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Some Observations on Sensitivity to
HRTF Magnitude*

PABLO F. HOFFMANN, AES Associate Member, AND HENRIK MØLLER, AES Member
(pfh@es.aau.dk) (hm@acoustics.aau.dk)

Acoustics, Department of Electronic Systems, Aalborg University, DK-9220, Aalborg Ø, Denmark

The spatial resolution at which head-related transfer functions (HRTFs) are available is an
important aspect in the implementation of virtual spatial sound. How close HRTFs must be
depends on how much their characteristics differ between adjacent directions and, most
important, when these differences become audible. Thresholds for the audibility of differ-
ences in the spectral characteristics of HRTFs as a function of angular separation were
measured. Listeners had to discriminate between stimuli spectrally shaped with different
HRTFs but whose interaural time difference remained the same. Results showed that listeners
were more sensitive to changes in the vertical position than to changes in the horizontal
position. Results are discussed in connection with requirements for spatial resolution of
HRTFs in the synthesis of three-dimensional sound.

0 INTRODUCTION

When sound reaches our ears many reflections from the
torso, shoulders, head, and pinnae interact with the direct
sound path. This interaction introduces patterns to the
magnitude spectrum of the sound commonly characterized
by peaks and notches. These patterns vary in a complex
way as a function of the sound direction [1]–[3]. The
head-related transfer function (HRTF) fully describes the
sound transmission from a given direction, and thus
HRTFs can be used as filters to synthesize virtual spatial
sound. In this context, if the HRTF used to filter the sound
is changed, the corresponding change in the output of the
filtering is assumed to be perceived as a shift in the ap-
parent location of that sound.

Because different HRTFs give different spectral shapes
to the sound at the ear, differences between HRTFs may
not only cause an apparent shift in direction but also a
change in the perceived timbre. Evidence of this has been
reported in a study conducted by Langendijk and
Bronkhorst [4], who measured discrimination between in-
terpolated and measured HRTFs. Their results showed that
for broad-band stimuli presented with one-third-octave-
band levels randomized within ±3 dB on every presenta-
tion, a spatial resolution of 10°–15° was required so that

interpolated HRTFs generate the same spatial percept as
measured HRTFs. It was argued that because of the ran-
domization, changes in timbre were unlikely to be used,
and actually, listeners reported that the only reliable cue
was source location. If the one-third-octave levels were
fixed, the required resolution was 6°, suggesting that for
small spectral differences timbre-based cues appear to
dominate spatial cues.

The ability of the auditory system to detect variations in
the spectral pattern of sound, or profile analysis [5], has
been studied in terms of the detectability of changes in the
sign of spectral slopes [6], discrimination of broad-band
noise shaped with different speech-like spectra [7], detec-
tion of peaks and notches from a flat spectrum [8], [9], and
detection of a level increment in a single component rela-
tive to others in a multicomponent complex stimulus [10].
The motivation of this study is to explore the ability of
listeners to discriminate changes in the spectral pattern of
stimuli when HRTFs are used to produce these changes.
Discrimination is compared in a selected number of spatial
positions and for different directions of change. General
results show that the sensitivity to HRTF magnitude is
dependent on both spatial position and direction of change.

An important aspect of this experiment is that differ-
ences in the magnitude spectrum must provide the basis
for discrimination, and thus we do not want any differ-
ences in phase to be audible. To this purpose HRTFs are
implemented as minimum-phase filters. It has been shown
that it is perceptually adequate to approximate HRTFs by
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a frequency-independent delay to control the interaural
time difference (ITD) and minimum-phase filters to con-
trol the magnitude spectra [11].

1 METHOD

1.1 Subjects
Four paid subjects participated in the listening experi-

ment, one female and three males. Their ages ranged from
23 to 28 years. Subjects had normal hearing and they were
selected by means of a pure-tone audiometry screening at
less than 10 dB HL from 250 to 4000 Hz in octave steps,
and less than 15 dB HL for 8 kHz. All subjects had pre-
vious experience with listening experiments.

