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A  rnethod  is proposed for determining representatives  of  the sound  localization transfer

function (SLTF) aiming  at  a  comprornise  between feasibility and  localization accuracy.

This method  is based on  principal components  analysis  (PCA). The  magnitudes  of  SLTF
measured  at  both ears  of  56 subjects  fbr 24 targets were  modelled  by linear combination  of

six  principal compenents  (PC). For each  target and  ear,  the  representative  was  determined
to be the  SLTF  whose  weights  of  PC  contributing  to the  magnitude  best approximated  the

average･over  subjects.  The  effectiveness ofthe  representatives  was  evaluated  both statisti-
cally and  psychoacoustically. The  statistical  analysis  indicates that the individual distribu-

tion ofthe  weights  of  PC  is assumed  to be a  six-dimensional  normal  distribution that  is

densest around  the average.  The  discrepancy of the representatives  from the average  is
within  1.5 percent of  the individual accumulation.  The  psychoacoustical evaluation  fbr 28

of  the subjects  indicates that the increase in the front/back confusion  rate  in the use of  the

representatives  is significant for frontal targets, but not  for other  targets. The  lateral

judgement is robust  against  SLTFs for all  tafgets tested, However,  considerable  individual
dispersion of  the front!back confusion  rate  hindered from determining the allowance  of  the

discrepancy between individual SLTFs and  the representatjves  for acceptable  localization
accuracy.
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1. INTRODUCTION

  The  application  of  virtual  acoustics,can  greatly
improve the perceived quality of  virtual  reality  and

multimedia  applications  (Begault, l994, etc.). Vir-

tual acoustics  are  intented to manipulate  spatial

perception by replicating  stirpuli frem the target

source  at both ears  of  a listener. This  replication

can  be implemented by filtering a sound  source  with

filters constructed  from target-to-eardrum  transfer

functions or  head-related transfer functions

(HRTFs) (Blauert and  Laws, 1973, etc,). The  use

of  listenerls individual sound  localization transfer

functions (SLTFs), which  are  a kind of  HRTFs,

provides precision in the  replication  (Shimada and

Hayashi, 1992), Although  the precise replication

gives cues  for accurate  localization at the target

position, the need  to prepare thelistener's individual

SLTFs  hinders its feasibility (Wenzel et al., 1993).

It is more  practical to uSe  a pair of  SLTF  representa-

tives common  to potential listeners, even  if the rep-

lication of  stimuli  is not  precise at beth ears.

  Conventional means  ofcollecting  the  SLTF  repre-

sentatives  are  either  (a) measurement  with  an

artificial head as a subject,  (b) measurement  with  a

human subject,  who  can  accurately  localize a  sound

image to the target position (Wenzel et  al., 1993), or

(c) preparation of  multiple  pairs of  SLTF  candi-

dates measured  with  many  human  subjects

(Shimada et at., 1994). However, the efiectiveness
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of  approaches  (a) and  (b) can  be evaluated  selely  on

a  subjective  basis. In contrast,  appreach  (c) is
based on  clustering  the interaural differences in the

frequency characteristics  of  many  subjects,  How-
ever,  the clustering  ignores monaural  frequency

characteristics,  which  is assumed  to provide cues  to

front/backjudgement(Blauert, 1982). In addition,

the preparation  of  multiple  pairs of  SLTF  candi-

dates coTnpets  the  listener to select  one  single  pair for

each  targct position.

  In an  attempt  to make  it feasible and  eflective  to

use  a single  pair of  SLTF  representatives,  we  pro-

pese a  method  for determining the single  pair based

on  principal components  analysis  (PCA) (Kino-
shita  and  Aoki, I995), PCA  is an  effective  method

for reducing  the complexity  in an  SLTF  by model-
ling the magnitude,  which  is generally composed  of

a  large number  of  variables  (typically over  hun-

dreds) (Martens, 1987; Kistler and  Wightman,

1992; Takahashi and  Hamada,  1994). Therefore,

the distribution of  SLTFs ever  subjects  can  be
measured  with  less diMculty in computation  and  it
is helpfu1 in determining the representatives  objec-

tively. It should  be noted,  however, that failure to

replicate  the  stimuli  froni the target position precise-
ly is one  of  the factors that deterierate localization

aoeuracy,  eg.,  frequent front/back confusion.  To
confirm  the effectiveness  of  this approach,  we  con-

ducted a  statistical analysi$  of  the distribution of

SLTFs  and  a psychoacoustical evaluation  .by
comparing  the SLTF  representatives  and  the lis-

tener's individual SLTFs.  The  results  are  discussed
here in terms of  the discrepancy between the both
classes  of  SLTFs,

