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Abstract 

Hearing thresholds for pure sinusoidal tones were determined in a free field at frequencies 
from 25 Hz to 1 kHz. Contours of equal loudness were determined at the same frequencies at 
loudness levels from 20 phon to 80 phon in steps of 20 phon. 12 subjects panicipated. 

The psychometric m ethod used for the threshold detem1inations was the method of limits. 
The deviations from minimum audible field values given in JSO/ R226 were small (3 dB at 
most frequencies). 

For the measurement of equal loudness the reference was a 1 kHz tone, and other tones 
were compared to that. The psychometric method was the method of limits. The resulting 
equal loundess contours were positioned at much higher levels than those of JSO/R226. 
Similar results have recently been reponed by others. At low loudness levels the results were in 
good agreement with the curves obtained by Fletcher and Munson, but at high loudness levels 
they were also above their curves. 

Some of the points of equal loudness were also determined by a maximum likelihood 
estimation method. The results differed slightly from those obtained by the method of 
limits. 

1. Introduction 

Contours of equal loudness and thresholds of hearing have been given by H. Fletcher 
and WA Munson[!], B.G. Churcher and AJ. King [2), D.W. Robinson and R.S. Dad
son [3], BA Kingsbury [4], J.L. Sivian and S.D. White [5) and other investigators. The 
results of Robinson and Dadson were adopted as ISO/R226 in 1961 [6), and that has 
been used as a standard of hearing thresholds and curves of equal loudness for pure 
tones up to the present. 

A previous study by one of the authors of the present article included measurement 
of equal loudness levels at 63 Hz and 31.5 Hz [7). The resulting values were significan
tly different from the values in ISO/R226. They were 2-12 dB higher than in ISO/R226, 
and no explanation was found. 

------ - -~---Atthe-Budapesnneeting i1rt985-of·JSotre--zt31WG-Iconcerning ''lnresfiolclor-- --
hearing", additional new data different from ISO/R226 were reported, and a revision 
of the standard was decided. Following that meeting of the same working group was 
held in Copenhagen in 1987, and the procedures for measurement of hearing 
thresholds and curves of equal loundess were discussed. A new set of experimental 
conditions to be fulfilled in future measurements was proposed. The proposal was 
slightly revised at the working group meeting in Toronto 1988. 

After the decision to revise ISO/R226 new results were reported by Suzuki et al. (8). 
These were also not coincidental to ISO/R226. There were large discrepancies. The 
new results were more similar to Fletcher and Munson's results. The possibility exists 
that the reasons for the discrepancies are the electronic equipment, the psychometric 
method, the sound field conditions and other experimental conditions. Therefore, 
additional new data are required to establish permanent standards of equal loudness 
and minimum audible field. 

The purpose of the present work is to give new data on minimum audible field and 
equal loudness in the low frequency range. The experimental conditions agree with 
the requirements set up by ISO{fC 43/WG l. 

• Now at Fukushima National College of Technology, lwaki, Fukushima 970, Japan. 
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HEARING THRESHOLDS BELOW I kHz 

2. Sound Field 

The experiments were carried out in the anechoic room at the Institute of Electronic 
Systems. Aalborg University. The size of the room is 4.9 m by 5.6 m by 6.0 m (free space 
between wedges). 

2.1 Loudspeakers 

In this study subjects were to be exposed to pure tones in the frequency range 25 Hz
I kHz. Also direct comparisons would be made between a 1 kHz reference tone with 
fixed sound pressure. and a test tone with a variable level and with frequencies bet
ween 25 Hz and I kHz. A sound source covering this frequency range was 
needed. 

Very high sound pressure levels were required at low frequencies. When a high 
sound pressure is generated by electrodynamic loudspeakers, large harmonic distor
tion will be produced, especially at low frequencies. Harmonic distortion disturbs the 
accurate measurement of hearing thresholds and equal loudness, since the higher 
harmonics appear at frequencies where the ear is more sensitive, because of the nega
tive slope of the curves versus frequency. Therefore, the harmonic distortion should be 
kept low. 

