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Abstract Humans rely on direction-dependent spectral filtering by the pinna and 
body to localize sound sources in the medial plane (up-down and front-back). In the 
study of Bremen et al. (2010) they presented two synchronous sounds in elevation and 
found that participants always perceived one sound which was located at the level-
weighted average location of the presented sounds. However, a recent study of 
Johnson et al. (2015) found a participant group that can discriminate between a 
sinusoidal amplitude modulated sound and a Gaussian white noise (GWN) sound. So, 
does the level-weighted averaging prediction also hold when one sound has a 
sinusoidal changing sound level? And does the phase of the low frequency sinusoidal 
modulation envelope influence the response behavior of participants? 

First we studied the localization behavior of human listeners towards a sinusoidal 
modulated (amplitude modulation depth 100%, modulation frequency 5, 120, or 2000 
Hz) GWN sound (target, AM sound). This AM sound is either presented in isolation or 
together with an unmodulated GWN sound (non-target). The sounds were presented 
from a wide variety of locations in the medial frontal plane and with or without sound 
level difference. For the AM sound with a 5 Hz modulation frequency we observe a shift 
in the level-weighted average prediction, meaning that participants localized the 
average sound location when the target sound was louder than the non-target sound. 
Whereas, the level-weighted averaging prediction predicts that the average sound 
location is localized when there is no sound level difference between the sounds. This 
was indeed observed for the AM 120 Hz sound and the AM 2000 Hz sound. The shift 
for the AM 5 Hz sound suggest that the sound is perceived softer than the GWN sound.  

When the angle between the target and non-target speaker was smaller than or 
equal to 45° response endpoints depended on the sound level difference, which is in 
agreement with the level-weighted averaging prediction. So, participants perceived 
summing average location between two synchronous sounds if presented at equal 
sound level. If sound levels were not equal, participants localized towards the louder 
sound, regardless of the location of the target sound. When the angle between the 
target and non-target sound location exceeded 45°, participants also localized towards 
the louder sound, regardless of the location of the target sound. But, when the target 
and non-target sounds were presented at equal sound levels the participants’ 
responses were more spread between the target and non-target sound location than the 
level-weighted average prediction would predict. This was also observed by Bremen et 
al. (2010), so all data are in line with level-weighted averaging [Bremen et al. (2010)]. 

Then we studied if our participants could indicate the target sound from the non-
target sound in a two-alternative forced choice task. We found that none of our 
participants can indicate the target sound from the non-target sound above chance rate, 
this contrasts markedly with a recent study of Johnson et al. (2015), but is in line with 
weighted averaging. To test if the modulation phase of the AM 5 Hz sound might have 
caused the difference in our data and the data of Johnson et al. (2015), we studied the 
indication behavior of participants for AM 5 Hz sounds with different modulation phases. 
We found that the number of target indications changed the response behavior of the 
participant in a phase dependent way. However, still none of our participants could 
indicate the target sound from the non-target sound above chance rate Taken together, 
all our data provide further evidence that level-weighted averaging is unavoidable for 
simultaneously presented sounds, regardless their temporal structure.  
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1. Introduction 

1.1 Hearing 
Throughout the day our auditory system processes ambient sounds, which typically 
contain a mixture of different sound sources with considerable temporal and spectral 
overlap. We then rely on the brain to select behaviorally relevant information from this 
complex sound field. However, this is not as simple as it might seem. From a sound we 
want to extract its location (left/right, up/down, front/back, nearby/far away), its identity 
(what might have produced the sound), and whether the sound is stationary or moving. 
Sound waves add up linearly to one compound sound wave, which arrives at the two 
ears. The spectral and temporal overlap of different sources within this complex sound 
wave makes it difficult for the brain to extract the behaviorally relevant information. 
Often, visual input and head movements facilitate this selection.  

Here we studied the localization and indication behavior of human listeners who 
responded to two sounds presented synchronously from different locations in the medial 
frontal plane. A more detailed description of the functional mechanisms and pathways of 
the auditory system can be found in appendix A.1. 

 
 

1.2 Sound stimuli 
A sound is described by multiple acoustic features, for instance sound level, frequency 
content, and temporally changing envelope. The sound level can be described in dB-A 
(A-weighted), dB-SPL (sound pressure level), or dB-HL (hearing level). The dB-SPL 
scale is a purely physical measure that treats all frequencies the same, it is a non-
discriminatory scale with the 0 dB-SPL set equal to 20 µPa (0,0002 µbar) [Young, 1966] 
this is considered to be the auditory threshold at 1 kHz of the average normal-hearing 
listener. The dB-A scale estimates the signal strength that actually reaches the cochlea. 
Due to the mechanical properties of the cochlea the sound level of a low-frequency 
sound (0,5-4 kHz) is perceived louder than the sound level of a high frequency sound 
(4-16 kHz). Meaning that if the low- and high-frequency sounds have equal sound levels 
in dB-SPL the low-frequency sound has a higher measured sound level in dB-A than the 
high-frequency sound [Chasin, 2012] (the actual sound level did not change but the 
reference value changed). The dB-HL scale is used as a norm of threshold sensitivity 
for humans at each frequency. The 0 dB-HL represents the threshold of detectability of 
each frequency for a normally hearing population, with the zero reference level varying 
with frequency [Westhorp, 2000].  

Examples of sounds with different frequency contents are Gaussian White noise 
(GWN, or broadband, BB), high-pass filtered GWN, low-pass filtered GWN, amplitude 
modulated (AM) GWN, or a pure tone. A GWN sound is made of a random vector with a 
zero mean and finite variance. High- and low-pass filters are used to remove 
frequencies below, for high-pass, or above, for low-pass, the cutoff frequency. In this 
way high-pass and low-pass filtered sounds can be generated. The amplitude 
modulated GWN is a GWN sound with a time-varying amplitude. The change in 
amplitude may follow a sinusoidal pattern with, a certain phase, frequency, and 



6 
 

modulation depth. The phase determines the course of the amplitude, the frequency 
determines the rate of the amplitude change, and the modulation depth determines the 
change in loudness. The pure tone is purely a sinusoidal wave consisting of a single 
frequency. 

The signal strength is determined by the integral of a continuous signal or the rms-
value of a discrete signal. The signal strength of a GWN sound has to be constant for a 
discrete signal and is thus independent of the GWN sound duration. However, if the 
GWN sound is amplitude modulated the signal strength is dependent on the sound 
duration and on the progress of the amplitude modulation. This is important, because 
Vliegen & Van Opstal (2004) and Hoffman et al. (1998) observed that the precision with 
which the sound is localized in the median plane depends strongly on sound duration 
and level. Vliegen & Van Opstal (2004) found that the localization precision in the 
medial frontal plane reached a plateau level for sound durations above 30 ms and 
Hoffman et al. (1998) found a duration of approximately 80 ms. This suggests that an 
accurate perception of a sound’s elevation is formed in the first tens of ms of a sound. 
This presumes that there is an initial time window in which the sound has the highest 
contribution to the perceived sound location. If so, the signal strength of an amplitude 
modulated sound may depend on the phase of the amplitude modulation. Note that this 
will only hold for modulation frequencies with a period longer than the time window. 

Another important aspect for generating sounds is onset and offset distortion, these 
distortions are induced by presenting an abrupt sound. The Fourier analysis of an 
abrupt sound has a broad spectrum and will therefore add undesired frequencies to the 
sound. To prevent for these broadband onset and offset artefacts, the sounds are 
onset- and offset-ramped with a 5-ms sin2 function. 
 
 

1.3 Localizing sound(s) 
To localize a sound source humans rely on implicit monaural and binaural acoustic 
cues. Binaural cues are formed by the input differences in ongoing phase and intensity 
of the two ears. These cues encode in a monotonic way the horizontal component 
(azimuth angle in the horizontal plane) of the sound-source location relative to the head. 
The binaural differences consist of interaural time differences (ITD’s, for sound onsets, 
or interaural phase differences (IPD) for ongoing sounds) and interaural level 
differences (ILD’s). Here we will focus on the vertical component of sound source 
localization (elevation angle in the medial frontal plane). The extraction of source 
elevation is mainly carried out by monaural spectral cues which are caused by direction-
dependent linear spectral filtering [Middlebrooks & Green, 1991].  

The importance of monaural spectral cues on vertical localization is supported by the 
fact that vertical localization is only possible for sounds with a broad bandwidth, 
containing high frequencies (>4 kHz; Hebrank & Wright 1974]. Hebrank & Wright (1974) 
also showed that vertical localization with a single ear is almost as good as vertical 
localization with both ears. Later, Hofman and Van Opstal (2003) demonstrated that this 
is only true for lateral sound locations, as source elevation in the midsagittal medial 
plane is determined by a weighted average of the spectral information from both ears 
(see also Van Wanrooij and Van Opstal, 2005). 
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In single-sound localization the localization and spatial resolution of source azimuth 
is typically more precise (resolution at straight ahead about 0.7 – 1.0 deg) than vertical 
(and front/back) localization (resolution 3.0 – 4.0 deg at straight ahead)  [e.g., Makous & 
Middlebrooks, 1990; Middlebrooks, 1992; Hofman and Van Opstal, 1998].   

In double-sound localization, when two speakers positioned at different azimuth 
angles simultaneously present an identical sound, the waveforms of the two sounds add 
in a linear way (see equation 1 and 2). The inability of the brain to separate the 
waveforms is supported by previous studies in which listeners report to perceive a 
single ‘phantom’ source in between the two speakers [Blauert, 1996 and Bremen et al., 
2010].  

 
  𝑥𝑅(𝑡) =  𝜎(𝐴1) ∙ sin(𝜔𝑡) + 𝜎(𝐴2) ∙ sin (𝜔(𝑡 − 𝑇2))         [1] 
  𝑥𝐿(𝑡) =  𝜎(−𝐴2) ∙ sin(𝜔𝑡) + 𝜎(−𝐴1) ∙ sin (𝜔(𝑡 − 𝑇1))         [2] 

 

with 𝜎(𝐴𝑦) = 𝐼𝑦(1 + log(𝑓𝑦) ∙ tanh(𝛽𝐴𝑦)), y is 1 for sound 1 and 2 for sound 2, I the 

intensity of the sound, f the frequency of the sound, β≈0.3, A the azimuth angle of 

speaker y, and 𝑇1 =  
𝑅𝐻

𝑐
(𝐴1 + sin(𝐴1)), 𝑇2 =  

𝑅𝐻

𝑐
(|𝐴2| + sin(|𝐴2|)), with RH the radius of 

the head and c the sound velocity [unpublished, Bremen, 2010]. From these equations it 
can be seen that the ‘phantom’ location varies with relative intensities and timings of the 
sounds.  

Double-sound localization in azimuth can be described by the simple addition of two 
sound waves (equation 1 and 2). However, in double-sound elevation localization the 
simple addition of two sound waves is not enough. The interaction at the level of 
spectral input, which is a complex variable, needs to be considered as well. The 
dependence on relative intensities of two synchronous sounds was also found in 
elevation localization [Bremen et al. (2010)]. In this study, participants had to localize 
one specific sound, by directing his/her head towards the perceived sound location. 
With the sounds presented over a wide variety of elevation locations. The  authors 
found that the localization response endpoints of two synchronous sounds fell exactly 
between the sound locations, if the sounds had equal sound levels.  

Bremen et al. (2010) also studied the influence of sound level differences and found 
that the response endpoint distributions depended on both the spatial disparity of the 
two speakers, and their relative intensities. When the speakers were separated by more 
than 45° elevation disparity from each other, response endpoints fell closer to the louder 
sound, even if it was not the target sound. When the speakers were separated by less 
than 45° elevation disparity from each other, the response locations could be well 
described by a linear weighted-average of the two perceived sound locations:    

 
   𝑇𝑎𝑣𝑔 =  𝑤1  ∙ 𝑇1 + (1 −  𝑤1) ∙  𝑇2           [3] 

 
with Tavg the linear weighted-average location, w1 the weight of the target sound, T1 the 
elevation location of the target sound, and T2 the elevation location of the non-target 
sound. For larger separation angles the response endpoints fell closer to the louder 
sound, even if it was not the target sound. But, for equal sound levels the response 
endpoints were spread between the target sound location and non-target sound location 
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and did not show a majority of the response endpoints towards the weighted average 
location.  
 
 

1.4 Two-alternative forced choice 
In a sound-source two-alternative forced-choice task the participant is asked to choose 
between one of two alternative possibilities in a trial. For example, she may have to 
indicate which of two sequentially presented sounds is the loudest; or: did the 
sequentially presented sounds come from the same, or from different locations; or: did a 
single-sound come from location 1 or from location 2; or: in case of a double-sound trial, 
did the target sound come from location 1 or from location 2? This last example was 
recently studied by Johnson et al. (2015), who presented two different broadband noise 
sounds: one unmodulated broadband sound (the non-target sound), and an amplitude 
modulated (AM) broadband sound with varying modulation frequencies (the target 
sound). Two speaker locations were used in the medial plane, one above and one 
below the participant’s interaural axis. The participant had to indicate the location of the 
modulated target sound via a two-alternative forced-choice task, by moving a joystick in 
the up- or downward direction. Note that the subject did not have to indicate the exact 
location of the sound source, but only whether it was perceived below or above the 
interaural axis. 

Their experiments suggested that subjects belong to either of two response groups: 
the ‘veridical group’ vs. the ‘non-veridical group’. The ‘veridical group’ indicated the AM 
sound at low modulation frequencies (between 5-250 Hz) at a rate better than chance. 
The ‘non-veridical group’ indicated the low-frequency AM sound at around chance level. 
Both groups indicated the high modulation frequencies (500-2000 Hz) at chance rate. 
The authors concluded that the ‘veridical group’ was able to indicate the target location. 
This finding is in stark contrast with the results from the study by Bremen et al. (2010), 
who reported that listeners always perceived one sound location at a weighted-average 
position that depended on the sound level differences.  

The AM sound has a temporally changing intensity, the participants in Johnson et al. 
(2015) may use the changing intensity of the target sound and non-changing intensity of 
the non-target sound to extract cues about their location. Therefore we studied if the 
level-weighed averaging prediction still hold when one sound has a temporally changing 
sound level? And does the phase of the low frequency sinusoidal modulation envelope 
influence the response behavior of participants? We predict that the level-weighted 
average prediction holds for sinusoidal amplitude modulated sounds, because the 
amplitude modulation only changes the amplitude of the sound and not its spectral 
content. However, low modulation frequencies can cause a perceptible sound level 
change for the human listener. In this case, the modulation phase becomes important, 
because the averaging response is highly dependent on sound level differences and the 
amplitude modulation will suppress the sounds amplitude. So, if the modulation phase 
causes the target sound to start ‘off’ (the target sound starts softer than the non-target 
sound) the localization will tend towards the non-target sound. Whereas the localization 
will tend towards the average location for target sounds that start ‘on’ (the target and 
non-target sound start at comparable intensities). 
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2. Methods 

2.1 Participants 
Participants are selected by their hearing thresholds. The potential participants 
performed an audiogram to determine their audiometric curves, in appendix A.2 the 
measurement procedure is explained and the audiometric curves of the eight accepted 
participants are shown in appendix C.1.  If the participant’s audiometric curves indicated 
normal hearing, then the participant continued with the single-sound localization 
experiment. If not, the participant was excluded for further participation. The  single-
sound localization experiment is performed as a default to measure participants’ 
elevation gain and r2-values.  

