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1. Introduction

Current digital methods for economic coding and transmission of
auditory signals rely heavily on the inability of the auditory system
to resolve certain signals. This inability, typically called masking,
is exploited to achieve bit rate reductions that are truly remarkable.
It is now well-established that auditory information perceptually
indistinguishable from the 16 bit/sample compact disc quality can be
obtained with an encoding of an average of about 3 bits/sample (e.g.
Brandenburg, 1988). Such success has been achieved by allocating
bits to filtered segments of the signal's spectrum in such a manner
that the signal itself masks or "hides" any quantization noise that
inevitably occurs. This idea has been applied to speech coding by
Schroeder, Atal and Hall (1979).

To our knowledge, most of the efforts to construct and to assess
coding schemes based on auditory masking have focused on phe-
nomena surrounding the monaural masking of quantization noise. In
a stereophonic condition, however, quantization noise which is in-
audible for each of the two monaural channels might be audible with
the availability of binaural cues. We were interested in measuring the
degree to which the coding of stereophonic information would result
in such a binaural release from monaural masking. More concretely,
we wanted to know the relative detectability of interaurally uncorre-
lated bands of noise because such noises represent error signals due
to the economic coding of speech-like or musical signals.

Resolution ofthese issues entails changing the usual tonal signal-
masked-by-noise paradigm and, instead, asking how well relatively
narrow-band tonal signals mask bands of noise. Interaurally uncor-
related bands of noise could easily be more readily detectable than
each of the monaural bands of noise because the auditory system
is so sensitive to interaural differences of time and intensity. To
investigate these issues, we tested performances under several con-
ditions in which either binaurally in-phase pure or complex tones
T masked bands of noise N under either homophasic (To No) or
heterophasic (ToNu) conditions. The difference in power necessary
for detecting the noise between the two cases indicates how much
more efficiently the auditory system processes binaural cues stem-
ming from the uncorrelated binaural signals. Of course, the data
could also be interpreted as an indication of how much poorer the
results of masking of quantization noise with stereophonic signals
are.
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2. Methods

We determined detectability using an adaptive, two-interval, two-
alternative, temporal forced choice procedure. Both intervals con-
tained the tonal masker. The bands of noise that served as signals
were added either to the first or to the second interval, with equal a
priori probability. The initial levels of the signals were chosen to be
easily detectable and the levels of the signal were reduced adaptively
following a two-down, one-up rule popularized by Levitt (1971) and
changed slightly by Trahiotis et al. (1990).

If listeners were correct two trials in a row, the level of the signal
was stepped down. If they made errors in the first, the second, or
both trials, the level of the signal was stepped up. The initial step
size was 2 dB, and was reduced to 1 dB after the first 2 reversals.
The procedure was terminated after a total of 12 reversals, and the
average level of the last 10 reversals was computed. This provided
an estimate of a performance level of 70.7% correct in an equivalent
fixed-run experiment. Two of the authors (AH and CT) served as
subjects. Both were well practiced; repeated measurements typically
varied by about 1 dB both within and across observers.

The target signals were interaurally uncorrelated or perfectly cor-
related bands of noise obtained by serial filtering of white-noise pro-
cesses through Difa PDF-3700 (high-pass) and Kemo VBF8 (low-
pass) computer-controlled filters. Low-cutoff slopes were 48, and
high-cutoff slopes were 90 dB per octave. These target signals were
intended to mimic quantization noise that would result from using re-
duced bit rates to represent information in one channel of a particular
sub-band coding system.

We employed a variety of masking sounds including pure tones
of 500, 680, and 4000 Hz, with or without an interaural intensity
difference of 4 dB, and square waves with a fundamental frequency
of 50 Hz. All maskers were presented interaurally in phase at a sound
pressure level of 90 dB. Tonal maskers and noise targets were gated
simultaneously for a duration of 110 ms, including lO-ms on and
off ramps. Observation intervals within a trial were separated by a
300-ms silent interval. The subjects were given as much time as they
wanted to respond. A response was followed by immediate LED
feedback of the correct response; the next trial was initiated 500 ms
later.

The subjects were seated in a double-walled sound-insulated
chamber and received the sound stimuli through Etymotic ER-2
insert earphones. Those earphones provide a good and stable acous-
tics coupling especially at low target frequencies, and minimize the
confounding influence of internal noise on binaural masking release,
which is typically encountered with circumaural headphones (Yost,
1988)

3. Results

Masker thresholds for correlated and uncorrelated targets are shown
in Table I. The tresholds represent the averages of two adaptive runs
for each of two subjects. The data clearly indicate that interaurally
uncorrelated bands of noise are more easily detected than their cor-
related counterparts, but that the difference is not very large. In fact,
the average data indicate less than a 3-dB improvement in detection
threshold in going from the interaurally correlated to the uncorrelated
signal condition. This means that, compared with monaural coding,
one needs on average only an additional one-half bit per channel to
code stereophonic information in order to mask quantization noise.
The table also shows that almost no improvement of threshold oc-
curred between correlated and uncorrelated targets when the masker
was a 500-Hz pure tone with an interaural intensity difference of
4 dB . This means that the detectability of interaurally uncorrelated
quantization noise is almost the same whether the masker appears to
come from straight ahead or from one side.
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Table I. Detection thresholds, in dB SPL, of correlated (C) and uncor-
rellated (U) binaural noise-band targets in the presence of binaural
tonal maskers.