Determination of the hearing threshold at 25 Hz demands the lowest distortion. 
Here, second harmonic distortion below -33 dB relative to the fundamental and third 
order distortion below -44 dB is considered necessary. If the slopes ofISO/R226 are 
correct, these figures ensure that the harmonics are at least 10 dB below threshold. At 
higher loudness levels and at higher frequencies a higher distortion is acceptable. 
since the curves become less steep. 

Eight electrodynamic loudspeakers were used, mounted four in each of two 
enclosures. The dimensions of one enclosure were 0,78 m (W) by 0.74 m (H) by 0.42 m 
(D). The loudspeakers could not be used for threshold determinations below 25 Hz. At 
this frequency a threshold around 65 dB SPL was expected, and the requirement of a 
second harmonic distortion 33 dB down was fulfilled up to SP Ls of 80 B. Above 40 Hz 
the loudspeakers were only used at levels where the second harmonic distortion was at 
least 40 dB down. 

Figure 1. 
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The sound distribution in front of the 8 loudspeakers along a hori zon
tal axis parallel to the loudspeaker front board and 2m away. 

2.2 Sound distribution from the loudspeakers 

As mentioned above, eight loudspeakers were used to produce the sound. When a 
sound is generated from many sources at the same time, interference wi ll occur, and 
the sound may not spread uniformly in front of the loudspeakers. If an extremely high 
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or low sound level- appears around the measurement points, it will disturb the 
experiments. 

Figure 1 shows the sound distribution in front of the loudspeakers along a horizon
tal axis parallel to the loudspeaker front board. The signals are pure tones at various 
frequencies. The sound distribution is quite good at frequencies below 500 Hz. but it is 
not uniform over 500 Hz. The figure shows the sound distribution is asymmetrical in 
front of the loudspeakers, and the sound does not spread concentrically at these 
frequencies. 

A more detailed analysis was carried out on the field around the reference point 
where the subject"s head was going to be during the threshold and loudness deter
minations. The levels at positions ±0. 15 m away from the reference point on the left
right, forward-backward and up-down axis were measured. The deviations from the 
level in the reference point were very small and never exceeded I dB. except for one 
point where the deviations at 800 and 1000 Hz were 1.2 dB and 1.6 dB. With these 
deviations the sound distribution as expected to be good enough for the measurments. 
This matter is further evaluated in Section 3. 

2.3 Background noise 

Background noise in the anechoic room was extremely low even when the ventilation 
system was turned on. When the power amplifier was connected to the loudspeakers 
and the power turned on, the loudspeakers generated a very soft hum noise. Figure 2 
shows the background noise including the loudspeaker hum measured in front of the 
loudspeakers at the head position of a subject. 
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Background noise in the anechoic room. Measured with Brue! and 
Kjaer equipment: microphone 4179, preamplifier 2660, analyzer 2131. 
The continuous line is the minimum audible field of ISO/R226. 

Sound pressure levels at 50 Hz, 100 Hz and 200 Hz are higher than the levels at 
adjacent frequencies. Sound at these frequP.ncies originate from hum in the power 
amplifier. But the levels are still 28 dB, 13 dB and 10 Blower than the minimum aud
ible field of ISO/R226, and the noise will not influence the results of threshold and 
loudness measurements. 

2.4 The effect of the presence of a curtain 

To prevent the subject from being disturbed by seeing the equipment in the anechoic 
room and possibly watching the membranes moving, a white curtai n was hung bet
ween the loudspeakers and the subject. 

The disturbance of the sound field from the curtain was measured in the following 
way: The frequency response of a small loudspeaker was measured with and without 
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the curtain. The loudspeaker was at the.same position as the large loudspeaker boxes 
would be during the experiments, and the response was measured at the head 
position. 

The curves with and without the curtain were equal within fractions of a dB at fre
quencies up to 4 kHz. Considering that the curtain was present also during calibration 
of the sound level, the curtain introduced no error. 

