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Abstract: Five kinds ot' loudness i'unctions were  examined  to deLermtne a  suituble  function t'or

drawing equal-loudness-leve[  contours  based on  experimental  data. FirsL equal-loudness  re]ations

were  measured  between R5-Hz  and  l-kHz  pure tones from 70  phons down  to 5 phons and  thresholds
of  hearing were  measured  at  both frequencies. Then, five model  equatiens  expressing  thc cquul-

loudncss re]ation  were  derived from the fiye loudness functions, and  these equations  were  fitted to the

dala. The results showed  that three of them  could  well  explain  the equal-loudness  re]ation down  to 5

phons. Among  the three functions. the loudness funcLion proposed by Zwislocki and  Hellman  LJ.
Acoust. Soc. Atn,, 32, 924 (1960)] and  Lochner and  Burger [J, Aeozasi. Soc, Am,, 33, 1705-1707
(1961)l was  regarded  as  the most  appropriate  function for drawing equal-loudness-tevel  contours,

bccause the nutnber  of  parameters of  the function was  fewer than  that in the other  two  and  the

threshold  of hearing could  be used  for the'fitting as  a datum of  the equal-loudness  relation.  resulting  in
a  more  stable  estimation  of  the parameters of  the model  equation,

Keywords:  Equal-loudness-level cuntour,  Loudncss  funetion, Threshold of hearing, Pure tone, ISO
          226
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             1. INTRODUCTION

   An  equal-loudness-level  contour  is u  curve  that ties up

sound  pressure levels having equal  ]oudness as  a  function

ef  frequcncy. In other  words,  it expresses  a  frcquency

characteristic  of loudness ruting. One  of  the most  famous

sets of equal-loudness-leve[  contours  is that reported  by

Robinson and  Dadson [1], which  has been standardized  as

an  international standard,  ISO  226 [2]. Recent  studies

[3-1 1], however, have shewn  large discrepancies between
the  experimental  data and  the contours  by Robinson and
Dadson  [1l. The  remarkable  differences between them  are

that the reccnt  
-experimental

 data at  frequencies be]ow

lkHz  are significantly  higher than  the corresponding

contours  of Robinson and  Dadson  l1]. These diff'erences

'c-n]ail/takesima@cc.sendai-ctac.jp

are  nearly  as  high as  15dB.  Therefore, it is extreme]y

important that new  sel  of  equal-loudness-level  contours  is
determined based en  the experimental  data of  recent

studics.

   To  draw  equal-loudness-leyel  contours  from the ex-

perimental data, interpolation along  the frequency axis is
necessary,  because all experimental  data are discretely

gis,en, for specific frequencics and  for loudness Ievels.
Mereover,  as such  data also shows  seme  variances  among

subjects  and  studies, appropriate  smoothing  is required.

When  conducting  such  interpolation and  smoothing,  direct

fitting of  polynomial regression  or  spline  functions to

experimental  data would,  of  course,  be possible. In such

simple  methods,  however, a contour  for a loudness level is
drawn  independently of  other  contours,  resulting  in an  ill-

shaped  representation  as a set of  equal-]oudness-level

contours.  To  avoid  this, use  of  knowledge of  a  loudness
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1'unction. i.e., a t'unctLon representing  the growth  of

leudness as  a  function of  sound  intensity [evel or  sound

pressure level, may  be helpful. Loudness  of  a  pure tone  is a

function of  frequency and  sound  prcssure lcvcl, 
'1'hcreforc.

if the  dependency  of  the loudness function on  frequency is

cxprcsscd  by the changes  of purtLmetric vurlables  in the
loudness t'unction depending on  frequency, interpo]ation
and  sn]oothing  of  the pararnetric variables  along  the

fre(Iuency axis  make  it possible to draw appropriatc

egua]-]oudness-]eve]  contours  for un>,  loudness level.

