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Abstract. This paper sums up the previous research on Head-Related Transfer 
Function (HRTF) individualization for three-dimensional (3D) virtual auditory 
display. Papers which involve experiment research, theoretical computation re-
search, and applications of 3D virtual auditory display based on HRTFs have 
been reviewed. The necessity of HRTF individualization is discussed based on 
the review of previous experimental comparison between non-individual and 
individual HRTFs. At last the seven potential methods of individualization of 
HRTFs are summarized. 
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1   Introduction 

From the viewpoint of human perception, the reality of virtual environment depends 
on the visual channel, auditory channel, tactual channel, and so on. Compared with 
visual cues, auditory cues are often given “minimal attention” during the design of 
virtual environment or simulation [1]. However, auditory cues play an important role 
in the construction of virtual environment. As one of the important presentation mo-
dality of information, auditory display has been widely applied into not only the fields 
which need both visual and auditory channels such as military training, computer 
game, geographic information system, control room of nuclear power or chemical 
plant but also the fields where visual channel is not often used such as the assistance 
system or navigation system for visually impaired people [2-5]. Except common audi-
tory display, three-dimensional (3D) auditory display is also widely applied in many 
fields [6]. All kinds of evidences show that the research of 3D auditory display has a 
promising future.  

The construction of 3D auditory display depends on one core technology named 
Head-Related Transfer Function (HRTF). Currently, non-individual HRTFs are 
widely used in 3D virtual auditory display. However, some reports suggest that indi-
vidual HRTF may be necessary in some applications since non-individual HRTFs 
may cause high error rate and low performance in sound localization. It is therefore of 
importance to investigate whether HRTFs should be individualized or not and how to 
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individualize them. This paper aims: 1) to review previous research on the individu-
alization of HRTFs; 2) to discuss the necessity of individualization of HRTFs; 3) to 
sum up the methods used to individualize HRTF for the design of auditory display. 
Papers ranging from 1977 to 2006 selected from international journals and confer-
ences have been reviewed which involves experiment research, theoretical computa-
tion research, and applications of 3D auditory display.  

The rest part of this paper will be arranged as follows: section two introduces the 
concept and the background of virtual auditory display and HRTFs; section three re-
views previous research on HRTFs individualization and discuss the necessity of 
HRTFs individualization; the methods of individualizing HRTFs are reviewed in sec-
tion four; the last section is the conclusion of this paper.   

2   Three-Dimensional Auditory Display and HRTFs 

2.1   Three-Dimensional Auditory Display 

Virtual Auditory Display. In real life, the importance of hearing as a spatial sense 
cannot be “overstated since the auditory field of regard is considerably more exten-
sive than the visual field” [7]. Spatial information has more usually been presented 
using visual displays because the spatial acuity of the visual channel is much better 
than that of the auditory channel [8]. The term “auditory display” is associated with 
the use of both speech and non-speak sound in computational settings to present  
information to end users [9]. A virtual auditory display (VAD) is a system for gener-
ating spatialized sound to a listener [10]. Akio Honda defined a virtual auditory dis-
play as a system for generating sounds with spatial positional characteristics and 
conveying them to a listener [11].  

Many researches in difference fields have reflected that the system with auditory 
display can improve the operator performance [2-3] [12-17]. Even the military stan-
dard of the U.S.A., MIL-STD-1472F, points out that auditory display should be pre-
ferred to provide under some conditions [18]. 

Three-Dimensional Auditory Display. In complex auditory displays with potentially 
sonic events occurring simultaneously, it becomes difficult to isolate currently impor-
tant information. If these events are rendered as if originating from different direc-
tions, the separation is made substantially easier [19]. It is so-called three-dimensional 
(3D) auditory display. Several researches in the fields such as aviation indicate that 
the performance can be significantly improved in the system with 3D auditory display 
compared with common auditory display [4-5] [20].  

