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ABSTRACT

Both spectral and dynamic cues provide information for
front-back and vertical localization. However, the relative
importance of two cues to vertical localization is still un-
clear. The spectral cue has conventionally been regarded
as a dominant one and the contribution of dynamic cue
was often neglected. In present work, a psychoacoustic
experiment was conducted to examine the relative im-
portance of spectral and dynamic cues to vertical locali-
zation in the median plane. By modifying the head-
related transfer functions (HRTFs) used in a dynamic vir-
tual auditory display, binaural signals with conflicting
spectral cue and dynamic variation of interaural time dif-
ference (ITD) were created and presented by headphone.
Results indicated that dynamic cue dominates the vertical
localization below the frequency of 3 kHz, and the spec-
tral cue dominates the vertical localization above the fre-
quency of 3 kHz. For stimuli with full audible bandwidth,
conflicting spectral and dynamic cues results in two split-
ting auditory events or perceived virtual sources corre-
sponding to different frequency band. The vertical posi-
tions of high-frequency and low-frequency virtual source
are consistent with the spectral cue and dynamic cues,
respectively. Therefore, both spectral and dynamic cues
are important to vertical localization but each is effective
at different frequency range.

1. INTRODUCTION

It has been well established that binaural cues including
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ITD (interaural time difference) below the frequency of
1.5 kHz and ILD (interaural level difference) at high fre-
quency account for lateral auditory localization. It is also
known that spectral cue, especially that caused by pinna
at high frequency above 5 ~ 6 kHz contributes to front-
back and vertical localization [1-4]. In addition, early in
1940, Wallach hypothesized that the dynamic cue caused
by head turning provides information for front-back and
vertical localization [5]. In detail, the ITD variation
caused by head turning around the vertical axis (rotation)
allows the discrimination of the front-back location as
well as the determination of vertical displacement from
the horizontal plane. The ITD variation caused by head
turning around the front-back axis (tilting) provides sup-
plementary information for up-down discrimination. Wal-
lach also reported an experimental evidence for his hy-
pothesis. After Wallach, many experiments further vali-
dated the contribution or even dominant role of dynamic
cue in front-back discrimination at low frequencies [6-7].
In contrast, there have only been a few experiments (in-
cluding some modern experiments) to verify Wallach’s
hypothesis on vertical localization [8].

Actually, auditory localization is the consequence of
comprehensive processing of multiple localization cues
by the high level nervous system [1-2]. In the case of an
actual sound source, multiple localization cues provide
consistent information and enhance the accuracy in local-
ization. In some cases of spatial sound reproduction,
however, some vertical localization cues may be absent
(such as in the case of stable virtual auditory display), er-
ror, or even conflicting [9]. Therefore, it is necessary to
examine the contribution of spectral and dynamic cues to
vertical localization. However, the relative importance of
two cues is still unclear. The spectral cue has convention-
ally been regarded as a dominant one and the contribution
of dynamic cue was often neglected.

In present work, the ITD variation caused by head
turning was first analyzed; then a psychoacoustic experi-
ment was conducted to examine the vertical localization
in the median plane with conflicting spectral and dynamic
cues.
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2. ANALYSIS ON THE ITD VARIATION CAUSED
BY HEAD TURNING

Spatial direction relative to head center is specified by
interaural polar coordinate Q = (@, @). Where -90° < @ <
90° denotes the interaural polar azimuth, that is, the angle
between the directional vector of the sound source and
the median plane, with ® = -90°, 0°, and 90° being the left
direction, median plane, and right direction, respectively.
The -90° < @ < 270° denotes the interaural polar eleva-
tion, that is, the angle between the projection of the direc-
tional vector of the source to the median plane and the
frontal axis, with @ = -90°, 0°, 90°, and 180° being the
below, front, above, and back directions, respectively.

There are various definitions and methods for ITD cal-
culation [2]. In present work, the ITDs are calculated by
maximizing the normalized cross-correlation function be-
tween a pair of head-related transfer functions (HRTFs).
Considering that ITD is an effective localization cue at
low frequency, the frequency range for the ITD calcula-
tion is up to 1.5 kHz.

The HRTFs of KEMAR artificial head were used in
analysis. The HRTFs were obtained by 3D-laser-scanned
anatomical model and BEM-based calculation [10]. The
model included the head, pinnne and neck, but excluded
the torso. HRTFs at a far-field distance of 1.5 m were
calculated. The sampling frequency of resultant HRTFs
was 44.1 kHz, with a frequency resolution of 50 Hz. Both
azimuthal and elevation resolutions of HRTFs were 1°.
Due to the large error in the calculated HRTFs at low ele-
vation when the torso is omitted, the HRTFs at low eleva-
tion (@ <-30° or @ >210°) were neglected.

