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Abstract—Head-Related Transfer Function (HRTF) plays an 
important role in the virtual auditory technology.  Since directly 
measuring the HRTF is rather complicated and time-consuming, 
especially with individual person to obtain personalized HRTFs, 
many researches have focused on predicting the HRTF by 
numerical methods such as the boundary element method (BEM).  
In this study, we present our work on numerical calculation of 
the HRTFs with a standard Chinese dummy head, BHead210.  
The BEM-based method is introduced and the calculated HRTFs 
are compared to the measured HRTFs, as well as the well-known 
KEMAR HRTFs.  The distinguished differences in the HRTFs 
between BHead210 and KEMAR are given. 

I. INTRODUCTION 

Head-Related Transfer Function (HRTF) is a filter describing 
the acoustic propagating path from a sound source to a 
listener’s ear, which represents the influence of the listener’s 
pinna, head and torso.  It contains the essential information 
for spatial localization and is widely used in 3D sound image 
rendering, virtual auditory and sound field reproduction, to 
provide a useful tool for enhanced listening experience [1].   

Generally, the HRTF can be directly measured in anechoic 
chamber.  This method is considered as the most accurate 
technique [2, 3].  However, this method requires extremely 
strict environment conditions and carefully acoustic 
calibration.  It is, additionally, a far more work to measure 
individual HRTFs.  Alternatively, with the fast development 
of the calculation power, in recent years, researchers have 
utilized many numerical methods to calculate the HRTF using 
the wave equations, e.g. the boundary element method (BEM) 
[4], infinite-finite element method [5], and finite-difference 
time domain method based perfectly matched layer [6], as 
well as the fast multipole method [7].  The numerical methods 
provide a more promising way to obtain accurate HRTF. 

Over the past a few decades, several HRTF databases have 
been published, either with dummy head or individuals.  For 
instance, Gardner et al in MIT measured the HRTFs with the 
famous dummy head, KEMAR, in an anechoic chamber [8].  
Algazi et al obtained the personalized HRTF database in 2000 
[9].  Since the anatomical characteristics of the western 
people are different with Chinese, Bosun Xie et al measured 
the Chinese individual HRTFs in 2005 [10].  Xiaohai Tian et 
al got the HRTFs using a standard Chinese dummy head 
BHead210 in 2010 [11].  

In this study, we present our work on calculating the 
HRTFs with BHead210 and comparison with other reported 

HRTFs.  The BEM theory and the process for developing a 
computer model are introduced.  We use an ideal rigid sphere 
model to verify the correctness of our method.  Then the 
comparison between the HRTFs using numerical calculation 
and acoustic measurement is provided.  Finally, the major 
differences in the HRTFs between BHead210 and KEMAR 
are shown. 

II. BEM CALCULATION OF HRTF 

A. BEM theory 
The Boundary Element Method (BEM) divides the acoustic 

boundary into many tiny discrete units, and converts the 
control equations of the units into algebraic equations. 

In homogeneous medium, supposing that a sound field is 
aroused by a point source located in r0, then the sound 
pressure P(r) at location r satisfies the Helmholtz equation 
[10]: 
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where k is the wave number, c0 is the sound velocity, � is the 
medium density, ∂/∂n denotes the normal derivative on the 
boundary S,  D is the boundary surface, V is the space inside 
D, G is the Green function: 
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Equation (1) is selected as the control equation.  With the 
discrete of the acoustic boundary, the linear equations can be 
built, and the acoustic pressure can be obtained by solving 
these equations [12]. 

The BEM method can be divided into two types, direct 
method (DBEM) and indirect method (IBEM).  For DBEM, 
the calculation is performed either inside or outside the 
boundary.  While for the IBEM, the entire space should be 
included [13].  The linear equations may have no unique 
solution at some frequencies, which are the so-called “non-
uniqueness problems.”  Although in DBEM, these problems 
can be solved using the combined Helmholtz integral 



equations formulation method (CHIEF) [3], the IBEM is 
better at dealing with these problems [13].   