The spatial or 3D aspect of the human perception of sound is one key feature of our 
sense of hearing that has been underexploited for blind people. 3D Auditory display 
has many promising applications for navigation in non-visual environment. Some 
researches have paid attention to this important issue [2] [19] [21-23]. They indicate 
that auditory navigation is possible without any visual feedback. Another interesting 
application of 3D sound is for purposes of alerting and attention management in 
multi-task decision environments [23-24]. With virtual reality being more popularly 
used in industries such as communication, entertainment, and military training, more 
and more attention will be paid on the technology of 3D sound.  
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2.2   Head-Related Transfer Function (HRTFs) 

Blauert pointed out that “the sound signals in the canals (ear input signals) are the 
most important input signals to the subject for spatial hearing” [25]. He also pointed 
out that the quality of spatial hearing could be easily influenced by the change of  
signals at ears. People can localize a sound position/direction as one of the auditory 
ability with head-related transfer functions (HRTFs) which is defined as the Fourier 
transforms of the ratio of the sound pressure at the entrance to that at the center of the 
head in a free sound field in the frequency domain [26]. The physical structures of the 
head, external ears and the torso transform the spectrum of a sound as it travels from 
sound source to the ear canal [27].The physical transform of sound waves is charac-
terized by the concept of HRTF. When a listener hears through headphones sounds 
that have been filtered with HRTFs measured from his or her own ears, a “virtual 
acoustic environment” results. The listener feels the sounds appear to originate from 
well-designed directions in the space surrounding the subject [28].  

2.3   The Acquisition of Head-Related Transfer Function 

The acquisition of accuracy HRTF is crucial to the generation of 3D sound. Basically 
there are two ways to obtain HRTF data: theoretical computation and experimental 
measurement.  

Theoretical Computation. HRTF can be computed according to acoustic diffraction 
theory based on the simplification of human models such as headless model, spherical 
head model [29-30], ellipsoidal head model [31], and snowman model [32-33]. The 
irregular shape of human, especially the complex shape of head and external pinna is 
not sufficiently considered in these simple models. To consider the irregular shape of 
human head, external ear and torso, numerical mathematical tools such as BEM 
(Boundary Element Method) [33-34], NNA (Neural Networks Analysis) [35], Genetic 
Algorithms [36], and Wavelet Analysis [37] may be used. The accuracy of these 
computational methods still needs to be improved according to compare with data 
from experiment measurement [38]. 

Experiment Measurement. Since the first human experiment of HRTF measurement 
in which 10 subjects participated were measured in 1989 by Wightman [39], the meas-
urement procedures and accuracy have been greatly improved [27] [40-43]. There are a 
great many databases of HRTFs which are widely used by other  
researchers: 1) KEMAR HRTF database by MIT Media Laboratory (http:// 
www.media.mit.edu) [44-45]; 2) CIPIC HRTF database by the CIPIC Interface Labo-
ratory of University of California at Davis (http://interface.cipic.ucdavis.edu) [43]; 
3)database of HRTFs by the Advanced Acoustic Information Systems Laboratory of 
Tohoku University of Japan in 2001 (http://www.ais.riec.tohoku.ac.jp); 4) database by 
Nagoya University in Japan (http://www.itakura.nuee.nagoya-u.ac.jp/hrtf); 5) IRCAM 
HRTF Database from France (http://www.ircam.fr/equipes/salles/listen/ index.html); 
6) database by Kresge Hearing Research Institute of University of Michigan [28]. 
Other HRTFs databases include the database collected by Shouichi Takane in Japan 
[46], mannequin database measured by Bovbjerg [42], database measured by Knowles 
Electronic Manikin for Acoustic Research (KEMAR) [41] and so on. Experimental 
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methods to measure HRTF data have some disadvantages. First, experimental methods 
need some high-quality environments (e.g. anechoic chamber) and elaborate physical 
apparatuses (e.g. probe mice phone); second, it is very difficult to get HRTF data at 
some special directions (e.g. at the point where the elevation is less -50 degree); third, 
there is too much work to do in order to get individualized HRTF data. 

