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Abstract: rv4any papers have described moving  sound  image schemes  that use loudspeakers or

heuclphones. Since niost  of  these schetncs  switch  the spatial  trangfer t'unction bein.g used.  wax,e

discontinuit>･ occurs  at  the inoTnent  ot' swilching,  -'hich  degradcs thc soudid  quality. W'hile the

characteristics  oi' the wave  discentinuit>, c]epend  on  rhe moving  sound  ima.p.c schcnie  used.  no  paper
appctLrs  to  haL'e considered  the re]ationship  between Ehe wuve  discontinult.y and  thc scheme  uHed.  To

rccLil'y this omission,  this paper examines  threc upproaches/  the simple  switching  approach,  the

over[ap-tLdd  apl]roach,  and  The  t'ade-in･fade-uut approach.  Thc  sound  degradation caused  by the wave

discontinuity is asscsscd.  and  un  objeetive  meusurc.  spectrum  dislortion width.  is introduced to

quuntiiLy the wave  discontinuity. Subjective assessments.  ctLrried  our  using  Scheffe's comparison  tcsts.

verify  that the overtap-add  approaeh  with  tnoclitied  hamniing  windo",  and  the fade-iti･fade-euT

approach  were  better than  the other  methods,

Keyivords: }v{oving sound  ima.oe. Switching transt'er functions. Banrlwidth equution.  Vv'ave

         discontinuiL},. Sound quality degradution

PACS  number:  43.66.Pn, 43,66.Ki IJ)Ol: ]O.1250/'ast.26.2671

             1. INTRODUCTION

   A  perception el' u  moving  sound  imugc can  be achieved

b)' switching  transfer  functions which  include spatiul

transfer  characteristics.  pt･lan.y papers have turgeted  this

schemes  assuming  the  use  oi' loudspeakers or  hcadphoneg.

   The  siinplest mcthod  using  loudspeakers is to physi-

call>,  move  the active  leudspetLker itself. Ho"'cver. s-,iteh-

ing the input signal  of  static  [oudspeakers is more  often

used  to reproducc  moving  sound  throu.uh  auditor>,  stim-

ulation  ll]. since  the physica] approach  is lmpractical.

Some  schemes  urc  dcseribed below.

   Perrott et  ctL 1[1 studicd  the conditions  under  which

sub.jects  perceii,ed a  centinuous  moi''ing sound  image  on

the  hori7ontal plune. using  two  loudspcakers. The slimulus

test signul  to drivc each  loudspeaker. wtts br()ad band noise

with  50 ms  duration time.  which  included thc rest  time for

driving The adjacent  ]oudspeaker. Two  listening sub.]'ective

assessment  tests were  done. First. thc center  of  the  two

loudspeakers N-'as located in the  front of  thc subject.  and  the

opcning  angle  bet-,een1wo loudspeakers was  set  at 6'. 40 .

and  ] 60  . Second, thc direction angle  of  the  center  positien

xvus  set  at O,  45 
.
 and  90, on  thc condition  that thc

opening  angle  was  he]d stcady  at  40'. The  resu]ts  indicated
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that 1 ) sound  in continuous  mution  was  easily  perceived as

the opening  angle  was  small.  and  :) the effect  didn't

depcnd on  the soLmd  source  direction,

   Taking  ihe case  of loudspeakers locutcd en  the upper

transverse  plane at regu]ar  interval. Nukajima  et  "l. [2･]
studicd  the interva] angle  bctween ]oudspeakers and  the

duration of  the switching  tjme.  as  if the sound  in motion

werc  continuous.  The stiniulus signal  had cross-t'ading

eharacteristics  with  15ms  duration: the loudspcakcrs were

driven sequential[y.  The  distance from the ecnter  ot' the

subjeul's  head to the loudspeakcrs' mountin.v  circle  was

1.5m. and  the loudspeaker interval angles  were  22,5 . 36 .

45 . 54 ,
 sN'hen the number  of  loudspeakers were  9, 6. S.

und  4, rcspectii,ely.  The  stimulus  tcst si.cTnals  -'ere  thc pure

tone (2･ 50 Hz. 500 Hz, ].000 Hz. 1.000 Hz. 4.000 Hz) and

criLical  band noises  (center frequency: 250Hz, 450Hz.

1.(}OOHz. 2,15C) Hz. 4.eOOHz).  They cenc]uded  as  followsz

1) moving  sound  imugcs  ot' the critica] band noises  wcre

perceived us being more  continuous  than  the  purc tenes.  2}

intcrva] angle  between ]oudspeakers was  in  invcrse

proportion lo the switchin.p  time  duration. 3} deviation ot'

The perception ol' the eontinuit}, of  the moving  sound  ima.ge

was  large between  subjccts.

   Kinoshita er aL  T31 also  studied  thc conditions

ncccssary  for the eontinuous  perception uf  movin.g  sound

images  in thc horizontal and  mcdian  plunes, using  three
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 loudspeakers driven scquentiatly.  The intcrval angle

 between  loudspeakers -'as  30', and  the distancc from the

 center  position of  the sub.jcct's head to each  loudspeaker

 was  1.5m. The  stimulus  signal  had a  cross-fading                         L. L･
characteristic  -'ith  1Oms  duratien timc. Three experiments

 wcrc  carried  out, In order  to assess  the  eendition  of

continuous  perception. the first experimcnt  exumined  the

re]ationship  bctween  maxiinum  switching  tinie duration of
the stimulus  signal  and  four stimu]us  signals  on  the

horizontal plane. White  noise  (200-7,OOOHz), pink noise

(200-7.()OOHz). 1f3 octuve  band noise  (centcr frequency:

