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ABSTRACT 
Our ability to focus on a talker in an environment with several talkers is improved by our binaural 
hearing. The ability to listen to one talker is improved if the talkers are spatially well separated. A 
common problem with binaural recordings is front-back confusion, which can make it more 
difficult to focus on the target talker among several talkers. In this study the ability to localize a 
talker is compared to the ability to follow a talker in situations with several talkers. In the first 
part the subjects were asked to localize a talker in the horizontal plane listening to binaural 
recordings. In the second part of the study the subjects were instructed to assess their ability to 
follow a target male voice in presence of a masker consisting of two voices (male and female). 
Target and maskers were presented through separate loudspeakers in various positions. The same 
listening test was also performed with binaural recordings of the test environment using different 
artificial heads and in-ear recordings of humans. In both parts the binaural recordings were 
presented to the subjects through loudspeakers using cross-talk cancellation. Correlation between 
localization performance and self assessed speech intelligibility was analyzed. 

1. INTRODUCTION 
Binaural techniques have been used for recording and reproducing sounds for over two decades. 
It is today an established tool for product sound quality evaluation. The advantage with binaural 
recordings and reproduction is the capability to store and reproduce 3-dimensional sound fields 
with high realism with only two channels. 
 The auditory system benefits from having two ears (binaural) in tasks such as localization, 
detection (detect a sound signal within noise) and speech intelligibility (not only hear that some 
one speaks, but actually hear what the person says). This is due to the binaural hearing systems 
ability to suppress noise, reverberance and colouration to a certain extent1. What commonly is 
known as the cocktail-party effect is possible thanks to binaural hearing. Cocktail-party effect is 
our ability to concentrate on one talker in an environment with several talkers and discriminate 
the speech of this talker from the rest of talkers.  
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 The idea behind the binaural technique is as follows: If signals can be recorded in the ears of 
the listener and later reproduced in such way that the reproduced signals at the eardrums are the 
same as they were, than the auditory impression (including spatial aspects such as distance and 
direction) is recreated. The reproduction is normally done through headphones as this gives a 
complete channel separation. The signals can also be played back through loudspeakers but then 
cross-talk cancellation is needed to cancel the sound from both loudspeakers reaching both ears. 
This cancellation is done by adding an artificial cross-talk to the binaural signals2. 
 The recording of binaural signals can be done with small microphones placed in the ears of 
the subject. However, it is often not a practical solution to make the recordings in the ears of the 
listeners. Instead the recordings are made with an artificial head (also called dummy head), which 
is a simplified model of an average human person. If the recordings are made with artificial heads 
the binaural signals are passed through equalizers that make the signals spectrally compatible 
with sounds recorded with conventional microphones. During the reproduction in headphones the 
signals are played back through equalized headphones to create the same signal in the listeners’ 
ear canals as would be presented in a real situation3. 
 Even though the binaural techniques produce recordings with surprisingly natural 
reproduction they often suffer from localization errors. Common imperfections in the reproduced 
sound field are: 

- front-back confusions – the predicted position of the sound is a mirror of the actual sound 
in the frontal plane, Figure 1 

- distance errors – the sound is perceived too close (or even inside the head) or too far away  
- elevation errors – the elevation of the sound source is perceived wrong  

 

 
Figure 1: A head related coordinate system proposed by Blauert4. r is the distance, φ is the azimuth and δ is the 

elevation. 

 
 The localization performance of both artificial heads and recordings in humans’ ears have 
thoroughly been investigated and presented in the literature5. The conclusion of these studies is 
that the localization performance for reproduced binaural recordings (independent if these 
recordings were made with artificial heads or done in the ears of humans) are worse than in a real 
life situation. 
 Speech communication is seldom done in quiet environments; often the communication is 
disturbed by other speech signals, much like a cocktail party. The speech intelligibility is affected 
by several factors such as; spatial separation, speech (and noise) spectra. In a study by Ericson 
and McKinley6, using headphone listening, it was found that directional (the talkers were 
spatially separated) presentations of speech are more intelligible than diotic presentations. But an 
even larger effect was the gender of the talker and masker. If the talker and masker were of 



different gender the speech intelligibility in general was higher than if the talker and masker were 
of same gender, Figure 2. 
 

