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The veracity of virtual audio is degraded by the use of non-individualized head-related transfer

functions (HRTFs) due to the introduction of front-back, elevation confusions, and timbral

coloration. Hence, an accurate reproduction of spatial sound demands the use of individualized

HRTFs. Measuring distance-dependent individualized HRTFs can be extremely tedious, since it

requires precise measurements at several distances in the proximal region (<1 m) for each

individual. This paper proposes a technique to model distance-dependent individualized HRTFs

in the horizontal plane using “frontal projection headphones playback” that does not require

individualized measurements. The frontal projection headphones [Sunder, Tan, and Gan (2013). J.

Audio Eng. Soc. 61, 989–1000] project the sound directly onto the pinnae from the front, and thus

inherently create listener’s idiosyncratic pinna cues at the eardrum. Perceptual experiments were

conducted to investigate cues (auditory parallax and interaural level differences) that aid distance

perception in anechoic conditions. Interaural level differences were identified as the prominent cue

for distance perception and a spherical head model was used to model these distance-dependent

features. Detailed psychophysical experiments revealed that the modeled distance-dependent

individualized HRTFs exhibited localization performance close to the measured distance-dependent

individualized HRTFs for all subjects. VC 2015 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4919347]

[ELP] Pages: 150–171

I. INTRODUCTION

The challenge of delivering realistic spatial audio

through headphones has remained at the epicenter of 3D

audio research for many decades now. Binaural audio is

synthesized by using special spatial filters known as the

head-related transfer functions (HRTFs) (Blauert, 1997).

The spectral features in HRTFs are highly dependent on the

listeners’ anthropometry. Rendering non-individualized bin-

aural audio degrades the quality of the perceived spatial

sound by introducing localization errors in the form of front-

back confusions, up-down reversals, in-head localization,

and timbral coloration. Thus, use of individualized HRTFs is

recommended to alleviate these issues (Wenzel et al., 1993;

Wightman and Kistler, 1993; Begault, 2000; Kim and Choi,

2005; Morimoto and Ando, 1980). It is an immense task to

measure these individualized HRTFs, as they demand very

precise and tedious experiments to be carried out for a num-

ber of loudspeaker positions around the head. Moreover,

unlike the far-field HRTFs (Mehrgardt and Mellert, 1977;

Middlebrooks et al., 1989; Wightman and Kistler, 1989;

Carlile and Pralong, 1994; Møller et al., 1995; Algazi et al.,
2001a), the near-field (<1 m) HRTFs vary significantly with

distance (Brungart and Rabinowitz, 1999). The aim of this

paper is to model the anechoic distance-dependent individu-

alized HRTFs in the horizontal plane using frontal projection

headphones, without the need of individualized acoustical

measurements (Fig. 1).

Unlike the measurement of HRTFs in the far-field, the

near-field HRTF measurements require omni-directional

acoustic point sources in order to avoid measurement errors

due to scattering effects back and forth between the head and

source. Researchers have developed various types of acous-

tic point sources to measure the near-field HRTFs. Some

examples are, a combination of electro-dynamic driver and

Tygon tubing (Brungart and Rabinowitz, 1999), micro-

dodecahedral loudspeaker (Hosoe et al., 2006), micro-

dynamic-type loudspeaker (Hayakawa et al., 2007), and a

spark gap (Qu et al., 2009). Other researchers, however,

have used a Bose Acoustimass loudspeaker (Duda and

FIG. 1. (Color online) (a) Conventional side-projection (1), Frontal-projection

(2) headphones. (b) Frontal projection headphones used in this study.a)Electronic mail: kaushik1@e.ntu.edu.sg
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Martens, 1998) or a Tannoy loudspeaker (Calamia and

Hixson, 1997), instead of a point source to measure the near-

field HRTFs. Due to the requirement of an acoustic point

source and the difficulty in obtaining individualized HRTFs;

very few near-field HRTF databases are available. These

issues, therefore, call for simpler techniques to obtain

distance-dependent individualized HRTFs. In order to model

the distance-dependent individualized HRTFs in this study,

the perceptual cues that affect distance perception are first

identified and simulated. Subsequently, a suitable HRTF

individualization technique is developed.

A. Models for auditory distance perception

Binaural cues play a critical role for the perception of

distance in anechoic conditions (Brungart and Rabinowitz,

1999). It is noted that with a decrease in source to head dis-

tance, the interaural level difference (ILD) rapidly increases,

while the interaural time difference (ITD) remains more or

less constant (Brungart and Rabinowitz, 1999). Several

researchers have modeled the ILD and ITD cues that origi-

nated in the near-field (Stewart, 1911; Hartley and Fry,

1921; Hirsch, 1968; Molino, 1973; Tahara and Sakurai,

1974; Brungart, 2001; Hershkowitz and Durlach, 1969).

Researchers have also identified the presence of auditory

parallax effects in the near-field, which is a high-frequency

phenomenon (Brungart, 1999b; Kim et al., 2001). Kim et al.
(2001) synthesized virtual sources up to a distance of 2 m

using an “auditory parallax model” that is based on a simple

geometrical model. In the study conducted by Kim et al.
(2001), virtual sounds were synthesized using individualized

HRTFs and played back over loudspeakers. The perceived

distance of the virtual sound simulated by the auditory paral-

lax model in this study (Kim et al., 2001) was found to be

similar to the free-field listening condition. However, several

other studies have shown the lack of dependence of distance

perception on high-frequency spectral cues (Zahorik, 2000;

Brungart, 1999a; Sunder et al., 2014), thereby leaving the

exact role of auditory parallax cues for distance perception

unclear, especially in the presence of other cues. This is

further investigated in Sec. III.

Shaw and Teranishi (1968) first studied the pressure gen-

erated in an external ear replica and human ears by a nearby

point source. The external replica of the ear used was made

out of rubber holding the pinna, concha, and auditory meatus

with dimensions comparable with those of real human ears. In

order to model the near-field HRTFs, the distance-dependent

spectral features in the proximal region are often analyzed by

computing the sound pressure at the surface of a sphere (Duda

and Martens, 1998; Rabinowitz et al., 1993). Ze-Wei et al.
(2012) used a spherical head with neck and torso to study the

distance-dependent spectral features. Other researchers

derived the spectral features in near-field HRTFs from the far-

field HRTFs (Duraiswami et al., 2004; Menzies, 2009;

Romblom and Cook, 2008; Kan et al., 2009). Cues such as in-

tensity (Zahorik, 2002a,b; von B�ek�esy, 1949; Kim et al.,
2001; Simpson and Stanton, 1973), loudness (Stevens and

Guirao, 1962; Zahorik and Wightman, 2001), and direct-to-

reverberant energy ratio (DRR) (Shinn-Cunningham et al.,

2000a) have also been identified as important for distance per-

ception (Begault, 2000). In this study, we consider modeling

of HRTFs under anechoic conditions, since it is difficult to

precisely simulate the distance-dependent DRR cues due to

their heavy dependence on the listener’s acoustic space.

B. Individualization techniques

The idiosyncratic characteristics of HRTFs can be mod-

eled from acoustical measurements, anthropometric features

of the listener (Iida et al., 2014), or by customizing generic

HRTFs with some perceptual feedback. The most commonly

used individualization technique involves measurement of

listeners’ individualized HRTFs at different source positions

(Møller et al., 1995; Xu et al., 2007), which is an extremely

tedious process. Other techniques make use of optical

descriptors, like magnetic resonance imaging, 3D mesh

imagery, or a set of 2D images of the listener to derive the

individualized anthropometrical features (Nicol, 2010; Rui

et al., 2013; Takemoto et al., 2012). HRTFs are then

obtained using numerical techniques, like the finite element

method, the boundary element method (Katz, 2001; Kreuzer

et al., 2009), or by solving the problem of acoustic wave dif-

fraction with the listener’s morphology (Lopez-Poveda and

Meddis, 1996; Nicol, 2010; Kahana and Nelson, 2006).

