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ABSTRACT

A method of drawing equal-loudness level contours from discrete data points was developed based on
a good knowledge of loudness perception. Four equations that express equal-loudness relation were
deduced from four loudness functions, and an equation which best represents experimental results of
equal-loudness relation was selected. Then, a new set of equal-loudness level contours was determined
by fitting the equation to recent experimental data. The resultant equal-loudness level contours lie
significantly above the contours of the international standard, ISO 226, in both low and high frequency
regions.

1 - INTRODUCTION

An equal-loudness level contour is the curve that ties up the sound pressure levels having equal loudness
as a function of frequency. In other words, it is one of the expressions of frequency characteristic of
loudness rating. Figure 1 shows the equal-loudness level contour at 40 phons specified in ISO 226,
which is based on the proposal by Robinson and Dadson [1] published in 1956. In this figure, recent
experimental data [2-9] for 40 phons obtained since 1989 are also plotted. Large discrepancies between
the contour and the experimental data are clearly seen, and thus ISO 226 is now under full revision.
The data obtained by the loudness-matching experiments are all discrete in phons and frequencies and
include some errors. To draw equal-loudness level contours from such discrete data, therefore, interpo-
lation and smoothing are inevitably required. In addition, to estimate reliable contours, it is important
to apply good knowledge of loudness perception to the data processing. In this paper, a model for es-
timating equal-loudness level contours based on the knowledge of loudness functions is proposed and a
set of new contours are presented.

2 - MODEL FOR THE EQUAL-LOUDNESS RELATION

2.1 - Loudness function

A loudness function represents the relation between sound intensity of a sound and its loudness. The
most primitive loudness function for a pure tone was Stevens’ power law [10]. However, since his loudness
function cannot explain the loudness below 40 dB SPL, several modifications of that function have been
proposed [11-14].

Atteneave [15] pointed out that there are two different processes in assessing loudness: one is a "loudness
perception process” and the other is a ”number assignment process.” He also proposed a two-stage model
in which the outputs of both processes are described by separate power transformations. Moreover, in
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Figure 1: The equal-loudness level contour at 40 phons of ISO 226 (solid line) and recent
experimental data.

an actual hearing system, the sound emitted from a sound source is transformed by a linear transfer
function such as a head-related transfer function and transfer functions of the outer ear, the middle ear,
and the anterior part of the inner ear. The linear transfer function describes a comprehensive transfer
function between a sound source and the stage just before the loudness perception process.

Based on these ideas, the process of loudness rating consists of three parts: a linear transfer function part,
a loudness perception part, and a number assignment part. Figure 2 shows a block diagram describing
this model. Four loudness functions expressing those proposed by Stevens [10], Sharf and Stevens [11],
Zwislocki and Hellman [12] and Lochner and Burger [13], and Zwislocki [14] were examined. They are
expressed on the basis of the present ideas as follows:

Stevens:

n=>a {C(UP)M}B (1)
Sharf: e
n=b [c{(UP)2 - (UP0)2} ] (2)

Zwislocki, Lochner:
B

n=b {c {(UP)ZQ - (UPO)MH (3)
Zwislocki: 5
n:b(c H(UP)2+C(UPO)2}Q— {C(UP())z}aD (4)

where n is the loudness for a pure tone, P is its sound pressure, Pq is the threshold of hearing in
terms of sound pressure, U is an extended linear transfer function, ¢ and « are an extended dimensional
constant and an exponent for the ”loudness perception process,” respectively, and b and 3 are those for
the "number assignment process,” respectively. C in Eq. (4) is the noise-to-tone energy ratio required
for a just detectable tone embedded in intrinsic or masking noise.

. Inner Loudness Loudness
Stimulus |Linear transfer | stimulation Loudness sensation Number response
P function perception S assignment n

Figure 2: A block diagram of a loudness-rating-process model.
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2.2 - Equations describing the equal-loudness relation
When the loudness of a 1-kHz pure tone is equal to the loudness of an f-Hz pure tone, the following
equations can be derived from the loudness functions shown above, respectively.

1 ar/a
f
P2 _ 1 P2 P2 O‘T/O‘f P2
—U*Jg(r—ro) + o (6)
2 1 200, 200, 2af Vas
szﬁf{(Pv' = Pg") + (UsPyo) } (7)
1 o an ay 1/af

=7 (P24 CoP3)™ = (CoPR)* + {CrUsPp)} 7| = CpPhy (8)

where Py is the sound pressure of an f-Hz pure tone when its loudness is equal to that of a 1-kHz pure
tone with sound pressure P,, Pro and P, are the thresholds of hearing at the frequency of f Hz and
1 kHz, respectively. oy and «, are exponents for f-Hz and 1-kHz pure tones, respectively. U; is a
coefficient of the linear transfer function normalized at 1 kHz, that is, U at 1 kHz is set at 1. In those
derivations it is assumed that the variables for the "number assignment process,” b and (3, do not depend
on the frequency. With these equations, the sound pressure level of an f-Hz pure tone whose loudness is
equal to that of a 1-kHz pure tone can be calculated. That is, applying these equations enable us to the
equal-loudness level contours.