 
Figure 2: Speech intelligibility for diotic, dichotic and directional presentations of two talkers in silence6. The 

talkers were male and male (MM), female and female (FF) or male and female (MF).  
 
The aim of this study is to compare the subject’s ability to correctly localize the position of the 
source in a binaural recording with their ability to follow a talker in a binaural recording with 
several other talkers. The hypothesis behind the study is that subjects that are good at correctly 
localize sounds will be able to use this skill to spatially separate the talkers in a cocktail party 
situation and thereby improve their speech intelligibility.  
 

2. EXPERIMENTAL SETUP 
The study presented in this paper is based on two listening tests. In the first test the subjects’ 
ability to make a correct localization in the horizontal plane was investigated and in the second 
test the subjects were instructed to assess their ability to follow a target male voice in presence of 
a masker consisting of a male and a female voice. Both listening tests were based on binaural 
recordings using both artificial heads and in-ear recordings of humans. The recordings were 
reproduced in an anechoic chamber through loudspeakers using cross-talk cancellation. In the 
second listening test also real-life versions of the recorded signals were presented to the subjects. 
 

A. Recordings 
All recordings used in this study were done with small microphones (Sennheiser KE-4-211-2) 
placed either in the ears of the artificial heads or the humans used for the recordings. The 
miniature microphones were mounted in the ears flush with the entrance of the blocked ear canal. 
Due to the size of the microphones and the cables it was not possible to use an earplug to get a 
perfectly sealed ear canal. Subjects with small ear canals could not be used due to the microphone 
size. The subjects had to be carefully chosen to obtain a fit that was as tight as possible. The 
recordings for the first listening test were done with two artificial heads (Head Acoustics HMS I 
and HMS III) and in the ear of 6 humans (HH 1-6). For the second listening test recordings were 
done with same artificial heads and in the ears of 3 of the humans (HH 2, HH 4 and HH 6) used 
in the first set of recordings.  
 The first set of recordings used for the localization test was made in the horizontal plane in 
steps of 15 degrees in a total of 24 positions. As source a small coaxial loudspeaker was used to 



get the characteristics of a point source. The recorded signal was a male voice (the speech was 
created using a text-to-speech program7) that said (in Swedish) Hi, my name is Erik. Your task is 
to determine from what direction I’m speaking. During the recordings the subject was standing on 
a turn table that was rotated in steps of 15 degrees. In 8 positions (in front and then in steps of 45 
degrees in the horizontal plane) recordings were also made, later used in the first listening test for 
a short training session. In these angles the male voice was saying in what direction he was 
speaking from.  
 The second set of recordings was made using the set-up presented in Figure 3. The target 
talker was played in either loudspeaker 1 or 2 and the masker talkers were played in one of the 
loudspeakers numbered 2 to 5. The combinations of target and maskers are summarized in table 1. 
The level of all talkers were adjusted to have the same A-weighted sound pressure level, resulting 
in the level of the maskers being approximately 3 dB(A) higher than the target.  
 

 
Figure 3: The experimental setup for the recordings (and real-life version) used for the speech intelligibility 

assessment in the study. The grey non-filled loudspeakers were placed in the anechoic chamber but were not used 
neither for recordings nor for reproduction. Loudspeaker 6 was used for binaural reproduction but not for recording. 

 
Table 1: Combinations of target and masker talkers used for the speech intelligibility assessment. The numbering of 

the loudspeakers is presented in Figure 3. 

Test nr 
Target talker 

played in 
loudspeaker 

Masker talkers 
played in 

loudspeaker 
1 1 2 
2 1 3 
3 1 4 
4 1 5 
5 2 3 
6 2 4 

 

B. Subjects 
20 subjects (11 males and 9 females) participated in the listening tests. The same 20 subjects 
participated in both listening tests. All subjects are staff at Luleå University of Technology. The 
average age for male subjects was 37 years (standard deviation 9 years) and for female subjects 
35 years (standard deviation 5 years). 16 of the subjects had earlier participated in other listening 
tests. None of the subjects had any known hearing loss and considered themselves to be normal 
hearing.   
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C. Experimental facilities 
Both recordings and listening tests were carried out in an anechoic chamber, at Luleå University 
of Technology. The anechoic chamber was chosen because the reproduction was made through 
loudspeakers using cross-talk cancellation. On top of this the anechoic chamber offers an 
environment that is not disturbed by outside sounds and other stimuli that may influence 
performance. 
 