The eight participants (ages, 20-39; mean 25; six males, two females) with normal 
hearing gave their full understanding and written consent. The participants are the 
author, the two supervisors and five naïve participants. The two supervisors and 
participant 7 were already familiar with localization experiments and the set-up. The 
author and the other participants participated for the first time in a localization 
experiment and were unfamiliar with the set-up. Participant 1, 2, 4, 5, and 6 participated 
in all experiments, participant 7 and 8 only participated in experiment 2, 3, and 4, and 
participant 3 only participated in experiment 3 and 4. 

 
 

2.2 Set-up and equipment 
Room 
All experiments are performed in a 3 x 3 x 3 meter experimental chamber, lined with 
acoustic foam to attenuate sound reflections with frequencies of 500 Hz and higher. In 
the experimental chamber are 112 speakers present. The speakers are attached to a 
spherical construction and have a LED secured in the center of the speaker cone. With 
the LED in the center of the speaker a maximal overlap between perceived auditory 
location and visual location can be obtained. The spherical construction is not full and 
ranges from -126° to +120° azimuth and -45° to +125° elevation, double-polar 
coordinates [Knudsen et al. (1979)] (see below). However, in most experiments only the 
speakers located at 0° azimuth and between -45 and +105° elevation are used. Figure 1 
shows a photograph of the set-up.   

In double polar coordinates the azimuth coordinate (α) refers to the horizontal axis 
and the elevation coordinate (ε) refers to the vertical axis, both with respect to the 
participants interaural axis, see figure 2. Locations above (below) the participants 
interaural axis correspond to positive (negative) elevation values and locations right 
(left) from the participants interaural axis corresponds to positive (negative) azimuth 
values.  
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Figure 1: A photograph of the spherical construction with the cone centered LED speakers. 

Figure 2: A representation of double polar 
coordinates. The azimuth coordinate (α) on the 
horizontal axis and the elevation coordinate (ε) 
on the vertical axis, both with respect to the 
participants interaural axis. 
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Participants are seated on an adjustable chair in the middle of the spherical 
construction. They face the array of median plane speakers and wear either a 
lightweight glasses frame (glasses were removed) or a lightweight helmet. A small 
copper coil and a red laser (LQB-1-650, World Star Tech) are attached to the glasses 
frame and helmet. The red laser projects a dot onto a small, frame-attached, disk (1 cm 
in diameter) ~30 cm in front of the participant, see figure 3. The red laser dot is used to 
avoid unwanted eye movements during a trial, because participants are instructed to 
fixate their eyes at the dot and remain eye fixation during the trial. The frame-attached 
disk ensures that there are no visual cues of the surrounding (e.g. reflections on the wall 
and sphere). Visual cues might influence the localization behavior of the participant, 
when speaker locations are visible the participant might localize a speaker as the sound 
is presented from a speaker, rather than perceived sound location. So, all experiments 
are performed in darkness. The room has a background noise level of less than 30 dB-
A-weighted as measured by the sound level meter in the experimental chamber (SLM 
1352P, ISO-TECH). 

 
 

 
 
The glasses frame and the helmet are used to track participants’ head movements. 

This is done by the magnetic search coil technique [Robinson, 1963]. For this technique 
three coils are mounted alongside the edges of the experimental chamber (EM7, 
Remmel Labs) and drive three alternating magnetic fields. The coil mounted on the 
glasses frame/helmet induces, by moving through the chambers magnetic field, a 
voltage. The voltage is demodulated into three pairs of voltages (horizontal, vertical, and 
frontal relative to the participant), low pass filtered, and converted to a digital signal by 
the Remmel. With the induced voltage and a calibration experiment (see section 2.4), 
head orientation is tracked. Two button boxes are employed during the experiments. 
One is custom made, has one button, and is connected to the trigger input of the TDT 
RA16. The other is the RP2.1-buttonbox (Tucker Davis Technologies (TDT); Alachua, 
Florida, USA), which was pre-programmed so that only the first and fourth button were 
active, the other two buttons were made inactive. 
 
 

Figure 3: The glasses frame with frame attached coil, laser, and disk. 
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TDT set-up 
Sounds are generated in MatLab (The MathWorks, Natick, MA, USA) and stored as an 
off-line mat file. The sound files are sent to a real-time processor (RP2.1 System3, TDT; 
Alachua, Florida, USA). The RP2.1 system’s input/output buffer handles voltages 
between -10 and +10 with excellent signal to noise performance. The output of the real-
time processor is passed through a passive attenuator (SA1, TDT; Alachua, Florida, 
USA), an active programmable attenuator (PA5, TDT; Alachua, Florida, USA) to set 
sound level, and then sent to the speakers (SC5.9, Visaton; Art. No. 8006). The 
speakers have a frequency range of 130-20,000 Hz and a mean sound pressure level of 
84 dB (1W/1m).  

The raw voltage signals induced by head movements is led through the Remmel 
system for signal demodulation (as explained above), the three signals are low-pass 
filtered at 150 Hz, and amplified by the adjustable gain preamplifier (RA8GA, TDT; 
Alachua, Florida, USA). The amplified signal is passed onto the Medusa Base Station 
(RA16 Medusa Base Station, TDT; Alachua, Florida, USA). The Medusa Base Station 
collects the data and sends it to the computer for further analysis. The Medusa Base 
Station also serves as a pulse generator and regulates the fixation light and the button 
trigger.  

 
 

2.3 Calibrating sound levels 
The sound levels of all presented sounds are calibrated, so that the desired sound 
levels are equal to the actually presented sound levels. Besides that, sound level 
differences might influence the perception of the participant. The sound level difference 
that human listeners can distinguish is given by the just noticeable difference (JND). 
The JND between sounds is found to be 4.8% of the sound stimulus’ sound level. 
However, the exact value would differ between participants, but generally it represents 
an accurate value [Strickland, 2000 referring to Nietzel, 1991]. The JND of the sounds 
presented here (45 to 65 dB) would then be 2.16 to 3.12 dB. However, in Bremen et al. 
(2010) it was reported that a sound level difference of 2 dB already caused a shift 
towards the louder of two sounds in a localization experiment. Therefore we calibrated 
the sounds to ensure a sound level difference less than 2 dB. The maximum sound 
level difference was taken to be 0.6 dB, so sound levels were maximal 0.3 dB louder or 
softer than the required sound level. So a sound with desired sound level of 55 dB-A 
has an actual sound level of 55±0.3 dB-A. 

To calibrate the sound levels the gain of the programmable attenuator is adjusted. 
The presented sounds and the speakers used to present the sounds from are 
calibrated. The sound levels are measured in dB-A by the maximum function of the 
sound level meter (SLM 1352P, ISO-TECH). If necessary, the input of the 
programmable attenuator is adjusted to obtain the desired sound level. The maximum 
function measures the maximum sound level during recording time. This means that our 
amplitude modulated sounds are calibrated for their loudest sound level.  
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2.4 Calibration experiment 
To determine the head position in space a calibration experiment is performed. In turn, 
twenty-four green LEDs on the sphere construction are presented. Participant wear the 
glasses frame or the helmet and are instructed to point the red laser dot onto the green 
LED. When fixated the participant has to press the handheld button to record the coil 
voltage data. With the raw data (A/D-converted values horizontal, vertical, and frontal 
components) and known LED locations (azimuth and elevation degrees) two three-layer 
neuronal networks (MatLab, Neural Networks Toolbox) are trained in azimuth and 
elevation. However, in these experiments only the elevation component is studied. To 
avoid overfitting, the networks are trained by the Bayesian regularization 
implementation of the back propagation algorithm (MacKay, 1992). A mapping from AD 
values to degrees is made, and the network also accounts for small inhomogeneities in 
the fields and cross talk between the three channels. So, from the twenty-four measured 
head positions all possible head positions could accurately be interpolated. 

The data obtained in the calibration is used to train a neural network by the 
Bayesian-Regularization implementation of the back-propagation algorithm (MatLab, 
Neural Networks Toolbox). Using the trained neural network, experimental data ([x,y,z] 
voltage triplets) are mapped onto double polar coordinates ([α,ε] azimuth, elevation 
angle pairs). A custom-written MatLab script is used to detect the head movements in 
the calibrated data. The head movements are determined by an arbitrary threshold of 
10 deg/s. The data acquisition lasted 1.5 seconds taken from sound onset. The 
detected head movements are visually inspected to correct for artefacts (see below). 
The head movement endpoints are taken as the participants’ speaker location percepts.  

The artefacts in the head movement detection include noise detection, multiple 
saccade profiles, late and/or long head movements and adding 0° elevation localization. 
For about three months there was noise present in the azimuthal component. However, 
in most of our experiments the azimuthal component was not considered, only the 
elevation component. The noisy recordings were during elevation experiments, so the 
noise did not influence the head movements of the analyzed data. However, it did 
influence the head velocity profile, because the noise caused an increase in head 
velocity, so the head velocity stayed above 10 deg/s and subsequently caused the head 
movement detection to stay active. The head movement endpoint is thereby determined 
by the end of the recording, instead of the end of the head movement. To overcome this 
the saccade endpoints were adjusted by hand.  

The measured head movements mostly followed nicely a rise and fall in velocity 
(acceleration/deceleration of the head) within the recording time. However, some trials 
showed multiple (mostly two) head movements. Only the first head movement is 
considered in the analysis. But in special cases, such as switching from looking up to 
looking down or vice versa, two rise and fall periods are allowed. The switch was made 
quickly after movement onset and the primary movement would not show localization, 
but the second rise and fall period would.  

Another observation made during head movement inspection is that some head 
movements did not end within the recording time. In that case the end of the recording 
was taken as response endpoint. However, this might deteriorate the gain and 
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correlation of the participants localization behavior. Fortunately it did not occur often and 
most of the times it did occur the 105° elevation speaker was used, for that reason the 
105° speaker is excluded from further analysis. If participants localized the 0° elevation 
location they did not need to move their head. Since the script analyzes head 
movements the 0° localization is not detected and was added by hand.   
 
 

2.5 Paradigms 
See for a detailed description about the generals of a localization session, appendix 
A.3. 
 

2.5.1 Single-sound localization experiment 

To test if participants are able to localize sounds accurately and precisely they have to 
perform the single-sound localization experiment. In this experiment are three different 
sound types presented to the participant: broadband Gaussian White Noise (GWN), low 
pass GWN, and high pass GWN. The GWN sound has a high pass cutoff frequency of 
0.5 kHz and a low pass cutoff frequency of 20 kHz, the low pass sound had a high pass 
cutoff frequency of 0.5 kHz and a low pass cutoff frequency of 1.5 kHz the high pass 
sound has a high pass cutoff frequency of 3 kHz and a low pass cutoff frequency of 20 
kHz. A LP sound cannot be localized in elevation, because elevation localization 
depends on high frequencies which the LP sound does not contain. However, this 
sound can be used as a set-up and analysis control. If a participant shows localization 
behavior for the LP sound, something might be wrong with the set-up or in the analysis.  
All sounds are presented at 45, 55, and 65 dB-A (uncalibrated) and have a duration of 
150 ms. The sound locations range from -85 to 90° azimuth and -45 to 90° elevation 
and are presented from 24 different locations, see figure 4. Sounds are presented from 
a wide variety of azimuth and elevation angles. From each location 9 different sounds 
are presented, resulting in a total of 216 trials (3 sound types, 3 sound levels, 24 
speaker locations). 
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2.5.2 Double-sound localization 

In a double-sound localization experiment either one or two sounds are presented. The 
single-sound trials are included to control the participants localization behavior, to check 
if the set-up operates properly, and to check if the analysis is performed correctly. In a 
double-sound trial two different sounds are presented synchronously to the participant. 
These sounds can be presented with equal sound levels or with different sound levels 
(resulting in a sound level difference).  

The participant is on forehand instructed to localize the single-sound in a single-
sound trial and to only localize the target sound in a double-sound trial. All different 
sounds are presented before the experiment to familiarize the participant with the 
sounds and the paradigm. 
 
Experiment 1: Localizing the amplitude modulated sound 

In this experiment a GWN sound (0.5 – 20 kHz bandwidth) is presented as non-
target sound and a sinusoidal 100%-depth amplitude modulated GWN sound (AM 
sound) is presented as target sound. Both sounds have a duration of 200 ms. The AM 
sound is generated by: 
 

   𝐴𝑀(𝑡) = 1
2⁄ ∙ 𝐺𝑊𝑁(𝑡) ∙ (1 + sin(2𝜋 ∙ 𝑀𝐹 ∙ 𝑡 + 𝜑))         [4] 

 
with GWN the Gaussian white noise sound, MF the modulation frequency of the 
amplitude modulation, t the number of sample points to generate a 200 ms sound, and 
φ the phase of the amplitude modulation in radians. The AM sounds presented in this 

Figure 4: The sound locations, azimuth vs. 
elevation, of the single-sound localization. 



16 
 

experiment have a modulation frequency of either 5, 120, or 2000 Hz, and always a 0 
radian phase. In the case of a single-sound trial, either a GWN sound, an AM sounds, 
or a linear combination of the AM sound and GWN sound is presented, see figure 5.  
 

 

 
 

The single-sounds are always presented at 55 dB-A. The double-sounds are 
presented either with the target sound at 55 dB-A and the non-target sound at either 45, 
50, 55, 60, or 65 dB-A or with the non-target sound at 55 dB-A and the target sound at 
either 45, 50, 55, 60, or 65 dB-A, this was done in such a way that all sound level 
combination occur. The presented sounds then have a sound level difference of -10, -5, 
0, +5, or +10 dB, the sound level differences are given with respect to the target sound. 
So, for example in the -10 dB level difference the non-target sound is 10 dB louder than 
the target sound. All sounds are presented from 0° azimuth and between -45° and +75° 
elevation. The angle between the target and non-target sound location is the separation 
angle, the separation angles range between 5° to 75° elevation, see appendix A.4 for 
more information about the sound locations (presenting speakers). 

Participant 1, 2, 4, 5, 7, and 8 participated in this experiment. 
 

2.5.3 Two-alternative forced choice 

In a two-alternative forced choice experiments participants have to decide whether the 
target sound comes from 20° above or 20° below their interaural axis. A target sound is 
presented either in isolation at 0° azimuth and -20° or +20° elevation or synchronously 
with a non-target sound then one sound is presented from 0° azimuth and -20° elevation 
and the other sound from 0° azimuth and +20° elevation. Before the experiment the 

Figure 5: The graphical representation of the presented sounds. With the presented sounds the 
GWN, the AM 5, 120, and 2000 Hz, and the linear combinations of the GWN and AM sounds. 
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participant performs pre-experimental trials to familiarize with the sounds and the 
paradigm. 
 
