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Abstract: Morphological  measurements  of  the hypopharynx  are  cenducted  to investigate  the

corre]ation  between fine structures  of  the vocal  tract and  speaker  charactenstics.  The hypopharynx
includes  the laryngeal tube  and  bilatera] cavities of the pinform fossa. MRI  data dunng sustamed

phonation of  the five Japanese vowels  by  four sutljects are obtained  to analyze  intra-  and  inter-speaker

variation  of  the hypopharynx. Morphological analysis  on  the mid-sagittal  and  transverse  planes
revealed  that the shape  of  the hypopharynx was  relat]vely  stable,  regardless  of  vowel  type, in  contrast

to relatively 1arge mter-speaker  vanataon,  and  these  results  are  confirmed  quantitatively by a  simple

similarity method.  The small  intra-speaker  vanation  of  the hypopharynx  is  confirmed  by further
morphological  analysis  using  high-quality MRI  data for one  of  the subjects, obtamed  by using  the
"phonation-synchronized

 method"  and  
"custom

 lar),ngeal coil."  Furthermore, acoustical  efTects  of the

mdividual  variation  of the hypopharynx  are  estimated  by usmg  a  transmissLon ]ine model,  Vocal tract

area  function of  one  of  the subjects  above  the hypopharynx  is combmed  with  the hypopharyngeal
cavities  of  other  subjects,  and  their transfer functions are  calculatecl,  The results show  that the inter-

speaker  variation  of  the hypopharynx aiTects  spectra  in  the frequency range  beyond  approximately

25kHz
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             1. IINTRODUCTION

   Human  speech  does not  only  convey  linguistic and

paralinguistic information but a]so  transmits  nonlinguistic

mformation.  The ]attercan be better described as biological
mformation  because it delivers speaker  characteristics

ansing  from the individual variation  in body geometry.
Each speaker  demonstrates un]que  charactenstics  in speech

signals  just as  each  person has a  characteristic  face, and

both speech  sounds  and  facial images  facilitate communi-

cation  befbre establishing  verbal  and  expressive  under-

standing  Speaker characterist]cs  also  provide the frame-
work  for recogniz]ng  phonemes  through information

regarding  age,  gender, and  physical conditions  of  the

speaker.  These  facts provide evidence  that  speaker  char-

acten$tics  play a  cntical  ro]e  in speech  communication.

   Speaker  characteristics  consist  of two  meqor  elements:

physical variations  of  speech  organs  and  behav]ora]

variabilities,  such  as talkrng  styles or  dialects. The former
is thought to have  two  components:  individual character-

istics of  the  laryngeal source,  and  of  the supralaryngeal

*e-rnailkitamura@atrjp '

voca]  tract. While physical properties of  the vocal  folds
rnainly  detemine the gross difference in  speaker  age  and

gender, variations  in  vocal  tract shape  produce  strong

differences in speech  spectra  that distinguish one  speaker

from another.

   The relationship  between vocal  tract shape  in vowels
and  vowe]  spectra  (e.g. formant frequencies) has been

investigated  by many  researchers  since  Chiba and

Kajiyama [1]. In contrast,  the actual  causal  factors of

speaker  characteristics  in the vocal  tract remain  unknown.

Investigation into  this topic  is  important  not  only  for

confirming  results  of  psychoacoustical studies  on  percep-

tual clues  of speaker  characteristics  but also  fbr speech

signal  processing, such  as voice  quality control  and

speaker-independent  speech  recognition.

   Imaging  techniques  such  as  magnetic  resonance  imag-

ing (MRI) have made  it possible to obtain  the precise shape
and  area  function of  the vocal  tract during phonation. A

number  of  studies  have  shown  differences in  vocal  tract

shape  across  speakers  by using  those techniques. Baer et aL

[2] employed  the MRI  technique to v]sualize  three-dimen-

sional  vocal  tract shape  and  to measure  the area  functions

during sustained  vowels  for two  speakers.  Moore  [3] also
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 used  MRI  to measure  area  funct]ons for five speakers.

 Story et  aL  [4] and  Sa]to et  al, [5] compared  area  functions

 for vowels,  and  Narayanan  et at. [6,7] and  Alwan  et  al. [8]
 compared  those for consonants  ameng  several  speakers.

 While  these  studies  have  demonstrated  the vowel-specific

 shapes  of  the vocal  tract, they did not  focus on  the sources

 of  speaker  characteristics  in  the  vocal  tract.

    Several studies  have  revealed  the  relutionship  between

 individual  differences in the global shape  Qf  the vocal  tract

 and  speech  spectra.･  Yang  and  Kasuya  [9-121 described
 individua]  differences of  voca]  tract area  functions

 extracted  from  MRI  data using  a  boy, adult  fernale and

 adult  male  speakers.  They  divided the entire  vocal  tract

 mto  three sections.  the ora], the pharyngea], and  the

 laryngeal, and  described geometmcal  differences in  those

 sections.  Based on  the results,  they  proposed a normal-

 ization  method  for the area  function by treating the sections

 separately  Aposto] et  al  [13] suggested  a  stmilar  segmen-

 tation of  area  functions by dividing the vocal  tract into  four

 cavmes:  the laryngea] cavity,  the back cavity,  the con-

 smction  cavity,  and  the front cavity.  They also  proposed  a

 speaker  transfbrmation method  based on  this segmentation,

 Honda et  at. [14] compared  geometncal  variation  and

 vanation  in vowel  artJculation  by using  an  X-ray microbe-

 am  system.  Honda [15] also  showed  a correlation  between

 geometrical measures  and  the lower fonnant frequenc]es,

 and  Fitch et at. [16] ,reported a high positive correiation                 '
 between vocal  tract length and  body sLze,  Because vocal