Middlebrooks (1999) developed the frequency scaling tech-

nique, in which subjects scaled the non-individualized

HRTFs based on some anthropometric properties to obtain

the individualized HRTFs. Tan and Gan (1998) customized

the non-individualized HRTFs by asking listeners to tune the

magnitude spectrum in various frequency bands until they

achieved accurate localization. Another simple customiza-

tion technique is to ask the listener to choose an HRTF from

the database that suits his/her perception the best (Seeber

and Fastl, 2003; Iwaya, 2006; Nicol, 2010). Individualized

HRTFs can also be constructed using principal component

analysis (Kistler and Wightman, 1992; Middlebrooks and

Green, 1992) or independent component analysis techniques

(Nicol, 2010). The weights used in these techniques are

either derived from the source directions along the front-rear

and up-down directions, or predicted from the descriptors of

the anthropometric properties of the listener’s pinna (or

head). All the above attempts to model distance-dependent

individualized HRTFs require individualized far-field

HRTFs, anthropometric features of the subject, or extensive

near-field acoustical measurements. In this study, the indi-

vidualization of HRTF is carried out using playback from

the frontal projection headphones (Sunder et al., 2013). An

important advantage of the proposed individualization

technique is that this technique does not require any individ-

ualized measurements.

In this paper, we model the distance-dependent individ-

ualized HRTFs in two stages, as follows:

(1) The most prominent cues for auditory distance perception

in anechoic conditions are first identified, when played

back over headphones. The role of auditory parallax and

ILD cues are of particular interest. Using each of auditory

parallax and ILD cues, distance-dependent HRTFs are

synthesized from the measured individualized far-field
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and measured non-individualized far-field HRTFs.

Perceptual experiments are carried out with each of these

synthesized HRTFs and their results are compared with

those obtained using the measured distance-dependent

individualized HRTFs (Sec. III).

(2) Once the important cues that affect distance perception

are identified (Sec. III), the distance-dependent individu-

alized HRTFs are modeled using a cascade of signal

processing blocks. The distance-dependent spectral cues

due to head effects are simulated by the spherical head

model (Duda and Martens, 1998). Individualized pinna

spectral cues are then modeled by playback through

frontal projection headphones (Sunder et al., 2013).

Unlike other individualization methods, the frontal pro-

jection headphones playback method does not require the

measurement of individualized far-field measurements; nor

does it require the anthropometric data of human subjects.

Frontal projection headphones (Fig. 1) have a unique struc-

ture, as they project sound from the front directly onto the

pinnae of the listener during playback, unlike the conven-

tional side projection headphones [Fig. 1(a)]. In Sunder et al.
(2013), the authors observed that the frontal projection head-

phones inherently create individualized pinna spectral fea-

tures of HRTF during sound playback. The frontal projection

headphones also help in reducing front-back confusions to a

large extent, thereby enhancing the frontal perception of

the virtual sound (Sunder et al., 2013). In addition, head-

phone equalization, low-frequency compensation, and

rear-directional filters are required to model the distance-

dependent individualized HRTFs.

This paper is organized as follows. The description of

the acoustical measurements of distance-dependent individu-

alized and non-individualized HRTFs is presented in Sec. II.

In Sec. III, the role of auditory parallax and ILD cues are

investigated through objective and subjective analyses. The

model for distance-dependent individualized HRTFs is

presented in detail in Sec. IV. The discussion and conclu-

sions are finally presented in Sec. V.

II. MEASUREMENT OF DISTANCE-DEPENDENT
HRTFS

The two main objectives of measuring distance-

dependent HRTFs in this study follow:

(1) To analyze the role of auditory parallax and ILD cues

for distance perception using HRTFs synthesized from

measured far-field HRTFs.

(2) To validate the modeled distance-dependent individual-

ized HRTFs using frontal projection headphones by

comparing it with the measured distance-dependent

individualized HRTFs.

A. Experimental setup

All of the HRTF measurements (non-individualized and

individualized) were carried out in the anechoic chamber of

Nanyang Technological University, Singapore. Ideally, a

point sound source is required for the measurement of

near-field HRTFs in order to avoid multiple diffractions

back and forth between the head and source. However, the

effect of source scattering was found to be negligible for

measurements of near-field HRTFs beyond 0.2 m. This is

true, if the source radius does not exceed 0.03–0.05 m

(Guang-Zheng et al., 2008). In our study, due to non-

availability of a point source, near-field HRTF measure-

ments were carried out using a Cambridge Soundworks mini

cube speaker of dimension less than 0.03 m in radius. The

HRTFs were precisely measured at distances of 0.35, 0.45,

0.50, 0.60, 0.75, 0.80, 1, and 1.4 m from the center of the

head. Since all the HRTFs in this study were measured for

distances beyond 0.2 m, and the source radius was less than

0.03 m, the effect of source scattering on the measurements

was assumed negligible (Guang-Zheng et al., 2008).

The non-individualized HRTFs were measured at the

eardrum of a Bruel & Kjaer (B&K) 4128-C head and torso

simulator (HATS), equipped with B&K 4158-C (left) and

4159-C (right) ear simulators. Each ear simulator contained

a 1
2

in. microphone, which was connected to a microphone

amplifier with an adapter. In addition, individualized HRTFs

were measured at the blocked-entrance of the ear canal

(Møller et al., 1995) using a B&K 4101 binaural microphone

for three subjects. The measurements were controlled by a

computer located in a control room next to the anechoic

chamber. The computer was connected via a LAN cable to

the B&K PULSE analyzer system, which generated the exci-

tation signal and simultaneously recorded responses from

the microphone. Exponential sine sweep was chosen as the

excitation signal in these measurements, since they provided

a better signal to noise ratio at low frequencies (M€uller and

Massarani, 2001). The signals were recorded with the

microphones placed at the recording point (eardrum or

blocked-entrance) at a sampling rate of 65 536 Hz. The

recorded signal was first down-sampled to 44 100 Hz and

then processed using a custom-made MATLAB function to

extract the impulse response. The ITDs were obtained by

first calculating the lag that maximized the cross-correlation

function between the head-related impulse responses of the

two ears within the range of 61 ms. The interaural cross-

correlation coefficient is defined as

f sð Þ¼

ð1
�1

HRTFL fð ÞHRTF�R fð Þe�ixsdf

ð1
�1
jHRTFL fð Þj2df

� � ð1
�1
jHRTFR fð Þj2df

� �� �1=2
;

(1)

where HRTFL and HRTFR denote the HRTFs for the left and

right ears, respectively. x denotes the angular frequency in

radians. The time and frequency samples are represented by

s and f, respectively. f(s) is the cross-correlation function in

time domain, with �1� f(s)� 1. Prior to the computation of

cross-correlation, the impulse responses for both the ears

were low-pass filtered with a cut-off frequency of 2 kHz,

since ITD is predominantly a low-frequency cue.

The angular convention used throughout this paper is

defined as follows: The coordinate system has its origin at
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the midpoint of the interaural axis. The azimuth angles were

measured with respect to the mid-sagittal axis. 0� corre-

sponds to the direction directly to the front of the head, 90�

facing the right ear, 180� is behind the head, 270� facing the

left ear, and 360� (0�) in front of the head. HRTFs were

measured in the horizontal plane at a resolution of 5�. For

every source location in the horizontal plane, 10 experimen-

tal trials were conducted to ensure consistency and repeat-

ability of the measurements. Reference measurements were

made in the free-field with a 1
2

in. free-field microphone

(B&K 4134 pressure microphone) located at the position of

the center of the dummy head with the dummy head

removed [Fig. 2(a)]. Reference measurements were obtained

for each of the eight distances, for which the HRTFs were

measured. The magnitude of the HRTF at each source loca-

tion was obtained by frequency-wise division of the ampli-

tude spectrum (measured on the dummy head/human

subject) at that location and the free-field reference measure-

ment corresponding to the source distance. The division by

the free-field reference response is necessary to compensate

for both the non-uniform loudspeaker response and the

sound pressure level drop due to distance.

A series of calibration techniques was carried out

prior to each set of experiments. The dummy/human head

was first adjusted to point directly to the center of interau-

ral axis. Correct placement is extremely important in the

near-field, as small angular deviations between the center

of the head and the axis of rotation can severely corrupt

the measurements. With the help of acoustical measure-

ments, it was ensured that the source was placed directly

in front of the head (0� azimuth and 0� elevation). The

dummy/human head was adjusted until the magnitude of

the ITD was reduced below 2 ls. Furthermore, the head-

phone transfer functions (HPTFs) for the frontal projection

headphones and conventional open-back headphones

(Sennheiser HD600) were also measured at the blocked-

entrance of the ear canal [Fig. 2(b)] (Møller et al., 1995).