 
Experiment 2: Indicating the amplitude modulated sound 

In this experiment are two different GWN sounds (0,5 – 20 kHz bandwidth) used as 
non-target sounds and multiple sinusoidal 100%-depth amplitude modulated GWN 
sounds are used as target sounds. All sounds have a duration of 400 ms and are 
presented at 50 dB-A. The intended modulation frequencies of the amplitude modulated 
sounds are: 5, 10, 15, 30, 60, 120, 250, 500, 1000, and 2000 Hz and are generated by: 

 
   𝐴𝑀(𝑡) = 𝐺𝑊𝑁(𝑡) ∙ sin (2𝜋 ∙ 𝑀𝐹 ∙ 𝑡 + 𝜑)          [5] 
 

with AM the amplitude modulated sound, GWN the Gaussian white noise sound, MF the 
modulation frequency of the amplitude modulated sound, t the number of sample points 
to generate a 400 ms sound, and φ the phase of the amplitude modulation in radians.  

However, the AM sounds generated by equation 5 are generated in such a way that 
the sounds have a modulation frequency that is twice the intended modulation 
frequency and that sound starts ‘off’. Meaning that the sounds starts at a 100%-depth 
amplitude instead of starting at a 50%-depth amplitude (see figure 6). For the 
modulation frequency it means that the intended 5 Hz amplitude modulated sound 
actually a modulation frequency of 10 Hz has, see appendix A.5 for more detail about 
the sounds and trial details.  

Participant 1 , 2, 4, 5, and 6 participated in this experiment. To indicate the target 
sound location, they have to look either upwards (perceived target sound location, +20° 
elevation) or downwards (perceived target sound location, -20° elevation). Table 2 and 
3 of appendix C.4 shows the number of trials per modulation frequency and at each 
location, respectively. 

 

 

Figure 6: The graphical representation of the AM 5 Hz sounds. a) The AM 5 Hz sound generated by 
equation 5. b) The AM 5 Hz sound generated by equation 4.
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Experiment 3: Indicating the amplitude modulated sound 
In experiment 3 two different GWN sounds (0,5 – 20 kHz bandwidth) are used as 

non-target sounds and multiple sinusoidal 100%-depth amplitude modulated GWN 
sounds (AM sound) are used as target sounds. These AM sounds are generated by 
equation 4, giving the desired phase and modulation frequency. The modulation 
frequencies of the amplitude modulated sounds are 5, 120, or 2000 Hz and have a 0 
radian phase. All sounds have a duration of 400 ms and are presented at 58 dB-A. 

Here the target sound location is indicated by a button press. The response buttons 
are: button 1, the left or bottom button depending on how participants preferred to hold 
the button box (representing the -20° elevation location) and button 4, the right or top 
button (representing the +20° elevation location). During the experiments participants 
are not allowed to move their head. As head movements before sound offset and visual 
cues might influence localization behavior [Wallach, 1940 and Thurlow & Runge, 1967] 
and are therefore undesired. To see if participants followed the instructions, they have 
to wear either the glasses frame or the helmet and perform the calibration experiment. 
Only participant 2 did not wear a head tracking device, because her pinna got deformed 
by it. She was explicitly instructed to hold her head fixated at the 0° azimuth and 0° 
elevation, see appendix A.5 for more experimental details.  

All eight participants participated in this experiment.  
 
Experiment 4: The effect of modulation phase 

In this experiment are two different GWN sounds (0,5 – 20 kHz bandwidth) used as 
non-target sounds and multiple 5 Hz sinusoidal 100%-depth amplitude modulated GWN 
sounds (AM sound) are used as target sounds. These AM sounds are generated by 
equation 4, with a modulation frequency of 5 Hz and 0, π/4, π/2, 3π/4, π, 5π/4, 3π/2, 
and 7π/4 radian phase, see figure 7. All sounds have a duration of 400 ms and are 
presented at 55 dB-A. As in experiment 3, the target sound location is indicated by a 
button press, head movements are undesired and all participants participated in this 
experiment. See appendix A.6 for details of the trials.  
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2.6 Analysis 
Response normalization 
To compare head saccade endpoints for the same angle separation at different 
locations, the head saccade endpoints are normalized relative to the speaker locations. 
This is done by: 
 

Ȓ =  
𝑅−(𝐴+𝐺)/2

(𝐴−𝐺)/2
            [6] 

 
with A and G the elevation of the AM and GWN sounds, respectively, and R, the 
elevation of the head saccade endpoint. When the head saccade endpoint was at the 

AM sound’s location Ȓ = 1 , when the head saccade endpoint was at the GWN sound’s 

location Ȓ = −1.  
 

Regression analysis and statistics 
The linear regression of the target (non-target) location (T) and the head saccade 
endpoints (R) is given by: 
 

𝑅 = 𝑎 ∙ 𝑇 + 𝑏            [7] 
 

with a the response gain, and b the offset in degrees. To determine the goodness of the 
fit, the correlation coefficient between fit and data was determined.  

To test whether our data satisfies the weighted average hypothesis, the optimal 
weight was first determined by: 

Figure 7: Graphical representation of the AM 5 Hz modulation phases. Starting with 0 phase in the top 
left panel to 7π/4 phase in the bottom right panel through π/4 phase steps.
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𝑤𝐴𝑀 =  min  ((𝑤 ∙ 𝑇𝐴𝑀 + (1 − 𝑤) ∙ 𝑇𝐺𝑊𝑁 − 𝑅)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )         [8] 

 
Then with the optimal weight (wAM) the weighted-average prediction of the response 
location was determined by: 
 

𝑇𝑎𝑣𝑔 =  𝑤𝐴𝑀  ∙ 𝑇𝐴𝑀 + (1 −  𝑤𝐴𝑀) ∙  𝑇𝐺𝑊𝑁         [9] 

 
For equal loudness of the AM and GWN sounds wAM was predicted to be 0.5, meaning 
that the response location of the participant is on average in the middle of the two 
sounds. A louder AM sound would then result in a wAM larger than 0.5, and a louder 
GWN sound would result in a wAM smaller than 0.5.  
 
Signal strength and integration time window 

To study if the target sound indications are dependent on the first tens of ms, the 
root mean square value (rms-value) of the first 5-120 ms of the AM sound is taken. The 
rms-value is determined for the first 5, 10, 15, …, 120 ms of the AM sound. To study the 
dependence of the modulation phase on the AM sound indications, and not the GWN 
characteristics, the rms-value of the AM sound is divided by the corresponding rms-
values of the unmodulated GWN sound. So, the rms-value of the first 5 ms of the AM 
sound is divided by the rms-value of the first 5 ms of the GWN sound that the AM sound 
is generated from. The normalized rms-values taken over the first 60 ms of the AM 
sounds are approximately equal for both AM sounds at each modulation phase, see 
figure 8. The signal strength is given by the mean of the rms-values of the AM sounds at 
each modulation phase. For a better visualization, the signal strength is weighted with 
respect to the AM sound indications of the participant. Then the difference in root mean 
square error (MSE) is determined between each signal strength (5-120 ms) and the AM 
sound indications for each participant. This is to determine which duration of the signal 
strength (5, 10, 15, …, 120 ms) has a course most similar to the AM sound indications. 
The duration with the smallest MSE-value (smallest difference between signal strength 
and AM sound indications) is then set to be the integration time window (ITW) of the 
participant. 
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Figure 8: The signal strength of the first 60 ms of both 

normalized AM sounds.  
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3. Results 

3.1 Audiogram 
The results of the standard audiometry of participant 8 is shown in table 1. The dB-HL 
values have to be between -10 and +20 to comply with normal hearing. Table 1 in 
appendix C.1 shows the results of the audiogram for all eight accepted participants, so 
the hearing levels of those participants are equal to or below 20 dB. 
 

Ear dB-HL  
at 0.5 kHz 

dB-HL 
at 1 kHz 

dB-HL 
at 2 kHz 

dB-HL 
at 3 kHz 

dB-HL 
at 4 kHz 

dB-HL 
at 6 kHz 

dB-HL 
at 8 kHz 

Right 5 5 0 -10 5 5 10 

Left 10 10 0 -5 10 10 0 

 
 
 

3.2 Single-sound localization 
The results of the single-sound localization experiment are separated for the sound 
types (BB/HP/LP), the sound levels (45/55/65 dB-SPL), and direction 
(azimuth/elevation). The target-response relations are decomposed into their azimuth 
and elevation components, since the auditory system processes these coordinates by 
independent neural pathways. A linear regression analysis (see section 2.6) is 
performed for each target-response relation. The linear regression determines the gain 
(slope) and the bias of the target-response relation from which the squared residuals 
(r2-values) or squared correlation is determined. A gain and r2-value of 1 together with a 
zero bias represent perfect localization (the response locations are the same as the 
sound locations).  

The localization behavior in azimuth (figure 9a, 9b, and 9c) is excellent. The gains of 
participant 8 are close to 1, namely 1.05±0.06 (mean 1.04; table 9 in appendix C.2), and 
the r2-values are also close to 1, namely 0.97±0.01 (mean 0.97), for all sound levels and 
all sound types. However, in the successive experiments azimuth localization is not 
required, but elevation localization is. Table 1 until 10 in appendix C.2 contain the gains 
and r2-values of azimuth and elevation localization of each participant. 

On the other hand, the elevation localization behavior of participant 8 (figure 9d, 9e, 
and 9f) is not as good as azimuth localization. The gains of participant 8 in elevation 
localization are 0.59±0.10 (mean 0.62) and her r2-values are 0.65±0.17 (mean 0.59) for 
all sound levels, but only the BB and HP sounds. The LP sound is not localizable in 
elevation, because elevation localization depends on high frequencies which the LP 
sound does not include. The gains and r2-values of the LP sound are indeed close to 
zero (see figure 9f) for all participants (see table 1 until 10 of appendix C.2), so the LP 
sound is not localized in elevation.  
 

Table 1: Threshold hearing levels of participant 8. The threshold hearing levels of the right and left 
ear for a 0.5, 1, 2, 3, 4, 6, and 8 kHz tone presented.  
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The gains and r2-values of participant 8, observed in elevation localization of the BB 
and HP sound, seem to be mostly caused by the localization of sounds presented from  
-45° elevation. The response locations towards sounds presented from -45° elevation 
are between -28° and +81° elevation for the BB sound and between -36° and +67° 
elevation for the HP sound. The confusion about sounds presented from -45° might be 
caused by reflections of the participant’s legs. When the elevation localization behavior 
of participant 8 is determined for sound locations larger than -45°, the gains and r2-
values then increase to 0.78±0.14 (mean 0.82; table 10 in appendix C.2) and 0.88±0.04 
(mean 0.88), see figure 10. The exclusion of elevation angles smaller than or equal to      
-45° does, as expected, not influence the gains and r2-values of the LP sound much. 
Exclusion of this elevation angle makes the elevation localization behavior of participant 
8 acceptable. So, participant 8 is accepted to perform in successive experiments. These 
successive experiments do not show the -45° confusion, which suggest that there are 
no longer (or barely perceptible) sound reflections by the leg. 
 

Figure 9: Target location versus response location in the single-sound localization experiment for 
participant 8. The black dots and black line represents the results at 65 dB-A, the dark grey dots and 
line at 55 dB-A, and the light grey dots and line at 45 dB-A. The gain and r2-value for each sound level 
are indicated in each panel. a) Target-response relation in azimuth for BB noise, b) for HP sounds, 
and c) for LP sounds. d) Target-response relations in elevation for BB noise, e) for HP sounds, and f) 
for LP sounds.  
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Participant 1, 4, and 7 show good elevation localization for BB and HP sounds at all 
sound levels. Participant 2 seems to be confused about two BB sounds at -45° 
elevation, one at 55 dB and one at 65 dB. Participant 5 and 6 show good elevation 
localization for BB and HP sounds at 55 dB and 65 dB. Since we use sound levels of 55 
dB-A for single-sounds in the localization experiment, and the softest double-sound 
presented in the localization experiment is a 45 dB-A sound with a 55 dB-A sound which 
results a sound level higher than 55 dB-A (see appendix B.1). Participant 3 seems to be 
confused about the +75° speaker. After exclusion of this elevation angle the results 
show descent gains and correlations. Besides that, participant 3 only performed in two-
alternative forced-choice experiments and not in the localization experiments.  
 
 

3.3 Experiment 1: Localizing the amplitude modulated sound 
Participant 1, 2, 4, 5, 6, 7, and 8 participated in this experiment. Their task was to 
localize the sound presented in single-sound trials, which were a GWN, an AM sound 
with a 5 Hz, 120 Hz, or 2000 Hz modulation frequency, or a linear combination of the 
GWN and each AM sound, see figure 5. In the double-sound trials they had to localize 
the target sound, the AM sound with a 5 Hz, 120 Hz, or 2000 Hz modulation frequency, 
which was presented simultaneously with the non-target sound, a GWN sound. 
 
Single-sound results  

The gains and r2-values of the linear regression analysis is determined for each 
participant (identified by the 7 different colors) and the mean across participants, with 1 
standard deviation, (black line), see figure 11. The mean of the gains and r2-values are 
approximately 0.95. The r2-values are almost equal for all participants (figure 11a). 
However, for the gains there is a large variation between participants. Participant 2 and 
7 localized the single-sounds with an undershoot (gains lower than 0.8), meaning that 
the elevation of the perceived sound location is closer to their interaural axis than the 

Figure 10: Sound location versus response location, without -45°, in the single-sound elevation 
localization for participant 8. The black dots and black line represents the results at 65 dB-A, the dark 
grey dots and line at 55 dB-A, and the light grey dots and line at 45 dB-A. The gain and r2-value for 
each sound level are also shown in each panel. a) Target-response relation in elevation for BB noise, 
b) for HP sounds, and c) for LP sounds. 
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actual sound location. Participant 4 and 6 localized the single-sounds with an overshoot 
(gains higher than 1), meaning that the elevation of the perceived sound location is 
further away from their interaural axis than the actual sound location. Participant 1, 5, 
and 8 have a gain around 1, indicating good localization behavior. More importantly, the 
gains across the different sound types are approximately equal for each participant. 
Meaning that participants can localize each sound type equally well. The numerical 
values of each participant can be found in table 1 until 7 in appendix C.3. 

