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Equal-loudness-level contours provide the foundation for theoretical and practical analyses of
intensity-frequency characteristics of auditory systems. Since 1956 equal-loudness-level contours
based on the free-field measurements of Robinson and Dadson@Br. J. Appl. Phys.7, 166–181
~1956!# have been widely accepted. However, in 1987 some questions about the general
applicability of these contours were published@H. Fastl and E. Zwicker, Fortschritte der Akustik,
DAGA ’87, pp. 189–193 ~1987!#. As a result, a new international effort to measure
equal-loudness-level contours was undertaken. The present paper brings together the results of 12
studies starting in the mid-1980s to arrive at a new set of contours. The new contours estimated in
this study are compared with four sets of classic contours taken from the available literature. The
contours described by Fletcher and Munson@J. Acoust. Soc. Am.5, 82–108~1933!# exhibit some
overall similarity to our proposed estimated contours in the mid-frequency range up to 60 phons.
The contours described by Robinson and Dadson exhibit clear differences from the new contours.
These differences are most pronounced below 500 Hz and the discrepancy is often as large as 14 dB.
© 2004 Acoustical Society of America.@DOI: 10.1121/1.1763601#

PACS numbers: 43.50.Ba, 43.50.Qp, 43.66.Cb@DKW# Pages: 918–933
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I. INTRODUCTION

The loudness of a sound strongly depends on both
sound intensity and the frequency spectrum of a stimu
For sounds such as a pure tone or a narrow-band noise
equal-loudness-level contour can be defined. This con
represents the sound pressure levels of a sound that give
to a sensation of equal-loudness magnitude as a functio
sound frequency. The equal-loudness-level contours ar
foundational that they are considered to reveal the freque
characteristics of the human auditory system.

Many attempts have been made to determine eq
loudness-level contours spanning the audible range of h
ing. The earliest measurements of equal-loudness-level
tours were reported by Kingsbury~1927!. Those
measurements were obtained under monaural listening
ditions and were relatively limited. Although equal-loudne
relations can be measured in a free field, in a diffuse fie
and under earphone listening conditions, most of the p
lished equal-loudness-level contours have been measure
ther under binaural listening conditions or under conditio
relative to a free field. The first complete set of equ
loudness-level contours obtained under binaural listen
conditions and given relative to free-field listening was ma
by Fletcher and Munson~1933!. Their pioneering study was
followed by studies measuring contours by Churcher a

a!Portions of this article were presented at InterNoise 2000 in Nice, Fra
August 2000@Suzukiet al., Proc. InterNoise 2000, pp. 3664–3669~2000!#
and the 143rd Meeting of the Acoustical Society of America in Pittsbur
PA, June 2002@Y. Suzuki and H. Takeshima, J. Acoust. Soc. Am.111~5! Pt.
2, 2468~2002!#.

b!Electronic mail: yoh@riec.tohoku.ac.jp
c!Electronic mail: takesima@cc.sendai-ct.ac.jp
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King ~1937!, Zwicker and Feldtkeller~1955!, and Robinson
and Dadson~1956!. The contours measured by Robinson a
Dadson~1956! were adopted as an international standard
pure tones heard under free-field listening conditions~ISO/R
226, 1961; ISO 226, 1987!; they have been widely accepte

In recent years there has been renewed interest in eq
loudness-level contours. This interest was triggered by a
port from Fastl and Zwicker~1987! who noted marked de
partures from the contours specified by Robinson a
Dadson~1956! in the region near 400 Hz. Subsequently, t
deviations found by Fastl and Zwicker~1987! have been
confirmed by many investigators~Betke and Mellert, 1989;
Suzukiet al., 1989; Fastlet al., 1990; Watanabe and Møller
1990; Poulsen and Thøgersen, 1994; Lydolf and Møl
1997; Takeshimaet al., 1997; Bellmann et al., 1999;
Takeshimaet al., 2001, 2002!. Specifically, all of the new
data show that at frequencies below about 800 Hz eq
loudness levels are higher than the levels measured by R
inson and Dadson~1956!; one example of this is the leve
differences of loudness levels of 40 phons which record
ferences from 12.7 to 20.6 dB at the frequency of 125 H
Figure 1 illustrates the extent of this discrepancy. Here
40-phon contour measured by Robinson and Dadson~1956!
is compared with data obtained from recent studies. Clea
in the low-frequency region all the newer data deviate s
tematically from the equal-loudness-level contour based
Robinson and Dadson’s data. Possible causes of the di
ence are discussed in Sec. IV. Such marked deviations
not only of theoretical importance, they also have practi
implications. For example, the current A-weighting for sou
level meters is based on the equal-loudness-level contou
40 phons.

e,

,
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Given the marked and consistent deviations obtained
the newer data, an attempt has been made to establish a
set of equal-loudness-level contours. Section II of this pa
provides a brief review of equal-loudness relations measu
for pure tones. Data from this overview are analyzed a
evaluated to help establish new equal-loudness-level c
tours. The results are compared with those reported in

FIG. 1. Equal-loudness-level contour of 40 phons for pure tones. The s
lines represent the contour measured by Robinson and Dadson~1956!,
which were adapted as an international standard, ISO R/226~1961! and ISO
226 ~1987!. Symbols show the experimental data collected since 1983.
J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004
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classic studies~Fletcher and Munson, 1933; Churcher a
King, 1937; Zwicker and Feldtkeller, 1955; Robinson a
Dadson, 1956!. In Sec. III a new set of equal-loudness-lev
contours that span a wide range of frequencies and leve
introduced. A loudness function that provides a good acco
of the data~Takeshimaet al., 2003! is utilized. In this paper,
we focus on contours for pure tones under free-field listen
conditions that represent the average judgment of otolo
cally normal persons.

II. A BRIEF REVIEW OF STUDIES OF EQUAL-
LOUDNESS-LEVEL CONTOURS AND THRESHOLDS
OF HEARING

A. Equal-loudness-level contours

This section gives an overview of all published stud
of equal-loudness-level contours. Our analysis provides a
sis for selecting basic data to use for constructing a new
of equal-loudness-level contours. Table I lists 19 studies
chronological order.

Although our aim is to establish new equal-loudne
level contours under free-field listening conditions, in seve
studies equal-loudness levels at low frequencies were m
sured in a pressure field obtained by using a small ro
installed with a number of loudspeakers on each of the w
and the ceiling. These loudspeakers are driven in phas

id
ethod of
TABLE I. Studies on the equal-loudness-level contours and their important experimental conditions. FF: free field, PF: pressure field, MA: m
adjustment, CS: method of constant stimuli, RMLSP: randomized maximum likelihood sequential procedure~Takeshimaet al., 2001!, and CP: category
partitioning procedure.

Year Researchers
Listening
condition

No. of
subjects~age! Method

Reference tone
frequency~level!

Test tone
frequency~Hz!

1927 Kingsbury Earphone 22~unspecified! MA 700 Hz ~fix! 60–4000
1933 Fletcher–Munson Earphone with

FF correction
11 ~unspecified! CS 1 kHz~variable! 62–16 000

1937 Churcher–King FF 10~unspedified! CS 1 kHz~fix! 54–9000
1955 Zwicker–Feldtkeller Earphone with

FF equalizer
8 ~unspecified! Modified

Békésy
1 kHz ~fix! 50–16 000

1956 Robinson–Dadson FF 90~16–63!/
30 ~ave. 30!

CS 1 kHz
~variable!

