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A  loudness peroeption  model  for repeated  impulsive sounds  that have exponentially
rising  and  decaying  envelopes  was  studied,  The  ioudness of  repeated  impulsive sound

is the same  as  that  ef  a single  burst of  impulsiye sound  up  to a  certain  repetition  rate.

A  critical repetition  rate  Ro  beyond which  the loudness increases with  increase in rep-

etjtion  rate  was  found to lie between  O,2 and  O.7 Hz.  In other  words,  the critical time

period, 1!Ro, was  2.v5 s. If it is assumed,  therefore, that our  auditory  system  has a

capacity  to hold loudness sensation for 2rv5 s, the result  of  our  experiment  can  be ex-

plained. An  integrator of  loudness which  has a  rise  time  constant  of  1oo ms  and  a  decay .time
 constant  of  5s  yields a good  descriptor of  the experimental  results.
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            1. I]NTRODUCllON

  We  are  exposed  to various  kinds of  noises  in our
daily life, including impact and  impulsive noises.

Such impulsive noise  is characterized  by a  very  high

peak  level and  an  extremely  short  duration. There-
fore, it has little effect  on  the value  of  the A-weighted
equivalent  continuous  sound  pressure level and  the
fifty percentile exceeded  sound  level, even  though  it
is more  annoying  than  coincident  steady  or  slowly

varying  noise  such  as  road-traMc  noise.  Although
some  objective  corrections  for impulsive noise  have
been  proposed, the  quantitative basis for such  cor-

rections  has not  yet been established.  It is desirable,
however, that we  have a  method  applicable  to  various

kinds of  noises  without  any  corrections.  This paper
describes the  results  of  our  continuing  study  on  the

loudness of  impulsive noise.  PSE's  (Points ofSub-

jective Equality) for loudness were  obtained  here
for repeated  bursts of  impulsive noise.

  The  previous data shows  that  the  loudness of

impulsive sound  depends not  only  its energy  but also
on  the peak･ sound  pressure level.i,2) According to
later results  of  a  round  robin  test on  the loudness
of  single  bursts of  impulsive sound,  however, the
efTbct of  temporal  features of  single  bursts of  im-

pulsive sound  on  its loudness is described by the

sound  exposure  level (the squareintegrated  value  of

sound  pressure) or  the maximum  output  of  an  r.m.s.

circuit with  a  time constant  longer than  1co ms.S,4)

This difference seems  to be attributable  to the dift
ference in the experimental  methods.5)  The  Iater
results  means  that  a  simple  model  for temporal  inte-

gration  of  acoustic  energy  can  explain  the  leudness

perception of  a  single  burst of  impulsive sound.S,`)
Loudness ofrepeated  impulsive sounds,  on  the  other

hand, is not  fu11y explained  by  this model.6,7)

Pellack obtained  the  equal-loudness  contour  for
repeated  bursts of  noise,  and  found that the energy

of  interrupted noise  was  less than that  of  continuous

noise  for the same  leudness.S) Sone et  al. investi-

gated the  relationship  between  the loudness and
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sound  energy  of  repeated  impulsive sounds  that had

exponentially  rising and  decaying envelopes.7)  As

a result of  experiments,  Sone  et aL  showed  that  the

increase in loudness with  increase in ,repetition rate

was  less than that in sound  energy.  Thus, a  new

idea is required  for the model  to be applicable  tb the

evaluation  of  repeated  impulsive sound.

  Although  the  relationship  between  the loudness

and  repetition  rate  does not  fo11ow the energy

prihciple, repeated  impulsiye sound  with  relatively

high repetition  rate  is felt louder than a  single  burst

of  impulsive sound  with  the  same  intensity, and

the  loudness of  repeated  impulsive sound  comes

down  to that of  a single burst as  the  repetition  rate

decreases. Thus, if the interval between  two  succes-

sive impulsive sounds  is long enough,  each  burst

of  a series of  repeated  impulsive sound  is perceived

independent of  each  other.  In other  words,  the

loudness of  repeated  impulsive sound  begins to

increase above  that of  a  single  burst when  its repeti-

tion  rate  exceeds  a  certain  critical  value.  We  eall

this critical value  
"the

 critical  repetition  rate  for

loudne$s perception of  repeated  impulsive sounds."