3 - SELECTION OF THE MODEL EQUATIONS

The equation that best represents the equal-loudness relation should be selected from Egs. (5)-(8). The
differences between the four equations lie only below the loudness level of 40 phon. Therefore, a detailed
experiment to measure equal-loudness levels was carried out for pure tones, especially at low loudness
levels.

Experiment: Equal-loudness levels for a 125-Hz pure tone at loudness levels of 5, 10, 15, 20, 25, 30,
40, 50, and 70 phons were determined, as well as the thresholds of hearing. The randomized maximum
likelihood sequential procedure [7] was used for the measurement of equal-loudness levels, and the brack-
eting method was used for the measurement of thresholds of hearing. This experiment was conducted in
an anechoic room, and the stimulus sounds were given to a subject through a loudspeaker. The distance
between the loudspeaker and the subject was 2 m. The number of subjects was eleven, and all of them
had normal hearing.

Results: The results are shown in Fig. 3. The open circles show the average of equal-loudness levels,
the filled circle shows the threshold of hearing, and the error bars show the 95% confidence intervals.
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Figure 3: Equal-loudness levels of 125-Hz pure tone.
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Discussion: To apply the equations, the exponent at 1 kHz should be determined. The typical value
obtained by means of the AME method was 0.27 [13]. Loudness obtained by an AME experiment seems
to be suitable for the output of the two-stage model. Thus, the exponent of 0.27 is adopted in this paper
as the value, which corresponds to «,.( in the equations. As for 3, Zwislocki [16] found that 8 = 1.08 by
experiments. Therefore, the exponent at 1 kHz, «,., is assumed to be 0.25 (=0.27/1.08) in this paper.
The curves yielded by application of the four equations to the experimental data with the non-linear
least squares method are drawn in Fig. 4. Differences can be seen among the curves below 40 phons.
The residual sums of squares of the curves are 1.63, 1.13, 0.36 and 0.31 for Egs. (5) to (8), respectively.
The goodness of fit for Eqgs. (7) and (8) is far better than that for Egs. (5) and (6). The authors selected
Eq. (7) for further consideration in this paper for the following reasons: First, Eq. (8) contains one more
parameter than Eq. (7) and the estimation of Cy by use of recent experimental data was quite unstable
in a preliminary calculation. Second, data of the threshold of hearing, which are stable, cannot be used
for Eq. (8).
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Figure 4: Comparison between the model equations fitted to the experimental data shown in Fig. 3.

4 - ESTIMATION OF EQUAL-LOUDNESS LEVEL CONTOURS
Equal-loudness level contours are estimated here by applying Eq. (7) to the recent data [2-9] between 50
Hz and 12.5 kHz. The procedure for estimating the equal-loudness level contours was as follows:

1. Thresholds of hearing measured by the recent studies were averaged and then smoothed by a cubic
B-spline function. The result was used as Pgg.

2. Equation (7) was fitted to the experimental data at each frequency by the nonlinear least squares
method to estimate a; and Uy. Reciprocal numbers of the standard errors were used as the
weighting in the nonlinear least squares method. The obtained a¢’s were smoothed by the cubic
B-spline function, assuming that ay would not change abruptly as a function of frequency. The
result is indicated as a solid line in Fig. 5.

3. Up’s were then re-estimated by Eq. (7) using the smoothed oy for each frequency. The re-estimated
Uy’s were smoothed by the cubic B-spline function in log-log coordinates as shown by the solid line
in Fig. 6.

4. A set of equal-loudness level contours was drawn by using Eq. (7) for the whole frequency range
with the smoothed and interpolated Pyo, oy and Uy.

The equal-loudness level contours obtained here are illustrated in Fig. 7. Figure 8 shows a comparison
between the contours and those given in the present ISO 226. Estimated contours lie significantly above
the contours of ISO 226 in both low and high frequency regions.

5 - CONCLUSION
A method for drawing equal-loudness level contours from discrete data points based on the loudness
function was proposed, and equal-loudness level contours were actually estimated by applying the method
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Figure 5: Estimated ay by the method of non-linear least squares; solid line shows a smoothed line by
a cubic B-spline function.
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Figure 6: Uy’s translated into dB re-estimated by using the interpolated oy, i.e., the solid line in Fig.
5; solid line shows a smoothed line by a cubic B-spline function.

to recently obtained experimental data. This method based on application of a good knowledge on
loudness perception provides a reasonable way to estimate equal-loudness level contours from limited
experimental data.
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Figure 8: Comparison between equal-loudness level contours specified in ISO 226 (broken lines) and
those estimated in this study (solid lines).