 

 

 
 

Double-sound results  
In the double-sound trials a target and non-target sound are presented 

simultaneously. The response locations will therefore be compared to the target sound 
location and to the non-target sound location. In this way, the target-response relation 
and the non-target-response relation are determined separately. The (non-) target-
response relation is determined for each participant and at each sound level difference, 
see figure 12 for the results of participant 8. The results of participant 1, 2, 4, 5, 6, 7, 
and 8 are shown in figure 1 until 7 in appendix C.3. Participants are unable to localize 
the target sound if the non-target sound is presented louder than the target sound 
(negative sound level differences, figure 12). At zero sound level difference the gains 
and r2-values increase, however, these gains and r2-values are lower than the gains and 
r2-values of the single-sound trials. When the target sound is louder than the non-target 
sound the gains and r2-values become more comparable to the gains and r2-values 
found in the single-sound trials. The same is found for the non-target-response relation, 
if the non-target sound is louder than the target sound the gains and r2-values are close 
to 1 and decrease as the target sound becomes louder. The response location thus 
depends on the sound level difference, rather than the target sound location.  

 

Figure 11: Gains and r2-values of participant 1, 2, 4, 5, 6, 7, and 8 in the single-sound trials for each 
sound type. a) The gains of each participant and their average, with 1 standard deviation and b) the r2-
values of each participant and their average, with 1 standard deviation. 
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To see if the weighted average location can describe the response location of the 

participant better than either the target sound location or the non-target sound location, 
the weighted average is determined for each participant at each sound level difference 
with equation 9. The response locations of the participant, indeed, correlates better with 
the weighted average location (see figure 13) than with either the target sound location 
or the non-target sound location. Especially at small level differences (-5, 0, +5 dB) for 
which the single-sound regression results break down. At large level differences (-10 
and +10 dB) the gains and r2-values are comparable to the gains and r2-values of the 
(non-)target response relation, see figure 12. The weighted average-response analysis 
(section 2.6) determines the contribution of the target- and non-target sound on the 
response locations of the participant. The contribution of the target-sound location on 
the response locations increases monotonically with the sound level difference (figure 
14a). With, at 0 dB level difference, approximately equal contributions of the target- and 
non-target sound (weight of both sound locations 0.5).  

The r2-values of the target sound location versus the response location increase 
monotonically with increasing sound level difference (blue lines in figure 14b). Whereas, 
the r2-values of the non-target sound location versus the response location decrease 
monotonically with increasing sound level (red lines in figure 14b). If the weighted 
average prediction would perfectly describe the response behavior of the participants, 
all r2-values of the weighted average sound location versus the response location would 
be 1. However, the weighted average prediction does not perfectly describe the 
response behavior of the participant (grey line in figure 14b). But, the r2-values of the 
weighted average location versus response location are higher than or equal to the r2-
values of the target location versus response location or non-target location versus 
response location. The lowest r2-value of the average sound location versus response 
location is at 0 dB level difference, this 0 dB dip is also present in the results of Bremen 

Figure 12: Target location versus response location for participant 8 in double-sound trials. The top 
panels show the AM location versus response location, with -10 to +10 dB level difference in steps of 
5 dB (left to right) and the bottom panels show the GWN location versus response location for each 
level difference.  
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et al. (2010). The 0 dB dip can be explained by the response behavior of the 
participants. As discussed later, the response endpoints of the participants are more 
spread between target location and non-target location when there is no sound level 
difference then when there is a sound level difference, see figure 19. When the 
response location of the participant has a greater spread the r2-value will reduce, 
causing the 0 dB dip in the r2-values.   

 

 

 
 

 

 
  

So far, the target sound was pooled over all AM sounds (the AM 5 Hz sound, the AM 
120 Hz sound, and the AM 2000 Hz sound). Now, each AM sound will be considered 
separately. The target location versus response location of each AM sound show that 

Figure 13: Weighted average location versus response location. The weighted average location, with  
-10 to +10 dB level difference in steps of 5 dB (left to right) versus response location for participant 8 in 
double-sound trials.  

Figure 14: Weights and r2-values of weighted average location versus response location, and r2-values 
of (non-)target location versus response location. a) The weights (contribution) of the AM sound to the 
weighted average sound location at each level difference, for each participant and pooled over 
participants. b) The r2-values of the AM (target)-response relation (blue), of the GWN (non-target)-
response relation (red), and of the weighted average-response relation (grey). 
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the target sound location is not localized when the non-target sound is louder, see figure 
15. When the target sound becomes louder than the non-target sound, participants 
localize the target sound location, see figure 16. This is the same as observed for the 
target sound pooled over all AM sounds. However, compared to the 120 Hz and AM 
2000 Hz, the response location of the participant in the target-response relation of the 
AM 5 Hz sound tend the least towards the target sound location (lowest gains at 0, +5, 
and +10 dB level differences), see figure 15. For the non-target-response relation, the 
response locations tend the most towards the GWN sound (highest gains), at -10, -5, 
and 0 dB level differences, when it is presented simultaneously with the AM 5 Hz sound, 
see figure 16. These modulation frequency dependent results are not observed for the 
weighted average location versus response location, see figure 17. These plots do not 
show a clear difference between modulation frequencies.  

 

 

 

Figure 15: AM sound location versus response location for each modulation frequency of participant 8 in 
double-sound trials. The top panels shows the 5 Hz AM sound location versus response location for each 
level difference, the middle panels shows the same for the 120 Hz AM sound, and the bottom panel 
shows it for the 2000 Hz AM sound. 
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Figure 16: GWN location versus response location, with the other sound AM 5 Hz, AM 120 Hz, or AM 
2000 Hz sound for participant 8 in double-sound trials. The top panels shows the GWN location versus 
response location for each level difference when the other sound is AM 5 Hz, the middle panels shows 
the same for the AM 120 Hz sound, and the bottom panels shows it for the AM 2000 Hz sound. 

Figure 17: Weighted average sound location versus response location for each modulation frequency of 
participant 8. The weighted average sound location, with -10 to +10 dB level difference in steps of 5 dB 
(left to right) versus response location in double-sound trials. 
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The weight of the target sound at -10 dB level difference is approximately 0 for all 
modulation frequencies. However, at 0 dB level difference there is a difference in weight 
between the modulation frequencies, see figure 18a. The weight of the AM 5 Hz (target) 
sound location is lower (approximately 0.3) than the weights of the AM 120 Hz and AM 
2000 Hz sound location (both approximately 0.5). Also, at +10 dB level difference the 
weight of the AM 5 Hz sound location is lower (approximately 0.7) than the weights of 
the AM 120 Hz and AM 2000 Hz sound location (both approximately 0.9). This might be 
because the AM 5 Hz sound is perceived softer than the AM 120 Hz, the AM 2000 Hz, 
and the GWN sounds. 

The r2-values of the target (AM 5 Hz) sound location versus response location 
increases slower with increasing sound level difference than the r2-values of the target 
(AM 120 Hz or AM 2000 Hz) sound location versus response location, see figure 18b. 
Whereas the r2-values of the non-target (GWN presented with AM 5 Hz) location versus 
response location decrease slower with increasing level difference than the r2-values of 
the non-target (GWN presented with AM 120 Hz or AM 2000 Hz) location versus 
response location. This can also be seen by the crossing point of the r2-values of 
target/non-target sound location versus response location, the crossing points of the r2-
values of the AM 5 Hz sound location (figure 18b, light blue line) is shifted towards +5 
dB level difference, whereas the crossing points of the AM 120 Hz and AM 2000 Hz 
sound locations (figure 18b, darker blue lines) are at approximately 0 dB level 
difference. For the weighted average location versus response location, the r2-values of 
the AM 120 Hz and AM 2000 Hz sound locations show a dip (lowest r2-values) at 0 dB 
level difference, see figure 18b. But, for the AM 5 Hz sound the 0 dB dip of the weighted 
average location versus response location is shifted towards +5 dB level difference. A 
difference in perceived sound level (AM 5 Hz sound perceived softer than the AM 120 
Hz, AM 2000 Hz, and GWN sound) might have caused this shift in the 0 dB dip. The 
weights and r2-values of each participant and their average for each modulation 
frequency can be found in appendix C.3 (figure 8, 9, and 10). 
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To see if the weighted average location accurately describes the response behavior 
of the participants, the normalized response location (pooled over all AM sounds and 
across participants) is determined. This is done for each level difference and separation 
angles smaller than or equal to 45°, and for each level difference and separation angles 
larger than 45° (following the analysis of Bremen et al., 2010). The target sound is 
located at +1 and the non-target sound is located at -1. Location 0 is then exactly in 
between the target- and non-target sound. When the non-target sound is louder than 
the target sound, the participants’ normalized response locations are mostly at the non-
target sound (-1) and when the target sound is louder than the non-target sound, the 
participants’ normalized response locations are mostly at the target sound (+1) for all 
separation angles, see figure 19. For the 0 dB level difference there is a difference 
between the normalized response locations of the small separation angles (≤45°) and 
large separation angles (>45°). The small separation angles show a weighted average 
response, since most of the normalized response locations are located at 0 (in the 
middle of the speakers). Whereas, the large separation angles show a greater variability 
in normalized response locations. Meaning that the participants do not solely perceive 
the target sound in the middle of the target- and non-target sound, but they also 
perceive the target sound at the actual target sound location or at the non-target sound 
location, see middle bottom panel of figure 19.  

A unimodal distribution (weighted average prediction, red lines) and a bimodal 
distribution (blue line) are fitted on the normalized response data. A standard deviation 

Figure 18: Weights and r2-values of weighted average location versus response location, and r2-
values of (non-)target location versus response location for all AM sounds. a) The weights 
(contribution) of the AM sound location to the weighted average sound location at each level 
difference and pooled over participants. b) The r2-values of the AM (target)-response relation (blue 
lines), of the GWN (non-target)-response relation (red lines), and of the weighted average-response 
relation (grey lines). 
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of 30° (obtained from the responses to the single-sounds) is used to generate both 
distributions. The unimodal distribution and measured data are in good agreement for 
all level differences of the small separation angles, but not for all level differences of the 
large separation angles. The 0 dB level difference of the large separation angles seems 
to be the only level difference for which the unimodal distribution cannot describe the 
measured data accurately. The bimodal distribution, which suggests that participants 
look only to either the target sound or the non-target sound, can also not describe the 
data accurately. However, the bimodal distribution does show the main response peak 
closest to the location of the louder sound, and a secondary peak near the softer sound. 
The 0 dB level difference of the >45° normalized response data shows neither a 
unimodal distribution nor a bimodal distribution, but the data of the normalized 
responses show a more flat distribution between the two actual sound locations at -1 
and +1. Participants also seem to be more unsure about the sound location when there 
is no level difference. This can be seen in figure 19 where the number of occurrence is 
lower at small separation angles without a level difference than with a level difference. 
The large separation angles show this by the approximately flat distribution between 
target and non-target sound location at 0 dB level difference. Appendix A.7 contains the 
normalized responses of each modulation frequency.  

 

 

 
 

Figure 19: Normalized responses pooled over participants and target sounds. With a unimodal 
distribution (red line) and a bimodal distribution (blue line) for each level difference and separation 
angles smaller than or equal to 45° or larger than 45°. The top panel shows the normalized 
response location for speaker separation angles smaller than or equal to 45°, with the GWN sound 
louder on the left and the AM sound louder on the right. The bottom panel shows the same for 
speaker separation angles larger than 45°. 
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3.4 Experiment 2 and 3: Indicating the amplitude modulated sound 
Participant 1, 2, 4, 5, and 6 participated in experiment 2 and all eight participants 
participated in experiment 3. In experiment 2 the response locations of the head 
movements are compared to the target sound location. The actual response location of 
the head movement is not taken into account, because participants are instructed to 
indicate and not to localize the target sound. With response endpoints <0° elevation the 
participant indicated that the target sound was presented from -20° elevation, while a 
response endpoint >0° elevation indicated that the target sound was presented from 
+20°. In experiment 3 this was done by pressing the up-button (indicating +20° 
elevation) or down-button (indicating -20° elevation). The number of AM sound 
indications are summed and divided by the total number of trials to calculate the AM 
sound indication rate. This is done separately for single- and double-sound trials, and 
for each AM modulation frequency.  

In the single-sound trials of experiment 2 and 3, participants indicated almost all 
target sounds (between 93% and 100%, accurate percepts). In the double-sound trials 
participants indicated the target sound less often (pooled over all modulation 
frequencies, between 42% and 46% in experiment 2 and between 36% and 57% in 
experiment 3). The indication rate per modulation frequency shows that participants 
cannot indicate the target sound location from the non-target sound location above 
chance rate, see figure 20 and 21. Figure 20 shows the AM sound indication rate of the 
five participants (identified by 5 different colors) and the mean across participants (black 
line) at each modulation frequency of experiment 2 and figure 21 for the AM sound 
indication rate of all eight participants (identified by the 8 different colors) and the mean 
across participants (black line) of experiment 3. The individual results of the participants 
are shown in table 1 (experiment 2) and table 5 (experiment 3) of appendix C.4. 
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At the end of experiment 2 most participants reported to have a preference for 
looking either upwards or downwards. The preference as reported by the participant are 
shown in table 4 of appendix C.4. Because the number of target sounds presented from 
plus and minus 20° elevation is randomized (see table 3 in appendix C.4) the 
preference for looking upwards or downwards might influence the results. However, if 
our participants would be able to indicate the target sound in double-sound trials, then 
the preference nor the number of target sounds presented from plus and minus 20° 
elevation should have an influence on the performance of the participant. The single-
sound trials support these presumptions, because the single-sound trials are accurately 
indicated by all participants regardless of the participant’s preference. On the other 
hand, if our participants would be unable to indicate the target sound in double-sound 
trials and are thus unaware of the target sound location, then their preference and the 
number of target sounds presented from plus 20° and minus 20° might have an 
influence on the exact outcome.  
 

Figure 20: Normalized number of AM sound indications. The normalized number of AM sound 
indications is shown at each modulation frequency for each participant and the mean across 
participants. 
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The data of experiment 3 shows that four of our participants indicated the AM 5 Hz 
sound below chance rate (13%-23%) and the other four around chance rate (33%-
53%), see figure 21. The AM 120 Hz sound and AM 2000 Hz sound are indicated at 
chance rate by all participants (38%-73% and 48%-68%, respectively). So, none of our 
participants can accurately indicate the target sound location from the non-target sound 
location. To determine if head movements during sound presentation influenced the 
number of AM sound indications, the head movements of the participants were 
analyzed. Only a few trials show a head movement, with head velocity exceeding the 
arbitrary 5 deg/s, during sound presentation. The indicated sound in trials with a head 
movement is mostly the non-target sound. This is also found for trials without a head 
movements, so the trials with head movements are not different from the trials without 
head movements. This suggests that head movements of 5 deg/s do not improve (or 
worsen) indication behavior. This was also found in Experiment 4. 