   To  date, severa]  inodel  functions have been  proposed to

describe ]oudness growth  as  a function of  sound  pressure

[12-20]. A]1 of  thcse  functions arc  esscntially  based on  the

pewer law L2I] and  show  distinctive ditl/erences onl},  at

low sound  prcssurc lcvels. Which  functio]i provides a

correct  description of  ]oudness at ]o", lei,els is an  important
unresolved  question, because the recent  experimental  data
show  that thc  ]evel difi'erencc between the heuring thresh-

olds  and  the  equal-loudness  levels ot' 20 phons arc

generally la]'ger thun  that between the equal-loudness

levels of  20 phons and  those  of  40  phons in low frequenctr

region.

   Ross [22] nieasured  equal-loudness  reEations for fre-

quencies from  20Hz  to 5kHz  with  the method  of

adjustrnent  and  exarnined  the  goodness of  fit to the

measured  data for three loudness functions. Only three
subjects, however, participated in the study. This seems  to

be insurncient to digcuss a genera] ]aw. Whitt]e el  aL  123]
studied  luudness growth  in a very  luw-frequency range.

They  examined  three loudness functions by comparing  the

goedncss  of  fit to the measured  loudness gro-･th data.
However,  they  did this only  at  a  frequency of  12.5 Hz, to()

low to examine  pure loudncss scnsation.  Huines  and

Jesteadt [24] studied  ]oudness t'unction in an  attempt  to

account  for growth of  loudness near  the  thresheld.  They

used,  however, the equul-loudness-level  contours  proposed
by Robinson and  Dadson ll]. which  would  contai]i  largc

crrors  191. for examining  two loudness functions. Buus  ei

aL  [251 also  studied  leudness function at low leveLs.

Hewever,  they  (itted only  Zwislocki's loudness fuRction

Ll9] to the experimenta]  duta.

   Therei'ore, we  have to look for the  best loudness
function appropriate  for drawing cquat-loudness-]evel

contours.  Requirements  of  the  ]oudness function for this

purpese urc  as follows: (1) It shguld  be able  to wcll

describe the equul-loudness  relationship, especial]y  at lo",

levels. (2) ]t should  be able  to estiniate proper paranietric
va]Ltes  in the loudness function froni the recent  experi-

mental  data which  include sotne  variances  und  which  are

not  enough  in number  at all frequencies.

   Although datu below 20 phans are  crucial  to examine

the perft)]'mance of  the loudness functions, no  datu for
cquul-loudness  relationships  were  contained  in repeits  ot'
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the recent  experiments  [3-l 11. Herein, therefore. we  first
measured  equal-]oudness  re]ations  between  125-Hz  and  1-

kHz  pure tones  from  70  phons down  to S phons. The  latter

i'regucncy was  selected  as  the standard  frequency for

]oudness levels, i.e., phons, and  the t'ormer as the frequency
where  the form of the ]oudness function seems  to be lar.oely
dilTcrent t'rom thuL at 1kHz, in other  words.  wherc  thc

equal-loudness  relations  on  the  plane ot' SPL  v.s.  phon  are

not  on  a  straight  line. Hellniun et aL  L261 reported  that

equa]-loudness  relations  fron] ] kHz  to 1OkHz  were  alinost

on  a  straight  ljne with  a  slopc  o",O.  Therefore, we  did not

measure  equal-loudness  relations  at frequencies higher than

1 k}Iz.

2. MEASUREMENTOFEQUAL-LOUDNESS

                 RELATIONS

2.1. Expcrimcntal Setup

   The  experiments  were  performed in an  anechoic  room

at Sendai National Collcgc ef  Technology, Thc room  hus
an  interior width  of  5.4 m,  a  depth of  4.7 m,  and  a  height of

2.6m. Stimuli wcrc  prcsented throu.qh  a  loudspeaker with  a

diametcr of  20cm  CFostex, SLE24W).  A  subjcct  sut  on  u

chair  facing the frontal axis of the loudspeaker. The
distance bet-'een the  subject  and  the  loudspeuker was

2.0rn. The  sound  pressure level was  calibrated  at  the

midpoint  between the subject's  ears without  a  sub.iect  and  a

chair.