 1.000Hz), and  lemale voice  w ¢ rc  used  as  the  stimulus

signals. The  sccond  experiment  examincd  the dependenc},
ot' the minimum  cross-t'ading  durution time  on  the shapes

of  thc cross-fading  window.  The  final experhnent  studied

the impact of  the switching  time  durution of  the stimulus

signals  on  the direction of  movenient  and  the direction

angte  of  loudspeaker center  position on  thc horizontal and

median  plane. The openine  angles  were  O", 45:, 90', 135"
and  180" on  the horizontal p[ane. und  O'', 45''. 90'', 135"

and  18()'' on  the median  plane, Frotn the results.  it was

concluded  that  1) thc  maximum  switching  titne duratien
"'as  tninimum  when  the -,hite  noise  and  thc pink noise

were  used,  the time  was  73 ms.  the time  of  1f3 octavc  band
noisc  was  267 ms,  and  that of  the i'cma]e veice  was  580 ms:

2) continuous  pcrception of  the moving  seund  image
depended on  thc instantaneous sound  prcssure level
f]uctuution and  the kind of  stimulus  signal; 3) it was

necessary  to hold the constant  energy  of  stimulus  signals

steady  in cruss-fading  to permit sluw-moving  sounds  to be

perceived; and  4) the switching  titne is only  s[ightly

dependent  on  moving  angle  and  the direction angte,

   Mjzushima  et aL  L4] examinecl  a continuity  of  sound

image movement  using  ts4so loudspeakers in horizontal

plane. Severa] rest  times  were  inserted into the stimulus

signa]s  which  drjve loudspeakers. They considered  rest

times ( 1 ms.  2 tns, 4ms  and  8 ms),  opening  anglc  (20''. 40'

and  60") and  duration time  of  stitnu]us  signaK5  ms,  1O rris,
20ms.  40ms,  80ms}. A  whitc  noise  (500-8,OOOHz) was

used  in this cxperiment.  The  resu]ts  indicated that 1)

nioving  seund  image  was  easy  lo be perceived continu-
ously  as  the duration time  was  long and  thc rcst time  was

short.  especially  the rest titne must  be 2ms  or  ]ess, 2)

duration time of  stimulus  signa]  which  inc]udes the rest

time  needs  to excecd  the auditory  integration time  100-
150ms.

   As  descrjbed above,  moving  sound  image schemes  that

use loudspeakers have been studicd  under  the assumption

that the seund  image  movemcnt  was  to be continuously

perceived.

   On  the  other  hund, most  o{' the  moving  sound  Lmage
schemes  that usc  headphones assume  that the spatial

transfer  functions are  switched  [5-91. While a  few papers
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 stated  only  that 
"the

 stimulus  signal was  sequentia]]y

convolved  with  the head-related impulsc responses,"  no

pnper has provided a detai]ed explanation  of  thc convolu-

tion precessing. This proccssing may  ditl'er for cvery

researchcr  becuuse the  details rcmained  unclear.

   An  example  of  the moving  sound  image  schenies  that

use  headphones  was  presented hy Matsumoto (Ji aL

Matsumoto  et aL  rlOl picked up  the conventiona]  cross-

fading method  and  the overlap-add  method  which  is their

proposed method.  
'rhe

 sound  in motion  crcatcd  b.v u

loudspeaker wus  uscd  as the basis of  coinparison,  and  the

two  methods  were  compared  by ob.jcctive  analysis  using  a

spectrogram.  Thc  results  demonstrated  that thc spectro-

gram of  moving  sound  produced by thc ovcrlap-add

methed  was  closcr  to the spectrograin  of  sound  movcment

created  by  loudspeakers than  that ot' thc  convcntienat

tnethod.

   Because  the moving  sound  image schemes  using

headphenes are based on  switching  spatial  transfer  func-

tjons  and  the meving  sound  image schemes  using  ]oud-

speakers  are  achicved  by switching  stimulus  signals to

drive the loudspcakers sequentia]]y,  both schemes  share  the

basic conccpt  ot' 
"s-,itching."

   We  note, however, that a wave  discontinuitv occurs  at                                     -
thc moment  of  switching  HOI. since  the  schemcs  using

headphoncs switch  between different spatial transf'er

functions. On  this point. the schemes  that use  headphones
arc  essentially  different from those  that  usc  loudspeakers.

The wave  discontinuity is perceivcd as a  click  noise.

Because the wave  discontinuity is yielded whenever  the

sound  imagc moves,  the  quality of  the  moying  sound  imagc

is degraded significantly.  It is clearly very  important to

study  this sound  quality degradation, because users  rcadily

perceive this sound  quality degradation when  using  head-

phones,

   Even  though  the characteristics  of  the wave  disconti-
nuity  depend on  the moving  sound  iniage schemes  used.  no

paper appears  to have considered  the  relationship  between

the wave  discontinuity and  the schemes  used.

   This papcr studies  the hnpact of  several  moving  sound

image schemes  that use  headphones  on  the c]ick  noiscs

yielded by  the wave  discontinuities as a basic study  for
achieving  moving  sound  images that equal  the qualLty ot'

the images  created  with  loudspeakers.

   As the moving  angle  of  the sound  imttge is changed.

objective  eva]uations  assess  the  wavc  discontinuity using

an  objectix,e  measurc,  spcctrum  distortion xvidth. Subjec-
tive evaluations  examine  thc pcrception of  the click noises

using  Scheffe`s paired comparison  tests.

2. PRINCIPLE  OF  MOVING  SOUND  IMAGE

   Figure ] shows  the relationship  of  the transl'er func-
tions used  for realizing  u  moving  sound  image. In Fig. 1,
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Fig, 1 Retntienship c)1 thc  transt'cr t'unctions.