  In this paper,  the critical  repetition  rate  is obtained

from  the  results  of  two  psychoacoustical experi-

ments,  and  based on  the results,  a  loudness percep-
tion  model  for repeated  impulsive sound  is proposed.

      2. LOUDNESS  OF  REPEATED

     meULSIVE  SOUNDS  LASIING

          50 SECONDS  OR  LESS

2.1 ExperimentalProcedure

  The  psychoacoustical experiment  was  carried  out
'in

 order  to obtain  the relation  between the  loudfless

and  the  repetition  rate  of  impulsive sounds.  The

constant  method  was  used  here. The  subjects  were

asked  to judge which  burst was  louder. The  pair

of  sounds  consisted  of  a  test sound  (impulsive sound)

anda  comparison  one  (a sound  of  two  seconds  du-

ration)  with  a  temporal  pattern as shown  in Fig. 1.

  Table 1 shows  the parameters of  the stimuli.  The

impulsive sound  used  had an  exponentially  rising  and

an  exponentially  decaying part. The  rise  and  decay

time of  a single  burst of  impulsive sound  were  1 ms

and  1oo ms,  respectively  for a  20 dB  change  in level.

TherepetitionrateswereO.2N5Hz.  Thetotaldura-

tion  of  a  repeated  impulsive sound  was  1 ..v  50 s. The

number  of  repetitions  was  set  to INT(D･R)+1,

where  D  is the duration, and  R  is the repetition  rate

of  the  stimulus.  INT(x) yields the  largest integer
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TEST STIMVLVS
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COMPARISON  STIMULUS
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Fig.1 The  temporal pattern of'a  pair of

  stimuli  used  in the experirnent.

Tablel Experimentalcondition.

Peak  level (phon) 85

Rise time*  (ms) 1

Decay time* (rns) 1oo

Repetition rate  (Hz)single  burst, lf5, 112, l, 2, 5

Duration(s) 1, 2, 5, 10, 20, 50

'  The  time  for a  20  dB  change  in level.

less than  or  equal  to x.  The  stimuli  were  digitally

synthesized  on  a  32-bit minicomputer (TOSBAC
DS-6co)  where  a  single  burst of  impulsive sound  was

generated and  superimposed  on  the  original  sound

with  a  certain  time delay to create  a  repetitive  im-

pulsive sound.  The  synthesized  stimuli  were  repro-

duced  through  a  16-bit DfA  converter  and  recorded

on  video  tape  in EIAJ  fbrmat  for PCM  code.

  Stimulus sounds  were  presented to the subiects  via

headphones, 
'YAMAHA

 YHD-3,  with  a  peak  level

of  82 dB  SPL. This level corresponds  to  85 phon
in loudness level.7) The  comparison  stimulus  had

the  same  oarrier signal  as  the test stimulus,  arid its

level was  one  of  nine  levels in a  20 dB  range  with

2.5 dB  steps.  The  frequency response  of  the system

was  previously fiattened by a  graphic-equalizer,
Technics SH-8065.

  The  carrier  signal  for both test and  comparison

sounds  was  an  asymmetric  rectangular  wave  similar

to that used  in the round  robin  test in Japan,3,`,T)

i.e., a  mixture  of  two  asymmetric  rectangular  waves

with  fundamental frequencies of  440 Hz  and  1,175

Hz. The  ratio  of  the amplitude  ef  the zl40  Hz  com-

ponent  to that of  the 1,175 Hz  component  was  three

to two. The  duty cycle  ofthe  rectangular  wave  was

set at  15 %  in order  to  get a  wide  frequency spectrum.

  In stimulus  presentation a  cornpaxison  stimulus

always fo11owed a  test stimulus.  The  reverse  brder
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was  not  used  because of  the  diMculty in judgment.
Stimuli were  divided into four groups. One  group
had 1s, 2s  and  5s  durations while  the other  had
10s, 20sand  50s. This was  done to avoid  the

difrerence in duration infiuencing the loudness

judgment, and  to overcome  the  diMculty in judg-
ment  when  the stimulus  of1s  duration is presented
just after  that  of  50 s duratien.