25–15 000

1972 Whittleet al. PF 20~ave. 20! CS higher freq.
~fix!

3.15–50

1983 Kirk PF 14~18–25! RMLSP 63 Hz~fix! 2–63
1984 Møller–Andresen PF 20~18–25! RMLSP 63 Hz~fix! 2–63
1989 Betke–Mellert FF 13–49~17–25! CS 1 kHz~fix! 50–12 500
1989 Suzukiet al. FF 9–32~19–25! CS 1 kHz~fix! 31.5–16 000
1990 Fastlet al. FF 12 ~21–25! CS 1 kHz~fix! 100–1000
1990 Watanabe–Møller FF 10–12~18–30! Bracketing 1 kHz~fix! 25–1000
1994 Müller–Fichtl Open

headphones
8 ~21–25! CP — 62.5–10 000

1994 Poulsen–Thøgersen FF 29~18–25! Bracketing 1 kHz~fix! 1000–16 000
1997 Lydolf–Møller FF 27~19–25! RMLSP 1 kHz~fix! 50–1000

PF 27~19–25! RMLSP 100 Hz~fix! 20–100
1997 Takeshimaet al. FF 9–30~19–25! CS 1 kHz~fix! 31.5–12 500
1999 Bellmannet al. FF 12 ~unspecified! Adaptive

1up–1down
1 kHz ~fix! 100–1000

PF 12~unspecified! Adaptive
1up–1down

100 Hz ~fix! 16–160

2001 Takeshimaet al. FF 7–32~18–25! RMLSP 1 kHz~fix! 50–16 000
2002 Takeshimaet al. FF 21 ~20–25! RMLSP 1 kHz~fix! 1000–12 500
919Y. Suzuki and H. Takeshima: Equal-loudness-level contours
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that no energy could flow in the room. They are Whittleet al.
~1972!, Kirk ~1983!, Møller and Andresen~1984!, Lydolf
and Møller~1997!, and Bellmannet al. ~1999!. These studies
are also included in Table I because at frequencies lower
a few hundred Hertz equal-loudness levels of pure to
measured in a free field are consistent with those measure
a pressure field~Lydolf and Møller, 1997!.

Of the 19 studies listed in Table I, we suggest that th
studies~Kingsbury, 1927; Whittleet al., 1972; Müller and
Fichtl, 1994! be excluded as candidates for the basic da
Kingsbury ~1927! measured equal-loudness levels und
monaural listening conditions with a telephone receiv
However, the levels measured were not calibrated relativ
the levels in a free field. Although Whittleet al. ~1972! made
their measurements in a pressure field, equal-loudness le
at 3.15, 6.3, 12.5, and 25 Hz were obtained with refere
tones set at 6.3, 12.5, 25, and 50 Hz. No comparison
made to a 1-kHz reference tone. As a result of this shortc
ing, the equal-loudness levels they measured cannot be
pressed directly in phons. Finally, in Mu¨ller and Fichtl
~1994! the loudness of the pure tones was based on the
egory partitioning procedure. In this procedure, loudness
judged by two successive scalings. First, subjects judge lo
ness by choosing from seven categories ranging from ‘‘no
ing heard’’ to ‘‘painfully loud.’’ Then when a subject chos
one of the six categories other than ‘‘nothing heard,’’ t
same stimulus was presented once more and the subjec
asked to judge the loudness on a more finely subdivi
scaling which consisted of five steps for the ‘‘painfully loud
category and ten steps for the other five ‘‘middle’’ categor
from ranging ‘‘very soft’’ to ‘‘very loud.’’ Using this tech-
nique, the loudness of a pure tone is recorded as an int
ranging from 0~nothing heard! to 55~painfully loud!. Equal-
loudness-level contours are based on these catego
loudness-related values. Unfortunately, category-scaling
cedures are easily influenced by context effects such
stimulus spacing, frequency of stimulus presentation, stim
lus range, and stimulus distribution~Gescheider, 1997!. The
degree of these context effects cannot be assessed becau
paired-comparison data were obtained.

Figure 2 shows the equal-loudness-level data from
studies listed in Table I excluding the results of Kingsbu
~1927!, Whittle et al. ~1972!, and Müller and Fichtl~1994!.
Four studies, Fletcher and Munson~1933!, Churcher and
King ~1937!, Zwicker and Feldtkeller~1955!, and Robinson
and Dadson~1956!, proposed a complete set of equa
loudness-level contours whereas the remaining studies
ported only measured equal-loudness levels. Results f
the individual studies are given by the symbols; the cur
represent the four sets of equal-loudness-level contours.
ing to their importance, these four sets of contours are
ferred to asclassic equal-loudness-level contours, where
the studies published since 1983 are referred to asrecent
experimental data.

In spite of some differences among the results of
various studies, Fig. 2 makes it clear that most of therecent
data sets exhibit similar trends. By comparison, none of
four sets ofclassic contours coincide acceptably over th
whole range of frequencies and levels with the recent d
920 J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004
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The four sets ofclassiccontours show both similarity and
dissimilarity to these data sets. Thus therecentdata are com-
pared with theclassiccontours more in detail. It is notabl
that the three sets ofclassiccontours apart from that of Rob
inson and Dadson~1956! agree remarkably well with the
recentdata at 20 phons. Moreover, the agreement betw
therecentdata and theclassiccontours of Fletcher and Mun
son ~1933! is quite good at 60 phons and below; at high
loudness levels the contours of Fletcher and Munson~1933!
become progressively flatter than therecentdata value. At
the 100-phon level the difference at 25 Hz amounts to 30
Between 60 and 90 phons theclassiccontours of Churcher
and King ~1937! and Zwicker and Feldtkeller~1955! also
tend to be flatter in the low-frequency region than therecent
data values. Another conflict between therecentdata and the
classiccontours of Zwicker and Feldtkeller~1955! is evident
at 4 kHz. In this frequency region, the contours of Zwick
and Feldtkeller~1955! are inconsistent with both therecent
data and the other threeclassiccontours. Unlike all the other
studies, the contours reported by Zwicker and Feldtke
~1955! do not exhibit a dip in the 4-kHz region. Finally, i
the low-frequency region below 1 kHz almost all of there-
cent data are located well above the contours proposed
Robinson and Dadson~1956!. Moreover, between 20 and 8
phons the differences are often greater than 14 dB. Base
these observations, it is clear that the discrepancies b
among theclassiccontours and between theclassiccontours
and therecent data can be considered non-negligible a
systematic. Consequently, we decided to use therecentdata
to estimate a new set of equal-loudness-level contours.
would then be able to critically compare the classic and n
equal-loudness levels as contours.

