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Introduction

Reflection masking (RM) refers to the auditory masking
condition, in which a test reflection is masked by the direct
sound (and maybe additional reflections). RM has been
typically studied for developing or enhancing technical ap-
plications, such as virtual auditory environments or sound
reproduction in rooms [1]. Throughout this study, the con-
cept of RM is employed to investigate mechanisms that the
auditory system may utilize to process reverberant sounds.

Psychoacoustical Experiments

Methods: Reflection masked thresholds (RMT) were meas-
ured for a single test reflection, masked by the direct sound,
as a function of the reflection delay. The direct sound was a
200-ms long broadband noise (100-5000Hz) presented via
headphones at a sound pressure level of 75dB. The test re-
flection was realized by a delayed and attenuated copy of
this direct sound. Two stimulus conditions were considered:
(i) a diotic condition, where direct sound and reflection were
presented diotically, and (ii) a dichotic condition, where the
test reflection contained an interaural time delay (ITD) of
0.5ms. In order to focus on simultaneous masking effects,
the reflection offset was truncated such that the direct sound
and the test reflection had a common offset.

RMT data difference spectrum A(i)
i)
=2 =
] £
> =
5 B
3 E
g £ o
5 -15} g T[N 1
e S oAby
E &6 diotic i | v &—o 3ms delay
e é &% dichotic A5 Y 4—% 10ms delay
-20 -2
] 5 10 15 20 0 S00 1000 1500 2000
reflection delay (ms) frequency (Hz)

Figure 1: RMT data for diotic and dichotic stimulus pres-

entation and difference-spectrum A(7) of monaural model.
A three-interval, three-alternative forces choice (AFC) pro-
cedure was used. All three intervals contained different sam-
ples of the direct sound and one randomly chosen interval
additionally contained the test reflection. The listener’s task
was to identify the interval that contained the test reflection.
An adaptive three-down one-up procedure was employed to
track the 79% correct point on the psychoacoustic function.
The starting step size of the test reflection was 4dB, which
was reduced to the final step size of 2dB after 6 reversals.
Using this final step size, 12 reversals were measured and
the mean value and variance over these 12 reversals were
calculated. Three well-trained normal-hearing subjects par-
ticipated in the experiments. At least three measurements
were made for each RMT value and subject.
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Results: The measured diotic and dichotic RMT data is
presented in figure 1. The diotic RMT (circles) increases
with increasing reflection delay, while the dichotic RMT
(diamonds) decreases with increasing reflection delay. Cal-
culating the difference between both thresholds, i.e., the
Binaural Masking Level Difference (BMLD, figure 3), a
binaural reflection-suppression effect (negative BMLD) is
observed for delays below 7-10ms and a binaural reflection-
enhancement effect (positive BMLD) for larger delays.

Masking model framework

In order to identify auditory mechanisms that may be in-
volved in RM, different pre-processing (PP) stages are in-
corporated into a general masking model framework (figure
2). Following the signal flow through this model framework,
the direct sound plus the test reflection xp.7(#) and the direct
sound alone xp(n) are passed into the considered pre-
processing stage. The input to this stage can either be mon-
aural or binaural, and the outputs present auditory-internal
spectra. The difference between the two output-spectra
forms the difference-spectrum A(7). The decision variable ¢
is then derived by calculating the RMS value of A(i). The
RMT is defined by the test reflection level at which ¢ is
equal to a pre-defined constant 7.
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Figure 2: Signal-flow diagram of model framework.
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Monaural processing

The monaural pre-processing is realized by a simplified
version of the masking model described in [2]. The incoming
sound signals are first analyzed by a gammatone filterbank
with 51 channels evenly spread over a frequency range of
100-5000Hz (two filters per ERB). The output of each fre-
quency channel is half-wave rectified, low-pass filtered at
1kHz, and amplitude-compressed by a (static) logarithmic
function. Then, a non-leaky integration is applied to the
entire stimulus interval, forming the auditory-internal out-
put-spectrum. Integrating this pre-processing stage into the
proposed model framework (figure 2), a difference-spectrum
A(7) is produced, which is exemplarily shown in figure 1 (for
a delay of 3ms and 10ms and a reflection gain of -15dB).
The difference-spectrum exhibits spectral ripples (or spectral
modulations) with a periodicity of 1/z, with 7 being the re-
flection delay. The depth of the spectral ripples decreases
with increasing signal-frequency as well as increasing reflec-
tion delay, due to the spectral smoothing of the auditory
filters. The model predictions of the diotic (or monotic)
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RMT are given in figure 3 (diamonds), and are in good gen-
eral agreement with the according experimental data (cir-
cles).
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Figure 3: Experimental data and model predictions for the
diotic RMT and the BMLD.

