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ABSTRACT 

Spatial localization of sound is often described as unconscious evaluation of cues given by the interaural time 
difference (ITD) and the spectral information of the sound that reaches the two ears. Our present knowledge 
suggests the hypothesis that the ITD roughly determines the cone of the perceived position (i.e. the azimuth 
in a polar coordinate system with left-right poles), whereas the spectral information determines the posit ion 
on the cone (i.e. the elevation in the same coordinate system) . This hypothesis was evaluated in a series of 
listening tests, where t he two cues were manipulated in HRTFs used for binaural synthesis of sound in the 
horizontal plane. The manipulation of cues resulted in HRTFs with cues ranging from correct combinations 
of spectral information and ITDs to combinations with severely conflicting cues. Both the ITD and the 
spect ral information seems to be necessary for localization in the sense that sources are localized well when 
t he two types of cues are correct . When the cues are severely conflicting the localization performance is 
highly degraded. 

1. INTRODUCTION 
When localizing a sound in space the use of tim
ing and spectral characteristics of the sounds that 
reaches each of the ears is essential. T he transmis
sion to the two ears is given by the head-related 
transfer function (HRTF) for the given direction. 
T he HRTF is defined as the pressure a t t he ear di
vided with the pressure in the middle of the head 
with the head absent [1 , 2]. Head-related transfer 
functions exist in pairs in the sense that for a given 
direction t here is a transfer function for the left ear 

and one for the right. Sometimes the term HRTF is 
used for such a pair of transfer functions, but in this 
paper the term is used for a single transfer function 
either to the left or the right ear. 

T he HRTF describes the fi ltering of the sound due 
to diffractions and reflections of the head, torso and 
especially the pinna of the involved listener [3]. This 
filtering depends on the angle of incidence, and the 
direction is often described by azimuth and eleva
tion in a polar coordinate system with a vertical axis 
(poles above and under the listener) . In this sys-
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tern the azimuth angle covers the entire circle from 
O to 360° (or O to ±180° ), and the elevation angle 
is between -90° (down) to 90° (up) . In the present 
work it was chosen to use a polar coordinate sys
tem with a horizontal axis and poles to the sides 
instead. In this the elevation angle lies within the 
range of ± 180° with 0° marking horizontal directions 
in the frontal hemisphere, 90° directions in the up
per median plane and ± 180° horizontal directions in 
the rear hemisphere. T he azimuth angle is in the 
range of -90° (left) to 90° (right) with 0° marking di
rections in the median plane. Since the axis of this 
system is similar to the interaural axis, directions 
with the same azimuth will (at least roughly) have 
the same ITD. 

The characteristics in the HRTFs describing sound 
transmission from different directions are normally 
called cues. The literature generally describes them 
by the terms interaural t ime difference (ITD) and 
interaural level difference (ILD) [4, 5]. The ITD 
describes the difference in arrival time for a sound 
reaching our two ears. The term ILD could give the 
impression that the second cue consists of a simple 
level difference between the two ears. However, this 
is a much too simple description, since the trans
mission to each of the ears is highly frequency de
pendent, and for most directions the variation with 
frequency differs between the two cars, thus the ILD 
varies with frequency. The level is generally higher 
at the ipsilateral ear, but because of the variation 
with frequency for the transmission to each of the 
ears, frequencies may exist where the level is higher 
at the contralateral ear. Fmthermore the ILD is zero 
in the median plane where t he inputs to the two ears 
are identical ( or virtually identical) . Instead of "re
pairing" the idea of ILD , it will be more correct to 
consider - as the second cue in excess of ITD - the 
spectral characteristics in general that are present 
in the minimum-phase parts of the pair of HRTFs. 
The ITD and these spectral cues describe together 
the part of the transmission that is important for 
perception. 