The recentdata show certain variance among the stu
ies. The most marked discrepancies can be seen in the
by Fastlet al. ~1990!. The deviations are most pronounced
the 30- and 50-phon levels~filled squares!. A possible expla-
nation for the deviation between these results and our e
mated contours can be found in the results of Gabrielet al.
~1997! and Takeshimaet al. ~2001!. These latter studies
showed that when the method of constant stimuli is use
strong range effect may bias the results toward the cen
level of the variable stimuli. In the study by Fastlet al.
~1990! the central levels were set to the equal-loudness-le
contours calculated by Zwicker~1958!: At 125 Hz the central
levels applied by Fastlet al. ~1990! were 40.2 dB at 30
phons, 57.6 dB at 50 phons, and 76.5 dB at 70 phons. Th
levels are considerably lower than the loudness levels in
other recent studies. Another data set that requires clo
scrutiny is the one obtained from the results of Watanabe
Møller ~1990!. According to Møller and Lydolf~1996! this
data~filled diamonds! may have been biased towards high
sound pressure levels because, in the bracketing proce
used, the initial level was invariably set at 15 to 20 dB abo
the expected equal-loudness levels reported by Robinson
Dadson~1956!. Despite these caveats, the data from the t
studies do not show extreme variation from the otherrecent
data. We therefore decided to include all of therecentdata in
the determination of a new set of equal-loudness-level c
tours.
Y. Suzuki and H. Takeshima: Equal-loudness-level contours



FIG. 2. Equal-loudness-level contours for pure tones. The four lines in each panel represent the contour reported by Fletcher and Munson~1933!, by Churcher
and King ~1937!, by Zwicker and Feldtkeller~1955!, and by Robinson and Dadson~1956!. The symbols are the experimental data of therecentstudies
reported since 1983. In the legend, PF means that the study was carried out under pressure-field listening condition.
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B. Threshold of hearing

It is natural to draw a hearing threshold curve as a low
limit of audibility on a figure of equal-loudness-level co
tours; the threshold of hearing is also useful in estimating
new equal-loudness-level contours described in the follo
ing sections. Table II lists studies of the threshold of hear
for pure tones in chronological order. In most of the stud
listed in Table II, equal-loudness relations were measure
the same time and are thus also listed in Table I. Stud
other than those listed in Table I are Teranishi~1965!, Brink-
mann ~1973!, Vorländer ~1991!, Betke ~1991!, Takeshima
et al. ~1994!, and Poulsen and Han~2000!. The data concern
ing the threshold of hearing from all of the studies listed
Table II are shown in Fig. 3. In the figure, threshold curv
reported with the four sets ofclassic equal-loudness-leve
contours are also drawn. It should be noted, however, tha
curve of the threshold of hearing is not always regarded a
equal-loudness-level contour~Fletcher and Munson, 1933
Hellman and Zwislocki, 1968; Buuset al., 1998!.
J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004
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As seen from Fig. 3, the data concerning the threshold
hearing are similar across the recent studies and fit well w
the threshold curve of Robinson and Dadson~1956! while
the other three curves, Fletcher and Munson~1933!,
Churcher and King~1937!, and Zwicker and Feldtkeller
~1955!, deviate from the recent threshold data and the cu
by Robinson and Dadson~1956! under 1 kHz.

III. DERIVATION OF A NEW SET OF
EQUAL-LOUDNESS-LEVEL CONTOURS

The review carried out in Sec. II clearly indicates tha
new set of equal-loudness-level contours needs to be dra
The experimental measures of the equal-loudness relatio
ported in the 12recentstudies are given in Fig. 2 as discre
points along the frequency and sound pressure level axe
the equal-loudness-level contours are drawn simply, by us
a smoothing function across frequency at each loudn
level, then the contours do not exhibit an acceptable pat
of parallel displacement. To achieve that goal, the smooth
921Y. Suzuki and H. Takeshima: Equal-loudness-level contours



TABLE II. Studies on the threshold of hearing for pure tones under free-field listening condition and their important experimental conditions.~FF: free field,
PF: pressure field!

Year Researchers
Listening
condition

No. of
subjects~age! Method

Frequency
range~Hz!

1927 Kingsbury Earphone 22~unspecified! unspecified 60–4000
1933 Fletcher–Munson Earphone with

FF correction
11 ~unspecified! Bracketing method 62–16 000

1937 Churcher–King FF 10~unspecified! unspecified 54–6400
1955 Zwicker–Feldtkeller Earphone with

FF equalizer
8 ~unspecified! Békésy tracking 50–16 000

1956 Robinson–Dadson FF 51~ave. 20!a Bracketing method 25–15 000
1965 Teranishi FF 11~18–24!b Bracketing method 63–10 000
1973 Brinkmann FF 9–56~18–30! Bracketing method 63–8000
1989 Suzukiet al. FF 31 ~19–25! Bracketing method 63–12 500
1990 Fastlet al. FF 12 ~21–25! Ascending method 100–1000
1990 Watanabe–Møller FF 12~18–30! Bracketing method 25–1000
1991 Betke FF 16–49~18–25! Bracketing method 40–15 000
1991 Vorländer FF 31~18–25! Bracketing method 1000–16 000
1994 Poulsen–Thøgersen FF 29~18–25! Bracketing method 1000–16 000
1994 Takeshimaet al. FF 10–30~19–25!c Bracketing method 31.5–16 000
1997 Lydolf–Møller FF 27~19–25! Ascending method 50–8000

PF 27~19–25! Ascending method 20–100
2000 Poulsen–Han FF 31~18–25! Bracketing method 125–16 000
2001 Takeshimaet al. FF 7–32~18–25! Bracketing method 31.5–16 000
2002 Takeshimaet al. FF 21 ~20–25! Bracketing method 1000–12 500

a120 subjects below 2000 Hz.
b51 subjects with wide range of age~18–64 years old! participated in his experiments.
cExcluding the results of the experiments~EX1 and EX2! which have been reported in Suzukiet al. ~1989!.
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process must be performed in a two-dimensional plane
takes into account both the frequency and sound pres
level axes. Fletcher and Munson~1933! produced functions
for their discrete data values by first plotting the measu
relation between loudness level and sound pressure lev

FIG. 3. Thresholds of hearing for pure tones. The four lines represen
threshold curve reported by Fletcher and Munson~1933!, by Churcher and
King ~1937!, by Zwicker and Feldtkeller~1955!, and by Robinson and Dad
son ~1956!. In the legend, PF means that the study was carried out u
pressure-field listening condition.
922 J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004
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each of their ten test frequencies and then fitting a smo
curve to each of the measured data sets. The ten data
enabled a family of equal-loudness-level contours to
drawn. Based on the presumption that the equal-loudn
level contours were related to the underlying hearing mec
nism, Fletcher and Munson~1933! hypothesized that thes
contours should be smooth and parallel. Robinson and D
son~1956! applied a similar approach to the analysis of th
data values. They used a second-order polynomial fit to
tain the relations between loudness level and sound pres
level at each of their 13 test frequencies.