2.2. Subjects

   Ten male  sub.iects.  19 to 32 y, ears  ()f age,  participated in
the  experiments.  Prior to .the experiments,  inonaural

hearing thresho]d  levels wcrc  measured  wiLh  an  audio-

nieter.  All of  the  sub.jects  were  judged as  oTo]ogical]y

normal  according.  to the preferred test conditiens  specified

fer the  n]casuremcnL  of  thc  threshold  ol' hearing [27],

2.3. ExperimentalProcedure

2.3.l. Measurement  of  thresho]ds  of  hearing

   The  thresho]ds  of  hearing for a  pure tonc  at  125 Hz and

those at  1 kllz were  measured  prior to the measurement  of

equal-loudness  relations.

   The bracketing method  [2Sl was  used  fbr the measure-

ment  with  a step  size of 2dB, A  signal wlth  u duration of'
1,Os inc]uding 50-ms rise  and  decay times  was  presented
repealedly.  The  pause between  thc signals  was  changed

randomLy  froni 600ms  to 1,500ms  to prevent the sub.icet

from  usinL-o, steady  timing  of  the presentation as  a  cuc.  The

sub.jects  wcrc  askcd  Lo respond  by pushing a button when
the  stimulus  was  audible.

   In u  session,  four descending and  three ascending

sequences  were  alternately  testcd, starting  with  a descend-

ing sequence.  ]n a  descending scqucne ¢ , when  two

consecutive  
'`inaudible"

 responses  were  obtained,  the

NII-Electronic  
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signal ]evel of  the last `Laudible"

 response  was  emp]oyed

as thc jud.ument ef  threshold. On  the other  hund, the tevel
of  the  first response  in two consecutive  

''audible"

responses  was  empioyed  as  the judgtnent of  threshold  in

an  ascending  sequence.  In the  first descenditig sequence.

the initia] seund  pressure lex,el of  thc  signal  was  sct  20dB

hi.eh.er than  the norma]  t'ree-Iield thresheld  uf  hearin.v

specified  in ]SO  389-7 1129]. Ln other  sequences,  the  initial

lcvel was  set  randomly  6 to 12dB  higherflower than  the

judgment obtained  in the prei''tous ascending/descending

sequence.  The uvcrage  oi' the litst six  judgmcnts o['

thresho]d was  considered  to be the  threshold  of  hearing
for the subiect.

2.3.2. Measurement of  equal-loudness  relations

   The  r2tndomized  maximum  likelihood sequentia]  pro-
cedure  -'ith  2AFC  was  used  [1O,30'l, This ]nethod  satisiies

the  requircments  dcscribcd in thc  preferrcd test conditions

recommended  by  ISOITC431WGI  [31] und  is one  ot' the

ni{}st robust  methods  aguinst  the range  effect  P101. 

'I/wo

pure tones  were  presented sequentia]1>･  to a  subo'cct;  one  o['

the two  was  a 1kHz  pure tone and  the other  was  a 125-Hz

pure tone. Thc ordcr  ot' prcsenlatlon in a  pair wns  randomly

chosen.  The duration of each  pure tone  was  1.0s includin.v
50-ms rise  and  decav times. 

'1'he
 inter-stimu]i interva] was               "

e,7s ancl  the interval between two  successive  pairs of

stimuli was  1.5 s. Thc  subjccts  were  asked  to judge which
stimulus  in a pair was  louder.

   In a  single  run,  the soLmd  pressure lcvcl of  ]kHz  was

kept constant  at  one  of  nine  Leve]s, i,e., 5, 10, 15, 20, 25.