Actually, ITD is approximately zero for a sound source
in the median plane. If head rotates around the vertical
axis, the ITD changes. The variation of ITD depends on
both source elevation and azimuth of rotation. Fig.1 (a)
plots the ITD variation (AITD) after head rotation to the
left with various angle 46 and as a function of source ele-
vation @ in the median plane.

It is observed that the ITD variation increases with the
azimuth of head rotation. For a given azimuth of head ro-
tation, the magnitude (absolute value) of ITD variation
maximizes for the sound source at the directly front (@ =
0°) and back (& = 180°) directions. As the sound source
departs from these two directions to the high or low ele-
vation, the magnitude of ITD variation reduces. At the
above direction (@ = 90°), the ITD is approximately in-
variable against head rotation. In addition, the polarity of
ITD variation is opposite between the front (-30° < @ <
90°) and rear (90° < @ < 210°) regions. Therefore, ITD
variation caused by head rotation allows the discrimina-
tion of front-back location. It also provides information
for vertical displacement of sound source from the hori-
zontal plane. This is just the Wallach’s hypothesis on
front-back and vertical auditory localization.

It is also observed from Fig.1(a) that the ITD variation
with head rotation is approximately up-down symmetric.
For example, the ITD variations for @ = 30° and & = -
30° are approximately equal. Wallach also hypothesized
that head tilting provides supplementary information for
up-down discrimination. Fig.1 (b) plots the ITD variation
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after head tilting to left with various angles A4y and as a
function of source elevation @ in the median plane. The
polarity of ITD variation is opposite for sound sources
above and below the horizontal plane. This is consistent
with Wallach’s hypothesis.
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Figure 1. The ITD variation after head turning

3. EXPERIMENTAL PRINCIPLE AND METHOD
3.1 Experimental principle

For an actual sound source at a given direction in the
free-field, the ITD and spectral cue for auditory localiza-
tion are determined by the magnitudes and phase of bin-
aural pressures, respectively. When the head turns, both
magnitudes and phases of binaural pressures change. Ac-
cordingly, spectral cue and ITD vary consistently in terms
of the new source direction relative to head.

To explore the relative contribution of dynamic ITD
variation and spectral cue to localization in the median
plane, inconsistent variations of ITD and the spectral cue
are created. As indicated in the Section 2, for a sound
source in the median plane and a given angle of head
turning, the ITD variation depends on target source eleva-
tion. Therefore, the following inconsistent variations of
binaural pressures should be simulated. For a target
source in the median plane, the magnitudes of binaural
pressures and their variation with head turning are created
as if target source is located at an elevation (called spec-
tra-based elevation @,,.); while the ITD and its variation
with head turning is created as if target source is located
at another elevation (called ITD variation-based elevation
D 4i1p).

The inconsistent localization cues are created by a dy-
namic virtual auditory display. The binaural signals
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(pressures) of a target sound source at a target spatial di-
rection Q in the free field are synthesized by filtering the
input stimulus £, with a pair of corresponding HRTFs:
E,=H,(Q,/)E, (©)

Where a = L or R represents the left and right ears, re-
spectively. When the head turns, the HRTFs in Eq.(1) are
updated in real-time in terms of the temporary direction
of target source relative to head detected by a head track-
er.

Previous studies indicated that a HRTF can be approx-
imated as its minimum-phase function cascading a linear
phase (or delay) term [11]:

H (2,1)=H . (2, ) exp[=/22 [T, (2,9)]  (2)

The magnitude of minimum-phase function is identical to
that of original HRTF, and the phase of minimum-phase
function is related to the logarithmic magnitude by Hil-
bert transform. The linear delays are evaluated by maxim-
izing the normalized cross-correlation function between
the minimum-phase function and original HRTF [2].

According to Eq.(2), the spectral cue in reproduced
binaural pressures is determined by the minimum-phase
functions of HRTFs, and the ITD is determined by the
linear delay. To create inconsistent variation of ITD and
the spectral cue, the HRTFs Eq.(2) are modified and then
used to synthesize the binaural signals according to
Eq.(1). That is, the minimum phase functions of HRTFs
and their variations with head turning are stimulated in
terms of spectra-based elevation @,,.; and the linear de-
lays and their variations with head turning are stimulated
in terms of ITD variation-based elevation @ ;;7p.

