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Abstrnct: In previous werk,  thc allthors  examined  the tendency  of  changes  in the Speech

Transrnission Index (STI) using  scverul  modeled  sound  ]fields, The  results  showed  that energy

concentratien  due to strong  refiections  at  any  dela}, time, short  or  long, increascs the STI. This means

that the STI cyalutttes  only  the degree of energy  concentration  or  dispersion in the time  domain

regardiess  of  the  delay time, As  such,  the STI  fundaxnentalty contradicts  the generaLIy accepted

concept  th at  early  reflection  is irnportant in speech  intelligibility. Howcvcr,  it has not  yet been  clara  fied

as  to whether  such  a  property of  the STI corresponds  to inteiligibility er merely  rcvcals a defect in the
STI. To  examine  the validity of thc STI. spcech  intclligibility tests were  conducLed  using  sound  fields

with  different energy  concentration  points. The  results  show  that cncrgy  concentration  at  shorter  delay
times  increases intetLigibility, thus  reconfirming  the  concept  of  importance of  early  energy,  and

indieatcs clear  disagreemcnt･ with  the STI. Thc  STI cannet  bc considered  te correspond  to
intelligibility becla'use it does not  distinguish useful  ear],y  cncrgy  frem  non-early  cncrgy,  which  does

not  contribute  to intelligibility.

Kervs\ords: Speech  transmission  index, STI, RASTI,  MTF,  Speech intelligibility

PACS  number:  43.S5.Hy, 43.55.Fw

             1. INTRODUCTION

   In 19. S1 Haas  111 showed  that  a  reflection  with  a  shert

delay tirne is integrated into direct sound  and  reinforces  it,
Based  on  this, Thiele [2] proposed  the  Deutlichkeit, in

which  refiections  within  delay time of  50ms  arc

considered  as  usefuI  for speecb  inteliigibility. Since then,

it has heen eommonly  accepted  in the field of  architectural

acoustics  that  early  refiection contributes  to speech

intelligibility, and  the Deutlichkeit has been used  as a

valid  measure  for room  acoustics.

   Houtgast and  Steeneken proposed the speech  transmis-

sion  index (STI) as  a  physical measure  fdr predicting
speech-transmission  quality in roems  [3,4], At the present
time, the  STI  and  its simplified  version  RASTI  are  widely

accepted  as the IEC standard  [5]. However,  there  is often  a

poor correlation  between the STI and  subjective  measures

such  as speech  intelligibiaity, indicating that they are not

linked. However.  there have  been  no  theoretical  studies

into how  tbe STI changes  under  varying  sound  field

conditions.

   In the  authors'  prcvious work  [6], the  tendency  of

changes  in the ST] were  examined  using  several  modeled

sound  fields, The  results  showed  that energy  concentration

due te strong  refiections at any  delay time, short  or  long,
increascs thc STI. This means  that the STI eyaluutes  only

the degree of  energy  coneentration  or  dispersion in the time

domain, rcgardlcss  of the delay time, As  such,  the ST!
fundamentally contradicts  the concept  of the impertance  of

early  energy.  It presents the possibility of  significant

changes  to room  acoustic  design. However, untit now,  it
has not  been clarified as to whether  such  a property of  the

STI  corresponds  to intelligibility or merely  reveals  a  defect

in the  STI.

   The  puipose of  this study  is to examine  whether  STI is
an  appropriate  measure  of  intelligibility, Intelligibility tests

were  conducted  using  sound  fields with  different encrgy

concentration  points, Although the STI sirnultaneously
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H. ONAGA  et  at.:  
'l'HE

 DISAGREEMENT  BETWEliN  STI AND

             h2(t)=6(l)+nyi･6(t-li) (1)

In this equation,  ili reprcsents  the pvwer ratio  of rcfiection

relative to direct sound.  The modulation  index m(F)  of  a

single  reflection  field is derived by substituting  Eq. (1) for

(A･2), written  as

                  1 +  2ni cos(2xFti)  +  nyi2
              m  (2)         m(F)

              
-

 1+  ny1

The  variables  in Eq. (2) are F, nyi and  ti, se  we  express  the

modulation  index as nt(F,rli,ti), Then, the  following

relations  hold:

           m(F  ep1, tl)=m(F,  il//.tl) (3)

           m(E  nyi, ti)=m(F,  nL, -ti) (4)

In oth' er words,  in single  reflection  fields, MTF  has thc

same  value  for the power ratio  nyi and  i!i?i, and  for delay

times  ti und  -ti. The invcrted anival  order  of  direct and

reflected  sound  causes  no  change  in the MTF  value.  These

properties of  MTF  are  common  to the STI, because thc STI

is calculated  from  MTF.