 tract length tends  to correlate  with  fonnant frequencies, the

 variation  in speakers'  body  siie  can  signal  speaker

 characteristics  in  speech.  The above  studies  have provided
 evidence  that the global shape  of  the vocal  tract is one  of

 the sources  of  individual  speaker  character]stics.  However,

 there  seem  to be  more  factors in  addnton  to the global
 shape  of  the vocal  tract. In particular, the ro]e  of  ind]vidual

 variations  in  the  fine struc'tures of the  vocal  tract fbr
'
 speaker  charactenstics  has been underexplored.
. The anatomica]  sources  of  speaker  characteristics  can

 be  investigated  for as  components  that  show  large inter-

 speaker  variation  and  small  ]ntra-speaker  (i.e., mter-

 phoneme) variation  because such  speaker  characteristics

 extend  beyond segmental  or  syllabic  spans  in speech.  Thus,

 if there are  regions  that show  large inter-speaker  vanation

 in  shape  and  size  with  small.intra-speaker  variation  in  the

 vocal  tract, it is possible that those  regions  are  important

 factors for speaker  characteristics,  One  region  potentialLy
 satisfy]ng  these  conditions  is the lower part of  the voca]

 tract that includes  the  hypopharyngeal cavities, i.e., the

 1aryngea] tube and  the pmform  fossa. According  to Dang

 and  Honda [17], the area  function of  the pmfbrm  fossa is

 different among  their subjects  and  relatively  stable  dunng

 sustained  pToduction of different vowels.  Takemoto et  al.

 [18] reported  that the area  function of  the laryngea]

vestibule  was  almost  constant  throughout a  continuous

utterance  of  vowels  laiueol, using  the data for a  male

subyect  obtained  by their 3D cine-MRI  technique. If the
above  results can  be generalized for speakers  and  the shape  .

and  size  of  those  cavities  show  1arge inter-speaker

variation, then the cavities  are possible regions  that are

re$ponsible  for speqker  characteristics,  It is  well  known

that variation  near  the c]osed  end  of  tbe voca]  tract

influences  a wide  frequency range  in speech  spectra  [19].
Therefore, the  inter-speaker vanation  of  the  lower  part of
the vocal  tract can  cause  large variation  ]n speech  spectra,

Considering these  voca]  tract characteristics,  in  the present
study  we  focus on  the hypopharynx  and  investigate intra-
and  inter-speaker  varLation  of  the geometry dunng sus-

tatned  vowels  We  analyze  MRI  data obta]ned  from four

subjects  selected  for this purpose and  carry  out  morpho-               '
logical ana]yses  on  the mid-sag]ttal  and  transverse planes.
In addition,  we  obtatn  high-qua]ity MRI  data for one  of  the

subjects  to conduct  a further analysis  of  intra-speaker

vanation  of  the vocal  tract shape.  Finally, we  perfOrm an
acoustical  simulation  employing  a  transmission  Line model

to investigate  the acoustica[  effects of  inter-speaker

variation  of  the hypopharyngeal cavity.

2. STRUCTURE  OF  LOWER  VOCAL  TRACT

   Figure 1 showsp  sketch  of  the vocal  tract and  the three-

dimensional shape  of  the lower part of  the vocal  tract. This

part includes  the laryngeal tube  and  the piriform fossa. The
laTyngeal tube  is divided into  the laryngeal ventncle  and

the  laryngeal vestibule.  The  Iaryngeal ventricte  is a  cavity

located between  the  true  and  false voca]  folds, whiLe  the

laryngeal vesttbule  is a narrow  tube located supenor  of the

laryngeal ventricle  and  opening  into the main  pharynx. The

pmform  fbssa are  a  pair of  bilateral cavities  located behind

the 1aryngeal tube. These two  cavities  are in the shape  of  an

inverted cone  and  open  into  the main  pharynx.
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Fig.1  Structure of  Lhe  vocal  traet  on  the  mid-sagittal

 plane, and  three-climenstona] shape  of  the lower part of
 the vocal  tract
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    3. MORPHOLOGICALANALYSISOF

VOCAL  TRACT  ON  MID-SAGITTAL  PLANE

3.1. MRIAcquisition

   Magnettc resonance  images  of  11 Japanese male

subjects  producing the five Japanese vowels  (/al, !el,
!il, lol, and  lu!) were  obtained  with  a  Shimadzu-Marconi
ECLIPSE  1.5T Power Dnve  250 at the ATR  Bram  Activ]ty
Imagmg  Center, Experienced radiologists  conducted  the

examinauens  The imaging sequence  was  a sagittal Fast
Spin Echo (FSE) series  with  2,O-mm  slice  thickness,  no

shce  gap, no  averaging,  a  256x  256mm  field of  view

(FOV), a512x512  pixel image  size, 51 shces,  900 FA,
1t-ms TE, and  3,OOO-ms TR. The total acquisition  time

was  approximately  180s.

   Each subject  was  briefed on  the experimental  proce-                             ,
dures pmor to scanning,  and  each  was  posmoned  to lie
sup]ne  on  the platform of  the MRI  umL  A  torso coil  was

then positioned over  the subyect's  head  and  neck  region.

The subjects  were  instructed  to maintain  steady  phonation
and  to breathe in gently through  the mouth  to hold the soft

palate up  during scanning,  The  subjects  were  not  instructed

on  the pitch frequency of  speech  uttered  dunng scanmng

   The  sagittal  MR  images  were  transferred  from  the  MRI

system  te a persona] computer,  The MR  image  quahty was
examined  to exclude  any  data from the subjects  that

shewed  indistinct  ]aryngeal stmctures  caused  by  inhalation

and!or  swallowmg  saliva dunng  scanning.  Consequently,
images of  only  four subjects  were  selected  for further
analysis.