30. 40, 50  and  70  dB, so  Lhat thc  cqua]-]oudnesg  levels of  a

125-Hz  pure tone  at  5, 10, 15, 20, :5. 30, 40. 50 and  70

phons  could  be detcrmincd. 
'I'hc

 sound  pressure ]ex,et ef  the

125-H7  pure tone was  selected  adaptix,ely frotn 21 levcls in
:-dB steps  runging  from -20

 to +20dB  around  a

provisional PSE CPoint of Subjective Equality.) determined
by preliminury cxperiments.  As  the randomLzed  tnaximum

likelihood sequentia]  procedurc was  used,  the sound

pressure levels uf  thc 125-Hz  pure tone  were  given as

foIIows: 
'Fhe

 levels for the first and  the second  prescnta-
tions in u  run  were  the highest and  the ]owest ef  lhe rans,e,

respectively,  For the  third prcscntation und  later, the soitnd

pressure ]evel ot' the 125-Hz  pure tone  was  randomly

se]ected  within  ± 3 ]evels, i.e., within  ±6dB,  around  the

level showing  maximum  likelihood as  PSE  ca]culated  from
responses  up  to the eurrent  phase in thc run.  The logistic
function with  the spread  paramcter ef  5 dB was  assurned  to

be the  psychometric function for calculating  the  ]ikelihc)od

during a  run.  Fifty pairs o{' stimuli  wcre  presented in a run.

After the run,  PSE  for the luudness level for the subject  was

calculated  from  alE responscs  in the  run  by uging  the

method  of muximum  likelihood [321. In this estirnation,  thc

cumulative  normal  distribution function was  assuined  te be

a  psychometric t'unction. whose  mean  corresp()nds  to PSE.

   80
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2.4. Experimental Results

   Figure 1 shows  the average  resulrs  for the ten subjects.

Thc abscissa  shows  thc sound  pressure ]evel c)fthe  125-Hz

pure tone  while  the ordinate  shows  the louclness teve[ ol'

this tone  in phons. Thc  opcn  circlcs  show  the  averages  of

the  equa]-loudness  levels and  the Iilled circle  shows  the

averag.c  of  thc  t]iresholds of  hearing. The  horizontal bars

and  the vertical  bar show  95%  eonfidcnce  iiitervals. The

uvcragcs  of  the thresholds  ()f hearing at the frequency of
125IIz and  1kHz  were  20.5dB SPL  and  1.2dB SPL,
respectively.

   The results  show  that the avera.-oe  equa]-]oudness  ]evels

seem  to lie main]y  on  a  straight  linc above  20 phons. The
s]ope  ubove  20 phons is I.30 by linear filting, This mcans

that Stevens' power  law is va[id  {'or this Icvcl of  range  and

that the exponent  c}f the power  function at  125 Hz  is l,30

times  larLe.er than  that for 1kHz. resu]ting  in narrower

spaeing  of  equal-toudness-]evel  contours  at I25Hz abovc

20 phons. BeLow  20  phons, howcver, the equal-loudness

lex,els dcviate from  the straight Line and  asymptotically

approach  the hearing threshuld.  This means  that Stevens'

po"'er law requires  some  modification  in this levei range.

Moreover, it also  implies that the equa]-]oudness-lei,el

contours  at low ]oudness leve]s cxhibit  wider  spacing  than

those  at higher loudness ]evels. For example,  the difference
of  PSEs  between the equal-loudness  ]evel for 5 and  20

phons is 19.0dB, whiie  that between 15 and  40 phons  is

1O,8dB. This tcndencv  is consistent  with  that observed  in                 i
our  previous study  ]4I.
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     3. MODELSOFEQUAL-LOUDNESS
                  RELATION

