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Quantification of binaural loudness summation by measuring simple reaction time
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Introduction

When listening to sounds in a natural environment, dif-
ferent sound pressure levels reach the two ears. They
are nevertheless combined to result in a single "binaural’
loudness. This phenomenon is called binaural loudness
summation. In the laboratory it can be carried to an
extreme by stimulating one ear only (monaural presenta-
tion) or both ears (binaural or diotic presentation) using
headphones. Typically, binaural stimulation sounds con-
siderably louder.

The numerous studies that have been performed on this
phenomenon (see [1]) either used loudness matches (e.g.
adjusting a binaural tone to sound equally loud as a
monaural one; [2]) or some variety of direct scaling (e.g.
magnitude estimation by assigning numbers [3]). Both
of these methods have inherent problems. When making
matches, for example, subjects often find it difficult to
compare ’apples and oranges’, i.e. binaural tones that
are perceived in the center of the head and that sound
very different from monaural ones.

Potentially, using simple reaction time (RT; pressing a
key to the onset of a sound) avoids some of these prob-
lems. It may be seen as a rather direct, unbiased measure
of the sensory effects of a sound and has been discussed
as an indicator of loudness, see [4]. To adress discrepan-
cies in the literature as to how large the ’binaural gain’
is (the decibel difference between a monaural and a bin-
aural sound that appear equally loud), the present study
thus employed a simple auditory reaction-time method-

ology.

Method

Twenty normal-hearing listeners (age 19 — 30 years; me-
dian age 21) 13 of whom were female and all but one
right-handed participated in the experiments. They were
instructed to respond as quickly as they could to the on-
set of 200-ms, 1-kHz tones by pressing a telegraph key.
Reaction times were measured using a custom-made elec-
tronic timer [5] triggered by the audio signal. Trials re-
sulting in reaction times shorter than 100 ms or longer
than 1 s were replaced later in the sequence. The tones
were generated at nine levels between 45 and 85 dB SPL
with a 5-dB spacing and were either presented to both,
to the right ear or to the left ear, in random order. In
ten blocks of trials spread over two sessions, the partici-
pants accumulated 40 trials in each of the 27 (9 levels x
3 presentation modes) conditions.
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Figure 1: Reaction time to sinusoids as a function of their
sound pressure level: Geometric means of raw data aggre-
gated across 20 subjects are plotted along with the best-fitting
linear regression lines.

Results

In order to reduce the effect of outliers, reaction times
were geometrically averaged across repetitions and par-
ticipants. The result is illustrated in Figure 1. It shows
geometric mean reaction times to decrease nearly linearly
with sound pressure level by some 30 ms. The statisti-
cal significance of this decrease was confirmed by a 9 x
3 (SPL x aural configuration) within-subjects analysis
of variance performed on the geometric means computed
for each participant, resulting in a significant main ef-
fect of SPL, F(8,152) = 127.1, p < .001. Furthermore,
as is evident by the systematic ordering of the binaural
and monaural conditions in Figure 1, binaural reaction
times are faster than monaural ones with right-ear stim-
ulaton having a sytematic advantage over left-ear stimu-
lation. The overall effect of the three types of stimulation
on RT was confirmed by a significant main effect of the
aural configuration, F'(2,38) = 21.31, p < .001. Sub-
sequent pairwise statistical comparisons indicated that
both monaural conditions resulted in significantly slower
RTs than binaural stimulation, but that right-ear stimu-
lation produced faster reaction times than left-ear stim-
ulation, ¢(19) = 4.7, p < .001. The interaction between
the aural configurations (binaural, monaural left, monau-
ral right) and the effect of sound pressure level was not
statistically significant, F'(16,304) = 0.446, p = .969, im-
plying that the effect of SPL is by and large the same for
all three types of stimulation.

Since the decrease in RT with level appears to be nearly
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linear in the range investigated (as observed in [4]), linear
functions were fit to the (geometric) mean data using
linear regression. They are depicted in Figure 1 and do
not indicate a reliable difference in slope between the
three aural configurations.

In order to determine the binaural gain in decibels,
the vertical distance between the binaural and the two
monaural curves was computed based on the regression
lines. Table 1 shows the binaural gain at three sound
pressure levels computed separately for the two monau-
ral conditions and averaged to indicate the overall ben-
efit from binaural stimulation found in the present ex-
periment. The average binaural gain ranges from 4.5 to
6.3 decibels and appears to slightly decrease with overall
level.

Table 1: Binaural gain in decibels.

Level [dB SPL]
50 65 80
binaural vs. left 8.22 | 7.04 | 5.86
binaural vs. right | 4.29 | 3.69 | 3.08
average 6.26 | 5.36 | 4.47
Moore & Glasberg
(2007) model 5.90 | 6.10 | 5.60

Discussion

The most important outcome of the present experiment
is that simple reaction times to the onset of short sinu-
soids provide evidence for binaural loudness summation:
Listeners respond faster to diotic than to monotic stimu-
lation. That further implies that RT may be interpreted
as a measure closely related to loudness (as in [4]), not
sound pressure level. It reflects the strong variation of
loudness with SPL but also the loudness gain produced
by binaural vs. monaural presentation at equal SPLs.

The present data also show an ear advantage in that
reaction times to monotic right-ear stimulation are sig-
nificantly faster than responses to left-ear stimulation.
It is conceivable that this effect reflects a stimulus-
compatibility effect in that responding with the right
hand (as the majority of our listeners did) might be fa-
cilitated by stimuli presented in the right hemifield as
opposed to the left hemifield. A follow-up study address-
ing this issue by requiring participants to respond with
either hand in a counterbalanced fashion is under way.

The most important quantitative information to be de-
rived from the present data is the binaural gain observed
at equal RT. As is evident from Table 1 it is considerably
smaller than the 10 decibels implied by ’'perfect’ binau-
ral summation, or a binaural-to-monaural loudness ratio
of 2:1. The present results are thus inconsistent with
early studies and modeling of binaural loudness summa-
tion (e.g. [3]), and suggest that monaural loudnesses (e.g.
resulting from artificial-head measurements) cannot sim-
ply be added to provide binaural loudness.

The average binaural gains in the range from 4.5 to 6.5
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dB are largely consistent with more recent measurements
employing modern psychacoustical methods and more re-
alistic conditions of stimulation (reviewed in [1]). An
extensive study by Whilby et al. [2] using a binaural-to-
monaural matching paradigm, for example, found aver-
age gains of 6-8 decibels in the level range studied in the
present investigation.

The present results also agree with recent models of bin-
aural loudness summation: While the power summation
model proposed by Sivonen & Ellermeier [6] predicts a
binaural gain as small as 3 dB on the basis of free-field
listening, Moore & Glasberg’s recent revision to their
loudness model [7] proposes that contralateral inhibition
serves to limit the potential binaural gain to some 6 deci-
bels, and thus comes very close to the present observa-
tions. That is evident when comparing the average bin-
aural gain obtained in the present study with predictions
derived from Moore & Glasberg’s model (see the bottom
entry in Table 1), even when considering that the linear
fits used here to compute binaural gain cannot produce
U-shaped gain functions as observed by [2] or as predicted
- though to a lesser extent - by Moore & Glasberg.
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