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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. 
Three factors were studied: 1) movement angle (no movement, 20°, 30° and 40°)  
2) acoustic environment (anechoic and reverberant) and 3) type of stimulus (male 
speech and recurring 840 Hz sinusoidal tones with a Gaussian envelope). Listening 
tests showed that front-back confusions decreased for 20° and 40° sound source 
movements, whereas it increased for 30° movement. The localization errors increased 
with about 5° when moving the sound sources. The front-back confusions and 
localization error was not affected by the implementation of reverberation. The front-
back confusions occurred generally 3% more often for Gaussian tone bursts than 
speech, whereas the localization errors were equal.  
  



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 !



 
 

Table of Contents 

!"#$$%&'()))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(*!
+,-.#/"012030.4$()))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(**!
5(6.4&#17,4*#.()))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(5!
5)5(8%,-2&#7.1()))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(5!
5)9(!#%"$(:(;0$0%&,<(=70$4*#.$())))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(5!

9(><0#&04*,%"(8%,-2&#7.1())))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(9!
9)5(?#,%"*@%4*#.(#A(B#7.1$()))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(9!
9)9(BC0,4&%"(D70$(%.1(E0%1F;0"%401(>&%.$A0&(G7.,4*#.$()))))))))))))))))))))))))))))))))))))))))))))(H!
9)H(?#,%"*@%4*#.(I0&A#&3%.,0())))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(J!
9)J(>'C0$(#A(+71*#(6.C74$(*.(HK(+71*#(B'$403$()))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(L!
9)L(I&#M"03$(/*4<(N#.F6.1*O*17%"*@01(E;>G$()))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(L!
9)P(QAA0,4$(#A(B#7.1(;0A"0,4*#.$(#.(?#,%"*@%4*#.(Q&&#&$())))))))))))))))))))))))))))))))))))))))))))))))(P!
9)R(E0%1(%.1(B#7.1(B#7&,0(S#O030.4()))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(R!

H(S04<#1()))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(T!
H)5(I&0O*#7$(I&#U0,4(*.(B#7.1(B#7&,0(?#,%"*@%4*#.())))))))))))))))))))))))))))))))))))))))))))))))))))))))(T!
H)9(I&0"*3*.%&'(>0$4$())))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(5V!
H)H(S%*.(>0$4())))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(55!
H)J(B4*37"*()))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(59!
H)L(8*.%7&%"(;0,#&1*.2(B047C())))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(5H!
H)P(?*$40.*.2(>0$4(I&#,017&0(:(B047C()))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(5H!
H)R(?*$40.0&$()))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(5J!

J(;0$7"4$(:(+.%"'$*$()))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(5L!
J)5(+.%"'$*$(S04<#1())))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(5L!
J)9(;0$7"4(WO0&O*0/()))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(5P!
J)H!B#7.1(B#7&,0(S#O030.4(+.%"'$*$()))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(5X!
J)J!+,#7$4*,(Q.O*&#.30.4$(+.%"'$*$())))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(5T!
J)L!>'C0(#A(+71*#(6.C74(+.%"'$*$())))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(9V!
J)P!B#7&,0(K*&0,4*#.$(+.%"'$*$())))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(95!
J)R(FTVY(I0&,0C4*#.(+.%"'$*$()))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(99!

L(K*$,7$$*#.())))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(99!
G747&0(Z#&-()))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(9J!
D#.,"7$*#.$()))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(9L!
8*M"*#2&%C<'()))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(9P!
+CC0.1*[(5())))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(9X!
+CC0.1*[(9())))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(9T!
+CC0.1*[(H())))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(HV!
+CC0.1*[(J())))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(H5!
+CC0.1*[(L())))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))(HH!



 
 

i 

Glossary 

List of Abbreviat ions 

 
3D   Three-dimensional 
 
AAE   Average Angular Error 
 
DAW   Digital Audio Workstation 
 
FBCR   Front-Back Confusion Rate 
 
GTB   Gaussian Tone Bursts 
 
HRTF   Head-Related Transfer Function 
 
IID   Interaural Intensity Difference 
 
ITD   Interaural Time Difference 
 
  



 
 

ii 

Acknowledgements 
 
This is a thesis for a Bachelor of Science in Mechanical Engineering – Sound Design 
at Luleå University of Technology. The thesis work was carried out at A2Zound at 
Semcon AB in Gothenburg. 
 
I would like to thank Arne Nykänen, supervisor at LTU, and Peter Mohlin, supervisor 
at A2Zound for all the terrific help, inputs and encouragements during the course of 
this thesis that they have given me. Without your invaluable knowledge of 
psychoacoustics and scientific research this thesis wouldn’t have proceeded as great 
as it did. I would also like to thank fellow colleagues at Semcon for participating in 
the listening tests and helping a brother out when he’s in need, especially Yidan Lai 
and Vijendra Bhat for help concerning GUI-programming and stimuli-measurements.  
At last, I would like to thank my friends and family for their support during this 
journey, you’re the best! 
 
Gothenburg, June 2013 
Axel Zedigh 
 
 
  



 
 

1 

1 Introduction 

1.1 Background 

Volvo Cars conducts a research project in association with Semcon, LTU and other 
companies, academies and institutes called EFESOS (Environmental Friendly 
Efficient Enjoyable and Safety Optimized Systems), whose aim is to increase 
knowledge of maintaining road safety while new technologies are being implemented 
for in-vehicle information systems and advanced driver assistance systems. In one 
support system the use of virtual sounds in 3D is considered. It is well known that 
virtually placed sounds generally are more difficult to accurately locate than real. The 
ability to discern the sounds coming from the front or rear is also impaired, often 
called "front-back confusion". Studies have shown that movement of the head, to 
dynamically change localization cues, is an important technique to dissolve 
localization ambiguities. In binaural setups (using headphones) such movements do 
not produce any changes in perception. In such cases it has been hypothesized that 
movement of the sound source instead could dissolve some of the localization 
ambiguities. Studies indicate that movement of the sound source decreases "front-
back confusion” and could decrease the perceived angular error, although the results 
have not been profound (Robinson & Greenfield, 1998)(Kudo et al, 2006) (Wightman 
& Kistler, 1999). Many factors are in consideration when investigating the matter; 
some of these are movement velocity, angular movement, acoustic environment and 
type of sound. Previous studies lack proposals of ideal values for these factors. 
Therefore the aim of this thesis is to further investigate some factors to determine 
whether moving of a sound source can enhance localization performance and reduce 
”front-back confusion”. The localization performance factors studied in this thesis 
were movement angle of the sound source, acoustic environment (anechoic or 
reverberant) and two types of sounds (speech and non-speech). 