The question of which characteristics of the HRTFs 
that give rise to localization from specific directions 
has been addressed in a number of studies. Most 
of the studies have focused on the localization cues 
given by the monaural and interaural spectral infor
mation present in the HRTFs [6, 7, 8, 9, 10] whereas 
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analysis of the influence of the ITD in localization is 
more seldom although some studies have been car
ried out, e.g. [11, 12]. Wightman et al. [11] com
pared wideband stimuli and highpass-filtered stim
uli and found that if low frequencies are present, the 
ITD serves as the leading cue in localization when 
the ITD and the spectral information are conflict
ing. Kulkarni et al. [12] concluded that the IT D 
is necessary to provide reliable cues for localization. 
Furthermore they found that if the ITD is preserved 
the combination of a minimum-phase transfer func
tion and a pure delay gives an adequate approxi
mation to the empirical HRTF. Both studies used 
ITDs calculated as the maximum of the interaural 
cross-correlation in their experiments. This way of 
calculating the ITD was later found slightly inaccu
rate by Minnaar et al. [13] ( differences were small, 
and the audible differences subtle). 

1.1. Hypothesis 
The present study seeks to evaluate a model that de
scribes localization as a two-step procedure; the first 
step is to evaluate the ITD and thereby place the 
sound on a contour with constant ITD. The fact that 
the iso-ITD contour can be roughly estimated with 
a cone has lead to the expression cone-of-confusion 
which describes an eventual localization error on the 
iso-ITD contour. 

The second step of the localization procedure is eval
uation of the spectral information in the HRTFs to 
more precisely place the sound on the already deter
mined contour. 

The dominance and robustness of the ITD as the 
leading cue can be tested in the horizontal plane 
using combinations of ITDs and minimum-phase 
HRTFs from different directions and thereby cre
ating conflicting cues for localization, see e.g. [12, 
14]. It is expected that combinations of ITDs and 
minimum-phase transfer functions with slightly con
flicting cues will lead to localization close to the di
rection indicated by the ITD rather than the direc
tion indicated by the spectral information. When 
the cues are more severely conflicting the localiza
tion is expected to be less focused and might also 
happen to be in the area of the direction indicated 
by the spectral cues. 

2. METHODS 
To test the hypothesis a listening experiment was 
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designed. In the experiment a number of stimuli 
with and without manipulated cues were presented 
to the listeners. 

2.1. HRTF processing 
From a database of HRTFs measured with a very 
high directional resolution using an artificial head 
[15, 16] a number of directions in the horizontal 
plane were selected for further processing. 

The HRTFs were available as impulse response mea
surements with an initial pure delay corresponding 
to the propagation time from the sound source to 
the ears of the mannequin used for the measure
ments. The data could be more precisely named 
head-related impulse responses (HRIRs) and the 
transformation between the HRJRs and HRTFs can 
be done by means of the Fourier and the inverse 
Fourier transforms . 

The minimum phase part of each selected HRTF was 
calculated using homomorphic filtering as described 
in [17]. The minimum-phase part of a transfer func
tion contains all spectral information available in the 
transfer function. The remaining part of the trans
fer function is called the excess-phase and can be 
decomposed into a linear-phase part and an all-pass 
part as shown in (1) and (2) [12, 18]. 

HRTF = HRTFmin-ph · HRTFex- ph (1) 

HRTF ex-ph = HRTFlin- ph · HRTF all- pass (2) 

The minimum-phase part contains the spectral infor
mation, whereas the ITD is contained in the linear
phase and all-pass-phase parts. Minnaar et al. [13] 
evaluated different ways of calculating the ITD and 
found t he most correct way is to calculate the in
teraural group delay (IGD) at low frequencies of the 
excess-phase part of the HRTF. An easy way of cal
culating the IGD is also proposed and is based on 
calculating the centroids ( centre of gravity) of the 
t ime representations of the HRTFs. When the ITD 
has been calculated this way there is no audible dif
ference between the original HRTF and an HRTF 
consisting of the minimum-phase part and the ITD 
[18]. 
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The ITD for a given direction is calculated as (3) 
where IC represents the centroid function and l and 
r are t he abbreviations of left and right. 