In the present study, equal-loudness-level contours
obtained by making use of the established loudness-inten
relation, a compressive relation shown to be approxima
compatible with recent measures of the nonlinear inpu
output response of the basilar membrane~Schlauchet al.,
1998; Yates, 1990; Florentineet al., 1996; Buus and Floren
tine, 2001a,b!. Our procedure makes it possible to parame
cally derive a set of equal-loudness-level contours over
measured range of loudness levels from 20 to 100 phon

A. Loudness functions suitable for representing the
equal-loudness relation

At moderate to high sound pressure levels, the growth
loudness is well approximated by Stevens’s~1953, 1957!
power law in the form

S5ap2a, ~1!

wherep is the sound pressure of a pure tone,a is a dimen-
sional constant,a is the exponent, andS is the perceived
loudness. However, Stevens’s power law cannot describe
deviation of the loudness function from power-law behav

e

er
Y. Suzuki and H. Takeshima: Equal-loudness-level contours
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below about 30 dB HL~see, e.g., Hellman and Zwislock
1961; Scharf and Stevens, 1961!. As a result, several modi
fications of Stevens’s power law have been proposed. In
late 1950s a number of authors~Ekman, 1959; Luce, 1959
Stevens, 1959! suggested that the power law could be rew
ten in the form

S5a~p22pt
2!a, ~2!

wherept is the threshold of hearing in terms of sound pre
sure. Later on, Zwislocki and Hellman~1960! and Lochner
and Burger~1961! also proposed modifications. In these la
ter modifications, the relation between loudness and so
pressure is given by the equation

S5a~p2a2pt
2a!. ~3!

The difference between Eqs.~2! and ~3! lies in the do-
main where the subtraction is executed. In Eq.~2! a constant
corresponding to the threshold is subtracted in the stimu
domain, whereas in Eq.~3! a constant corresponding to th
threshold loudness is subtracted in loudness domain~Hell-
man, 1997!. When p5pt , both Eqs.~2! and ~3! yield a
threshold loudness of zero.

Zwicker ~1958! considered that a power law stands b
tween the sum of the excitation evoked by a sound and
internal noise and the sum of the specific loudness of
sound and the internal noise. By solving this equation,
derived the following specific loudness function:

S5a$~p21Cpt
2!a2~Cpt

2!a%, ~4!

whereC is the noise-to-tone energy ratio required for a ju
detectable tone embedded in the internal masking noise
1965 Zwislocki introduced the internal noise into Eq.~3!,
resulting in a function that predicts the total loudness o
pure tone in quiet and in noise. The form of Zwislock
~1965! equation for loudness functions is similar to the o
obtained for the specific loudness function in Eq.~4!. Unlike
Eqs. ~2! and ~3!, the threshold loudness given by Eq.~4! is
greater than zero.

Zwicker and Fastl~1990! further modified Eq.~4! to set
the loudness at threshold to be zero, resulting in the follo
ing equation for specific loudness function:

S5a@$p21~C21!pt
2%a2~Cpt

2!a#. ~5!

Above 30 dB HL, the modifications in Eqs.~2!–~5! as-
ymptotically approach Stevens’s power law in Eq.~1!. How-
ever, none of the equations describe the mid-level flatten
claimed in recent studies of loudness growth~Allen and
Neely, 1997; Neely and Allen, 1997; Buus and Florentin
2001a,b!, but they are probably sufficiently precise fo
present purposes and have the advantage of having few
parameters to fit.

Takeshimaet al. ~2003! examined which loudness func
tion is the most appropriate to describe the equal-loudn
relation between two pure tones with different frequenci
First, they measured equal-loudness levels of 125-Hz p
tone from 70 phons down to 5 phons. Then fitted the exp
mental data to the above-mentioned five loudness functi
Figure 4 shows the results~Takeshimaet al., 2003!. Equa-
tions ~1! and ~2! clearly showed poorer performances. T
J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004
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other three were well able to explain the equal-loudness
lation down to 5 phons. The goodness of fit for these th
functions did not differ significantly. Takeshimaet al. ~2003!
further concluded that the number of parameters of Eq.~3! is
less than the other two and free from the estimation of
parameterC, which represents the level of the intrinsic noi
which suggests Eq.~3! is the most appropriate for prese
purposes. Since estimation ofC is often unstable in the fit-
ting of the three parameters with the available data, esti
tion of equal-loudness contours with Eq.~4! or ~5! would be
extremely problematic.

When loudness growth is expressed by use of Eq.~3!,
the following limitation should be noted. Equation~3! as-
sumes the loudness at threshold of hearing to be zero. Th
inconsistent with experimental data where the loudness
threshold of hearing is not zero~e.g., Hellman and Zwis-
locki, 1961, 1964; Hellman and Meiselman, 1990; Hellma
1997; Buuset al., 1998!. Moreover, loudness at threshold
not zero but dependent on frequency as shown in the da
Hellman and Zwislocki~1968!, Hellman ~1994!, and Buus
and Florentine~2001a!. Equation ~4!, and among the five
only this equation, can account for these experimental
sults. However, as mentioned above, the fitting of this eq
tion in our preliminary examination often resulted in u
stable estimation. As seen from Fig. 4, Eqs.~3! and ~4!

FIG. 4. Equal-loudness-relation curves derived from Eqs.~1! and ~5!, re-
spectively. Open circles in each panel show equal-loudness levels of 12
pure tones measured by the randomized maximum likelihood seque
procedure. The solid lines in each panel are the best fitting curves of
loudness function to the experimental data. RSS means the residual su
squares in the fitting process of the nonlinear least squares method.
figure is a reprinting of Fig. 2 in Takeshimaet al. ~2003!.
923Y. Suzuki and H. Takeshima: Equal-loudness-level contours



e

ua
on

m
ta
rm

o
re

he

c-
re
w

so
,
n
a

a
th
e
ri
an
on
n
h
ed

.2
er

a
u

es

he
po-
alv-
be

-

um-

vel.
ess’’

ibed
t in

ent
duct

o-

ude
the
ess
y of
er-

een
ut of
sed

and
the
cess

en-
the

tion

. In
d as
Hz,
ed
the
.20
s of

by
resemble each other and acceptably coincide at and abov
phons and we are encouraged that the fitting to Eq.~3! was
quite stable. Furthermore, experimental data for the eq
loudness levels are available only at and above 20 ph
Therefore, in the present study, we adopt Eq.~3! for further
consideration.

B. Derivation of equations describing the
equal-loudness relation

As noted above in Sec. III A, Eq.~3! is used for the
loudness function. Here, the authors assume thata anda are
dependent on frequency since this makes the residual su
squares in the fitting process much less than with a cons
a anda. Thus, over the loudness ranges of interest the te
a anda in Eq. ~3! at frequencyf are denoted asaf anda f .
When the loudness of anf -Hz comparison tone is equal t
the loudness of a reference tone at 1 kHz with a sound p
sure ofpr , then the sound pressure ofpf at the frequency of
f Hz is given by the following function:

pf
25

1

U f
2 $~pr

2ar2prt
2ar !1~U fpf t!

2a f%1/a f , ~6!

where suffixesr andf indicate that the parameters denote t
sound pressure for the 1-kHz reference tone and thef -Hz
comparison tone, respectively. Moreover,U f5(af /ar)

1/2a f .
Obviously,U f is unity at the reference frequency~1 kHz!.