3.1. Loudness  Functions

   If Stevens' power law stands,  the loudness function of  a

pure tone  is given by

                    S==  kP!' ev, (l)

where  S is loudness, P  is the sound  pressure of  the pure
tone, k is a dimensional constant  and  a  is thc exponent  of

the  power  Iaw. As  described above,  however, this simple

power  law does not  explain  the  leudness growth at ]ow

]eve]s. Therefore. several  derivatives of  Stevens' power
law have  been proposed [12-201.
   The  function propesed  by Ekman  [12], Luce [13],
Stevens [14] and  Shurf und  Stevens [15] and  that by
Zwislocki and  Hellman [16] and  Lochner and  Burger [17]
are  as  follews, respectively:

                s=k(p2-p,2)a,  (2)

                s=k(p2a-p,2a),  

'
 (3)

where  P, is the  threshold  of  hearing denoted in sound

pressure. In Eqs. (7-) and  (3), a  eonstant  corresponding  to

the  threshold  is subtracted  from  the  value  given by  the

original  power law. The  difference between  these  equations

lies in the domuin where  the subtraction  is executedi  the

constant  is subtracted  in the physicar domain in Eq. (2),
while  it is subtructed  in the loudness domain in Eq. (3).
   Zwicker [lg] considered  that the power  law stands

between  the  sum  of  the  excitation  by a  sound  and  thc

internal noise  and  the sum  of  the specific  loudness of  the

sound  and  that of  the  internal noise.  He  derived another

loudness function by applying  the  aboye  concept.  This

function originally  describes the  relatlon  between  the

specific loudness and  the excitation. We  consider  that this

function may.  be rewritten  as shown  in the following
equation  to describe the relation between loudness and

intensity so  long as  a  pure tone  or  a  narrow-band  noise  is
considered:

           s=k{(p2+cp,2)cr-(cp,2)cr}, (4)

where  C is the neise-to-tone  energy  ratio  required  for ajust

detectable tone  embedded  in intrinsic or  masking  noise.

Zwislocki [t9] introduced internal noise  inte Eq. (3),
rcsulting  in the same  function as  Eq. (4), It should  be notcd

that the loudness at the thresho]d  of  hearing given by Eq.

(4) is not  null  and  depends  on  the parameters. Thls idea is
supported  by  experiments  by  Hellman  and  Zwislocki

[33,34], the result  of  their study  showing  that the loudness
of  a pufe tone  at  threshold  is not  null and  slightly depends
on  its frequency. Buus  et  at. [251 also  clarified that

loudness of  a pure tone  at the hearing threshold  was  not

null.
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   Zwicker  L20] further modified  Eq, (4) so

loudness at  the  threshold  is null,  resulting  in the

loudness functioni

        s =  k[(p2 + (c -  1)p,2}or -  (cp,2)or],

 (2003)

 that the

ft]11owing

     (5)

3.2. Equa]-loudness  Retation Based on  a  Loudness
     Function

   Our  basic assumptien  is that the  same  loudness

function is applicable  to pure tones  with  different freq"en-

cies. Thus, if the loudness of  an  f-Hz pure tone is equal  to

that of  an  r-Hz  pure tone  (reference tone usua]ly  oftkHz)

with  the sound  pressure of  P,, the sound  pressurc of Pf at

thc frequency of  fHz is given by the fo11owing funetions
which  cerrespond  to Eqs. (1) to (5), respectively:

   Pf2  =  Kfl/"IP.2ev'/evr,

   pf2 =  Kfl･i"i(p.2 
-
 P.,2)"'/crf + Pt･,2,

   Pf2 =  {K,f(P,]a. 
-
 p.2"r) +  pf3af}ilcrf,

   Pf?  =  [Kf{(Prl +  CrP,i2)a' -  (C,P.?)"'}

        +  (CfPf,!)ai]t/'"!' -  CfPf,?,

   Pf2 =  (Kf[{Prl +  (Cr -  1)Prt2}fX' 
-
 {CrPrt2)rv'1

        +  (cfpf,2)cri)]icrr -  (cf - i)pf,2,

where  suMxes  rand  f in

the reference  frequency (usually 1 kHz)  und  fHz,
tively, and  Kf  represents  k,!ky. Similar

been carried eut  by Ross L221 and  by

f241,
   The equal-loudness  relation between P.2 and
be drawn by these equations,  Equatien (6) is
straight  }ine in the  logP, -  logP.f plane, while

four equations  are i]lustrated as curvilinear  lines
sound  pressure levels. It should  be neted  that in
isun]ike

 in the other  equations.  This means  that the
               t

at  the  heuring threshold  is not  constant  across  freq

[33,34].
   tt should  be also  noted  that the  plots in Fig

illustrated as a function of  the  sound  pressure

12S-Hz pure tone. Equations (6) to (10) are,

expressed  as functions of  the sound  pressure ef a

pure tone  corresponding  to phon. This' 

