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Abstract 

In order to explore the limen of azimuth as a Function of Frequency and Interaural Level Difference(ILD), 

this article uses the artificial head to record the sound sequences in different azimuths (0-90°, the interval 

of 1°) at different frequencies (350 Hz,1000 Hz, 1600 Hz, 2500 Hz and 4000 Hz). The ILD test sequences 

are generated from the audio at 0°. This experiment adopted the traditional test methods（1 up/2 down 

and 2AFC）. The results showed that: in the middle and low frequency range, as the angle moves from the   

vertical surface of the human ear (0°) to the left ear (90°), the overall ILD tends to decrease, and the human 

ear used the ILD to perceive the location of sound source from insensitive to sensitive. However, at high 

frequency, the JND value of ILD of azimuth has a different variation trend when the cut-off point is 45°. 

This work will provide basic data for comprehensive exploring perceptual characteristics of the human ear. 

 

Key words: horizontal azimuth, spatial audio coding, binaural cues, Interaural Level Difference, just no-

ticeable difference 

 

 

0 Introduction 
 

In recent years, with the emergence of Internet 

technology and the rapid development of computer 

science and technology, people's living standards 

have been significantly improved. VR (Virtual Re-

ality), 3D theater, stereo surround music, etc. have 

become popular among the public, making 3D Au-

dio and video technology become a current hot 

research field. With the rapid development of 3D 

video technology, 3D audio has become the main-

stream research direction in the acoustics industry. 

About how to obtain better spatial immersion and 

higher coding efficiency, there have been many 

studies on the spatial orientation perception charac-

teristics of 3D audio binaural clues at home and 

abroad. The most basic theory of human perception 

of sound source location is Rayleigh [1] proposed 

the "duplex theory" based on binaural clue differ-

ence to confirm the human ear to determine the 

location of the sound source. The Interaural Time 

Difference(ITD) plays a leading role in the location 

of low-frequency sound sources.  

The Interaural Level Difference(ILD) plays a 

leading role at high frequencies. Yost [2] confirmed 

that the JND value of ITD between 0° and ±90° is 

linearly related to the horizontal azimuth; when it 

exceeds ±90°, the sound image will appear in mul-

tiple positions, usually on both sides of the 

head .The horizontal azimuth with ILD stimulation 

is linearly related to the JND value of ILD up to 4-

15db. Grantham and Hornsby et al. [3] confirmed 

that the MAA (minimum audible angle) threshold is 

the lowest in the horizontal plane, and the MAA 

threshold in the vertical plane is the largest. In a 

specific frequency region, the ILD of the audio 

signal presented on a diagonal 60° may be higher 

than that of the horizontal presentation. The audio 

signal with the same horizontal range has a larger 

ILD. Corey [4] proved that the JND value of binau-

ral clue ITD and ILD increases as the difference 

between binaural frequencies becomes larger, and 

its value increases as the width of the frequency 

band becomes narrower. Hartmannh and William 

M. et al. [5] confirmed that the naturally occurring 

ILD is physically strong enough to affect the locali-

zation of the sound source below 1000 Hz. When 
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the ILD is increased to a large value, the front and 

rear directions will be confused, and the pitch will 

be localized. The relationship with the transition 

section is more direct than the relationship with IPD 

(interaural phase difference). Watanabe K, Nishi-

guchi M et al. [6] confirmed that the personaliza-

tion of HRTF (head related transfer function) and 

ITD/ILD may be affected by non-personal HRTF 

spectrum. Goupell, Matthew J et al. [7] proved that 

the JND of ILD is greatly increased due to inter-

aural decorrelation. If a well-resolved heterogene-

ous interferent is added, the JND of the ILD de-

pends on the frequency, and the performance is 

worst when the target frequency is close to 1000 or 

4000 Hz. Laback B, Dietz M et al. [8] confirmed 

that various temporal effects in ILD perception, 

including binaural effects, are largely attributed to 

the per-aural hearing processing, including target 

ILD thresholds with different front and back 

boundaries and different ILD threshold for inter-

aural correlation. Chantal van Ginkel et al. [9] 

measured the discrimination threshold of the in-

teraural time difference (ITD) and the interaural 

level difference (ILD) of low-frequency or low-

frequency interference (simulating auditory targets), 

which indicates the binaural interference (more 

consistent in ILD) and the impact of the physical 

spectrum overlap (on the earth). Reducing spectral 

overlap between 1000 Hz and 3000 Hz will contin-

ue to increase relative sensitivity. 