3.2. MorphologicalAnalysis
   Outlmes of  the vocal  tract fOr the  five vowels  were

traced  manually  on  the  mid-sagittal  slice  and  superimposed

fbr each  subject.  The superimposed  out]ines  shown  in

FLg. 2 indicate that the shapes  of  the lower part of  the vocal

tract show  relatively  small  variation  dunng production of
the  vowels  while  the glottis height changes,  and  these

observations  are consistent  with  the results of  Takemoto
et  al, []8] mentioned  above.

     4. MORPHOLOGICALANALYSIS

       OF  LOWER  VOCAL  TRACT  ON
           TRANSVERSE  PLANES

4.1. Cross-Sectionat Shape Extraction

   To c]arify mtra-  and  ]nter-speaker  vanation  in the shape

of  the lower part of  the vocal  tract, we  carned  out a

morphological  ana]ysis  on  transverse s]ices. The MR
images  mentioned  in the pre"ious sect]on  were  interpolated

using  a trilinear algorithm to reconstruct  vo]ume  data sets
consisting  of  a  cubic  voxel  of  O.5 x  O 5 ×  O.5mm.  The

transverse slices shown  in Fig. 3 were  extracted  from the
volume  data sets  for this analysis;  the size of  a transverse

i8

Subject  KI

AcoustSct  &  717ch.

'Subject
 MO

26, 1 (2005)

    Sub]ect  HN  Sub]ect  KH

                     L

Fig.2 Superi[nposed mid-sagittal  veca[-tract  outlines

 for lal, !e!, !il, !ol, and  !uf obtained  from four male

 Japanese subjects  referred  to as  KI, MO,  HN,  and  KH

 The  outline  for faf of  subject  KI was  excluded  because

 the MR  imuge  for that vowel  showcd  tndistinct

 1aryngeal structures

Fig.3 The glottal posit]on (dashed 1ine) and  posmons
 of  transversc slices  extracted  for morpho]ogical  analy-

 sts (sottd lme)

slice is 512 x  512 ×  201 pixels, The position of the glottis
was  determined yisually  for each  vowel  because it varied

across  vowels  as  shown  in  Fig. 2. The  cross-sectional

configuration  of  the vocal  tract was  then traced manua]]y

on  each  transverse slice.

   Figure 4 tllustrates  tracipgs of  the lower part of  the

vocal  tract. Vocal tract configurations  for a  subject  at  equal

distance frorn the glottis show  sim]lar  shapes  across  vowels

in  an  approximately  30-mm-long  reg]on  extending  from
the glottis, which  corresponds  to the hypopharynx. The
configurations  of  the bilateral cavities  of  the pirifOrm fossa
aLso  show  simi]ar  shapes  regardless  of  vowel  type, as

reported  tn  Dang and  Honda [17]. These  observations

irnply that the shape  of  the lower part of the vocal  tract is
relatively  stable  dunng vowel  phonatien. However, subject
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Fig. 4 Tractngs  on  transverse  sl]ces  of  the  vocal  tract for four male  Japanese  sutljects  phonating the five Jupanese vowels

 The tracmg  fbr /af of  subJect  KI was  excluded  because the  MR  image  showed  indistinct  laryngeal structures  The pair of

 b]lateral cuv]ties  of  the  voca]  tract near  the glottis is the  pmform  fossu

                                                                  '
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KI  and  HN  showed  an  exceptionaLty  larger area  of  the

]aryngeal tube for the vowel  !ul than that for the other
vowels.  In contrast  to the sma]]  intra-speaker yariation  of

those  regions,  the configurations  and  areas  of the voca]

tract show  large inter-speaker  variation.  Piriform fossa
configurations  also  display inter-speaker variation  in shape,

area, and  depth of  the cavities.

4.2. Intra- and  Inter-Speaker Similarity Examination

     by Simple Similarity Method
              i
   Tracings ef  the lower part of  the vocal  tract are

il]ustrated in Fig. 4. Below, we  quantitatively examine  the

intra-  and  inter-speaker similamty  among  those tracings by
employing  a simple  similarity  method  [20]
42.1 Simple similarity  method

   First, each  tracing  in Fig, 4 is converted  into  a binary
image in which  the pixe] of  the vocal  tract region  is  set to 1
while  that of  the other  area  is set  to O. Next, the  binary
]mage  ts gradated and  converted  into a gray-scale image  by

a  second-order  Gaussian  filtering, The  standard  deviation

ef  the Gaussian filter is set to 10 pixels (5 mm).  The simple

similarity  value  S, between two  gray-scale images gi and

g2 is defined in  the  foIIowing formuia  [20]:

                     (gi,g2)2 
･

                
SS=IIg,112Hg,112'

 
(l)

where  (gi,g2) is the inner product of  gi and  g2, and  1lgl1 is
the norm  of  g (= mo).  The  simple  similarity  value

ranges  from  O to 1, and  a  1arger simple  similarity  value

between two  images means  the images are  more  similar.

The above  procedure to ebtarn  the simple  similanty  value

is schematized  in  Fig, 5,

   The  fo11owing two  cases  show  exampLes  Qf  the  simple

sirnilarity values  cornputed  between the cross-sectional

shapes  of  the vocal  tracts shown  in Fig. 4. The simple

similarity  value  between vowels  lal and  !el fQr subject

KH  en  the transverse plane ]Omm  from the glottis is O.83,
The simple  similarity  value  between subject  KH  and  subject

HN  fbr the vowel  lal on  the same  transverse plane is O.25.

  tracingA  tracingB

     + +
binary image  binary image

     + +
Gaussian  filter

x /
equation  (1)

simp]e

    +similarity
 ya}ue

Fig.5 Precedure to ebtain

 between  two  tracings

simp]e  sirm1arity  values

20

1

  O.8ts:-scC

 06diggo4di02

o5
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10 15 20 25 30 35 40 45
   distance from glottis [mm]