'

phon level. In Fig. 1, however,  the  opposite

expressing  function

functions are  usually  drawn as in this figure L1,

3.3. Fitting of  the Loudness Functions to the
     mental  Data

   To  fit Eqs.

(6)(7)(8)

(9)

(10)

                    dicate that the parameters are  for

                                          respec-

                                  derivations have

                               Humes  and  Jesteadt

                                         pf2 can

                                    cxprcsscd  as a

                                        the other

                                          at low

                                       Eq. (9) Pf

  not  equal  to Pft whcn  P. is at  the hearing threshold.  Prt,

                                         loudness

                                         uencles

                                          .1 are･

                                       level of  a

                                        however,

                                           1-kHz

                               ls a  convenlent  way

Io represent  the equal-loudness-level  contours  of  a  specific

                                         way  of

                was  chosen  because loudness matching

                                       22,26].

                                         Experi-

            (6) to (1 O) to the prcsent experirnental  data,
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 the exponent  at  lkHz  {cr,) is required.  Stevens [35]
 rcported  that the exponent  ut the 1-kHz pure tone  was  O.3.

 From  more  detailed experiments,  however, other  investi-

 gators reperted  the exponenL  t(} be O.23 [36], 0.27

 [17,37-39] or  O.29 [40]. Therefore, in the present report,

 the exponents  from O.20 to O.30 were  adapted  fer thc

 Iitting.

    The titting was  perfbfmed by the modified  Mayquundt

 method,  which  is an  algorithm  of  the nonlinear  least

 squares  method,  provided by a  computer  program package.
 SALS  (Statistical Anu]ysis with  Least Squares fitting> [41].
 In the fitting, the reciprocal  number  of  the  variation  for

each  equa]-]oudness  (PSE) datum was  used  as  weighting

for the evaluution  of  square  errors.

    Equation (6) was  fitted to the data by estimating  Kf  and

crf. For Eqs, (7) and  (8), three parumeters, namely,  Kf, crf

and  l'f,, were  estimatcd  while  P,, was  fixed at  the
experimenta]  value.  1.2dB SPL. As for Eq. (9), Kf, a.t･

and  Cf  were  estimated  while  Pri and  Pf･L were  fixed at  the

present experimental  results,  t.2 and  20.5 dB  SPL,  respec-

tively, and  C. was  fixed at  2.5 r19]. Equation {]O) was

fitted tD the data under  the same  conditions  as those  for Eq.
(9), except  that Pf, was  an  estimated  value.  Equations (6),
(7), (8) and  ([O) were  fitted to the present experimenta]

data ot' equal-loudness  relations  as well  as  those  of  the

threshold of  hearing.. whiEe  ,Eq. (9. ) was  fittcd only  to the

data of equal-toudness  relations  because, as  stated  in the

previoLLs subsection,  loudness at the threshold of  hearing is
regarded  us  net  being constant  across  frequencies for this

equatien.  Due  to the same  reason,  the thrcshold  of  hearing

of  the f-Hz pure tone, Pf[, was  cstimated  in the cases  ot'

Eqs. C6), (7), (8) and  (]O), but not  tbr Eq. (9).