 

Since the human auditory system mainly relies 

on binaural cues in distinguishing the direction of 

the sound source in space, that is, the interaural 

time difference (ITD) and the interaural level dif-

ference (ILD), when the sound source moves in the 

horizontal direction, the Interaural time difference 

(ITD) and Interaural level difference (ILD) values 

are also changing, but the human ears may not im-

mediately perceive the change in the sound source 

position at this time, only when the binaural clue 

ITD or ILD reaches a certain one. When the thresh-

old value is just noticeable difference (JND) [10], 

the human ears will perceive the change in the loca-

tion of the spatial sound source. A large number of 

studies have found that the just perceivable JND 

value of binaural cues ILD and ITD will be affected 

by factors such as audio signal frequency, signal 

type, and sound source distance. For high-

frequency audio signals, the location of the horizon-

tal sound source position is obviously the interaural 

level difference (ILD) , and the low-frequency au-

dio signal is the interaural time difference. ITD has 

a significant effect in the horizontal direction, and 

some frequencies are binaural. The cues work to-

gether, except for the influence of frequency [11]. 

The angle change of the reference sound will also 

affect the JND value of the binaural clues. Accord-

ing to experimental studies, when the sound source 

moves from the mid-vertical line to the two sides of 

the human ear, the JND of the interaural level dif-

ference (ILD) is reduced, and the binaural position-

ing of the sound sources are increasingly blurred 

[12]. 

 

The above research shows that in the process of 

exploring the sound source location of the human 

auditory system, the human ear uses the interaural 

level difference (ILD) to be sensitive to the percep-

tion of spatial azimuth. There are also related theo-

ries that prove the sound source on the horizontal 

azimuth. There is a relationship between interaural 

level difference (ILD) and frequency [13]. However, 

there are still some shortcomings: ①For the selec-

tion of frequency, the frequency of a certain fre-

quency band is generally selected to study the per-

ception characteristics of interaural level difference 

(ILD), and there is a lack of detailed frequency 

classification research. ②There are a few problems 

in considering the research of interaural level dif-

ference (ILD) perception characteristics using the 

horizontal azimuth as the reference audio. There-

fore, based on previous scholars’ research on the 

influence of interaural level difference (ILD) and 

frequency on sound source localization, this paper 

selects 9 frequency bands (including low frequency, 

intermediate frequency, and high frequency) in the 

horizontal azimuth medium. The angle audio is 

used as the reference sound and the test sound gen-

erated according to the extraction rules to form a 

test sequence to study the interaural level difference 

(ILD) perception characteristics, and obtain the 

functional relationship between the frequency and 

the horizontal azimuth angle and the interaural level 

difference (ILD), which further improves the quali-

ty of spatial audio coding. 

 

1  Feature extraction 
 

To extract ITD,  ILD and IC [14], the method is to 

separate the multi-channel audio signal by time and 

frequency, and then divide the sub-band spectrum 
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of the multi-channel audio signal. Finally, the spa-

tial parameters are extracted from the divided sub-

band spectrum. 

 

For the extraction of interaural level difference 

ILD clues, 
x1 (t) and  

x2 (t)  are the sub-band energy 

ratios corresponding to the input signal, and the 

calculation formula is shown in 2.6: 
 

                               (1) 
 

When the binaural cue coding technology ex-

tracts spatial parameters, it mainly focuses on three 

parameters: ITD, ILD and  IC. The Interaural time 

difference mainly acts on the low frequency, so the 

extraction of ITD is mainly in the low frequency 

area, and the interaural level difference mainly acts 

on the high frequency, so the extraction of ILD is 

mainly in the high frequency area, and the extrac-

tion of the interaural correlation IC is in the full 

frequency range.  