'

subscril)t  L (R) denotes left (ri.ght} cur.  The  Spa[ial Suund

Transfer Function (SSTF) inodels  the  conversion  of  the

inpul signal  of  the louclspeaker into the  output  signa]  ol' the

miniature  microphone  at the entrance  of  the ear canal  oi' Lhc

[istencr. ,AL rnoving  sound  image is achieN･ed  if the  loud-              L. L.
speaker  that radiates  the sound  wave  is switched,

   The wave  diseontinuitics ure  yielded  bv  the  time

diffcrenee and  the amp]itude  ditiference between the

impulse responscs  ot' switching  spatial  transfer  funcrions,

and  the  wave  discontinuities incrcase us these djfferences
incrcase. as  describe in Scction 4,1. These dift'erences are

caused  b>, the diff'erence in loudspeaker-ettr distance

bctween the t-,o loudspcakers. That is. the sK,ave disconti-
nuit>･  increases with  the  distance ditTercnce. Mereover.  a

gcometric anaLysis  shewcd  that Ihe distance difference is
lurgcst when  the uenter  of  rhe tNiv'o ]oudspeakers is locatcd

at  or  neur  thc f'ront of lhe subject  under  the condition  thut

the opening.  angle  between  the two  loudspeakers is fixcd.

The detuils ure  described in the Appendix.  It cun  bc

conctuded  lhut the switching  of  the spatial  transt'er

t'unctions toward  the  frontal dLrection yields  Lhe  most

easily perceived sN'uve  discontinuit>'. Hence.  this stud>'

tbcuses on  s",itching  toxvard  tbe frontal direction.               L

   Thurlow  c't aL  11l1 observed  thc heud movements  ot'

subjects  in loculizing sound  sources.  They  classified  the

hcad  mox,ements  into three movements:  tlp. pivot and

rotate.  and  rcported  that rotnte was  niore  conitnen  than the

other  two  movcments.  Ue]"atsu et  al.  [12] examined  the

impacts of  thc hcad mox,ements  on  souncl  loculization.

Thelr･ i'()cused on  twe  head movemenLs,  let't-right and  uF)-

down. and  rcportcd  that the Let't-rigTht mos,ements  contrib-

uted  tnore  strongl>, to sound  locatization than  up-dow'n

tnovements.  These pupers indicate that the hcad rotalion  on

the  horizontal plane is most  impor(ant t'or sound  locul-

ilation, Since the  head  retution  and  the  sound  souree

movement  on  the circumfercnee  arc  related  iil that the

re[ative  arrangement  of  subject  and  loudspeaker is identieal

                  --/ ..'tvitvhjng

L''b]"'ii'E'fi'i]'t !llil-. l
'I:'xv-"[/EL[/yr"-,btuy"

  Fig. 2 Cencept  of  "-itchin."  trnnKt'er t'uncLTen,,

in space,  the sound  seurec  niovetnent  a[se  c(}ntributes  to

sound  locttlizution. Our  final geal is to rea[izc cL)rrect

]noving  sound  imagc  locu[izution usin.g headphones.
'I'herefurc,

 lhis paper studied  thc let't-ri.aht mox,emcnts

sincc  they  strong]y  contribute  to sound  localiiatiodi.

   3. SWITCHINGTRANSFERFUNCTION
                 METHODS

   The  coneept  oi' s-'itching.  transt'er functions is shvwn  in

Fig. 2. The  blouks 
"SSTF

 1,2" indicale [runsfcr  i'unctiens

that represent  different sound  source  positions, ,tY  rnovin.g

sound  iinage is siTnpl>･  achieved  b.v switchiny)  lhe  transter

functiuns oi' both ear  sides.

   This sectien  separutcs  the switching  transt'er i'unclion

schemes  into three  
.groupsi

 the simplc  switching  approach.

the over]ap-add  appreach,  und  the t'ade-in･fade-out up-

prouch. We  create  an  algorithm  ft)r eueh  g,roup,

3.1. Simple S"･itching Method  (Method A)

   Figure 3 illustrates thc simple  switehing  method.  The

input sie,na]  is convolved  wirh  ssiri and  ssir2 which  were

nieasured  at different sound  source  positions. whcre  ssir

denotes Ihe impulse rcsponse  of  SSTF.  The  mox･ing  sound

image is ereuted  b>, eoncatenating  the signals  in alternute
rectangular  "･indows  t'rarne bx, t'runie. This nicthod  has the     L V

eharacteris{ie  tha[ u -,ave  discontinuity oecurs  tLt etLch

signal  concatenution  point,

32. 0yerlap-Add rv'lethod

   As  an  example  of  the  overiap-add  approach,  we

selcctcd  the  nonnal  ox'erlap-add  method  of  [1().]31 and

the overlap-add  method  with  modificd  hamming  window.

  -  Nortnal m,erlap-add  method  (method B)

   Figure 4 illustrutes the  norma]  overlap-udd  method.

Thc input si.gnaHs  windowed  frame b>, frame. 1'he si.o.nul is

                   \  I:,L.,!i 
li,,y,,･li

                             dl                                    1

   11  1 
----

    1/11

    

L
 

"
 ?rtut//, ',l 

"
 it//////' ';          [--/              rt-)

    ii,

                             :                                    l b
 +---

                    1
                             L"  ll                                    L,
                          1+

 

-+-

                   /11d.p//t.Hignnll

                          '                                          ---

   Fig. 3 Schcmatic  dia.praTn ol' the  siniple  hwitching  incthod.
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Fig.6Schcinatic  (liagraTn  oi' lhe  rude-in･fude-out melhod.

overlap  areas, the signals  arc  wcightcd  hy envelope

functionsf(t), g(t) which  satisfy  [31

                 f2(t)+g2(t)=1 (1}

3.3.1. Shapes ef  the envelope  funetions

   Whi]e  there ure many  envelope  functions that satisfy
Eq. (1), we  adopt  the following envelope  function pairs,
  e vXi  Window  method  (mcthod D)

                    f(t) -  vi
                                              (2)
                    g(t) =  A:'}