1.2 Goals & Research Questions 

The main goal of this bachelor’s thesis is to:  
 

! Conduct an experiment to determine whether unidirectional movement (with a 
constant velocity) of a sound source can enhance localization performance for 
binaurally recorded or simulated sounds, expressed in average angular error 
and front-back confusion rate (as a function of movement angle). 

 
To be able to achieve the main goal the following questions are investigated: 
 

• How much must the source be moved in order to get an effect? 
• Is the effect more prominent in an anechoic or reverberant environment? 
• What differences in the effect are there for Gaussian Tone Bursts (GTB) and 

male speech? 
 
 !
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2 Theoretical Background 

2.1 Local izat ion of Sounds 

To locate a sound source the brain utilizes differences in intensity, arrival timing and 
frequency content between the inputs of the left and right ear. The difference in 
intensity and timing is called Interaural Intensity Difference (IID) and Interaural Time 
Difference (ITD). ITDs and IIDs have been studied extensively in the psychoacoustic 
literature and are sometimes referred to as the “duplex theory” of localization 
(Rayleigh, 1907). When manipulating the IIDs and ITDs, changes in the left and right 
directions are being perceived (see Figure 1).  
 

 
Figure 1 – Localization of sound can be described in terms of a head-related system of coordinates, 
where r is distance, ! is the azimuth and " is the elevation. The interaural axis is illustrated as a line, 

connected between != ± 90°, on the horizontal plane. Adopted from Blauert (1997). 

To determine the location of sounds on the median plane differences in frequency 
content give important cues. The head, body and pinnae are altering the frequency 
content of the sound before it hits the eardrum, due to diffractions and reflections, 
which cause filtering and phasing effects. The frequency content varies depending on 
the angle of incidence (Blauert, 1997). Distance and environmental context perception 
involve a process of integrating multiple cues, including loudness, spectral content, 
reverberation content, and cognitive familiarity (perception of well known sounds are 
often more accurate than unfamiliar). Intensity of a sound source (and its loudness) is 
the primary distance cue used by a listener (Begault, 1994). 
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2.2 Spectral Cues and Head-Related Transfer Functions 

The direction dependent spectral filtering of a sound source, before it reaches the 
eardrum, is an important localization cue and is defined by Head-Related Transfer 
Function (HRTF). In a linear system a transfer function H is defined as the complex 
ratio between the output signal spectrum Y(#) and the input signal spectrum X(#) as 
a function of angular frequency #, where # = 2#f (Bodén et al, 2001): 
  

! ! ! ! !
! !  

 
A HRTF is therefore a transfer function ! !  that changes with the sound source 
position both in the azimuth and elevation planes. A pair of left and right HRTFs is 
called a “binaural HRTF” (Begault, 1994). Each person has a unique pair of HRTFs, 
which generally differ, especially at higher frequencies (see Figure 2). 
“The use of HRTF spectral shaping is typically featured as the key component of a 3D 
sound system, from either direct measurement or modeling. This is based on the 
theory that the most accurate means to produce a spatial sound cue is to transform 
the spectrum of a sound source at the eardrum as closely as possible to the way it 
would be transformed under normal spatial hearing conditions” (Begault, 1994). 
 

 
Figure 2 - Example of HRTFs for three persons in one discrete direction (Begault, 1994). 

Binaural recording is a technique where microphones are placed in the ear canals of a 
human or artificial head. This recording technique greatly enhances the perception of 
direction, elevation and distance compared to conventional stereo recordings due to 
the spectral shaping of the sound. Simulated HRTFs are usually obtained by 
binaurally recording broadband stimuli, e.g. transients or white noise bursts, in an 
anechoic environment at different discrete directions. The transfer function is 
calculated for each measurement and referenced back to the same position in a virtual 
head-related coordinate system. By interpolating the different sets of HRTFs (to get 
more directions to choose from) and calculating the IIDs and ITDs for a certain 
direction a sound source can be processed and virtually placed in space. 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 
(Odelius, & Nykänen, 2009). 

(1) 
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2.3 Local izat ion Performance 

Blauert (1997) discussed about the localization performance by using the term 
“localization blur”, which he defined as the amount of displacement of the position of 
the sound source that is recognized by at least 50 percent of the listeners. This is the 
definition usually practiced in psychophysics. Blauert further stated that the region of 
most precise spatial hearing in the horizontal plane lies in, or close to, the forward 
direction. He also stated that “with increasing displacement from the forward 
direction toward the right or the left, the localization blur increases. At right angles 
to the direction in which the subject is facing, the localization blur attains between 
three and ten times its value for the forward direction.” Research has also shown that 
localization performance varies depending on the frequency content of the stimuli 
(see Table 1 & Figure 3). 
 

Table 1 - Results from various studies of localization blur, summarized by Blauert (1997). 

 
 

 
Figure 3 - Localization blur (y-axis) for lateral displacements of the sound source away from the forward 
direction as a function of frequency (x-axis), illustrated by Blauert (1997) with results from Mills (1958) & 
Boerger (1965), see Table 1. Curve a shows localization blur for sinusoidal signals and curve b shows 
localization blur for Gaussian Tone Bursts (GTB), of critical bandwidth (about 1/3 octave). At 840 Hz the 
localization blur is about 1° for GTB. 
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2.4 Types of Audio Inputs in 3D Audio Systems 

In his research on 3D audio systems Begault (1994) chose to distinguish between 
speech and non-speech audio signals. He stated that the most important criteria for 
speech transmission is maintaining intelligibility throughout the entire communication 
chain, whereas the functions and means for producing the non-speech sounds are 
more varied. He further referenced that the non-speech sound can be divided into 
three subcategories: alarms and warning messages, status and monitoring messages, 
and encoded messages. In this thesis it was of interest to examine both types of audio 
input (speech and non-speech). The GTB were the choice of the non-speech-sound 
since they are known to have low localization blur at certain frequencies (see 
Boerger’s (1965) results in Figure 3). 