The headphone response varies with repositioning over

the head due to change in headphone-ear coupling

(Kulkarni and Colburn, 2000). Therefore, headphones

were repositioned over the ear after each measurement and

ten such measurements were obtained. An average of the

ten measurements was taken as the representative head-

phone response. To model the distance-dependent HRTFs,

important cues that affect distance perception over

headphones had to be identified. The role of auditory par-

allax and ILD cues on distance perception was

investigated using the measured HRTFs and is described

in Sec. III.

III. ROLE OF AUDITORY PARALLAX AND ILD CUES
ON DISTANCE PERCEPTION

Auditory parallax and ILD cues are often considered as

relevant cues contributing to the near-field distance perception

in the absence of reverberant and intensity cues. Though the

effect of ILD cues on distance perception is well studied, the

perceptual effects of auditory parallax cues are still unclear. In

this section, we investigate the role of each of these cues—indi-

vidually and combined with the help of listening experiments.

The distance-dependent HRTFs are first synthesized using ILD

and auditory parallax cues from the measured far-field HRTFs.

A. HRTF synthesis using auditory parallax cues

In the near-field, the angle between the source and the

ears (hL,R) deviates significantly from that between the

source and the center of the head (h). This is known as audi-

tory parallax effect. The auditory parallax effect can be

approximately modeled by a simple geometrical formulation

that relates both these angles for any source to head distance

(Kim et al., 2001). The left and right ear HRTFs in the near-

field for a source at distance dn from the head and at an azi-

muth angle of h can be obtained by remapping it from the

far-field HRTFs at angles hL and hR, respectively,

hL ¼ tan�1 dn sin hþ a

dn cos h

� �
; (2)

hR ¼ tan�1 dn sin h� a

dn cos h

� �
; (3)

FIG. 2. (a) Free-field response of the loudspeaker for various distances. (b) Headphone responses of Sennheiser HD600 and the frontal projection headphone

measured on the blocked ear-canal of a B&K HATS dummy head.

J. Acoust. Soc. Am. 138 (1), July 2015 Sunder et al. 153

 Redistribution subject to ASA license or copyright; see http://acousticalsociety.org/content/terms. Download to IP:  155.69.4.4 On: Wed, 20 Jan 2016 03:59:22



HRTFAP;Lðdn; hÞ ¼ HRTFLðdf ; hLÞ; (4)

HRTFAP;Rðdn; hÞ ¼ HRTFRðdf ; hRÞ; (5)

where HRTFAP is the near-field HRTF synthesized using au-

ditory parallax (AP) cues, a is the radius of the head, and df

is the source to head distance in the far-field. hL and hR cor-

respond to the angles of the sound source as seen from left

and right ears in the near-field, respectively. All the angles

(h, hL,R) are measured with respect to the mid-sagittal axis

passing through the center of the head. It is important to note

that Eqs. (4) and (5) model only the high-frequency

distance-dependent features of the outer ear.

B. HRTF synthesis using ILD cues

The rapid rise of ILD cues with decreasing source to

head distance in the near-field can be modeled using the

spherical head model (Duda and Martens, 1998). These

distance-dependent ILD features in the near-field are

obtained by computing the ratio of the pressure at the surface

of the sphere arising from a sound source at distance dn to

the pressure arising from a sound source at a distance df in

the far-field. This function, also known as the distance varia-

tion function (DVF) (Kan et al., 2009), can be computed as

follows:

DVF h; dn; df

� 	
¼ pn a;x; h; dnð Þ

pf a;x; h; df

� 	 ; (6)

HRTFILDðdn; hÞ ¼ DVFðh; dn; df Þ:HRTFðdf ; hÞ; (7)

where HRTFILD is the near-field HRTF synthesized using

ILD cues, a is the radius of the head, h is the angle of inci-

dence of the sound source with respect to the mid-sagittal

axis, and x is the angular frequency in radians. pn and pf are

the pressures obtained from the spherical head model in

near-field and far-field, respectively. dn and df are the source

to head distances in near-field and far-field, respectively.

C. HRTF synthesis using both ILD and auditory
parallax cues

The synthesized HRTF containing both ILD and audi-

tory parallax cues (HRTFAPþILD) can be obtained by cascad-

ing the auditory parallax and DVF models. The pinna

spectral features are first remapped according to the parallax

angles to obtain the HRTFs containing auditory parallax

cues. The DVF model is then applied to HRTFAP to further

incorporate the distance-dependent ILD cues, as given in the

equation below:

HRTFAPþILDðdn;hÞ¼DVFðh;dn;df Þ:HRTFAPðdn;hÞ: (8)

The synthesized distance-dependent HRTFs were also

compared with the measured HRTFs using objective and

subjective measures. The low-frequency spectral cues

(0.1–1 kHz) and the high-frequency pinna spectral cues

(5–16 kHz) of the synthesized and measured HRTFs were

compared by calculating the root mean square spectral dif-

ference (RSD) as an objective criterion,

RSDlow;high ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

Xfh

f¼fl

20 log10

HRTFmeasured fð Þ
HRTFmodeled fð Þ

����
����

 !2
vuut ;

(9)

where fl, fh indicate the frequency range of comparison, N
represents the number of frequency bins between fl and fh.

In this paper, RSDlow is computed for fl¼ 0.1 kHz and

fh¼ 1 kHz, while RSDhigh is computed for fl¼ 5 kHz and

fh¼ 16 kHz.

The DVF mainly models the low-frequency distance-de-

pendent spectral effects of the head. However, the DVF

model does not simulate any of the distance-dependent spec-

tral effects of the pinna. On the other hand, the auditory

parallax effect only models the distance-dependent effects of

the pinna but does not simulate the spectral effects due to

head.

From Fig. 3, it can be seen that the HRTFs synthesized

using auditory parallax cues fail to simulate the low-

frequency near-field spectral cues well (RSDlow> 6 dB).

However, the HRTFs synthesized using auditory parallax

cues model the high-frequency pinna cues reasonably well

(RSDhigh¼ 2 dB). The low-frequency spectral cues in the

measured near-field HRTFs are modeled accurately

(RSDlow¼ 2 dB) by the DVF model. However, there is a mis-

match of small degree at high frequencies in the case of

HRTF synthesis using DVF model (RSDhigh< 4 dB). We

note that the HRTFs synthesized using both DVF and audi-

tory parallax models match with the measured HRTFs much

better (RSDlow¼ 1 dB and RSDhigh¼ 2 dB), as illustrated in

Fig. 3. More importantly, it was observed that the auditory

parallax contributes little to the synthesized distance-

dependent HRTFs. This can be further analyzed

with the help of detailed subjective experiments, as shown in

Sec. III D.

D. Subjective experiments

The roles of auditory parallax and of ILD cues for dis-

tance perception using both individualized and non-

individualized HRTFs were investigated with the help of

perceptual experiments. A total of 15 subjects participated in

the experiments carried out using non-individualized

HRTFs. HRTFs measured on the B&K HATS dummy head

were used as non-individualized HRTFs in this experiment.

Three subjects, whose personal HRTFs were measured, par-

ticipated in the listening experiments using individualized

HRTFs. All subjects had normal hearing. They were aged

between 18 and 30 years, and had past experience in similar

tests. A double blind procedure was adopted whereby neither

the evaluator nor the subjects were aware of the order and

nature of the test stimuli.

The stimuli were sequences of four different 300-ms

bursts of white Gaussian noise (WGN) separated by 30-ms

intervals of silence. Stimuli were gated with cosine-squared

ramps of 30-ms onset and offset in order to avoid transient

effects. The gated stimuli were then convoluted with the

synthesized HRTFs obtained using both individualized and
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non-individualized far-field HRTFs. The four stimulus con-

ditions used in this experiment are shown below:

(1) Synthesized distance-dependent HRTFs containing audi-

tory parallax cues (HRTFAP).

(2) Synthesized distance-dependent HRTFs containing bin-

aural ILD cues (HRTFILD).

(3) Synthesized distance-dependent HRTFs containing both

auditory parallax and ILD cues (HRTFAPþILD).

(4) Measured distance-dependent HRTFs (HRTFmeasured).

