The fourth method is the
linear and spline interpolation of complex-valued HRTFs
in the frequency domain with a linearized phase for fre-
quencies above 1500 Hz (method 4), which seems reason-
able due to findings in [4] and [5]. For all methods the
initial delays were estimated by calculating the maximum
of the Hilbert envelope of the impulse responses in the
time domain. These delays were interpolated separately
to re-synthesize the interaural time delays (ITD).

Objective evaluation

In order to objectively evaluate the interpolation meth-
ods, a HRTF dataset of 72 directions in the horizontal
plane (elevation ¢ = 0°, azimuth 6 = 0, ...,355°) with a
grid resolution of A¢ = 5° measured with an artificial
head (G.R.A.S. KEMAR) was used. The spectral distor-
tion and the error of interaural phase differences (IPD)
between the measured HRTF and the interpolated HRTF
(centered between adjacent directions) are determined.
The grid resolution of interpolation was 10°.
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Spectral distortion

Regarding the psychoacoustic aspects of the auditory fil-
ter bands on the basilar membrane the spectra of the
HRTFs were divided into 39 gammatone filter bands.
The differences of log-magnitudes in each filter band be-
tween measured and interpolated HRTF's in the horizon-
tal plane were calculated by
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where HRTF pcas,4,0 is the measured HRTF magnitude
and HRTFjy ;¢ is the interpolated HRTF magnitude at

the i-th filter band and direction 6.
The absolute error ¢; g of left and right earside are added
and the mean across all filter bands is determined as

39

1
Lcrit,e = @ Z(‘Q,H,left‘ + |6i,0,right|)~
1=1

(2)

Leyitp is related to the approach by Minnaar et al. [3].
Hence, a single measure for each direction is obtained to
describe the spectral error by interpolation. The distri-
bution of the results of all directions is depicted in the left
graph of fig. 1. It can be seen that the interpolation in
the time domain (method 1) induces large magnitude er-
rors, mainly at contralateral directions. This causes the
high variance of the absolute errors. The other methods
yield more robust performances regarding the spectral
error. Method 4, which is very similar to method 1, ex-
cept that it is in the frequency domain and the phase for
f > 1500 Hz is linearized, doesn’t show such large errors.
This can be explained by the fact that the phase lin-
earization can avoid spectral distortion caused by phase
differences between HRTF's of adjacent directions.

IPD error

The phase error is determined by comparing the IPDs of
measured and interpolated HRTFs at different azimuth
directions for frequencies 100 Hz > f > 1300 Hz. The
absolute IPD differences are reciprocally weighted with
ITD-thresholds (see [4]) and summed up to
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where Af is the frequency resolution of the FFT. ERB
is the equivalent rectangular bandwidth, IPDe.s and
IPDj,¢ are the measured and interpolated IPDs and



¢ynp(f) is the interaural phase difference threshold from
[2]. The results shown in the right box of fig. 1 illus-
trate the rather bad IPD re-synthesis using method 2
with the minimum-phase reconstruction, leading to the
largest IPD errors. Method 1 and method 4 are identical
in the frequency range below f = 1500 Hz, showing the
same performance with the lowest IPD errors due to in-
terpolation of the original phase in this frequency range.
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Figure 1: Right box: Distribution of spectral distortion for
all directions. Left box: Distribution of the IPD error for all
directions.

Listening test

For the listening test, the individual HRTFs of each of
the eight participants were measured at 15 azimuth direc-
tions (five loudspeakers with a spatial resolution of 2.5°
at each of @ = 0°, 90° and 225° directions). The HRTFs
were measured simultaneously to avoid influence by head
movements. Pulsed white noise, bandpass limited for
200 Hz > f > 16000 Hz was filtered with measured
(reference signal) and interpolated HRTFs (test signal)
and presented at 8 = 0°, 90° and 225° over headphones
(Sennheiser HD 800). The task of the subjects was to
evaluate the test signal with respect to the reference sig-
nal regarding the perception of overall quality on a cat-
egory scale. The results of the perceptual evaluation of
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Figure 2: Subjective evaluation of overall quality for differ-
ent azimuth directions (6 = 0°, 90° and 225°). All methods
shown here use linear interpolation.

the overall quality for the grid resolution of 10° (in fig. 2)
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show the best performance for method 1 and method 4 for
all directions. The Wilcoxon signed-rank test indicates
no significant difference between these two methods in
all conditions (p > 0.0732, a = 0.05), except for § = 90°
and 10° grid resolution. In this condition method 4 is
significantly different from method 1 (p = 0.006). The
overall quality of the PCA with minimum-phase recon-
struction was significantly worse than the other methods
in most conditions. This is in line with the results of the
introduced IPD errors. However, at # = 0° all methods
show similar performances.

Conclusions

The comparison between method 1 and 4 indicates that
the phase linearization in method 4 may reduce destruc-
tive interferences caused by noisy phases of adjacent
HRTFs bins, which is evident for method 1. The lis-
tening experiment indirectly confirms no significant au-
dible artifacts of phase linearization for frequencies above
1500 Hz. Further, the results imply that the HRTF in-
terpolation by PCA works well for the magnitudes, but
the minimum-phase reconstruction introduces large IPD
errors, which may explain the poor perceptual overall
quality of this method. The results of the objective evalu-
ation and the listening experiment indicate that the over-
all quality is correlated to an appropriate re-synthesis of
original IPDs at lower frequencies. This cue seems to
be very important for an authentic perception of virtual
sound sources over headphones. However, the results in
fig. 1 are based on KEMAR HRTFs. For a more ex-
act examination of the influence by spectral distortion,
individual HRTF's need to be considered.
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