 

2  Experimental setup 
 

2.1 Audio data preprocessing 
 

The design and improvement of the audio database 

is the key to the perception of spatial orientation. 

There are many ways for different authors to obtain 

and process audio data, but most of them are based 

on the audio signal type, audio frequency, filtering 

technology, audio format and other attributes. Lit-

erature [2] selected the values of ILD as 0dB, 9dB, 

15dB to measure the relationship between the azi-

muth angle and the interaural level difference (ILD) 

in the horizontal azimuth. Literature [5] studied the 

effect of interaural level difference (ILD) for the 

location of the free field source of low-frequency 

250-750 Hz sine tones. Literature [6] estimates the 

interaural time difference (ITD) from the anthro-

pometric parameters of the listener. By replacing 

the ILD of the non-personalized HRTF with the 

HRTF of the listener, the HRTF can be personal-

ized. Literature [15] used the critical frequency 

band to select the narrowband noise of 250Hz, 

500Hz, 1000Hz and 4000Hz to test the JND value 

of interaural level difference (ILD).Literature [16] 

selects pure sine tones with a frequency in the range 

of 20~15.5kHz, and divides the audio signal into 24 

frequency bands using the principle of critical fre-

quency band division to test the JND values of bin-

aural clue ITD and ILD respectively. The audio 

parameters of these experiments show that there is 

currently no standard specification for the optimal 

parameters established for the audio database. 

Based on previous research, this experiment uses 5 

frequency bands (350Hz, 1000Hz, 1600Hz, 2500Hz 

and 4000Hz) and 9 horizontal azimuths (0°, 10°, 

15°, 20°, 30°, 45°, 60°,75°,90°). 

 

2.2 Experimental method 
 

The experiment in this paper is based on the re-

search of previous scholars, using an improved 

psychological audiometry system 2AF[17] and 

2down/1up[18]. 2AF, Two alternative forced-

choice. The subject was asked to listen to a test 

sequence containing a reference sound and a test 

sound, and then based on his subjective feelings to 

make a choice within a second which sound was 

more to the left of his ear. 2down/1up is also a way 

of psychological adaptive testing. Each subject will 

be trained in multiple sets of listening orientation 

recognition, and the result of the last listening se-

lection will have an impact on the generation of the 

next set of test sequences. 

 

2.3 Experimental steps 
 

In this experiment, the horizontal azimuth angle 

was used as the medium to test and analyze the 

JND value of the ILD. Using HRTF function to 

obtain key technology [19], scholars have done a 

lot of research, this article uses Wuhan University 

Hu Ruimin, Wang Heng, etc. [20] to invent a three-

dimensional space perception sensitivity measure-

ment device, using this device can change the azi-

muth angle of the sound source which is relative to 

the artificial head and realize the follow-up test, 

which greatly improves the test efficiency. This 

article uses artificial head recording. First, the 9-

azimuth audio is divided into 5 groups according to 

the frequency. Each group has 9-angle reference 

sounds and the system-generated test sounds to 

form a test sequence for subjects to listen to. A total 

of 45 sets of tests are required for a round of testing. 

The test experiment is based on the Windows 10 

system and the MFC dialog box system. The sys-

tem flow chart is shown in Figure 1. 
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Figure 1 – Flow chart of experiment 

 

3  Analysis of results 
 

3.1     Raw data processing 

After 2 months of repeated testing, 6 subjects com-

pleted the interaural level difference (ILD) percep-

tual characteristic test for 9 azimuth angles in 5 

frequency bands. In this section, the test results of 6 

subjects are averaged to obtain the just noticeable 

difference(JND) of interaural level difference (ILD)  

corresponding to 9 horizontal azimuth angles under 

5 frequency tables. Organized into the following 

table 1. 