  The  subjects  were  seyen  young  adults  with  normal

hearing. The  number  of  repetitions  for a  level was

14. The  ambient  noise  level in the listening room

was  less than 30dB  in A-weighted SPL. PSE's
were  estimated  from  the results  of  the  experiment

by  using  the method  of  maximum  likelihood.9)

2.2 Results

  Table 2 shows  the result  of  the analysis  of  varian ¢ e

applied  to PSE's  for loudness. The  main  sources

in this analysis  were  subjects  (7), durations (6) and
repetition  rates  (5) of  test stimuli.  The  SPSSX
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Fig. 2 Relation between PSE's for loudness
 and  repetition  rates  of  impulsive sounds.

statistical  package  was  used  for the analysis  with

the  ACOS-2000.computer  of  the  Computer  Center,

Tohoku  University. As  shown  in Table  2, all  the

main  sources  were  significant  beyond O.Ol points.
The  contribution  (the square  ef  partial correlation

coeMcient)  of  repetition  rates  (O.533) was  far higher
than  those  of  subiects  (O.032) and  durations (O.063).
  Figure 2 shows  the  relation  between  repetition

rates  and  PSE's  for loudness. It is seen  that  the

PSE  fbr loudness of  repeated  impulsive sound  is
nearly  proportional to the logarithm of  the  repeti-

tion rates ranging  from O.2 Hz  to 5 Hz. This rela-
tion, however,  does  not  fo11ow the  energy  principle.
PSE  increases approximately  1.5 dB  with  doubling

of  the repetition  rate.

2.3 Discussion

  Results of  the experirnents  show  that the PSE  for
repeated  impulsive sound  is nearly  proportional  to
the logarithm of  the repetition  rate,  at  least for the

rates  in the range  of  O.2.v5Hz.  Thus, we  assume

that the fo11owing equation  represents  the relation

between  the  repetition  rate  and  the  PSE  fbr loudness

of  repeated  impulsive sound  :

        LpsE=Clog  (1+R/Ro)+LpsEo , (1)
where  C  is a constant,  R  is the repetition  rate,  Ro  is
the rate  corresponding  to the point of  intersection
of  two  asymptotes,  the one  for R  being O (single
burst) and  the  other  for R  being oo  (steady sound),

and  LpsEo is the  PSE  for loudness of  a  single  burst
of  impulsive sound.

  Figure 3 gives the intersection of  asymptotes.

Table  3 shows  the estimated  Re's for the  results  of

our  experiment.  From  this table, we  find that  the

critical  repetition  rate  Ra is in the  e.2Av O.5 Hz  tange,

with  an  average  of  O.3 Hz  and  the critical interval

Table  2Result  of  analysis  of  variance.

Source of
varlatlon

Sum  ofsquares DF Meansquare F Contribution
   ratio

Main  efTects

 Subject

 Duration

 RRExplained

Residual
Total

7oo.897
 27.252

223.432
620.000
7oo.897148.330849.227

 15
 6
 5
 4
 15152167

 46,726
 4.542
 44,686155.000

 46,726

 O.976
 5.085

 47.882
 4.654.*

 45.792**
158.835.*
 47.882

O.032O.063O.533

 
'
 Significant beyond O.05 point.

'"
 Significant beyond  O.Ol point.
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Fig.3 PSEfbrloudness
 The  same  data as  shown  in Fig. 2
  Eq. (2).
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The  broken line (horizontal) shows  the PSE  for loudness  of  single  burst of  impul-

   Ro  is defined as  the value  of  repetition  rate  at  which  the two  asymptotes  inter-
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sounds  as  a  function of'thc  repetition  rates.

 Two  asymptotes  were  drawn on  the basis of

Table  3 The  eritical repetition  rate  Ro  and

  the corresponding  time  1/Ro-estimated
  results.

Duration  (s) Ro  CHz) 1fRo  (s)

5102050 O.428O,527O,263O.2172.31.93.84.6

1/Ro is in the range  1 .9N4.6s,  with  an  average  of  3.2 s.