2.5 Problems with Non-Individual ized HRTFs 

Each person has unique HRTFs due to the different shapes of the ears, head and torso 
(Kudo et al, 2006). When reproducing a 3D sound field, using non-individualized 
HRTFs, certain auditory illusions occur that degrade the accuracy of the sound source 
localization. Notches and peaks in the frequency response of the generic HRTFs 
rarely match ones personal HRTFs, which often results in a larger angle error between 
the presented and perceived direction of the sound sources. Front-back confusion, or 
reversals, is also another error that increases. In that case the sound source is 
perceived as being behind you when in fact it is in front of you, or vice versa. This 
ambiguity may occur for any pair of front and back sound locations that share the 
same subtended angle off the listener’s midline (see Figure 4). This is often referred 
to the cone of confusion. E.g. if a sound source is located 1 meter either directly ahead 
or directly behind a listener ("=0°, !=0° and "=0°, !=180°), then in both cases the 
ITD between the two sounds is zero. This creates a fundamental ambiguity if the 
spectral cues are not sufficient, which is often the case for non-individualized HRTFs. 
The perceptual deviation from the presented target is often measured in terms of 
localization error (the absolute angle error in estimating azimuth and elevation), front-
back confusions (azimuth errors between the front and rear hemispheres), and 
distance errors (in particular, hearing the sound inside the head). For convenience 
both front-back confusion and back-front confusion is referred to as front-back 
confusion. 
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Figure 4 - Illustration of front-back confusion, adopted from Wenzel et al, (1993). 

“Front-back confusions are very common, in both free-field and virtual acoustic 
simulations of sound, and various researchers give several reasons. The most 
plausible reason is that turning the head can disambiguate a source’s front-back 
location over time. Another reason is that listeners are able to utilize small 
differences in their own HRTF characteristics to distinguish front from back.” 
(Begault, 1994).  

2.6 Effects of Sound Reflect ions on Local izat ion Errors 

One factor that is considered to affect the localization errors is the type of acoustic 
environment that sounds are presented in. Begault (1994) proposed that “knowledge 
of the interaction of a sound with the acoustic environment might provide further cues 
to front-back discrimination; for instance, if a reverberant space were to the rear and 
a solid wall was directly in front between the listener and the sound source, 
knowledge of the environment might help disambiguate the location of the source 
within it.” Reed & Maher (2009) conducted tests to determine whether or not 
simulated reflections can reduce front-back confusion for audio presented with non-
individualized HRTFs via headphones. They stated that “since HRTFs account for the 
reflective paths of sound caused by one’s pinnae and body, it seems reasonable that 
other (non-anthropometric) reflective paths could be important for the accurate 
localization of virtual sound sources.” They concluded in their study that first order 
reflections do not necessarily disambiguate front-back source locations, when using 
generalized HRTFs, but could be of use for the localization of a sound source for 
unusual room acoustic conditions. 
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2.7 Head and Sound Source Movement 

In everyday perception we use head motion with our aural and visual senses in an 
attempt to acquire sound sources visually (and since our localization blur is lowest 
directly in front of us). Therefore, an important source of information for localization 
is obtained from head motion cues. “Unlike natural spatial hearing, the integration of 
cues derived from head movement with … headphones will provide false information 
for localizing a virtual source” (Begault, 1994). Wallach conducted experiments in 
1940 showing that vestibular cues (achieved by passively turning the listener on a 
revolving chair) and visual cues (achieved by seating the listener inside a cylindrical, 
revolving screen) could be used instead of head movements for resolving ambiguities 
of front-back judgment. Almost 60 years later Wightman & Kistler (1999) conducted 
similar tests and produced results that supported Wallach’s hypothesis that small head 
movements could provide the information necessary to resolve front-back 
ambiguities. Their study also showed that moving the sound source decreased front-
back ambiguities, but only when the listener could control the movement of the sound 
source (by using the arrow keys on a keyboard). More studies regarding the effects of 
localization performance by moving the sound source have been done, but with varied 
results. 
Robinson and Greenfield (1998) performed localization tests where they used 
headphones and music stimuli. The sound source movement followed a circular orbit 
at a constant distance (1 m). Non-individualized HRTFs obtained from a dummy head 
were used. Each listener was instructed to indicate the trajectory and direction of the 
moving sound source on a diagram of an overhead view. They reported that the 
perception of the moving sound source varies among listeners and that the moving of 
the sound source did not affect front-back judgment. 
Kudo et al (2006) conducted tests where they 1) compared localization accuracies of 
stationary and unidirectionally moving sound sources and 2) examined the effects on 
localization when adding a swing to a stimulus (fast switching between two static 
directions). The first test showed that FBCR (front-back confusion rate) is highly 
individual (some could localize the moving sound sources while others couldn’t) and 
that the use of unidirectional movement of sound sources increases the average 
angular error. They further suggested that it is necessary to determine an optimal 
movement velocity when using a moving sound source to improve the localization 
accuracy. In the second test they found out that the swing sound source considerably 
reduces the FBCR for one listener (out of 5), that the average angular error 
significantly increases with the swing angle and that a swing angle of about 8° is 
appropriate for suppressing the increase in angular error. 
Bhat & Lai (2013) conducted sound evaluation tests with headphones during their 
master thesis where they, partly, investigated the effect of unidirectional sound source 
movement and its effects on FBCR. The stimuli used were recurring tones with a total 
duration of 3-6 s. A binaural-processing software was used (Longcat’s H3D) and the 
sound source movement was automated in a digital audio workstation (DAW). They 
concluded that the unidirectional movement of the sound (10°- 25° in the azimuth) 
did decrease the front-back confusion compared to stationary sound source. The 
author conducted a study related to Bhat & Lai’s in 2012. Results of that study and 
others can be seen in Table 1. 
The results from previous studies indicates that movement perception depends on the 
conditions of the moving sound sources including the initial location of the 
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movement, movement velocity, type of stimuli, direction of the movement and the 
individual physical/auditory attributes of the listeners. In the present study it was 
hypothesized that unidirectional movement, along a circular orbit on the azimuth of 
the listeners, would affect localization performance and reduce front-back confusion 
(in the same way as the FBCR did for Bhat & Lai). The amount of sound source 
movement (in terms of angle), the acoustic environment and the type of stimuli would 
affect the outcome as well. 
 