 

Table 1-The JND values of interaural level dif-

ference(ILD) of 9 horizontal azimuths of 5 frequen-

cies, and the measured values are represented by 

ILD (dB) 
 

350Hz 1000
Hz 

1600
Hz 

2500
Hz 

4000
Hz 

0° 0.23 0.20 0.19 0.15 0.18 

10° 4.68 3.13 3.99 1.78 0.18 

15° 4.53 3.30 3.60 1.45 0.16 

20° 4.48 3.85 3.89 1.18 0.12 

30° 4.95 4.01 4.25 1.12 0.09 

45° 3.95 1.83 2.52 1.40 1.05 

60° 0.80 0.38 0.63 3.57 4.67 

75° 0.38 0.22 0.23 2.55 4.18 

90° 0.27 0.18 0.26 0.05 0.08 

 

 

3.2     Analysis of Interaural Level Difference 

(ILD) Test Data of Horizontal Azimuth 

 

3.2.1      The relationship between the ILD of the 

horizontal azimuth and the frequency 
 
 

It can be seen from Figure 2 that there is an obvious 

relationship between the horizontal azimuth ILD 

and the frequency. When the azimuth angle is 0° 

and 90°, the ILD fluctuation of the horizontal azi-

muth angle is not very obvious, and its value is 

about 0.2dB, which means that the human ear is 

very sensitive to the audio azimuth perception at 

these two angles, and the sound source changes can 

be accurately sensed. When the horizontal azimuth 

angle is greater than 45°, the ILD of the horizontal 

azimuth angle increases with the increase of the 

frequency, which means that the human ear is less 

and less sensitive to the sound source, and the max-

imum value appears at 4000 Hz. At that time, the 

human ear has a very fuzzy perception of the azi-

muth of 60° and 75°, and even cannot distinguish 

the location of the sound source; in addition, when 

the horizontal azimuth angle is below 45°, the ILD 

of the horizontal azimuth angle gradually decreases 

as the frequency increases as a whole, and the hu-

man ear is more and more sensitive to the sound 
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source. The horizontal azimuth ILD has a slow 

upward trend at 1000Hz～1600Hz, and a minimum 

value appears at 4000Hz, which indicates that the 

human ear is sensitive to the sound source at this 

time. The perception is very sensitive, and it can 

accurately determine the location of the sound 

source. It can be seen that when the frequencies of 

1600 Hz and 4000 Hz are relatively special fre-

quencies, the ILD of the horizontal azimuth angle 

appears at the extreme point at the two frequencies 

of 1. In addition, the azimuth angle is 45° as the 

demarcation point, which is divided into two kinds 

of curve change trends. The analysis shows that in 

the low frequency range, the human ear uses the 

interaural level difference to perceive the change in 

azimuth. In the high frequency range, the human 

ear uses the interaural level difference to perceive 

the change in the azimuth. But when the horizontal 

azimuth angle is closer to the left ear of the human 

ear (90°), the human ear’s perception of the sound 

source's azimuth becomes more and more blurred. 

Even during the test, a hissing noise appears during 

the audio test of the high frequency band near 90°. 

The tester cannot distinguish the test sequence well, 

which affects the real result of the actual test. 

 

 

Figure 2 –  Relationship between horizontal azi-

muth and frequency and ILD 

 

3.2.2     Relationship between horizontal azimuth 

and ILD  
 

It can be seen from Figure 3 that the relationship 

between horizontal azimuth and ILD is affected by 

frequency. When it is below 1600 Hz in the low 

frequency range, as the horizontal azimuth of the 

audio sequence moves from 0° to the left ear 90°, 

the value of ILD also changes from large to small. 

When the azimuth angle of ILD is below 10°, ILD 

presents a straight upward trend, and the human ear 

is less and less sensitive to the sound source; in the 

range of 10° to 30°, the value of the ILD of the 

horizontal azimuth angle does not fluctuate much, 

but the ILD value of the horizontal azimuth angle is 

about 4dB, which means that the human ear does 

not clearly distinguish the test sequence within this 

angle range; above 30°, the ILD of the horizontal 

azimuth has a linear downward trend, until a slow 

downward trend appears above 60°, and the human 

ear gradually becomes more and more sensitive to 

the position of the sound source. 