D. Localization test 
In the first listening test the subjects were instructed to judge the direction of the talker on a 
diagram, shown in Figure 4. The diagram had marks in the directions front, back, left and right. 
No information was given to the subjects about were the source could be in the horizontal plane. 
They were instructed to mark each talker position with a cross on the circle in the diagram. Each 
subject listened to only 12 of the 24 positions for each head in order to reduce the number of 
stimuli each subject listened to. This was done by randomly selecting for each angle from front to 
back either the recording with the talker to the left or right. If the recording with the talker in 
front or back of the subject should be used was randomized. 8 different heads and 12 (of 24 
possible) angles give a total of 96 stimuli for each subject. The listening test began with a short 
introduction/training session with 8 stimuli in angle steps of 45 degree around the horizontal 
plane (the selected head in each angle was randomized). 
 

E. Speech intelligibility test 
The subjects were instructed to assess their ability to follow a target male voice in presence of a 
masker consisting of a male and female voice. Both masking talkers were reproduced from the 
same position. The masker position changed for the different tests according to table 1. The target 
talker began 5 seconds before the masker in order to make it easier for the subjects to identify the 
target voice. The total length of each stimulus was 20 seconds. A total of 5 heads and 6 different 
target/masker combinations plus one real life version (the talkers were reproduced in the 
loudspeakers in same way as they were binaurally recorded) of the target/masker combinations 
gave a total of 36 stimuli. The listening test began with a short session with 3 examples to let the 
subjects get used to the setup. The speech intelligibility was assessed on a scale from 0, not at all 
to 100, extremely difficult to follow the target talker, shown in Figure 4. The length of the scale 
was 100mm giving a rating between 0 and 100.  
 

              
Figure 4: The diagram used for the localization test of the talker (left) and the scale used to self assess the subject’s 

ability to follow the target talker (right). 
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3. RESULTS 
It was considered to be a correct localization if the distance between the stimuli angle and 
responded angle was less than 7.5 degrees (the angle distance between the stimuli was 15 
degrees). The results for two of the heads are shown in Figure 5. The abscissa gives the stimulus 
position and the ordinate gives the responded position. The dots represent the answers and the 
area of a dot is proportional to the number of answers for the combination of stimulus and 
response. Correct answers are found on the positive diagonal (solid line). Front-back confusions 
are found on the diagonals indicated by the dashed lines. Due to the randomization of the selected 
angles for the listening test not all angles has the same number of stimulus.  
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Figure 5: Result of the localization test for all subjects for two of the heads used in the test (240 stimuli in each 
diagram). To the left are results for in-ear measurements of human 2 and to the right for artificial head HMS I. 

 
Horizontal angular errors for the six in-ear recordings of human heads (HH 1-6) and the two 
artificial heads (HMS I and HMS III) are showed in Figure 6. Due to the skewed distribution 
Friedman’s ANOVA was used to analyze the data. A significant difference was found between 
the eight recordings (χ2(7)=24.08, p<.05). Post-hoc tests were performed for the three human 
heads; HH 2 (Mdn=16), HH 4 (Mdn=24.5) and HH 6 (Mdn=30), and the two artificial heads; 
HMS I (Mdn=18) and HMS III (Mdn=22), used in the speech intelligibility test. Wilcoxon signed 
rank test was used for the post-hoc tests where the significance level was adjusted using the 
Bonferroni correction, i.e. p<.005. The angular error was significantly lower for HH 2 than for 
HH 6 (z=-3.17, p<.005, r=-.20). The angular error for HH 4 was neither found larger nor smaller 
when compared to HH 2 and HH 6, respectively. There were further no differences found for the 
two artificial heads (HMS I and HMS III), neither compared to each other nor to HH 2, 4 and 6. 
 Front-back errors, showed in Figure 7, were also analyzed. However, no differences could be 
found between the eight recordings (χ2(7)=7.91, p=n.s.). 
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Figure 6: Boxplots of angular error for the six in-ear recordings of human heads (HH 1-6) and for the two artificial 

head recordings (HMS I and HMS III). 
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Figure 7: Boxplots of front-back error (percentage) for the six in-ear recordings of human heads (HH 1-6) and for 

the two artificial head recordings (HMS I and HMS III). 