3. Evaluation of the Sound Field with a Head and Torso Simulator 

The correct sound field is very important for the measurement of threshold and loud
ness. The sound pressure levels in ISO/R226 are not given as levels at the eardrum, but 
as levels in a free horizonal sound wave, measured before the subject enters the sound 
field. In the present experiments - as well as in others - a perfect free plane wave is not 
created. It is therefore essential to prove that the diffraction around the head and body 
is similar to the diffraction in a free plane wave or at least that the sound arriving at the 
ear is similar to that which would arrive, if the field were a free plane wave. 

The sound field was controlled by means of a Brue! and Kjaer head and torso 
simulator, type 4128 and ear simulator, type 4159 mounted as the left ear. 

3.l Reference situation: subject in a free plane wave 

The head and torso simulator was located two metres in front of a small loudspeaker 
in the anechoic room. The louspeaker can be seen as a point source and at a distance 
of2 m the field is nearly plane. With white noise applied to the loudspeaker, and utiliz
ing a Brue! and Kajaer type 2032 two channel FFT analyzer, the transfer functions 
were measured to 1) the head position without the head and torso simulator, and -
with the simulator positioned as subject - 2) the entrance to the ear canal and 3) the 
eardrum of the simulator. The difference between 2) and 1) at the one third octave fre
quencies is shown in Figure 3. 

The difference of the sound pressure levels between the pinna and the head posi
tion were almost zero at frequencies below 300 Hz, but increased as the frequency 
increased over 300 Hz. This means that the sound pressure level at the pinna was 
higher than that of the head position due to the sound reflection from the pinna and 
the head in this frequency range. 
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Figure 3. Difference of the sou nd level at the pinna and at the head position 
without subject. Measured with a small loudspeaker as sound source 
and the head and torso simulator at 2 m distance. 

As the sound field used for the results in Figure 3 is considered as a horizontal free 
travelling wave, this figure is the reference which should preferably be obtained also 
with the large loudspeaker boxes used for presenting the stimuli for the subjects. (Of 

138 



l 
t ; 

j 

i 
I 
t 

t 

I 

l 

HEARING THRESHOLDS BELOW 1 kHz 

course, the sound field is only approximately a plane wave. To control this approxima
tion, the measurements were also made at larger distances, but the results did not 
change. At shorter distances the results became different). 

3.2 Subject in sound field produced by eight loudspeakers 

The measurements described above in Section 3.1 were repeated, though this time the 
small loudspeaker was replaced by the large boxes with 8 loudspeakers. The curtain 
mentioned above in Section 2.4 was positioned between the loudspeakers and the 
head and torso simulator. The difference between the "pinna level'' and the "head 
position level" is given in Figure 4. 
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Figure 4. Difference of the sound level at the pinna and at the head position 

without subject. Same as Figure 3 but measured with the 8 
loudspeakers as sound source. 

Similar data measured with the small loudspeaker were given in Figure 3. Com par-
' ing the data from the eight loudspeaker situation to the situation with the small 

t
i loudspeaker only minor differences can be seen. They are all far below I dB at fre-

quencies up to 1 kHz. On this background the sound field produced by the eight 
_;__ ______ . _____ ____lQYdsRs::akers is_ consid_ered _sufftciently_good_fo.LJhe threshold_ancLloudness- -------I measurements. 

3.3 Influence of the chair 

During the experiments, the subjects were going to sit on a chair. As the sound field 
might be disturbed by the chair, this disturbance was measured using a procedure 
similar to the above. Two different chairs were used, one was very light and small and 
the other was rather big. The torso was put on the chair 2m in front of the 
loudspeakers. The frequency responses were measured as in Section 3.1 and 3.2. For 
the two chairs, the difference between sound level at pinna and at the head position is 
shown in Figure 5. 

In this figure the values from the big chair are different from those from the small 
one, especially at 800 Hz. Not unexpectedly, the big chair disturbs the sound field 
more than the small one. The values for the small chair are close to the reference 
values in Figure 3. T herefore the small chair was selected. 