Binaural processing

The first binaural model approach is based on the power-
addition model given in [3]. The sound signals at the left and
right ear are passed through the monaural pre-processing
given above. Then the average is calculated of the resulting
left and right spectra, forming the output spectrum of the
power-addition model. In figure 4, the difference-spectra
A(i) for the left ear, the right ear, and the power-addition
output are exemplarily shown for a reflection delay of 3ms
and a reflection ITD of 0.5ms. Due to the introduced ITD,
the monaural spectra exhibit spectral modulations with
slightly different modulation frequencies. The average of the
monaural spectra results into a reduced output, whereby the
amount of reduction depends on the spectral-phase differ-
ence of the monaural spectra. Applying this power-addition
based pre-processing to the proposed masking model
framework, and calculating the difference between the re-
sulting dichotic RMT predictions and the above diotic RMT
predictions, the BMLD given in figure 3 (squares) is pre-
dicted. For early reflections (t < 7ms), the model predictions
are in good qualitative agreement with the according BMLD
data (circles). However, the model fails to describe the full
amount of binaural suppression observed in the data. More-
over, the model can also not account for the binaural en-
hancement observed for reflection delays larger than 7ms.

The second binaural model approach is a simplified version
of the Equalization Cancellation (EC) based model given in
[4]. The model is realized by: (i) passing the left and right
ear signals through a gammatone filterbank and (ii) applying
half-wave rectification, lowpass filtering at 770Hz, and
(static) logarithmic compression to each frequency channel
output. Given that the direct sound (i.e., the masker) was
always presented diotically, the EC-stage was here simply
realized by: (i) calculating the difference between the left
and right ear signals for each frequency channel and (ii)
calculating the signal power of the EC output over the entire
stimulus interval. The subtraction process within the EC
operation thereby results in a maximum suppression of the
direct sound and thus in an enhancement of the test reflec-
tion. The output of the EC-based difference spectrum is
exemplarily shown in figure 4 for a delay of 3ms and 20ms
and a reflection gain of -10dB. Applying the EC-based pre-
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processing to the above masking model framework, a di-
chotic RMT is predicted that is independent of the reflection
delay. The difference between the EC-based dichotic RMT
predictions and the above diotic RMT predictions -the
BMLD- is given in figure 3 (diamonds). The EC-based
model predictions can only describe the BMLD data (circles)
for a delay of 20 ms (i.e., the point for which the model was
optimized) and thus fails to describe the BMLD data.
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Figure 4: Difference-spectrum A(#) for the power-addition-
based model and the EC-based model.

Conclusions

Considering the above BMLD predictions, it might be sug-
gested that, dependent on the reflection delay, the auditory
system applies different strategies: for very early reflections,
the auditory system might apply a mechanism similar to the
power-addition process, and a mechanism similar to the EC-
process for late reflections (figure 3, dashed line and trian-
gles). However, it is unclear: (i) how these two mechanisms
can be combined and (ii) how the full size of the observed
binaural suppression effect can be produced.

The diotic RMT at a delay of 1 =0 ms (figure 1) refers to a
JND in level of about 0.85dB, measured with two perfectly
correlated noises. The diotic RMT for a 20-ms delayed re-
flection refers to the same JND, but measured for two uncor-
related noises. Hence, it seems that the monaural auditory
system processes the direct sound and the test reflection as
two correlated signals for short delays, and as two uncorre-
lated signals for larger delays. Applying this idea to the
BMLD data, it might be similarly assumed that binaural
reflection-suppression refers to the binaural processing of
two correlated signals, and binaural reflection-enhancement
to the binaural processing of two uncorrelated signals.
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