 
 
  

Figure 21: The normalized number of AM sound indications for each participant (indicated by the 8 
different colors) and their average (black line) presented for each modulation frequency in double-
sound trials.  
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3.5 Experiment 4: The effect of the modulation phase 
All 8 participants performed this experiment. The participant’s responses, pressing 

the up-button (indicating +20° elevation) or down-button (indicating -20° elevation), are 
compared to the actual target location. Seven of our participants indicated all single-
sounds correctly, the other participant indicated one AM sound incorrectly. However, he 
reported his mistake immediately after the session. In the double-sound trials the AM 
sounds (all phases) are indicated less often (between 12.50% and 49.38%). The 
number of AM sound indications of the AM 5 Hz sound with a 0 phase of experiment 4 
can be compared to the AM 5 Hz sound of experiment 3. The differences of AM sound 
indications within a participant range between 2.50% and 12.50% (mean 9.06%), see 
table 2 in appendix C.6. Those differences suggest that, regardless of the experimental 
paradigm, it is unlikely that one of our participants would indicate the target sound (AM 
5 Hz sound with 0 phase) above chance rate. Because, the differences (2.5%-12.5%) 
do not predict a shift in performance: from below or at chance rate to above chance 
rate. 

The target sound indications of the participants seem to follow, through the 
modulation phases (0 phase to 7π/4 phase), a sinus like pattern, see figure 22 and table 
1 and 2 in appendix C.6. The modulation phase at which the participant indicated the 
most and the fewest target sounds is determined, see table 2. Participant 6 has two 
phases at which the number target sound indications are minimal, namely the 3π/4 and 
π modulation phase, therefore participant 6 is presented twice in table 2. Most 
participants indicated the most target sounds at modulation phase π/4 and the fewest 
target sounds at modulation phase π. The π/4 phase is the phase that starts at ¾ of its 
sound level and then becomes louder during the first 25 ms. The π phase is the phase 
that starts at ¼ of its sound level and becomes softer during the first 25 ms. As 
explained in section 1.3 there might exist a time window over which spectral information 
is integrated. Since Vliegen & Van Opstal (2004) found that the time window of 
elevation localization is at least 30 ms and Hofman et al. (1998) found a time window of 
80 ms. This time window might explain the dependence of the number of AM sound 
indications on the first tens of ms, influenced by the modulation phase, of the AM sound.  
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Phase 
(rad) 

0 π/4 π/2 3π/4 π 5π/4 3π/2 7π/4 

Maximum 
(participant) 

7 1 2 3 5 8 4 - - - 6 

Minimum 
(participant) 

- - - 1 6 3 6 8 5 7 2 4 

 
 

The integration time window and MSE-values of each participant are presented in 
table 3. The response behavior of participant 4, 7, and 8 are described less accurately 
by the signal strength than the other participants (see figure 23 (participant 8), figure 24 
(participant 4), and figure 1 until 8 in appendix C.6). In the figures the signal strength is 
shown in black and number of AM sound indications of the participant is shown in blue. 
Participant 4 has the shortest analyzed time window, but he also has the highest MSE-
value (see table 3) suggesting that there might be a more optimal integration time 
window. When the duration of the time window is increased to 400 ms (sound duration), 
the optimal integration time window shifts to 225 ms with a MSE-value of 13.89∙10-3. 
The 225 ms integration time window contains only small difference in spectral 
information between the modulation phases. However, participant 4 shows an apparent 
difference in AM sound indications between the modulation phases (see figure 24). In 

Figure 22: The normalized number of AM sound indications at each modulation phase of the 5 Hz 
amplitude modulated sound. 

Table 2: The modulation phase at which the participant indicated the most AM sounds and the fewest 

AM sounds.  
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figure 24 the 5 ms time window (left panel, black line), the 225 ms time window (right 
panel, black line), and the participants AM sound indications (both panels, blue line) are 
plotted. Because of the absence of spectral information in the 225 ms integration time 
window, this integration time window cannot explain the participants response behavior. 
The 5 ms integration time window is considered to be too short and it does not seem to 
describe the response behavior of participant 4. The response behavior of this 
participant might be influenced by behavioral changes, such as strategy change, 
guessing, pressing the unintended button, and repetition bias, in such a way that the 
integration time window cannot accurately describe response behavior. Allowing a 
longer integration time window (up to 400 ms) for participant 7 and 8 shifts their optimal 
integration time window to 275 ms (MSE-value 1.09∙10-3) and 250 ms (MSE-value 
3.45∙10-3), respectively. The MSE-values decreased significantly, however, the absence 
of spectral information in the integrated time window and time windows found in 
previous studies suggest that these time windows are too long. The response behavior 
of participant 1, 2, 3, 5, and 6 can be described accurately by an integration time 
window between 45 and 115 ms, see table 3. 

 

 Integration time window (ms) MSE-values (∙10-3) 

Participant 1 90 7.88 

Participant 2 45 8.00 

Participant 3 90 9.50 

Participant 4 5 16.33 

Participant 5 60 2.87 

Participant 6 115 0.60 

Participant 7 120 13.57 

Participant 8 120 11.00 

Average 75 5.93 

 
 
All AM modulation phase sounds are calibrated, like all other sounds, however, the 

maximum sound level of the AM sound is determined. The measured and perceived 
sound level might differ, because humans seem to integrate only over the first tens of 
ms of the sound (for short sounds), whereas the sound level meter measures the 
maximum sound level. Besides that, these first tens of ms might not include the loudest 
part of the sound, resulting in a sound that is perceived softer than the actual sound 
level. Even if the sound starts loud, the integration of the amplitude modulation might 
lower the sound level. The perceived sound level of the AM sound might therefore be 
lower than the measured. This might then cause the GWN sound to be perceptually 
(and physically) louder than the AM 5 Hz sound. The data supports this, because we 
found that participants indicate the GWN sound more often if the signal strength started 
low (phases π, 5π/4, and 3π/4) than if the signal strengths started high (phases 0, π/4, 
and π/2), see figure 22. Our findings support the conclusion of Bremen et al. (2010), 
that the response location is driven by the louder sound, even if the sound is only 
slightly louder, rather than the target sound.   

Table 3: The integration time window and the MSE-value of all participants and their average. The 

integration time window and MSE-value are determined by the signal strength and number of AM 

sound indications of each participant and the average of all participants. 



39 
 

 

 

 
 

 

 

  

Figure 23: Signal strength of the first 120 ms of the AM sound and 

the normalized number of AM sound indications of participant 8 for 

each phase-shift.  

Figure 24: Signal strength of the first 5 ms (left) and the first 225 ms (right) of the AM sound 

and the normalized number of AM sound indications of participant 4 for each phase-shift.  
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4. Discussion 
The level-weighted averaging hypothesis, as introduced by Bremen et al. (2010),  
predicts a localization response in the center of two synchronously presented sounds at 
equal sound levels in elevation or towards the louder sound at unequal sound levels. 
Level-weighted averaging occurs regardless task instructions, which are to localize one 
of the two sounds (the target sound). Here, we studied if the level-weighted averaging 
prediction holds when one sound has a sinusoidal temporally changing sound level and 
whether the level-weighted averaging is influenced by the modulation phase of the 
sinusoidal temporally changing sound.  
 
Double-sound localization 
The data of experiment 1 (localizing the amplitude modulated sound) supports the level-
weighted averaging prediction. The response endpoints of our participants could be 
best described by a weighted combination of the target sound (the AM 5 Hz, 120 Hz, 
and 2000 Hz sounds pooled) and non-target sound, see figure 12 and 13. The level-
weighted prediction holds for each of the modulation frequencies, see figure 15, 16, and 
17). However, the weight of the target sound depends on the modulation frequency. The 
120 Hz and 2000 Hz modulation frequency have a weight of approximately 0.5 at equal 
target/non-target sound levels in the level-weighted averaging (figure 18a), which is 
predicted by Bremen et al. (2010). Unlike the AM 120 Hz and 2000 Hz sounds, the AM 
5 Hz sound has a weight less than 0.5 at equal target/non-target sound levels in the 
level-weighted averaging prediction (figure 18a).  

The smaller weight of the target sound might be because of the perceived sound 
level. The sound level of the AM 5 Hz goes audibly up and down, as confirmed by naïve 
participants, and starts at 50% amplitude modulation depth. This might lower the 
perception of the AM 5 Hz (target) sound, what causes the GWN (non-target) sound to 
be perceptually (and physically) louder. As stated by Bremen et al. (2010), a small 
sound level difference will influence the localization behavior. They would predict a 
decrease in the weights of the target sound if the non-target sound is perceived louder, 
which we indeed observe. The r2-values of the level-weighted averaging results show a 
dip at 0 dB sound level for the AM 120 Hz and 2000 Hz sounds and a cross point of the 
r2-values of the AM sound location versus response location and the GWN sound 
location versus response location at 0 dB (figure 18b). This dip and cross point is also 
present in the data of Bremen et al. (2010). For the AM 5 Hz sound the 0 dB dip and the 
cross point are shifted towards the +5 dB sound level difference. This suggest that for 
an equal sound level perception the AM 5 Hz should is presented approximately 5 dB 
too soft.   
 
Two-alternative forced choice 
The data of experiment 2 and experiment 3 (indicating the amplitude modulated sound) 
show that none of our 8 participants is able to indicate the target sound in double-sound 
trials, irrespective of modulation frequency. However, in experiment 2 the number of 
trials were unequally divided and participants reported to have a preference for looking 
either upwards or downwards. Due to the large number of variables (preference, target 
sound location, and modulation frequencies) it cannot be concluded if the preference 
and the number of plus/minus 20° target sounds influenced the results. To check if 
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those factors play a role in performance, multiple experiments should be performed, 
each eliminating variables.  For example presenting more sounds from plus than minus 
20° and vice versa, using a joystick or buttons instead of head movements, or 
examining repeatability of the experiment. It can be concluded, however, that of the 
participants that performed the experiment there is no participant that can indicate the 
target sound in double-sound trials. 

In experiment 3 the number of trials are equally divided, less modulation frequencies 
are presented (only 5 Hz, 120 Hz, and 2000 Hz), and a button press (instead of head 
movement) is used as response data. The data of experiment 3 shows that some of our 
participants indicate the AM 5 Hz sound below chance rate and the other participants 
indicate it around chance rate. For the higher modulation frequencies (120 Hz and 2000 
Hz), all participants indicate the target sounds around chance rate (figure 21). The 
perceived sound level of the AM 5 Hz sound, as determined above, might be lower than 
the AM 120 Hz, the AM 2000 Hz, and the GWN sound. This will most likely have 
influenced the response behavior of the participants. However, the difference in 
perceived sound level and calibrated sound level should not have caused the 
experimental differences, as we both calibrated the AM 5 Hz and GWN sounds for 
58±0.3 dB. Although they calibrated their sounds in sound pressure level (SPL) and we 
calibrated our sounds A-weighted, the spectral content of the sounds is unchanged, 
therefore the sound level difference between the AM sounds and the GWN sounds 
should be equal in their study and our study.  

Our data is in contrast with the finding of Johnson et al. (2015), where they found 
that a group (4 of the 9 participants) can indicate the AM sound with modulation 
frequencies below 250 Hz above chance rate, the so-called ‘veridical group’. The other 
group, the so-called ‘non-veridical group’, (5 of the 9 participants) cannot indicate low-
frequency AM sounds above chance rate, the ‘non-veridical group’. It seems very 
unlikely that all of our participants are in the ‘non-veridical group’, while Johnson et al. 
(2015) found that 4 of the 9 participants (44%) are in the ‘veridical group’ and 5 of the 9 
participants (56%) are in the ‘non-veridical group’.  

Under the (arguable) assumption that this ratio is representable for the world 
population and the population is equally divided, the chance that none of our 
participants are in the ‘veridical group’ is 1/103 (0.97%), see appendix B.2. The 
suggestion that the experiments are not (fully) comparable seems to be the more 
acceptable presumption. Johnson et al. (2015) did not report the phase of the 
modulation envelope of the AM sound, this might cause the difference found in the 
experimental results. Because, as previously reported, small level differences can have 
a noticeable influence on the response behavior. To test the influence, the AM 5 Hz 
sound should be presented between 0 and 5 dB louder than the GWN sound. 

Experiment 4 shows that the modulation phase of the AM 5 Hz sound does influence 
the number of AM sound indications, see figure 22. However, still none of our 
participants is able to indicate the AM sound above chance rate. So, the modulation 
phase is not the (only) cause of the difference in our data and the data of Johnson et al. 
(2015), suggesting that another or multiple presumption caused the difference. The 
signal strength seems to be able to accurately describe the AM sound indications of five 
participants. Their integration time windows (limited by 5 to 120 ms in steps of 5 ms) are 
found to be between 45 and 115 ms, see table 3. With the signal strength the rms-value 
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of the first 5-120 ms in steps of 5 ms of the phase modulated AM 5 Hz sound, see figure 
23. The integration time window is the duration of the signal strength that can describe 
the AM sound indications the best (smallest MSE-value). The other three participants 
(participant 4, 7, and 8) cannot be accurately described by the signal strength, this 
might be due to behavioral changes, such as strategy change, guessing, pressing the 
unintended button, and repetition bias, in such a way that the integration time window 
cannot accurately describe response behavior 

The noticeable change in sound level of the AM 5 Hz sound might explain the 
change in AM sound indications for the different modulation phases. As explained 
above, the signal strength of the AM sound differs for the different modulation phases 
during the first tens of ms. We found that if the signal strength of the first tens of ms is 
low then the participant will indicate the AM sound less often than if the signal strength 
of the first tens of ms is high. The dependence of the AM sound indications on the 
modulation phase supports the prediction made by Bremen et al. (2010). Because the 
signal strength is predicted to be related to the perceived sound level, a sound with a 
low signal strength will be perceived softer than a sound with a higher signal strength. 
The influence of the sound level on the response behavior is therefore predicted by 
Bremen et al. (2010) and confirmed by our data.  
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5. Conclusion and perspective 

5.1 Conclusion 
Single-sound 
The results for single-sound trials in experiment 1 and experiment 3 are similar to those 
found by Bremen et al. (2010) and Johnson et al. (2015), respectively. The gains of the 
single-sounds in section 3.3 figure 11, experiment 1, are more spread than in Bremen et 
al. (2010). Some participants always have an undershoot in elevation localization and 
some always have an overshoot. However, the gains are approximately equal for each 
sound type, so each sound type is localized equally for each participant. Besides those 
gains the results for the single-sound trials found here are similar to the ones found by 
Bremen et al. (2010) and Johnson et al. (2015).  
 
Double-sounds 
Experiment 1 yielded similar results for double-sound trials as the results of Bremen et 
al. (2010). We also observed a level-weighted average response of our participants in 
double-sound trials. The level-weighted average prediction predicts a weight (or 
contribution of both sound locations) of 0.5 for equal sound levels. The response data of 
a sound with an audibly changing sound level (AM 5 Hz) showed a shift in weight 
(weight 0.5 is found closer to the +5 dB sound level difference) and r2-value. This might 
be because the sound is perceived softer than sounds with a higher modulation 
frequency (120 Hz and 2000 Hz) and the GWN sound. For small separation angles the 
level-weighted prediction can always accurately describe response behavior. The level-
weighted average prediction can also accurately describe the response behavior of the 
participants for large separation angles, but only when there is a sound level difference. 
However, the response location of the participants show a flat distribution between the 
target and non-target sound location when there is no sound level difference.  