!TD IGDex-ph, o Hz (3) 

( IC(HRTFt) - IC(HRTFt, min- ph)) -

( IC(HRTFr) - IC( HRTFr, min- ph)) 

In order to be able to do this calculation properly 
it is important that the HRTFs are in their most 
correct form which implies t he initial delay of the 
transfer function must consist of zeros and the re
maining part must have a DC-component of unity 
[13]. The DC-component can be inspected as the 
fi rst value in the Fourier transform of t he impulse 
response. 

2.2. Selection of directions and manipulation of 
HRTFs 
In total seven different ITDs were chosen. Each ITD 
exist for two directions in the horizontal plane (front 
and back) thus 14 different directions were available. 
Minimum-phase t ransfer functions from all 14 direc
tions were calculated. Combining minimum-phase 
transfer functions from all different directions with 
all different ITDs resulted in an HRTF data-set with 
a total of 98 new pairs of HRTFs ranging from cor
rect combinations of minimum-phase transfer func
tions and ITDs to combinations with severely con
flicting cues. The ITDs were chosen in order to have 
values presented in the range from Oµs to close to 
maximum which - for the present mannequin - was 
a little higher than ±600 µs. The chosen ITDs were 
0 µs, ± 200 µs, ±400 µs and ±600 µs. The directions 
involved are shown in Fig. 1. 

In addition to this HRTF data-set a second data
set with only correct HRTFs was used for refer
ence. The second data-set contained HRTFs from 
the left hemisphere in a resolution of 4° from 0° to 
-88° azimut h with elevation 0° and 180° - in total 46 
directions. All HRTFs in the second data-set were 
processed as described above and stored with correct 
combinations of ITD and minimum-phase t ransfer 
functions only. As the HRTFs did not contain con
flicting cues the localization was expected to be close 
to the presented direction although it is well known 
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Fig. 1: Horizontal plane with t he selected directions 
from the HRTF database and the ITDs in µs. 

that localization with non-personal HRTFs is some
what degraded compared to real life localization. 

2.3. Stimuli 
All stimuli were prepared by convolving the HRTFs 
(whether original or manipulated) with a pink noise 
sequence. The noise sequence was band-limited from 
200 Hz to 15 kHz. The stimuli had 100 ms onset and 
offset ramps. The resulting sequence was 1 second 
long. The sampling frequency was 48 kHz. In to
tal 98 different stimuli were presented from the first 
HRTF data-set and 46 different stimuli were pre
sented from the second HRTF data-set. Each stim
ulus was repeated six times to each subject, thus 
each subject gave 864 responses. The stimuli were 
presented to the subjects in six sessions each with 
a duration of 10-12 minutes. The six sessions were 
divided on two days with three sessions each day. A 
break of 10 minutes was introduced between the ses
sions. Each of the 144 stimuli were presented once 
in each session in a random order. 

2 .4. Response method 
The stimuli were presented to the subjects via head
phones in a static environment hence eventual head 
turns d id not provide any help to the subjects which 
was also explained to the subjects prior to the ex
periment. The subjects were asked from which di
rection they heard the sound and had to mark their 
response on a digitizer pad using an electronic pen. 
The response pad held a circle of 8 cm in diameter 
illustrating the horizontal plane with an indication 
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of the listener being in the middle of the circle. It 
was possible to indicate all directions in the horizon
tal plane without discretization. The response was 
marked with the pen on the circle. Fig. 2 shows a 
downscaled version of the response pad. 

During the experiment the subjects were guided 
with a small "traffic light" that indicated when to 
listen and when to give their response. There was 
no limit on the response time. 

All subjects were presented with the same written 
instruction. It was specified that they were expected 
to evaluate the direction of the sound in the horizon
tal plane only. If they found the sounds not being in 
the horizontal plane they were supposed to respond 
corresponding to the projection of the direction to 
the horizontal plane. Furthermore they were not ex
pected to evaluate distance to the sound source. In 
interviews with the subjects after the experiment, 
none of the participants expressed any particular 
problems with neither elevated sound sources nor 
confusing distance perception - e.g. the feeling of 
the sound being inside the head. The subjects were 
encouraged to be fully concentrated during the ex
periment. 

