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ABSTRACT 
A well-known problem for reproductions of binaural recordings and simulations using HRTFs other than 
those of the actual listener is decreased localization performance and increased front-back confusion. 
Previous studies have indicated that moving the sound source can reduce these problems. The objective of 
this study was to measure how a unidirectional sound source movement along an orbit in the horizontal plane 
(achieved by reproducing sounds with a loudspeaker and turning a recording artificial head with a velocity of 
5°/s) affects front-back confusion and localization errors. Two factors were studied: 1. Movement (static or 
rotation). 2. Acoustic environment (anechoic or reverberant). Male speech and recurring 840 Hz sinusoidal 
tones with a Gaussian envelope were used as stimuli. Listening tests showed that the front-back confusion 
rate and the rate of incorrectly perceiving that the sound is coming straight from the side were significantly 
lower (95% confidence level) in the reverberant condition compared to the anechoic condition. The 
front-back confusion rate was lower for the moving auditory scene compared to the static auditory scene, 
both in anechoic and reverberant conditions, but these differences were not significant. To conclude, there is 
reason to add room reflections to 3D sound synthesis in order to enhance localization performance in 
auditory displays. The effect of adding movements is small in comparison to the effect of adding reflections. 
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1. INTRODUCTION 
In 3D auditory display applications it is well known that virtually placed sounds generally are more 

difficult to locate accurately than real sounds (see for example [1] and [2]). The inability to discern 
sounds coming from the front from sounds coming from behind, and vice versa, is especially apparent, 
commonly called front-back confusion. In real-life listening, head movements dynamically change 
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localization cues and aid localization. Without a head tracking system these dynamic cues can not be 
reproduced in binaural synthesis. There are a number of studies showing that head movements help 
reducing front-back confusion (see for example [3] and [4]). In 1940 Wallach showed that vestibular 
cues or visual cues can replace head movements with maintained ability to localize sounds [5]. 
Wallach showed this by giving vestibular cues to blindfolded subjects by rotating them and by giving 
visual cues to stationary subjects by rotating a cylindrical screen surrounding the subject. However, 
what Wallach did not show is whether aural cues from moving a single sound source or the complete 
auditory scene provide enough dynamic cues in order to reduce front-back confusion. Some attempts 
to test this have been done. Wightman and Kistler [6] made an experiment with virtual sound sources 
where the subjects’ head movements were either allowed or restricted. When head movements were 
restricted front-back confusion rates were high. As expected, head movements almost eliminated 
front-back confusion. In addition, an experiment was made where head movements were restricted but 
the sound source was moved. Two conditions were compared. In one condition, the listener could 
control the movement of the sound source by arrow keys. In the other condition the subject only got 
auditory information about the source movement. Only when the listener controlled the movement of 
the sound source did the front-back confusion disappear. This result supports the hypothesis that head 
movements are not required, as long as the listener have information about the movement. However, 
Wightman and Kistler’s results do not support the hypothesis that source movements in themselves 
reduce front-back confusion. Kudo et al. [7] also made a study of how moving auditory scenes affect 
front-back confusion. They examined both a unidirectionally rotating auditory scene (30º movement at 
15º/s), and something they called a swing sound image which was periodically switching between two 
positions (swing angle between 2º and 8º, 0.25 to 2 s periods). They did not find a decreased front-back 
confusion rate for the unidirectional rotation. The swing sound image reduced front-back confusion 
for one out of five subjects. Since the study was based on only five subjects it does not allow a 
statistical analysis. Therefore, reliable conclusions cannot be made based on it. However, Tower et al. 
[8] showed significant reduction of front-back confusion for a similar swing sound image in an 
experiment based on 22 subjects. The reported studies are ambiguous but they give reason to assume 
that sound source movements can reduce front-back confusion. 