Experiment 3 yielded results different as the ones found by Johnson et al. (2015). All 
eight tested participants are in the ‘non-veridical group’, the group that indicated the 
target sound in double-sound trials at chance rate or below chance rate. To study if the 
modulation phase caused the difference in results, the number AM sound indications of 
the AM 5 Hz sound with different modulation phases is studied. The phases ranged 
from 0 to 7π/4 radians in steps of π/4 radians. Despite the modulation phase dependent 
indication behavior, none of our participants indicated the target location above chance 
rate. Suggesting that the phase did not (fully) cause the observed differences. The 
effect of the modulation phase on the AM 5 Hz sound indication was studied in 
experiment 4.  

However, the results of experiment 3 support the level-weighted average prediction, 
because the AM 5 Hz sound, which has a sound level that goes audibly up and down, is 
indicated less often than the AM sounds with a higher modulation frequency, which 
does not have a sound level that goes audibly up and down. The change in sound level 
lowers the perceived sound level, causing the non-target sound to be perceived louder, 
Bremen et al. (2010) would therefore predict a shift towards the non-target sound, which 
is indeed observed.  



44 
 

Even though participants cannot indicate the target sound in double-sound trials 
above chance rate, the phase of the 5 Hz AM sound did influence the indication 
behavior. The number of AM sounds indicated seems to be influenced by the first 45-
115 ms of the amplitude modulated sound. When the number of AM sound indications 
is taken across participants the average is found to be best described by a time window 
of 75 ms (table 4.7.2). This is in agreement with the temporal integration time found by 
Vliegen & Van Opstal (2004) and Hoffman et al. (1998).  

The results of this study support the conclusions drawn by Bremen et al. (2010) that 
the auditory system is not capable of segregating multiple auditory objects in elevation.  
 

5.2 Perspectives 
The change in indication behavior for different phases might carry out to the localization 
behavior of participants. To study the dependence of the phase of the amplitude 
modulated sound on the level-weighted average response, experiment 1 can be 
replicated with a phase dependent 5 Hz amplitude modulated sound as target sound. 
The phase of the 5 Hz amplitude modulated sound might influence the contribution of 
the sounds (target and non-target sound) to the weighted-average response. Having the 
amplitude modulated sound to contribute more to the weighted-average response 
location for phases between 0 and 3π/4 than for phases between 3π/4 and 7π/4. 

To test the temporal integration hypothesis, experiment 4 should be repeated for 
different low modulation frequencies (modulation frequencies between 2.5-12.5 Hz). 
The change in number of AM sound indication for different modulation phases should 
disappear when the modulation frequency of the AM sound approaches a full sinus 
cycle within the time window of the participant. For example, if the time window of the 
participant is 80 ms, then the participant should indicate the AM sound equally often for 
each modulation phase of an sinusoidal 100%-depth amplitude modulated sound with a 
12.5 Hz modulation frequency. 
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Appendix A. Background reading 

A.1 Auditory system 
A sound stimulus is generated by the vibration of an external source. The vibration 
induces a sound wave, which travels through a medium, like the air. Sound waves 
traveling through the air might be diffracted and reflected before a listener perceives the 
sound. Even, in the perfect free field, the sound wave will undergo reflections and 
diffraction in a frequency- and direction- dependent manner by the torso, the head, and 
the pinna (visible part of the ear) [Middlebrooks & Green, 1991]. Figure 1 shows the 
structure of the peripheral part of the human auditory system. We here assume that the 
sound wave travels unperturbed through the air and is not diffracted or reflected until it 
reaches the listener, as in the performed experiments.  

The torso, head, and pinna reflects and diffract sound wave energy when it travels 
through the auditory canal towards the eardrum, causing the eardrum to vibrate. The 
eardrum vibrations are transmitted through the middle ear by three small bones 
(malleus, incus, and stapes) to a membrane-covered opening in the bony wall of the 
inner ear, the oval window. To ensure efficient transfer of sound from the air to the fluids 
in the cochlea, the pressure applied by the eardrum on the oval window is magnified.  

The cochlea has bony rigid walls and is filled with incompressible fluids. Along its 
length the cochlea is divided by two membranes, Reissner’s membrane and the basilar 
membrane, which separate three fluid-filled chambers that are called Scala Vestibuli, 
Scala Media, and Scala Tympani, respectively. The motion of the basilar membrane in 
response to a sound is of primary interest. The basilar membrane motion is caused by 
the inward-outward movement of the stapes and the oval window, causing a time-
varying pressure difference along the basilar membrane. This pressure difference is 
highest at the oval window-round window (base of the cochlea), and zero at a small 
opening, called the helicotrema, which acts as a pressure short-cut by connecting Scala 
Vestibuli and Scala Tympani at the far end of the cochlea (the apex). The response of 
the basilar membrane to sounds of different frequencies is strongly affected by its 
mechanical properties, rather than by the absolute amplitude of the pressure difference. 
The mechanical properties vary considerably from base to apex: at the base the basilar 
membrane is relatively narrow and stiff, while it is wider and much less stiff at the apex. 
High frequencies produce a maximum vibration close to the base, whereas low 
frequencies produce a maximum vibration close to the apex. The basilar membrane 
thus acts as a real-time Fourier analyzer, or filter bank, splitting complex sounds into 
their component frequencies.  
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Between the basilar membrane and the tectorial membrane are hair cells, which 
form part of a structure called the organ of Corti (see figure 2). The hair cells are divided 
into two groups the inner (one per cross section) and the outer hair cells (three per 
cross section). The main role of the outer hair cells may be to actively influence, in a 
highly nonlinear way, the mechanics of the cochlea, so as to produce a high sensitivity 
and sharp tuning of the auditory system. The inner hair cells transduce mechanical 
movements into neural activity of the auditory nerve. Each inner hair cell innervates 
about ten auditory nerve fibers. The auditory nerve then carries the auditory sensory 
information directly to the brain [Moore, 2013]. 

 

Figure 1: The peripheral part of the human auditory system.  

©http://hearingyourbest.com/what-to-know-about-hearing-loss 
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A.2 Audiogram 
The participants were all asked if they hear normally, and successively their hearing 
abilities were quantitatively verified with an audiogram. The audiogram was performed 
with headphones so that each ear could be tested separately. The paradigm 10 dB 
down – 5 dB up is explained below and performed on each ear. First a 1 kHz tone was 
presented at the right ear at 30 dB hearing level (dB-HL), if the participant heard the 
tone they had to indicate this by lifting their finger. If the tone was heard it was 
presented 10 dB softer, so a tone at 20 dB-HL was presented. This was repeated until 
the subject did not report, i.e. lift their finger at tone presentation, to hear the tone. Then 
the sound level of the tone was increased with 5 dB until the participant reported to hear 
the tone again. When they heard the tone it was again presented 10 dB softer. If the 
participant did not hear the tone it is presented 5 dB louder until the tone was heard 
again. After going up and down three times, the softest sound heard two out of three 
was their audible threshold for a 1 kHz tone.  

The same paradigm was carried out for a 2, 3, 4, 6, and 8 kHz tone. After presenting 
the 8 kHz tone the 1 kHz tone is presented again. This was done to rule out the 
possibility that the audible threshold was dependent on how well a participant 
understood the task. The last tone presented was a 0.5 kHz tone and was performed 
directly after second measurement of the 1 kHz tone. Then we switched to the other ear 
and followed the same paradigm. Thus we started with a 1 kHz tone at 30 dB-HL. The 
requirement for participation in the successive localization and two-alternative forced-
choice experiments was that at each frequency the hearing loss was equal to or less 
than 20 dB-HL. Only 8 out 11 participants had normal hearing as determined by this 
procedure. The other three participants were excluded from the experiments. 

Figure 2: Schematic representation of the organ of Corti [Moore, 2013]. 
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A.3 General paradigm for head movement localization 
In all experiments (unless stated otherwise) participants have to wear either a glasses 
frame or a helmet, depending on their preference, to record their head movements. The 
head movements are calibrated every experimental day, so the participants always 
perform the calibration experiment before the experiment(s). After the calibration an 
experiment specific instruction is given. For the experiments in this section the general 
instruction is to point with the red laser dot in front of them, projected by the glasses 
frame or the helmet onto the disk, at the green LED light appearing at 0° azimuth and 0° 
elevation speaker before each trial. The 0° azimuth and 0° elevation speaker is the 
center of vision for the participant. When fixated they have to press the handheld button. 
The green LED turned off after a (uniformly distributed) random time of 300-800 ms. 
This is followed by a 200 ms pause of total darkness and total silence. Then the sound 
is presented, the duration of the sound depended on the experiment. However, the 
sound duration is shorter than the response latency for auditory evoked head 
movements. The auditory evoked response latency is found to be 236±57 ms (mean ± 
standard deviation) pooled over 8 participants [Goossens and Van Opstal, 1997]. 

Participants are instructed to orient their gaze as quickly and as accurately as 
possible towards the perceived sound location, while keeping their eyes fixated on the 
red laser dot, then to hold at that location until the green LED at 0° azimuth and 0° 
elevation reappeared. With the reappearance of the green LED the trial is completed 
and the next trial starts. This procedure is repeated until no green LED reappears and 
about 10 seconds of Handel’s Hallelujah is played back, indicating the end of the 
experimental session.  
 

A.4 Experiment 1: Localizing the amplitude modulated sound 
This experiment uses the paradigm of 5.2.1 Double-sound localization. During the 
experiment the results showed some outliers, therefore this experiment is split into two 
different designs, experiment 1a and 1b. In experiment 1b are the outliers eliminated. 
Participant 1, 2, 4, and 6 participated in experiment 1a and participant 5, 7, and 8 
participated in experiment 1b.  

Experiment 1a contains 702 trials, these trials are split into four sessions (two 
sessions of 175 trials and two sessions of 176 trials) to prevent for exhaustion, and in 
two experimental days. The 702 trials consist of 126 single-sound trials and 576 double-
sound trials. The 126 single-sound trials are presented from eighteen elevation 
locations (-45, -35, -30, -25, -20, -10, -5, 0, 5, 10, 15, 20, 25, 30, 35, 45, 75, and 105°). 
From each location the GWN sound, the AM sounds and the linear combination of the 
GWN sound and AM sounds are presented once. The 576 double-sound trials are 
presented from two speakers with the locations presented in table 1. Then one sound is 
presented at 55 dB-A and the other at either 45, 50, 55, or 60 dB-A and vice versa. The 
126 single-sound trials thus exists of 18 elevation locations and 7 sound types present 
once from each elevation location at 55 dB-A. The 576 double-sound trials exists of 24 
speaker combinations, 3 AM sounds combined with the GWN, 4 different sound levels 
for the AM sound when the GWN is fixed at 55 dB-A and 4 different sound levels for the 
GWN sound when the AM sound is fixed at 55 dB-A. 
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Seven single-sound trials, presented from the 105° elevation speaker, are discarded 
as the head movement analysis showed that head movements were still ongoing at the 
end of the recording. Therefore head movement endpoints could not be measured 
accurately. Besides that, the 105° elevation speaker is very hard to orient, since it is 
located behind the participant. Following this reasoning 24 of the double-sound trials, 
which are the trials including the 105° speaker, are also discarded. Another 24 double-
sound trials are discarded as they are presented as single-sound trials instead of 
double-sound trials. This is due to a set-up impossible speaker combination.  

 
Speaker 
location 

Speaker 
location 

 Speaker 
location 

Speaker 
location 

 Speaker 
location 

Speaker 
location 

 Speaker 
location 

Speaker 
location 

(0,-45) (0,-30) (0,-20) (0,-30) (0,20) (0,-45) (0,30) (0,-20) 

(0,-45) (0,-25) (0,-20) (0,0) (0,20) (0,-35) (0,30) (0,-5) 

(0,-45) (0,-10) (0,-20) (0,5) (0,20) (0,-20) (0,30) (0,25) 

(0,-45) (0,0) (0,-10) (0,30) (0,20) (0,10) (0,30) (0,45) 

(0,-45) (0,20) (0,-20) (0,30) (0,20) (0,15) (0,30) (0,75) 

(0,-45) (0,30) (0,-20) (0,35) (0,20) (0,45) (0,30) (0,105) 
 

 
Experiment 1b consists of 839 trials, these trials are split into four sessions (three 

sessions of 209 trials and one session of 210 trials), and in two experimental days. 
These 839 trials consist of 119 single-sound trials, and 720 double- sound trials. The 
single-sound locations are the same as in the above paragraph, except for the 105° 
elevation speaker. The number of double-sound trials has increased, because another 
sound level is added. The 65 dB-A sound level is added to make an equal number of 10 
dB sound level differences. Also some speaker combinations are changed relative, to 
experiment 1a, to adjust the excluded 105° elevation speaker and the exclusion of the 
impossible speaker combination. The new speaker combinations are presented in green 
in table 2. The speaker locations presented in blue are adjusted, so that each speaker 
location is unique. In this experiment there are 17 elevation locations and 7 sound 
types, this sums up to 117 single-sound trials and for the double-sound trials we have 
24 speaker combinations, 3 AM sounds combined with the GWN, ten sound level 
differences summing up to a total of 720 double-sound trials. 

 
Speaker 
location 

Speaker 
location 

 Speaker 
location 

Speaker 
location 

 Speaker 
location 

Speaker 
location 

 Speaker 
location 

Speaker 
location 

(0,-45) (0,-30) (0,-20) (0,-30) (0,20) (0,-45) (0,30) (0,-35) 

(0,-45) (0,-25) (0,-20) (0,0) (0,20) (0,-35) (0,30) (0,-5) 

(0,-45) (0,-10) (0,-20) (0,5) (0,20) (0,-20) (0,30) (0,25) 

(0,-45) (0,0) (0,10) (0,-30) (0,20) (0,10) (0,30) (0,45) 

(0,-45) (0,5) (0,-20) (0,30) (0,20) (0,15) (0,30) (0,75) 

(0,-45) (0,30) (0,-20) (0,35) (0,20) (0,45) (0,30) (0,-45) 
 

Table 1: All double-sound combinations from which both sounds are presented in experiment 1a. The 
locations in red present the discarded 105° combination and the impossible speaker combination. 

Table 2: All double-sound speaker combinations from which both sounds ae presented in experiment 
1b. The locations in green present the replaced speaker combinations and the blue locations are 
adjusted so that each speaker combination is unique.  
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A.5 Experiment 2 and 3: Indicating the amplitude modulated sound 
Experiment 2 and 3 use the paradigm of section 5.2.3. Participant 1, 2, 4, 5, and 6 
participated in experiment 2 and had to indicate the target sound (AM with phase 3π/2 
and modulation frequencies 10, 20, 30, 60, 120, 240, 500, 1000, 2000, and 4000 Hz) by 
looking either upwards or downwards. Each participant performed 800 trials in 4 
sessions. These 800 trials consisted of 400 single-sound trials and 400 double-sound 
trials. 189 single-sound trials were presented from the speaker located at -20° and 211 
trials were presented from the speaker located at +20°. The opposite was true for 
double-sound trials, 211 trials at -20° and 189 at +20°. Table 3 shows the number of 
trials for each modulation frequency at each speaker.  