Fig. 2: Response pad used in the experiment. 

2.5. Subjects 
Ten subjects participated in the listening experi
ment. The subjects were paid for their participation 
and were all young people between 20 and 28 years 
of age. Prior to the experiment an audiometric test 
in the octave bands from 125 Hz to 4 kHz was con
ducted on each test subject. All test subjects were of 
normal hearing since none had greater hearing loss 
than 15 dB at the measured frequencies. Also the 
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differences in hearing level between left and right ear 
did not exceed 5 dB at the measured frequenciP.s for 
any of the subjects. All subjects were naive regard
ing localization experiments. 

Prior to the experiment the subjects were trained 
for approximately 10 minutes. The purpose of the 
training session was primarily to help the subjects 
to get familiar with the response method. As a sec
ondary purpose they also had a possibility to adapt 
to the presented stimuli. Although the presented 
stimuli were of relatively simple nature it can often 
feeJ rather mmatural to listen to noise sequences if 
one never did before. 

2.6. Headphone equalization 
When reproducing binaural signals to a listener it 
is important to ensure that exactly the same signal 
as was recorded ( or synthesized) is presented to the 
listener [2]. Therefore it is necessary to minimize 
the influence of the playback system and by equal
ization make sure that the reproduction cha.in has a 
flat frequency response. 

The reproduction chain consisted of three units, 
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~ 
<11 

-20 

a. 

e - 40 
a, 
32. 
Q) 

,:;) 0 :;, 
r 
c; Right headphone C) 
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~ - 20 

-40 

2 3 4 
10 10 10 

Frequency [Hz] 

Fig. 3: Measured left and right headphone responses 
(gray) and averaged left and right headphone re
sponses. 
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namely a pc with a soundcard (RME DIGI96/8), an 
amplifier (Pioneer A616) with a fixed gain of O dB 
and a headphone (Beyer Dynamic DT990 Pro). By 
measurements it was verified that the soundcard and 
amplifier both had a flat frequency response within 
the audible range. However the headphone did not 
have a flat frequency response and equalization was 
therefore necessary. 

Since the used HRTFs are measured at a blocked en
trance to the ear canal the equalization must also be 
done at the entrance of a blocked ear canal to ensure 
correct reproduction of the binaural signals (2]. The 
electro-acoustical transfer function of the headphone 
from the terminals to the blocked entrance of the 
ear canal on a human being when the headphone is 
correctly fitted to the head was measured. T he mea
surement procedure was adopted from [19] and was 
as follows. A miniature electret microphone from 
Sennheiser (KE4--2ll-2) was mounted in an expand
able EAR P.arplug. The earplug was fitted in the ear 
canal of the test subject in such way that the mi
crophone was placed precisely at the entrance to the 
ear canal. The ear canal was thereby blocked by the 

0 

~ -20 
a. 

~ -40 
CD 
:!:!. 
Q) 

,:;) 0 
:;, 

~ Right headphone a, 
ns 
~ - 20 

- 40 

2 3 4 
10 10 10 

Frequency [Hz] 

Fig. 4: Inverse of averaged left and right headphone 
responses (gray) and equalized lea and right head
phone responses. 
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expandable earplug. The transfer function was mea
sured using a maximum length sequence (MLS) sys
tem. On seven subjects five repeated measurements 
of the left and the right channel of the headphone 
were carried out with the headphone refitted every 
time. In total 35 transfer function measurements 
were done for each channel. 

The measured transfer functions for each subject 
were inspected for outliers (none was found) and ad
justed with respect to the sensitivity of the micro
phone. The averaging was done in two steps; first 
by averaging the five transfer functions for each sub
ject on a sound level basis and thereafter finding the 
median transfer function across subjects. The differ
ences in the transfer functions within subjects were 
in general very small and the mean value could be 
considered as an appropriate measure whereas the 
differences across subjects were larger, thus the me
dian were considered better than averaging. 

The left and the right channel were averaged inde
pendently and the averaged transfer functions were 
inverted using deconvolution with regularization as 
described by [20] . Furthermore the equalization fil
ters were band limited with a second order band pass 
filter from 200 Hz to 15 kHz. 