The difference between the sound level at the pinna and at the eardrum was almost 
the same in all situations. This was expected, since the sound propagation from the 
pinna to the eardrum should be the same, independent of the origin of the sound and 
the diffraction around the listener. 
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Figure 6 shows a view of the loudspeakers, the curtain the chair used in the 
experiment. 
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Figure 5. 

Figure 6. 
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Difference of the sound level at the pinna and at the head position 
without subject. Measured at the head and torso simulator placed on a 
small chair ( 0 ) or a big chair (D) and 8 loudspeakers as sound 
source. 

A view of the loudspeakers and the chair used for the experiments. The 
curtain displaced to show the loudspeakers. 

4. Experiment 

4.1 Equipment 

A schematic diagram of the equipment is shown in Figure 7. The computer (Metric 8) 
was co nnected to a sine generator (Brue! and Kjaer 1049) by an IEEE-488 interface 
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HEARING THRESHOLDS BELOW I kHz 

with the attenator (custom made) by parallel input/output lines (PIO), and with the 
answering box (custom made) by PIO. The attenuator had an on-off switch and gave 
the attenuation with I dB resolution, 0.2 dB accuracy, from O dB to -1 15 dB. The 
attenuation level was chosen to produce the required level from the loudspeaker. 

Figure 7. 

Anechoic Room 

Loudspeaker 

Answering Bor---\ 

Mic. B&K4165 
Preamp. I 

B&K2619 

Power A.mp. 
(Pioneer A616) 

Attenuator 

Generator 
(B&K 1049) 

Computer 
(M etric 8) 

Frequency Analyzer 
(B&K 2131) 

T. V. Monitor 

Schematic diagram of the experiment 

The curtain was hung between the loudspeakers and the subject The subject could 
not see any of the apparatus except for a video camera monitoring the subject, and 
only one spot-light was used to light up the subject area inside the anechoic room. 
Therefore the subject could easily concentrate on listening to the sound without 
any distractions. 

The power amplifier, the microphone preamplifier, the frequency analyzer and the 
attenuator were switched on during the experiment for about three weeks. So the 
whole system was very stable. 

4.2 Sound stimuli 

Pure sinusoidal tones were used as sound stimuli. In the measurement of hearing 
thresholds tones with a duration of l s were presented alternating with I s pauses. The 
tones were turned on and off gradually within approximately 0.25 s. The frequencies 
were at every 1h octave band from 25 Hz to 125 Hz, and at every octave band from 125 
Hz to I kHz - eleven points. 

In the measurement of equal loudness, pairs of tones were presented; one was a 
reference tone at I kHz and the other was the test tone with variable sound level. The 
duration of each tone and the interval between them was one second. The order of the 
tones was chosen randomly. The tones were turned on and off gradually in approx
imately 0.25 s. 

The I kHz reference tone had levels of 20, 40, 60 and 80 dB, so equal loudness levels 
of 20, 40, 60 and 80 phon were determined. Frequencies of the variable tones were 31,5, 
40, 50, 63, 80, 100, 125, 250 and 500 Hz. 

At 31.5 Hz only the 20 phon point was measured because of the high harmonic dis
tortion levels from the loudspeakers at higher levels. For the same reason only 20 and 
40 phon points were measured at 40 Hz. 

4.3 Psychometric method for threshold measurements 

The psychometric method used was the method of limits (ML). The first presented 
sound pressure levels were 10-20 dB higher than the hearing threshold of1SO/R226. At 
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this level most subjects could hear the sound clearly (if a subject did not hear the 
sound, the experiment was started again with a higher starting level). After the first 
sound, the level was gradually reduced in steps of2 dB. When the subject did not hear 
anything he/she pressed the button on the answering box, and the series of descending 
levels stopped. From this series the average of the last two presented levels was recor
ded as a turning point. 

Then followed a series of ascending levels, beginning 4-5 dB below the last level 
from the previous descending series. With this starting level, the subjects could not 
hear the tone at first. The level was gradually increased in 2 dB steps, and when the 
subject could hear the sound again, the button on the answering box was pressed. Also 
here the average of the last two levels was recorded as a turning point. 

