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1. Introduction

   Humans  have  an  inherent ability  to encode  the  directional

information of  an  incident sound  in an  acoustical  transfer

function. The  head, external  ears,  and  torso  of  a  listener can

transform the spectral  information of a sound  as  it tTavels

from a sound  source  to the eardmm  Lll. The head-related
transfer function (HRTF) is used  to describe this physical
transformation.  However,  the HRTF  great]y varies  from

person to person. Several studies havc  addressed  the issue

of  HRTF  individualization [2-71. It has bcen  suggested  that

murked  perceptual distortion might  oceur  when  one  listens to

sounds  spatialized  with  nonindividualized  HRTFs,  individu-

alized  HRTFs  can  increase the number  of  the cues  necessary

for spatial  localization, particularly for eleyation  localization.

   In this study  we  aim  to improve an  existing  method  of

individualizing the HRTF  based on  listeners' anthropometric

measurements.  The  estimation  errors obtained  using  the
existing  and  improved methods  are compared.

2. Method
2.1, Existing method  of individualizing HRTF

   The  procedure of  the  existing  method  for HRTF  estima-

tien  proposed  by Kjstler and  Wightman  L81 involves the
foliowing steps: (1) standardizing  the HRTFs; (2) conducting
principal components  analysis  (PCA) en  these standardized

HRTFs  emid  detecting the basis functions that can  be
considered  te represent  the basic spectra]  shapes  (each
spectrum  ean  be approximated  by a weighted  sum  of  these
basis functions); (3) estimating  the HRTFs  by reconstruction

from  these  basis functions. Only  the rnagnitude  eomponents

of  the  HRTFs  are  censidered  in this method.  There are  two

basic assurnptions:  first, the HRTFs  are  assumed  to be

minirnurn-phase  functions; second,  it is assumed  that  the

dependence of  interaural time  delay (ITD) is of  no  perceptual
re]evance  [8], This means  that the ITD  at  each  source  position
can  be represented  by a co]stant.  On  this basis, it was  found
that the PCA  scores  could  be predicted by the multiple

regression  of  some  anthropometric  measurements  [9,10],
2.2. Improved  method  ofindividualizing  HRTF
   Details of the  existing  method  of  individualizing HRTFs
are  referred  to in [8-10]. The  diffbrences between  the

improved  and  existing  methods  lie in the  choice  of  the basis

functions. In the existing  method,  the basis functions are
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obtained  from  the  HRTFs  at  all  positions but not  from  the

HRTF  at  each  specified  position [8], which  consequently

might  reduce  the  amount  of  directional information in the
HRTFs, In the improved method,  the  basis functions at  each

pDsition of interest are obtained  from  the HRTFs  at the
specified  position but not from those at all positions. The new

method  is expected  to significantly  reduce  the estimation

errors.  The  procedure of  the improved  method  is shown  in

Fig. 1.

   After a  discrete fast Fourier transform  (FFT) is perfbTmed
on  the  raw  head-related impulse responses  (HRIRs) at a

specified  position (ep, O), the  log-magnitude HRTFs  are

obtained  (op =  azimuth,  O =  elevation).  Owing  to the varia-

tion of  HRTFs,  it is necessary  to standardize  them  before

performing  PCA.  The  HRTFs  are  standardized  by subtracting

the mean  and  dividing by the standard  deviation. PCA  is
applied  to the standardized  HRTFs  fbr each  position of

interest. The principal component  (the PCA  scores)  of  the data
can  be expressed  as  linear weighted  combinations  of  the raw
standardized  HRTFs.  The  weight  coeracients  (PCA loadings)

are  the  basis functions mentioned  above,  The number  of

principal components  can  be determined  according  to the

variunce  explained  by the  selected  components.

   The  PCA  scores,  which  are  considered  as  the weights  of

basis functions chosen  to predict the HRTF,  can  be predicted
by the regression  of  some  anthropometric  measurements.

Using the least-squares method,  we  can  construct  a multiple

regression  curve  using  the PCA  scores  and  corresponding

anthropometric  measurements.  Thus, an  indiyidualized stand-

ard  HRTF  can  be regenerated  from  the chosen  basis functions
and  their corresponding  weights  estimated  by the regression.

   A  case  is studied  te test the hypothesis that the new

method  can  significantly  reduce  the  estimation  errors  of

HRTFs  at  a  given position (op, e). HRTFs  are  extracted  from

the CIPIC HRTF  database [11], which  includes the HRTFs  of

both left and  right ears  for 43 human  subjects  (27 men  and  16

women)  and  2 mannequins  at  1,250 positions. In other  words,

a  total 112,500 HRTFs  are  recorded  in the  form  of  HRIRs

for 25 azimuths  and  50 elevations.  The  database is well

documented and  contains  subjects'  anthropometric  data for 37
measurements.  It shou]d  be noted  that some  measurement  data
fOr a few subjects  were  not  recorded  in the database; the data
is complete  for only  35 subjects. The subjects' ear  canals  were

blocked when  measurjng  the HRTFs. The  HRIRs  in the
database were  compensated  to remove  the effect  of  the
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Fig. 1 lmproved mcthod  of  HRTF  estimation  based on

 anthropometric  measurements.