The measured and averaged headphone responses 
can be seen in Fig. 3 and the inverted and equalized 
responses in Fig. 4. 

3. RESULTS 
3.1. Localization with original cues 

The data contains the responses from the presented 
46 different directions in the left hemisphere. The 
responses were collected with a high directional res
olution and subsequently discretized in steps of 4° for 
visualization. The responses are shown with respect 
to azimuth only, thus front/back confusions cannot 
be seen. Front/back confusions were present in 20% 
of the responses, but the value varied substantially 
between directions ranging from around 10% at di
rections slightly to the sides, 20% near the median 
plane and 50% at the sides. For geometric reasons 
the high value at the sides comprise also directional 
inaccuracies, since these may very likely go into t he 
opposite hemisphere. The mean and standard devi
ation of the responses for a given presented direction 
has been calculated as well as the median value and 
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although the localization performance for the par
ticipating subjects is generally quite good it must 
be noted that there is a tendency to overestimate 
the azimuth angle except for large azimuth angles 
where the azimuth is underestimated. The data is 
presented in Fig. 5 and in Table 1. 

3.2. Localization with manipulated cues 
The HRTFs in this part of the experiment ranges 
from combinations of spectral cues and temporal 
cues being correct to combinations where the two 
types of cues are severely conflicting. The com
plete data-set is presented in Fig. 6. Assuming 
to symmetry the data has been pooled for positive 
and negative ITDs (with corresponding mirroring 
of responses and minimum-phase HRTFs). The re
sponses are presented as the azimuth directions only, 
thus it is not possible to see if a response was given 
in the frontal or in the rear hemisphere. This, off 
course, also eliminates the possibility to see even
tual cone-of-confusions errors but since the interest 
in this experiment is focused on the ITD such errors 
do - by definition - not exist. 
Each column holds the responses of the presented 
ITD combined with the minimum-phase transfer 
functions corresponding to the ITD given in the 
parentheses. The combinations of severely conflict
ing cues are shown to the left of HRTF(O) whereas 
the combinations of slightly conflicting cues are 
shown to the right. The arrow indicates the col
umn where the minimum-phase transfer functions 
and the ITD give correct cues. 

In Table 2 the calculated mean, standard devia
tion and median values are shown. It is seen that 
the responded azimuth is not consistent within each 
presented ITD as it could be expected if the ITD 
was an overall dominant cue. However when the 
ITD and spectral information give slightly conflict
ing cues the standard deviation of the localized di
rection is smaller than when the cues are severely 
conflicting. This indicates that the localization in 
the horizontal p lane is dependent on both the ITD 
and the spect ral information, since none of the cues 
provides correct localization independently. 

4. DISCUSSION 
It was hypothesized that the ITD is the leading cue 
for localization in the horizontal plane even w hen the 
spectral information in the minimum-phase transfer 
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Fig. 6: Data for presented stimuli with manipulated cues. Responses are discretized in steps of 4". Each of 
t he four subfigure.s con esponds to all stimuli presented with the specified ITD. 

functions gives conflicting cues. It wao;; expected that 
combinations of ITDs and minimum-phase transfer 
functions with slightly conflicting cue.s would lead 
to localization close to tlrn direction indicat€'.d by 
the lTD rather than the direction indicated by the 
spectral cues. This is to some extent found in the 

data from the present e,xperiment, especially when 
the presented ITD is large. The responded azimuths 
for an lTD of e.g. 600 µs with an HRTF( 4.00) is 
not substantially different from those of an ITD of 
600 µ15 with an HRTF(600) although the mean value 
is sligthly lower and the standard deviation slightly 
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[o J [o J 

azimuth µ (}" median µ (}" median 
0 4.3 17.4 2.1 HRTF (-600) -41.1 25.1 -42.7 
-4 -8.8 17.3 -1.5 HRTF(-400) -38.3 26.2 -40.8 
-8 -15.2 22.8 -8.1 0 HRTF (-200) -17.7 25.1 -15.0 
-12 -22.0 25.6 -17.6 Q HRTF(O) 4.3 17.4 2.1 