 

When the high frequency range is above 2500 Hz, 

as the horizontal azimuth angle rises from 0° to 90°, 

the ILD value of the horizontal azimuth angle has a 

trend of firstly increasing and then decreasing. Be-

low 60°, as the angle increases, its ILD value also 

gradually increases, and there is a straight upward 

trend from 45° to 60°. The human ear is less and 

less sensitive to the perception of the azimuth in 

this angle range.The ILD value of the horizontal 

azimuth angle above 60° gradually decreases with 

the increase of the angle, the human ear's recogni-

tion of the sound source becomes more and more 

obvious. Theoretical analysis shows that the human 

ear has no obvious effect on the use of interaural 

level difference in the low frequency band to dis-

tinguish the sound source, and it plays a major role 

in the high frequency band. However, from the 

experiment, it can be known that in addition to the 

influence of frequency, the angle of the horizontal 

azimuth angle also has an obvious effect on the 

human ear to distinguish the azimuth.  It is more 

sensitive to use interaural level difference ILD to 

perceive the sound source at an angle close to the 

human ear. The human ear uses interaural level 

difference ILD to discriminate the position of the 

sound source below 45°. 
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Figure 3 –  Relationship between horizontal azi-

muth and ILD 

 

3.3     Surface Fitting of Binaural Cue Perception 

Characteristics Based on Horizontal Azimuth 

 

In this experiment, it took a lot of time to test the 

JND value of the binaural clues of the horizontal 

azimuth angle, and the data obtained is also the 

points where the binaural clue values of the hori-

zontal azimuth angle are discrete at different fre-

quencies, and it can't describe the relationship 

among the three attributes more accurately. At pre-

sent, scholars at home and abroad mainly use three 

techniques to deal with discrete points, including 

approximation, interpolation and fitting methods 

[21]. Surface fitting is mainly a method of using 

known finite points to construct unknown points. 

These unknown points conform to the original law 

of surface change. Interpolation is an important 

method of discrete function approximation. Using 

interpolation, the approximate value of the function 

at other unknown points can be estimated from the 

value of a finite number of known points. The cur-

rent mainstream interpolation methods include 

nearest neighbor interpolation, cubic spline interpo-

lation, Linear interpolation and cubic interpolation. 

This paper uses cubic spline interpolation. In nu-

merical analysis, this interpolation method is main-

ly through the use of piecewise polynomials for 

interpolation. This polynomial is a spline, so that 

the interpolation error can be minimized [22]. 

 

Suppose there are the following nodes: 
 

                     (2) 
 

The spline curve S(x) is a formula defined in sec-

tions. Given n+1 data points and a total of n inter-

vals, the cubic spline equation satisfies the follow-

ing conditions: 

a. In each segment[xi , xi+1]（i = 0, 1, …, n-

1，x increases), S(x) = Si(x) is always a cubic pol-

ynomial. 

b. Satisfy S(xi) = yi （i = 0, 1, …, n ）. 

c. S(x), derivative S '(x), second derivative 

S''(x) are continuous in the interval [a, b], that is, the 

S(x) curve is smooth. 

So n pieces of cubic polynomials can be writ-

ten as: 
 

     (3) 
 

Among them,  ai ,bi , ci , di , represent 4n unknown 

coefficients. 

 

In order to obtain more comprehensive data, this 

section will use interpolation to interpolate the in-

teraural level difference (ILD), horizontal azimuth 

and frequency to obtain a three-dimensional surface 

for comprehensive analysis. The first is frequency 

interpolation. The test frequency in the experiment 

selects audio signals in 5 frequency bands. These 5 

frequencies are located in the low frequency, mid 

frequency and mid high frequency bands respec-

tively. According to the bark frequency band divi-

sion, the critical frequency of these 5 frequency 

bands is selected as the interpolation point. The 

frequency interpolation points are listed in Table 2. 

 

Table 2 - Interpolation frequency selection 

 

serial number 1 2 3 4 5 

Interpolation 

frequency 

(HZ) 
50 100 250 570 840 

serial number 6 7 8 9  

Interpolation 

frequency 
(HZ) 

1370 2150 3400 4800  

 

Then there is the angle interpolation of the hori-

zontal azimuth, because the JND value of the bin-
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aural clue will gradually increase as the horizontal 

azimuth angle moves from the human ear's lobe (0°) 

to the left ear (90°). Therefore, the larger the hori-

zontal azimuth angle, the sparser the selected inter-

polation points will be. According to the symmetry 

principle of binaural perception, this experiment 

carried out 0° to 90° azimuth measurement. There-

fore, based on the JND value of the measured bin-

aural clue of the horizontal azimuth angle, the se-

lected interpolation point angles are shown in Table 

3.. 