loudspeakers and  microphones.  Details on  the experiment  are

referred  to in [11],
2.3. Evaluation of  HRTF  estimation  methQd

   There are two  different methods  for eyaluating  HRTF
estimation.  The first is subjective  evaluation  by  sound

localization experiments.  Some  performan¢ e  indices such

as  error  rate,  correct  rate,  and  confusion  rate  at specified

positions are  often  adopted  [12-14]. However,  one  disadvant-

age  of  this method  is that it is time-consuming.  The  second  is

objective  evaluation.  In previous studies  several  objective

evaluation  tools  have been proposed  [10,15,16]. Spectral
distortion (SD) has been widely  used  to evaluate  speech

quality in cemmunication  and  speech  recognition  [17,18]. It is
also  used  to evaluate  the  errors of  HRTF  inteTpolation [16] or
HRTF  estimation  based on  anthropometric  measurements

[10]. SD  is defined as  fb]lows:

          sD  =  ili : ][h(h) -  h"(Js)]2 [dB],
                   j=]

where  h(S-) and  h"(.fi) are  the measured  and  estimated  HRTF

log-magnitudes (in dB)  respectively,  S- is the  jth frequency,
and  N  is the  number  of  frequencies. A  previous study  on

HRTF  interpolation on  the horizontal plane suggested  that  an

SD  of  5.7 dB  can  satisfy  rough  sound  localization [16]. In this

research,  SD  was  adopted  to describe the error  of  HRTF
estlmatlon.
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3. Results and  discussion

   In the  case  study,  we  compaTed  the  HRTF  estimation

errors  (SD) obtained  by  the  two  methods  at  1,250 available

positions, The  two  methods  adopted  the same  anthropomenic

measurements  (head height, height, neck  width,  neck  height,
seated  height, shoulder  width,  pinna offset  down, cymba

concha  height, and  cavum  concha  depth) and  10 principal
components  were  used.  The  average  SDs  using  the  existing

and  improved  methods  are  6.2971 and  5.1048 dB  respectively.
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Fig. 2 Mean  spectrat  distortion of  HRTF  estimation  for

 left ear  using  two  methods.

500

Using the  improved  method,  a  listener's HRTF  SD  is less than

5,7dB, which  is believed to be suraciently  low fbr rough
localization. The  SDs are even  less than 5,OdB at many

positions. The  results  show  that the  improved  method  can

reduce  the SD of  HRTF  estimation  by 
-1,2%

 to 39.0%
depending on  the position, and  on  average  by 18.6% (see
Fig, 2).

   In order  to verify  the statistically significant  ditferences of

HRTF  estimation  errors  between the  two  methods,  a paired-
sample  t-test was  perfbrmed  on  the  SDs  obtained  by  HRTF

estimation  at  ten selected  positions: tQp, front, left, right,

back, bottom-front, bottom-back, top-left, top-right, and  top-

back (see Table 1). It was  found that the improved  method

significantly  reduced  the SDs at all ten positions (a =  O.05).
The  significaiit  reduction  of  HRTF  estimation  errors  can  be

attributed  to the use  of  new  basis functions that possess some

positional information, while  the functions used  in the

existing  method  contain  no  such  information. The new

method  has a  greater cost  than  the existing  methed  because

of the need  to store the information of  more  basis functions,
However,  current  computers  have  suMcient  processing ability

to deal with  this disadvantage.
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Table  1 Comparison  of  HRTF  estimation  of  spectral  distertion between the cxisting  and  improved methods  at ten selected

 pesitions (for left ear,  a  =  O.05).

Pesition'(q  e)
Improved method Existing method lmproved

 by%

t-test (paired)

Mean(dB)Std.(dB)Mean(dB)Std.(dB) t p

Top-right (80:, 45S)
Top-left (-800, 4so)
Bottom-back (O'], 225U)
Bottom-front (O', -4So)
Right (80c, oc)
Left (-8oc, oo)
Top  (O", goo)
Back  (O', 180')
Top-back  (O", 135C)
Front (OO, Qc)

5.45134.11876.97575,34695.18474.26264.10374.80394.6026･5.22261.54021,39983.63211,91941.16011.34651.2777l.36761.68701.55916,15934.813411.82305.96735.82894.91236.0062S.54766.13766.13761.26661.41636.3oo21.61461.0396L32332.68681.60042.05832.05831L5%14.4%41.0%10.4%ILI%13.2%31.7%l3.4%25.0%14.9%-2J53-3,779-4.860-2,405-6.133-3.745-4,417-3.583-4.153-2.098 O.O09
 O.OOI<e.ool

 O.021<O.OOI

 O.OOI<O.OOI

 O.OOI<e.oo1

 O.043

±The coordinate  system  was  defined in referencc  [1 1].

4. Conclllsions

   A  new  improved method  for HRTF  estimation  based en
listeners' anthropometric  measurements  was  developed. The

existing  and  improved  methods  were  compared  by  a  paired-
sampte  t-test. The  resutts  suggested  that the  SDs  using  the

new  method  were  significantly  Teduced  at  all the selected

posltlons.
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