Fig.6 Simple similarity  values  between the cross-sec-

 tienal  shapes  of  the vocal  tract  These  are  averaged

 w)th  respect  to the vowels

4.2.2. Intra- and  inter-speaker  simple  similarity

   Figure 6 shows  the simple  similanty  values  averaged

with  respect  to the vowels,  indicating intra-speaker sim-

ilarity of  the vocal  tract shape  The sections  having large
simple  sirnilanty  values  are  regaTded  as  having small

variation  in the shape  of  the vocal  tract and  vice  versa, The
intra-speaker  simple  similanty  values  in  an  approximately

30-mm-long region  extending  from the glottis, correspond-

ing to the lower part of  the vocal  tract, are 1arger than those
in the  superior sections. Figure 7 shows  the simple  similar-

ity  values  averaged  with  respect  to the subjects,  The mter-

speaker  simple  similarity  values  are  relatively  smaller  than

the intra-speaker simple  simi1arities  over  the same  distance

from  the  glottis, which  indicates that the inter-speaker

variation  is 1arger than  the intra-speaker  variation.  In
addition,  the inter-speaker  simple  similarity  values  on  the

transverse  planes between 1Omm  and  20  mm  away  from  the

glottis are  smal1,  suggesting  that the shapes  of  the laryngeal

1

  08)El-

 06g-a

 O.4Edi

  O,2

o5le
 15 20 25 30  35 40  45

   distance from glottis [mm]

Fig.7 Sirnple similarity  va]ues  between the cross-sec-

 Lional shapes  of  the vocai  tract These are  averaged

 with  respect  te the subyects
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vest]bule  and  the pinform fbssa show  particularly large
inter-speaker variation  Thus  we  can  conclude  that  the

shapes  of  the hypopharynx are relatively  stable during
vowe]  production and  that the shapes  show  relatively  large
vanatien  across  $ubjects,  The results are consistent  with  the

quahtative analysis  of  similanty  mentioned  above

   5. MORPHOLOGICALANALYSISOF

 HYPOPHARYNX  BY  HIGH-QUALITY  MRI

  The quality of MR  images  is easily  affected  by a

subject's  body movements  during scanmng.  The  hypo-

pharynx is prone to move  when  a  subject  breuthes in andl
or swallows  saliva  during sustained  phonation. Movements
of  these  apparatus  result  in a  poor signal-to-noise  ratio

(SNR) of  an  MR  image  in that region  To avoid  this

problem and  obtain  high-quality MR  images  of  the

hypopharynx, we  employed  the 
"phonation-synchronized

method"  and  the  
`tcustom

 laryngeal coil"  [21] We  then

further examined  mtra-speaker  vanation  of  the shape  of  the

hypopharynx during vowel  productron.

5.1. High-QualityMRIAcquisition

  High-quahty MR  images  were  obtained  from subyect
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 KH  whjle  producing the  five Japanese vowels  using  the

 same  scanner  In the 
"phonauon-synchronized

 method,"  a

 subject  is presented with  a cyclic  noise-burst  sequence  (4
 beats on  a  3-s cycle)  in an  MRI  unit, and  he/she breathes in

 and  phonates repeatedly  in exact  timing with  the noise-

 burst sequence.  ThLs technique allows  scanning  only  dunng

 productLon and  insures  a  high SNR  in  the  image The

 
"custom

 laryngeal coil"  is  a high-sensitivity cotl wtth  an

 ellipttcal  antenna,  and  it can  be placed close  to the larynx to

 obtain  high-resolution images of  it [21]
   The  imaging  sequence  was  a  transverse  RF-FAST

 ser[es with  2.0-mm slice thrckness, no  slice gap, 2

 averaging,  a  128 x  128mm  field of  vtew  (FOV), a 5]2 ×

 512  pixel image  size,  21 slices,  400 FA,  3,360-ms  TE, and

 390-ms TR. The tota] acquisltion  time was  approximately

 510s 
-

 almost  three  times  longer than that of  the  FSE

 series described in Chap. 3 The subjects  were  instructed  to

 maintain  a constant  pitch frequency during scanning,

 5.2. High-Quality MR  lmage on  Transverse Planes

   Figure 8 shows  the high-quality MR  images on  trans-

 verse  planes at distances from.the glottis of  D=6mm,

 12mm,  18mm,  and  24mm  durmg vowel  production. The

   D=  18 mm  D=  24 mm
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Fig. 8 High-qual]ty MR  images  on  transverse  planes aT  distances from the glottis ofD  =  6mm,  12mm,  1Smm,  and  24 mm

 for the  five Japanese vowels  These images  were  ebtained  by using  the 
''phonation-synchrenrzed

 method"  and  the

 
"custom

 laryngeal coil"  [211 The upper  part of  each  irnage  corresponds  to the antemor  part of  the bedy
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Fig.9 SLmple similarity  yalues  between the cross-sec-

 oonal  shapes  of  the vocal  tract extracted  from high-

 quahty MR  images  These are  averaged  with  respect  to

 the  vowels
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black region  in these images  corresponds  to a]r, that is, the

vocal  tract. Figure 9 shows  the simpte  similamty  values

averaged  with  respect  to the  vowels,  indicating  intra-

speaker  similarity  of  the vocal  tract shape.  The standard

deviation of  the Gaussian filter was  set to 20 pixels (5 mm)
m  the procedure to obtain  simple  similanty  values.  These

figures show  that cross-sectional  configurations  of  the

hypopharynx across  the vowels  are highly simi]ar  at equal

distances from the  glottis. Consequently, we  can  confirm

that the shapes  of  the hypopharynx are relatively  stable

dunng  production of  the  vowels.