For the first three stimulus conditions, virtual sounds

were synthesized for nine distances at 0.2, 0.3, 0.4, 0.5, 0.6,

0.7, 0.8, 1, and 1.4 m. Stimuli synthesized from twenty direc-

tions (0� to 340� at a resolution of 20� including those at 90�

and 270�) were presented in a random order for each of the

nine distances. For the experimentally measured distance-

dependent individualized and non-individualized HRTFs,

the simulated distances were 0.35, 0.45, 0.50, 0.60, 0.75,

0.80, 1, and 1.4 m, as the HRTFs were measured only for

these distances. The synthesized stimuli were then normal-

ized to eliminate amplitude-based distance cues. In the near-

field, the distance between source and the ears deviates sig-

nificantly from the distance between source and the center of

the head. The scaling factor used was based on the distance

of the source from the left and right ears of the subject, simi-

lar to that adapted by Brungart (1999a). The correction was

such that a distance of 1 m had a scaling factor of 1. The

scaling factor (N) was

N ¼ 1

50

Distance to left ear cmð Þ þ
50

Distance to right ear cmð Þ

:

(10)

Amplitude scaling was carried out by multiplying the

noise waveform with the scaling factor prior to playback. In

addition to distance normalization, source amplitude was

randomized in order to ensure that subjects’ perception was

based only on the spectral features of HRTF and not biased

by source levels (Brungart, 1999a). To achieve this, the

source amplitude was roved randomly by an additional

15 dB (from 0 to 15 dB in steps of 1 dB). Since the maximum

amplitude of stimulus was approximately 60 dBA at 1 m, the

effective stimulus amplitude ranged from 45 to 60 dBA after

randomization and correction due to scaling factor.

To ensure consistency, three measurements were made

for each of the 9 distances and 20 azimuth angles making it a

total of 540 stimulus presentations (20 directions� 9

distances� 3 trials) for modeled HRTFs, and 480 stimulus

presentations (20 directions� 8 distances� 3 trials) for

measured HRTFs. All the listening experiments were con-

ducted in a semi-anechoic chamber of dimension 5.5 m

(length)� 3.1 m (width)� 2.4 m (height). The level of the

background noise in the semi-anechoic chamber was

19 dBA.

Synthesized virtual sounds were played back using

Sennheiser HD600 headphones. Headphone equalization

was carried out prior to the start of experiment to compen-

sate for the non-uniform headphone response. A graphical

user interface (GUI) was used to present the stimuli in a ran-

dom order to the subject. Before the experiment started, sub-

jects were asked to stretch their hands and the distance

between the head and the tip of their hands was taken as ref-

erence. For each condition, they had to identify the “apparent

distance” of the sound from the head. Once the stimulus was

presented, subjects were prompted to record their judgement

of distance (in cm). They were allowed to remove and

FIG. 3. Comparison of measured and modeled near-field HRTFs for the HATS dummy head. Top: HRTF at a distance of 35 cm and 50� azimuth. Bottom:

HRTF at a distance of 45 cm and 60� azimuth.
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reposition the headphones on their head in between trials.

However, they were instructed to minimize any head move-

ment during the experiment. Subjects were not given feed-

back on their responses.

E. Results

The main objective of this experiment was to examine

the role of auditory parallax and ILD cues on distance per-

ception over headphones in anechoic conditions. Distance

perception was separately investigated for lateral (40� to

140� and 220� to 320� clockwise) and near-medial (340�, 0�,
20� in the front and 160�, 180�, 200� in the rear) directions.

Distance responses using non-individualized and indi-

vidualized HRTFs for all the four stimulus conditions are

shown in Figs. 4 and 5, respectively. The responses are plot-

ted in Figs. 4 and 5 on a logarithmic scale because the mag-

nitude of distance errors tended to increase with increasing

source to head distance. Two different measures were used

to evaluate the response accuracy:

(1) Correlation coefficient between the logarithm of actual

distances and the response distances.

(2) Slope of line best fitting the log-stimulus data to the log-

response data.

Zahorik (2002a) and Zahorik et al. (2005) found that the

following compressive function represents a good fit for lis-

teners’ distance responses under a variety of stimulus

conditions:

rres ¼ kðractualÞm; (11)

where rres is the estimated response distance, ractual is the

actual distance, k and m are the fit parameters of the power

function. Distance responses of the subjects were fitted with

Eq. (11). The value of exponent m was typically less than

one and the value of constant k was close to 1, thereby indi-

cating a strong perceptual bias in distance estimation.

It was observed that there was a general tendency to

overestimate distances in near-field and underestimate dis-

tances in far-field. The distance perception using HRTFs

synthesized with the auditory parallax model was poor for

both lateral and near-medial directions. Using non-

individualized HRTFs (Fig. 4), the mean correlation coeffi-

cient values between the estimated and actual distances were

0.31 for lateral and 0.30 for near-medial directions, respec-

tively. Similarly, for individualized HRTFs (Fig. 5), the cor-

relation coefficient values obtained for distance responses

with auditory parallax modeled HRTFs were 0.34 for lateral

and 0.31 for near-medial directions, respectively. Both these

observations are consistent with the results of Brungart

(1999a), who observed poor correlation coefficient values

between the perceived and the simulated distance for monau-

ral and high-pass filtered stimuli. This finding suggests that

auditory parallax cues alone are not sufficient for good dis-

tance perception.

With the DVF-synthesized HRTFs obtained using non-

individual HRTFs, distance perception improved with a cor-

relation coefficient value of 0.59 for lateral directions.

However, the correlation coefficient value was poor (0.24)

for the near-medial directions (Fig. 4). This is due to the ab-

sence of sufficient binaural cues for positions near the medial

plane. The distance responses with the DVF synthesized

HRTFs obtained using individualized HRTFs was found to

be similar to that using non-individual HRTFs. The corre-

sponding correlation coefficient values for the DVF synthe-

sized HRTFs using individualized HRTFs were found to be

0.61 and 0.25 for lateral and near-medial directions,

respectively.

When both auditory parallax and distance-dependent

ILD cues were present in HRTF, subjects were able to local-

ize distances better compared to the case when only auditory

parallax cues were present in HRTF. The correlation coeffi-

cient values for distance responses with the modeled HRTFs

containing auditory parallax and ILD cues were found to be

0.63 (lateral), 0.34 (near-medial) using non-individualized

HRTFs, and 0.64 (lateral), 0.32 (near-medial) using individ-

ualized HRTFs. With the measured HRTFs, the correlation

coefficient values were found to be 0.69 (lateral), 0.41(near-

medial) using non-individualized HRTFs, and 0.72 (lateral),

0.46 (near-medial) using individualized HRTFs. These val-

ues indicate that the distance localization with the modeled

HRTFs containing distance-dependent binaural ILD cues

was comparable to that with measured HRTFs. However,

some in-head localization of sound was observed in distance

responses for all the stimulus cases using both non-

individualized and individualized HRTFs, as indicated in

Figs. 4 and 5. Distance responses reported by the subjects

that are less than 15 cm are not shown in Figs. 4 and 5 for

the sake of clarity.

Figure 6 shows the correlation coefficient between the

logarithm of actual and responded distances, and the slopes

of the linear regression line fitting the log-stimulus data to

the log-response data. The correlation coefficient values and

slopes are plotted for all the azimuth directions between 0�

and 180�. Correlation coefficient values were poor across all

the azimuth angles with the auditory parallax modeled

HRTFs using both non-individualized HRTFs and individu-

alized HRTFs. For other stimulus cases, the correlation coef-

ficient values increased for lateral angles due to the presence

of ILD cues. The slope indicates the scaling bias in

responses. A slope of less than 1 indicated that responses

varied over a narrow range of distances than the actual loca-

tions, showing compression in the responses. Similar to the

correlation coefficient, the slope was relatively high for lat-

eral locations and low for near-medial locations. This was

true for all the stimulus conditions except for the stimulus

condition synthesized with auditory parallax modeled

HRTFs. Due to the presence of sufficient ILD cues in the lat-

eral directions, subjects tended to be more sensitive to the

actual source location in these directions resulting in a high

correlation coefficient value between the responded distance

and the actual distance. The slope was less than 1 even for

lateral directions indicating a tendency to compress distance

responses for all azimuthal directions. However, slope of the

linear regression line fitting the log-stimulus to the log-

response data with synthesized HRTFs (non-individualized

and individualized) containing only auditory parallax cues
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was low, indicating a poor fit for all azimuth angles. This

key observation suggests that in the presence of binaural

cues, auditory parallax cues are not critical for accurate dis-

tance perception.