2. COLLECTIONOFSOUNDLOCALI-

    ZATION  TRANSFER  FUNCTIONS

  The  Sound  Localization  Transfer  Function

(SLTF) H)･krif) is a kind of  head-related transfer
function, defined as a target-to-eardrum  transfer

function Hl･hrCf') modified  with  an  headphone-to-

eardrum  transfer function 4k(f+) and  the input-
output  characteristics of  the sound  driver used  for

the measurement  VCf) (Shimada and  Hayashi,

1992), This can  be expressed  as
       '

      IL･k.(f)- akr(f)X(ak(f) ･ V(f)) . ( 1 )                                    '

G)･krif) represents  the tra,nsfer characteristics  from a

seurce  at a  target position to the eardrums  of  the
]istener in a  virtual  field. As  illustrated in Fig. I,

filtering the source  signal  with  the SLTF  for each
channel  replicates  the stimuli  from the source  at  the

target position at both left and  right  ears. This
replication  enables  the listener to perceive the sound

at the target position (Wightman and  Kistler,
1989a ; Wightman  and  Kistler, 1989b ; Pralong and

CarliEe 1996 ; etc.).

  Fifty-six subjects  participated jn the colloction  of

SLTFs, As  shown  in Fig,2, the measurements

were  conducted  for each  ofthe  subjects  in a  room  4.4

m  deep, 4.7 m  wide  and  2,5 m  hjgh with  a  reverbera-

tion of  200ms  at  500Hz. The  room  was  acous-
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Fig.1 Sound reproductions  usingasound  source  atatarget  andaheadphone.  Whenasource  signal with

 SLTFs  is filtered from the target to each  ear,  stirnuli  can  be replicated  at  both ears  even  when  a  headphone
 is used.
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Fig.2 IIIustration of  setup  for measuring  target-to-eardrurn  trahsfer functions, composed  ef  a workstation,  Df

 A  and  AID  converters,  filters, power amplifier  ; 24 locations ofloudspeakers  and  the subject  were  contained

 in an  aBechoic  room.

tically insulated from outside  with  a  transmission

loss of90  dB  at 50e Hz. Twenty-four loudspeakers

(AURATONE  5PSC)  were  assigned  in a horizontal

circle  of  a  1.5m-radius around  the subject  at  inteT-

vals  of  15 degrees, with  its center  axis  at the same

height as  the subject's  ears, The  azimuth  of  the

target position was  set  counter-clockwise  to O degree

in frent of  the subject.

  Each of  the loudspeakers was  actuated  to present
a stimulus  for measurement  of  the target-to-eardrum

transfer functions GicrCf'). Selection of  the loud-

speaker  to be actuated  was  manually  controlled

with  a multi-channel  switch.  The  fast method

proposed by Alrutz (1981) was  employed  to obtain

the  target-to-eardrum  transfer functions Gj･krCf") as

an  impulse response  with  a  length of  2,048. An

M-sequence of  the 12th order  generated in a  work-

station  (SUN ELC)  was  converted  by using  a 16-bit

digital-to-analog converter  (SBS DASBOX)  into an

analog  signal  at  a  sampling  frequency ef  48,O kHz.

The  analog  signal  was  filtered through  a  low-pass

filter (NF P-88) with  a  cut-off  frequency of20.0  kHz,

and  then  the sound  driver was  actuated.  Thc

response  signal  was  received  by means  of  a  minia-

ture probe  microphone  (RION UC-92A), which  was

inserted 25 mm  deep into each  ear  canal. The

received  signal  was  also  enhanced  by using  an

amplifier  in a noise  level meter  (RION NA-20) and
filtered through  a low-pass filter (NF P-88) with  a

cut-offfrequencyof20.0kHz.  Bothchannelsofthe

filtered signal  were  converted  into a digital sequence

using  a 16-bit analog-to-digital  converter  (SBS
DASBOX)  at  a sampling  frequency of  48,OkHz.