The third series was performed like the first series, though the starting level was 
now chosen 4-5 dB above the last level in the previous ascending series. 

A total of 4 descending and 4 ascending series were carried out and the mean value 
of the 8 turning points - 4 from descending series and 4 from ascending series - was 
taken as the hearing threshold. 

For each subject a test experiment was carried out before the beginning of the 
actual experiment. The frequency was chosen to be I kHz, since this is an easy fre
quency for the subjects and therefore it is adequate for familiarization with the 
method. The training points was repeated in the actual experiment. 

4.4 Psychometric method for loudness measurements 

Again the method oflimits (ML) was used. For loudness comparisons, the method dif
fered slightly from the above, so it will be described below. 

Pairs of variable and reference tones were presented. The first level of a variable 
tone was 15-20 dB higher than the point of equal loudness given in ISO/R226. Nor
mally the subjects assessed this tone as louder than the reference (if not, a higher level 
was selected, and the experiment started from the beginning again). The level of the 
variable tone was then gradually reduced in 2 dB steps, until the subject assessed the 
variable tone as softer than the reference tone and indicated this by pressing a button. 
The mean of the last two presentations in this descending series was recorded as a 
turning point. 

Then followed an ascending series, where the level of the variable was turned up 
gradually in 2 dB steps. The starting point for this series was 4-5 dB below the last pre
sentation in the previous descending series. When the subject assessed the variable 
louder than the reference he/she indicated that by pushing the button. Again, the 
average of the last two levels was recorded as the turning point. 

Then followed another descending series, now beginning 4-5 dB above the last pre
sentation of the previous ascending series. 

Altogether 6 descending and 5 ascending series were carried out. The point of 
equal loudness was calculated as the mean of the turning points, excluding the first · 
descending series. 

Th~ frequency of the va_riabl~ tone and th_e level of the reference tone were chosen 
randomly among those listed in Section 4.2. 

For each subject a test experiment was carried out before the beginning of the 
actual experiment. The frequency and the loudness level for the test experiment were 
500 Hz, 40 phon (eleven subjects) or 250 Hz, 40 phon (one subject). These frequencies 
and level~ were chosen, because they were easy for the subjects and therefore adequate 
for familiarization with the method. The training points were repeated in the 
actual experiment. 

For seven subjects a maximum likelihood estimation method (MML) was also 
used for some selected points (20 and 40 phon at 63, 125 and 250 Hz). The maximum 
likelihood estimation method was exactly the same as in the previous experiment 
reported by one of the authors (7]. The experiments using this method were carried out 
after the main experiment. 

Figure 8 shows a view of a subject during the experiment. 

4.5 Calibration 

The system was calibrated at the beginning of the experiment. For each frequency the 
sound pressure level was measured at the head position of a subject without subject 
and chair. These levels were calibration levels. They were fed into the computer pro
gram, and based upon these levels, all attenuator settings during the experiment 
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were determined. 

The calibration levels were re-measured every day at the beginning of the experi· 
ment. If differences were found the calibration levels were changed. Only changes in 
the order of small fractions of a dB occurred, probably because the equipment was 
turned on all the time for the whole experimental period. 

Figure 8. A subject during the experiment. 

4.6 Subjects 

Twelve persons were used as the subjects. There were five females and seven males. 
between the age of 18 and 30. The average age was 23.2 years. Monaural hearing 
thresholds were measured with an audiometer before the experiment. It was ensured 
that the thresholds of each subject were within ± 10 dB at the octave frequencies from 
125 Hz to 4 kHz and ± 15 dB at 8 kHz. 

S. Results 

The minimum audible field is given in Table I. and the points of equal loudness are 
given in Table II. Values in brackets are obtained for seven subjects only using the 
method of maximum likelihood. All results are shown graphically in Figure 9. 