   The  MTF  for single  refiectton  fields, rcpresented  by

Eq. (2), is a  pcriodic function that does  not  converge.

Therefore, the  features are  the same  for the transmission

index TIF, (see the appendix).  MTI  is derived by  averaging

the  TIFi over  14 modulation  frequencies, and  the fluctua-

tion of  STI (== MTI  in the presented paper) is due to

overlapping  peaks and  troughs ef each  TIFi.

2.3. Discussion  on  Disagreement between STI and

     Intelligibility

   When  the  deiuy is greater than 0,1 s, refiections can  be
audibly  isolated from direct sound,  resulting  in echo

disturbance, although  the STI does not  necessarily  become
lower. In the case  where  the reflection level is O dB, the
STI varies  from O.49 (at O.44 s)  to O.79 (at 1,60 s).

Expresged by  the quatity classification  known  as  the tEC

scale, the  fbrmer  STI  value  of  O.49 is ranked  FAIR,  and  the

latter value  of  O.79 is ranked  EXCELLENT.  When  the

refiection  level is higher than 3 dB or  lowcr than -3  dB,
the  STll maintains  a  value  greater than  O.6, These values  are

ranked  GOOD  or  EXELLEN'I].  The  STI of  a  single

refiection  field maintains  a  high yaluc  even  when  there is
an  extremely  long delay time,  which  we  consider  the rangt'

of  echo-disturbance.

   Lochner  and  Burger  [7] carried  out articulation  tests

with  single  reflection  levels of  O, -5, and  +5  dB, and

examined  the effect of  integration of refleetien energy  to

direct sound.  In the case  of  a  refiection  level of  -S  dB,

 100%  of  the reflection  energy  is integrated up  to a  delay
timc  of 40 ms.  However, in the case  of  +S  dB, the

percentage of integrated energy  immcdiately  decreases

l'NTELLIGIB':LITY

atter  a  delay time of O ms,  and  becomes  about  60%  at

40  ms.  The  contribution  of  refiection  te articulation  clearly

differs between  these two  conditions  of  refiection  level; -5

and  +5  dB.

   Mochimaru et  at.  i8] examined  the STI and  tri-syllable

word-aniculation  for single  reflection sou"d  fields, The

articulation  tests wcre  canied  out  using  two  intensity  ratios

of  primary to secondary  sound;  1:O.5 andO.5:1,  with  a

delay timc of  50, 100, and  200 ms.  The  results  shosN'  that

higher articulation  is observed  for the first intensity ratio,

i.e. stronger  primary sound.  These aniculatien  test results

clearly  uontradict  the tendency  of  the STI.

   In the case  of  single  refiection  fields, the points

indicating that the STI does not correspond  to speech

intelligib-ty are  as  follows:

 (1) Thc  STI t,akes the same  yaluc  for positive and

    negative  reflection  levels relativc  to direct sound,

    and  also for positLve and  negative  delay times.

 (2) The lowest yalue  of  the STI  occurs  when  the  refiection

    level is O dB, and  both increasing and  decreasing the

    refiection iex'el from  O dB  causes  the  STI Le rise.

 (3) The STI doe.s not  decrease monotonously  with  delay

    time, instead exhibiting  irregular Quctuation. It

    maintains  a high value  even  in the  extremely  long

    delay tgme region.

 3. EFFECT  OF  ENERGY  DISTRIBUTION  IN

              THE  TIME  DOMAIN

3.1. Calculation and  Results

   In this chapter  the STI is exainined  in relation  to cnergy

concentration  or dispersion in the tifne domain. The

modeled  sound  fields calculated  here are  scries of  constant

lcvel reflections  of  1 fi]s interval, with  durations of  50, 100,

and  250 ms,  Each series is divided ifito five equal  portions
in the  time  domain  (A1, A2, A3,  A4, and  A5, respectively),

and  the  reflections  of  one  of  the  five portions are  amplified

by  L  dB  (Fig.5). The  model  is not  assumed  as  an

approximation  of  speci  fic actua]  sound  field, but is used  as

the  typical  cendition  suitable  tbr testing  the  hypothesis.
Z[1ie hypothesis to be testecl is that energy  concentration  due
to strong  reflectjons  at  any  delay time lncrcases the STI. It
was  verified  through the calculated  results  shown  in Fig. 6.