Since there are usually tens of thousands of boundary 
elements, and the HRTF in every spatial direction needs to be 
calculated separately, the computational load is excessively 
high.  To overcome this, the acoustic reciprocity principle can 
be used,  which states that after exchanging the source and 
receiver positions, the potential value at the receiver will be 
not affected [5].  In our study, the numerical calculations were 
performed using the Virtual.Lab acoustic software [14].  

B. Chinese Dummy Head and Mesh Model Acquisition 
The most important in BEM-based calculation is to obtain 

the precise mesh model, which is usually obtained by 3D 
scanner.  We choose the BHead210 as the target. 

The Chinese Dummy head BHead210, shown in Fig. 1, is 
designed according to the Chinese national standards on adult 
head and face dimensions [15].  The pinna installed on the 
dummy head is in accordance with an "average ear" model (or 
standard artificial ear), which is based on the typical pinna 
shape of Chinese male and female.  Each ear canal entrance is 
blocked with a miniature microphone, which is used for 
acoustic measurement of the HRTF.  The measured results 
will be used to verify the correctness of the numerical method 
proposed in this paper. 

 
The calculation of the HRTF is based on the mesh model of 

the dummy head.  The mesh model for calculation is obtained 
by two steps.  The first step is to get the 3D coordinate data 
using a 3D scanner.  The second step is to adjust the raw mesh 
to satisfy the HRTF computation requirements on the 
boundary elements. 

To obtain the 3D coordinate data of the dummy head, laser 
3D scanner or structured light 3D scanner are usually adopted.  
Compared to laser 3D scanner, structured light 3D scanner is 
more flexible and cheaper [16].  Since the scanner only can 
collect the data in one viewing direction at each time, we need 
to fuse the mesh in all directions together to get a 3D mesh 
model.  To obtain good alignment and fusion result, it is 
better to preserve large overlapping between two adjacent 
scans.  However, sometimes there still exist scars at some 
junctions, which must be smoothed away.  Finally, the raw 
mesh is consisted of approximately 630,000 triangular 
elements.  The average edge length of these triangular 

elements is approximately 0.8mm.  The raw mesh has to be 
adjusted since the elements in fine part are too small and in 
smooth part are too big. 

The BEM calculation model is reasonable within certain 
frequency range.  The longest element edge should be within 
1/4 to 1/6 of the shortest interesting wavelength [12].  
Assuming that the upper limit calculation frequency is 10 kHz, 
the maximum length of the element edge is approximately 
6.7mm.   For this reason, the modifications on the raw mesh 
are necessary.  Firstly, the tiny elements are merged until all 
element edges are longer than 4 mm.  Thus the element 
amount is reduced and the excessive resolution is vanished.  
We used the RapidForm software to do this work [17].  
Secondly, the element, whose edge is longer than 6.5mm, is 
split into two elements until all element edges are within 4mm 
to 6.5mm.  The mesh of the ear and the head vertex before 
and after the adjustment are shown in Fig. 2 and Fig. 3.  The 
final mesh model contained 25,000 triangular elements, and 
satisfied the requirements of HRTF calculation.   

 

III. RESULTS ANALYSIS 

A. HRTFs of Ideal Rigid Sphere 
The ideal rigid sphere model is often used to analyze the 

HRTF due to its simplicity.  Duda utilized the scattering 
formula to get the theoretical HRTF solution of the ideal rigid 
sphere model [18].  The scattering formula reads the response 
at the sphere surface from a sound source located at arbitrary 
distance outside the sphere.  The theoretical HRTF solution of 
the ideal rigid sphere model is: 
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Fig. 1   BHead210 dummy head 

 

Fig. 2   Mesh of the ear and head vertex before adjustment 

 

Fig. 3   Mesh of the ear and head vertex after adjustment 



where a is the radius of the sphere, r is the distance from the 
center of the sphere to the source, θ is the angle between the 
incidence and the line connecting the source and the sphere 
center.  Pm is the m-th Legendre polynomial; hm is m-th 
spherical Hankel function.   