1.2 Stimuli and Apparatus
Broad-band pink noise (20–16 000 Hz) was used as the

source signal. The simulation of directional sound was
based on HRTFs measured with a resolution of 2° on an
artificial head [12]. Eight directions were selected in the
left half of the upper hemisphere. These directions are
referred to as nominal directions. Directions are given as
(lateral angle �, polar angle �) in a polar coordinate sys-
tem with horizontal axis and left–right poles. This system
is also referred to as the interaural–polar coordinate sys-
tem. Here the lateral angle ranges from −90° to 90°, which
corresponds to the left and right poles, respectively. Polar
angles of 0° and 180° correspond to the frontal and rear
portions of the horizontal plane, respectively, and 90° to
the upper portion of the frontal plane. Fig. 1 shows the
eight selected directions. Four directions were selected in
the median plane (0° lateral angle; 0°, 44°, 136°, and 180°
polar angle). Three directions were chosen on a cone of
confusion [(58°, 0°), (46°, 90°), and (54°, 180°)], and they
were selected to have the same ITD rather than being on
the same geometrical cone, thus the lateral angle varies
with the polar angle. The ITD for these directions corre-
sponded to −437.5 �s and was calculated from (46°, 90°).

Finally (90°, 0°) was also included, and its corresponding
ITD was −625 �s. ITDs were derived from the interaural
differences in group delay of the excess-phase components
of the HRTFs evaluated at 0 Hz. This procedure has been
shown to be adequate for the computation of ITDs [13].

The measured HRTFs—available as pairs of 256-
coefficient impulse responses—were truncated using a 72-
coefficient rectangular window. At a 48-kHz sampling rate
the resulting impulse responses had a duration of 1.5 ms.
This duration has been shown to be sufficient to avoid
audible effects of the truncation when using noiselike
stimuli [14]. To control the HRTFs at low frequencies the
dc value of each impulse response was set to unity gain as
described by Hammershøi and Møller [15, sec. 5.2]. Mini-
mum-phase representations of the dc-corrected impulse
responses were constructed using homomorphic filtering
[16, ch. 12].

Stimuli were played back using a PC equipped with a
professional audio card RME DIGI96/8 PST. The digital
output of the audio card was connected to a 16-bit D/A
converter (Big DAADi) set at a sampling rate of 48 kHz.
From the D/A converter the signal went to a stereo am-
plifier (Pioneer A-616) modified to have a calibrated gain
of 0 dB. To reduce the noise floor a custom-made 20-dB
passive attenuator was connected to the output of the am-
plifier. The stereo output signal from the attenuator was
delivered to the listener over equalized Beyerdynamic DT-
990 circumaural headphones.

Two 256-coefficient minimum-phase FIR filters were
employed in order to compensate for the left and right
headphone transfer functions. The equalization filters were
based on measurements made at the entrance to the
blocked ear canal on 23 subjects (none of whom partici-
pated in this listening test). Five measurements were ob-
tained from each ear and subject, and subjects were asked
to reposition the headphones between measurements.
Headphone responses were obtained using the maximum-
length-sequence (MLS) technique [17], and the results

Fig. 1. Nominal directions selected in upper hemisphere, left half. Directions are specified in an interaural–polar coordinate system.
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were in the form of 256-coefficient impulse responses for
each ear. Impulse responses were then transformed to the
frequency domain, and a representative transfer function
was calculated by taking the mean of all transfer functions
on a power basis. The equalization filter was designed
based on the inverse of this mean response. To avoid
excessive amplification at low frequencies due to the in-
version, the dc value of the inverse was adjusted manually
to unity gain. This value corresponded roughly to the ob-
served gain at low frequencies. To reduce the amplifica-
tion that also occurs at, and close to, the Nyquist fre-
quency, the calculated inverse response was replaced by a
low-pass filter for frequencies above 16 kHz. Fig. 2 shows
the subjects’ responses, the mean response, and the re-
sponse of the equalization filter for the left ear. In order to
obtain a time representation of the equalization filter, a
minimum-phase approximation was computed for each ear
using homomorphic filtering [16, ch. 12].