 

Table 3-Selection of interpolation angles 
serial num-

ber 
1 2 3 4 5 6 7 8 9 

interpolation 

angles 
5 25 35 40 50 55 65 70 80 

 

Finally, according to the selected interpolation 

points, a cubic spline interpolation method is used 

to draw a three-dimensional surface graph of the 

horizontal azimuth angle and the interaural level 

difference (ILD) and frequency. 

 

3.3.2 Surface interpolation of horizontal azimuth 

angle and ILD and frequency  
 

According to the analysis of the curved surface in 

Figure 4, the relationship between the horizontal 

azimuth and the frequency and the ILD of the hori-

zontal azimuth can be obtained: 

(1) From the perspective of the horizontal azi-

muth of the reference sound, when the sound source 

moves from the vertical plane of the human ear (0°) 

to the left ear (90°), the human ear is more sensitive 

to use the binaural intensity difference (ILD) to 

perceive the direction of the sound source. 

(2)From the perspective of frequency 

(50Hz~4800Hz), theoretical research shows that the 

human ear plays a leading role in distinguishing the 

sound source azimuth in the high frequency range. 

The interaural level difference (ILD) plays a lead-

ing role in this experiment. Below 4000(Hz), the 

value of the interaural level difference (ILD) of the 

horizontal azimuth angle near the human ear (below 

45°) is lower than the value near the left ear (90°), 

indicating that the human ear is more sensitive to 

the sound source near the human ear in the low 

frequency band by using the interaural level differ-

ence (ILD), and the perception is slow as the sound 

source moves near the left ear; in addition, the op-

posite trend is shown in the high frequency range 

(above 4000Hz), the human ear uses the interaural 

level difference (ILD) to perceive the horizontal 

azimuth angle below 45°, which is slower than that 

of the horizontal azimuth angle above 45°, indicat-

ing that the human ear is more accurate in identify-

ing the sound source near the left ear (45°~90°) in 

the high frequency range. 
 

 
 

Figure 4 –   Cubic spline interpolation surface of 

horizontal azimuth and frequencyand ILD 

 

4  Conclusions 

 
In spatial audio coding, interaural level difference 

(ILD) plays an important role in spatial audio local-

ization. According to the past research on the Just 

noticeable difference of the interaural level differ-

ence (ILD) of spatial audio, the JND has a narrow 

range of frequency bands, and the interaural level 

difference (ILD) and Interaural time difference 

(ITD) are mixed together to test the just noticeable 

difference. The specific relationship between the 

interaural level difference (ILD) and the azimuth 

angle cannot be accurately obtained. It is proposed 

that the horizontal azimuth angle is used as a medi-

um to perceive the perceivable value of the interau-

ral level difference (ILD) of the horizontal azimuth 

angle JND. The results show that the location of the 

sound source using the horizontal azimuth as a me-

dium not only depends on the interaural level dif-

ference (ILD), but also the angle change of the hor-

izontal azimuth has an important influence on the 

binaural perception of the sound source azimuth. 

Therefore, when spatial audio coding technology is 

used for quantization and coding of multi-channel 

audio signals, not only can the binaural cue parame-

ters and the just noticeable difference JND be used 

to efficiently compress and encode the audio infor-

mation of the multi-channel audio signal, but it can 

also reduce data redundancy according to the posi-
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tion information provided by the horizontal position 

angle, thereby reducing the amount of data trans-

mitted by the audio signal and improving the quali-

ty of audio data transmission. In addition, due to the 

limitation of experimental time, only the perceptual 

characteristics of the interaural level difference 

(ILD) of the horizontal azimuth angle are currently 

studied. The next research can explore the interau-

ral time difference (ITD) and the interaural correla-

tion of the horizontal azimuth angle. The influence 

of (IC) on the sound source position provides a 

more complete research foundation for spatial audio 

coding research. 