An analysis of variance (ANOVA) test was carried out

to further investigate the significance of auditory parallax

and ILD cues for distance perception. The effect of auditory

parallax cues on distance perception in the presence of other

FIG. 4. Stimulus-response pairs for distance (in cm) using non-individualized HRTFs. Note the log-log scale. The solid line in each panel represents a linear

regression fit. The dashed line in each panel corresponds to the “correct” responses. Also shown is the correlation coefficient (q) between the log-stimulus and

the log-response distances and the compressive function fit parameters k and m [Eq. (11)]. Left column corresponds to the lateral angles and the right column

represents the data from the near-medial angles. Note that only the distance responses greater than 15 cm are displayed for visual clarity.

J. Acoust. Soc. Am. 138 (1), July 2015 Sunder et al. 157

 Redistribution subject to ASA license or copyright; see http://acousticalsociety.org/content/terms. Download to IP:  155.69.4.4 On: Wed, 20 Jan 2016 03:59:22



distance cues was first studied. The mean values of the

responded distances with measured HRTFs (HRTFmeasured),

and with the modeled HRTFs containing only binaural ILD

cues (HRTFILD), auditory parallax and ILD cues

(HRTFAPþILD), were all similar for both non-individualized

and individualized synthesis cases. This was evident from

the ANOVA analysis, which returned no significant differen-

ces in distance responses with HRTFmeasured, HRTFILD, and

HRTFAPþILD for non-individualized [F(2,25)¼ 0.55,

p¼ 0.58] and individualized cases [F(2,24)¼ 0.5, p¼ 0.55],

respectively. Note that F is the standard F-distribution. The

p value refers to the probability of significance, which is

compared to the threshold critical value to determine the sig-

nificance of the factor. Throughout this paper, the signifi-

cance of a factor is determined for critical significance levels

(a) of 0.01 and 0.05 corresponding to 99% and 95%

confidence intervals, respectively. The auditory parallax

cues did not have a significant effect on distance perception

in the presence of ILD cues using both non-individualized

[F(1,15)¼ 0.28, p¼ 0.6] and individualized HRTFs

[F(1,16)¼ 0.34, p¼ 0.56]. However, the effect of ILD cues

simulated using the DVF model had a significant effect

in both the individualized, as well as the non-individualized

[p� 0.001] synthesis cases.

All the above observations suggest that auditory paral-

lax cues in the presence of ILD cues do not have any promi-

nent effect in anechoic headphone playback conditions. The

correlation coefficient values also indicate poor distance per-

ception for all directions, when auditory parallax is the only

available cue. Therefore, it can be concluded that auditory

parallax cues can be neglected and it is sufficient to include

ILD cues in the model for the distance-dependent

FIG. 5. Stimulus-response pairs for

distance (in cm) using individualized

HRTFs. The layout is as in Fig. 4.
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individualized HRTFs. This also means that the angular

position of frontal projection headphone transducer with

respect to the ear need not be physically changed to incorpo-

rate the parallax effects in the near-field HRTFs.

In Sec. IV, the proposed technique to model the

distance-dependent individualized HRTFs using frontal pro-

jection headphones is discussed. The model is subsequently

validated with the help of objective and subjective analyses.

IV. MODELING DISTANCE-DEPENDENT
INDIVIDUALIZED HRTFS

The frontal projection headphones project sound

directly onto the pinnae from the front, emulating a loud-

speaker setup in the far-field. Individualized pinna spectral

cues are automatically modeled at the eardrum during frontal

projection playback (Sunder et al., 2013). The frontal projec-

tion headphones used in this study were open-type with free-

air equivalent coupling (FEC) characteristics, as shown in

Fig. 1 (Møller et al., 1995; Sunder et al., 2013). The role of

frontal projection headphones in modeling the individualized

pinna spectral cues has been explained in detail in Sunder

et al. (2013).

From the analysis carried out in Sec. III, it is clear that

ILD cues are critical for distance perception in anechoic con-

ditions, and the effect of auditory parallax can be neglected.

In the model described in Fig. 7(a), mono sound source is

first filtered with ipsilateral and contralateral ear transfer

functions derived from the spherical head model. The spheri-

cal head model simulates the distance-dependent near-field

effects and head shadow effects in the contralateral ear well,

but it does not simulate the pinna spectral cues. The frontal

projection headphones, however, inherently model the

highly idiosyncratic frontal ipsilateral pinna cues at the ear-

drum during sound playback. Thus, in effect, ipsilateral

spherical head transfer function is filtered with the frontal

projection headphone transfer function in order to obtain the

frontal ipsilateral cues in the HRTF. However, additional

headphone equalization and low-frequency compensation fil-

ters are required to ensure accurate modeling of the HRTF.

In this way, the frontal projection headphones can synthesize

the frontal directional distance-dependent individualized

HRTFs without the requirement of extensive measurements.

To model the rear directional HRTFs, a rear directional filter

is additionally required, as shown in Fig. 7(b). Each of the

processing blocks [Figs. 7(a) and 7(b)] involved in the mod-

eling process is explained below.

A. Distance-dependent head effects

In the near-field, the reflections, and scattering of the

acoustic waves with the head have significant spectral

effects. The spherical head model (Duda and Martens, 1998)

is used to model these distance-dependent head effects. In

FIG. 6. (Color online) Top: Correlation coefficient between the logarithm of actual and responded distances. Bottom: Slope of the linear regression line best

fitting the log-stimulus data to the log-response data for azimuth angles (between 0� and 180�) for both (a) non- individualized HRTFs and (b) individualized

HRTFs.
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frontal projection headphones playback, idiosyncratic frontal

pinna cues are generated at both the contralateral ear and ip-

silateral ear. However, this does not affect contralateral

response much, because of the large attenuation at high fre-

quencies due to the head shadow effect. Humanski and

Butler (1988) studied in detail the contribution of near-ear

and far-ear in sound localization in the sagittal plane. They

found that listeners could localize well with just the ipsilat-

eral ear open and contralateral ear occluded. As the sound

source moves towards lateral positions, the energy at high

frequencies (above 4 kHz) in the contralateral ear is attenu-

ated due to head shadowing. As a result, the exact response

at the shadowed ear becomes less critical (Avendano et al.,
1999). Avendano et al. (1999), thus, showed that the contra-

lateral ear HRTF could be modeled by a simple transforma-

tion of the ipsilateral ear HRTF using the spherical head

model. The spherical head model also simulates the low-

frequency ILD variation, which is a very prominent cue for

distance perception.

B. Rear directional HRTFs

The frontal projection headphones due to the frontal

positioning of the emitters emulate only the ipsilateral

frontal pinna spectral cues. Besides, the spherical head

model is based on a perfect symmetrical sphere and thus,

the spherical head model fails to simulate the rear direc-

tional spectral cues. Therefore, an additional rear direc-

tional filter that can modify the spectral properties of the

frontal HRTF to model the rear directional HRTF is

required (Fig. 8). The rear directional filter is based on

Blauert’s directional bands (Blauert, 1997), which suggest

that certain frequency bands are boosted or attenuated

characterizing frontal or rear directions. Rear directional

filter is developed by computing the average spectral dif-

ferences between the HRTFs in the frontal and its symmet-

rical direction in the rear, for all subjects selected from the

CIPIC HRTF database (Algazi et al., 2001a). The rear

directional filter is computed as follows:

RDF h;uð Þ ¼

Xn subjects

i¼1

HRTFcipic rear h;uð Þ � HRTFcipic frontal 180� � h;uð Þ
� 

N s
; (12)

where N_s is the number of subjects in the CIPIC database

(43 subjects), h is the rear azimuth angle, and u is the eleva-

tion angle. All angles are measured with respect to the mid-

sagittal axis. HRTFcipic_rear (h, u) is the rear HRTF and

HRTFcipic_frontal (180� � h, u) corresponds to the symmetri-

cal frontal HRTF, both of which are selected from CIPIC

database. The frequency responses of the rear directional fil-

ters are shown in Fig. 8,

HRTFrearðh;uÞ ¼ HRTFf rontalð180� � h;uÞRDFðh;uÞ:
(13)

FIG. 7. Approaches to model distance-dependent individualized frontal (a) and rear (b) HRTFs.
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The rear directional HRTFs can be obtained by filtering the

frontal modeled HRTFs with the rear directional filter, as

shown in Eq. (13).

