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Abstract: A  virtual auditory  display (VAD) is a system  for generating spatialized sound  to a listener.
Commonly,  VAD  techniques  are  based on  convolving  head-related transfer functions (HRTFs) to a
sound  source.  When  HRTFs  in a  VAD  are  not  fitted to a  specific  listener, the  accuracy  of  localization

is often  low  and  produees large localization errors,  typically appearing  as  frequent front-back

confusion.  Howcvcr,  thc mcasuremcnt  of  HRTFs  for each  listener for all sound-source  directions

requires  a  special  measuring  apparatus  and  a long measurement  time  with  a  listener's physical load.

The  author  has therefore proposed an  individualization method  of  HRTFs  called  the  Determination

method  of OptimuM  Impulse-response by  Sound  Orientation (DOMISO), In this paper, DOMISO  and

its effects are introduced,
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           1. INTRODUCTION

  We  can  empirically  loculize a  sound  position/direutieii
as  one  of  the auditory  abilities  with  head-related transfer

funct{ons (HRTFs) rll. where  the HRTFs  are transfer

functjons that are  related  to a  sound  propagation path frorn

a sound  source  to listener's ears  and  are  dcfined as  thc

Fourier transforms of  the ratio of  the sound  pressure at the
ear  entrance  to  that  at  the center  of  the  head in u  free sound

field in the frequency domain L1]. As an  app]ication  of  this

schema,  a  virtual  auditory  display (VAD) can  be realized  as

a  system  for generating spatia]ized  sound  for a listener.
Many  researchers  havc studicd  VAD.  Commonly,  VAD
techniques ure  based on  convolving  HRTFs  to a seund

source,  The  accuracy  of  the  perceived sound  position is the

rnost  important feature of  the VAD.  When  HRTFs  in a

VAD  are  fitted to a  specific  listener, a  high accuracy  of

localization can  be obtained  and  low localization errors

produced, typically  as low-frequent front-back confusion

{2,3]. Howesrer, the  measurement  of  a  listener's own
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HRTFs  in all directions requires  a speciul  measuring

apparatus  similar  to that shown  in Fig, 1, along  with  a long
measurement  time  with  a  subject"s  physical load. There-

fore, the  listener's own  HRTFs  are  often  unavailable,  In
such  cases.  a method  of  estimating  the most  individualized
HRTFs  is needed.  Seeber  and  Fastl l4] have examined

se]ection  mcthods  of HRTFs  on  thc basis of listening tests,

Although the  conventional  method  uses  t'rontal HRTFs

only  in fitting. a fitting method  for all directions is needed
in uctual  systems.  Therefore, a  new  fitting method,  called

the Determination  method  of  OptimuM  Impulse-response

by Sound OTientation (DOMISO), is proposed in this

paper. In thc proposcd  mcthod.  Iistencrs are  asked  to

choosc  thcir most  suitable  HRTFs  fi'orn among  many

HRTF  data based on  LournamenL-styie tjstening tcsts. The
validity  of  the  proposed  method  is reveuled  on  the basis of

sound  localization perfbrmance.

    2. INDIVIDUALIZATIONMETHOD

2.1. Construction of  Corpus of  Measured  HRTFs

  Before applying  DOMISO,  a corpus  of measured

HRTFs  is constructed.  Figure 1 shows  a  spherical  speaker

array  which  is used  in the measurement  of HRTFs  for alt
directions in our  taboratory. This spherical  speuker  arruy

has the following specifications.

Cl) Seventy Ioudspeakers (FE83E; Fostex Co.) are in-

   stalled  on  ribs.  1.5m  away  from  the  center  for every

    IO degrees in elevation  and  azimuth.

(2) Every  loudspeaker can  be eontrolled  independently to
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Fig. 1Spherical speaker  array  uscd  in mcasurement  ot' HRTFs,

    generate arbitrary  sounds.

 (3) The  spherical  ttrray  can  be rotated  azimuthally  with

    a  precision of  O.]. degrccs using  a  PC-controlled

    stepping  motor.

 (4) A  chair  is installed at  the center  ef  the sphcre.

Thc  procedure used  to measure  HRTFs  for all directions is

as  follows: a listener is seated  on  the chair  arid a miniature

microphone  (FG3329; Knowles  Electronics LLC)  is placed
at the entrance  of  eur  canuls  of  caeh  listener. The  listener's

ear  canal  is blocked  with  clay  r51. Then, a time stretched

pulse (TSP) is generated from  ene  1uudspeaker on  the sphere

for every  elevation  angle,  This process is rcpeatcd  by  rotat-

ing the stcpping  motor  for all azimuths  at 5-degree interyals.