Tonal Masker Noise Target IT AH Average

500Hz, 90 dB 400-600 Hz, U 54.1 56.3 55.2
500Hz, 90 dB 400-600 Hz, C 55.9 56.0 56.0
500 Hz, ~1:4 dB 100-700 Hz, U 45.0 41.8 43.4
92 dB(L), 88dB(R)
500 Hz, ~1:4 dB 100-700 Hz, C 45.8 41.2 43.5
92 dB(L), 88 dB(R)
680Hz, 90 dB 100-700 Hz, U 41.2 35.2 38.2
680Hz, 90 dB 100-700 Hz, C 43.2 38.8 41.0
4kHz, 90 dB 3.7-4.3 kHz, U 50.9 48.8 49.8
4kHz, 90 dB 3.7-4.3 kHz, C 52.5 46.3 49.4
50-Hz Sq. Wave 400-600 Hz, U 68.1 64.3 66.2
50-Hz Sq. Wave 400-600 Hz, C 67.0 67.6 67.3

Our 'worst-case stimulus' was a 680-Hz tone masking a band of
noise with energy between 100 and 700 Hz. This type of quantization
noise would be difficult to hide even in a monaural situation because
most of the energy of the signal occurs in frequencies below the
frequency of the masker. As one can see in Table I, the measured
detection thresholds are lower than those obtained for any of the
other masking conditions. The amount of binaural masking release,
however, is on average limited to about 3 dB.

All of these observations are consistent with those of McFadden et
al. (1972). They measured the detectability of tonal signals masked
by sinusoids as a function of the difference in frequency between the
target and the 500-Hz masker. Using the same interaural configura-
tions as we did, they too found about 3 dB of release from masking
when the frequency of the target was well below the frequency of the
masker. In our 'worst-case stimulus' it is quite likely that the target
is detected on the basis of frequencies at the lower end of the pass
band, where the target is spectrally most remote from the masker.

Of course, in the case of different types of maskers and signals,
considerably more release from masking could occur. It seems pos-
sible that spectrally rich sounds might provide enough monaural
masking to support a large binaural release. Data obtained with a
50-Hz square wave as a masker permitted an evaluation of binaural
release from masking with a complex signal having a rich, yet dis-
crete, spectrum. As shown in Table I, that condition led to an average
of only I dB binaural masking release.

Finally an attempt was made to compare the absolute threshold
levels of Table I with data for comparable situations in the literature.
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Data on masking of noise by tones are very rare. The only relevant
study we found to be the above-mentioned paper by Schroeder at al.
(1979), which describes masking levels of noise bands of one critical
bandwidth by a pure tone of variable frequency. Their general finding
was that, if the masking tone was centered in the target band, the
detection threshold was 24 dB below the masker level. For the 8th
entry of Table I, where the target is about one critical band wide,
this would imply a threshold of 90 - 24 = 66 dB. The threshold of
49.4 dB which we found is well below this level. In fact, an attempt
to reproduce the results of Schroeder et al. using the experimental
paradigm and equipment of our study and the first author (AH) as
subject resulted in thresholds that were 10-15 dB too low. Moreover,
it was found that thresholds were critically dependent on the low-
frequency cutoff slope of the noise target. An increase from 48 to
96 dB per octave caused the thresholds to increase by 11 dB. This is
not surprising, since the low-frequency slope of the masking pattern
of a pure tone is much steeper than 48 dB per octave. It all shows that
threshold levels of noise bands masked by pure tones only have a
meaning in the absolute sense if the target's spectral shape is exactly
controlled and specified.

In summary, several measurements were made concerning the
detectability of interaurally correlated and uncorrelated noise. These
noises were chosen to mimic quantization noise resulting from bit-
reduced coding of stereophonic signals. We have consistently found
very small differences in thresholds between correlated and uncor-
related noises. To the degree that these data are generalizable, this
means that only about one-half bit more, on average, has to used to
code stereophonic material as compared with monophonic material.
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1. Introduction

In a separate study (Houtsma et aI., 1996) we examined how much
allowance must be made for possible binaural masking release when
designing codecs for stereo sound at low bit rates. It was shown
that binaural release effects are limited to no more than 3 dB, which
implies an extra half of a bit on average when comparing two-
channel digital sound with one-channel mono sound. Other aspects
of binaural hearing, however, may enable an even further reducion
in average bit rates, by capitalizing on knowledge concerning how
and how well the binaural auditory system processes sound. Of
course, any coding schemes based on mechanisms and empirical
data drawn from the scientific literature on binaural hearing must
provide benefits without leading to other types of errors that are
detectable monaurally.

It appears likely that principles derived from the literature on
binaural hearing could be used to reduce bit rates determined by
monaurally-based coding still further. Our reasoning was based on
several reports in the literature that discuss the relative ability of
interaural differences of time and intensity to move an intracranial
image from midline toward one ear. These interaural time and inten-
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