An equal-loudness-level contour for a specificpr can be
drawn by connectingpf as a function of frequency, if the
frequency-dependent parameters,a f and U f , are given. To
do this, the value ofa r , the exponent of the loudness fun
tion at 1 kHz, is a prerequisite. Many investigators have
ported that for a 1-kHz tone the exponent in Stevens’s po
law has a value of about 0.3 for sound intensity~e.g.,
Fletcher and Munson, 1933; Stevens, 1957, 1959; Robin
1957; Feldtkelleret al., 1959; Hellman and Zwislocki, 1961
1963; Hellman, 1976; Humes and Jesteadt, 1991; Loch
and Burger, 1961; Rowley and Studebaker, 1969; Scharf
Stevens, 1961; Zwislocki, 1965!. Fletcher~1995! examined
results from several studies based on the doubling and h
ing of loudness, tenfold magnification and reduction, and
multi-tone method. As a result, a value of 0.33 was propos
Stevens~1955! examined available data measured with va
ous methods at that time and suggested 0.3 as the medi
the data. Robinson~1953! measured this exponent based
doubling and halving loudness and tenfold magnification a
reduction. He derived a value of 0.29 but later, in 1957,
adjusted the central tendency and order effect and obtain
slightly corrected value of 0.30~Robinson, 1957!. The typi-
cal exponent value obtained by the AME method is 0
~Hellman and Zwislocki, 1961, 1963; Lochner and Burg
1961; Rowley and Studebaker, 1969; Hellman, 1976!. In
1963, Hellman and Zwislocki reconfirmed this value by
combination of magnitude estimation and magnitude prod
tion ~Hellman and Zwislocki, 1963!. Zwicker denoted the
value for the 1-kHz tone as 0.3~Zwicker and Fastl, 1990!
based on an experiment with doubling and halving loudn
~Zwicker, 1963!.
924 J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004
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The meaning behind this exponent derived from t
method of magnitude estimation and production and ex
nents derived from other methods such as doubling and h
ing loudness based on the additivity of loudness may
different. Atteneave~1962! argued that there are two differ
ent processes used in absolute magnitude estimation~AME!
for assessing the functional relation between assigned n
bers and the corresponding perceived magnitudes~i.e., loud-
ness! of a tone presented at a certain sound pressure le
One process was denoted as a ‘‘loudness perception proc
and the other was as a ‘‘number assignment process’’~Fig.
5!. In addition, Atteneave~1962! proposed a two-stage
model in which the outputs of both processes are descr
by separate power transformations. This idea is importan
estimating the appropriate values for the exponenta in the
loudness function. According to this model, the expon
observed in psychophysical experiments must be the pro
of the exponents of the two underlying processes. This tw
stage model was used successfully by Zwislocki~1983! and
by Collins and Gescheider~1989! to account for loudness
growth measured by AME.

The loudness function based on a method of magnit
estimation and production is determined by the output of
‘‘number assignment process.’’ On the other hand, loudn
functions based on other methods based on the additivit
loudness are determined by the output of the ‘‘loudness p
ception process.’’ Since judgment of equal loudness betw
two sounds must be based on the comparison of the outp
the ‘‘loudness perception process,’’ the exponent value ba
on the loudness additivity may be used as it is~Allen, 1996!.
Values based on the method of magnitude estimation
production should be corrected to eliminate the effect of
number assignment process. The number assignment pro
can be expressed by Stevens’s power law~Atteneave, 1962!.
We assume, in accordance with Zwislocki~1983!, that the
transformation in the number assigning process is indep
dent of frequency and estimated as 1.08. By this account,
value of 0.27 based on the method of magnitude estima
and production is equivalent to 0.25~0.27/1.08! for values
from experiments based on the additivity of loudness.

The average of the above-mentioned values is 0.296
the present paper, by rounding this, a value of 0.30 is use
the value of the exponent of the loudness function at 1 k
a r . It is noteworthy that a preliminary examination show
that this value scarcely affects the resultant shape of
equal-loudness-level contours at least in the range of 0
and 0.33 so long as the ratio of the exponent component
the 1-kHz reference tone and thef -Hz comparison tone,
a r /a f , is appropriately established~Takeshimaet al., 2003!.

C. Derivation of equal-loudness-level contours

A set of equal-loudness-level contours was estimated
applying Eq. ~6! to the data obtained from the 12recent

FIG. 5. A block diagram of a model for the loudness rating process.
Y. Suzuki and H. Takeshima: Equal-loudness-level contours
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studies plotted in Fig. 2. The estimation of the contours w
carried out for the frequency range 20 Hz to 12.5 kH
Above 12.5 kHz, equal-loudness-level data are relativ
scarce and tend to be very variable.

As the exponent at 1 kHz was fixed as 0.30 in this stu
the procedure outlined below was used to estimate the eq
loudness-level contours.

~1! To obtain the best-fitting threshold function, the expe
mental threshold data selected in Sec. II B were co
piled and averaged at each frequency from 20 Hz to
kHz. The data reported by each study were median
ues except for Brinkmann~1973! in which only mean
values were available. The data were averaged by a
metic mean in terms of dB. Then, the averages w
smoothed across frequency by a cubic B-spline funct
for the frequency range from 20 Hz to 18 kHz. N
weighting was used for this procedure. The result
shown by the solid line in Fig. 6. The numerical valu
calculated forpf t andprt were used in Eq.~6! to obtain
the equal-loudness-level value for any giv
comparison-reference frequency pair.

~2! Equation ~6! was then fitted to the experiment
loudness-level data at each frequency by the nonlin
least-squares method. A computer program package
general-purpose least squares fittings called SALS~Na-
kagawa and Oyanagi, 1980! was used for estimating th
values ofa f and U f . The residual for the least-squa
method was calculated in terms of dB. The estima
values ofa f are shown by the symbols in Fig. 7; th
curve shows the fit to these values. To obtain the curv

FIG. 6. Threshold of hearing for pure tones. The solid line represen
smoothed line of the averages of the experimental data, the symbols
generated by a cubic B-spline function for the frequency range from 20
to 18 kHz.
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Fig. 7, the estimateda f values were smoothed by th
cubic B-spline function using the assumption thata f

does not change abruptly as a function of frequency.
~3! The third step in our process was to reestimate the va

of U f at each frequency. This was accomplished with
help of the smoothed curve in Fig. 7 together with E
~6!. Using the values ofa f obtained from the smoothe
curve in Fig. 7, reestimated values ofU f were obtained.
The circles in Fig. 8 show the results in log-log coord
nates. The ordinate showsU f in dB, i.e., 20 log (Uf). The
change in the values ofU f from the initial to the final
estimation ranged from23.0 to 2.5 dB. This third step
was introduced to realize a smoother frequency cha
teristic than that available with the initial values. Th
solid line is the cubic B-spline function fitted to the re
estimatedU f values. It relies on the assumption thatU f ,
like a f , does not change abruptly with frequency.

Following these computations, equal-loudness relati
were generated using the data reported in the 12recentstud-
ies. For each comparison-reference frequency pair the va
of pf t , prt , a f , andU f entered in Eq.~6! were determined
from the smoothed curves in Figs. 6–8. The results of th
calculations are shown in Fig. 9 for 31 frequencies rang
from 20 to 12 500 Hz. The solid lines show the calculatio

a
re
z

FIG. 7. Estimateda f ’s from the nonlinear least squares method. Solid li
shows a smoothed line generated by a cubic B-spline function.