This interval is thought to relate  to  the  psychokrgical

present,  which  is considered  to coincide  with  the

duration during which  the sensation  of  sound

lasts.iOJti)

  The  psycholQgical present is defined as  the  time

limit of  perception, i.e., the duration of  perception

corresponds  to the transition from  a  J'ucigment by

perception to a iut(gment by memorization.  The

psycholagical present  is not  an  unique  technical

term, and  has also  been called.  
"the

 present-time"
of  

"the
 perceptual present." Teranishii2) points

out  that  the psyeholQgical'prese'nt is 
'a

 time  window

in perception, and  that the width  of  the  windoW  is

uncertain  because of  its gradual shape.  The  fact

that  11RD varied  from  1.9 s to 4.6 s may  be explained

as  eaused  by  the  uncertainty  of  the  Width of  the

time  window.

  As  a result it can  be assumed  that the auditory

system  keeps the sensation  of  loudness up  to the

time lfRo (about 3 s).

2.4 Analysis ofthe  Results from  the Round  Robin

    Test

  The  research  group  including the authors  carried

out  two  stages  of  the round  robin  test from  1981 to

1987 in order  to establish  a  method  for evaluating
impulsive sound.  Experiments  on  loudness of  a

single  burst of  impulsive sound  were  executed  in the

first stage  of  the round  robin  test.S,O Loudness  and

4
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Table4  Ro  and  1/Ro estimated  from  the

  results  in the round  rebin  test,

Carrier Decay time
  (ms)

 Ro(Hz) 11Re(s)

1 kHz  sinusoidal

 wave

 301003oo O.561O.288O.3601.83,52.8

Asymrnetric

 rectangular

  waves

 301OO300 O,532O.304O,7051,93,31.4

     tllD l/5 112 1 2 5 la 20 50

           REPETITION RATE (Hz)
Fig.4 Relation between PSE's for loud-

  ness  and  repetition  rates  of  impulsive
  sounds,  The data obtained  in the round

  robin  testT) were  plotted here. The

  carrier  signal  was  a 1kHz  sinusoidal

  wave.

  90gE

 ss:axg80

g]"
 75:t

gi 70
     1110 V5 V2 1 2 5 10 20 se

           REPETITION RATE (Hz)
Fig.5 The  same  relation  as  in Fig. 4

  except  that the carrier  was  an  asymmetric

  rectangular  wave.

noisiness  of  repeated  impulsive sound  were  investi-

gated in the second  stage.7) Results  from  the  second

tcst are  analyzed  here. The  relation  between

PSE's for loudness and  repetition  rates  is examined

in the same  manner  as  in the previous section.

  In the experiments,  the repetition  rates of  stimuli

were  from  1 Hz  to  30 Hz, while  the  duratiens were

from 2s  to 3 s. The  experimental  procedure  was

similar  to that stated  in section  2.1. The  carrier

signals  for the stimuli  were  either  a  1 kHz  sinusoidal

wave  or  asymmetric  rectangular  waves.

  Figures 4 and  5 show  the relation  between PSE's

for loudness and  the repetition  rates  of  impulsive

sounds.  Table 4 shows  the values  of  Ro and  11Ro

estimated  from  the  experimental  results.  1/Ro
is about  2.4 s, on  the  average.  This value  is roughly

the  same  as  that obtained  in the last section  (3.2 s).

From  the results  of  the  last section  and  the present
section,  1/Ro is estimated  to  be approximately  3 s.

      3. LOUDNESS  PERCEPTION
         MODEL  FOR  REPEATED
           IMPULSIVE  SOUND

3.1 Loudness Eyaluation with  the I, F  and  S

    Detector-Indicators

  The  effect  of  duration of  tone  burst on  loudness

has been inyestigated by many  researchers.i8"t6)

Munson,i') Zwislocki'8) and  Robinsoni") put forth

the  running-average  h:vtpotkesis and  applied  it to  a

medel  for the  temporal integration of  loudness.

According to the researchers,  time constants  in the

temporal  integration model  varied  from  50 ms  to

3ooms.  As  fbr impulsive sound,  loudness of  a

single  burst of  impulsive sound  is well  explained  by

the sound  exposure  level or  the output  level of  a

temporal  integration model  with  a  single  time  con-

stant.S,4,eO,2t)  Moroover, from  the  results  of  the

previous section, it is assumed  that our  auditory

system  holds the integrated sound  energy  for about

3s. Thus, a  model  fbr loudness perception in-

cludes  at  least two  different time constants.  Both

of  the  models,  with  a  single  and  two  time  constants,

are  examined  in this section.