Table 2 - Comparison of the test conditions with previous research using unidirectional moving sound 

sources (obtained from Kudo et al (2006) and further elaborated by the author). 

 Zedigh (see 
next page) 

Bhat & Lai 
(2013) 

Kudo et al 
(2006) 

Wightman & 
Kistler (1999) 

Number of listeners 9 9 & 25 5 7 
     

Angular interval of 
measurement 22,5° 45° 5° 10° 

Stimulus sound Speech & 
GTB 

Auditory 
icons White Noise White Gaussian 

noise burst 

Duration of sound 4,5 s 3s 2 s 1 s 
Presented azimuth 0-360° 0-360° 0-180° 0-360° 

Movement velocity 1,3°/s, 2,2°/s 
& 4,4°/s $ 7°/s & 4°/s 15°/s 40°/s 

Movement angle 6°, 10° & 20° $ 22,5° & 
12,5° 30° 40° 

HRTFs was measured 
from 

unknown 
(H3D v.2.1.2) 

unknown 
(H3D 

v.2.1.1) 

Listener’s own, 
HATS Listener’s own 

HRTFs unknown  unknown No processing Minimum-phase 

Angular interval in 
interpolation 

uncertain 
($ 5°) 

uncertain 
($ 5°) 1° Unknown 

Main results 

Motion 
increases 
AAE, no 
effect on 
FBCR 

Motion 
decreases 

FBCR 

Motion increases 
AAE. FBCR is 

affected 
individually 

FBCR not 
reduced with 
motion alone, 

need control of 
direction 
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3 Method 

3.1 Previous Project in Sound Source Local izat ion 

A previous project (part of a senior sound design course held by Luleå University of 
Technology) were conducted by Semcon AB and executed by the author, during 
September-December 2012, in which the following questions were investigated: 
 

1. Can moving the source in space enhance localization performance for virtual 
3D sound sources? 

2. How much must the source be moved in order to get an effect? 
3. Do listeners notice that the source is moving? 
4. Will front-back confusion be reduced? 

 
The method and setup used in the project was similar to the one Bhat & Lai used for 
their thesis, since the same setup was available at Semcon AB. A listening test was 
constructed where listeners were asked to point out the perceived direction of a virtual 
3D sound source (in total 64 sources), which was being presented in the horizontal 
plane and through headphones. Listeners were also asked to tell whether they 
perceived the stimuli to be moving or not during playback. The setup used was a 
MacBook with a Matlab GUI (scripted by Peter Mohlin and Yidan Lai, see Figure 9), 
M-Audio ProFire 610 sound card and Sennheiser HD 650 headphones. Two types of 
stimuli were studied (840 Hz sinusoidal tone with a Gaussian envelope and male 
speech, further described at page 11). The stimuli were presented in 8 sound source 
directions in the horizontal plane (!=0°, != ±45°, != ±90°, != ±135° and !=180°), 
see Figure 5. 3 types of rotational motions were induced in each direction (% = 6°, % 
=10° & % =20°) as well as static sound source directions (% =0°). The motions were 
clock-wise for 0° and 180° directions whereas it was “front-to-back”-directed for the 
rest. The motion was “fixed on the presented direction”, i.e. starting at 40° and ending 
at 50° for 45° directed sounds sources with 10° movement. Movement duration was 
4,5 s (same as the stimuli length), which lead to different rotation-velocities for each 
amount of motion (1,1°/s, 2,2°/s & 4,4°/s). HRTF-filtering and motion of the stimuli 
were done using Longcat’s H3D-software, a binaural processing tool. Movements of 
the virtual sound sources were along a 1-meter radius, achieved by automating spatial 
parameters in a DAW. The HRTFs and algorithms used by the software were 
unknown. 9 persons participated in the listening tests. The result indicated that 
moving the sound source increased the average angular error and had no effect on the 
FBCR. In general the GTB generated more front-back confusion and average angular 
error than speech. 6° and 10° movements were not noticeable whereas 67% correctly 
perceived the 20°-movement. The lack of effect on the FBCR could be due to many 
things, but the most apparent is due to low rotation-velocities, movement-angles and 
too few listeners. The unknown HRTFs and processing algorithms in the software 
were also an impediment to properly understand the results. Small amounts of 
reverberation were added to the stimuli when processing them through H3D even 
though the parameter was turned off (in Bhat & Lai’s setup they turned it half way 
up). The effect of this on localization performance was unknown. 
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Figure 5 – Sound source-directions in listening test during the previous project. 

The results from the project were considered when deciding which main objectives 
the thesis would focus on. These objectives were: increasing the rotational velocity 
and/or movement angle, using known HRTFs (or a known binaural recording setup) 
and more listeners. The effect of reverberation on the localization performance was 
also considered. 

3.2 Prel iminary Tests 

The method used for the thesis resembled the one used in the previous project, i.e. a 
listening test (presented with a Matlab GUI and reproducing speech and GTB stimuli 
via headphones) where the listeners were asked to point out the perceived direction of 
the sound source. During the thesis two preliminary tests were conducted before the 
main test. In the first test some key changes of the setup were made: 

• Four sound source directions (!=0°, !=-45°, !=-135° and !=180°) were 
investigated instead of 8. 

• HRTFs were applied to the stimuli by binaurally recording each stimulus 
(which were played through a loudspeaker) in an anechoic environment with a 
Head Acoustics HMS III dummy head. 