The aim of the present study is to contribute with some more material on how moving of sound 
sources affects localization in binaural reproductions. The objective was to compare front-back 
confusion and angular errors for stationary and moving sound sources. Unidirectional movement was 
studied. To eliminate errors introduced by binaural synthesis, a first set of stimuli were recorded using 
an artificial head mounted on a turntable. Consequently, non-individual head related transfer functions 
were used. Recordings were made in an anechoic chamber. The absence of reflections means that the 
condition is equal to a moving source in anechoic environment. In addition, a second set of stimuli 
were recorded with the rotating artificial head in a reverberant environment. The result is stimuli for 
which the complete auditory scene is rotating. The hypothesis to be tested was that rotation of the 
complete auditory scene would give more consistent cues about the motion, and thereby a larger 
reduction of front-back confusion. 

Many factors may influence the ability to localize moving sources. Some important factors are 
movement velocity, length of movement, acoustic environment and type of sound. Previous studies do 
not contain enough information for giving exhaustive recommendations on how movements should be 
used in order to optimize localization performance in 3D auditory displays. This study is restricted to 
unidirectional sound source movement along an orbit in the horizontal plane with a velocity of 5°/s. 
Effects of the type of stimuli (male speech or Gaussian tone bursts), sound direction, angle of the 
movement, and acoustic environment (anechoic or static) were studied. At present, 16 subjects have 
participated. This does not provide enough material to make a detailed analysis of all varied factors. 
The analysis was restricted to test if: 

1. the auditory scene rotation reduces front-back confusion, 
2. the auditory scene rotation affects the out-of-cone error rate, 
3. there is a difference in front-back confusion and out-of-cone error rates between anechoic and 

reverberant conditions. 
 
In addition, a phenomenon we have called Straight-From-the-Side perception (SFS) was observed. 

A large number of responses to stimuli presented at 45º and 135º angles were perceived to come 
straight from the side. Therefore, a comparison was also made of the SFS error rate between anechoic 
and reverberant conditions. 
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2. Method 

2.1 Evaluation methodology 
In a listening test subjects were asked to point out the perceived direction of binaurally recorded 

sound sources presented through headphones from different angles in the horizontal plane. The 
binaural recordings were made using an artificial head (Head Acoustics HMS III) mounted on a 
turntable allowing unidirectional rotation of the auditory scene. The following factors were varied: 

 
- Two types of stimuli (male speech and Gaussian tone bursts). 
- Four sound source directions (0º, -45º, -135º and 180º, see Figure 2). 
- Static auditory scene and three unidirectional rotations of the auditory scene (20º, 30º and 40º). 
- Two acoustic environments (anechoic and reverberant). 

 

2.2 Sound stimuli 
Two types of sounds were used for the creation of stimuli, male speech and Gaussian tone bursts. 

The male speech was taken from a material used in Sweden for audiometry tests [9]. A Swedish 
speaking male voice spoke two sentences in a row: “Karin ser sex mörka pennor. Bosse köpte två 
svarta knappar.” (Eng. “Karin sees six dark pens. Bosse bought two black buttons.”). The sentences 
were chosen since they contain a lot of high frequency consonants (e.g. k, p and s), which gave the 
sound a broadband character. The total length of the sound was 9 s. A Gaussian tone burst was selected 
since it is a well-defined signal with a transient character and it has been shown to give low 
localization blur in previous studies (approximately 1º for frequencies between 0.5 and 1 kHz) [10]. 
The Gaussian tone burst was created by applying a 20 ms long Gaussian envelope to a sine signal with 
840 Hz frequency (see Figure 1). A sound sequence was created by repeating the tone 18 times at 0.5 
s intervals, giving a total length of 9 s (the same as the speech sound). 

 
Figure 1 – Gaussian tone burst used for creation of stimuli. 

 
The stimuli were created by playing the sound files (male speech and Gaussian tone bursts) through 

a loudspeaker, and recording the sound using an artificial head (Head Acoustics HMS III) mounted on 
a turntable. By rotating the artificial head the complete auditory scene in the recording was rotated. A 
unidirectional rotation of 20º, 30º or 40º was used. The rotation velocity was 5º/s. Recordings were 
made for rotations ending at 0º, 45º, 135º and 180º. Figure 2 shows the angles and directions of rotation 
used. In addition, static stimuli were also recorded at these angles. The recordings were made in an 
anechoic chamber and in a classroom (9.45m x 5.9m x 3.85 m, T60=0.6 s, with the ears of the artificial 
head placed 114 cm above the floor in the center of the room). In total 64 stimuli were created, as listed 
in Table 1. 