 

5 Acknowledgments 
This work was supported by the National Natural 

Science Foundation (61401319), Hubei Province 

Natural Science Foundation (2014CFB270) and 

Hubei Provincial Department of Education research 

(D20201601).  

 

 

References 

 
[1] Rayleigh, John William Strutt, Baron, Lindsay, 

Robert Bruce. The theory of sound[M]. Dover Pub-

lications, 1945. 

[2] Yost, William, A. Lateral position of sinusoids 

presented with interaural intensive and temporal 

differences[J]. Journal of the Acoustical Society of 

America, 1981. 

[3] Grantham D. Wesley , Hornsby Benjamin W. 

Y. ， Erpenbeck Eric A.Auditory spatial resolution 

in horizontal vertical and diagonal planes[J].The 

Journal of the Acoustical Society of America,2003, 

114(2):1009-1022． 

[4] S.Corey and M.J.Goupell.Effect of mismatched 

place-of-stimulation on binaural fusion and lateral-

ization in bilateral cochlear-implant users[J]. The 

Journal of the Acoustical Society of America，

2013，134(4)：p.2923-2936 

[5] Hartmann W M , Rakerd B , Crawford Z D , et 

al. Transaural experiments and a revised duplex 

theory for the localization of low-frequency tones[J]. 

Journal of the Acoustical Society of America, 2016, 

139(2):968-985. 

[6] Watanabe K , Nishiguchi M , Takane S , et al. 

Effect of individualization of interaural time/level 

differences with non-individualized head-related 

transfer functions on sound localization[J]. Journal 

of the Acoustical Society of America, 2016, 

140(4):3062-3063. 

[7] Goupell M J , Stakhovskaya O A . Across-

channel interaural-level-difference processing 

demonstrates frequency dependencea[J]. The Jour-

nal of the Acoustical Society of America, 2018, 

143(2):645-658. 

[8] Laback B , Dietz M , Joris P . Rate effects in 

interaural and sequential level difference percep-

tion[J]. Journal of the Acoustical Society of Ameri-

ca, 2017, 137(4):2322-2323. 

[9] Chantal, Ginkel V , René H, et al. Binaural 

interference with simulated electric acoustic stimu-

lation.[J]. The Journal of the Acoustical Society of 

America, 2019. 

[10] RD.Luce.Semiorders and a theory of utility 

discrimination[J]．Econometrica，1956，24(2)：

p.178-191． 

[11] Blauert, Jens.Spatial hearing:The psychophys-

ics of human sound localization[M]. The Mit Press, 

1983. 

[12] R.M.Hershkowitz and N.I.Durlach，Interaural 

Time and Amplitude JNDs for a 500-Hz Tone[J].J. 

Acoust.Soc. Am．1969. 46(6)：p. 1464-1465． 

[13] Frequency dependence of the Interaural time 

difference thresholds in human listeners. Larisa 

D,William M H. The Journal of The AcousticalSo-

ciety of America . 2011. 

[14] F.Christof and M.Juha . Source localization in 

complex listening situations: selection of binaural 

cues based on interaural coherence. Journal of the 

Acoustical Society of America，2004，116(5)：

p.3075-89． 

[15] Francart T,Wouters J.Perception of across-

frequency interaural level differences[J].The Jour-

nal of the Acoustical Society of America, 2007 , 

122(5)：2826-2831． 

[16] Chen Shuixian， Hu Ruimin.Frequency De-

pendence of Spatial Cues and Its Implication in 

Spatial Stereo Coding[A].in International Confer-

ence on Computer Science and Software Engineer-

ing[C] ， Wuhan ：2008 : 1066-1069． 

[17] B.Rafal， B.Eric， M.Jeff． The physics of 

optimal decision making: a formal analysis of mod-

els of performance in two-alternative forced-choice 

tasks[J]．Psychological Review，2006，113(4)：

p.700-65． 

[18] H.Levitt.Transformed up-down methods in 

psychoacoustics[J].Journal of the Acoustical Socie-

ty of America, 1971, 49(2):Suppl 2:467-467． 