• One type of rotational movement was investigated (% = 20°), apart from static 
sound source direction. See Figure 6. 

• Motion of the sound source was achieved by rotating the dummy head using a 
turntable. The rotational velocity was 5°/s, meaning the total duration of the 
movement was 4 s (the last 0,5 s of the playback was stationary). 

 
Both speech and GTB were investigated. In total 16 stimuli (i.e. 4 directions & 2 
movements & 2 types of sounds = 16) were recorded.  
5 listeners participated in the test. The result from the test did not indicate any 
apparent reduction in FBCR when implementing the movement. 
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A second preliminary test was conducted in which the following changes were made: 
 

• Only speech stimuli. The duration of the stimuli was extended to 9 seconds. 
• 3 rotational motions investigated (% = 20°, % =30° & % =40°), apart from static 

sound source direction. 
• Stimuli were recorded in two acoustic environments (in an anechoic room and 

a reverberant room with dimensions 9.45m ! 5.9m ! 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 32 stimuli (i.e. 4 directions & 4 movements & 1 type of sound & 2 acoustic 
environments = 32) were recorded. Again, 5 listeners participated in the test. The 
result did not indicate any apparent reduction in FBCR when implementing sound 
source movement in anechoic environment. In the reverberant environment 
indications were that the FBCR was reduced for static sound sources (compared to 
anechoic ones), whereas no reduction in FBCR was indicated when implementing 
motion. 

3.3 Main Test 

The main test further developed the second preliminary test by including the GTB as 
well. The test followed the same procedure as previous tests; listeners were asked to 
point out the perceived direction of sound sources, which were being presented in the 
horizontal plane and through headphones. The same setup and Matlab GUI was used 
as before (see Figure 9). The approach of applying HRTFs and sound source motion 
to the stimuli was identical, i.e. by binaurally recording them with a dummy head 
mounted on a turntable (further described on page 13). Thus, the following 
parameters were investigated: 
 

• Two types of stimuli (male speech and GTB). 
• Four sound source directions (!=0°, !=-45°, !=-135° and !=180°), see Figure 

6. 
• Three rotational movements (% = 20°, % =30° & % =40°), apart from static 

sound source direction. See Figure 6 for directions of the motion. 
• Two acoustic environments (in an anechoic room and a reverberant room with 

dimensions 9.45m ! 5.9m ! 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) 

 

 
Figure 6 – Overview of the presented sound source directions (round marks on the circumference) and 

rotational-movements (angle-amount !) on the horizontal plane. 
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In total 64 stimuli (i.e. 4 directions & 4 movements & 2 type of sound & 2 acoustic 
environments = 64) were recorded and presented during the test.  
 

 3.4 Stimul i  

The speech-stimulus was constructed from a library with recordings called Svensk 
talaudiometri (1988) and consists of a Swedish speaking male saying two sentences: 
“Karin Ser Sex Mörka Pennor. Bosse köpte två svarta knappar.” The sentence was 
chosen because it contains a lot of high frequency rich and broadband consonants 
(e.g. k, p and s). GTB was selected as the non-speech stimulus, due to its low 
localization blur (about 1° at 840 Hz, see Figure 3) (Blauert, 1997). The Gaussian 
tone was created in Matlab (by Peter Mohlin) basically by applying a Gaussian 
envelope to a sinusoidal signal. The length of each Gaussian tone was about 20 ms 
and the frequency 840 Hz. This resulted in a signal bandwidth of about one critical 
bandwidth. According to Mohlin (2011) the tone is sufficiently long to be perceived 
as tonal. A shorter tone (' 10 ms) would be perceived as a click. The tone was 
repeated 18 times, with an interval of 500 ms, during playback so that the total lengths 
of both stimuli were equal (9 seconds). All stimuli were digitally reproduced on a 
computer at a sampling rate of 48 kHz and 16-bit quantization. Spectrograms of the 
two stimuli, before being HRTF-filtered, are shown in Appendix 3. 

 
Figure 7 – Gaussian tone. 
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3.5 Binaural Recording Setup 

All stimuli were binaurally recorded with a dummy head, Head Acoustics HMS III, 
mounted on a turntable. The speech and GTB stimuli were played through a 
loudspeaker while the artificial head was either static or moving the specified angle of 
rotation with a velocity of 5°/s (see Figure 8 for an illustration of the setup). The 
recordings were performed by Arne Nykänen in an anechoic chamber and in a 
classroom at Luleå University of Technology.   

 

 
Figure 8 – Setup for recording the stimuli.  

After the recording session all stimuli were edited and mixed in Samplitude Pro X. 
For the sake of uniformity noises from the turntable were mixed in with the static 
stimuli, thus reducing noticeable cues about whether the sound source is moving or 
not.  

3.6 Listening Test Procedure & Setup 

The setup used for the listening test was: 
 

• MacBook (laptop computer) 
• Matlab GUI software (scripted by Peter Mohlin and Yidan Lai, see Figure 9) 
• M-Audio ProFire 610 sound card 
• Sennheiser HD 650 headphones 

 
Before each test the listeners were asked to fill out information about their age, 
gender, any hearing impairments and self estimated musicality and hearing activity 
(for full view of the form see Appendix 2). During the test one stimulus at the time 
was presented to the listener, who were asked to point out the perceived direction of 
the sound. If the listener perceived the sound to be moving during playback they were 
instructed to indicate the last position of the sound. The listeners had the option to 
choose one out of sixteen directions, to replay the stimulus and to write comments for 
each stimulus. Each test took approximately 30 minutes and all tests were conducted 
during the course of one week.  
 