To verify the correctness of our BEM calculation, we firstly 
compared the calculated HRTFs to the theoretical HRTFs 
with the ideal rigid sphere model.  Fig. 4 shows the 
comparison results of each 30° of θ from 0° to 180°.  Note 
a=87.5mm, r=1500mm, the frequency range is from 100Hz to 
10 kHz with resolution of 70Hz.  It is clear that the results of 
BEM and the theoretical analysis are very close in low 
frequencies.  As the frequency increasing, the differences 
become slightly larger.  In addition, the differences are 
smaller when the sound source and the ear are on the same 
side.  Above all, to summarize the data, the maximum 
difference is less than 1.2 dB, which verifies that   the BEM 
calculation error is acceptable.  Then we turn to analysis the 
calculated HRTFs with the BHead210 model. 

 
B. HRTFs of the Chinese dummy head 

The HRTFs of the BHead210 for comparison are from the 
Communication Acoustics Laboratory in Communication 
University of China.  We compared them with the calculated 
HRTFs at several typical azimuths in the horizontal plane.  
The dummy head is assumed to be acoustically rigid.  The 
frequency range is from 100Hz to 12 kHz with resolution of 
70Hz.  Differs from rigid sphere, the front azimuth of the 
head is 0 degree and the right side is 90 degree.  In BEM 
computation, a point monopole sound source is located at 1m 
distance from the midpoint of the connection between the two 
ears of the BHead210.  The acoustic pressure calculation 
point is set at the entrance of each ear canal.  The results of 
the left ear are presented in Fig. 5.  

As shown in Fig. 5, the results in low frequencies are 
approximately identical.  Again, we found that the absolute 
errors are increased in high frequencies.  Note that the 
mismatch on the opposite azimuth, i.e. 90 degree, is large, 
where the sound scattering is complicated.  Specifically, the 

pinna notches of the BEM results disaccord with those of the 
measured data.  The inconsistency may due to the scanning 
errors and the rigid assumption.  The subject listening test will 
be performed further. 

 
C. Comparison HRTFs between BHead210 and KEMAR 

It has been reported that the KEMAR-based HRTFs are not 
fit for Chinese due to the anatomical difference [10, 11].  
Here we compare the calculated HRTFs of the BHead210 
with the KEMAR-based HRTFs.  The latter are from MIT 
database [8].  Now the source distance is 1.5m, as same as the 
measuring setup of MIT data.  The compared frequency range 
is from 100Hz to 10 kHz.  Fig. 6 shows the HRTF of right ear 
at 0, 30, -30, 90 azimuths respectively in the horizontal plane. 

In the results of KEMAR, there is a maximum peak within 
2 kHz to 3 kHz.  But in BHead210, the peak appears between 
4 kHz and 5 kHz.  Additionally, there is a valley in the 
BHead210 results, which is between 1 kHz and 2 kHz, but the 
KEMAR results are not significant in this part.  Note that, the 
observation points of KEMAR are at the eardrum, while those 

 

Fig. 4   HRTFs of rigid sphere 
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Fig. 5   Comparison of experiment and computations 
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of BHead210 are at the entrances of the ear canals, so the 
comparison is not rigorous.  However, the comparisons are 
still meaningful with some qualitative conclusions.  The 
subject listening test will also be performed in future. 

 

IV. CONCLUSIONS 

 In this paper, we introduced our work on numerical 
calculation method of the HRTFs with a Chinese dummy 
head BHead210.  The 3D mesh model was obtained using a 
structured light scanner.  Then the boundary element method 
and the reciprocity principle were adopted to compute the 
HRTF for all spatial directions.  The theoretical HRTF 
solution with an ideal rigid sphere model was involved to 
verify the correctness of the BEM method.  We compared the 
BEM-based HRTFs with the measured HRTFs of BHead210 

and KEMAR separately.  Some qualitative conclusions were 
given. 
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Fig. 6   Comparison of KEMAR and BHead210 
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