Fig. 5
 with

l

Schcmatic diagram of  the

modified  hamming  windo-,.            L

nutputsigna]whoverlap-add

    ---

ox,erlap-udd  method

convolved  with  each  ssir, -'hich  were  measured  at difl'crent
sound  seurce  positions, The convolved  signals  arc  overlap-

added  to create  the moving  seund  image, This methed

creates  wave  discontinuity in the overlap  areas,

  .  Overlap-add method  with  modified  hamming  window

    (method C)

   Figure 5 i11ustrates the overlap-add  method  with  modi-

fied hamming  window,  The input signal  is weighted  with  a

modiiicd  hamrning  window  [141 on  a frame-wise  basis, and
the  signal  is convolvcd  with  each  ssir, which  were

meagured  at different positions, The convolved  sis,nul  is
weighted  again  with  the modified  hamming  window.  Thc

signals  are  ovcrlap-added  to create  the moving  sound

lmagc.   L.

3.3. Fade-ln-Fade-Out Method

   Figure 6 illustrates the  t'adc-in･fude-out method.  The
input signat is windowed  so that the frames overlap.  In the

e  Cosinewindowmcthod

  f(')

   g(t)

(mcthod E)

=  COS(JTt)

==  sin(nt)
(3)

  e  Fouricr scries window  method  (method  F)

   Moreover, we  take  the following unknuwn  enve]ope

function pair as  u  Fourier series  expression.

              f'(t)=£ 1>:.-ui ak eos(kJt)  (4)
              g(t) =f(1  

-
 t)

   We  assume  that the envelope  function pair satisfies  the

boundary conditions  and  the sum-square-constant  condi-

tions. Those  conditions  arc  shown  as

   Boundary conditions/

                     f(O) =  1
                                               (5)
                    f(± b=O

   Sum-square-constant eonditions:

                      f( 1/2) =  Vli12
              , , (6)
             f'(1 f4) +  gLC114) ==  1

   The Feurier series  is decided by Eq. (4), Eq. (5), und
Eq. (6); N  =  4, because there are four linearly independent
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  Figure 7 shows  the envclope  functions f(t] of  each

method,  The  Fourier series  window  methed  varies  more

smoothl},  than the 
v!i

 Windo", method  or  the Cosine

window  tnethed.

       4. 0BJECTIVEEVAI.UATION

4.1. Causes  ef  Wave  Discontinuitv

   Figure 8 sho",s  an  cxatnple  ef  

"movin.g
 sound  image

localization. The  instantaneeus amp]itude  of  the input

si.ona]  changes  snioothly,  and  the irnpulse responses  ssirL,
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   Fig. g Causets of  wavc  diseontinuit.v.

ssir, are  ideal. T denotes the  time  ciiff'erence  bet",een the

impulse respenses.  and  Ai ttnd  Ai dcnote the atnplitudes  ot'

ssiri  and  ssir],  respcctivel>･.

  From  this figure. a wave  discontinuity is creatcd  b.v

amplitude  difiierencc il i 
-

 A2  and  timc  diffcrence 7',

   Furthermore. the frequency spectrum  cxpands  at the

moment  of switching.  This implies that the wavc  discotiti-

nuity  can  be evaluated  from the  "'idth  ot' the  frequency

spectrum.

4.2. Spectrum  Distortion Width  o.

   Sectien 4.1, indicated that the  "'idth ol' thc t'requenc>･
spectrum  can  be used  to cvaluate  wax'e  discontinuities.

   Fur this we  adopt  the l)and"'idth eguation  described b>,

Cohen r151. This bandwidth equation  represents  
"efficient

bandwidth- in the t'requency doniain. and  uan  evaluare  thc

umplitude  difference and  time differencc yielded by the

switehing  of  trunst'cr functions.

   The 
"bundwidth

 equation  is transforined  frorn continu-

ous  tin]e to  discrete riine as  folluxvs,

                N-l

            o,2,,=E(k-<kpJls{k}1i  (g)

                k-O

k is u  discrete frequenc>,. iV is a discretc bundwidth, (k> is u
mean  frequcncy [15]. IS(k)1 is the frequency ampli(ude

characteristic. ith squared  sum  is norinalized.  The rnean

frequenc>, is detined by

                   ,N,'. 1

              <k>=Ek･lscA)1! {]o)

                   k=O

The  [nean  frcqucncy represents  the centroid  of  the  ener.yy

distribution in the i'requenc>, domain.

   In this study,  the output  of  the bandkvidth equaLien  is

identified as  the Spectrum Distortion Widlh (SD"'}.
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Fig.9  Wavc  discontinuity crcated  by assuming  perio-

 diclty of  the  outpul  signa]. Fig. 10

  pickupthemHximvmspertrumdistortionwlriLha..

Schcmalic diagram of  the  objective  evaluation  mcasure.

4.3. Problems in Computing  Spectrum Distortion

     Width

   To  compute  the SDW.  first, the output  signal  is

segmented  using  short  time  windows.  However,  there are

two  problems in computing  SDW.
4,3.1. Titne positien dependcncy  ef  thc short  time

       window

   SDW  depends  on  the  time position of  the short  time

windows,  because the windowed  wavefbrm  varies  as  thc

time positions of  the windews  are  shifted.

4.3.2. Wave  discontinuity causcd  by assuming  signal

       periodicity
   Because the  windowed  signals  are  subjected  to FFT

<Fast Fourier Transform) to compute  the SDW,  it is
assumed  that the signal is periodie in the time  domain,
However. the  signa] within  the windew  that includcs the

wave  discontinuity is not periodic as is sho-,n  in Fig, 9.
Consequently, the wave  discontinuity cannot  be evaluated.