  6. SIMULATIONUSINGTRANSMISSION
                LINE  MODEL

   In the previous sections,  we  ind]cated  that the shapes  of

the hypopharynx are relativeLy  stable  across  voweis,  while

they show  a  1arge inter-speaker  variation.  In this section,

we  estimate  the  acoustical  effects  of  the  individual                        '
variation  in the hypopharynx by using  a transmission line
model  To perfbrm the simulation,  a vocal  tract area

funcuon of  subyect  KH  above  the hypopharynx  was

combined  with  the hypopharyngeal cavities  of other

subjects,  and  their transfer functions were  calculated.

6.1. Extraction of  Vocal Tract Area Functions
   Area functions were  extracted  from the reconstructed

vo]ume  data sets  described in Chap. 4. 0ne  front vowel  !el
and  one  back vowel  lo! were  selected  for the sLmulation.
First, volume  data of  the  upper  and  lower jaws were

supenmposed  onto  the volume  data using  the method

proposed  by Takemoto  et  al. [22,23]. This precedure for

dental visualization  ]s indispensable  in  extracting  preci$e
vocal  tract area  functions. Next, vecal  tract area  functions
were  extracted  from the volume  data. The area  functions of

the  main  vocal  tract and  those  of  the  piriform fossa were

extracted  separately:  First, the mid-line  of  the vocal  tract

from the  glottis to the 1ips was  calculated  on  the mid-

sagittal shce.  Then, cross-sectional  areas  of  the main  vocal

tract along  the mid-1ine  were  measured  at 1-mm  intervals.

The  area  functions of  the piriforrn fossa were  measured  on

transverse  planes from the  opening  of  the fossa into the

pharynx to the bottom  of  the  fbssa, also  at  1-mm  intervals.

   Figure 10 depicts the area  functions of  the vocal  tract

of  subject  KH, Figures 11 and  12 depict the area  functions
of  the  laryngeal tube and  the piriform fbssa for the  same

vowels.  Figures 11 and  12 show  that there  are  individual

vanations  in the area  functions of  those cavities  as well  as

differences between the two  vowels  in area  functions of
those cavities,  indicatmg  that the shape  of  the hypopharynx

changes  slightly among  the vowels.

6.2. Method

   We  constructed  hypopharyngeal models  based on  the

vocal  tract,area functions of  the fbur subjects,  and

combined  the areas  of  each  hypopharyngeal model  with

the mode]s  of  the oral  and  pharyngeal cavities  of  subyect

KH. Thus, the models  were  associated  with  their respective

areas  only  for the hypopharynx,  wbile  only  the models

of  subject  KH  were  associated  with  h]s respective  areas

for the entire vocal  tract. The  models  for the vowel  !el
produced by each  subject  are  denoted below  as  KIe, MOe,

HNe, and  KHe, respectiyely.  Similarly, the models  for the
vowel  lol are denoted as KIo, MOo, HNo, and  KHo.

   Calculation of  velocity-to-velocity  transfer  functions of

the models  was  based on  a  transmission  line model  [24] for
a frequency region  up  to 6kHz. Based on  the transmission

  600cu"
 500E,ggs

 8 2oo L

 tu 100

    %

  600ou"
 500E,ggg

 8 2oo L

 to 100

'

25 50 75 100  125 150 175  200
   ds$tance from glottts [mm]

        (a) Nbwel  let

% 25 50 75 100 I25 150 175 200
       distance from glottis [mm]

            (b) Xlowe] lol

Fig. 10Area  functions of  the vocal  tract (a) the vowel  lel and  (b) the vowel  fo! of  slltlject KH

'
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Fig. 12 Area functions of  the pir]form fossa

 and  (d) the right  eavity  for the vowel  !of
 suh)ect  HN  as  shownmFig  4 ,

   150ov"
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 (d) R]ght cayity  of  p]riform fossa

20

       Vowel lo/

{a) the left cav]ty  and  (b) the nghr  cay]ty  for rhe vowel  fol, (c) the ieft cavity
The r±ght cuvity  Qf  the piriform fossa was  not  observed  in the vowel  leX of

'

line model,  a vocal  tract is modeled  as a cylmdnca]  tube

where  p]ane wave  propagat]on is assumed.  This assump-
tion  is valid  for a frequency region  below  an  upper-1imit

frequency. This upper-1imit  frequency is determined  by  the

largest dJameter of  the cylindncal  tube, which  is equal  te

the half-wavelength of the highest allowed  frequency
When  we  set  the speed  of  sound  c  =  353,O mls,  the 1argest

area  for which  plane wave  propagation can  be assumed  at

6kHz  is (35300012 2･6000)2･n  =:  680mm?.  The vocal

tract area  funetion of  the vowel  le! and  the vowe]  lo/
shown  in Fig. 10 are smaller  than 680mm2  along  their

entire  lengths, It is therefore reasonable  to calculate

transfer  functions of  the  models  for a  frequency region

up  to 6kHz,

   A  cavity  of  the  pirifbrm fOssa comprises  a  side  branch

of  the vocal  tract and  is therefOre modeled  by two  cascaded

portions' the lower comcal  portion and  the upper  cylin-

drica] portion as  proposed by  Dang  and  Honda  [17] The

radiation  impedance  of  the vocal  tract ZR was  approxi-

mated  by  the fbllowing equation  suggested  by Causs6
et  al.  [25]:

 ZRIpc =:  z214  +  O.O127z4 +  O.082z4 lnz -  o.o23i6

   +1(O.6133z  -  O,036.7,3 +  O 034z3 lnz -  O,O187zS), a)

 z=kr,  (3)

Here, p is the air density, k is the wave  number,  and  r  is the

radius  of  the radiatmg  end.  We  set p=  1.14kglm3 and

c ==  3S3.0 m!s,  It should  be noted  that Eq. (3) is valid  for a
frequency regipn  satisfying  kr <  1.5. As the radius  of the

open  end  of  the models  for the vowel  lel is 10mm,  so

Eq. (3) is valid  for up  to 8,4kHz In the same  way,  that of

the models  for the vowel  lol is 3 mrn,  and  Eq, (3) is valid
for up  to 28 1kHz.