 
 
 
 
 
 

Table 1 – Factors varied for the 64 stimuli 
Factor Levels 
Angle of rotation 0º, 20º, 30º, 40º 
Direction of endpoint 0º, 45º, 135º, 180º 
Type of sound Male speech, Gaussian tone bursts 
Recording environment Anechoic, Reverberant 
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Figure 2 – Angles and directions of rotation used for recording of stimuli. Ө=angle of rotation, 0º, 20º, 

30º or 40º. 

2.3 Subjects 
In total 16 subjects participated in the listening test, 12 men and 4 women. All had self-reported 

normal hearing. The mean age was 30 years (SD 11 years). 

2.4 Listening test 
The listening test was made using a PC with an M-Audio ProFire 610 sound card and Sennheiser 

HD650 headphones. The user interface shown in Figure 3 was used for collection of responses. One 
stimulus at a time was presented to the subject, who was asked to mark the perceived direction using 
the radio buttons next to the figure on the screen. The response could be given in 22.5º intervals. If the 
subject perceived that the sound was moving he/she was asked to point out the direction at the end of 
the movement. The subject was allowed to replay the stimulus as many times as desired. 

 
Figure 3 – User interface used for collection of responses during the listening test. 

3. RESULTS AND DISCUSSION 
Since interaural time differences are of great importance for human sound localization, source 

positions that result in the same interaural time difference are likely to be confused. Such positions 
make up what is called a cone of confusion (see e.g. [10]). Errors made in the test were split into two 
categories, 1) front-back confusion and 2) out-of-cone errors. Out-of-cone errors were defined as 
responses given at an incorrect cone of confusion [11]. 

0º 
 

45º 
 

135º 
 

180º 
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3.1 Front-Back Confusion 
3.1.1 Effect of rotation in anechoic environment 

Crosstabulation of the variables Movement and FBC (front-back confusion rate) is found in Table 2. 
The table shows that the front-back confusion rate was 60% in the static condition. Since it is not 
reasonable to assume a front-back confusion rate above 50% (i.e. equal to pure guess), the moving 
condition was compared to the pure guess case instead of to the static condition. A binomial test for the 
moving condition (134 confusions in 290 observations) did not show that the front-back confusion rate 
differed significantly from pure guess (95% confidence level). 

Table 2 – Movement * FBC Crosstabulation for the anechoic environment. 
 FBC Total 

 Not FBC FBC 

Movement 

Moving 
Count 156 134 290 

% within Movement 53,8% 46,2% 100,0% 

Static 
Count 39 58 97 

% within Movement 40,2% 59,8% 100,0% 

Total 
Count 195 192 387 

% within Movement 50,4% 49,6% 100,0% 

3.1.2 Effect of rotation in reverberant environment 
Crosstabulation of the variables Movement and FBC (front-back confusion rate) are found in Table 

3. As can be seen in the table, the front-back confusion rates are almost the same for static and moving 
auditory scene (40% vs. 42%). A Pearson χ2 test showed no significant difference between the two 
conditions (95% confidence level), i.e. there is no significant difference in front-back confusion rate 
depending on whether or not the auditory scene is moving. 

Table 3 – Movement * FBC Crosstabulation for the reverberant environment. 
 FBC Total 

Not FBC FBC 

Movement 

Moving 
Count 186 132 318 

% within Movement 58,5% 41,5% 100,0% 

Static 
Count 63 42 105 

% within Movement 60,0% 40,0% 100,0% 

Total 
Count 249 174 423 

% within Movement 58,9% 41,1% 100,0% 

 
3.1.3 Comparison of anechoic and reverberant conditions 

Front-back confusion in anechoic conditions was not significantly different from pure guesses. To 
check whether front-back confusion in the reverberant environment is lower than 50% (pure guess) a 
binomial test was done for the static auditory scene condition. 42 front-back confusions in 105 
observations gives p=.025 (1-tailed). The conclusion is that the front-back confusion rate is lower than 
pure guess in the reverberant environment (95% confidence level). 