   The above  argument  suggests  thut SDW  va]ues  are

rather  arbitrary,  Thc  inHuence of  the timc position depend-
cncy  is reduced  if the input signal is periedic and  the length
of  the short  time window  equals  an  integral multiple  oi' the

input signal period. One  idea is to use  a pure tone as thc

inpLtt signal:  a  pure tone  satisfics  the condition  that the

length of  the short time window  is an  integcr mukiple  of

the input signal  pcriod,
   The  length of  the short  time window  is set as a power-
olLtwo  for FFI' as is shown  in Eq. (1l).

                   2"'ZL=r"b  (11)

2-M is the length of  the short  time  window,,rt  denotes the

samp[ing  frequency, r  is an  integer. and  ,fb denotes the
frequency of  the  pure tonc,

   In addition,  the SDW  is computcd  for several  short

time  window  lengths.

4.4. ProcedureofComputingtheMaximumSpectrum

     Distortion Width

   Our  procedure for computing  the SDW  is shown  in

Fig. 10. It provides an objective  evaluation  mcasurc  since

we  use the muximum  value  of  the SDW,  hereafter wc  call it
Maximum  Spectrum Distortion Width a,,, max  (MSDW).

45. AnalysisConditions

   A  movince  sound  image  which  artcmatcs  bctwccn  two

front positions is creatcd.

   The  moving  angle  is attered.  bccause the characteristics

creatcd  by switching  transfer functions depend on  the

moving  angle.  The  computational  conditions  are  listed in

Table 1,

Tablc1Analysisconditions.

Method A dB C D,E,F

Frame]ength 2.C}48ttLps

Frameshift 2.048saps256taps2,048taps

Switchingtime 8.092taps(170ms)

Fade-in･
fadc-outtirne

2,048taps
l(43ms)

Puretunclength 4S.OOOtaps(1s)

Puretone
i'requency

f,=(48000f256)･r[Hz]
r=1-80

t... t-

  Moving angle

Short time

angle 30.se

u,indow

]O c355--S･). 20

  (345 -15･･), 40-

  (33S･,-25 ). 60･{35C]'-10')
{340,-20,,)

(330C-3C}')

rectangular

 Short time
window  ]cngth

Short rime  window

   frame shii't

 256 taps, 512 taps

1,024 taps, 2C)48 taps

halt' oi' t'rumeshift

Sampling frequeHATS

Distance betwe
 seund  source

  and  sub.iect

uKF'N)
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  Fig. 11 C/alculated SI)XN' vulues,  vv･here  the  mox,ing

    nng]e  is ]() C3)F5 -5 ), (he  purc tone  t'requcncy is

    7SO Hz and  tlic lcngth o['  lhe  short  tisne windos-  is 25b

    Ull)S.

4.6. Results
4.6.]. Ca]culated SDW  vtdues

   Some  calculation  examples  arc  shown  in Fig. 11. The

results  indicate thut method  A und  rnethod  B yield more

wave  discontinuity thun  the other  methods.

4.6.2. Rclationship between  MSDW  und  sh()rt  time

      window  length

   Figure ]2 plotsL'MsDw  versus  short  time  window

length for the 6 methods,  The results  indicute that 1) the

MSDW  falls as the short time windo",  length inereases. 2)

lhe  MSDW  values  yielded by the methods  are  quite
djt:ferent if the short  time window  length is shorr.  especially

ln the  case  of  256  taps.

   256 taps are  adoptcd  as the short-time  window  length.

becuusc this serting  emphasizes  the di II'erences between thc

methods.

4.6.3. Relationship between  MSDW  and  pure tone

      frequency

   Figures l3 und  14 plot MSDW  values  versus  pure tone

frequency. The rcsults shoxN･ that 1 ) methods  A  and  B yie[d
lurger MSDW  than  thc  other  methods.  2) method  B has

Iarger MSDW  than  metbod  A, 3) the fadc-in-t'ade-out

method  has smaller  MSDW  than  method  C,
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4.6.4. Wave  discontinuity yielded by the fade-in-fade-out
       method

   This gection  discusses the iN'ave diseontinuity yielded
by  the fude-in･fade-out method,  Our asgumption  ig that
wave  discontinuity is re[ated  to the amplitude  difi'erence
and  the phase difi/crence created  by the switching  of

transfer  functions. The  amplitude  ditlierence (AD) and  the

phasc  difference (PD} are given as fol]owg,

                         SSTFi<k)

            
AD

 
=[

 
20iogto

 ssTF2(ks 
Ci2)

               PD=lei(k)-e2(k)1  (13)

where  k is discrete frequcncy, SSTFi(k), SSTF2(k)  are

switching  transfer  functions, which  are  repregented  by

           SSTFI(k) =  ISSTFi(k)1 ･ e'"]`A)

           SSTF2Ck)  =  ISSTF2(k)J . ei`']`k'

   Figure 15 plots the AD  and  PD  yulues  versus  the purc
tone  frequency. Thig figure mdicates  that AD  is very  large
at  7,875 Hz  but vcry  sma]]  at 1.500 Hi. where  the influenee
of  PD  ig strong.  These two  pure tone  frcquencieg (1 ,SOO  H7
and  7.875Hz) wcre  used  in calculating  the ]mpact  of

moving  angle  on  the MSDW  of  methods  D, E, and  F, see

Fig, 16.