The  sequence  was  used  to obtain  the  Gikr(f') as  an

impulse response.

  Likewise, the headphone-to-eardrum transfer

function Eikif) was  measured  using  a  headphone

(SONY DR-200)  as the sound  driver. The  input-

output  characteristics  of  the  sound  drjver VCf') had

been measured  in advance  by llsing  a  condensor

microphone  (B&K 4133)  5 cm  off  the front center  of

the driver (Shimada and  Hayashi, 1992) in advance.

   3. STATISTICALA}NALYSISAND
     REPRESENTATION  OF  SLTFS

3.1 ModellingofSLTFMagnitudebasedonPrin-

    cipal  Components  Analysis

  The  magnitude  of  the SLTF  iH}k,Cf')1 was

modelled  to be a  linear cornbinatien  of  principal
components  (PCs) ui as basic spectra  (Afifi and

Azen, 1972;Martens, 1987). That  is,

             Hikr= UUIikT, (2)

where  U  is the set of  the PCs  [ui, u2,''',um], 11Ckr is

the set of  magnitudes  of  SLTF  EIH]･krCIZ) 
,
 l H)'krCill)l,

+･･, LL(}k.os)1]T at  each  frequency 1 (IS.i<=p). p

denotes the number  of  elements  in a  PC  ui  and  that

in a set of  SLTF  magnitudes  L4･kr. Based on  the

frequency range  200Hz  to 15.ekHz, the  sampling

frequency of  48.0 kHz  and  the  length of  2,048, the p
was  set to  be 632, The  indices J', k and  r  specified

the ear,  subject  and  azimuth  of  the target position,
respectively,  The  PCs  ut were  obtained  as

eigenvectors  of  a variance-covariance  matrix  S, that

can  be written  as
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         S==2H)krUlrf(M-1),  
'
 (3)

            ij'k ･

where  M  is the.total'number  efSLTFs  (2688, i,d, 56

subjects  × 2 ears ×  24 target positions). The  order  t
of  principai components  ut was  determined in a

decreasing order  of  the eigenvalues  Ai ofthe  matrix

S, which  represents  the contribution  to the sum  of

all squared  magnitudes  of  the SLTF.

  We  call  the set of  weightS  eS{ikr=[it{ikri, M{ikr2,'",

"{ik7vex]T the weighting  vector.  To  reduce  the com-

plexity of  the SLTF,  the set of  weights  it{ikr =:  [VL)fori,
}-{ikr2, ･･-, n{ikrm]T was  computed  as

             ttl,'kr=U"rz'ibr,  (4)
The  number  of  elements  m  wels  determined accord-

ing to the cumulative  contribution  P.  from the  first

PC  ui  up  to the m-th  PC  u.  over  90%. [Fhe P.  can

be calculated  as fo11ows /
                 mP

            il, -  ]. ,Ail  Z.,A,. (5)

At the curnulative  contribution  of  90%, the use  of  the

reconstructed  transfer functions enabled  the listener･

to localize as accurately  as  with  the use  of  the

original  transfer functions (Kistler and  Wightman,
1992; Takahashi and  Hamada,  I994). Therefbre,

we  considered  that thq magnitude  of  the recenstruct-

ed  SLTFs  could  be approxirnated  to those  of  the

original  SLTFs  on  a subjective  basis.