C. Type-2 equalization

Typically, a HPTF comprises of the headphones

transducer response and the acoustic coupling between head-

phones and listener’s ears. Conventional headphone equaliza-

tion methods often aim for a flat target response, so that the

spectrum of the HRTF used remains undistorted at the ear-

drum. The equalization of the frontal projection headphones

plays a critical role in the modeling process. In case of using

frontal projection headphones, it is desirable to preserve the

highly individualized frontal pinna cues at the eardrum,

which are created during playback. Thus, using conventional

headphone equalization is not advisable; as such an equaliza-

tion technique would equalize even the individualized pinna

spectral features generated during playback. For the frontal

projection headphones, only the distortion created by head-

phone transducer along with the resonant modes of the earcup

has to be compensated. Thus, the individual pinna cues (pin-
nacues) due to frontal projection are preserved after equaliza-

tion. This type of equalization is known as the type-2

equalization. Type-2 equalization improves the performance

of binaural audio playback using frontal projection head-

phones by reducing the front-back confusions and in-head

localization (Sunder et al., 2013). Type-2 equalization filter

FIG. 8. Rear directional filter for all

the azimuth angles for the ipsilateral

ear. Black: rear directional filters of all

the subjects of the CIPIC database.

Gray (bold): average rear directional

filter of all the subjects.
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[Fig. 9(a)] is obtained by computing the inverse of the free-

field response (FFR) of the frontal projection headphones

[Eq. (15)]. The frontal projection headphone with the transfer

function HPTFfrontal, when equalized using a type-2 equaliza-

tion filter, models the unique personal pinna cues (pinna-
cues), as shown in Eqs. (14) and (15). FFR is obtained by

measuring the free-field response of the headphones in the

absence of dummy head. FFR captures only the spectral

effects of transducer and resonant modes of the earcup

(Sunder et al., 2013). To measure the FFR of frontal projec-

tion headphones, a B&K 4961 Multi-Field 1
4

in. microphone

was placed at the center of the earcup just outside its periph-

eral surface. The distance of the microphone from the trans-

ducer was 5 cm, which is approximately equal to the distance

at which the ears would have been present if the headphones

were in place. Type-2 equalization can be described in math-

ematical terms as follows:

HPTFf rontalðxÞ ¼ FFRðxÞ � pinnacuesðxÞ; (14)

Type2EQ xð Þ ¼ 1

FFR xð Þ ; (15)

where pinnacues(x) corresponds to the individualized pinna

cues due to frontal projection. HPTFfrontal(x) and FFR(x)

are the frontal projection headphone response and its free

field response, respectively. Type2EQ(x) refers to the type-2

equalization filter.

D. Low-frequency compensation filter

The low-frequency spectral cues and ILD cues are key

for distance perception and have to be modeled correctly.

The frontal projection headphones have a poor low-

frequency response due to their open structure. The inability

of the type-2 equalization filter to completely correct the

poor low-frequency response results in a noticeable devia-

tion in the modeled HRTFs from the measured HRTFs.

Deviation in the low-frequency response can have adverse

effects on distance perception (Sunder et al., 2014). Thus,

the low-frequency deviation has to be corrected in order to

ensure that the auditory distance perception with modeled

HRTFs is close to that with the true measured HRTFs

(Sunder et al., 2014). The low-frequency response of the

HRTF is non-idiosyncratic and is mainly due to head,

shoulder, and torso effects. These distance-dependent low-

frequency effects can be approximated using the spherical

head model, as shown in Figs. 7(a) and 7(b). To begin with,

the low-frequency deviation from the true measured HRTF

has to be estimated. Low-frequency compensation filter is

obtained by taking spectral inverse of the low-frequency

response (up to 1 kHz) of the type-2 equalized frontal projec-

tion headphone, which is measured on the B&K HATS

dummy head. This filter model is valid as both dummy heads

and human subjects display similar spectral properties in the

HRTF in the low-frequency range. Note that the compensa-

tion filter is designed to have a flat response beyond 1 kHz,

as shown in Fig. 9(b), to avoid any effect on the modeled

HRTF spectrum at high frequencies.

E. Interaural time differences

HRTF is often approximated as a minimum-phase func-

tion with a position-dependent, frequency-independent time

delay (Mehrgardt and Mellert, 1977). In this model, lateral

azimuth perception is simulated by adding a frequency-

independent ITD to the minimum-phase representation of

the modeled HRTF. Wightman and Kistler (1992) carried

out localization experiments using minimum-phase descrip-

tion of HRTFs and reported that the sound localization with

these models using headphone simulation was close to that

obtained in free-field conditions. Kulkarni et al. (1995) also

validated the minimum-phase representation of HRTFs with

the help of psychophysical experiments and modeled the

ITD as frequency-independent time delay. The ITD used in

this study is obtained by taking the average ITD of all sub-

jects selected from the CIPIC database for a particular loca-

tion. The effect of using a non-individualized ITD is not as

critical as the use of non-individualized pinna cues. This is

evident from the fact that the azimuth localization perform-

ance with non-individualized HRTFs is comparable to that

FIG. 9. (a) Type-2 equalization filter calculated by taking the inverse of an average FFR based on ten trials. (b) Low-frequency compensation filter to compen-

sate for the deviation in the low-frequency response of the modeled HRTF from the measured individualized HRTF.

162 J. Acoust. Soc. Am. 138 (1), July 2015 Sunder et al.

 Redistribution subject to ASA license or copyright; see http://acousticalsociety.org/content/terms. Download to IP:  155.69.4.4 On: Wed, 20 Jan 2016 03:59:22



with the individualized HRTFs (Wenzel et al., 1993).

Moreover, ITD is primarily a low-frequency cue and is not

affected much by the variations of individual’s pinna, which

contributes mainly to the high-frequency cues. Thus, the use

of an average ITD is a valid approximation in this model. As

the variation of ITD values is minimal with distance, we

consider a constant ITD value across all distances in this

model. The variation in the interaural cues with distance can

also be measured in terms of their respective just noticeable

differences (jnd). Hershkowitz and Durlach (1969) found

that listeners could discriminate changes in ILD on the order

of 0.8 dB over a wide range of ILDs. Thus, the distance-

dependent changes in ILD from 0.12 m to 1 m span a range

of up to 15 jnd’s at 500 Hz and 30 or more jnd’s at 3 kHz.

However, the jnd for ITD was approximately 15 ls at ITDs

below 400 ls and increased rapidly for ITDs greater than

400 ls. The variation in ITD in the near-field spans only 2–3

jnd’s. Researchers have speculated that listeners may make

use of distance-invariant ITDs to first determine the azimuth

location and then use the ILD cues to estimate the distance

(Brungart and Rabinowitz, 1999; Shinn-Cunningham et al.,
2000b).

Figure 10 shows a series of spectra that illustrate a step-

by-step process for modeling the ipsilateral frontal, contra-

lateral frontal, and ipsilateral rear HRTFs. The model can be

mathematically described as follows:

Yf rontalðxÞ ¼XðxÞHPTFf rontalðxÞType2EQðxÞ
� SHMðxÞLfCFðxÞ; (16)

Yf rontalðxÞ¼XðxÞpinnacuesðxÞSHMðxÞLfCFðxÞ; (17)

YrearðxÞ¼XðxÞpinnacuesðxÞSHMðxÞRDFðxÞLfCFðxÞ;
(18)

where X(x), Yfrontal(x), and Yrear(x) are the input mono sig-

nal, and the binaural signals synthesized for frontal and rear

directions, respectively. The type-2 equalization filter is

denoted by Type2EQ(x). The spherical head model that

models the distance-dependent head effects is denoted by

SHM(x). The rear-directional filter and low-frequency com-

pensation filter are represented by RDF(x) and LfCF(x),

respectively.

For ease of explanation, we start with the frontal projec-

tion headphone response [HPTFfrontal(x)] that emulates the

idiosyncratic frontal ipsilateral cues due to frontal projec-

tion. The response HPTFfrontal(x) apart from the pinna cues

also contains the inherent spectral distortion of transducer

and the resonant modes of the ear cup that are compensated

by the type-2 equalization filter. A spherical head model

filter [SHM(x)] is then applied to model the distance-

dependent spectral effects of head in the ipsilateral ear

[Fig. 10(a)]. The spherical head model also simulates the

head shadow effects in the contralateral ear [Fig. 10(b)]. To

compensate for the deviation at low frequencies, a

low-frequency compensation filter [LfCF(x)] is applied to

obtain the correct low-frequency response of the HRTF.