'
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6.3. Results

   Velocity-to-veLocity transfer  functions of  the hypo-

pharyngeal models  are  shown  m  Fig. 13, and  the  fbrmant

frequencies from  the first to the fifth are  hsted in Table t,
The differences across  the formant frequencies of  the fpur
models  for le! were  8Hz  (1.9%) for Fi, 39 Hz  (2,1%) for
F2, 71Hz  (2.8%) for F3, 619Hz  (19.8%) for Ei, and

321Hz  (7,7%) for Fs. The differences of  the formant
frequencies of  the models  for /ol were  12Hz  (2.7%) fbr
Fi, 6Hz  (O.7%) for F2, 149Hz  (5,9%) for F3, 386Hz

(11.7%) for Ei, and  1,102Hz (28.8%) for F3. These results
indicate that the inter-speaker vanation  in the shape  of  the

hypopharynx exerts  mfluence  over  a  wide  frequency range

above  approximately  2.5kHz. Dang  and  Honda [17]
demonstrated that the  pmform  fbssa cause  antiresonance

in speech  spectra  at the frequency region  from 4 to 5 kHz,
which  results  in a shift of  the fbrmant frequencies over  a
                                        eo

broad frequency region.  Fant [19] and  Fant and  Bavegard

[26] reported  Ln  their theoretical studies  that the presence of

'
 24
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Table 1 Formant frequencies of  the  ve]octty-te-ve]ocity

 transfer  function (a) the  models  for !ef and  (b) the
 models  for lo! Frequencies are  expressecl  in  Hz  The

 frequency  of  Fs for KHo  is excluded  because  the  peak
 of  that formant is not  ci]stinguished

              (a) Models for lel
modelF] F2 4 F4 Fs

KIeMOeHNeKHe421414417413l,8821,8481,8861,8472,S292,4612,5322,5112.9423.0i82,97S3,5614,0704,liO4,3914,O19

(b) Models for lo!
mode]Fl F2 fi F4 Fs

KIoMDoHNoKHo4424304394388108048078082,6152,4842,4702,6193,4653,1803,0793.4724,5643,4623,467

the pirifon" fos$a in  their parametric model  of  vocal  tract

area  functions leads to a  shift in the formant frequencies
over  a  wide  frequency region.  They a]so  showed  that

varying  the length of  the laryngeal tube  affects the

frequenaes of  Ev and  Fls. Sundberg [27] dernonstrated
that the shapes  of  the pharyngea] and  the hypopharyngeal
cavities  are different between speech  and  srnging  and  that

these  cavities  cause  the 
"smging

 formant," which  is a  high

$pectrum  envelope  peak near  2.8kHz  in the  male  singmg

voice.  Recently, Takemoto  et al.  [28] showed  that vary]ng

the areas  of  the laryngeal tube in a vocal  tract area  function
can  have  a  strong  effect  on  the frequencies of  Fh  and  FU.

Our results agreed  with  those studies,

   Moreover,  the d]fferences in  F] and  F4  between  lel
and  lol were  relatively  small  except  for LL of  subject  KI.
Therefore, we  can  speculate  that the small  variance  in  the

formant fi"equencies originates  in the hypopharynx Taking
into  account  the result of  Takemoto et at. [28] mentioned
above,  it is natural  to conclude  that this region  is relatively

stable regardless  of  yowel  type. For  the same  reason,  it is
also  reasonable  to state that Fb and  Fa are stable enough  to

signal mdividual  charactenstics.

   Antiresonance frequencies caused  by  the pinfbrm  fossa

at around  5kHz  in the transfer functions are  different
between the veweis  One possible cause  may  be the

difference in the area  functions of  the pmform  fossa

between the vowels,  as  shown  in Fig. 12

7. DISCUSSION

   The results lead to the following conclusions

 (1) The shapes  of  the hypopharynx, i.e,, the laryngeal

    tube and  the piriform fossa, are  relatively  invariant
'
 dunng productsen of  the vowels.

 (2) On  the contrary,  the shapes  of  those cavities  show  a

    wide  inter-speaker variation,  The inter-speaker  varia-
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    tion  of  those  cavities  atTects  spectra  at  the frequency

    range  above  approximately  2,5 kHz.
The results of  this study  are  in agreement  with  those  of

psychoacoustic studies,  Takahashi and  Yamamoto  [29] in

their study  of  Japanese vowels  reported  that spectral

regions  containing  speaker  characteristrcs  occupy  up  to

4kHz  for la!, up  to 4.5 kHz  for lel, 1i/, and  lu/, and  up  to

2 2 kHz  for'lo/. Furui and  Akagi [30] showed  that speaker

mdividualities  exist  mamly  in  the frequency range  from 2.5
to 35kHz,  within  the range  of  telephony Kitamura and
Akagi [31,32] also  reported  that speaker  mdividualiues

exist mainly  m  the frequency range  above  the peak near  20
ERBs  (1,740Hz). The frequency range  shown  above  is in
agreement  with  the range  where  the acousticaL  effect  of  the

lower part of  the voca]  tract is most  prominent, Con-
sequently,  it can  be concluded  that the hypopharynx is one
source  of  speaker  mdividualities.

   The  results  obtained  in this study  cornplement  those  of

studies  showmg  the correlation  between the glebal shape  of

the vocal  tract and  the lower formant frequencies, as

suggested  by  Yang  and  Kqsuya  [9-12] and  Honda  []5]
Summarizing their results and  our  conclusion,  we  can  say

that the globa] shape  ef  the voca]  tract provides speaker

individua]ities  in  the Lower frequency region  of speech

spectra,  while  the hypopharynx provides those  in the higher

frequency reglon.