3   Why Individualization of HRTFs 

3.1   Errors Using Non-individual HRTFs 

Early studies show that a given subject’s judgments of apparent position are deter-
mined to some extent by “idiosyncratic features” of that subject’s own HRTFs [47-
49]. Kistler [49] analyzed the HRTF of 10 subjects at 265 different positions using 
principal components analysis (PCA). The validation experiment suggests that sub-
jects normally resolve front-back and up-down ambiguities by analyzing the fine 
spectral detail provided by their own HRTFs. The unmatched HRTFs may influence 
the performance of listeners. The influence of sound location resulted from un-
matched head size was investigated by Xie [50]. The result implies that an unmatched 
listener’s head size is one of the main causes of side image direction distortion in vir-
tual sound reproduction. One location experiment using non-individualized head-
related transfer function measured from 16 subjects was conducted by Wenzel [51]. 
The result reveals that most listeners showed high rates of front-back and up-down 
confusions that increased significantly for virtual sources with non-individualized 
HRTF compared to the free-field stimuli.  

3.2   Comparison Experiments 

Whether the individual HRTFs can significantly improve sound localization perform-
ance or not should be further investigated by comparison experiments. 

M¢ller presented a localization experiment, in which 20 subjects listened to binau-
ral recordings whose HRTFs were from the ears of 30 humans [52]. The result indi-
cates that the recordings with a random subject can produce high error rate in sound 
location. Although the “typical” HRTF can reduce error rate, it is still high compared 
with that in real life. In another experiment M¢ller compared the real-life listening, 
individual binaural, non-individual binaural, and mixed binaural listening by four 
types error (cone of confusion error, out-of-cone error, within-cone error, median-
plane error, and distance error). The experiment result shows that: 1) individual  
binaural recordings are capable of giving an authentic reproduction for which local-
ization performance is preserved when compared to that of real life; 2) nonindividual 
recordings also result in an increased number of distance errors, although this effect is 
less pronounced than increase of median-plane errors; 3) use of nonindividual re-
cordings results in an increased number of median-plane error occurring not only in 
terms of movements to nearby directions but also to directions further away [53]. 

Middlebrooks compared virtual localization performance under conditions in 
which virtual audio was synthesized by targets’ own ears and from the ears of other 
subjects. The experiment result shows that in other-ear conditions, all error measures 
tended to increase in proportion to the inter-subject differences in DTFs (Directional 



 Individualization of Head-Related Transfer Function 401 

Transfer Functions which examines inter-subject differences in the directional com-
ponents of subjects’ HRTFs) [28].  

Experiments including 12 subjects were conducted by Väljamäe. The results show 
a significant increase in presence ratings of individualized binaural stimuli compared 
to responses to stimuli processed with generic HRTFs [54].    

The evaluation of performance by artificial head was conducted. The results 
showed that the best artificial head had an error rate of 37% in the median plane. Also 
the best human heads performed with an error rate of 32% compared with the real life 
error rate of 10%. There was a large difference between the performance of different 
artificial-head and human head recordings with the real life condition [52] [55-56]. 

In conclusion all evidences listed above indicate that HRTFs vary significantly from 
listener to listener. Dramatic perceptual distortions can occur when one listens to 
sounds spatialized with non-individualized HRTF. From theoretical analysis and ex-
periment validation, individualized HRTF can increase the location cues which are 
necessary for the reduction of spatial location error, especially at the elevation location. 
Therefore, it is necessary to individualize the HRTFs.  

4   The Methods of Individualize HRTFs 

The methods getting individual HRTFs draw some attention from researchers. Ac-
cording to literatures dozens of studies have explored the solutions to individualize 
HRTFs. In summing up it may be stated in the following methods:  

(1) The direct HRTF measuremen: The method can get the most accurate HRTF, 
but it is the most time-consuming. It is not feasible to measure every consumer’s 
HRTF before the costumer use virtual auditory products based on HRTF technology 
[57]. Hence this method is not practical for commercial use. 

(2) Partial individualization by averaging HRTFs or using typical HRTFs: Aver-
aged HRTF is partially individualized HRTF compared with randomly using HRTFs 
of other’s. It can be obtained by averaging the HRTFs measured from real persons. 
The second partial individualized HRTFs can be obtained using typical mannequin 
[45]. The third way is by theoretical computation based on geometric models such as 
spherical model, snow man model and so on [58-59].  