   The resu]ts indicate that  D at 1,500 H[, the differences
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60

between  the three  methods  are  small  until  30' (345'-15''),
method  F  yields the worst  MSDW  over  30" (345 -15 ). 2)
at 7,875Hz, method  D  (F) yields the worgt  {sma]lest)
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)vlSDW,  3) the  MSDW  rangc  at 7,875 Hz  is "'idcr  than  thut                     L
ut  1.500Hz. That is. MSDW  is detennincd more  by AD                                         -
thun  PD. Thcretbre, it is concluded  thal rnethod  I: is the

besr fttde-in-f.ade-out method.

       5. SUBJECTIVEEVALUATION

5.1. Measurement  of  the  SSTF

   Thc SSTF  of  several  subiects  -,ere measured  m  a tesl

roe]n/  tt rectangultir  seundproofed  chaniber  that recluced

eutside  noise  by at  least 50dB,  Its reverberatien  timc  was            i

about  O.1s. The  procedure used  to measure  the SSTF  is

described be]owi

   Eaeh  sLibject  sat  on  a  seat  equipped  with  a headrest in
(he test rooTn.  Ncxt. an  M-scqucnce  signal  (100Hz-

l.5kHz) was  radia[ed  from each  loudspeaker, The sound

s{}urcc  azimuth  dircctions ",cre  5', 15', 30, 330 . 345 
.

355 , and  the source  distance from the  subjeet  to the  face of

cuch  leudspeakcr was  l.45 m.  The [oudspcakcrs (Sounde-

vice  SD-O.6 modeLs)  were  level wiLh  the  subject's  eftrs.  The
sound  pressure lcvel er  tbe signal  was  65  dB at  lhe  entrance

of  the subject's  ear  canal.  Miniature microphones  (RION
UC-92  typcs)  u,ere  inserlcd about  5mm  into lhe  entrancc

ol' the sub.}'ect's  ear  eanal. Thc outputs  of the microphones

werc  cenvertcd  in[o a  I6-bit linear pulse code  with  a

48kHz  sampling  frequency hy an A!D  converter  CSDS li

DASBOX  16A). Fina]ly. the impulse responses  ol' the

SSTF  were  ealculated  using  the Hadamard conversion

method,  These SSTF  "'ere  corrected  to match  thc charae-

teristics  of  the  headphones (SONY  MDR-ED138)  and

loudspeakers [161.

Tab[e 3 R..･u'anieters ot' the  eutput  sis,nulh.

Melhod
  T･1

A  I B (]r6,  ,. F'-
Frame  length       L

Fvume  shift'2.o4's  Laps J
Swjtchjng  time      '

  Fude-in･

t'iidc-out time-

     2.04S tups

              1･･  -----

       2t/6 tapi -?.C)4-t 
tups-.

24,S7b tups  lnbc}ul O.S s)

5.2. Subjects

   EiL-"ht malcs  aged  between 22 and  24 years participated
in thc experimcnt;  none  had uny  history c)f hearin.o.

problems of  any  kind.

5.3. Stimuli
   The stimuli  ure  descrjbed in Table 2. where  t]]e souncl

pressure lcve] was  adjusted  at  the  entrance  ot' the  ear  canal

of  u  llATS  <KOKEN  SAMRAI).

   The sound  source  vv'as transt'ormed  inLo the output

siLgnal  by the  switchins,  transt'er function niethods.  As  in the

LL
2.04S t"ps
 (43 msl

objective  ex,atuation,  {he output  signal  wus  made  to

()s.cil]ate  betwccn twe  positiens. ,ALI[ paramcters arc  shown

in Table  3.

   The  output  signals  "'ere  digitally synthesi7ecL  on  a

computer  (Sun  SparcStation 1O) u,ith  a sanipling  frequene>,
et' 48kHL  and  16-bit quanLization, The si.gnuls  were

converted  from digital lo ana[o.p  hy a  D/'A canverter

(SDS Ji DASBOX  16A), und  lewpass tiltcred {cut-o['f

{'requenc>, =:  2C)kH7).

5.4. Procedure

   Eauh subject  snl  on  u  seat  in thc test roo]n  th,eurinty  Lhe

headphones (SONY  MDR-ED2･  38) as shown  in Fis,. 17. ,AL
test sit,nal  and  twe  evaluatioii  signuls,  whieh  were  creuted

by the s",itching  transf'er t'unction metho(ls,  were  repre-

duced vla  the headphones (see Fig. 18).

   The sub.iect's  task  was  to compare  thc  click  noises  in

the two  test signaLs using  a five grade comparison  scale. see

Table4. These assessment  procedures are  based on

Scheffe's puir comparison  method,

         Soundproofedchamber
]

 

"

httti]C

Fig. 17 Experimentu[ systetn.

Tabie2  Stimuli parumeters,

Dv'taleveice Durationtin]e
/.

abouL5.,2s

SvundprcssureLcs,cl
tt

6(F65.dBtttt
-....

Femulevoice Duration[iiMe !tt
abuut4.4s

tttt
goundI)ressureleiel 6C)-66dB-

'N,ILisieu]sound
L)urationtiiiie about.h-.2' s

SE/tundpLtssure[evel1-.63-66dB
tt

ttt-

nnnovncemelll
                              "11rloLmcenle"1

()fteKtllLlll]ber'

         
Lesl

 trit"Euil 
l
 

IeHt
 
.Lgna!2

 nl'  te-t nu]iibcr

.[]e Z Fss{...r･･･
     i"  " H
    /kheut  L sec  l see  abou[  11 sce

Fig. 18 La.veut of  thc  tcst signalH.  The  test numhe]'

 preceded the  evuluuLien  pair.
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Table4 Fivc-grade complirison  scale  uscd  in Schefi'e's

 cornpurisen  test. The  evatuation  prescntcd lhe test

 sound  first (see Fig. 18).