1.3 Psychophysical Procedure
Each nominal direction, with the exception of (0°, 0°), had

an associated set of neighboring HRTFs spaced symmetri-
cally about the nominal direction such that the absolute an-
gular span was 2°, 4°, 16°, 24°, and 32°. For the forward
direction the selected angles were 2°, 4°, 8°, 12°, 20°.
Measured HRTFs were not available for the angular span
of 2°, and therefore, these HRTFs were obtained by linear
interpolation between the minimum-phase impulse re-
sponses of the closest measured directions. For any nomi-
nal direction there were two modes of angular changes in
the HRTFs, namely, changes in lateral angle and changes
in polar angle. In the remainder of this paper these modes
of changes are referred to as directional modes. Fig. 3
shows a graphical representation of these directional
modes when the selected nominal direction is (0°, 0°). For
changes in lateral angle an arc is described along the hori-

Fig. 2. HRTFs measured on left ears of 23 subjects (gray lines). —— mean response; ––– response of equalization filter, corresponding
to inverse of mean response.

Fig. 3. Schemes of two directional modes used in experiment. Solid arrows—nominal direction [here (0°, 0°)]; dotted arrows—pairs
of adjacent HRTFs describing arcs for changes in: (a) lateral angle with angular separation �; (b) polar angle with angular separation �.
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zontal plane (angle �). For changes in polar angle HRTFs
along the median plane are used to describe the arc (angle
ø). Note that the midpoints of the arcs always correspond
to the nominal direction. For the particular case of (90°,
0°), where in the strict sense changes in polar angle cannot
be applied, changes along the frontal plane spanning the
angle vertically are used instead of changes in polar angle.

Discrimination of HRTF magnitude was estimated in a
three-interval, two-alternative forced-choice (3I 2AFC)
task using the method of constant stimuli. Stimulus and
interstimulus intervals were of 300-ms duration. The
stimulus presented on either the second or third interval
differed from the other two. Subjects were asked to iden-
tify the interval that differed (that is, the target stimulus).
They had to push one of two buttons to indicate a re-
sponse. A feedback light was used to immediately show
the subjects whether or not the response was correct. A 2-s
silence interval was used between trials.

On a single trial a given nominal direction, directional
mode, and angular separation were selected. The mini-
mum-phase HRTF for the direction corresponding to one
end of the arc (recall Fig. 3) was used to filter two of the
three sound intervals (one corresponding to the first inter-
val). This filter was regarded as the reference HRTF. The
remaining sound interval was filtered with the minimum-
phase HRTF for the direction corresponding to the other
end of the arc, that is, the target HRTF. Note that the ITD
of the nominal direction was used for both the reference
and the target HRTFs. For changes in lateral angle, the
spatial configuration of the pair reference–target HRTF
was selected randomly to be either left–right or right–left
from the nominal direction. Similarly, for changes in polar
angle the pair reference–target HRTF could be either
above–below or below–above the nominal direction.

1.4 Experimental Design
Subjects were in a sound-insulated cabin specially de-

signed for psychoacoustical experiments. For familiariza-
tion and practice, blocks of sixteen trials were used, and
only the largest angular separation was presented. As with
the main experiment, feedback was provided to the sub-
jects. Each subject completed three to four practice blocks.
Since subjects had recently participated in similar listening
tests and their performance was observed to be stable, no
further practice was necessary.

In the main experiment each combination of nominal
direction, directional mode, and angular separation was
presented 30 times. Thus a total of 2400 responses were
obtained per subject (8 nominal directions times 2 direc-
tional modes times 5 angular separations times 30 repeti-
tions). In a block of trials all angular separations were
repeated 15 times, and the order in which they were pre-
sented was random. The nominal direction and the direc-
tional mode were held constant within a block. Thus two
blocks were necessary to collect all data for one nominal
direction and one directional mode. Data were collected
during three sessions that were held on different days.
Blocks were distributed so that one session lasted from
about one hour and a half to two hours.