Consequently, the HRTFs  of  a listener for every  5 degrees in

azimuth  and  for evcry  1O degrees in elevation  are  obtained.

In the uorpus,  l20 scts of  HRTFs  are installed in all.

2.2. DOMISOProcedure

   Figurc 2 shows  a  schematic  of  DOMISO.  The  proposed
fitting method  is described as fo11ows,

 <1) From  among  all the sets  of  HRTFs,  32 sets  of  HRTFs

    in the corpus  arc selected  randomly.

 (2) An  orbit consisting  of  13 virtual  sound  imuges (one-
    second-long  pink noise, 16 bits, ,fk ;48kHz)  for

    every  30  degrees counterclockwise  t'rom the front of  a

    listener in the horizontal plane is prcpared usin.e  the

    se]ected  32  sets ef  HRTFs.

 (3) The  out}ine  ef  this erbit  of  the virtual  sound  imagcs

    is shown  to ]isteners as an  illustratien before the

    listening tcst

 (4) Tournamcnt matches  are  scheduled  for 32 orbits

    rendered  by the  32 sets uf  HRTFs.

 (5) In a  session  (or a  match),  the listeners select one  of

    two orbits that better rcsembles  the  instructed orbit.

    The  selected  orbit  is the  winner.  The winner  thcn

    proceeds to subsequent  matches.

 (6) Finally, one  set of  HRTFs  wins  the tournarnent; it is

    selectcd  as  the  fitted set  of  HRTFs.

   In this study.  a Swiss-style tournanient  is used  with

slight  modification.  [n a  Swiss-style tournament. a match  is

scheduled  between same-time  winners.  This style avoids  a

J Selecting 32  sets  from  the  corpu$

J Making of  32 orbits  by convoluting
 the selected  sets  of  HRTFs  to pink noise

Listener

Fig. 2Schematic  of  DOMISO  proccdure,

d
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defeat of two  strong  sets of  HRTFs  at  early  stages  of  the

tournament.  At  the end  of  the tournament,  the rtmkings  fOr
alI the sets of  HRTFs  are obtainable  by the original  method

of  a Swiss-style tournarnent,  However,  becuuse  the author

needs  merely  to cvaluate  strength,  not  weakness,  a special

rule  was  applied:  a  set  that lost twice  is removed  from  the

tournament,

2.3. AdvantagesofDOMISO

   Some  advantages  of  DOMISO  exist as  follows:
DOMISO  can  be carried  out  with  a  VAD  system.  A

large-sca]e measurement  of  HRTFs  is not  required.

 (1) Easy  Task: A  listener .iudges the cquality  of  the

    perceived orbit.  TherefOre. the task  for a  listener is

    simple  and  tittle physical rcstriction exists,

 (2) Speedy: The timc  cost  for individua]ization js very

    short  (about 15min), whereas  the  measurement  time

    for a set of  HRTFs  to construct  the above-mentioned

    corpus  required  two  hours per 1istener.

 (3) Simple: A  compensation  for the characteristics  of

    headphones is needed  [51 for a high-quality repre-

    duction when  a  sound  image is displayed with  head-

    phones. However,  because DOMISO  uses  the VAD

    system  to be individua]ized, an  additional  signal

    compensation  is not  required.

     3. PERFORMANCEEVALUATION

   The  selected  set of  HRTFs  by DOMISO  is cvaluated  in
matchcs  from the perspective of  the agre ¢ mcnt  of  the
virtual  sound  orbit.  The  accuracy  of  the performance of

sound  localization, howev ¢ r, sheuld  be examined  using

another  experiment.  Thcrcfere, the fbllowin.a experiment  is
carried  out  fi)r this purposc.

3.1. Method

   Seven  adults  with  normal  hearing ubility  participated,
The participants carried  out  DOMISO  in a soundproof

reom,  Each  virtual  sound  orbit  was  synthesized  using

personal computer  (PC); sound  was  presented from head-

phones (SR-202 by STAX,  with  driver unit  SRM-212)

thruugh  a  TDT  System III, Each evaluation  in DOMISO
is answeTed  through a graphical user  interface CGUI) on

u  PC display, A set  of  HRTFs  for each  listener was  also

measured  with  the spherical  loudspeaker aiTay  mentioned

above.