However, to model the rear directional HRTFs, an

additional rear directional filter [RDF(x)] is required that

modifies the frontal HRTF response to a HRTF at a

symmetrical rear position [Fig. 10(c)]. The accuracy of the

modeled and measured HRTFs are compared and analyzed

in Sec. IV F.

FIG. 10. Different steps involved in the modeling process. (a) Subject K, source is placed at 40� azimuth angle and 70 cm from the center of the head. (b)

Subject A, source is placed at 60� azimuth, 50 cm from the center of the head. (c) Subject R, source is placed at 100� azimuth, 60 cm from the center of the

head. The azimuth angle is measured with respect to the sagittal plane.
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F. Objective analysis

To validate the proposed model, the modeled distance-

dependent individualized HRTFs were compared with the

measured distance-dependent individualized HRTFs for all

the three subjects, whose HRTFs were measured. The mod-

eled individualized frontal ipsilateral, frontal contralateral,

and rear ipsilateral HRTFs are shown in Figs. 11–13, respec-

tively, along with the measured individualized HRTFs. It

should be noted that the modeled HRTFs using the frontal

projection headphones exhibit a good match with measured

HRTFs. The high-frequency individualized pinna spectral

cues modeled by frontal projection headphones match accu-

rately with that of the actual frontal pinna spectral cues of

the listener (Fig. 11). The spherical head model simulates

the distance-dependent low-frequency features and the head

shadow effects accurately. The head shadow effects modeled

by the spherical head model is clearly visible in the modeled

contralateral ear HRTFs at high frequencies (Fig. 12). For

the rear ipsilateral HRTFs, it is observed that the spectral

pattern of the modeled HRTFs is similar to that of the meas-

ured individualized HRTFs (Fig. 13).

RSD between modeled and measured HRTFs was calcu-

lated as an objective measure for comparison [Eq. (9)].

Average RSD scores in dB for the modeled ipsilateral and

contralateral ear HRTFs at all source distances and across all

the subjects are plotted as a function of azimuth in Fig. 14.

For the ipsilateral ear, RSD values were less than 4 dB in the

frontal directions and increased for directions behind the

head. The average RSD score for the ipsilateral HRTFs

across all azimuth and all distances was found to be less than

4.5 dB (Fig. 14). The RSD errors for the contralateral ear

(5 dB) were always greater than that for the ipsilateral ear

HRTF for both frontal and rear directions (Fig. 14). The

high-frequency mismatch in the modeled contralateral ear

HRTFs with the measured individualized HRTFs is due to

the model generating ipsilateral pinna cues even in the con-

tralateral ear HRTFs. The RSD scores for the modeled rear

directional ipsilateral HRTFs (5 dB) were higher than that

for the modeled frontal ipsilateral HRTFs (3 dB), as shown

in Fig. 14. For the contralateral HRTFs in the rear directions,

the RSD scores were again higher than that for the frontal

directions due to the generation of ipsilateral cues

during playback. The higher RSD values in the rear direc-

tions is due to the fact that the rear directional filter is only

an approximate method to model the rear directional

HRTFs. The modeled HRTFs were also validated using per-

ceptual experiments. These experiments are discussed in

Sec. IV G.

G. Subjective experiments

Detailed subjective experiments were carried out to vali-

date the proposed model. Subjects judged the perceived

FIG. 11. Comparison of modeled individualized frontal ipsilateral HRTFs and measured individualized frontal HRTFs of all the three subjects for different az-

imuthal angles and distances, as indicated in each panel.
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direction and distance of the virtual source synthesized using

the modeled distance-dependent individualized HRTFs that

was played back from the frontal projection headphones.

The measured distance-dependent individualized HRTFs

were reproduced over an equalized (conventional individual-

ized equalization) Sennheiser HD600 headphone. Four tests

were carried out to validate the proposed model

(1) Localization experiment using modeled and measured

distance-dependent individualized HRTFs.

(2) Distance perception experiment using modeled distance-

dependent individualized HRTFs.

(3) Distance perception experiment using modeled distance-

dependent individualized HRTFs with intensity scaling.

(4) Distance perception experiment using real sound

sources.

A total of 25 subjects participated in experiments 1 to 3,

and 5 subjects participated in experiment 4. All subjects had

normal hearing. The basic stimulus used was a sequence of

four bursts of cosine square-gated (30-ms) WGN of 300-ms

each, separated by an interval of 30-ms of silence, as in the

experiments in Sec. III. The stimulus for experiments 1, 2,

and 4 were normalized using a scaling factor N, where N is

obtained from Eq. (10). The scaling factor mainly compen-

sates for the intensity cues that arise due to variation in dis-

tance between the source and head. In the intensity scaling

condition, additional intensity cues were added to the

un-normalized modeled HRTF to aid distance perception. A

scaling factor of (1/N) was used to account for the fact that

the difference in distance between the sound source and the

two ears can be substantially different, when the source is in

the near-field and close to the interaural axis (Kan et al.,
2009). For the distance perception experiment with real sour-

ces, a Cambridge Soundworks mini cube speaker was used

to playback the stimulus.

Distance perception was tested for all the eight speaker

distances for which the HRTFs were measured in Sec. III.

Apart from the loudspeaker from which the stimulus was

played, additional dummy loudspeakers were placed at ran-

dom positions in order to avoid visual bias.

All the subjects were blindfolded for the experiment,

which was conducted with real sound sources. All the

FIG. 12. Comparison of modeled individualized frontal contralateral HRTFs and measured individualized HRTFs of all the three subjects for different azi-

muthal angles and distances, as indicated in each panel.
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experiments were carried out in the semi-anechoic chamber

that was used for the experiments described in Sec. III. The

highest stimulus level was approximately 60 dBA at 1 m dis-

tance. Subjects gave their responses for the perceived direc-

tion and distances on a GUI, similar to the one used in

experiments in Sec. III.

The analysis of results for directional localization was

carried out by dividing the distances into three different

categories as SET1: near (20, 30, 40 cm), SET2: medium

(50, 60, 70 cm), and SET3: far (80, 90, 140 cm). The front-

back confusions in the localization responses with the mod-

eled individualized HRTFs, measured individualized

HRTFs, and non-individualized HRTFs were analyzed for

all the distance sets (Fig. 15).

An ANOVA analysis for front-back confusions revealed

that the mean differences in front-back confusions between

modeled and measured HRTFs were statistically significant

for near (SET 1) [F(1,32)¼ 26, p � 0.01] and medium dis-

tances (SET 2) [F(1,32)¼ 7, p� 0.01]. In the far-field (SET

3), front-back confusions in the localization responses with

modeled and measured individualized HRTFs were similar

with no significant differences [F(1,32)¼ 7, p¼ 0.03] for a

critical significance level of 0.01. However, their differences

were statistically significant, if a critical significance level of

0.05 was considered. Overall, front-back confusions for

localization with modeled individualized HRTFs were

reduced by more than 50% as compared to those with non-

individualized HRTFs. In fact, the front-back confusions

with modeled individualized HRTFs tended to be closer to

the measured individualized HRTFs (Fig. 15).

Figure 15 shows the localization responses for modeled

individualized HRTFs and measured (non-individualized

and individualized) HRTFs. In this study, localization error

is defined as the angular difference between the perceived

angle reported by the subject and the actual azimuth angle of

FIG. 13. Comparison of modeled individualized rear ipsilateral HRTFs and measured individualized HRTFs of all the three subjects for different azimuthal

angles and distances, as indicated in each panel.

FIG. 14. RSD between modeled and measured individualized HRTFs for

the ipsilateral and contralateral ear.
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the source. Front-back confusions were corrected prior to the

calculation of the localization error. An ANOVA test was

carried out to investigate the directional localization per-

formance using modeled and measured HRTFs. Comparing

the modeled and measured individualized HRTFs, the local-

ization errors (with front-back confusions removed) were not

significantly different across all the three sets for a critical

significance level of 0.01; SET 1 [F(1,26)¼ 0.39, p¼ 0.53],

SET 2 [F(1,26)¼ 0, p¼ 0.9644], SET 3 [F(1,26)¼ 5.91,

p¼ 0.02]. The localization error differences between the

modeled and measured individualized HRTFs in the far field

(SET 3) were found to be significant for a higher critical sig-

nificance level of 0.05.