  The  output  from  the temporal  integration model

with  a  single  time  ¢ onstant  can  be expressed  by

          y(t)=i:w(X)x2(t-A)ctit, (2)

where  x(t)  is the  input signal  and  w(t)  is a  time  weigt-

ing function given by
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              w(t)  ==  exp(-  at),  (3)

where  1/ct is a  time  constant.

  The  circuit represented  by Eq. (2) has the  same

ayeraging  mechanism  as  the F  and  S detector-

indicator characteristics of  a sound  level meter,

when  the time  constant  is 125ms  and  ls re-

spectively.  Figures 6 and  7 show  the  relation

between PSE's fbr loudness and  the peak  levels

through  the F  and  S detector-indicators, where  <E>
is the r.m.s.  value  of  the  differences in dB  between
theexperimental'PSEandtheestimatedPSE.  Ifthe
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Fig.6 Relation between PSE's  for loud-

  ness  and  the peak levels of  stimuli  based
  on  F  detector-indicator characteristics.

  <E> is the root  mean  square  of  the differ-

  ence  between output  level ofthe  model  and

  PSE  for loudness.
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transverse axis  is a  gopd  descriptor of  loudness

evaluation,  <E> should  have a small  .value. The

broken line represents  the  state  where  the PSE's

are  equal  to the values  obtained  with  our  model.

When  the  F  or  S detector-indicator is used,  <E> is
very  1arge, and  in the most  cases,.  the peak  levels
through  the  F  and  S detector-indicators are  found

to be less than  thg  PSE's  for loudness.

  Now,  it is assumed  that  a  temporal  integration
model  for loudness perception of  repeated  impulsive
sound  has two  kinds of  time constants  and  is

achieyed  by means  of  an  r.m.s.  detector with  short

averaging  time and  an  energy  holder with  a  long

fa11 tlme. [Ilie I detector-indicator characteristic

consists  of  an  r.m.s.  detector and  a  peak  holder, so
that the  I detector-indicator acts as  a  good  loudness

evaluater.  Figure 8 shows  the block diagram of  the

I detector-indicator. Figure 9 shows  the result  of

inputSquaringcircuit  Exponential
averagingcircuit

  one  pole;
 time constant
   3Sms

                        Indicator         Peak  detector;
                        calibrated          decay･lime
                        in decibels          constant

           150onts

Fig. 8 The  block diagram  fbr obtaining  I

  detector-indicator characteristics  aEC
  Pub.  651).

geIE
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 80eza

 
75!g
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 65-um

 60m

  55'''

<E>=2.48

t'lt''1't'

   .z.IP s
d

g
&g･t"'

  t

 /o  O
lo

 '.e

    55  60  65  70  75  80  85  9e

       PEAK SPL through 1 DETECTOR-
       IND]CATOR CHARACTERISTIC  (dB)

Fig. 9 Relation between PSE's for loudness

  and  the peak levels based on  I detector-
  indicator characteristics..
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loudness evaluation  with  peak  level through  the I
detecter-indicator. The  peak  levels of  outputs

from  the  I detector-indicator does not  explain  the

fact that  the  PSE's  for loudness of  repeated  im-

pulsive sound  is proportional to the logarithm of

the repetition  rates.

3.2 Loudness Evaluation with  the Two-Time-
    Constants Model

  A  low-pass filter circuit  with  a  short  time constant

for charging  and  a  long time constant  fbr discharging
behaves as  if the  circuit consists  of  an  r.m.s.  detector
and  an  energy  holder. It is called  the two-time-

constants  circuit  (or model)  in this paper.
  The  behavior of  the  two-time-constants  circuit  is
also  expressed  by Eqs. (2) and  (3), except  that the

time constant  1/ct is defined by 
'

         v...l", 
"2(t)'Y(t)

 (4)
             {T,, x2(t)Sy(t),

where  7-  is the time constant  in the temporal  loudness

integration and  Td  is the time constant  of  the holder
of  sound  energy.  Since the time constant  in the
temporal  integration of  loudness is said  to be from
50 ms  to 3oo ms,  7r  is assumed  to  be 50N3oo  ms.

However,  7a  has not  been  obtained  clearly  till now.