3.2 Method  ofSLTF  Representation

  For each  ear  J' and  each  azimuth  r, the  SLTF

representative  fZ)"rU') was  deterMined to be the

SLTF  whese  weighting  voctor  ii{ikr best approximat-

ed  the  average  weighting  vector  <  it{ir>

                  hs

          <ttts'r>==Zwjkrfns,  (6)
                  k=I

where  n, was  the number  of  subjects,  That  is the

distance between the weighting  vector  it{S for the
SLTF  representative  ur.Cf') and  the  average  weight-

ing vector  <"{i.> should  be minimum  over  the

subjects.  The  distance between the  weighting

vector.  iqikr and  < vqir>  were  cepresented by Ma-
halanob{s' generalized distance (MGD) a･kr, which

is defined as fbllows :

   akr2=( tvikrT  <  lcijr >)TXJi( tttskr rm < tvir >) 
,

                                     (7)

where  X-i  is the inverse of  variance-covariance

matrix  X
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          ns

      X==  2(Wjkr-< Ulir>)
         k-1

         ×(tcts'kr-<uzir>)Tl(nsml). (8)
As expressed  in Eqs. (7) and  (8), the MGD  is an

Euclidean  distance that  is norrnalized  by variances

aild  covariances  among.  the weights  of  PC  over  the

subjects,  This normalization  removes  the

differences ofthe  contribution  among  variances  and

covar{ances  between weights  of  PCs, Thus,  the

MGD  is expected  to model  the cumulative  individ-

ual  distribution from the average,

3.3 Results and  Discussions
3.3.1 PCAResults

  We  analyzed  the SLTFS  those  were  collected  by
the  procedure described in sebtion  2, According to

the PCA,  the cumulative  contributions  P.  from the

first PC  ui  up  to  the  m-th  PC  u.  were  60.2, 80,3,

84.5, 86.9, 88.9, 90.5% etc. Aecording to the 90%

criterion,  the number  ofelements  m  in the  weighting

vector  ii{)-kr was  determined to be 6.

  An  analysis  of  variance  shows  a  significant  effect

of  azimuth  r on  weights  "{ikrm for each  PC  um

[F(23,1265) :166l.2,  325.4, 54.9, 54.2, 20.0, 49.1;p

<O.OOI  (listed in an  increasing order  of  m)].

3.3.2 SLTFrepresentatives

  Figure 3 shows  the Mahalanobis' generalized
distance (MGD) Il#. between the  weighting  vector  of

the SLTF  representative  n{# and  the average  weight-

ing yector over  subjects  <  "{)･.>  as  a  fupction of

azimuth  fbr each  ear. The  P#･ were  confined

within  1,O for both ears.

  A  histogram ofweighting  vectors  it{ik. and  that of

the  chi-square  distribution of  the  sixth  order  are

shown  as functions ofMGD  Qikr in Fig. 4. In this

2,O
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O.5

  o.o
   -180 -90 O 

･
 90 180

             azimuth  (deg)

Fig. 3 MGD  as  a  function of  azimuth  oftarget

 position for each  class  of  SLTFs  and  each  ear.
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Table 1 x,2 for goodness-ofifit test of histo-

 gram  of  weighting  yectors to the sixth  order

 of  the  chi-square  distribution.
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example,  the weighting  vectors  it{ikr are  based on  the

SLTFs fbr the left ear  and  an  azimuth  ofe  degrees.

The  chi-square  distribution is scaled  by the  number

ofsubjects  56. A  goodness-ofifit test shows  that the

histogram' of  weighting  vectors  ig)･k. can  approxi-

mate  the histogram of  the chi-square  distribution

(x,2== 1,855,p>O.99). Also fbrother azimuths,  the

result  of  the goodness-oflfit test is as  listed in Table

l. No  significant  differences were  shown  between

the histogram of  weighting  vectors  nlfk. and  that of

the  chi-square  distribution for all  azimuths  tested.

This implies that the distribution of  the weighting

vecters  ii{)･kr can  be regarded  as  a  six-dimensional

normal  distribution that is densest around  the aver-

age.

  Since the distribution of  the MGD  P)･kr is

assumed  to be a chi-square  distribution of  the sixth

order,  the cumulative  distribution of  subjects

P(Pikr)  can  be approximated  as  follows.