   The  calculated  STI curvcs  arc  plotted in Fig, 6 as a

function of  relative  amplitude  and  show  that enhanced

refiections  cause  an  inctease in the  STI  regardless  of  the

delay time.  We  also  see that the STI  takes the same  value

whether  the enhanced  area  is Al er A5, oT likewise A2  or

A4.

3.2. TheoreticalExamination

   It has already been shown  that the arrival  order  of  direct

sound  and  refiection  causes  no  change  in MTF  in the  case

ot' single  refieetion  fields (see section  2.2). This also  holds
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,,.",'sLEy'
 e=grg/,y  .',b/i/ spe,ecg/, ir;･tefi:'tgi.b''i y, , ts･i'fi,'efi'v£

･i･',
 tlli!,s

attfi':bv/i/e of  i[･tt.te S'];I /ias scrious  t:ensc(/ue:ices  t'or r･ooin
'icoL,sE.i/c

 [.Vesi't"iL  i:unt:el.)ts  by  c/ ･iasi,tdierLp..q', 1/'i,)at ene'gy

co-centra.;･oix  1･s ?.sse.r,Ll.a] eg"  dlt･..･fss o"  t･he delay time.
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         4. INTELLIGIBILI[liYTEST

4.1. ExperimentalMethod

   The speech  source  material  was  an  anechoic  recording

of  a  male  speaker  (4.9 morals  speech  rate). The material

used  was  the 4-mora  Japanese word  lists composed  by
Sakamoto et at. I91 based on  familiarity and  phonetic
balance. Ten lists of familiarity 7,O-5.5 were  used.

   Sound fields were  synthesized  using  a  digital delay

machine  and  a digital reverberator.  The  test sounds  were

produccd  through  only  one  loudspeaker in an  anechoic

room  te avoid  any  effects  except  those of  time structure.

1[he loudspeaker was  lecated in front ef  the  sub.ject  at  a

distance of  2.1 rn  from  the center  of  the sub:lect's  head,

   The  impulse responses  of the sound  fields are shown  in
Fig. 7, and  the values  of  the physical measures,  STI, D  and

C, are  listed in Table 1. Each  gound  field has the  same

direct sound  arid  reverberation,  howeyer a  geries  of  5 strong
reflections  (-3 dB relative  to direct sound  and  at intervals
of  approximately  10 ms)  was  initiated at  different delay
times. Although the early  energy  related  indices D  and  C

decrease monotonously  as  the sound  field condition

changes  from  Cl  to C5, the trend  in the STI is different.

The  STI  takes  the  lowest value  (O.510) in C2, the highest

value  (O.537) in C4. and  maintains  the same  value  (O.535)
in Cl and  C5,

   The subjects  were  28 elderly  (aged 56-79 years) and  9

young  (aged 18-22 years) persons. All of  them  had no

abnormal  hearing ioss but they did have normal  loss due te

Ili

 i'

agmg.  The test words  were  presented at  a  A-weighted

sound  pressure level of  70 dB(A) (LA.q over  the duration of

each  word).  The  subjects  were  instructed to Iisten to the

words  and  repeat  them.

4,2. Resuks and  Discussion
   The  mean  and  standard  deviation of  the word

intelligibility scores  (percentage of  correctly  heard words)
fbr each  group (elderly and  young) are  listed En Table 2. A

paired-sample t test was  conducted  in order  te uiiderstand

the significance  of  the mean  intelligibiliry differences

between each  paired condition,  and  the results  are listed in

Table 3.

   The mean  intelllgibility score  for each  sound  fietd is

shown  in Fig. 8. As the sound  field condition  changes  from

Cl to C5, the delay time of  the series of  reflections

increases monotonical]y,  and  thus  the  early  energy  related

indices monotonically  decrease. For  the  elderly  group,
mean  intelligibility monotonically  decreases from  Cl  te

C5, showing  a  clear  relatio]  between intelligibility and  the

delay time  of  a  series  of  reflections  or  early  energy  related

indices, i,e. a  ]onger delay time  or  smaller  early  energy

causes  lower intelligibility, The mean  intelligibility
differences between conditions  are  significant  in most

pairs (see Table 3).
   The  trend in mean  intelligibility for the young group is
not as clear  as for the elder]y  group. Although the

Table2 Mean  and  standard  dcviation of  ",ord

 intelligibility.

e oss

- Sound iield
E.lg.e.I.l! group Young  group

cs
Meaii

l

Std. dev.Mean

l'i･111ill1'

C2

l//l//'
Cl--

!t/

C3

.g.4..

ClC2C3C4C5 87.7983,5778,7975,6472.14 7.4510,SO

 9.6413.08

 9.81

97.S694.8992.0092.4493.56

Std, dev.