FIG. 8. U f , a parameter in Eq.~6!, reestimated using the interpolateda f

shown in Fig. 7 as a solid line. Values ofU f ’s are transformed into dB to
show the plots in the figure. Solid line shows a smoothed line generate
a cubic B-spline function.
925Y. Suzuki and H. Takeshima: Equal-loudness-level contours
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FIG. 9. Equal-loudness relations drawn by the model equation, Eq.~6!, and the experimental data used for the estimation. In the legend, HT means th
study was only referenced in the panel of hearing threshold.
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fit with the data values obtained for a loudness-level ra
from 20 to 100 phons; the dashed lines are extrapolat
down to the threshold. Despite parametric drawing w
smoothed values for the parameters, over the loudness-
range where equal-loudness-level data are available, the
culated functions provide good fits to the measured valu

Figure 10 compares directly the estimated contours
926 J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004
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the equal-loudness levels obtained in the 12recentstudies.
Overall, the equal-loudness-level contours estimated with
calculated functions provide a reasonable description of
experimental results. A family of equal-loudness-level co
tours obtained in this manner is shown in Fig. 11. The res
ant contours exhibit a pattern of parallel displacement in
cord with the contours of Fletcher and Munson~1933! and
Y. Suzuki and H. Takeshima: Equal-loudness-level contours



FIG. 10. Estimated equal-loudness-level contours drawn with the experimental data used for the estimations.
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Robinson and Dadson~1956!. If the contour for each loud-
ness level had been estimated separately and independ
of the other contours, then the pattern of parallel displa
ment may not have been as good.

The contours in Fig. 11 show several notable aspe
First, owing to the lack of experimental data at high loudn
levels, the 90-phon contour does not extend beyond 4
and the 100-phon contour does not extend beyond 1 k
Second, because data from only one institute are availa
the 100-phon contour is drawn by a dotted line. Third, ow
to the lack of experimental data between 20 phons and
hearing threshold curve, the 10-phon contour is also dra
with a dotted line. Finally, the hearing threshold curve
drawn with a dashed line just to show the ‘‘lower boundar
of the audible area.

IV. DISCUSSION

In this section the relation between the equal-loudne
level contours estimated from our calculations in Fig. 11 a
the results of other studies are assessed and evaluated.
J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004
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Individual panels in Fig. 12 compare the newly es
mated contours with those published by Fletcher and M
son ~1933; panel a!, Churcher and King~1937; panel b!,
Zwicker and Feldtkeller~1955; panel c!, and Robinson and
Dadson~1956; panel d!. The threshold contour from Fig. 1
is also shown. This contour is compared with the thresh
contour measured in each of the four classic studies.

The contours in Fig. 12~a! reported by Fletcher and
Munson ~1933! were based on equal-loudness levels m
sured binaurally with earphones. The levels were calibra
relative to free-field listening conditions by means of lou
ness matching. To obtain the free-field levels, a sound so
was placed in a free field 1 m infront of the listener. Fletcher
and Munson~1933! did not measure the equal-loudness le
els below 62 Hz, and their curves below 62 Hz repres
extrapolations based on the available data. Taking this fa
into consideration, their contours of 20 and 40 phons at
Hz and above are very similar to those estimated in
present study. However, at loudness levels above 40 ph
their contours lie below the estimated contours at frequen
below 1 kHz. As the loudness level increases their conto
927Y. Suzuki and H. Takeshima: Equal-loudness-level contours
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FIG. 11. Estimated equal-loudness-level contours drawn by the equation~6!. The dashed line shows the threshold of hearing shown in Fig. 6. The conto
100 phons is drawn by a dotted line because data from only one institute are available at 100 phons. The contour at 10 phons is also drawn by a
because of the lack of experimental data between 20 phons and the hearing thresholds.

FIG. 12. Comparison of the estimated equal-loudne
level contours in this study with those reported~a! by
Fletcher and Munson~1933!, ~b! by Churcher and King
~1937!, ~c! by Zwicker and Feldtkeller~1955!, and ~d!
by Robinson and Dadson~1956!. Note that Fletcher and
Munson ~1933! did not measure equal-loudness leve
below 62 Hz, and their curves below 62 Hz represe
extrapolations based on the available data.
928 J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004 Y. Suzuki and H. Takeshima: Equal-loudness-level contours
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kHz
become much flatter across frequency than the estim
contours. Despite these differences, it is important to n
that the two sets of contours in panel~a! closely agree acros
a wide range of frequencies at the 40-phon level. This c
tour, derived from Fletcher and Munson’s~1933! pioneering
work, is used as the basis of the A-weighting function. B
low 1 kHz, the threshold curve measured by Fletcher a
Munson ~1933! lies above the threshold values reported
the present study. The elevation of their hearing-thresh
curve may be attributed to masking caused by physiolog
noise transmitted by the earphone cushion~Killion, 1978;
Rudmose, 1982!.

Figure 12~b! shows that the 20-phon contour o
Churcher and King~1937! closely resembles the 20-pho
contour estimated in the present study. Between 20 and
phons their contours are also similar to the present estim
ones above about 250 Hz, whereas at 100 phons the ov
shape of their contour below 1 kHz differs from both o
estimated contour and the contour proposed by Fletcher
Munson~1933!.

Figure 12~c! shows that the contours by Zwicker an
Feldtkeller~1955! generally fit the estimated contours at t
20-phon level. Likewise, above 20 phons the overall shap
the contours of Zwicker and Feldtkeller~1955! is similar to
the estimations above about 250 Hz. However, there are
portant differences in their micro-structure, i.e., the rise
tween 1 and 2 kHz and the dip between 3 and 4 kHz
served in our estimated contours do not appear in the sm
contours of Zwicker and Feldtkeller~1955!. By comparison,
the dip between 3 and 4 kHz appears in all the other set
classicequal-loudness-level contours as well as in the thre
old contours. Moreover, deviations also appear in th
threshold curve. Except near 1 and 8 kHz, Zwicker a
Feldtkeller’s threshold curve lies above the proposed thre
old curve and is generally smoother than the threshold c
tour estimated in this study. This smoothness might be att
utable to the use of a free-field equalizer created by a pas
filter ~Zwicker and Feldtkeller, 1967!. Because the passiv
filter was implemented with only two filter sections, the e
fect is unlikely to be reproduced in the details of the rath
complicated frequency responses of HRTF, such as the p
and valleys caused by an ear, head, and torso. At low
quencies, the threshold elevation may be explained by ph
ological noise transmitted by the earphone cushions as in
threshold curve measured by Fletcher and Munson~1933!.
Above 1 kHz, the detailed shape of their threshold cont
may have been obscured by the averaging process inhere
Békésy tracking other than any effects that may come ou
the use of the free-filed equalizer. Be´késy tracking, unlike the
classical method of adjustment, also increases variabilit
loudness matching~Hellman and Zwislocki, 1964!. It is pos-
sible that this known increase in variability increased
smoothing observed in Zwicker and Feldtkeller’s~1955!
equal-loudness-level contours.

