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Introduction

The first classical determination of equal loudness relations
for pure tones by Fletcher and Nunson in 1933 was followed in 1937 by
that of Churcher ard King. In 1956 Robinson and Dadason at the
National Physical Laboratory redetermined the esqual loudness contours,
extending these down to 25 Hz., The repulting curves have since been
inecorporated in an IS0 recommendation R226 (1961).

Racently there has been an increasing interest in sounds of even
lower frequency, ‘These sounda are propagated in the atmosphere with
low loss, are poorly attenuated by normal walls and partitions and
their long wavelength makes conventional absorbent treatments
ineffective, Sources of low frequency sound range from multi-stege
rockets used in space projects, large turbojet engines, diesel
engines used in road rail and sea transport, to oil burners and
ventilating systema,

The work to be described was aimed at providing some extensiom
to the exiating egqual loudness and threshold contours down to 3.15 Hs,
with an overlap covering the range 25 to 50 Hz, Cross checking of
the results by means of direct megnitude estimation is in progresa
and will be reported later,

Condition of Listening

The IS0 equal loudness contours relate to binaural, free-field,
frontal incidence conditions which, however, are very difficult to
provide at low frequencies, On the other hand the absence of
diffraction effects means thet the configuration of the sound field
is then relatively unimportant. Accordingly we adopted whole body
immersion in a uniform scund pressure generated in a pressure cabinet.
This preserveg the binuwural requirements whilst aveiding the dls-
advantages inherent in the use of earphones at low frequencies, namely
the elevation of the threshold in the latter case, due to physio-
logicel noise.

Apparatua

(8) Pressure cabinet Thia wea a prism with trapezoidal base of
internel dimensions 1.2 m by 0,6 m by 1.48 = high, Jjust large enough
to accommodate & seated subject in comfort, constructed of concrete
blocks rendered on both sides and equipped with double woodem doors f
having highly effective sesls. A heavy steel pipe of internal
diameter 65 mm and length 465 mm was set through the narrow end wall,



() Loudspeskers No single sound source was suitable Tor all
frequencies and intensities used in the investigation and various
combinations of direct radiator loudspesker were used. One arrange-
ment was a palr of 457 mm dis, 50 watt loudspeakers, having rubber
edge terminations, dnd lopg throw magnetic systems, feeding intc a
rigid box of about 0,12 m’. The box was attached to the Tlange of
the pipe entering the cabinet by a flexible ballows of length 53% mm
and internal dia. 70 mm. The arrangement acted es a low-pass
acoustic filter, and resulted in a useful reduction in the harmenic
distortion produced by the loudspeakers, the reguirements being
particularly stringent due te the slope of the threshold curve.

(e) Electronic apparatus This consisted basically of low-
distortion gscillators, varicus 1 dB atep sitenuators, a two channel
electronic awitch giving tome bursts starting and finishing at zero
crossing, or having any desired rise or fall time, and a DC coupled
pover amplifier of about 150 watts r.m.s. per channel., 4 low-pass
filter in the loudspeaker line was effective in reducing eircuit
noise to well below audibility in the booth,

Physical meesurements

Measurements of sound pressure were made with a 1 inch condenser
microphone calibrated to below 2 Hz using an optical pistonphone.
Distortion measurements were made on the acousticel stimuli using a
1/3-octave band analyser (discrimination 50 dB at + 1 Octave) in
coenjunction with a variable high-pass active rilter having a cut off
rate of 96 4B per octave, The results in Table I show the level of
the 2nd, 3rd and 4th harmonics relative to the fundamental for sound
pressure levels ranging from 17 to 33 @B above mean threshold,

TABLE I
Fundemental 5 2 Relative level of harmonic 4B
Hs SPL (db re 2.1077 N/n%) 2 3 I
3.15% 139 - 33 - 32 - 57
6.3 136 =41 - 43 - 66
12,5 125 - 52 - & - 72
25 168 - 52 - 63 - 66

Reference to Table II shows thst even at the high sound pressure
levels used in the investigation the distortion products are well
below the hearing threshold.

Psychophysical method

Threshold measurements were made uaing a Be’ké’sy attenuator, In
order to offeet the effect of the rapid increase in sensation with
sound pressure, expected at low frequencies,the instrument wes set to
give a slower rate (1.6 dB/s) than that normelly used. For 6,3,
12,5, and 25 Hz three forms of stimulus wers used: continuous tones,
pulsed tones with slow rise and decay ('slow'), and pulsed tanes with
atart and finish at a zero crossing ('fest'). At 3.15 Hz only the
continuous test tore wes used, Test sessions were in general limited
to 10 to 12 minutes per visit, and during this time for example, a
subject would complete thresholds for the three conditiona of test
tenes ('continuous®, 'fast!, 'slew'), together with a ropeat deter—
wination in the same order, The order of presentation was randomised
amorgst subjects. For each condition some 1% minutes of threshold
tracing was obtained and this wes sufficient for most subjects to
reach a condition apperently free from artifact. Direct meesurements
of the threshold scund pressure levels were mede at the end of each
subject's test, The introduction of the subjeet into the booth
increased sound pressures by about % decibel,