The distance responses for modeled individualized

HRTFs (with and without intensity scaling), and for the real

sound sources are plotted in Fig. 16. The distance responses

for the measured individualized HRTFs are shown in Fig. 5.

The correlation coefficient values between the log-stimulus

and log-response distance and the slopes of the linear regres-

sion line fitting the log-stimulus to the log-response data for

the modeled individualized HRTFs with and without inten-

sity cues are plotted across the azimuth in Fig. 17. The corre-

lation coefficient values for the distance responses using

modeled HRTFs without intensity cues (0.68 lateral, 0.35

near-medial), were of an order close to that of the measured

individualized HRTFs, for both lateral (0.72) and near-

medial (0.46) directions (Fig. 5). When the modeled individ-

ualized HRTFs were intensity scaled and played back, the

mean correlation coefficient values increased to 0.83 and

0.54 in the lateral and near-medial directions, respectively.

This result suggests that with intensity cues added, the dis-

tance perception could be improved for the modeled individ-

ualized HRTFs.

With real sources, the correlation coefficient values

between log-stimulus distance and log-response distance

for lateral and near-medial directions were found to be 0.76

and 0.50, respectively. It was noted that the distance local-

ization accuracy with the modeled HRTFs (without inten-

sity cues) was close to that with real sound sources for

lateral directions. However, for near-medial directions,

localization with real sources was much better. One of the

probable reasons for better performance with real sources

could be the presence of some reverberant cues, as these

experiments were carried out in the semi-anechoic chamber

(Bronkhorst et al., 1999; Mershon et al., 1989; Mershon

and Bowers, 1979; Mershon and King, 1975; Shinn-

Cunningham et al., 2000a). Other researchers have also

reported that the distance perception with real sources, is

usually better than that in virtual auditory display (Brungart

and Brian, 2001).

FIG. 15. Localization responses for modeled individualized, measured individualized, and measured non-individualized HRTFs for all the three sets of distan-

ces. The distances are divided into three categories: near (20 cm, 30 cm, 40 cm), medium (50 cm, 60 cm, 70 cm), and far (80 cm, 90 cm, 140 cm). Modeled dis-

tance dependent individualized HRTFs were played back using frontal projection headphones, while the measured individualized and non-individualized

HRTFs were played back using Sennheiser HD600 headphone.
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FIG. 16. Stimulus-response pairs for distance (in cm) using modeled individual HRTFs (with and without intensity cues) and real sound sources (without in-

tensity cues). The layout is as in Fig. 4.

FIG. 17. Correlation coefficient between the log-stimulus distance and log-response distance and slope of the linear regression line best fitting the log-stimulus

data to the log-response data at each azimuth, for the modeled individualized HRTFs with and without intensity cues.
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The slope was less than one for both lateral and near-

medial directions with and without the presence of intensity

cues, indicating a general tendency to compress the distance

responses for all azimuthal directions. The correlation coeffi-

cient values between actual and responded distance was poor

for positions near the medial plane, and it improved for more

lateral angles in both the cases, as shown in Fig. 17. An

ANOVA test was carried out to compare the distance per-

ception between the modeled individualized, measured indi-

vidualized, and real sources. Critical significance levels of

0.01 and 0.05 were considered. For a critical significance

level of 0.01, the distance perception with the modeled and

measured individualized HRTFs were found to be similar

with no significant differences [F(1,8)¼ 7.51, p¼ 0.02].

However, these differences were significant for a higher crit-

ical significance level of 0.05. The distance responses with

real sources for lateral directions were compared to that with

modeled HRTFs. ANOVA results returned their differences

[F(1,8)¼ 9, p¼ 0.015] to be statistically not significant for a

critical significance level of 0.01 and significant for a signifi-

cance level of 0.05. In the median plane, significant differen-

ces were found between the distance responses with

modeled and measured individualized HRTFs [F(1,8)¼ 16,

p< 0.01]. The effect of intensity scaling was found to be

significant [F(1,8)¼ 11.36, p¼ 0.009] and the distance per-

ception improved for both lateral and near-medial locations

in the presence of intensity cues.

V. DISCUSSIONS AND CONCLUSIONS

In this paper, a technique has been introduced to model

distance-dependent individualized HRTFs in the horizontal

plane. The main results are as follows:

• Auditory parallax cues at high frequencies displayed neg-

ligible perceptual effects for distance perception in the

presence of ILD cues. Hence, the auditory parallax cues

were not incorporated in the proposed model. The low-

frequency ILD cues were found to be a prominent distance

cue in anechoic headphone listening conditions.
• Distance-dependent individualized HRTFs in the horizon-

tal plane were modeled using frontal projection head-

phones along with a cascade of signal processing blocks.

Frontal projection of sound inherently modeled the frontal

ipsilateral pinna cues at the eardrum spectra during sound

playback. The head shadow effects in the contralateral ear

were modeled by using the spherical head model. A rear-

directional filter was developed to model rear-directional

HRTFs from frontal HRTFs. In addition, an equalization

filter (type-2 equalization) and a low-frequency compensa-

tion filter were required to accurately model the distance-

dependent individualized HRTFs.
• The proposed individualization technique modeled the

frontal ipsilateral HRTFs well. Modeling errors were

larger for the contralateral ear, as the ipsilateral pinna cues

are generated in the modeled contralateral HRTF due to

frontal projection. For the rear directions, the modeling

errors were larger than in the frontal directions. This is

because the rear-directional filter used to model the rear

directional HRTFs is a generic filter, which is based on

the average front-back spectral differences in the CIPIC

database.
• Directional localization performances with the modeled

and measured individualized HRTFs were similar with no

significant differences for all the three sets of distances

(near, medium, and far) for a significance level of 0.01.

However, their differences were statistically significant

for a significance level of 0.05. Larger errors in the mod-

eled contralateral responses due to frontal projection did

not have any perceptual effect in terms of localization and

distance perception. Moreover, subjects could perceive the

rear directions well, albeit with slight increase in error.
• Distance judgements for the modeled and measured indi-

vidualized HRTFs were similar with no statistical differ-

ences for both lateral and near-medial directions for a

significance level of 0.01. However, these differences

were statistically significant for a significance level of

0.05. Presence of intensity cues had a significant effect

and improved the distance perception for both lateral and

near-medial directions.
• In comparison with the real sources, distance judgements

in lateral directions for both modeled and real sources

were similar with no significant differences for a signifi-

cance level of 0.01. However, their differences were statis-

tically significant for a significance level of 0.05. For

near-medial directions, distance localization with real

sound sources were more accurate than for virtual sounds

synthesized with modeled distance-dependent HRTFs.

The improved performance with real sound sources was

probably due to reverberant cues present in the semi-

anechoic chamber and absent in our model.

The frontal projection headphones used in this study are

of open-type with FEC characteristics. FEC characteristics

are vital particularly when the HPTF measurements are car-

ried out at the blocked ear canal. Use of FEC headphones is

critical in making auralization realistic and to ensure that

sound pressure levels with and without headphones are simi-

lar (Møller et al., 1995). Since the position of the transducer

in frontal projection headphone does not vary with changes

in virtual source azimuth, the pinna spectral cues introduced

due to frontal projection also remain the same with changes

in azimuth angle. This assumption is valid since the pinna-

based spectral notch positions do not vary much with

changes in azimuthal position in the horizontal plane

(Lopez-Poveda and Meddis, 1996). The proposed method

made use of a distance-invariant, frequency-independent,

azimuth-dependent ITD value taken as the average of ITDs

of all subjects from the CIPIC database to simulate lateral

azimuthal perception in the horizontal plane. Other techni-

ques can further be used to individualize the ITD to achieve

a more accurate azimuthal perception (Algazi et al., 2001b).

To conclude, a technique has been introduced in this

work, to model distance-dependent individualized HRTFs in

the horizontal plane. A direct extension of this work is to

model the HRTFs at any elevation by manipulating the fron-

tal notches created by frontal projection, which is an essen-

tial cue for elevation. Additional techniques can be used to

increase the apparent source width of the auditory image as
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the source moves towards the head, which will also be con-

sidered in future works.
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