  If Ta  is 3s  or  a  few seconds  more  than  that, the

model  expressed  by Eqs. (2) and  (3) can  hold the

sound  energy  for about  3s. We  calculate  the  ap-

propriate rise  and  decay time  constants  by  the  least

mean  square  method,  to explain  the experimental

resu!ts  mentioned  above.  As  the result,  the optimum
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Fig. 11 The  block diagram of  the two-time-

 constants  model  and  its equivalent  circuit

 that  have  a  short  rise  time  constant  and

 a  long decay time  constant.
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Fig. 10  Relation  between PSE's for loud-
 ness  and  the peak  levels of  stimuli  based
  on  the model.

rise  and  decay time  constants  are  fbund to be 100 ms

and  Ss, respectively.  The  rise  time  constant  of

100 ms  and  the decay time  constant  of  5s yield the
results  which  correspond  well  with  the  experimental

results  shown  in section  2.2. Figure IO represents
the PSE's for loudness expressed  by peak  outputs

through  the  model  with  Tr=1ooms  and  rd=::5s.

Since the  <E> obtained  in this model  is small  com-

pared  with  those obtained  in other  models,  the two-
timeconstants  model  with  7r==1oo  ms  and  Tct=5s

is found to be appropriate  for loudness perception
of  repeated  impulsive sound.

  The  loudness integration model  characterized  by
Eqs. (2) and  (3) is realized  by a  sirnple  electric  circuit

using  a  diode, two  resistors  and  a  capacitor  as  shown

in Fig. 11, The  instantaneous output  level LT(t) in

this circuit is expressed  by

           LT(t)=  10 1ogio{y(t)Lyo} , (5)
where  yo  is the output  from the rnodel  corresponding

to  a  20 paPa input.

  The  equivalent  continuous  output  level LTeq

averaged  over  the time interval from ti to t2 is defined
by the fbllowing equation:

     LTeq= 10 logio [ t, ll t, jli{y(?L)Lyo}ct7L] ( 6 )

             4. DISCUSSION

  Integrators with  two  time  constants  are  used  in
the current  standards  for description and  measure-

ment  of  environmental  noise.  One  of  them  is

described by  the  I detector-indicator characteristic

of  a  sound  level meter  as  prescribed in IEC  Pub.

651.22) The  principle of  the I detoctor-indicator is
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Fig. 12 The  differenoe between the outputs
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  (b) output  based on  the I detector-indicator
 characteristic,  (oj output  based  on  the

 two-time-constants  model.

different from  that  of  the  two-time-constants  model

introduced in the last section.  The  I detector-
indicator consists  of  an  integrator (r.m.s. circuit)  and

a  peak  holder (Fig. 8), while  our  two-time-constants

model  is composed  of  an  integrator which  has a

short  rise  time  constant  and  a  long decay time con-

stant (Fig. Il). In order  to check  the difrerence
between the two  integrators, we  assume  that  a

repetitive input signal shown  in Fig. 12(a) is applied

to both  the I detector-indicator and  the two-time-

constantsmodel.  Figure12(b)istheQutputthrough
the  I detector-indicator. As  shown  in Fig. 12(b),

the peak value  of  the  output  of  the I detector-

indicator caused  by  input pi is held with  a  time

constant  of  1.5 s. When  p2 is input, theIdetector-
indicator discards the  held value  and  keeps the

peak  value  caused  byp2. Thus, the  peak  ofthe  out-

put through  the I detector-indicator is constant

independent of  the repetition  rate.  Figure 12(c)

shows  schematic  output  through  the  two-time
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constants  model.  When  the  same  signal  is input,
the  peak  of  the  output  increases with  the  repetition

rate  because peak  induced  bypt has a  pedestal effect

on  the output  related  to pt. Therefore, the two-

time-constants model  can  explain  the  increase in

loudness for a  repeated  impulsive sound  with  repeti-

tion  rate,  while  the  I detector-indicator cannot.

  The I detector-indicator has another  defect-the

time  constant  of  35ms  is too  short.  Several

researcher  showed  that the 35 ms  time  constant  is

inappropriate for the prediction of  the  loudness of

the impulsive sounds.3,23) Sone et aL3) showed

that  the  F  (l25 ms)  or  S (ls) detector-indicators are

applicable  fbr evaluating  lotidness of  a  single  burst
of  impulsive sound,  while  the I detector-indicator is
inappropriate for evaluating  loudness ef  sound  be-
cause  the time constant  of  the I detector-indicqtor
is too short.