   Figure 2 shows  the resu]ts  of  the fitting of these

equations  (or, 
=

 O.27) to the  experimenlal  data shown  in

Fig, 1. The exponent  ofO,27  was  se]ected  as a  typical value

after  several  studies  [17,37-39]. It is clear  that the simp]e

power Eaw, Eq. (6). fails te explain  the equal-]oudness

relatien ut  low levels. Equation (7) does not  show  goed
agreement  with  thc  data because the  titted line with  this
equation  is ainiost  struight  above  1O phons. In contrast,  the

curves  calculated  by Eqs. (8), (9) and  (10) well  coincide

with  the expcrimental  data.

   To examine  the goodness  of fit quantitative]y. rcsidual

sums  of  squai'es  (RSSs) were  calculated  for each  equation

for the exponent  values  from O.20 to O.30. Figure 3 shows
the results.  To  calculate  the RSS, residuals  iN'ere first
normalized  by the standard  deviation of  each  datum,
squured  and  then  summed.  where  the residuai  was  the
difference a]ong  the horizontal axis between  an  experi-

mental  datum and  an  estimated  value, The  residual  for the
thyeshold  ef  hearing was  not  included in the RSS  for each
cquation.  The results  show  that the goodness ot' fit for Eqs.
(8), <9> and  (1O) is much  better than  that for Eqs. (6) and  (7)
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Fig.2 Coinparison betwecn  the  experimental  data and

 the  tnode]  t'unctions fiued te [he  experimental  data

 shown  in Fig,1 by  the  method  ol' nonlincar  leust
 squares,  Thcse  curves  were  the  results  in the case  of  the

 exponent  at 1 kHz  (cr.) ofO.27.  RSS  means  the  residual

 sum  of  squares.
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 The  residual  for the  thresho[d oi' hearing was  net

 includcd in the RSS fur cach  equation.  
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indcpendently of the cxponent  at 1 kHz.

   Statistical tests were  carried  our  to confirm  the

significance  of  the difference hetween  thc RSSs, Because

RSS  eorresponds  to variance,  the hypothesis of  equal

variance  was  tested using  the F distribution. 
'rhe

 results

showed  thELt the diberences betwccn  RSSs  of  Eqs. (6) and

(S). C6) and  (9}. (6) and  (1O). (7) and  (9). and  (7) und  (1O)

are  signiiicant  beyond  O.OS (one-tui]ed tesO  within  the

expenents  from O.20 to O.30.

               4. DISCUSSION

   Five model  equatic)ns  for equaL-loudness  relations

derived from  five kinds of  ]oudness functions xvere  fitTed

to the  equa[-loudness  levels of  the  125-Hz  pure tone. The

results  show  that Eqs. (8), (9) and  (1O) tna},  be candidatcs

t'or appropriate  functions to describe the cqual-loudness

relation  auross  frequencies. We  thus  examine  which

equation  is the must  suitable  tbr the prescnt purpose,
   Avai]ablc data of  the equal-loudness  levelg suhsequcnL

to lhe  researeh  of  Robinsen  and  Dadson  [l] have  the

following profiles: Most  equal-loudness  levels were  mca-

sured  at loudness ]evels up  t[) 1OO phons  with  a step-size  of

10 phons at frcqueneies of  the lf3 octaye  series l42].
However,  as  not al] of  the studies  examined  al[ frec]uencies

nor  al] loudness lex･'els wiTh  10-phon stcps.  onl>,  seven  to

nine  leudness levels can  be used  in the fitting proccss o{' a

loudness function for euch  frequeney beLween  50Hz  and

12.5kHz;  for other  frequeneies. fcwer levels cun  be used,

'rherefore,
 the smaller  thc  number  of  parameters is the

morc  advantatteous  to realize  thc stable estimation.  In Eg.

(8), the paraineters to be cstimated  are Kt･, orf tind  Pft.

while  in Eqs, (9) and  clO), an  additional  parameter, C.r,

must  be estimated.  Therefore, Eq. (g) wou]d  be better than

Eqs. (9) und  (10). Moreovcr, as  stated  in section  3. in Eq.