   Then. an  experiment  on  the sound  lucalization of

virtual sound  imagcs is perft}rmed to eyaluate  the per-
formtLnce of  DOMISO,  A  sound  image  of  pink noise  (2s,
16 bits, fk =  48  kHz)  is synthesized  with  a specific  direc-
tion of  HRTFs  and  is displayed through  the same

experimental  setup.  The  directions dispLayed in the experi-
ment  are from O degrees to 330 degrees in the horizontal

plane with  30-degree intcrvals. where  O degrees indicates
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the front of  thc listener. Each participant answered  his or

her perccived direction with  a resolution  of le degrees.
Each  direction is displayed five times, In al1, 60 stirnuli  are

presented in a  random  sequence,  In the experiment,  the

fo11owing three conditions  are  examined.

  -  Own  condition:  a set of  the listener's ewn  HRTFs  is
    used.

  .  Individualized  condition:  a set of  HRTFs  that is

    individualized by DOMISO  ls used.

  -  Away  condition:  a  set  of  HRTFs  that cou]d  not  win  at

    all  in the DOMISO  procedure is used,

3.2. Results and  Discussion

   Figure 3 shows  the results of  the experiment.  The

horizontal and  vertica]  axes  respectively  show  the simu-

lated ancl  the perceived directions, where  O degrees indi-
cates  the front of  the listener. Panels (a), (b) and  (c)
respectivc]y  indicate the  Own,  Individualized, and  Away

conditions,  The  area  of  each  circle in these figures is

proportional to the frequencies of  the perceived direction,
Cases of  front-back cenfusion  are  observed  under  all

conditions.  Therefore, the firont-back confusion  rates  are

calculated  (Fig. 4). When  a  presented direction in the
frontal semi  sphcre  is perceived in the rear  semi  sphere,

the judgement of  the direction is treated  as  a  front-back
confusion  and  vice  versa.  In the count  of  front-back error

rate, presented directions of  90 degrees and  270 degrees are
excluded,  From  Fig. 4, thc re]atienship  of  the front-back
confusion  rates  among  the three  conditions  can  be ex-

pressed as Awa), >  Own  >  Individuatized. An  analysis  of

variance  (ANOVA)  is perfbrmed.  where  the  condition  of

HRTFs  is treated as  a factor. Results show  that the  main

cf:fect  is significant  (F(2, 18) =  4.1, p  <  O.05). Therefore,
Tukey's  multipre  comparison  test (HSD) is performed. The
difference between the IndividuaLized condition  and  the
Away  condition  is significant,  On  the other  hand, the

difference betwcen the Individualized condition  and  the

Own  condition  is not  significunt.

   Similar ANOVA  for the accuracy  of  thc perceived
direction was  also performed  after  excluding  the Front-
Back errers,  However.  no  signMcant  difference ainong  the
three  conditions  is apparent.

   From  these results, wc  conclude  that the  selected

set  of  HRTFs  with  the  proposed procedure, DOMISO,

has better peri'ormance in the direction of  pcrception
than  in lhe Away  condition.  For this reason,  DOMISO

might  be an  effective  methed  for the individua]ization
of  HRTFs.

              4. CONCLUSION

   In this paper, a new  methed  for the individttalization
of  a  set  of  HRTFs  using  actual  VADs  xN'as proposed, The

preposed method  requires  no  large measurement  environ-
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Fig. 3 Results of  experiment.
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ment  or  effort:  it requircs  enly  a  VAD  environment  and  a

shert  time. An  evaluatien  cxperiment  of  the proposed
mcthod  showed  that the sound  localization performance
of  the proposed method  is better than that of a non  fitted

set  of  HRTFs.
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Frcmt-back  error  rate  aniong  condirions.

  Although the  difference betwcen  the  Own  and  the

Individuali7ed conditions  ure net  significant, the fi'onr-back

confusion  rate  in the  Individualized condition  is slightly

smaller  than that in the Own. When  we  wcar  glasses, we

can  see  everything  around  us. In the auditory  casc, a set of

HRTFs  which  enable  us  to localize a  sound  positien clcarly

may  exlst.
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                 APPENDIX

   A  program (Tournarnent,exe) can  execute  a  simple

tournament-style  listening test for the individualization of

HRTFs.  In this program, eight  wave  filcs (HRTFI,wav,
HRTF2.wav, HRTF3.wav,  HRTF4.wav,  HRTF5.wav,

HRTF6,wav,  HRTF7,wav,  HRTF8.wav,) are used.  You

can  listen to this prograrn with  headphones,
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