3.2 Out-Of-Cone errors (OOC) 
3.2.1 Effect of rotation in anechoic environment 

Crosstabulation of the variables Movement and OOC (out-of-cone error rate) is found in Table 4. 
From the table it can be seen that moving the auditory scene increases the out-of-cone error rate 
compared to the static auditory scene (69% vs. 62%). However, a Pearson χ2 showed that the difference 
is not significant (95% confidence level). 
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Table 4 – Movement * OOC Crosstabulation for anechoic environment. 
 OOC Total 

Not OOC OOC 

Movement 

Moving 
Count 121 263 384 

% within Movement 31,5% 68,5% 100,0% 

Static 
Count 49 79 128 

% within Movement 38,3% 61,7% 100,0% 

Total 
Count 170 342 512 

% within Movement 33,2% 66,8% 100,0% 

3.2.2 Effect of rotation in reverberant environment 
Crosstabulation of the variables Movement and OOC (out-of-cone error rate) is found in Table 5. 

From the table it can be seen that moving the auditory scene increases the out-of-cone error rate 
compared to the static auditory scene (66% vs. 53%). A Pearson χ2 test gave p=.01 (1-sided), i.e. the 
increase is significant (95% confidence level). 

Table 5 – Movement * OOC Crosstabulation for reverberant environment. 
 OOC Total 

Not OOC OOC 

Movement 

Moving 
Count 132 252 384 

% within Movement 34,4% 65,6% 100,0% 

Static 
Count 60 68 128 

% within Movement 46,9% 53,1% 100,0% 

Total 
Count 192 320 512 

% within Movement 37,5% 62,5% 100,0% 

3.2.3 Comparison of anechoic and reverberant conditions 
Since moving the auditory scene increases the out-of-cone error rate for the reverberant condition, 

it would be unsuitable to cluster the moving and the static conditions while doing the comparison of 
the anechoic and reverberant conditions. Therefore, only the static condition was used for the 
comparison. The crosstabulation of the variables Room Properties (anechoic or reverberant) and OOC 
(out-of-cone error rate) is found in Table 6. From the table it can be seen that the reverberant 
environment had a lower out-of-cone error rate than the anechoic environment (53% vs 62%). 
However, a Pearson χ2 test showed that this difference is not significant (95% confidence level). 

Table 6 – Room Properties * OOC Crosstabulation for the static condition. 
 OOC Total 

Not OOC OOC 

Room 

Properties 

Anechoic 
Count 49 79 128 

% within Room Prop. 38,3% 61,7% 100,0% 

Reverberant 
Count 60 68 128 

% within Room Prop. 46,9% 53,1% 100,0% 

Total 
Count 109 147 256 

% within Room Prop. 42,6% 57,4% 100,0% 
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3.3 Straight-From-the-Side perception (SFS) 
An interesting observation from examination of the data is that a large number of responses were 

made at 90º even though no stimuli occurred there. This error was almost exclusively made for stimuli 
presented at either 45º or 135º angles. We call this error Straight-From-the-Side perception (SFS). 

 
3.3.1 Difference in SFS error rate between anechoic and reverberant conditions 

First, the difference in SFS error rate between anechoic and reverberant environment was assessed. 
Crosstabulation of the variables Room Properties (anechoic or reverberant) and SFS error rate is found 
in Table 7. Only conditions with stimuli presented from 45º or 135º directions are included. From the 
table it can be seen that the SFS error rate is higher in the anechoic environment (44%) than in the 
reverberant environment (29%). A Pearson χ2 test gave p=.000 (1-sided), i.e. the difference is 
significant at 95% confidence level. 

Table 7 – Room Properties * SFS Crosstabulation for stimuli presented from the 45º 

    SFS Total 

Not SFS SFS 

Room 

Properties 

Anechoic 
Count 143 113 256 

% within Room Prop. 55,9% 44,1% 100,0% 

Reverberant 
Count 181 75 256 

% within Room Prop. 70,7% 29,3% 100,0% 

Total 
Count 324 188 512 

% within Room Prop. 63,3% 36,7% 100,0% 

3.3.2 Effect of rotation on SFS error rate – anechoic conditions 
Crosstabulation of the variables Movement and SFS (Straight-From-the-Side error rate) is found in 

Table 8. From the table it can be seen that moving the auditory scene does not change the SFS error rate 
compared to the static auditory scene (44% vs. 45%). The Pearson χ2 showed that the difference is not 
significant (95% confidence level). 