           P(Pikr)-S,Tx62(t) dt, (g)

where  T:= Qik.2.
  According to the MGDs  l]e}. mentioned  above,

the cumulative  distributions P(D}t) are  as  fo11ows.
For  the  maximum  Qn of  the SLTF  representatives

1,O, P(1.0)=:O,O144. According to the P(ptr), the

magnitude  of  the SLTF  representative  IZ4if is in the

vicinity  of  the average  <  H).>, where  the distribu-

tion  of  the  individual SLTFs  was  densest. This

result  suggests  that the use  of  the SLTF  representa-
'tives

 H#,if) can  minimize  the proponion  of  poten-
tial listeners with  peor localization accuracy  to the

target position, It is based on  the as$umption  that

deterioration of  localization accuracy  is due to

distance between the spectrum  ofthe  SLTF  represen-

tative H]F.Cf') and  that of  listener's individual SLTF

I()'krCf')'

        4. PSYCHOACOUSTICAL
              EVALUATION

4.1 Experiment
  In order  to confirm  the effectiveness  ofthe  SLTF

representative  ny.Cf'), we  conducted  listening tests.

Deterioration  in the localization accuracy  was

 assessed  in comparison  with  the subject's  individual

 SLTFs  H,･krif). Therefore, 28 of  the 56  subjects

 with  whom  the transfer functions had been mea-

 sured,  participated in the experiment.  All the  sub-
jects were  of  the  ages  of  24 to 48 and  had normal

 hearing.

 4.1.1 Setup

  Tests were  conducted  in a room  in which  all the

 transfer functions Eikif) and  Gikr(f) had  been

 measured.  As  shown  in Fig.5, stimuli  were

 presented through  a headphone  (SONY DR-200),

 which  was  used  for the measurement  of  the

 headphone-to-eardrum transfer functions a･hCf').
 The  rest of  the setup  was  located outside  of  the

 room.

   Source signals  for the stimuli  were  produced by

 using  a  broadband  noise  convolved  with  an  impulse

 response  of  individual SLTF  hjk,(n) or  that of  the

 SLTF  representative  h,*･r(n) by means  of  a cQnvolver

 CNIPPON KYASTEM  Sim"2)  fbr each  channel,

 The  source  signal  was  a quasi-random digital

 sequence,generated  in another  computer  (HP-755)
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                          Fig. 5 Illustration of  setup  for listening test.

and  recorded  by digital audio  tape  recorder  (SONY Moi234s6.exi  i

77ES). The  playback  signal  was  converted  to an  BiockNe
                                                  

analog  signal  using  a  digital-to-analog converter  
TriaiNO'

(SBS DASBOX  200) at  a  sampling  frequency of  48
                                                  
kHz and  passed through  a low-pass filter with  a

cutoff  frequency of20  kHz  (NF P-88). The level of
the stimuli  was  set to be 70 dB  (A-weighted) at the

miniature  microphone  that was  used  fbr measure-
ment  of  the transfer functions ll,･kCf') and  (lfkrCf')･
4.1.2 Procedure

  The SLTF  representative  H)S.Cf') and  the individ-
ual  SLTFs  t4･k.Cf') for the 24 azimuths  of  target

position were  investigated fbr each  subject  in 480
trials, The  sequence  of  the 48 conditions  (2 class-
es × 24 target positions) ef  SLTFs  UF.Cf') or

H)･krCf') was  randomly  set in advance.  That is, the
number  oftriats  fbr each  condition  N  was  IO. The
experiment  with  48e trials was  managed  fbr each
trial block with  12e trials in the random  sequence.

The  subject  was  not  informed with  the cendition  of

SLTFs to be tested.

  In each  trial, the stimulus  was  binaurally present-
ed  for2 seconds,  The  subject  was  supposed  to sit

on  a stool  located at about  the center  of  the room.

The  subject was  instructed to respond  to the appar-

ent  position of  the sound  by clicking  a  mouse  on  a

diagram (Fig. 6) displayed on  a  monitor  (Macintosh                         '
SE) immediately after presentation of  the stimulus,

4.2 Results and  Discussions
4,2.1 Measures ofdeterioration

  The  deterioration in localization accuracy  fbr
SLTF  representatives  ut.Cf') was  scaled  for each

subject  k by using  the  differential fropt/back confu-
sion rate  tiAlpBk and  the error  angle  ziek.  The

LEFT  90

FRONT

azimuth!