  The nasal  and  paranasal cav]ties  are also  stab]e dumng
speech  productson, and  their shape  and  size  show  a  large

individual  variatson  [331 Since these  cavmes  constantly

contribute  nasal  spectra  to vowels,  they can  also  provide
sources  of  individual  characteristics  of speech  [34]

            8. CONCLUSIONS

  In order  to explore  possible sources  of  speaker

individllalmes  in  speech  sounds,  this study  investigated

inter-speaker  and  intra-speaker variation  in the geometry of
the vocal  tract usmg  means  of  MRI. Focusing on  the

hypopharynx, we  carried  out  morphological  analysis  of

intra- and  inter-speakeT vanatien  of  the vocal  tract shape

dur]ng sustained  yowel  productaon. In addmon,  we  esti-

mated  the acoustical  effects of  the cavities  by model

simulations  for the four male  subjects.  Our results  indicate

that the hypopharynx  shows  relatively  smal]  intra-speaker

vanation  and  relatively  ]arge rnter-speaker  vanation.  The

steady  shapes  of  the cavities  were  confirmed  by a high-

quality MRI  technique Furthermore, the results from the
acoustical  simulation  shewed  evidence  that the  inter-

speaker  variation  of  the  hypopharynx  is reflected  by  the

individual variation  of  the transfer function of  the vocal

tract

  There  are  some  problems due to 1irnitations of  the MRI
technique Because the subjects  uttered  vowels  while  lying
in the supine  position m  the  MRI  scanner  as  rhe  MR  images

were  obtained,  the movement  of  the hypopharyngeal shape
may  have been limited due to the body posture, In addition,
MRI  scanning  required  sustained  phonation over  a few
mmutes.  The vocal  tract shape  during sustained,  phonation
is somewhat  different from that  during natural  conttnuous

utterance  [35], These problems may  have caused  the small

intra-speaker  variation  of  the hypopharynx. Further efforts
will  be needed  to clanfy  and  overcome  these problems.

         ACKNOWLEDGEMENTS

  This research  was  conducted  as part of  
"Research

 on

Human  Commumcation"  with  fund]ng from the NationaL
Institute of  InfOrmation and  Cornmun]cations  Technology,

We  thank Dr. Yasuhiro Aoki of Toshiba Social Network
and  Infrastructure Systems Company  for his advtce  on  the

simple  similarity  method.  We  also  wish  to thank Dr,
Jianwu  Dang  of  JAISTIATR  Human  Informat]on Science
Laboratones and  Mr. Hiroyuki Hirai of  SANYO  EIectmc
Co , Ltd. fOr their helpfu1 comments

              REFERENCES

 [1] T  Chiba  and  M  Kngiyarna, 71ie llowel lts Ndture  and

   Structure (Tokyo-KaiseLkan, Tokyo, 1942)

 [2] T  Baer, J C  Gore, L C Grabco and  P W  Bye, "Anatysts
 of

   yecal  tract shape  and  dimensions using  magnetic  resonance

   imaging  Vowels,"J  Acoust  Soc  Am,90  799-828  (t991)
 [3] C  A  Moore, 

'`The

 correspondence  of vocal  tract resonance

   with  volumes  obtatned  from magnet]c  resonance  images,:'  J

   SPeeeh Hear  Res,35, 1009-L023 {1992)
 [4] B H  Story, I R  Titze and  E A  Hoffman,  

"Vocal

 t[act area

   functions from  magnetlc  resonance  tmaging,"  J Acetist Soc

   Am,100,  537-554 (1996)
 [5] H  Saito, N  Suzuki, Y  Fu]ita, K  Michi  and  T  Takahashi,

   
"3-dirnensional

 measurements  of  vocat  tract shape  using  MRI

   
-

 methodology  and  area  functton in normal  subjects  
-,"

   J JPn Stomatol Soc,49, 92-101 (2000)
 [6] S S Narayanan,A A Aiwan andK  Haker, "An

 articulatory

   study  of  fricative censenants  uslng  magnetlc  resonance

   imaging,"  J  Acoust  Soc  A,n,98,  1325-1347  (1995)
 [7] S S Narayanan,  A  A  AIwan  and  K  Haker, 

"Toward

   articulatory-acousttc  models  for 1iquid approximants  based  on

   MRI  and  EPG  data Part I the  luterals," J Acoust Soc Atn ,

   101, I0641077  (1997) 
'

 [8] A  AIwan, S Narayanan and  K  Haker, "Toward

 arttculatory-

   acoustic  models  for 1iquid approxtmants  based on  MRI  and

   EPG  data Part It the rhotics,"J  Acoust Sec Am  
,
 101, 1078-

   1089 (1997)
 [9] C-S  Yang  and  H  Kasuya,  

"Dimcnsional
 difTerences in  the

   vocal  tract shupes  meusured  fro]n MR  images  across  boy,

   female and  male  sub]ects,"  J Acoust Soc lpn (E), 16, 414
   (L995)
[10] C-S Yang  and  H  Kasuya, "Uniform

 and  non-uniform

   norma[ization  of  vocal  tracts measured  by MRI  ucross  rnale,

   fema]e and  child  suh]ects,"  IEICE  7}'ans Iof Syst, E78-D,
   732-737 (1995)
[11] C-S  Yang and  H Kasuya, "Speaker

 indLvidualities  ofyocal

   tract shapes  of  Japanese vowels  measured  by mugnetic

   resonance  images,"  Proc JCSLP  96, pp 949-952 (1996)
[12] C-S  Yang  a]id H Kasuya, "Invamance

 and  tndividualtty  of

   the  vowe]  Evidence from articulatory  and  acoustic  observa-

'