The equal loudness tests were made using the constant stimulua
method, with seguence patterms AOBOACB and BOACBOA where A represents
the fixed and B the variable stimulus, O being a peried of silence.
Both the order of presentation and the levels of the variable stimuli
were randomised, A warning light alerted the subject just before
the sequence commenced. 50 Hz was chosen &s the starting point.
Taking into account the threshold of our group at this frequency,
starting levels for the loudmess balances of 60, 73, and B6 dB were
chosen to simulate approximately the loudness levels 20, 40 and 60
phon, Loudness balances were made in successive octave stepa. The
mean sournd pressure levels at 25 Hz judged to be equal in loudrnesa
to the 50 He tenes became the reference levela for the 25 Hz to 12.5
Hz comparison, and so on.

In order to check that the stepwise procedure was not introduc-
ing progressive errors we mezde triangular comparisons, one covering
the two-octave intervel 50 Hz to 12,5 Hz and one covering the three-
octave interval 25 Hz to 3.1%5 Haz.

The subject groups were 23 experienced observers, mean age 30
years and 42 pald subjects {predominently female), mean age L6 years.
All were otoscopically normel and had received conventional pure-—
tone audiometry.

Results of the measurements

Threshold of hearing The results are given in Table II for
the continuous condition only, This gave the least acute thresh-
0ld, whilst, as would be expected, the 'fast' corditicn gave the most
sensitive thresholds. At 25 Hz the mean difference is 1.5 dB, at
42,5 Hz, 1,3 4B and at 6.3 Hz the difference has disappeared. None
of the differences are statistically sigpificant, Similarly the
mean difference between the first emd second determinations of the
threshold at one sitting whilst always showing & small improvement
of 0,6 to 0.8 4B, are non-significant.

TABLE I
7 Mean Standard
re ;‘3‘)“’5' Threshold Error No. of Subjects
z SFL of Mean
50 51.3 1,60 23
40 58.2 1,60 23
3.5 [T 1.63 23
25 Theb 1.35 23
79.9 1.20 42
12,5 95.2 1.45 23
9.6 1,23 23
97.2 1.00 L2
6.3 107.1 .1 16
106,8 1.10 42
3,15 1216 1.86 16
122.7 1.2h 3

* Replicetior

Comperison with a recent determination by Yeowart, Bryan amd Tes\mpv.ﬂ.s.‘u2
of the moneural threshold of hearing, using a scmewhat different
technigque, ahows reasonable agreement after an allewance is made for
the monaurel/binaural difference. In both determinations the slore
of the threshold curve apparently changes at 12.5 Hz.

Loudneas balances The results of the egual loudness deter-
minations are given in Table III in terms of mean sound pressure
levels,




TABLE III

Frequency 120t 15,01 160°*

Hz) phons phons phons No, of subjects
50 60 73 86 20
25 78.0 87.7 97.8 20
12,5 9.7 10, 7 112,6 20

(1.2} {1.3) {1.1)
96,1 105.2 114.8 20(a)
{1.3) (1.4} (1.3)
6.3 110.9 118.0 125,6 20
(0.a0) | (0.45) | (0.57)
110,3 117.7 125,2 20
{0.50) 1 (0.4 | (0.48)
3.15 125.8 13,8 136,1 18
{0.67) (047 | (0.31)
126,5 132.9 137.6 32
(0.38) | (o.2) | {0.24)
130,9 135.7 12(b)
(1.3) (1.1) '
(8) 50 v 12,5 Hz (b) 25 v 3.15 Hz

The bracketed figures are standard errors of the mean, the smallness
of which well reflect the rapid growth of sensation with SPL at low
frequencies., At 6.3 Hz a complete replication was mede several days
after the first determination. The excellent agreement further
shows the high reliability of the determinationas, At 3,15 Hz the
group of 32 peid female subjects was new to loudness balancing and
their results show that even for unpractised cbservers the variab-
ility is very amall.

Conclusions

Measurements of threshold and equal loudness at low frequencies
are diffieult to achieve mainly from physical causes, For thresh-
0ld messurements down to 3 Hz tones free from distortion at scund
pressure levels greater than 122 4B are necessary, and for equal
loudness we generated levels of 143 dB, The data obtained will
facilitate an extension of the equal loudness and threshold coentours
of IS0 R226; the necessary numerical smoothing process has yet to be
underteken. The work hes been limited meinly for the reason that
we were unwilling to submit our subjects to sound pressure levels
greater than 143 dB at 3,15 Hz, In common with other experimenters
we noticed the apparent change in modality of the sensation as the
frequency is lowered, but the relative continuity of the curves with
frequency indicate that the change is not sbrupt and that "loudneas"
atill has a meaning at the lowest frequencies.
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