1.5 Psychometric Functions
Psychometric functions, as used in this work, describe

the total percentage of correct responses as a function of
angular separation. The proportion of correct responses p
obtained at each angular separation were used to estimate
psychometric functions for each subject and each condi-
tion. We assumed a logistic form of the psychometric
function. Its mathematical expression is given by

p̂ = � + �1 − ���1 + e−�x−�����−1 (1)

where p̂ is the estimate of p, x is the angular separation, �
is the threshold parameter, and � is the slope parameter
(shallow slopes correspond to large values of �). The pa-
rameter � corresponds to chance performance, and here is
fixed to 0.5 (the reciprocal of the number of alternatives
per trial). The threshold is defined as the angular separa-
tion that yields 75% of correct responses or, in other
words, the value of � for which p̂ equals 0.75. The slope
parameter � provides information about the rate at which
performance improves with increasing angular separation.

Psychometric functions were fitted using a least-
square criterion based on the iterative Gauss–Newton al-
gorithm. The fitting was performed on the log of the an-
gular separation.

2 RESULTS

2.1 Analysis of Individual Results
Psychometric functions were obtained for the audibility

of differences between minimum-phase HRTFs as a func-
tion of their angular separation. Fitted psychometric func-
tions and the proportions of correct responses for each
condition and subject are shown in Fig. 4. The abscissa
specifies the angular separation in degrees, and the ordi-
nate specifies the proportion of correct responses. Each
panel shows proportions and fitted functions for each
nominal direction. Results were generally consistent
across subjects and performance improved with increasing
angular separation.

Using the bootstrapping technique we computed confi-
dence limits for the estimated parameters of each psycho-
metric function. (We adopted this technique from the
analysis done by Lutfi et al. [18] on psychometric func-
tions for informational masking.) Fig. 5 shows the esti-
mated confidence limits. The bootstrapping technique
used to estimate confidence limits is described by Malo-
ney [19]. From the psychometric function fitted to the
empirical data we calculated the percent correct for each
angular separation, and assuming they are binomially dis-
tributed, a simulated percent correct was randomly drawn
for each angular separation, and a new fitting was per-
formed on the simulated percent correct. This operation
was repeated 10 000 times to provide 10 000 estimates of
the threshold and slope parameters. Then the 2.5% and
97.5% quantiles were taken as the 95% confidence limits.
The purpose of these calculations was to give the reader an
idea of the uncertainty of the estimated parameters. We
can observe from Fig. 5 that threshold and most slope esti-
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mates are reasonably good. Note that confidence limits for
slope increase with increasing �. This may be due to the
inverse relation between � and the slope of the psycho-
metric function, which suggests that reliable estimates of �
are difficult to obtain for shallow slopes.

2.2 Analysis of Mean Results
In order to observe group tendencies, the threshold pa-

rameter � and the slope parameter � were averaged across
subjects. Geometric means were calculated for the thresh-
old parameter and arithmetic means for the slope. Fig. 6
shows the calculated mean psychometric functions, and
the mean parameters are summarized in Table 1.

A two-factor within-subject analysis of variance with
nominal direction and directional mode as factors was

conducted on the logs of the thresholds. The analysis re-
vealed a highly significant main effect of nominal direc-
tion [F(7, 21) � 12.9, p < 0.001] and a significant main
effect of directional mode [F(1, 3) � 25.1, p < 0.05]. That
is, the thresholds for changes in polar angle were consis-
tently lower than those for changes in lateral angle. The
interaction between nominal direction and directional
mode was also significant [F(7, 21) � 3.2, p < 0.05]. This
can be attributed to the fact that for some directions the
thresholds for changes in polar angle were slightly lower
than for changes in lateral angle, whereas for other direc-
tions the difference was larger. A similar analysis on the
logs of the slope revealed a significant main effect of
nominal direction [F(7, 21) � 4.7, p < 0.01]. A post-hoc
analysis (Tukey HSD) revealed that (46°, 90°) was sig-

Fig. 4. Psychometric functions for discrimination of HRTF magnitude. (a) Results for each nominal direction and changes in lateral
angle. (b) Results for changes in polar angle. Individual proportions are represented by different symbols and fitted psychometric
functions by different lines.
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nificantly different from (0°, 44°) and (0°, 180°), reflect-
ing the very steep slope observed for changes in the polar
angle around (46°, 90°) as compared to the others.