'

 ･ 25

NII-Electronic  



The Acoustical Society of Japan (ASJ)

NII-Electronic Library Service

TheAcoustical  Society  of  Japan  {ASJ)

                                                     '

        tions."  71ech Rep  IEICE, SP96-120 (1997)
    []3] L Apostol, P Perrier, M  Raybaudt and  C Segebarth, "3D

        geometry of  the  vocal  tract  ancl  inter-speaker  vanabtlity,"

        Proc ICPhS  99, San Francisco, Vo] ],pp 443-446(1999)

    [14] K  Honda, S Maedu, M  Hashi, J S Dembowskr  ancl J R

        Westbury, `LHllman

 palate and  re]uted  structures  Their

        artieulatory  consequences,"  Proc ICSLP  96, pp 784-787

        (1996)
    [151 K Honda, "lndiyiduahty

 eforofacial  forn] refiected  in vowel-

        spaces,"  Proc Sbrtng Meet Acoust Soc jPn, pp 237-238

        (1997)
    [16] W  T  Fitch andJ  Giedd, `CMorphelegy

 and  development of

        the  human  vocal  tract A  study  using  magnetic  resonance

        tmagmg,"  J Acoust Soc Am,106,  1511-1522  (1999)
    [17] J Dang  and  K  Honda,  

"Acoustic

 charactensttcs  of  the

        p]nform fossa tn rnodels  and  humans," J Acoust Soc Am,

        101, 456-465 (]997)
    [18] H  Takernoto, K  Honda,  S Masakt,  Y  Shirnada and  I

        FuJimoto, 
"Measurement

 of  ternperal  changes  in  voca]  tract

        area  functiDn dunng  a connnuous  vowel  sequence  using  a  3D

        cine-MRI  techntque,"  Proc 6th int Semm  Sbeech Productton.

        Sydney, pp 284-289 (2003)
    [19] G  Fant, Acousttc 7heor[y of speech Producnon (Mouton, the
        HaguelPams, l960)

    [20] T  IiJima, T7teory ofPattern Recognition  (Monkita Shuppan,
        Tekyo, 1989)

    [21] S Takano,K  Honda.S  Masakr,Y  Shimada andI  Filjimoto.

        
`tHigh-resolution

 imaging  of  vocal  gesture using  a 1aryngeal
        MRI  coil and  a synchromzed  imaging  method  with  external

        tnggenng,"  Proc  Sprtng Meet  Acoust  Soc JPn,pp  291-292

        (2003)

    [22] H  Takemeto, T Kitarnura, H  Nishimote and  K  Honda,

        
"Teeth

 fi]hng methed  for MRI  measurement  of  the vocal  tract

        shape." Proc  SPnng Meet Acoust Soc .ipn,  pp 293-294

        (2003)
    [23] H  Takemoto, T Kitamura,  H  Nishimoto  and  K  Honda,  

"A

        method  ef  tooth supenmposmon  of  MRI  data for accurate

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

                 Acoust. Sct. &  717ch. 26, 1 (2005)

rneasurement  of  yocal  tract  shape  and  dimensions,"' Acoust
Sct &  fech,25. 468-474 (2004)
l L  Ranagan,  speech analysis  s);nthesis  and  perception  2nd

Edttton (Spnnger-Verlag, BerlinfHeidelberglNew York,
1972)R

 Causse,J Kergomard and  X  Lurton, "Input

 tmpedance  of

brass musical  instruments  
-

 Cempamson  between ¢ xpemment
and  numencal  models,"  J Aco"st Soc Am,  7S, 241-254

(1984)G
 Fant and  M  B5vegard, '"Parametnc

 model  of  VT  area

funct]ons vowels  and  consonants,"  7n4H-e  Prog Status Rep  
,

31, 1-20  (1997)
J. Sundberg,  

''Arucu]atery

 interpretation  of the  
"srnging

formant"," J Acoust Soc Am,55,  838-844 (]974)
H  Takemoto, K  Honda, S Masaki, Y  Shimada and  I

F-imeto, "Modeling

 of  the inferior  part of  the  voca]  tract

based en  analysis  of  3D  cme-MRI  data," Proc A"tzamn A4ee!
Acoust  Soc .lpn,pp 281-282  (2003)
M  Takahashi  and  G  Yamamoto,  

"On

 the  physical character-

istics of  Japanese  vowels,"  Res  Electrotech Lab  , 326  (1931)
S Furui andM  Akagt, "Perceptien

 ef  yoice  individuality  and

physical correlates,"  Trans Tlech Com  Psychol Phystol

Aeoust ,
 H85-18 "985)

T Kitamura and  M  Akagi, "Re]ationshtp

 between physical
charaetenstics  and  speaker  individua]ities  in speech  spectral

enyelopes,"  J Acoust  Soc Am,100,  2600 (1996)
T  Kitamura  and  M  Akagi,  

"Significant
 cues in spectral

enyelope  of  isolated  vowels  for speaker  tdentificatien,''  J
Aco"st  Soc  JPn. (J), 53, L85-191  (L997)
J Dang  and  K  Honda, "Morphological

 and  acoustical  analysis

of  the  nasal  and  the paranasal cavities," J Acoust Soc Am,
Y6, 2088-2IOO (l994)
K  Hondu, `'Facial

 appearance  and  yocal  quahty Ln man,"  J
Aco"st  Soc JPn  (J). S7, 308-313 (2001)
K  Honda,  H  Takerhoto, T  Kitamura,  S Fu]ita and  S Takano,
"Explonng

 human speech  production mechanisms  by MRI,"

IEJCE Trans lt!f S.vst , E87-D, 1050-105S (2004)

'

'

26

NII-Electronic  