 
Ratings in the self-assessed speech intelligibility test are shown in Figure 8. The ratings were 
normalized with respect to each subject mean and standard deviation8: 

 
 (1) 

 
where  zi : normalized result 

 xi :  ratings for subject i 
 mi : mean rating of subject i 
 si : standard deviation for subject i 
 m : mean rating of all subjects 
 s : standard deviation for all subjects 
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As for angular errors, Friedman’s ANOVA was performed using Wilcoxon signed rank test as 
post-hoc tests where the significance level was adjusted using the Bonferroni correction. A 
significant difference among the six cases was found (χ2(5)=45.78, p<.05). Rated difficulty to 
follow the target was significantly lower for the real life case when compared to the five human 
head recordings and the artificial head recordings, respectively. It was further found easier to 
follow the target for HH 2 when compared to HH 4 (z=-4.07, p<.0033, r=-.37) and HH 6 (z=-3.62, 
p<.0033, r=-.33). The artificial head HMS III was also rated easier than HH 4 (z=-4.19, p<.0033, 
r=-.38) and HH 6 (z=-3.14, p<.0033, r=-.28). 
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Figure 8: Boxplots of normalized ratings of the difficulty to follow a target talker for the three in-ear recordings of 
human heads (HH 2, HH 4 and HH 6), the two artificial head recordings (HMS I and HMS III) and for the real life 

case. 

 
Spearman rank correlations (ρ) were computed between front-back errors and self-assessed 
speech intelligibility (not normalized ratings) in test 3 (target at 0º and masker at 180º) and test 5 
(target at 30º and masker at 150º). The correlations were computed to test the hypothesis that 
front-back errors make a listening situation in a cocktail party scenario more difficult. A 
significant correlation was only found for HH 4 (ρ=0.49, p<.05) and HH 6 (ρ=0.52, p<.05). For 
HH 4 and HH 6 subjects with many front-back errors also rated their ability to follow the target 
as more difficult. The speech intelligibility ratings were further correlated with angular errors. 
However, no significant correlation could be found for any of the three in-ear recordings of 
human heads and the artificial heads recordings. 
 

4. DISCUSSION AND CONCLUSIONS  
From the localization test it was found that the angular error for HH 2 was less than for HH 6. It 
was also found that the assessed speech intelligibility was rated higher for HH 2 than HH 6. No 
such correlation could be found for the rest of the in-ear recordings of the humans or the artificial 
heads. The speech intelligibility was rated higher for both HH 2 and HMS III compared to HH 4 
and HH6. For HH 4 and HH 6 there was also a correlation found between the number of front-
back errors for the subjects and their assessed speech intelligibility. This together indicates that 
the localization performance (including front-back errors) has an influence on the speech 
intelligibility in situations similar to a cocktail party.  



 However, the lack of correlation between localization and speech intelligibility for both in-
ear and artificial head recordings imply that the speech intelligibility is not that sensitive to the 
ability to correctly localize the target. Instead factors that cannot be explained by position, such 
as the spectra of the talkers, have a large influence on the speech intelligibility.  
 It has been shown that there are differences in the subjects’ ability to follow a target talker 
between the binaural recordings done with artificial heads and in-ear recordings of humans. This 
even though there was no difference in the number of front-back errors between the artificial 
heads and in-ear recordings of the humans. Even for the best binaural recording (HH 2) the self 
assessed speech intelligibility was lower than for the real life case.  
 To investigate if the cross-talk cancellation used was insufficient in presenting correct 
interaural level differences (ILDs) and interaural time differences (ITDs), which could explain 
the low correlation between localization performance and assessed speech intelligibility, the 
study should be repeated using equalized headphones.  
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