3 DISCUSSION

The audibility of spectral differences in HRTFs was
estimated by measuring how well subjects could discrimi-
nate between changes in the minimum-phase HRTFs
while the ITD remained constant. For the directions used
in this study, the mean results were in the range of 2.8°–
17.2°, depending on location and direction of change. This
implies that different resolutions are required for mini-
mum-phase HRTF filters according to the position of the
virtual sources. In general, as the elevation increases in the
median plane a lower resolution is required. In the hori-
zontal plane and for lateral higher resolutions are required
in more lateral positions. These results are similar in pat-
tern to those reported by Minnaar et al. [20], who exam-
ined the required spatial resolution so that the error intro-

duced by linear interpolation of minimum-phase HRTFs
was inaudible.

An interesting agreement with the results from Minnaar
et al. [20] is that for the directions (0°, 0°) and (0°, 180°)
results showed a higher sensitivity to changes along the

Fig. 5. Scatterplots of estimated confidence limits obtained by bootstrapping technique (see text for details). Lines—estimated
parameters; pairs of points above and below lines—upper and lower limits for each listener and condition.

Fig. 6. Mean psychometric functions for discrimination of HRTF magnitude. —— changes in lateral angle; ––– changes in polar angle.

Table 1. Estimated mean thresholds (�), in degrees, and slope
(�) parameters across subjects for changes in lateral angle and

polar angle for each nominal direction.

Nominal
Direction

Lateral Angle Polar Angle

� � � �

(90°, 0°) 6.0 0.20 4.1 0.22
(58°, 0°) 5.9 0.15 4.0 0.17
(46°, 90°) 8.6 0.14 2.8 0.08
(54°, 180°) 4.7 0.09 4.8 0.14
(0°, 0°) 7.4 0.21 3.1 0.11
(0°, 44°) 7.9 0.25 7.2 0.21
(0°, 136°) 17.2 0.19 8.4 0.17
(0°, 180°) 12.6 0.21 5.4 0.24
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median plane than along the horizontal plane. This sug-
gests that the rate of spectral change is higher for changes
in polar angle than for changes in lateral angle. This is a
striking observation considering that sound localization
blur at these locations is smaller for horizontal displace-
ment than for vertical displacement [21]. A possible rea-
son for this discrepancy is that in both studies subjects
were instructed to use any available cue for discrimination,
and thus they may have effectively used cues that are not
necessarily those related to localization. Because changing
between HRTFs will change the tonal character of the
stimuli it is conceivable that for small angular separations,
a change in timbre may have been more dominant than a
perceived shift in direction. Evidence of this has been
shown in [4].

Though Minnaar et al. did not report specific thresholds,
they suggested resolutions ranging from 4° to 24°, which
is a larger range than that of our thresholds. A possible
explanation for this difference is that Minnaar and col-
leagues measured the angular separation between mini-
mum-phase HRTFs so that the interpolated HRTF, com-
puted from the minimum-phase HRTFs (interpolators),
was indistinguishable from a target empirical HRTF. The
empirical target HRTF always corresponded to the direc-
tion in the center of the angle spanned by the interpolators.
The fact that the interpolated HRTF cannot be distin-
guished from the empirical target HRTF does not imply
that the difference between the interpolators is inaudible. It
is the audibility of this difference that we have actually
investigated in this study.

Results also indicate that the selection of representative
locations for HRTF measurements need not be uniform.
Some spatial regions need a more dense set of measuring
locations than others. In addition, the fact that thresholds
for changes in polar angle were consistently lower than
thresholds for changes in lateral angle implies that synthe-
sis of moving sound, in which HRTFs need to be con-
stantly updated, requires higher spatial resolution for tra-
jectories that incorporate changes in polar angle than for
those where lateral-angle changes occur, that is, trajecto-
ries where ITDs also need to be updated.