  Advantages of  the integrator with  two-timecon-

stants  fbr explaining  loudness integration are  already

discussed by some  other  researchers.  Models  pre-
sented  by Port,2`) Kumagai  et al.25) and  Kado26)

are  similar  to ours.

  Port2`) used  the  model  in order  to evaluate  the

loudness of  repeated  burst of  sound.  Kumagai

et al.25) investigated how  to  measure  the  loudness of
repeated  impulsive sound  using  sound  stimuli  with

relatively  short  duration (rv 1.4 s). He  proposed  a

circuit  that consists  of  two  two-time-constants  inte-

grators connected  in parallel. One  of  the  two-time-

constants  integrators in the Kumagai's  model  seem,s

to correspond  to the one  proposed  here. However,

the decay time constants  of  their models  are  far

shorter  than that proposed  by the  present study.

Port estimated  the decay time  constant'  at  7oo  ms

and  Kumagai  et  al. estimated  it at 250ms. Port
studied  the effect  on  loudness of  impulsive sound  by

varying  the  repetition  rate  from  2 to 500 times per
second.  This means  that in his experiment  pulses
appeared  at  least once  every  O.5s. Kumagai  et  al.

used  stimulj  with  a  maximum  duration of  1.4s. It

is diMcult, under  such  conditions,  to  assess  an  ap-

propriate time  constant  for the evaluatibn  of  actual

repeated  impulsive sound  because''the rep.eated  im-

pulsive sound  sometimes  coexists''with  slowly-

varying  noise  and  sometimes  has very  low  repetition

rate  (<1Hz). The  shorter  decay-time-constants

such  as  suggested  by'Port  and  Kumagai  et al. are

applicable  only  to evaluate  the  loudness of  repeated

impulsive sound  with  a  high repetition  rate  and  short
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duration. In the present study,  the maximum  dura-
tion of  the  stimuli  was  50s. Thus  the minimum

repetition  rate  could  be reduced  to O.2 Hz. There-

fore, the time constant  estimated  in this study  is
expected  to be applicable  to the evaluation  of  actual

impulsive noises  found  in the  environment.

  Kado2e) studied  the loudness of  a  fluctuating
sound.  He  also  introduced a loudness integrator
with  two  time constants  to  explain  the  loudness of  a

fiuctuating sound.  He  estimated  the  decay time

constant  to be 7oo.vl,OOOms, considering  Short

71?rm Storage at the central  nerve.  However, he
did net  mention  in his paper how  he determined the
decay time  constant.  Moreover, he said  that  he

was  not  confident  of  the value  of  the constant.  We

suppose  that the decay time constant  corresponds  to

the transition from  a  juc(gment by perception (the
psychoiagicalpresent) to  a  jucigment by memorization
(the short  term  storcrge).  From  this point of  view,

the  psycholQgicat present fbr the  loudness of  sound

could  be estimated  at  3s  and  the corresponding

time constant  at 5 s. Experimental results  by Naka-
mura  seem  to support  this.'i) Nakamura  studied

the  relation  between  loudness and  the equivalent

continuous  sound  level of  repeated  impulsive sounds.
She found that the equivalent  continuous  sound  level
in about  3s  corresponds  to  the  loudness of  stimuli

used  in her experiment.  She stated  that  three

seconds  is the duration which  is most  easily  peroeived

jn a  group  and  that this duration is similar  to the

length of  psychological presept after  Fraisse.iO)

  As  stated  above,  the  present model  is expected  to

yield a  good descriptor to evaluate  the loudness of
an  impulsive sound  with  various  repetition  rates

including very  low rates.  Now,  we  examine  if this

model  can  evaluate  the loudness ofa  repeated  im-

pulsive sound  with  very  high repetition  rates  (>30
Hz). Carter investigated the relation  between the

peak  levels and  the repetition  rates  fbr the  pulse
with  a  rise  time  constant  of  O:5 ms  and  a  duration of
1 ms.2T)  The  highest repetition  rate  was  128 Hz  in
his experiment.  His experiment  is characterized  by
a  short  duration and  high repetition  rate  of  the

stimuli.  He  found that the loudness level of  the
stimuli  used  in his experiment  is proportional to the
acoustic  energy  level, i.e., the  energy  prineiple is

applicable  to the results.