   Grade C'omParison of impa]rment

    2 DcgrEtdEtion is nSt  worrisome  
ut
 
tLll

     1 Dcgradatipn  is not  worrisome

    O Dcgradation  is same  ]es'el

    
-1

 Degradatiun  is -'orrisome

    
-2

 
Degr;.ida.Iion

 
is
 
very

 
"'errisc).mE

-2,O
 

-1.0
 O.O  1.0 2,O

  Fig. 19 ResultK of' the pre]iminar}, test: male  voicc.

 5.5. Preliminary Test and  Its Resu]t

    Scheffe's comparison  inethod  required  isP2 =  306

judgments per stimulus  for compuring  all pairs, since  there

 are  six  methods  and  the moving  anglcs  ure  10" (355"-5i
 30' (3450-15") and  60'' (330'-30''). However,  we  endea-

vored  to simplify  the number  of  judgments in order  te

rcduce  subject's  burden. To this end,  a  preliminary test was

performed before the main  test. In the objective  evaluation,

the MSDWs  of  Ihe fade-in･fade-uut methods  were  very

small.  If there  is no  significant  diff'ercnce between the fade-
in･fade-out metheds.  we  can  take  one  method  from the

three  fadc-in･fade-out methods  und  simpl"'y  the number  of

judgmcnts. The  preliminary test was  conducted  with  30"
(345"LlS:) moving  angle.  Five subjects  participated in this
test.

   The  result of  a mute  voice  is shown  in Fig. 19. Using a
female voice  and  a musieal  sound  yieldcd quite similar

tendencies.

   In this figure, X:Y  denotes method  X  and  moving  angle

Y. For example.  A:30  denotes that  the switching  transfer

function method  was  methed  A  and  the moving  angle  was

30n (345':-15"). The position of  the  arrows  corrcsponds  to

the average  of  the score,  The width  of  the arrows  represents

the 95%  confidence  interval, and  the overlap  of  arrows

means  that thcre  is no  significant  ditl'crcnce between  them,

   We  concluded  that method  F was  the best fade-in･fadc-
out  methods  in Section 4.6.4. but there were  no  significant

difi'crences between the fade-in･fade-out methods.  This
nieans  that the MSDWs  were  too small  and  the  click  noises

yielded by the l'ade-in･fade-out methods  were  not  perceiv-
able, Because there were  no  significant  ditTerences betwcen
the  methods,  methed  F is adoptcd  as the fade-in･fade-out
method  in the main  test.
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5.6. Results of  Main  Test

    Thc results  of  the main  test are shown  in Figs. 20-22.

The  interpretation rcsults of  the data ure  similar  to those of

the preliminary test

   Thc results  in Figs. 20-22, indicate that 1} as  f'or

methods  C  and  F, there is little sound  quality degradation,

and  there is no  significant  difference bctween them. 2) as
for methods  A  and  B, the sound  quality degrades on]y

slightly  as  the moving  angle  decreases.

                6. DISCUSSION

   To  examine  the va]idity  of  the objectiye  eva]uation,  this
section  considers  the correspondence  of  objective  evalua-

tion and  subjective  evaluation  via the moving  angles  and

the switching  trunsfer  function methods.

6.1. MovingAng]e

   The  objective  evaluation  obtained  dilTcrent tendencies
of  the MSDWs  in each  moving  angle,  so  we  separate]y

considered  the MSDWs  at the boundary  of  7.5 kHz.

   In the objective  evaluation,  the MSDWs  of  30" (345"-
15") moving  angle  were  larger than that of  10n (355 -5')
moving  angle  for all methods,  at 7,SkHz  or less. The
MSDWs  were  nearly  identical for methods  A and  B, except

for specific frequencics, and  the MSDWs  of  10' (355''-5'')
moving  angle  are ]arger than  that of thc 30: (345''-IS")
moving  angle  for methods  C. D. E, and  E  at  7,5 kHz  or

more.
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'1'R"XNSFER
 FUNCTIONS

   In the subjecrive  cvaluation,  the click  neises  wcre

perccivcd less easily as  the moving  angle  decreused ror
methods  A  und  B, Consequentially. geod  correspondcnce

between objectivc  and  subjectiN･'e  evaluations  was  obtaincd.

exccpt  for the musical  sound  due to its broadcr bandwidth,

XN'hilc the  t'emale voiee  had a band"idth  of  8kHz. the

musicul  seund  has u  broader bandxN'idth, and  thc diiferences

ot' the  MSD"Js  between tnethods  A  and  B is sma]l  at thosc

t'regueneies. On  the uther  hand, there  is no  significtnit

difference for methods  C and  F. except  for method  C  with

60 (330 -30 ) meving  angle,  The click  noises  eouldntt  be

perceived. sincc  the bt'ISDNEv's wus  very  sma[1  at  each

tllOVillg,  Elll.gle.

6.2. Switching Transfer Function Methods

   Frorn thc ob.iective  evu]uution  we  cun  rank  the mctheds

in order  ei' decreasing MSDWs  as.  method  B, method  A,

method  C. Lhen metheds  D, E and  F,

   The sub.icctis,e evaluution  showecl  that methods  A  und

B yiclded  larger click  noises  than  the oLher  methods.  und

lhere  sN'as a signiticant  dif('erence betwccn  nietheds  A  and

B with  10 (3i'5 -5 
'} moying  2mg]e.  In contrast  therc  was

no  significunt  dilTerence betwecn  them  with  30 (34.5 -15 )

moving  ansTle. The subjects  eould  not  disuriminate the

dilTerence in click  noises  bet",ecn tnctheds  A  and  B. sincc

the "vlSDVv'Ts were  too  large at 30 (345 -1) ) nioving

angle.

   There  was  no  significant  difference betwcen  methods  C

and  F, cxcept  for the 1'einale voice.  This means  that the

subjects  could  not  perceive the  click  noiscs.  because the

differenee of  the  MSDWs  bct"'een methods  was  i'ery

sn)all.