TABLE I 
Hearing thresholds in free field 

Frequency Mean value Standard deviation Number of 
(Hz) (dB) (dB) subjects 

25 68.5 5.7 12 
31.5 60.3 6.8 12 
40 51.2 5.8 12 
50 45.7 6.0 12 
63 38.4 6.5 12 
80 32.3 6.4 12 
100 28.3 5.7 12 
125 24.7 6.0 12 
250 11.8 5. 1 12 
500 5.4 4.0 12 
1000 - 1.7 3.7 12 
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TABLE II 
Equal loudness levels 

The data in round brackets were obtained by the method of maximum likelihood. 

Loudness Frequency Mean value Standard deviation Number of 
(phon) (Hz) (dB) (dB) subjects 

20 31.5 79.8 3.8 12 
20 40 72.9 6.4 12 
20 50 71.6 5.7 11 
20 63 65.7 6.7 12 
20 63 (60.8) (7.1) (8) 
20 80 59.8 5.1 12 
20 100 58.0 5.2 12 
20 125 50.8 3.7 12 
20 125 (47.l) (6.3) (8) 
20 250 36.9 6.3 12 
20 250 (35.7) (4.1) (8) 
20 500 30.2 5.2 12 

40 40 87.9 2.4 12 
40 50 84.9 4.6 12 
40 63 81.4 5.2 12 
40 63 (75.9) (4.5) (8) 
40 80 77.4 5.4 12 
40 100 73.9 5.5 12 
40 125 68.1 4.6 12 
40 125 (66.9) (4.4) (8) 
40 250 61.0 3.4 12 
40 250 (52.8) (2.7) (7) 
40 500 50.9 5.9 12 

60 50 95.8 5.0 12 
60 63 93.3 5.1 12 
60 80 89.4 4.4 12 
60 100 85.8 3.1 12 
60 125 83.7 3.5 12 
60 250 76.1 3.9 12 
60 500 66.8 3.1 12 

80 50 101.5 5.1 10 
80 63 100.3 2.6 10 
80 80 101.6 3.8 11 
80 100 97.0 3.3 12 
80 125 97.0 3.7 12 
80 250 90.7 4.0 12 
80 500 85.0 2.9 12 

Discussion 

6.1 Reproduceability 

The hearing threshold at I kHz was measured twice; once in the training experiment 
and once in the main experiment. The average threshold found in the training 
experiments was 0,0 dB with a standard deviation of3.7 dB. In the main experiment an 
average of - 1.7 dB was found with a standard deviation of 3.6 dB. The values are in 
very good agreement, and as could be expected a t-test was far from showing 
significance (t= 1.14). The reproducebility seems to be very good. 

Although the simple t-test did not show any significant difference between the two 
measurements, a look at every subject shows that the values from the second measure
ment were always lower than or equal to the values from the first one. This may suggest 
that the subjects gradually got used to the sound or the method and obtained increas-
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ing sensitivity throughout the experiment. 
For equal loudness, test measurements were carried out before the main experi· 

ment. For the 10 subjects who had 500 Hz, 40 phon in the test, an average value of 49.8 
dB and a standard deviation of 3.5 dB was found. In the main experiment the corres· 
ponding values were 50.6 dB and 6.0 dB. No specific tendency was seen here. It can be 
concluded that also the reproduceability of the equal loudness determinations 
was good. 
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Figure 9. Minimum audible field and equal loudness' contours. The present 
study by the method of limits ( O ) and the method of maximum 
likelihood (0 ). 

6.2 Comparison of the two methods . . 

In· order to show a possible effect of the psychometric method, another method, the 
method of maximum likelihood, was used for selected points. The results given in 
Table II and Figure 9 shows lower values for the method of maximum likelihood. 
However, not all subjects participated in both methods, so the values given are not 
based on the same group. 

To see whether the difference between results of the two methods is statistically 
significant, an analysis of variance is carried out for the 7 subjects who participated in 
both methods. The independent variables are 1) frequency, 2) loudness level and 3) 
method. The results of a simple analysis are shown in Table Ill column a). 