(9). Pf  is not  equal  to Pft whcn  P. is at the heuring

threshold.  P,t. unlikc  in the  other  equatiens.  This means

that loudness at  thc hearing threshotd  is not  constant  across

frequencies [33,34J, and  thus the data of  the hearing

threshold  cannet  bc used  in thc  curve  fitting process, In

contrast, thrcshold data can  be used  in Eqs. (8) and  (10) as

one  dalurn of  the cqual-loudncss  retation for the point of

S ==  O. Bccause the dependency  of thc loudness at the

hearing threshold on  frequency is cxtremely  small  l33.34j,
we  consider  that the approximation  that the threshold  curve

is onc  of  the equal-loudness-level  contours  ls rather

beneficial. Consequently, Etl. (3), w'hieh  is the origin  of

Eq, {8), would  bc the most  appropriate  ]oudness func{ion

for actually  drawing new  equal-loudness-level  contourg

with  prcsently avuilable  data.

    New' cqual-loudness-ievcl  contours  must  be determined

over  the fu]t rans.e  of  audibility.  Thereforc, ir is necessary

to discuss whether  Eq. (8) may  be upplicd  to frequencics

other  than  125Hz.  Whi"le  et  al, L23] compared  thrce
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loudness functions, equivalent  to Eqs. (2), (3) and  (4), with
the data at 12.5 Hz  and  reported  that Eq. C3), which  is the

origin  of  Eq. (8), eould  bc fitted te the experimental  data

the best among  the  three, Moreover, they  con(irmecl  that

this function we]]  fitted ro the cxpcriniental  datu from

3.15Hz  to 50Hz. He]lman  et  c;t. L261 mcasured  equa]-

loudnesg rclations  tl'otn l kHz  to 16kHz,  The  results  show

that equal-leudness  re]ations from ] kHz  to 10kHz  were

almost  on  a  straight  line with  a slopc  ot' 1.0. meaning  that

they  can  be expressed  with  any  of the equations  from  Eqs,

(6) te (10). Consequently. wc  consider  that Eq. (8) can  be

usecL i'or drawlng  equal-Loudness-leve]  contours  over  a wide

fregucncy range  t'rosn below 20Hz  to lOkHz  at  [east.

   We  should  einphasize,  however,  that in principle, Eq.

(9) must  bc thc best modet,  at  present, since  it shows  u

stnaller errer  than Eqs, (6) to (8). Moreover. it is known

that the oris,inal cquation.  Eq. (4), is capable  ot' expressing

[eudncss of  sound  partially masked  by nois.e  1 [91 and  that

only  this equation  can  exp]ain  the experimcntal  results  that

thc loudness at the hearing threshold is not  null  and  is

dependent on  frequency [25,33.34J.

              5. CONCLUSION

   In this study,  we  examined  which  of  the five kinds of

]oudness functions reported  ln the Literatures is most

suitablc  for drawing the equal-leudness-leve]  contours

['rom available  experlmcntal  data. Firsl. we  precisely
measured  the equa}-loudness  rclations  between  125-Hz

and  1-kHz pure tones t'Tom 70 phons down  te 5 phons. Five

model  equati{}ns  expressing  the equa}-loudness  relation

were  thcn  derived from the five loudness functions, and

these  equations  were  fittcd to the datu. The  results  of  thc

goodness of  fit fbr these  functions showed  that three of  the

five equations  could  wel]  exp]ain  the equal-loudness

re]ation down  to 5 phons, Atnong these, the authors

coneluded  that {he function proposed by Zwislocki and

Hellman [161 as  well  as  by Lechner  and  Burger l17] was

the inost appropriate  ipr the prescnL purpose because the

nurnber  or  paraineters was  fewer than  that ot' the other

functions and  the thresheld  of  hearing could  be used  for the

fitting as  a datum of  the equul-loudness  rclation,  resulting

in a morc  stable estimation  of  the para]neters of  the

]oudness i'unction with  available  data.
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