 
Modulation 
Frequency [Hz] 

10 20 30 60 120 240 500 1000 2000 4000 

# of trials 35 45 42 38 40 37 40 45 40 38 

# of trials at 
+20° 

15 26 20 19 22 22 21 23 23 20 

# of trials at  
-20° 

20 19 22 19 18 15 19 22 17 18 

 

 
 

All participants participated in experiment 3. The participants are instructed to 
indicate the target sound (AM with phase 0 and modulation frequencies 5, 120, 2000 
Hz) by pressing either button 1 (AM at -20° elevation speaker) or button 4 (AM at +20° 
elevation speaker). The number of modulation frequencies are diminished to reduce the 
number of trials. All participant (participant 1 until 8) participated in this experiment, 
each of them performed 180 trials in one session of circa 12 minutes. The 180 trials are 
made up of 60 single-sound trials and 120 double-sound trials. The sounds presented in 
the single-sound trials are two different 5, 120, and 2000 Hz AM sounds, resulting in six 
AM sounds. Each sound is presented five times from the -20° elevation speaker and 5 
times from the +20° elevation speaker. The double-sound trials include the same AM 
sounds as in the single-sound trials, these AM sounds are presented synchronous with 
the unmodulated sound (GWN). Resulting in twelve different target/non-target 
combinations, these combinations are presented five times with the AM sound at the -
20° elevation speaker and five with the AM sound at the +20° elevation speaker 
 
 

A.6 Experiment 4: The effect of modulation phase 
This experiment uses the paradigm of 5.2.3 Two-alternative forced choice. All 
participants participated in this experiment. Here they have to indicate the target sound 
(AM with phase 0, π/4, π/2, 3π/4, π, 5π/4, 3π/2, and 7π/4 radians and modulation 
frequency 5 Hz, see figure 7) by pressing either button 1 (AM at -20° elevation speaker) 
or button 4 (AM at +20° elevation speaker). Participants performed 480 trials in three 

Table 3: The number of trials presented at each modulation frequency and the number of trials 
presented from plus and minus 20 degrees elevation. 
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sessions of circa 11 minutes. Except for one, all participants performed those trials in 
one experimental day. The trials consist of 160 single-sound trials and 320 double-
sound trials. For the single-sound trials, 16 different AM sounds are presented (two 
times each AM phase) five times at the -20° elevation speaker and five times at the 
+20° elevation speaker. The double-sound trials consist of the same AM sounds as in 
the single-sound trials, these AM sounds are presented synchronous with the 
unmodulated sound (GWN). Resulting in 32 different target/non-target combinations, 
these combinations are presented five times with the AM sound at the -20° elevation 
speaker and five with the AM sound at the +20° elevation speaker.  
 

A.7 Unimodal and bimodal distribution over the normalized response of 

each AM sound 
The normalized response locations are also calculated for each level difference, for 

the small and large separation angles, and for each AM sound, so that the dependence 
of the modulation frequency on the normalized response locations could be studied. 
The normalized response locations for AM 120 Hz and AM 2000 Hz are similar to the 
pooled target sounds and the data of Bremen et al. (2010), see figure 3 (small 
separation angles) and see figure 4 (large separation angles). The +5 dB level 
difference of the AM 5 Hz normalized response locations (figure 3 and 4) are more 
similar to the weighted average response behavior than the normalized response 
locations at 0 dB level difference. However, there are somewhat more responses 
towards the target sound than the non-target sound at the +5 dB level difference. This 
might be because the perceived sound level difference, at the calibrated +5 dB level 
difference, is 0 dB or slightly higher. This is also observed in the weights and r2-values 
of the AM 5 Hz sound, figure 18. So, the calibrated 0 dB level difference of AM 5 Hz 
sound and the GWN sound, might result in a perceived sound level difference with the 
GWN sound louder than the AM 5 Hz sound and for the calibrated +5 dB level 
difference, the perceived sound level difference might be 0 dB or slightly higher. This 
perceived level difference seems to influence the large separation angles more than the 
small separation angles, see figure 3 and 4. The response behavior of the large 
separation angles at 0 dB and +5 dB level difference (AM 5 Hz) are less comparable to 
the -5 dB and 0 dB level difference, respectively, (AM 120 Hz and AM 2000 Hz) than 
those of the small separation angles. Nevertheless, all AM sounds seem to follow the 
weighted-average prediction and are comparable to the data of Bremen et al. (2010).  

A unimodal distribution (weighted average prediction, red lines) and a bimodal 
distribution (blue line) are fitted on the normalized response data. A standard deviation 
of 30° (obtained from the responses to the single-sounds) is used to generate both 
distributions. The unimodal distribution and measured data are in good agreement for 
all level differences of the small separation angles, but not for all level differences of the 
large separation angles. The 0 dB level difference of the large separation angles seems 
to be the only level difference for which the unimodal distribution cannot describe the 
measured data accurately. The bimodal distribution, which suggests that participants 
look only to either the target sound or the non-target sound, can also not describe the 
data accurately. However, the bimodal distribution does show the main response peak 
closest to the location of the louder sound, and a secondary peak near the softer sound. 
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The 0 dB level difference of the >45° normalized response data shows a somewhat 
more bimodal distribution than unimodal distribution, but the peak(s) of the normalized 
response data appears to lie between the two actual sound locations at -1 and +1. 

 

 

Figure 3: Normalized responses pooled over participants and target sounds. With a unimodal 
distribution (red line) and a bimodal distribution (blue line) for each level difference and separation 
angles smaller than or equal to 45°. The top panel shows the normalized response location for the 
AM 5 Hz sound, with the GWN sound louder on the left and the AM sound louder on the right. The 
middle panel shows the same for the AM 120 Hz sound, and the bottom panel shows it for the AM 
2000 Hz. 
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Figure 4: Normalized responses pooled over participants and target sounds. With a unimodal 
distribution (red line) and a bimodal distribution (blue line) for each level difference and separation 
angles larger than 45°. The top panel shows the normalized response location for the AM 5 Hz 
sound, with the GWN sound louder on the left and the AM sound louder on the right. The middle 
panel shows the same for the AM 120 Hz sound, and the bottom panel shows it for the AM 2000 Hz. 
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Appendix B. Calculations 

B.1 Adding up sound levels 
A-weighted sound levels are based on a logarithmic scale and have therefore to be 

added logarithmically. For incoherent sound sources this is:  

𝐿 = 10 ∙ log10 (∑ 10
𝐿𝑛
10

𝑛

) 

with L the total sound level of Ln sounds. 
 

B.2 Probability calculation  
To calculate the probability of finding 8 out of 8 participants in the ‘non-veridical group’ 
the binomial probability was determined: 

𝑃 =  
𝑁!

𝑘! ∙ (𝑁 − 𝑘)!
∙ 𝑝𝑘 ∙ 𝑞𝑁−𝑘 

with P the binomial probability, N the number of participants, k the number of 
participants in the ‘non-veridical group’, p the probability that a participant will be in the 
‘non-veridical group’, and q the probability that a participant will be in the ‘veridical 
group’. Resulting in: 

𝑃 =  
8!

8! ∙ (8 − 8)!
∙ 0,568 ∙ 0,448−8 = 9,67 ∙ 10−3 
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Appendix C. Tables and figures 

C.1 Audiogram 
Participant Ear dB-HL 

at 0,5 
kHz 

dB-HL 
at 1 
kHz 

dB-HL 
at 2 
kHz 

dB-HL 
at 3 
kHz 

dB-HL 
at 4 
kHz 

dB-HL 
at 6 
kHz 

dB-HL 
at 8 
kHz 

1 Right 5 5 0 -10 5 5 10 

 Left 10 10 0 -5 10 10 0 

2 Right 10 5 5 -5 -10 0 10 

 Left 15 10 5 0 5 0 5 

3 Right 10 10 5 -5 0 5 -10 

 Left 15 10 10 -5 -5 0 -10 

4 Right 10 5 5 0 -5 20 0 

 Left 0 10 0 -5 5 5 15 

5 Right 10 0 -5 5 5 5 -5 

 Left 10 10 10 10 20 15 0 

6 Right 10 5 0 -5 -10 5 -5 

 Left 10 5 0 -5 -5 -5 -5 

7 Right 10 10 15 0 0 10 5 

 Left 10 5 10 0 10 5 0 

8 Right 5 15 15 15 15 5 5 

 Left 20 15 0 10 10 15 0 

 
 

 
 

C.2 Single-sound localization
Participant 1  
Azimuth 

 
Elevation 

Sound 
type 

Sound 
Level (dB) 

Gain r2-
value 

BB 45 1.14 0.97 

 55 1.14 0.97 

 65 1.12 0.98 

HP 45 1.11 0.98 

 55 1.10 0.97 

 65 1.11 0.98 

LP 45 1.17 0.98 

 55 1.19 0.97 

 65 1.15 0.97 

 

Sound 
type 

Sound 
Level (dB) 

Gain r2-
value 

BB 45 0.88 0.94 

 55 0.93 0.96 

 65 0.87 0.96 

HP 45 0.89 0.96 

 55 0.82 0.98 

 65 0.75 0.95 

LP 45 0.04 0.13 

 55 0.09 0.19 

 65 0.21 0.33 

 
 

 
  

Table 1: threshold hearing levels at the right and left ear for each participant for a 0.5, 1, 2, 3, 4, 6, and 8 kHz tone 

presented.  
 

Table 1: On the left the results of the gain for each sound level and each sound type in azimuth, and on the right the 

same for elevation. 
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Participant 2   
Azimuth  Elevation

Sound 
type 

Sound 
Level (dB) 

Gain r2-
value 

BB 45 1.08 0.97 

 55 1.02 0.98 

 65 1.07 0.98 

HP 45 1.09 0.96 

 55 1.11 0.96 

 65 1.06 0.98 

LP 45 1.18 0.94 

 55 1.14 0.92 

 65 1.08 0.97 

Sound 
type 

Sound 
Level (dB) 

Gain r2-
value 

BB 45 0.58 0.55 

 55 0.59 0.60 

 65 0.69 0.92 

HP 45 0.64 0.85 

 55 0.68 0.90 

 65 0.64 0.92 

LP 45 -0.05 0.01 

 55 0.01 0.00 

 65 0.15 0.07 

 
 

 
 

Participant 3  
Azimuth  Elevation

Sound 
type 

Sound 
Level (dB) 

Gain r2-
value 

BB 45 1.05 0.98 

 55 1.04 0.98 

 65 1.05 0.99 

HP 45 1.06 0.97 

 55 1.06 0.96 

 65 1.07 0.96 

LP 45 1.15 0.99 

 55 1.06 0.96 

 65 1.02 0.98 

Sound 
type 

Sound 
Level (dB) 

Gain r2-
value 

BB 45 0.50 0.52 

 55 0.60 0.65 

 65 0.51 0.50 

HP 45 0.63 0.62 

 55 0.61 0.74 

 65 0.60 0.76 

LP 45 -0.02 0.01 

 55 0.11 0.07 

 65 0.09 0.04 

 

 
 

 

Participant 3, elevation angles smaller than 70° 
Azimuth 
Sound 
type 

Sound 
Level (dB) 

Gain r2-
value 

BB 45 1.05 0.98 

 55 1.04 0.98 

 65 1.05 0.99 

HP 45 1.06 0.97 

 55 1.06 0.96 

 65 1.07 0.96 

LP 45 1.15 0.99 

 55 1.06 0.96 

 65 1.02 0.98 

Elevation 

Sound 
type 

Sound 
Level (dB) 

Gain r2-
value 

BB 45 0.63 0.65 

 55 0.70 0.72 

 65 0.70 0.73 

HP 45 0.72 0.66 

 55 0.70 0.79 

 65 0.71 0.84 

LP 45 -0.02 0.00 

 55 0.17 0.14 

 65 0.16 0.10 

  

Table 2: On the left the results of the gain for each sound level and each sound type in azimuth, and on the right 

the same for elevation. 

Table 3: On the left the results of the gain for each sound level and each sound type in azimuth, and on the right 

the same for elevation. 

Table 4: On the left the results of the gain for each sound level and each sound type in azimuth, and on the 

right the same for elevation angles smaller than 70°. 
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Participant 4  
Azimuth  Elevation

Sound 
type 

Sound 
Level (dB) 

Gain r2-
value 

BB 45 0.94 0.98 

 55 0.92 0.99 

 65 0.93 0.99 

HP 45 0.94 0.98 

 55 0.98 0.99 

 65 1.01 0.98 

LP 45 1.04 0.97 

 55 1.04 0.97 

 65 1.00 0.97 

Sound 
type 

Sound 
Level (dB) 

Gain r2-
value 

BB 45 0.99 0.95 

 55 0.91 0.95 

 65 0.77 0.83 

HP 45 0.77 0.88 

 55 0.80 0.80 

 65 0.69 0.78 

LP 45 0.13 0.05 

 55 0.35 0.40 

 65 0.55 0.60 

 
 

 
 

Participant 5  
Azimuth  Elevation

Sound 
type 

Sound 
Level (dB) 

Gain r2-
value 

BB 45 1.14 0.89 

 55 1.13 0.94 

 65 1.13 0.97 

HP 45 1.15 0.81 

 55 1.14 0.93 

 65 1.06 0.96 

LP 45 1.20 0.93 

 55 1.18 0.96 

 65 1.19 0.96 

Sound 
type 

Sound 
Level (dB) 

Gain r2-
value 

BB 45 0.44 0.50 

 55 0.74 0.70 

 65 0.94 0.88 

HP 45 0.33 0.44 

 55 0.63 0.68 

 65 0.88 0.92 

LP 45 0.03 0.02 

 55 0.03 0.01 

 65 -0.02 0.01 

 
 

 

Participant 6
Azimuth  Elevation

Sound 
type 

Sound 
Level (dB) 

Gain r2-
value 

BB 45 1.19 0.94 

 55 1.09 0.96 

 65 1.09 0.97 

HP 45 1.10 0.92 

 55 1.10 0.97 

 65 1.03 0.95 

LP 45 1.19 0.95 

 55 1.16 0.94 

 65 1.20 0.95 

Sound 
type 

Sound 
Level (dB) 

Gain r2-
value 

BB 45 0.47 0.59 

 55 0.82 0.93 

 65 0.90 0.93 

HP 45 0.22 0.11 

 55 0.71 0.88 

 65 0.74 0.66 

LP 45 -0.04 0.00 

 55 0.06 0.01 

 65 -0.07 0.01 

 

Table 5: On the left the results of the gain for each sound level and each sound type in azimuth, and on the right the 

same for elevation. 

Table 6: On the left the results of the gain for each sound level and each sound type in azimuth, and on the right the 

same for elevation. 