Finally, Fig. 12~d! compares the equal-loudness-lev
contours of Robinson and Dadson~1956! to the present es
timated contours. It is notable that their threshold cu
closely resembles the one estimated in the present study
cept for the threshold curve, however, the estimated eq
J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004
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loudness-level curves lie distinctly above the contours r
ommended by Robinson and Dadson~1956!. The deviation
between the two sets of contours is especially evident in
frequency region below 1 kHz over the loudness-level ran
from 20 to 80 phons. A possible cause of this systema
discrepancy was examined by Suzukiet al. ~1989!. They fo-
cused on the manner in which the sound pressure level
the test and reference stimuli were selected. In the 12recent
studies a 2AFC paradigm was consistently used. Within e
session, the level of the reference tone, usually a 1-kHz p
tone, was fixed, whereas the level of the test tone was var
This method enables the equal-loudness level of the
tones to be directly determined. In contrast, Robinson
Dadson~1956! fixed the level of the test tone and varied th
level of the reference tone. Fletcher and Munson~1933! used
a similar methodological approach. However, within ea
session they also presented the reference tones in a m
order at three different levels. Suzukiet al. ~1989! investi-
gated the possible effects of these variations by using
following experimental procedures:~1! the level of the test
tone was varied as in the recent studies,~2! only the level of
the reference tones was varied as in the work of Robin
and Dadson~1956!, and ~3! the levels of both the test an
reference tones were fully randomized with a range of 12

The latter method is a little different from the one us
by Fletcher and Munson~1933!, but the basic concept tha
the levels of both the test and reference tones are random
within a session is the same. The results showed that pr
dures ~1! and ~3! gave almost identical loudness level
whereas the results of procedure~2! were similar to those of
Robinson and Dadson~1956!. Although the difference be-
tween the results of procedures~1! and~3! and those of pro-
cedure~2! amounted to only 5 dB, the outcome suggests t
the discrepancy between the contours of Robinson and D
son ~1956! and the proposed estimated contours may be
cribed, at least in part, to methodological factors.

There is one tendency commonly observed in all the s
of equal-loudness-level contours. The spacing of the c
tours generally becomes narrower as frequency goes d
over the medium loudness levels. This means that the ex
nent of the loudness function,a, becomes large in the low
frequency region as shown in Fig. 7. In other words, o
hearing system is less compressive in lower frequency
gions and this is qualitatively consistent with the experime
tal results on suppression by Delgutte~1990! suggesting that
the cochlea would be close to linear at low frequencies.

Small differences are observable between theclassic
contours and the proposed estimated ones. In the frequ
region between 1 and 2 kHz a small peak amounting to a
decibels is seen in the estimated contours but it does
appear in theclassiccontours. A peak between 1 and 2 kH
has been consistently observed in recent work~Suzukiet al.,
1989; Takeshimaet al., 1994, 2001, 2002; Lydolf and
Møller, 1997; Poulsen and Han, 2000!. This peak seems to
correspond to a small dip in the HRTF near this frequen
range ~Shaw, 1965; Takeshimaet al., 1994!. One possible
reason to explain the lack of a peak between 1 and 2 kH
the classic studies is that Fletcher and Munson~1933! did
not measure any equal-loudness levels between 1 and 2
929Y. Suzuki and H. Takeshima: Equal-loudness-level contours
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whereas Churcher and King~1937! and Robinson and Dad
son~1956! measured equal-loudness levels at only one p
within this frequency region. As a result, this peak may ha
been overlooked. In the case of Zwicker and Feldtke
~1955!, they measured equal-loudness levels at several
quencies within the 1-to-2-kHz region, but the greater va
ability inherent in Be´késy tracking as a tool for loudnes
matching~Hellman and Zwislocki, 1964! may have obscured
the effect. Another possible explanation may be the use
the free-field equalizer in their measurements as anticip
in the earlier paragraph.

Another relevant issue is the fine structure of equ
loudness-level contours. It is well known that individu
hearing thresholds often exhibit fine, but distinctive, pea
and valleys along the frequency continuum~e.g., Elliot,
1958!. This fine structure in the threshold curve is close
related to the OAE~Schloth, 1983; Smurzynski and Probs
1998!. More recently, Mauermannet al. ~2000a,b! reported
that the fine structure observed in the threshold curve is
flected in observed equal-loudness levels up to around
phons. However, their data indicate that above 40 phons
influence of the fine structure of the threshold contour on
equal-loudness-level contours is less evident. Moreove
decreases with level. Since the peaks and valleys in the
structure are likely to be at different frequencies for differe
listeners, their effect ought to be strongly diminished wh
data are averaged across a number of listeners.

Figure 13 compares the equal-loudness-level conto
derived from a loudness-calculation procedure suggeste
Moore et al. ~1997! to the ones estimated in this study. Th
work by Moore et al. ~1997! in assessing the loudness
sounds at various frequencies is a revision of a previous
posal~Moore and Glasberg, 1996!. This is given as a modi-
fication of the formulation by Zwicker~1958! based on the
auditory excitation-pattern model~Fletcher and Munson
1937!. In their modification, Mooreet al. ~1997! assume that
the loudness perception process is followed by a linear bl
with a transfer function. The specific loudness of a sound

FIG. 13. Comparison of the estimated equal-loudness-level contours in
study with those derived from a loudness calculation method propose
Moore et al. ~1997!.
930 J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004
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given by an equation equivalent to Eq.~4!, whereas an equa
tion equivalent to Eq.~3! was used in the earlier propos
~Moore and Glasberg, 1996!. Moreover, the linear block is
expressed as the product of HRTF and the middle ear tran
function~Puriaet al., 1997!. With a few more assumptions,
family of equal-loudness-level contours is predicted.

As shown in Fig. 13, the overall agreement between
estimated contours and those predicted by Mooreet al.
~1997! is much better than the agreement between our c
tours and those of Robinson and Dadson in Fig. 12~d!. How-
ever, there are some discrepancies between the two data
First, at frequencies below 250 Hz and loudness levels be
60 phons their contours are somewhat lower than ours. H
ever, the differences are small and may be within the erro
measurement. Second, and most notable, in the freque
region between 1 and 2 kHz the peak observed in our e
mated contours is absent in Mooreet al. ~1997!. Third, at the
100-phon level the contour of Mooreet al. ~1997! is some-
what higher than our estimated contour. However, it is sim
lar to the classic contour of Churcher and King~1937!. A
wider spacing between the contours at high levels is con
tent with evidence that at high sound pressure levels
slope of the loudness function at low frequencies is sh
lower than it is over the middle range of levels~Hellman and
Zwislocki, 1968!. This level dependency could be consiste
with the nonlinear input–output characteristic observed
the basilar-membrane mechanics. After all, recent stud
show that the exponent of the loudness function shape
probably be dependent on sound level~Yates, 1990; Buus
and Florentine, 2001b!. This is supported by recent dat
which indicate more compression at moderate levels tha
low and high levels~e.g., Florentineet al., 1996; Buus and
Florentine, 2001a!.