Table 8 – Movement * SFS Crosstabulation for the anechoic environment for 

         SFS Total 

Not SFS SFS 

Movement 

Moving 
Count 108 84 192 

% within Movement 56,2% 43,8% 100,0% 

Static 
Count 35 29 64 

% within Movement 54,7% 45,3% 100,0% 

Total 
Count 143 113 256 

% within Movement 55,9% 44,1% 100,0% 

3.3.3 Effect of rotation on SFS error rate – reverberant conditions 
Crosstabulation of the variables Movement and SFS (Straight-From-the-Side error rate) is found in 

Table 9. From the table it can be seen that moving the auditory scene does not change the SFS error rate 
much compared to the static auditory scene (28% vs 33%). The Pearson χ2 test showed that the 
difference is not significant (95% confidence level). 
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Table 9 – Movement * SFS Crosstabulation for the reverberant environment 

          SFS Total 

Not SFS SFS 

Movement 

Moving 
Count 138 54 192 

% within Movement 71,9% 28,1% 100,0% 

Static 
Count 43 21 64 

% within Movement 67,2% 32,8% 100,0% 

Total 
Count 181 75 256 

% within Movement 70,7% 29,3% 100,0% 

3.4 Summary of results 
The front-back-confusion rate was significantly lower in the reverberant condition than in the 

anechoic condition (95% confidence level). In the anechoic condition the front-back confusion rate 
was not significantly lower than the probability of pure guesses. No significant effect of rotation of the 
auditory scene was found in any of the two room conditions. The front-back-confusion rate was lower 
for the moving auditory scene both in anechoic and reverberant conditions but from this study 
conclusions can not be drawn. 

The out-of-cone error rate was slightly lower in the reverberant condition compared to the anechoic 
condition, but this difference was not significant. Therefore, conclusion can not be drawn from this 
study. The out-of-cone error rate increased significantly when the auditory scene was rotated in the 
reverberant condition (95% confidence level). This is expected, since the rotation makes the position 
of the sound source less clear. In the anechoic condition this effect was not significant. An explanation 
may be that the azimuth errors are larger in anechoic conditions [12]. Therefore, errors caused by 
auditory scene rotation may be masked in anechoic conditions but not in reverberant conditions. 

The straight-from-the-side perception error rate was significantly lower (95% confidence level) in 
the reverberant condition compared to the anechoic condition. This is an interesting observation, since 
interaural time difference (ITD) and interaural level difference (ILD) are assumed to be the main cues 
for distinguishing a sound source from being in the frontal plane. The ITD is the same in anechoic and 
reverberant conditions. The ILD is lower in reverberant conditions since the level difference between 
the ears is smeared out by reflexes. This, in combination with non-individual HRTFs, may be a reason 
for giving the impression that the sound is coming straight from the side. The rotation of the auditory 
scene did not affect straight-from-the-side perception error rates in any of the room conditions. 

4. CONCLUSIONS 
The front-back-confusion rate and the straight-from-the-side perception error rate were 

significantly lower in the reverberant condition compared to the anechoic condition for the static 
auditory scene (95% confidence level). The results support findings from Reed and Maher [13], 
showing that adding reflections to a 3D auditory display can decrease front-back confusion. One 
reason for the higher straight-from-the-side perception error rate in anechoic conditions could be that 
interaural level differences are typically slightly larger in anechoic conditions compared to reverberant 
conditions. The front-back-confusion rate was lower for the rotating compared to the static auditory 
scene, both in anechoic and reverberant conditions, but these differences were not significant. 
Therefore, conclusions can not be drawn from this study. To conclude, adding room reflections to 3D 
sound synthesis can enhance localization performance in auditory displays. The effect of adding a 
slow rotation (5º/s) of the auditory scene is small in comparison to the effect of adding reflections. 
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