Gaussian tone bursts or speech, 9s 

Loudspeaker 

% 
262 cm 

Axis of rotation 

Head Acoustics HMS III 
on turntable 
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Figure 9 – The GUI. 16 available directions were presented to the listener (each one separated in steps 

of 22,5°) 

3.7 Listeners 

16 persons, 12 males and 4 females, participated in the listening tests. All listeners 
reported normal hearing except one participant who suffered from hearing loss at 
frequencies over 14 kHz. This was considered as age-related hearing loss with little 
effect on the localization performance. The average age was 30 years (with a standard 
deviation of 11 years).  
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4 Results & Analysis 

4.1 Analysis Method 

The test results were visualized by making “dot charts” (which shows the perceived 
direction of each stimulus for every listener, see Figure 11-14), FBCR/-90° charts 
(Figure 15-19) and AAE charts (Figure 20 and Appendix 1). Localization 
performance was analysed by calculating the FBCR & AAE. The FBCR was obtained 
from the total number of front-back errors divided by the total number of trials (Kudo 
et al, 2006). 

 

!"#$ ! !!"#$%!!"#$%&!!"!!!"#$% ! !"#$!!!""#"$!"#$%!!"#$%&!!"!!"#$%&#  

 
The angle error was calculated by removing the front-back confusion (e.g. if the 
presented stimuli were at L -45° and the perceived at right L -112.5°, the perceived 
direction were mirrored along the interaural axis to L -67.5°). See Figure 10. Most 
experimenters use this approach and the reason is to keep the angle error from being 
overestimated, since front-back confusions seem to be dependent on factors differing 
from those responsible for localization error (Begault D. R., 1994). The average angle 
error (AAE) was calculated as 
 

!!" ! !
! ! ! !!"#!!!! ! !!"#!!!!

!

!
!

 

 
where !!"# is the presented direction, !!"# the perceived direction (with removed 
front-back confusion), M is the number of azimuth positions, and N is the number of 
trials per azimuth (Kudo et al, 2006). 
 

 
Figure 10 - Example of mirroring of a stimulus. The stimulus is presented at L -45° but perceived at L -

112,5°. When investigating the localization accuracy the perceived direction is mirrored along the 
interaural axis, thus adjusted to -67,5°. The average angle error is therefore| -67,5° - (-45°)| = 22,5°. 
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4.2 Result Overview 

The result was illustrated by constructing 4 “dot charts”, which gives a good overview 
of where the listeners perceived all of the presented stimuli. The x-axis in Figure 11-
14 is representing the different presented directions and sound source movements 
(e.g. FL 30° is the -135° presented direction with 30° source movement, see Figure 5 
for how the directions-indexes is being defined) and the y-axis is representing the 
perceived direction in the azimuth (the coordinates is in relation to those in Figure 5). 
The diameter of the dots is directly proportional to the amount of listeners who 
perceived that specific direction i.e. the bigger the dot the more listeners perceived 
that direction. Each presented direction is emphasized with a bolder line. The length 
of the highlighted arrows shows the sound source movement and the dimmed arrows 
illustrate the perceived motion if the sound source has been “front-back” confused. 
 

 
Figure 11 – Perceived directions when presenting speech stimuli in anechoic environment.  

 

 
Figure 12 – Perceived directions when presenting speech stimuli in reverberant environment.  
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Figure 13 – Perceived directions when presenting GTB stimuli in anechoic environment. 

 
 

 
Figure 14 – Perceived directions when presenting GTB stimuli in reverberant environment. 
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4.3  Sound Source Movement Analysis 

In Figure 15-16 the methods for calculating the FBCR and AAE have been used to 
compare the localization performance between the different amounts of sound source 
movements. All answers from the listening test were used in the calculations (64 
different stimuli & 16 listeners = 1024 answers in total). Figure 15 indicates that the 
average FBCR is 42% and that the FBCR (y-axis) decreased with about 5% when 
implementing 20° or 40° sound source movement, whereas FBCR increased 3% for 
30°. Figure 16 shows that the AAE (y-axis) is increasing with about 5° compared to 
when it’s static. 
 

 
Figure 15 – The FBCR when presenting the 
stimuli with different amounts of sound source 
movement. 

 
Figure 16 – The AAE (y-axis) when presenting 
the stimuli with different amounts of sound 
source movements. 
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4.4  Acoustic Environments Analysis 

In Figure 17-18 the FBCR and AAE was calculated for stimuli presented in the two 
different acoustic environments. All answers from the listening test were used in the 
calculations. Figure 17 indicates that the FBCRs are approximately equal for the two 
acoustic environments. Figure 18 indicates that the AAEs also are approximately 
equal when presenting the stimuli in either one of the two environments. 
 

 
Figure 17 – The FBCR (y-axis) when 
presenting the stimuli in the two different 
acoustic environments. 

 
Figure 18 – The AAE (y-axis) when presenting 
the stimuli in the two different acoustic 
environments. 
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4.5  Type of Audio Input Analysis 

In Figure 19-20 the FBCR and AAE for the two types of audio input (speech and 
GTB) is depicted. All answers from the listening test were used in the calculations. 
Figure 19 shows that the FBCR is 3 % higher for the GTB compared to the speech-
stimuli. Figure 20 indicates that the AAE is approximately equal for speech and GTB. 
 

 
Figure 19 – The FBCR for the two types of 
audio input.   

 
Figure 20 – The AAE for the two types of audio 
input. 
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4.6  Source Directions Analysis 

In Figure 21-22 the FBCR and AAE were calculated for the different directions that 
the stimuli were presented from. All answers from the listening test were used in the 
calculations. Figure 21 indicates that the FBCR is 30% lower for the 180° direction 
compared to 0° direction. Figure 21 also indicates that the FBCR at the sides is 
considerably lower, compared to the other directions. Figure 22 indicates that the 
AAE is generally 9° lower for stimuli presented from 0° or 180° than from -45° or -
135°. 
 

 
Figure 21 – The FBCR when presenting the 
stimuli in the different directions on the 
azimuth. 