0 RIGHT

           
- 180

              BACK

Fig.6 Diagram  for responding  the apparent

 posMon.

differential front/back confusion  rate  AMBk  was

defined as

          dM..-(INcr,-M,,)ZiV, (10)

where  7Vl\B and  ?VFBk are  the numbers  of  trials fbr
fiJont/back confusion  when  the  SLTF  representa-

tives I(Sf.Cf') were  used  and  when  the individual
SLTFs  H,-icr(f) were  used,  respectively,  The
increase in thedifferential front!back confus'ion  rate

zf?NlrBk indicates the  deterioration of  the  accuracy  in
the frontlback judgement for the SLTF  representa-

tives I(Sr(f)･'

  The  error  ,angle zlOk  was  calculated  as the mean

difference between the azimuth  of  the apparent

position for the SLTF  representatives  I(}fCf') and

that  fbr the individual SLTFs  U)･krCf) fbr each

azimuth  of  target position and  subject  k. That is,
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               N

          AO,-Z(aas-0,,)ZIV, (ll)
               s=1

where  the  efg and  the eks are  the apparent  azimuth

fbr the SLTF  representatives  H]frCf') at a trial s and

that for the  individual SLTF  H}k.(f), respectively.

Prior te caLculation,  the apparent  positions were

modified  such  that  the  front/back judgement was

resolved.  Therefore, the greater the discrepancy in

lateral judgement between the two  clasises ofSLTFs

is, the error  angle  Aek  should  increase.
4.2,2 Diffbrential firont/back confusion  ratezIAIrBk

  Figure 7 shows  the average  of  the differential
frontlback confusion  rate  over  subjects  <  tiNFB >  as

a  function of  the azimuth  of  the target position.
<IMB>  fbr frontal azimuths  apparently  exceeds

that for backward  azimuths,.  The  use  ofthe  SLTF

representatives  Il#.Cf) contributes  to  the  excess,

given the  average  front/back confusion  rates  that

resulted  : O.45 for maximum  <  IVVfB/Ai >  (azimuth=
150), O.04 foT minimum  <IVfifBflV> (azimuth=
-l500)  when  SLTF  representatives  HfFrif) were

used;  O.16 for maximum<INt7Bk/N>  (azimuth=:
15M), O,03 for minimum  <IVITBk/IV> (azimuth=
1650) when  individual SLTFs  H}･k.Cf') were  used.

Based on  an  analysis  of  variance  based on  the  ?VISFB ･

and  the  IN}Bfo, the  non-zero  sjgnificance  of  <ANFB>

was  tested. As listed in Table 2, the F(1, 27) values

indicate the  non-zero  significance  for azimuths  of

-60
 to 60 degrees [F(l, 27)>4,21, p<O.05], but

net  for other  azimuths,  including the  negative

values  for backward  azimuths  of'-1500,  
-135th,

-120"  and  1650.

  Figure g shows  an  example  of  the differential

O.4

front/back confusion  rate  AMBk  as a  function of

modified  MGD  Dk.' between the individual SLTF

and  SLTF  representative  fbr an  azimuth  of  45

degrees, AAirBk is plotted with  circles  for each  sub-

ject k. The  modified  MGD  Dk.' is defined as  fo1-
lews:

          Dkr'== akr2+PRkr2, (12)

  ln this example,  the ditferential front/back confu-

sion  rate  AIVi?Bfo appears  to disperse independently of

Dfor'. The  nonzero  significance  of  the correlation

between the  zllNlBk and  the  Dkr' was  evaluated  by

using  the value  t(26) for each  azimuth.  According
to the t(26) values  listed also  in Table 2, the cerrela-

tion between the zONFBk  and  the Dkr' was

tceez<

ri .o

O.5

o.o

-O.5

            o

    oo
        mo

   oo  oo
        O() CifD
O  OOO(D

  oo

     O.O t,O 2.0 3.0 4.0 5.0 6.0 7.0

            modified  MGD  D'kr

Fig.8 Differential frontlback confusion  rate

 diAfuk as  a  function ot  modified  MGD  Dk.'
 betweell the  subject's  indjvidual SLTFs  and

 the SLTF  representatives  (azimuth=45'),

O.3

fe O.2:v
 O.1

o.oooo
  o

oo

ooo

     oo
o o

   oO  o

  o
oO

           oo

Table 2 t(26) and  F",  27) for thedifferential
  front/back eonfusion  rate  gAi7Bk as  a  func-

  tion of  azimuth.