The middle ear acoustic reflex may also affect the sh
of the contours, especially at high intensities in the low f
quency range. If the loudness at low frequencies was atte
ated, then the contours at high SPLs would be elevated r
tive to the contours estimated with a constant power-funct
slopea. Borg ~1968! found that the transmission loss of th
middle ear caused by activation of the reflex is largest at
Hz and smallest at 1450 Hz. His results showed that at
Hz the transmission of sound is reduced by 0.6 to 0.7 dB
each 1-dB increment in the stimulus level. This result me
that at 20 dB above the threshold, the transmission los
500 Hz is about 13 dB, whereas at the same level, the los
1450 Hz is about 6 dB. According to Borg’s measuremen
the maximum frequency-dependent difference in the tra
mission loss amounts to 7 dB. However, Borg’s data do
account for the decrease in the slope observed in the lo
ness function for 100- and 250-Hz tones at high SPLs~Hell-
man and Zwislocki, 1968!.

Another factor to be considered is the latency of t
reflex. This latency is estimated to be around 100 ms. T
means that the initial 100 ms of a tone burst is not affec
by the reflex. Since the time constant for loudness percep
is around this value~e.g., Munson, 1947; Takeshimaet al.,
1988!, the loudness of a tone burst longer than 100 ms w
be determined to a large extent by the initial part of the bu
during which the reflex does not play a role. Thus, the eff

is
by
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of the following attenuated portion of the tone burst wou
be at most a few decibels. As a result, we conclude that
influence of the reflex on the equal-loudness-level conto
is limited. Nevertheless, in accordance with the analysis
the relation between loudness level and sound pressure
in Fig. 9, it is evident that the data at 400 and 630 Hz are
less steep at 80 and 100 phons than the estimated loud
level curves predict. This reduction in loudness, which
attributable to the reflex activation~Hellman and Scharf,
1984!, is compatible with some loudness measurements~e.g.,
Hellman and Zwislocki, 1968!. Since data from only one
institute at 100 phons is available, more data are neede
clarify this important issue. Nonetheless, despite the po
bility that the acoustic reflex plays some role in the reduc
high-level slope of the loudness function at low frequenci
it cannot also account for the reduced high-level slope
served in the loudness function at 12.5 kHz and higher~Hell-
man et al., 2000!. The evidence indicates that at low fre
quencies the loudness function tends to approach the h
level slope at 1 kHz, whereas at 12.5 kHz and higher
becomes flatter than the 1-kHz function~Hellman and Zwis-
locki, 1968; Hellmanet al., 2001!. In light of these limita-
tions, the exponenta f used in the estimation of the propose
contours in Fig. 9 can only be regarded as valid over
stimulus range of interest below high sound pressure lev
The slope~exponent! estimated in Fig. 7 does not provide a
accurate account of the data above 80 phons for 630 Hz
below and above 60 phons for 12.5 kHz and above.

V. CONCLUSIONS

After reviewing all known published studies of equa
loudness-level contours for pure tones, a new family
equal-loudness-level contours was estimated from 12recent
studies. An equation was derived to express the eq
loudness relation between pure tones at different frequen
The procedure using this equation made it possible to d
smooth contours from discrete sets of data values. Exce
the vicinity of the threshold and at very high SPLs, the eq
tion provides a good description of the experimental resu
In general, the classic contours proposed by Fletcher
Munson~1933!, Churcher and King~1937!, and Zwicker and
Feldtkeller~1955! exhibit some overall similarity to the pro
posed estimated contours up to 60 phons. However, at hi
levels, they deviate from the proposed contours in the
quency region below about 500 Hz. By contrast, the e
mated contours exhibit clear differences from those repo
by Robinson and Dadson~1956!. The differences are mos
pronounced below 1 kHz. The proposed threshold cu
closely resembles the one reported by Robinson and Da
~1956! whereas the thresholds given by Fletcher and Mun
~1933!, Churcher and King~1937!, and Zwicker and Feldt-
keller ~1955! exhibit clear deviations from those obtained
the present study, especially in the frequency region belo
kHz.

ACKNOWLEDGMENTS

The authors wish to thank Professor Rhona Hellman
Professor Jont B. Allen for their helpful comments as
J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004
e
rs
f

vel
ll
ss-

s

to
i-
d
,
-

h-
it

e
ls.

nd

f

l-
s.
w
in
-

s.
nd

er
-

i-
d

e
on
n

1

d
-

viewers of an earlier version of this work in 1997 that su
stantially improved the manuscript. The authors thank P
fessor Hugo Fastl, Professor Jont B. Allen and an anonym
reviewer for instructive comments and advice as reviewer
substantially improve former versions of the manuscript. T
authors wish to thank the members of ISO/TC 43/WG 1
continuing discussions which have lasted more than
years. The authors especially single out the convener, Pro
sor Henrik Møller, for intensive discussions including one
the effects of head related transfer function on the conto
The authors wish to thank Professor Birger Kollmeier f
useful comments on an earlier model for loudness perc
tion. The authors wish to thank Professor Toshio Sone
triggering and sustaining this study. The authors wish
thank the research team members for this study, Profe
Hajime Miura, Takeshi Fujimori, Professor Masazum
Kumagai, Dr. Kaoru Ashihara, and Professor Kenji Ozaw
for their respective contributions. We also thank Profes
So”ren Buus and Professor Tetsuaki Kawase for discuss
on the nonlinearity of loudness perception and Yusaku Sa
for his technical support. The authors are grateful to Prof
sor Jeremy Simmons for his comments and correction
English expressions. The last phase of this study was s
ported by a NEDO International Joint Research Grant P
gram. The authors wish to thank the members of the gr
program for intensive discussions.

Allen, J. B. ~1996!. ‘‘Harvey Fletcher’s role in the creation of communica
tion acoustics,’’ J. Acoust. Soc. Am.99, 1825–1839.

Allen, J. B., and Neely, S. T.~1997!. ‘‘Modeling the relation between the
intensity JND and loudness for pure tones and wide-band noise,
Acoust. Soc. Am.102, 3628–3646.

Atteneave, F.~1962!. ‘‘Perception and related areas,’’ inPsychology: A
Study of ScienceVol. 4, edited by S. Koch~McGraw–Hill, New York!, pp.
619–659.

Bellmann, M. A., Mellert, V., Reckhardt, C., and Remmers, H.~1999!. ‘‘Per-
ception of sound and vibration at low frequencies,’’ Joint meeting of A
and EAA: Forum Acusticum integrating German Acoustics DAGA Co
ference 1999, Berlin, Germany.

Betke, K. ~1991!. ‘‘New hearing threshold measurements for pure ton
under free-field listening conditions,’’ J. Acoust. Soc. Am.89, 2400–2403.

Betke, K., and Mellert, V.~1989!. ‘‘New measurements of equal-loudnes
level contours,’’ Proc. Inter-noise 89, pp. 793–796.

Borg, E.~1968!. ‘‘A quantitative study of the effect of the acoustic stapedi
reflex on sound transmission through the middle ear of man,’’ Acta O
Laryngol.66, 461–472.

Brinkmann, K. ~1973!. ‘‘Audiometer-Bezugsschwelle und Freifeld
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