 
Figure 22 – The AAE when presenting the 
stimuli in the different directions on the 
azimuth. 
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4.7  -90° Perception Analysis 

Many listeners perceived stimuli presented from -45°/-135° to come from -90°, 
especially for speech in the anechoic environment (Figure 11). The -90° direction do 
not belong to the front nor the back and is therefore not involved in the FBCR-
calculations, so differing this from “front-back” confused and non-confused in some 
manner was vital. Figure 23-24 depicts the -90° perception rate, which was calculated 
similar to the FBCR (total number of -90° perceptions divided by the total number of 
stimuli). In Figure 23 all answers from the listening test were used, whereas in Figure 
24 only the stimuli from the -45°/-135° were used. Figure 23 shows that 40% of the 
stimuli presented in the -45°/-135° are perceived to come from -90°. Figure 24 
indicates that the -90° perception rate is decreasing notably for speech in reverberant 
environment. The same tendency is indicated for GTB, although not as distinctly. On 
an average the -90° perception rate is 14% lower in the reverberant environment 
compared to anechoic. 
 

 
Figure 23 – The -90° perception rate (y-axis) 
when presenting the stimuli in the different 
directions on the azimuth. 

 
Figure 24 – The average -90° perception rate 
in the -45° & -135° for the two types of audio 
inputs and acoustic environments (and the 
average -90° perception rate for the two 
acoustic environments).  
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5 Discussion 
 
The result shows that FBCR is reduced when moving the sound source, which did 
surprise the author since the expectations were that the outcome would be similar to 
the previous project test and preliminary tests. The result resembles the one some 
previous studies produced, among them Bhat & Lais’ (2013), where moving the 
sound source did decrease the FBCR. Why a reduction in FBCR was not obtained 
from the previous tests is not apparent, but certain unique test-conditions for the main 
test could be the cause. For instance, more listeners participated in the main test, 
whereas less participated in the previous ones. By having fewer listeners the possible 
impact of randomness on the result is greater, thus generating greater variances of the 
outcome. There was also a change in the presented loudness of the stimuli. A-
weighted sound pressure measurements of the static, frontal presented stimuli were 
done for the main test (see Appendix 2) but not for the preliminary tests. The 
difference in sound pressure level between the previous tests and the main test is 
therefore not available, but the main test is estimated to be about 3-6 dB higher. This 
difference in presented sound pressure level is not considered to affect the localization 
performance of the participants Also, in the main test most listeners did not have any 
previous experiences concerning binaural sounds or listening tests, whereas in the 
previous ones most were familiar with the topic. This is not considered to affect the 
outcome considerably, but it’s interesting to note that effects were achieved from 
using inexperienced listeners (whereas one would assume that experienced or 
“trained” listeners would perform better). 
What was not surprising was that the AAE increased when implementing sound 
source movement. Previous experiments have indicated the same tendency (Kudo et 
al, 2006) and it seems rational that the shift in placement of the sound source widens 
the perceived direction. Comparing Figure 15 and16 indicates that there is no linear 
relationship between reduction in FBCR and increase in AAE. Instead the AAE is 
increasing by about 5°, regardless of the amount of sound source movement. Why the 
AAE is lower in the front and back compared to the sides could be related to the 
increase in localization blur at the sides (Blauert, 1997). 
At a first glance the average FBCR appeared to be considerably high and that the 
cause was the use of poorly matched HRTFs. In 1993 Begault and Wenzel conducted 
a study where they investigated the localization performance for speech stimuli using 
non-individualized HRTFs and headphones. In that study the average FBCR was 
37%, almost the same level of reversals as reported in this study (40% for speech). 
The cause of the higher FBCR in the front compared to the back is thought to be due 
to a primitive survival mechanism that assumes that ”if you can hear it but can’t see it, 
it must be behind you!” Begault (1994) refers to this explanation (although not yet a 
proven theory) in earlier studies showing similar results. 
The reason for the non-linear relationship between an increase in sound source 
movement and a reduction in FBCR (i.e. the FBCR increases for 30° movement 
whereas it decreases for 20° and 40° sound source movement, see Figure 15) is not 
yet fully understood. One can speculate that due to the movement ambiguities 
inherent in the 30° movement (listeners getting confused about whether or not the 
sound source is moving during playback, whereas it’s perceived as not moving in the 
20° case and moving in the 40° case) the FBCR is affected. Another reason could be 
due to randomness.The reason why so many listeners perceived the -45°/-135° 
directions to be from -90° is thought to be due to the combination of non-
individualized HRTFs (poor HRTF-matching) and the lack of a presented -90° 



 
 

23 

stimulus (thus comparable to the -45° & -135° directed stimuli). There is no apparent 
indication that sound source movement affects the 90°-perception. Similar clump or 
“pull”-patterns towards 90° have been described by Begault et al (1993) and Oldfield 
& Parker (1984), who characterized them as “defaults to 90°”. Begault speculated that 
the pattern in their test “reflects a response bias attributable to the relatively limited 
number of positions tested and the high proportion of 0- and 180-deg 
targets…Perhaps in this case the subjects’ strategy was to place the most infrequent 
positions as far away as possible from the most frequent stimuli in a kind of response-
contrast effect.” 
When reproducing the sound source in a reverberant environment the -90° 
concentration decreased for both stimuli, although more notably for speech than for 
GTB (figure 24). The reason for the reduction is probably that the reflections 
(especially early ones) are widening the perceived direction of the sound source, 
whereas in anechoic environments only direct sound is present and therefore makes 
the span of possible sound source directions less. Although the implementation of 
reverberation seems to reduce the -90° perception it does not seem to clearly 
disambiguate any front-back confusion or angle errors, neither for speech nor GTB. 
For static sound sources reverberation could be reducing the FBCR, whereas for 
moving sound sources the reverberation is more likely to increase the FBCR (see 
Appendix 4). This could perhaps be due to the “unnatural” set of transfer functions 
generated by moving the dummy head. The correct way would be to move the sound 
source and keep the dummy head stationary. 
Usually, broadband stimuli are considered to produce the least amount of localization 
errors, e.g. King & Oldfield (1997) proposed that signals encompassing frequencies 
from 0 to (at least) 13 kHz are required in order for listeners to accurately localize 
signals presented from a range of spatial locations. On the contrary Begault & Wenzel 
(1993) concluded that the broader spectral characteristics of white noise, compared 
with the spectral content of speech, is not critical for equivalent azimuth performance 
in a 3D headphone display system. This was one of the reasons for choosing speech 
as the broadband stimulus, instead of white noise. The other stimulus, GTB, was 
partly chosen due to its narrow frequency band. Begault (1994) stated that “sound 
sources tend to be reversed more often when the spectral bandwidth is relatively 
narrow”, so an apparent difference in FBCR between the two stimuli was anticipated. 
However, the results showed that the GTB generally only had a 3% higher FBCR 
compared to speech and that the AAE was about equal for the two stimuli. What is 
interesting to note, by looking at Figure 41 in Appendix 5, is that static GTB has 10% 
higher FBCR compared to static speech stimuli, whereas when moving the sound 
source the FBCR is about the same for both types of stimuli. This could indicate that 
sounds with a narrow bandwidth (or a short duration) earn the most, in terms of FBC 
reduction, from moving the sound source. 
The lack of statistical tools to verify or falsify certain assumptions is a drawback. 
Since the direction perception is not normally distributed common ANOVA can’t be 
used. The author was at first not able to find a statistical method that was suitable for 
the conditions of the test. Later on Fisher’s exact test (or Fisher-Irwing test) was 
investigated and found to be suitable to test the significance. Other similar studies 
have used it as well (Møller et al, 1996). In future work the Fisher exact test will be 
used to test the significance. 
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Future Work 
 