azimuth
      F(1,27) t(26)
 (qeg)

azimuth
     F(1,27) t(26)
(deg)

   
-O:lso

 Hgo o go lso

      
'
 azimuth  {deg)

Fig.7 Average of  ditferential frontfback con-

 fusion rate  <  zllNl,B> as  a  function ofazimuth

 of  the  target position for a  subject.
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significantly  nonzero  for frontal azimuths  of  target

positiens of  
-30,

 
-15,

 15, 30 and  45 degrees but

not  for other  azimuths  [t(26)>2.056, p<O.05].

These results  indicate that the larger the discrepancy

between the magnitudes  of  each  class  of  SLTFs is,

the more  frequently errored  front/back judgement
tends  to be fbr frontal target positions, The

<  zfAlrB>  was  maximized  to be e.289 at  an  azimuth

of  15 degrees. For other  azimuths  of  target posi-
tion, front!back judgement was  found to be insensi-

tive  to the  discrepancy in riiagnitude,
4.2.3 Erroranglezlek

  Figure 9 shows  the average  of  the error  angle  over

subjects  <Ae>  as a  function of  azimuth  of  the

target  position. The  <AO>  fbr frontal azimuths

between -6e
 and  

-15
 degrees and  that for 30

Table 3 t(26) and  F(I, 27) for the error  angle

 tiek as a function of azimuth  of  the  target

 posltlen.

azimuth
      F(1,27) t(26)
 (deg)

azim"th
      F(1,27) t(26)
 (deg)

-!80-i65-150-i3S-120-10S

 
-90

 -75

 
-60

 -45

 
-30

 -l5

O.99O.58O.832.99O.750.62O.82O.503.961.332.152.54 O.77-O.04

 O.44

 O.35
 O,03-O.47-L17

 126-o.io-O.15

 O.50
 1.98

 o

 153045607590I05120135I50165

3.68O,642.57O,77O,571,57O,99O.192,212,642.382,32-O,81-1,58-O.91

 O,59

 O,52
 O,41

 e,39
 023

 e,28-O,48

 O.58-O,43

6

4

62gvAOmgv

 -2-4

   -6
    "80  -90 O 

･
 90  t80

             az[muth(deg)  .

Fig.9 Average of  error  angle <zie>  as a

 function of  azimuth  of  the  target position for a

 sutiject.

A･amvwtcmsc

     o.o I.o 2,o 3.e 4.o s.o 6,o 7.o

            medified  MGD  D'kr

Fig.10 Error angle  A@k  as a functien of'

 modified  MGD  Dk. between the  subject's  indi-
 yidual  SLTFs  and  the  SLTF  representatives

 (azimuth==45").

degrees apparently  exceeded  those  for other

azimuths.  However, statistical analyses  on  the

apparent  azirnuth  for two classes  of  SLTFs indicat-

ed  that the <･zdO>  was  not  significantly  nQn-zere

fbr all azimuths  teSted [F(l, 27) <4.21, p>  e.05;

see  Table 3.l

  Figure 10 shows  the  error  angle  zlek plotted as  a

function of  modified  MGD  Dk.' between the two

classes  of  SLTFs  fbr an  azimuth  ef  45 degrees, with

no  systernat{cal  variation  in the Aek  over  Dkr',

The  significance  of  correlation  with  the zlek  and  the
Dkr' was  tested for each  azimuth.  Tabie 3 also  lists

the t(26) for the error  a"gle  Aek. In relation  to the

t(26), the correlation  with  the Dfo.' over  subjects  is
insignificant for any  azirnuths  [t(26)>2.056, p<

O,05]. The  insignificant correlation  originates  not

only  frgm the difference of  tiOk among  subjects  but
also  from that ofthe  apparent  azimuth  among  trials.