To assess the possibility of specific frequency regions
being more dominant as cues for discrimination, we com-
puted spectral differences in one-third-octave bands be-
tween the HRTFs corresponding to the locations separated
by the estimated thresholds. Fig. 7 shows these differences
plotted for each nominal direction. They are given in ab-
solute values in dB, meaning that higher values reflect
larger differences for that frequency band. Fig. 7(a) shows
differences at thresholds for changes in lateral angle, and
Fig. 7(b) for changes in polar angle. It can be observed that
for most of the directions off midline, differences in the
contralateral component of the HRTF (gray lines) are
larger than those in the ipsilateral component.

It is clear that larger differences occur at high frequen-
cies, and this is somewhat expected considering that the
contributions of spectral cues to sound localization are
more prominent at high frequencies [3]. The fact that
HRTFs differ in complex ways makes it difficult to con-

firm a specific criterion for discrimination. It seems more
likely that discrimination could have been based on the
most reliable cue available, whether this is a prominent
difference in a particular narrow frequency region, or the
integration of spectral differences over a wide frequency
range. In this respect it is also important to note that for
sufficiently large lateral changes, interaural level differ-
ences (ILDs) could have been used as the discrimination
cues. It is, however, not clear at which point small spectral
differences might have become large enough to be con-
sidered as ILDs. Though we acknowledge the importance
of ILDs as localization cues [21], we made no attempt to
differentiate between ILDs and small spectral differences
because our goal was to measure audibility thresholds
based on any available cue.

It might be argued that the audibility thresholds ob-
tained in this study may differ from thresholds that would

Fig. 7. Spectral differences at threshold in third-octave bands
from 250 to 16 000 Hz. (a) Differences for changes in lateral
angle. (b) Differences for changes in polar angle. Gray lines—
differences between right-ear HRTFs; black lines—differences
between left-ear HRTFs.
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be obtained using individualized HRTFs. To measure just
audible angular differences it is critical to have high spa-
tial resolution in order to make sure that sensitivities are
due to real differences in HRTFs and not to mismatches
caused by interpolation. It is virtually impossible to mea-
sure HRTFs on human subjects with the same spatial reso-
lution of the generic HRTFs used here. Involuntary move-
ments can easily exceed the desired resolution between
neighboring directions (2°), and thus corrupt the measure-
ments. Although some devices may be used to fix the
subject and subject’s head, there are mainly two problems
with this approach. First it is very difficult to get the
correct posture of the subject. Second the size of the fixing
devices can easily affect the sound field, especially for
those frequencies whose wavelength is comparable to the
dimensions of the devices. In addition, extra care is re-
quired to control for unwanted reflections in the HRTF
impulse responses.

4 SPECTRAL DISTANCE MEASURE

In an attempt to represent the amount of spectral differ-
ence by a single number, we computed the standard de-
viation across frequency of the difference (in dB) as a
function of angular separation. This metric has been em-
ployed in modeling the contribution of spectral cues to
localization [3], and in minimizing intersubject differences
in HRTFs [22]. One of the advantages of this metric is that
overall level differences (differences that are constant
across frequency) are eliminated, and thus only variations
in spectral shape are emphasized.

Before computing the spectral differences the HRTFs
were smoothed using a gammatone filter bank [23]. The
motivation for using this smoothing technique is that these
filters simulate the frequency analysis performed by the
cochlea. Furthermore since the frequency resolution of the
cochlea is poorer at high frequencies, this procedure ef-
fectively smooths out some of the spectral details that may
wrongly inflate the estimation of spectral differences (such
as spectral notches). For anechoic HRTFs it has been
shown that by selecting an appropriate filter order for the
gammatone filters (third or fourth), the smoothing results
in imperceptible differences as compared to the original
ones [24]. Here the order of the gammatone filters was set
to four, and the smoothing procedure was based on the pro-
cedure used by Breebaart and Kohlrausch [24]. The math-
ematical equations used to derive the gammatone filters and
to calculate the smoothed HRTFs are given in the Appendix.

Spectral differences were computed on HRTF differ-
ences produced by angular separations from 4° to 20° in
steps of 4°. Recall that the resolution of the empirical
HRTFs is 2°, and because in this experiment HRTFs were
spaced symmetrically about nominal directions, then the
smallest possible angular separation between measured
HRTFs was 4°. To form a difference spectrum the differ-
ence between dB amplitudes was computed component by
component in a frequency range of 1125–12 000 Hz in
187.5-Hz steps. Then the standard deviation across the
components of the difference spectrum was computed.