 2.60

 4.14

 5.20

 5.27
 5.0S

Table3 Significance level of  difference in mean

 vvord  intelligibility.

Fig. 7 }mpulse responses  of  seund  fields i"or intelligibitity test,
Sellnd fie]dC2C3

Table1  Physicul indices of  tested sounti  files.
Elderly

ClC2C3C4ClC2C3C4** ***

C4  C5

**  **

**  **

-  **

Sound field s" Dso Cso Cse
* * *

ClC2C3C4cs O,535O.5100525O.537O.53568.447,326,326.026.4 3.3-O.5-4,5-4,5-4,5 6.1

 6.1
 1.7-1.9-4.1

Young

**/  Signifieant at a  level of  1%,  *: Significnt at a level ol'  5%,
-:

 Not  significant
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i/iot r,ec:essarily  resuilt  in emr. Ancrease in in.elligib.'jlity. Let us
:c)･mpar'e  (l1 'wi ilt

 Ctt-. Although  the  STI 6f  C.4 is slighzl>,

,c.,'?.atut'  t.han that cl'i (]1, Lhe intekligibility o.r C4- is

signiticantly luwer than ･C'1. 
'ff'ltis

 dem.onst'rates thal the

t.s'n-I does pe', corrcs/bo"cl tc intclligibili:y be:ause lt

,n;'･,,aluazes  eneyg/  concert/tr'aLion ill Lhc tin'ic donii/il[L
r･.n.gparclt-:sti o･fdelay  ti,me,

   
'{o',Mevi'-,

 the enr'ly emergy  related  indices C and  P  also
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':'o

 illtelligibiliL'), ./ c;sults,  
'"'o'
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                APPENDIX

   Schroeder tll] showed  that when  the complex

rnodulation  transfer  function (CMTF) is defined as

Eq. (A･1), the  modutation  transfer  functien (MTF) is the
absolutc  valuc  ef  the  CMTF.  The  CMTF  is the  Feurier

transform  of  the squared  impulse response  h2(t) divided by
its total energy.

                    XIOOh2(t)e't2nFtdt
          

CM777(F)

 
==

 
,L'o

 h,(t)dt 
(A'i)

where  F  represents  the  modulation  frequency.

   Strictly spealdng,  Eq. (A･1) only  holds true when  the

carrier signal is white  noise.  However,  we  can  assume  that

the equation  is a good  approximation  when  the carrier

signal  is octave  band  noise.  In the prescnt study,  we  assume

that modulation  index m,  i.e. MTF,  takes  the  same  va]ue  for
each  carrier  signal  frequency band, so  the vttlue  calculated

from  Eq. (A･2) was  applied  for all  bands,

   The  process of  calculating  the STI from MTF  fo11ews
Steenelcen and  Houtgast [4]. The caiculation  of  the STJ
frem MTF  is as  follows: The symbol  mk,i,,  represents  the

MTF  of  carrier  frequency bELnd k and  the  modulution

frequency Fi (113-octave step  14 frequencies frem O.63 to

12.5 Hz). After taking into account  ttuditory masking  of  a

lower 1'requency band on  a higher frequency band, which
occurs  in the hcaring organ,  a corrected  modulation  index
m'  is obtained.  The  signHl-to-noise-ratio  becomes
                           '

                          ink,p',

           
sivzRk,F,

 
=

 
iO･iog

 i-  mk,F,  
(A'3)

Next, the SiVR is transformed  into the 71 (TransmissiQn
Index) using  a range  (R ==  30 dB) and  shift (S =  

-l5
 dB),

as fbllows:

            SfVRk,F, 
-

 S
                      O!  Zlk,F, Sl  (A-4)      77k,F, ==

                R

For each  octave  band, the  average  7:i over  a  specified

modulation-freguency  range  gives the  Ml?,  as  given by

              MTI,  
=;#.I

 T7k,F, (A-5)

Finally, the  speech  transmission  index S77 is obtaincd  as a

weighted  mean  of  the  M7il over  seven  octave  bands, and  is

written

                    7

             S77k=ZW}･MrT7k  (A.6)
                   k=E

The  sum  of  these weighting  factors va is 1.

   In the present study, we  ignored the effk]c;t of  audltory

masking  and  assumed  that mk,F, =  rrtk,F,. Thcrefore, every

Mflk for octave  band k has an  identical vaiue,  which  gives
STV ==  M7Yk.

MT?･'(F) ==  ICM7:F(F)1

.(l"

 h2(t) ･ e'  
nrtFtdt

 x,L

   h2(t)dt
(A･2)
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