3.2 Experimental method and procedures

The experiment was conducted via a PC-based dynamic

VAD. An electromagnetic head tracker (Polhemus

FASTRAK) detected the turning of the subject’s head in

three degrees of freedom and then VAD synthesized

binaural signals using the method in Section 3.1.

Individualized HRTFs obtained by the same method as in

Section 2 were modified and then used to synthesize the

binaural signals. The resultant binaural signals were

reproduced by a pair of in-ear headphone (Etymotic

Research ER-2). Because the ER-2 headphone exhibited

a flat magnitude response measured at the end of an

occluded-ear simulator, the equalization of the headphone

to eardrum transmission was omitted. The update rate and
system latency time of the VAD were 60 Hz and 25.4 ms,
respectively. The details of the dynamic VAD are

referred to [12].

Nine spectra-based elevations, ranging from @, = -
30° to 210° at an interval of 30° in the median plane, were
chosen. The ITD variation-based elevations @ ,;;p, were
chosen as follows,

(1) For each @, = 0°, 90° and 180°, nine @,7p, ranging
from -30° to 210° at an interval of 30° in the frontal
and back-median plane as well as above direction,
were chosen.
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(2) For @, = -30° 30° and 60° in the frontal-median
plane, five @,;7p, ranging from -30° to 90° at an
interval of 30° in the front-median plane and above
direction, were chosen.

For @,,, = 120°, 150° and 210° in the back-median

plane, five @,;p, ranging from 90° to 210° at an

interval of 30° in above direction and the back-
median plane, were chosen.

Low pass-filtered noise with a cut-off frequency of 3.0
kHz and pink noise with full audible bandwidth were
used as stimuli. The length of each stimulus was 5 s. The
experiment was conducted in a sound-proof listening
room where the level of background noise was less than
30 dBA. Binaural signals were presented at a sound
pressure level equivalent to a free-field presentation of
approximately 75 dBA. Eight subjects (4 male and 4
female) participated in the experiment. The subjects aged
from 22 to 30 and had normal hearing.

The subjects judged the perceived virtual source
direction and reported using an electromagnetic tracker
(Polhemus FASTRAK) during the stimulus presentation.
The tracker included two receivers. One receiver was
fixed on the subject’s head surface to monitor the position
and orientation of the head. Another receiver was fixed at
one end of a 1.0 m wooden rod. The subjects pointed the
rod at the position of the perceived virtual source and a
computer recorded the results. The results were
transferred into the perceived direction relative to head
centre. If auditory event was located inside the head (in-
head localization), the subjects reported the results orally.
If two splitting virtual sources or auditory events were
perceived, the directions of two virtual sources were
reported separately. Under each condition, each subject
repeatedly judged four times. Therefore, there were 4
repetitions x 8 subjects = 32 judgments under each
condition.

The mean unassigned perceived polar azimuth, mean
perceived polar elevation and corresponding standard
deviation are calculated across 32 judgments under each
condition. Prior to calculating the mean perceived polar
elevation, the judged directions for the front-back and up-
down confusion cases are resolved and the percentages of
confusion are calculated.

3

4. EXPERIMENTAL RESULTS

In all cases, no in-head-localization occurs. The mean un-
assigned perceived polar azimuths are less than 4° i.e.,
the perceived virtual sources are located near the median
plane. Therefore, we focus on the perceived elevations in
the following.
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For the 3 kHz low-pass filtered stimulus, a single vir-
tual source was perceived. Fig.2 shows the variation of
mean perceived polar elevation with ITD variation-based
elevation @, for various spectra-based elevation @,,.
The results can be summarized as follows:

(1) The front-back location of perceived virtual sources
basically follows that of @, in spite of the @,,.
The percentages 75 of front-back confusion referred
to @,;7p do not exceed 10% in most cases. For ex-
amples, when @, = 0° (front) but @,;, = 180°
(back), the perceived elevation is near 180° (back).
When @,, = 180° (back) but @,,7p = 0° (front), the
perceived elevation is near 0° (front). For a few ex-
ceptions, 7 lies between 10% to 25%. Only for
three cases of (Pirp, Pype, Nrp) = (60°, 180°, 65.5%),
(120°, 0°, 48.3%), (210°, 0°, 30%), nrp exceeds a lim-
it of 25%.

The up-down locations of perceived virtual source
exhibit some confusion. The percentages 7y of up-
down confusion referred to @,;7p vary from 0% to a
high value of 78.1%.