Table 7: On the left the results of the gain for each sound level and each sound type in azimuth, and on the 

right the same for elevation. 
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Participant 7 
Azimuth  Elevation

Sound 
type 

Sound 
Level (dB) 

Gain r2-
value 

BB 45 1.02 0.99 

 55 1.05 0.98 

 65 1.01 0.98 

HP 45 1.10 0.98 

 55 1.07 0.98 

 65 1.07 0.98 

LP 45 1.16 0.97 

 55 1.14 0.97 

 65 1.09 0.98 

Sound 
type 

Sound 
Level (dB) 

Gain r2-
value 

BB 45 1.09 0.96 

 55 1.07 0.96 

 65 1.07 0.97 

HP 45 1.02 0.96 

 55 1.05 0.95 

 65 1.01 0.95 

LP 45 -0.09 0.08 

 55 0.11 0.06 

 65 0.38 0.39 

 
 

 
 

Participant 8 
Azimuth  

 
Elevation

Sound 
type 

Sound 
Level (dB) 

Gain r2-
value 

BB 45 1.06 0.98 

 55 0.99 0.97 

 65 1.00 0.96 

HP 45 1.00 0.98 

 55 1.05 0.97 

 65 0.99 0.96 

LP 45 1.10 0.96 

 55 1.09 0.98 

 65 1.08 0.98 

 

Sound 
type 

Sound 
Level (dB) 

Gain r2-
value 

BB 45 0.49 0.52 

 55 0.64 0.57 

 65 0.62 0.48 

HP 45 0.69 0.81 

 55 0.63 0.53 

 65 0.65 0.60 

LP 45 0.02 0.01 

 55 0.13 0.18 

 65 0.07 0.05 

 
 

 

Participant 8 without -45° 
Azimuth 

Sound 
type 

Sound 
Level (dB) 

Gain r2-
value 

BB 45 1.06 0.98 

 55 0.99 0.97 

 65 1.00 0.96 

HP 45 1.00 0.98 

 55 1.05 0.97 

 65 0.99 0.96 

LP 45 1.10 0.96 

 55 1.09 0.98 

 65 1.08 0.98 

Elevation 

Sound 
type 

Sound 
Level (dB) 

Gain r2-
value 

BB 45 0.64 0.84 

 55 0.81 0.88 

 65 0.92 0.90 

HP 45 0.79 0.91 

 55 0.87 0.88 

 65 0.86 0.89 

LP 45 -0.00 0.00 

 55 0.06 0.04 

 65 0.04 0.01 
 

Table 8: On the left the results of the gain for each sound level and each sound type in azimuth, and on the right the 

same for elevation. 

Table 9: On the left the results of the gain for each sound level and each sound type in azimuth, and on the right the 

same for elevation. 

Table 10: On the left the results of the gain for each sound level and each sound type in azimuth, and on the 

right the same for elevation. 
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C.3 Experiment 1: Localizing the amplitude modulated sound 
Participant 1 

Sound type  Gain Correlation 

GWN 1.04 0.94 

AM 5 Hz 0.82 0.96 

AM 120 Hz 0.92 0.96 

AM 2000 Hz 0.86 0.94 

GWN + AM 5 Hz 0.80 0.96 

GWN +  
AM 120 Hz 

0.95 0.94 

GWN +  
AM 2000 Hz 

0.79 0.94 

 

 
 
Participant 2 

Sound type Gain Correlation 

GWN 0.64 0.98 

AM 5 Hz 0.76 0.88 

AM 120 Hz 0.67 0.95 

AM 2000 Hz 0.81 0.94 

GWN + AM 5 Hz 0.73 0.94 

GWN +  
AM 120 Hz 

0.80 0.96 

GWN +  
AM 2000 Hz 

0.81 0.96 

 
 
Participant 4 

Sound type Gain Correlation 

GWN 1.21 0.95 

AM 5 Hz 1.09 0.94 

AM 120 Hz 1.14 0.95 

AM 2000 Hz 1.13 0.94 

GWN + AM 5 Hz 1.17 0.91 

GWN +  
AM 120 Hz 

1.11 0.93 

GWN +  
AM 2000 Hz 

1.11 0.90 

 

Participant 5 

Sound type Gain Correlation 

GWN 1.05 0.88 

AM 5 Hz 1.20 0.92 

AM 120 Hz 1.01 0.89 

AM 2000 Hz 1.24 0.90 

GWN + AM 5 Hz 1.10 0.90 

GWN +  
AM 120 Hz 

1.06 0.89 

GWN +  
AM 2000 Hz 

1.02 0.81 

 

 
 
Participant 6 

Sound type Gain Correlation 

GWN 0.92 0.93 

AM 5 Hz 1.03 0.95 

AM 120 Hz 0.92 0.95 

AM 2000 Hz 0.97 0.96 

GWN + AM 5 Hz 1.00 0.97 

GWN +  
AM 120 Hz 

0.95 0.96 

GWN +  
AM 2000 Hz 

0.99 0.96 

 
 
Participant 7 

Sound type Gain Correlation 

GWN 0.66 0.94 

AM 5 Hz 0.59 0.91 

AM 120 Hz 0.52 0.94 

AM 2000 Hz 0.55 0.93 

GWN + AM 5 Hz 0.66 0.94 

GWN +  
AM 120 Hz 

0.65 0.92 

GWN +  
AM 2000 Hz 

0.70 0.97 

  

Table 1: Gain and correlation for each single-sound 
type. 

Table 2: Gain and correlation for each single-sound 

type. 

Table 3: Gain and correlation for each single-sound 

type. 

Table 4: Gain and correlation for each single-sound 

type. 

Table 5: Gain and correlation for each single-sound 

type. 

Table 6: Gain and correlation for each single-sound 

type. 
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Participant 8 

Sound type Gain Correlation 

GWN 1.00 0.94 

AM 5 Hz 0.97 0.93 

AM 120 Hz 0.95 0.95 

AM 2000 Hz 1.07 0.95 

GWN + AM 5 Hz 1.00 0.93 

GWN +  
AM 120 Hz 

1.05 0.94 

GWN +  
AM 2000 Hz 

1.08 0.95 

 
 
 

 

 

Table 7: Gain and correlation for each single-sound 

type. 

Figure 1: Target location versus response location for participant 1 in double-sound trials. The top 
panels show the AM location versus response location, with -10 to +10 dB level difference in steps of 5 
dB (left to right) and the bottom panels show the GWN location versus response location for each level 
difference. 
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Figure 2: Target location versus response location for participant 2 in double-sound trials. The top panels 
show the AM location versus response location, with -10 to +10 dB level difference in steps of 5 dB (left 
to right) and the bottom panels show the GWN location versus response location for each level 
difference. 

Figure 3: Target location versus response location for participant 4 in double-sound trials. The top panels 
show the AM location versus response location, with -10 to +10 dB level difference in steps of 5 dB (left 
to right) and the bottom panels show the GWN location versus response location for each level 
difference. 
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Figure 4: Target location versus response location for participant 5 in double-sound trials. The top panels 
show the AM location versus response location, with -10 to +10 dB level difference in steps of 5 dB (left 
to right) and the bottom panels show the GWN location versus response location for each level 
difference. 

Figure 5: Target location versus response location for participant 6 in double-sound trials. The top panels 
show the AM location versus response location, with -10 to +10 dB level difference in steps of 5 dB (left 
to right) and the bottom panels show the GWN location versus response location for each level 
difference. 
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Figure 6: Target location versus response location for participant 7 in double-sound trials. The top panels 
show the AM location versus response location, with -10 to +10 dB level difference in steps of 5 dB (left to 
right) and the bottom panels show the GWN location versus response location for each level difference. 

Figure 7: Target location versus response location for participant 8 in double-sound trials. The top panels 
show the AM location versus response location, with -10 to +10 dB level difference in steps of 5 dB (left to 
right) and the bottom panels show the GWN location versus response location for each level difference. 
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Figure 8: Weights and r2-values of weighted average location versus response location, and r2-values 
of (non-)target location versus response location for the AM 5 Hz sound. a) The weights (contribution) 
of the AM sound location to the weighted average sound location at each level difference for each 
participant and pooled over participants. b) The r2-values of the AM (target)-response relation (blue 
lines), of the GWN (non-target)-response relation (red lines), and of the weighted average-response 
relation (grey lines) for each participant and pooled over participants. 

Figure 9: Weights and r2-values of weighted average location versus response location, and r2-
values of (non-)target location versus response location for the AM 120 Hz sounds. a) The weights 
(contribution) of the AM sound location to the weighted average sound location at each level 
difference for each participant and pooled over participants. b) The r2-values of the AM (target)-
response relation (blue lines), of the GWN (non-target)-response relation (red lines), and of the 
weighted average-response relation (grey lines) for each participant and pooled over participants. 
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C.4 Experiment 2 and 3: Indicating the amplitude modulated sound 
Participant # of AM sound 

indications in 
single-sound 
trials 

% of AM sound 
indications in 
single-sound 
trials  

# of AM sound 
indications in 
double-sound 
trials 

% of AM sound 
indications in 
double-sound 
trials 

1 400 100 174 43.50 

2 400 100 169 42.25 

4 389 97.25 183 45.75 

5 373 93.25 166 41.50 

6 400 100 182 45.50 
 

 
 
 
 
 
 
 
 
 
 

Figure 10: Weights and r2-values of weighted average location versus response location, and r2-
values of (non-)target location versus response location for the AM 2000 Hz sounds. a) The weights 
(contribution) of the AM sound location to the weighted average sound location at each level 
difference for each participant and pooled over participants. b) The r2-values of the AM (target)-
response relation (blue lines), of the GWN (non-target)-response relation (red lines), and of the 
weighted average-response relation (grey lines) for each participant and pooled over participants. 

Table 1: The percentage of AM sound indications for single or double-sound trials by the participant. 
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Modulation 
Frequency 
[Hz] 

5 10 15 30 60 120 250 500 1000 2000 

Participant 1 25.0 35.0 35.0 47.5 55.0 50.0 55.0 37.5 47.5 47.5 

Participant 2 30.0 27.5 32.5 37.5 47.5 50.0 37.5 47.5 55.0 57.5 

Participant 4 55.0 32.5 50.0 45.0 37.5 45.0 40.0 52.5 50.0 50.0 

Participant 5 37.5 35.0 37.5 35.0 35.0 37.5 45.0 55.0 55.0 42.5 

Participant 6 50.0 42.5 45.0 45.0 45.0 37.5 47.5 55.0 42.5 45.0 

Average 39.5 34.5 40.0 42.0 44.0 44.0 45.0 49.5 50.0 48.5 

  

Modulation 
Frequency [Hz] 

5 10 15 30 60 120 250 500 1000 2000 

# of trials 35 45 42 38 40 37 40 45 40 38 

# of trials at 
+20° 

15 26 20 19 22 22 21 23 23 20 

# of trials at  
-20° 

20 19 22 19 18 15 19 22 17 18 

 
 

Participant  Preference  

1 No 

2 Down 

4 Up 

5 Up 

6 Up 
 

 
 
Partici
pant 

Single Single  
5 Hz 

Single 
120 Hz 

Single 
2000 
Hz 

Double Double  
5 Hz 

Double 
120 Hz 

Double 
2000 Hz 

1 98.33 100 100 95 45.00 32.50 52.50 50.00 

2 100 100 100 100 50.00 50.00 50.00 50.00 

3 100 100 100 100 35.85 12.50 37.50 57.50 

4 98.33 100 100 95 43.33 22.50 57.50 50.00 

5 98.33 100 100 95 56.67 30.00 72.50 67.50 

6 100 100 100 100 37.50 22.50 42.50 47.50 

7 100 100 100 100 55.83 52.50 60.00 55.00 

8 100 100 100 100 48.33 22.50 67.50 55.00 
 

 
 

Table 2: Percentage of indicating AM sound per modulation frequency by the participant.  

Table 3: The number of trials presented at each modulation frequency and at each sound location.  

Table 4: The preferred movement 

of the participant: looking upwards 

or downwards.  

Table 5: Percentage of AM sound indication for all single trials, all double trials, and per modulation frequency. 
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C.6 Experiment 4: The effect of modulation phase 
Partic
ipant 

Single Doubl
e 

0 
phase 

π/4 
phase 

π/2 
phase 

3π/4 
phase 

π 
phase 

5π/4 
phase 

3π/2 
phase 

7π/4 
phase 

1 98.13 33.13 45.0 52.5 45.0 15.0 25.0 25.0 27.5 30.0 

2 100 22.81 40.0 55.0 45.0 5.0 12.5 2.5 0.0 22.5 

3 100 25.00 20.0 37.5 30.0 35.0 12.5 17.5 25.0 22.5 

4 100 25.94 25.0 22.5 35.0 47.5 37.5 17.5 12.5 10.0 

5 100 16.88 17.5 27.5 25.0 12.5 17.5 2.5 10.0 22.5 

6 100 12.50 15.0 17.5 10.0 7.5 7.5 12.5 10.0 20.0 

7 100 49.38 60.0 50.0 52.5 47.5 47.5 40.0 45.0 52.5 

8 100 33.13 35.0 40.0 50.0 30.0 25.0 27.5 30.0 27.5 

 

Participant Double 5 Hz 0 phase Difference 

1 32,50 45,00 12,50 

2 50,00 40,00 10,00 

3 12,50 20,00  7,50 

4 22,50 25,00  2,50 

5 30,00 17,50 12,50 

6 22,50 15,00  7,50 

7 52,50 60,00  7,50 

8 22,50 35,00 12,50 

 

 

Table 1: Percentage of AM sound indications for all single trials, all double trials, and per phase. 

Figure 1: The signal strength of the first 90 ms of 

the AM sound and the normalized number of AM 

sound indications of participant 1 for each phase-

shift.  

Figure 2: The signal strength of the first 45 ms 

of the AM sound and the normalized number of 

AM sound indications of participant 2 for each 

phase-shift.  

Table 2: Percentage of AM sound indications and difference for section 3.4 (experiment 2) and section 3.5. 

Difference average: 7.50±5.00% and mean 9.06%. 
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Figure 3: The signal strength of the first 90 ms of 

the AM sound and the normalized number of AM 

sound indications of participant 3 for each phase-

shift.  

Figure 4: The signal strength of the first 5 ms (left) and first 225 ms (right) of the AM sound and the 

normalized number of AM sound indications of participant 4 for each phase-shift.  
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Figure 5: The signal strength of the first 60 ms of 

the AM sound and the normalized number of AM 

sound indications of participant 5 for each phase-

shift.  

Figure 6: The signal strength of the first 115 ms of 

the AM sound and the normalized number of AM 

sound indications of participant 6 for each phase-

shift.  

Figure 7: The signal strength of the first 120 ms (left) and first 275 ms (right) of the AM sound and the 

normalized number of AM sound indications of participant 7 for each phase-shift.  
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Figure 8: The signal strength of the first 120 ms (left) and first 250 ms (right) of the AM sound and the 

normalized number of AM sound indications of participant 8 for each phase-shift.  

 