  We  reproduced  Carter's stimuli  and  evaluated  the
loudness with  our  two-time-constants model.  Figure

13 shows  the equal-loudness  curve  obtained  by  the

    o
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            An  example  of  ioudness evaluation

      by using  the  present method  for triangular
      transients. Carter27) investigated the

      relationship  between the peak  levels and
      the  repetition  rates  of  triangular transients

      under  the condition  of  equal-loudness,  In

      the figure. the solid  line shows  LTeq  ob-

      tained through  our  model  and  the  broken

      line corresponds  to the case  where  the

      loudness  fo11ows the energy  principle.

proposed  method  and  the  data by Carter. The
output  through  the two-time-constants model  rough-

ly corresponds  to the data presented by Carter.
Therefore, the  two-time-constants  model  is also

usefu1  in evaluating  the  loudness of  stimuli  with  a

short  duration and  high repetition  rate.

  In this paper,  we  showed  that  the  two-time-con-

stants  model  could  evaluate  the loudness, not  only

fbr a single burst of  impulsive sound,  but also  for
a  repeated  impulsive sound  with  equal  peaks
and  regular  repetition  rates lasting 50s  or  less.
However,  real  impulsiye sounds  sometimes  have
uneven  peaks and  irregular repetitions. Therefore,
we  cannot  conclude  from the results  of  this study

that  the  two-time-constants  rnodel  can  correctly

evaluate  the loudness of  iTregular impulsive sound  or

the sound  consisting  of  steady  and  impulsive com-

ponents.  We  expect,  however,  that  the two-time
constants  model  is usefu1  for irregular and  complex

sounds.

  As described in Eq. (5), the output  of  the two-･
time-constants model  is the  time-varying  function
of  loudness weighted  by the  time  window  (few
seconds).  Thus, the  instantaneous output  of  the
model  varies  with  the changing  peak  and  repetition

rates  of  the sound.  Therefore, we  believe that the

                                         9
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two-time ¢ onstants  model  can  correctly  estimate  the

instant4neous loudness for the repeated  impulsive
sound  with  varying  peqks  and  repetition  rates.  For

estimatt/  g the  overall  loudness ofrepeated  impulsive

sound,  the  longterm  Lr.g seems  to be usefu1.  In

the future we  plan to investigate the validity and

range  of  applications  for LTeq･

  The  loudness evaluation  method  proposed  in this

paper  is also  usefu1  for steady  sounds..When  a

steady  sound  is supplied  to the two-timg-constants

model,  the  influence of  the decay time constant  (5 s)
on  the model  output  is quite  small.  On  

'the
 other

hand, the influence of  the rise  time  constant  (1oo ms)
is prominent. Thus, the  output  from  the  model  for

a  steady  sopnd  is almost  the same  as  the output

from  a  single  time  constant  circuit  with  a  time con-

stant of  1oo ms.  According to many  researchers,ta"te)

when  a  tone burst is supplied  the  time  constant  of

the human  auditory  system  ranges  from  50ms  to

300 ms.  Therefbre, the proposed  model  has time

constants  in confbrmity  with  those  obtained  in

previous  studies.  Also, the  model  correctly  eval-

uates  the loudness of  steady  soinnds.

             5. CONCLUSION

  The  loudness of  sound  including single  and  re-

peated  bursts of  impulsive sound  js examined  with

the intention of  developing a  new  model  for loud-
ness  evaluation  applicable  to repeated  impulsive
sounds.  The  loudness of  impulsive sounds  with

exponentially  rising  and  decaying envelopes  was

studied  as  a  function of  repetition  rate.  As  a  result,

the eritical  repetition  rate  at  which  the loudness of
a  repeated  impulsive noise  began to increase beyond

that of  a  single  burst was  found to be about  O.3 Hz

and  this value  was  assumed  to show  that the  audi-

tory system  has the capacity  to hold the sensation  of

loudness for about  three seconds.  A  temporal

summation  model  with  two  time  constants  was

realized  on  the  basis of  this assumption.  The  rise

and  decay time  constants  were  taken to be 1oo ms
and  5s, respectively,  based on  the experimental

results.
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