The  zlOfo ranges  within  the variance  of  the apparent
azimuth  among  trials, typically 5 degrees. As

regards  the variation  in the apparent  azimuths,  the

insignificance in the Aeic revealed  the robustness  of

lateral judgement regardless  of  the class  of  SLTFs.

4.3 Discussions

  We  now  further discuss the results  in subsections

42,2 in connection  with  the individual distribution

ofMGDs.  Recall that the magnitude  oftheSLTF

representative  Ilif. are  in the vicinity  of  the average

<  4･.>, where  the distribution of  the 4･kr is dens-
est,  With  respect  to the density, the magnitude  of

the SLTF  representative  tz･'r may  approximate  those
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of  the  majority  of  potential listeners Hikr. This
'approximation

 reduces  the  overall  distortion of

spectrum  of  SLTF,  which  gives cues  to frontlback

judgement.
  However,  front/back confusion  was  frequently

observed  in the use  of  the  SLTF  representative

I()S.if) fbr frontal azimuth  of  target pQsition. In

addition,  the ditferential front/back  confusion  rate

idA}rBk  was  found to be individuaily dispersed, irrele-
vantly  to MGD.  These results  indicates that the

sensitivity  to spectral  distortion, that is assumed  to

distract front/back judgement (Begault, l99I ; etc.),

depends on  listener,

  Owing  to the considerable  dispersion in the

difTerential front/back confusion  rate  ZIAIrBk among

subjects,  we  were  unable  to determine the  limit of

allowable  discrep4ncy between the individual SLTF

 I(}krCf') and  the SLTF  representative  Hj".if). For

example,  at an  azimuth  of45  degrees, the interval of

confidence  in the correlation  p between the ZllVirBk

and  the modified  MGD  Dkr' was  found to be O.36g

 pgO,84  [p<O.95] (Afifi and  Azen, 1972). When

the ANFBk is allowed  to be up  to O,25, the  modified

MGD  Dk.' can  range  between O.288 for p ofO,36  and

O.471 for p of  O.84. Jn relation  to the modified

MGD  Dk.' of2.88  and  4,7l, the probability integral

ever  subjects  llL2(Dkr') are  respectively  28 and  97%.

The  PL2(Dkr') was  defined as fo11ows :

          A2(Dkr')=S,Txm2(t) dt, (13)

where  T=Dk.'2  and  xi22(t) is the  twelfth  order  of

chi-square  distribution.

  The  
'broad

 range  of  probability integral over

subjects  PL2(Dkr') may  well  deprive the allewance

 limit of  significance.

5. CONCLUSION

  We  have proposed a  method  of  representating

SLTFs  based on  PCA,  in an  attempt  to  find a

compromise  between the feasibility and  localization

accuracy.  Fer each  ear  and  positien, the represen-

tative was  determined to be the SLTF  whose  weights

representing  the contribution  of  each  basic spectrum

best approximated  the  average  weights/

  According to the statistical evaluation,  the spec-

trum  of  the representative  can  approximate  that of

the SLTFs for the majority  of  potential listeners.

This notion  is supported  by the  fbllowing facts : (l)
The  distribution of  weights  of  SLTF  among  su  bj ects

is assumed  to be a  multi-dimentional  normal  distri-

bution that is densest around  the average.  (2) The
weights  of  the representative  can  approximate  the

average,  compared  with  the distribution of  weights

ef  SLTF  among  subjects,

  Psychoacoustical  evaluation  of  the eff'ectiveness  of

SLTF  representatives  was  considered  in terms  of  the

significance  of  increase in frontlback confusion  rate

and  that of  lateral judgement error.  Compared

with  the  subject's  individual SLTFs,  increases in the
front/back confusion  rate  and  the lateral judgement
errors  were  found te be insignificant in most  cases.

In other  words,  localization accuracy  to the  target

position was  maintained  even  in the use  of  SLTF

representatives.  In contrast,  the front/back confu-

sion  rate  increased fbr frontal azimuths  of  target

position, compared  with  that for other  azimuths.

However, a  1imit pf  allowable  discrepancy between

the  SLTF  representatives  and  the individual SLTFs
could  not  be determined due to the considerable

dispersion in the frontlback confusion  rate  ameng

subjects.
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