(3) Individualization by subjective selection: In this method individual HRTF can 
be obtained by listener’s subjective selection. Two methods were found in literature. 
Two selection-steps method proposed by Seeber is one subjective selection method 
which gives random access to sounds filtered with HTTFs [60]. In a first selection 
step a group of HRTFs is chosen out of which a final HRTF is singled out in a second 
step according to multiple criteria. The results show that the selection minimizes the 
variance of the localization responses and the number of inside-the-head localizations. 
Localization error as well as the number of front-back confusions is small [60]. 
DOMISO (Determination method of Optimum Impulse-response by Sound Orienta-
tion is proposed by Saito in which listeners are asked to choose their most suitable 
HRTFs from among many HRTF data based on tournament-style listening tests [61]. 
Validity experiments show that the virtual sound localization performance listening 
using HRTFs fitted with this method was similar to the performance of subjects using 
their own HRTFs [10] [61]. The differences in sound localization performance for 
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real sound sources between the fitted HRTFs and their own HRTFs is also investi-
gated [11]. The result of experiment in which 40 subjects participated shows that 
sound localization performance using fitted HRTFs was similar to performance using 
own HRTFs.  DOMISO has some advantages as follows: 1) the task for a listener is 
simple and little physical restriction exists; 2) the time cost for individualization is 
very short compared with the measurement of listener’ HRTFs; 3) an additional signal 
compensation is not required because of the use of the VAD system to be individual-
ized in DOMISO [10].  

(4) Individualization by scaling/grouping non-individual HRTFs: Compared with 
direct measurement of HRTF, grouping non-individual HRTFs, is one tradeoff 
method to provide relative individualized HRTFs. Experiments conducted by Wight-
man shows that the several alternative sets of HRTFs are necessary to produce a us-
able auditory system [62]. 

(5) Individualization by theoretical computation:  The individual HRTF can be 
also obtained by theoretical computation based on the individualized anthropometry 
[31] [43] [63]. This method sounds very easy and feasible; however, compared with 
experimental method it is not very accurate because the method of theoretical compu-
tation bases on simplified geometric models (irregular model needs efficiency algo-
rithm) [38]. It is not easy to consider complex anthropometry parameters in computa-
tion method.  

(6) Indirect individualization by physical features: Wenzel studied the individual 
differences in sound localization [48]. The result shows that although listeners are 
uniformly accurate when judging source azimuth, individual differences are the great-
est in judgment of source elevation. Further research founds that a listener’s accuracy 
in judging source elevation can be predicted from an analysis of the acoustic charac-
teristics of the listener’s outer ears. The researcher believes that many of the individ-
ual differences in localization behavior are traceable to individual differences in 
outer-ear acoustics. Hence, individual HRTF can be indirectly obtained using a cer-
tain level of correlation between similarity of physical shapes and similarity of 
HRTFs between individuals [35] [57] [64-66]. For example, the method can individu-
alize HRTF by the relationship between human’s anthropometric data and HRTF fea-
tures. However, how to choose the anthropometric parameters and validate the 
method is worth further study. 

(7) Individualization by tuning: Active Sensory Tuning (AST) is a general tech-
nique for searching through large multidimensional parameters spaces to optimize 
subjective criteria. Runkle proposed the model and presented the use of AST in fitting 
generic HRTFs to individual listeners in spatialized audio [67]. Another similar 
method proposed by Andreas Silzle pointed that the tuning and selection of HRTF by 
tuning experts can be done individually for every wanted direction [68]. The resulting 
HRTFs have clearly reduced coloration and improved global localization although. 

5   Conclusions  

The paper reviews the previous research on HRTF individualization and discusses the 
necessity of HRTF individualization and the potential methods according to literatures. 
Almost seventy papers ranging from 1977 to 2006 selected from international journals 
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and conferences have been reviewed. They involve experiment research, theoretical 
computation research, and applications of 3D virtual auditory display based on HRTFs. 
Experiment researches show that the use of non-individual HRTF can cause high error 
rate and low performance. The comparison experiments by a few studies show that it is 
necessary to individualize HRTF in order to obtain accuracy localization and high 
quality auditory display. Seven potential methods are summarized. Generally speaking, 
3D virtual auditory display has promising further; however, there is large room to im-
prove the current methods if they are applied in commercial fields due to the problems 
such as high complexity, low accuracy, and convenience.  
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