After resolving the front-back and up-down confu-
sion, the mean perceived virtual source elevation var-
ies basically consistent with @ ;7p, in spite of @,

For pink noise with full audible bandwidth, two split-
ting virtual sources were perceived, with one correspond-
ing to the low-frequency component and another corre-
sponding to the low-frequency component of the stimulus.
Fig.3 plots the variation of mean perceived polar eleva-
tion for low-frequency component, as a function of ITD
variation-based elevation ®AITD and for three spectra-
based elevation @,. The results for the low-frequency
component are similar to those of 3 kHz low-pass filtered
stimulus and can be summarized as follows:

(1) The front-back location of low-frequency virtual
sources basically follows that of @,,7p. The percent-
age npp of front-back confusion referred to @, do
not exceeds 10% in most cases. For a few exceptions,
nrp lies between 10% to 25%. Only for one case of
((‘DAITDa (pspg, 77[:3) = (1200, 00’ 375%), NrB exceeds a
limit of 25%.

The up-down locations of perceived virtual source
exhibit some confusion. The percentages 7y of up-
down confusion referred to @,;7p vary from 0% to a
high value of 81.3%.

After resolving the front-back and up-down confu-
sion, the mean perceived elevation varies basically
consistent with @ 7p, in spite of @,

In contrast, the results for the high-frequency compo-
nent of pink noise can be summarized as follows:

(1) The front-back location of high-frequency virtual
sources basically follows that of ®,,.. The percentage
nrp of front-back confusion referred to @, is less
than 10% in most case. For a few exceptions, 7 lies
between 10% to 15.6%. Only for one case of (@D,
D,irp, nrp) = (60°, 90°, 28.1%), nrp exceeds a limit of
25%.

The up-down locations of perceived virtual source
exhibit low confusion. The percentages nyp of up-
down confusion referred to @, vary from 0% to

2
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)
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18.8%.

(3) After resolving the front-back and up-down confusion,
the mean perceived elevation for the high-frequency
component varies basically consistent with @, in
Spite of CDAITD-

The above observation can be further proved by apply-
ing an ANOVA to the experimental results.

5. DISCUSSION

The results in present experiment prove that the dynamic
variation of ITD caused by head rotation dominates the
front-back localization at low frequency, which is con-
sistent with some previous results [6-7]. Two exceptions
for npp more than 25% occur at high ITD variation-based
elevation with @,,;;p = 60° or 120°. The reason may be
that at these high @,;7p, the ITD variation caused by head
rotation is small and then difficult to be perceived [See
Fig.1(a)]. Another exceptions with 73 = 30% occur at
low ITD variation-based elevation with @7, = 210°. The
reason is needed to be further explored.

Moreover, large variation in the percentages of up-
down confusion at low frequency may be due to the fact
that individualized HRTFs without torso were used in the
experiment. The low-frequency spectral cue provided by
torso, which may be important cues for up-down discrim-
ination in addition to dynamic cue, was eliminated in the
experiment.

On the other hand, the spectral cue dominates the front-
back localization at high-frequency and only a few front-
back confusions exist. The spectral cue also dominates
the up-down discrimination at high frequency.

The results in present experiment also prove that dy-
namic and spectral cues dominate the vertical localization
(perception of vertical displacement from the horizontal
plane) at low frequency below 3 kHz and high frequency
above 3 kHz, respectively. Our previous work indicated
that the information providing by both cues is somewhat
redundant [9]. When one cue is eliminated (but not con-
flicting), another cue alone still enables vertical localiza-
tion to some extent. The experiment in present work fur-
ther proves that conflicting dynamic and spectral cues
result in two splitting virtual sources at different direc-
tions. This is different from the hypothesis in some previ-
ous work that spectra cue dominates vertical localization
[1-4].

6. CONCLUSION

Both dynamic and spectral cues contribute to auditory
front-back and vertical localization. The dynamic cue
dominates front-back and vertical localization at low fre-
quency below 3 kHz, and the spectral cue dominates
front-back and vertical localization at high frequency
above 3 kHz. One cue alone still enables vertical localiza-
tion to some extent. But conflicting spectral and dynamic
cues results in two splitting perceived virtual sources. The
vertical positions of low-frequency and high-frequency
virtual source are dominated by the dynamic and spectral
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cues, respectively. It should be pointed out that the con-
clusion in present work is suitable for the pink noise. For
other wideband stimuli, further validations are needed.
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