TABLE III 
Significance levels from analysis of variance for the 7 subjects who participated in 
both methods (ML and MML). Column a) is obtained in a simple analysis of variance 

and column b) in a mixed model with subject as random variable. 

Source a) b) 

loudness level <0.001 <0.001 
frequency <0.001 <0.()01 
method 0.0015 n.s. 
loudness level x frequency . 0.027 <0.001 
loudness level x method n.s. n.s. 
frequency x method n.s. n.s. 
loudness level x frequency x method n.s. n.s. 

The effect of the method is found significant at 1.5% level. However, it may be 
argued that the observations are not statistically independent, since they are obtained 
from a particular group of subjects. A more conservative test will therefore be that of a 
mixed model with subject as a fourth independent variable of the random type. The 
result of this analysis is shown in Table III, column b). Here the effect of the method is 
not significant 
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For both methods, main effects of loudness level and of frequency are highly 
significant. This will not surprise anyone. Also interaction is shown between loudness 
level and frequency. This illustrates the non-linearity of the equal loudness 
curves. 

6.3 Comparison with our previous results 

In the previous study by one of the authors [7], equal loudness levels were obtained by 
the same maximum likelihood estimation method. Two points are included in the pre
sent investigation as well as in the previous study. The results at 20 phon, 63 Hz are 58.0 
dB (previous) and 60.2 dB (present), and at 40 phon, 63 Hz results are 71.7 dB (pre
vious) and 75.9 dB (present). These differences are small and not statistically signifi
cant in at-test (t= 1.6 for the 4.2 dB difference). Thus, a good agreement was found 
between results in this and the previous study. 

6.4 Comparison with ISO/R226 

Our threshold curves and our equal loudness contours are shown together with curves 
from ISO/R226 (Figure 10) and Fletcher and Munson (Figure 11). 
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Results of present study compared to ISO/R226 (dotted lines). 

The hearing thresholds in free field found in the present experiment are almost 
along the minimum audible field oflSO/R226 although the values of the present study 
are about 3 dB higher at frequencies below 125 Hz and 5.9 dB lower at l kHz. 

With 12 subjects and a typical standard deviation of6 dB, a 3 dB deviation from a 
fixed value (like the ISO/R226 values) results in a t-test value of 1.73 - just about 
significant at the 5% level. The deviation at 1 kHz is significant at the 0.1% level 
(t= 5.5). 

Equal loudness contours from the present study are much higher than those of 
ISO/R226 at all frequencies. They are closer to Fletcher and Munson's results. Most of 
the discrepancies from ISO/ R226 are more than 10 dB and some of them are more 
than 20 dB. Most of the differences are statistically significant 

One of the authors already reported equal loudness levels that were higher than 
those ofISO/R226. The results of the present study show the same tendency as the pre
vious study. It seems that discrepancies clearly exist between the equal loudness levels 
of ISO/R226 and accurate equal loudness levels. 

The authors have not been able to explain why different studies of equal loudness 
can show such very different results. In this study every care has been taken to docu
ment all the experimental conditions. It is shown that the psychometric method may 
affect the results, but the influence in this study was only around 3 dB. 
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Results of a study compared to the results of Fletcher and Munson (1) 
(dotted line). 

7. Conclusion 

The hearing thresholds were determined in free field at frequencies from 25 Hz to 1 
kHz. At frequencies at or below 125 Hz the curve was parallel to the curve ofISO/R226. 
The values were slightly but significantly higher (about 3 dB). At 1 kHz the threshold 
was found 5.9 dB lower than indicated in in ISO/R226. This difference was also statis
tically significant. 

New data for equal loudness contours in free field were determined at frequencies 
from 31.5 Hz to 1 kHz, at loudness levels from 20 phon to 80 phon every 20 phon step. 
Compared with the data of ISO/R226, the levels were much higher at all loudness 
levels. The differences were statistically significant. Though every possible care was 
taken in the control of sound field, procedure etc., the results of the equal loudness 
measurements turned out to be higher. Similar results have previously been reported 
by one of the present authors and by several others. 
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