Fig. 8 shows computed spectral differences for the di-
rections in the median plane and separations spanned
along the polar angle. Note that spectral differences in-
crease with increasing angular separation, a pattern that is
also observed for the other nominal directions. Further-
more note that spectral differences increase more rapidly
for nominal directions whose estimated thresholds were
lower. By doing a linear fitting to the data, we can use the
slope of the fitted line to establish a relation between the
rate at which spectral differences increase and the ob-
served thresholds. A simple model that describes this re-
lation can be expressed mathematically by

a =
c

b
(2)

where a indicates a threshold estimate, b is the slope of the
fitted curve, and c is a constant given in dB. To find a
value for c we first computed four threshold estimates as
the inverse of b for the same conditions presented in Fig.
8. By minimizing the sum of the square errors between the
measured thresholds and the estimates we found a value of
0.4 for c. In this calculation only one ear was used because
left and right HRTFs were identical in the median plane.

Fig. 9 shows thresholds and the approximations ob-
tained from Eq. (2). The abscissa represents the polar
angle of the nominal directions, which in turn are grouped
by ITDs. In Fig. 9(a) thresholds for changes in polar angle
are plotted together with the approximations for the left-
ear HRTF and right-ear HRTF. The approximation derived
from the left-ear HRTF is in good agreement with the
thresholds obtained, with the exception of the nominal
direction (54°, 180°). The approximation derived from the
right ear, which corresponds to the contralateral compo-
nent, is less accurate. In Fig. 9(b) we observe an almost
identical pattern for changes in lateral angle. Here a good
approximation is observed in the median plane. Approxi-

Fig. 8. Spectral differences between HRTFs separated symmetri-
cally about nominal direction for directions in median plane (in-
dicated by symbols). Angular separation is along polar angle,
lines represent linear fittings for each nominal direction.
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mations from the left ear are also good for (58°, 0°) and
(90°, 0°). Right-ear approximations are generally less ac-
curate, with the exception of (46°, 90°). These observa-
tions suggest that for the more lateral positions discrimi-
nation was mostly based on differences in the ipsilateral
component. It is also possible that overall ILDs might have
been used for discrimination. These changes in overall level
are not included in this simple model. However, in terms of
predicting the audibility of spectral differences along the
median plane, the results of this analysis are encouraging.

5 CONCLUSIONS

Listeners were able to discriminate spectral differences
in HRTFs for angular separations in a range of 2.8°–17.2°
depending on direction. This relatively large range may be
attributed to the fact that HRTFs change differently de-
pending on the spatial location. Thresholds for changes in
polar angle were consistently lower than for changes in
lateral angle. A simple model for the discrimination of
spectral differences was proposed based on the standard
deviation across frequency of a difference spectrum. It was
possible to account for thresholds measured for locations
in the median plane. For lateral directions approximations
were less accurate, probably because some other cues not
included in the model, such as overall interaural level
differences, may have been used. An important aspect of
this study, which deserves further investigation, concerns
the necessary limitation of using generic HRTFs. From our
results it is not possible to know what would have been the
sensitivity to HRTF changes had the subjects been pre-
sented with individualized HRTFs.
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APPENDIX

Formulas for the smoothing of HRTF spectra
with gammatone filters

Following the procedure described by Breebaart and
Kohlrausch [24], the smoothed magnitude |Y(fc)| of HRTF
X(f) was computed as

|Y� fc� | =��0
� |X� f � | 2 |H� f, fc� | 2 d f

�0
� |H�f, fc� | 2 d f

where H(f, fc) corresponds to the frequency response of the
gammatone filter with center frequency fc. This transfer
function is given by

H� f, fc� = � 1

1 + j� f − fc��b
�n

where n is the filter order and b is the 3-dB bandwidth,
which was set to the equivalent rectangular bandwidth
(ERB) estimate of the human auditory system as derived
in [25]. Its expression is given by

b� fc� =
24.7�0.00437 fc + 1�

2�21�n − 1
.
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