This thesis has shown that sound source movement in the horizontal plane can reduce 
front-back confusions, although the result is not entirely profound. The thesis has 
exposed the complexities of the topic, e.g. that the choice of velocity is a delicate one, 
that the effect of reflections on localization performance still is uncertain and that the 
choice of stimuli will affect the localization performance. 
Future studies could investigate the effect of using higher velocities for the sound 
source motion since this study was restricted to 5°/s (the maximum velocity of the 
turntable), which is conceived to be a fairly low velocity. The velocities of head 
motions used to localize sounds are generally higher, so it would be interesting to use 
more correct movement velocities. Other trajectories of the sound source could also 
be interesting to investigate (multidirectional movement instead of unidirectional). 
Using a moving sound source (not this kind of setup with “false” transfer functions) 
would also be interesting to compare to. 
If the effects of sound source motion is further verified future implementations of the 
technique must then consider if the advantage of 5% reduction in front-back 
confusions outweighs the downside of 5° increase in localization error. For now, I 
leave that question open for the brave ones who dare to carry on with the burden of 
deliberation. 
  



 
 

25 

Conclusions 
 

• A rotational sound source motion of 20° or 40° decreased the front-back 
confusions with 5%, whereas a motion of 30° increased the front-back 
confusions with 3%. 

• Sound source movement increased the average angular error by 5°. 
• The different acoustic environment did not affect the FBCR and the AAE. 
• The FBCR was generally 3% higher for GTB than speech. The AAE was 

equal for both stimuli. 
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Appendix 1 

 
Figure 30 – The AAE in all presented directions, environments and for both stimuli. 
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Appendix 2 
 
At the beginning of the test the listeners were asked to fill in the following 
background information about them: 
 

1. Gender?  
a. Male 
b. Female 

2. Age? 
3. Do you have any hearing impairments  

a. Yes 
i. If yes, mention what kind of impairment in this comments-box. 

b. No 
4. Do you consider yourself to be musical, e.g. do you listen a lot to music, play 

an instrument, sing etc?  
a. Yes, very 
b. Yes, more than average 
c. Average 
d. Just a little 
e. Not at all 

5. How actively do you listen to sounds (apart from music)?  
a. Very actively 
b. Actively 
c. I do not know 
d. Not so actively 
e. Not actively at all 

 
Before each test the volume was adjusted by measuring a normalized 1 kHz 
sinusoidal signal with a multimeter. The voltage RMS was adjusted to approximately 
1,5 V, ensuing equal sound pressure level for all listeners.  
Later on the dbSPL was measured for all the sounds (positioned statically from the 
front and in both acoustic environments). The measurements were done with 
assistance from Vijendra Bhat by using a Brüel & Kjær Binaural Microphone (type 
4101) and a LMS interface.  
 
Results from the measurements: 
Speech Anechoic:  73 dB(A) peak 91 dB(A) 
Speech Reverberant: 76 dB(A) peak 92 dB(A) 
GTB Anechoic: 67 dB(A) peak 88 dB(A) 
GTB Reverberant: 66 dB(A) peak 81 dB(A) 
Background:  27 dB SPL 
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Appendix 3 

 
Figure 31 – Spectrogram of the speech (before binaurally recorded) 

 

 
Figure 32 – Spectrogram of the GTB (before binaurally recorded) 

 
  



 
 

31 

Appendix 4 
 
Figure 33, 35, 37 & 39 depict FBCR for all four different motions in all presented 
directions and acoustic environments. Figure 34, 36, 38 & 40 depict the percentage 
perceiving the sound source-direction to be from -90°, in all presented directions and 
acoustic environments.  
 

 
Figure 33 – The FBCR (y-axis) in different 
directions (x-axis) when presenting speech 
stimuli in anechoic environment. 

 
Figure 35 - The FBCR (y-axis) in different 
directions (x-axis) when presenting speech 
stimuli in reverberant environment. 

 
Figure 34 – The -90° perception (y-axis) in 
different directions (x-axis) when presenting 
speech stimuli in anechoic environment. 

 
Figure 36 - The -90° perception (y-axis) in 
different directions (x-axis) when presenting 
speech stimuli in reverberant environment. 
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Figure 37 - The FBCR (y-axis) in different 
directions (x-axis) when presenting GTB stimuli 
in anechoic environment. 

 
Figure 39 - The FBCR (y-axis) in different 
directions (x-axis) when presenting GTB stimuli 
in reverberant environment. 

 

 
Figure 38 – The -90° perception (y-axis) in 
different directions (x-axis) when presenting 
GTB stimuli in anechoic environment. 

 
Figure 40 - The -90° perception (y-axis) in 
different directions (x-axis) when presenting 
GTB stimuli in reverberant environment.
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Appendix 5 
 

 
Figure 41 – The average FBCR of all presented directions. 
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