6.3. 0veral) Correspondence of  Subjective and  Ob-

    jective Evaluation

   The ob.1'ective evaluation  indicated that MSDX]v' increas-

ed  "'ith  the moN,ing.  angle  fur all niethods.  The subjectiyc

evaluation.  on  thc other  hand. matched  this eharacteristic

enlv  for methods  A  and  B.  ;

7. CONCLUSION

   This papcr studied  The impact of thc moving  geund

image scheme  used  on  the wave  dlscontinuity crcated  when   L t
switching  lhe scheme  to achievc  moving  sound  images

that, us  the fidial .?oal.  equaL  the quality ot' the imuges

created  w'ith  ]oudspeukcrs,

   First, the switching  transl'er function sehemes  were

grouped into the simp]e  switching  appruach.  the overlap-

add  approach.  and  the fade-in･fude-out approach,  X)v"e

created  un  algorithm  for each  approach.

   For the overlap-add  approach.  the nornutl  oN,erLap-add

mcthed  and  the oN'erlap-add  nicthod  -'ith moditicd  ham-

ming  window  were  examined.  Fer the  fade-in･fade-oul   L.

approuch,  the Vi Windew  method.  thc Cohine  wiridow

methud.  and  the  Fourier series windo"'  mcthod  "'ere

exumined,

   Second. the sound  quality degradation caused  by ",ave

discontinuity ",as  ussessed:  spectruni  distortion width  w'as

used  to quantify the wuN'e  discontinuity. Schctife's paired

comparison  tcsts were  carriecl  out  as  subjective  assess-

ments.  Thc results  are as fellows.

   Objective evaluation

The overlap-add  merhod  with  modified  hamming. window

(mcthod C) and  thc fade-in-fade-()ul method  (mctl]ods D.

E. and  F) exhibited  only  slight levels of wave  discontinuit >･ .

The  simpLe  swilching  methed  (rnethed A)  had less w'avL

discontinuit.y than  the overlap-add  meLhod  (methed B).

Among  the t'ade-in･fade-out mcthods  (methods  D, E. and

F}. the Fourier series  window  methed  (method  F) crcated

less ",ttve  diseontinuity than  the others.

   Sub,jectiye es,aluatio-

The  over]up-add  method  with  modified  hammin.g  window

(method C) and  the Fourier series  window  method  (method
F) hud ]ess souncl  quulit>, degradation thun  the other

methods,  Furthermore. there  -,as  no  significant  d"Terenee                               L-
between  thcTn. In the  simple  switching  method  (merhod A)

and  the normal  {)vcrlap-acld  method  (method B), the sound

clualit.y' degradcd unly  s]ightly  as  the  meving  angle  w'us

increased.
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    APPENDIX  SUPPLEMENTONTHE

                   DISTANCE  DIFFERENCE

   Figure A.1 shows  the geomctric relationship  between

the subjcct  and  loudspeakers. ris  the  radius  of  the subject's

hcad, R  is the  distance frum the center  of  the  head to a

loudspettker. D] and  D? are distances from the right  side

ear  to the two  loudspeakers, respectively,  Ae is the moving

angle.  The  figure indicatcs the stimulus  signal created  when

tttttt!

    rti'1'''1/'
     f'i'
    /t /t
  R/  ,i" 

Dl

  
'i7,(Qg.y

tt71'

 e

Loudspeaker

   A2
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Loudspeaker

x
 
//1-

 1

r

              i

              i-
 R

Fig.A.1 Geometric relution  betwecn subjcct  and  luud-
 speaker  tnovement.

278

                   Ac'oust. Sci. &  71E,c'h. 26. 3 (2005)

the active  loudspeaker was  moved  from  Ai to A2  wjth  AO
angle.  O is thc azimuth  of  ]oudspeaker Ai, Now  consjder

thc distance difTerence Di  -  D2  that depends  on  O: for this
we  introduce function p(e) normatized  by R2 +  r?

 p(O) =  (Di -  D?  }1 R2 +  r2

     =vF/  2･+,2cose"v'/5'!2+R',2cos(o-Ao)

                                          (A･b

Where the distanccs I)i and  D2  are  as  fo]]ows

         D] =  R2 +  r2 -  2Rr cose

         t)2 =  ivf7}li +  r2  
-  2Rrcos(e -  ile)

If z!e is a  i'ractional moving  angle.  we  get

p(e)=  1-acose-  1-acos(e-AO)

    =  1-acuse-  t-aCcosecosAO+sinesinAO)

    F= 1 -  a cos  O' -  ,ATZIi<EioEb  +  Ae  sin e)

    =  1-acosO(1-  1-(aAesine)/<1-acose))

    ==  1-aeose(1-v[i[-'i(PJq  e)) (A･2)

Whcre

        Cl =  2Rr/(R2 +  r2  }

      qCe)=aAesine!(1-acoseX  iq(O)1s1

From  Eq. (A･2), the distance difference p(e) depends on

g(e). If the qCe) takes  a  maximum  value,  the distancc

ditTcrcnce p(e) is maximized.  Therefore. consider  a differ-
ential  coecacient  of  qCO),

        4(e) =  aAe(cose-  a)1(l -acose)2  (A･3)

That is, the distancc difference has a maximum  valuc  at

OfeEn!2,  where  e equals  cos'](a).  In the case  ot'

R  =  1.45 m  and  r  =:  O.e85 m.  we  calculate

 e=  cos-i{2Rr/(R2  +  r2)}  =  cos-i(O,1168)  =  83' (A･4)

Therefore, it is concluded  that the  distance dLfference has a

muximum  vaiue  when  the  eenter  of  the two  loudspeakers is
located at  or near  the front.
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