E-; 
-16 -29.2 22.3 -26.0 >-< HRTF(200) 29.9 25.3 28.0 
-20 -40.5 20.9 -38.9 HRTF(400) 46.2 25.0 46.8 
-24 -41.5 20.3 -41.5 HRTF(600) 51.0 22.8 51.0 
-28 -47.2 22.0 -49.2 
-32 -49.2 18.4 -50.0 HRTF(-600) -17.9 33.8 -15.7 
-36 -51.9 19.5 -49.5 HRTF(-400) -20.7 32.9 -17.1 
-40 -55.8 19.8 -56 .2 0 HRTF(-200) 3.4 32.5 1.8 0 

<N 
-44 -60.3 18.3 -60.2 Q HRTF(O) 32.8 24.4 33.3 
-48 -62.3 17.7 -62.7 E-; 

>-< HRTF(200) 47.3 21.1 46.7 
-52 -66.0 17.1 -68.9 HRTF(400) 55.2 19.5 55 .3 
-56 -69.9 17.8 -75.7 HRTF(600) 62.7 19.6 64.9 
-60 -71.2 16.9 -76.8 
-64 -73.9 14.8 -77.0 HRTF(-600) 9.7 42.6 8.1 
-68 -75.9 12.5 -78.0 HRTF(-400) 1.3 43.2 0.3 
-72 -78.6 10.9 -81.5 0 HRTF(-200) 26.2 32.7 30.5 0 

'Sj< 

-76 -78.1 12.3 -80.9 Q HRTF(O) 49.2 21.1 49.6 
-80 -78.6 11.6 -82.1 E-; HRTF(200) 61.3 17.9 61.3 >-< 
-84 -77.0 13.3 -81.1 HRTF(400) 65.2 18.6 69.3 
-88 -77.0 12.7 -84.7 HRTF(600) 72.5 15.2 75.7 

Table 1: Mean (µ), st andard deviation (u) and me- HRTF(-600) 22.4 47.8 31.8 
dian values calculated for data with original cues. HRTF(-400) 17.4 45.0 19.5 

0 HRTF(-200) 47.0 30.1 50.5 0 
<:O 

Q HRTF(O) 62.4 18.4 65.0 

higher. For small ITDs, e.g. 0 µ s combined with E-; HRTF(200) 69.9 17.2 73.5 
>-< 

an HRTF from any other direction than the median HRTF(400) 75.1 14.5 78.9 

plane the importance of t he spectral cues being cor- HRTF(600) 77.3 13.2 81.3 

rect is clearly seen. Here even a slight change in 
Table 2: Mean (µ), standard deviation (u) and me-the spectral cues leads to a completely different re-

sponded azimuth as seen in the left subfigure of Fig dian values calculated for data with manipulated 

6. cues. 

When the cues were severely conflicting the localiza-
t ion was expected to be less focused. This is indeed 

with ITDs of 200 µs, 400 µs and 600 µs in Fig. 6. the case as it can be seen in e.g. the left columns 
in the subfigures with ITDs of 200 µs, 400 µs and The results do not indicate that the spectral infor-

600 µs in F ig. 6. The results do not indicate that the mation is the leading cue either and it seems rea-

spectral information is the leading cue either and it sonable to conclude that both correct ITD and cor-

seems reasonable to conclude that both correct ITD rect spectral cues are necessary for localization in 

and correct spectral cues are necessary although the the horizontal plane although the importance of the 

importance of the spectral cues is dependent on di- spectral cues is dependent on direction. 

rection. 
A two-step model for localization was described and 

can be seen in e.g. the left columns in the subfigures the results from the experiments give no reason to 
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reject this model. Although the temporal cue might 
not be as robust as expected for all ITDs, the local
ized direction is fairly accurate when the two types 
of cues are supporting each other. It is still believed 
t hat the spectral characteristics of the minimum
phase transfer functions contain information about 
localization on the iso-ITD contour. 
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