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a b s t r a c t

In the many studies done on informational masking, interfering speech reduces speech intelligibility. This
effect is often used to secure privacy in public spaces. These applications require estimates of how much
masking is required. In general, masking effects are estimated by using spectrum information as excita-
tion patterns. However, estimates of informational masking can hardly be obtained by only using spec-
trum information. Therefore, we estimated the effects of informational masking using time-domain
information. Then, we calculated the cepstra of the envelopes’ magnitude histograms. If these cepstra
are different between the target and the masker, the signals are not similar in the time-domain. Further-
more, the effect of informational masking would be low. Therefore, we considered the histograms’ cep-
stra distances (HCD) to estimate signal similarities. The signal similarities in our first experiment were
estimated using five maskers by utilizing the HCD. These maskers were random noise, music, female
speech, male speech, and target speaker’s speech. Male and female speech were more similar to the target
speech than music and noise. Also, the same speaker’s speech was the most similar in the set of maskers.
A listening test was carried out in the second experiment to verify the HCD. A double masker was used in
this experiment as an effective informational masker. It has similar characteristics to reversal speech. The
listening test results suggest the double-masker’s masking effects has the same relation with HCD. This
suggests informational masking can be estimated by signal similarity using the HCD.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Masking effects are used to secure privacy in public spaces [11].
Two kinds of masking effects, energetic masking and informational
masking are often applied. It seems that informational masking is
more effective than energetic masking for masking speech. Ener-
getic masking is generally a quantity that relates well to the
signal-to-noise ratio (SNR). Informational masking, on the other
hand, degrades target detection when a listener’s auditory process-
ing fails to separate the target’s audio stream from that of the
interference [5,1,9].

The mechanism for speech perception in the auditory systems is
still an extensive topic of research. Masking effects are also closely
related to the mechanism in the auditory system. Masking effects
are generally estimated by SNR in the frequency domain that is re-
lated to excitation patterns [4]. SNR is an adequate measure to esti-
mate effect of masker from energetic point of view. However, if a
masker has similar frequency characteristics to that of the target
speech, for example, the reversal speech [8] which is well known
as an effective informational masker, is a masker; human percep-
tion can hardly separate both speeches even at SNR of 0 dB. There-
ll rights reserved.
fore, the mechanism for masking effects in the auditory system is
not only related to spectrum features but also to temporal changes
in the time-domain waveform. Signal similarity in informational
studies is considered to be closely related to informational mask-
ing. For example, Durlach et al. reported that decreasing target-
masker similarity tends to reduce the masking effects [3]. There-
fore, we investigated the informational masking effect from the
time-domain-similarity point of view.

The envelopes of time-domain waveforms represent temporal
changes in signal dynamics. In addition, narrow-band temporal
envelopes are closely related to speech intelligibility [6]. Therefore,
we considered signal similarity to evaluate masking effects using
the energy distribution of narrow-band temporal envelopes. Fur-
thermore, we introduced histogram’s cepstrum distance (HCD),
that is derived from cepstra of histograms of the envelopes. First,
the cepstra of the envelopes’ magnitude histograms are calculated
from targets and maskers. If these cepstra are different between
the target signal and masker, the signals are not considered similar
in the time-domain. Temporal envelopes are well known to infor-
mational masking cue [8]. From informational masking point of
view, targets and maskers would be separated easily, if the signals
are not similar in time-domain. Finally, we conducted a subjective
test to confirm the relation between the HCD and informational
masking. This suggested the HCD is closely related to the separa-
tion of mixed signals in the auditory system.
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2. Signal-similarity estimates using temporal envelopes

Signal similarity is closely related to the sound separation of
masking effects in the auditory system. If the target signal and
masker are not similar, it is easy to separate and detect both sig-
nals. Therefore, we estimated signal similarity by using temporal
envelopes.

2.1. Cepstrum for envelope’s histogram

Masking effects are generally estimated using the frequency do-
main’s SNR, which is related to excitation patterns [4]. In contrast,
reversal speech is well known as an example of an effective infor-
mational masker [8]. If reversal speech is a masker, the target sig-
nal has exactly the same magnitude spectrum. It will be an SNR of
exactly 0 dB. It is also easy to detect the target signal. However, tar-
get separation is very difficult compared with random noise, which
has the same magnitude spectrum. Furthermore, target uncer-
tainty is high. This suggests the mechanism for understanding
and separating mixed signals is not only due to the frequency do-
main’s SNR but also very much due to time-domain information.
Therefore, we have focused on temporal envelopes in this article
to estimate informational masking. Narrow-band temporal enve-
lopes are closely related to speech intelligibility [6]. In addition,
we considered that the histograms of envelope dynamics are clo-
sely related to the difficulty to discriminate target signal.

Nakashima et al. proposed that the probability density function
(PDF) of mixed signals can be separated by cepstrum deconvolution
[7]. If target signal X was mixed with uncorrelated masker Y, the
power envelope histogram as a PDF of mixed signal Z is calculated by

pðZÞ ¼ pðXÞ � pðYÞ; ð1Þ

where pð�Þ denotes each PDF. The Fourier transform of the PDF is
known as a characteristic function. Consequently, the convolution
of PDF can be

F½pðZÞ� ¼ F½pðXÞ�F½pðYÞ� ð2Þ
Fig. 1. Narrow-band squared enve
F½�� : Fourier transform. If the cepstrum can be calculated from the
characteristic function, the PDF can be separated into target and
masker characteristic functions. Thus, the PDF cepstrum CpðZÞ of
the target and masker are given by

CpðZÞ ¼ F�1½ln F½pðXÞ�� þ F�1½ln F½pðYÞ�� ð3Þ
¼ CpðXÞ þ CpðYÞ: ð4Þ

Then, we can obtain the PDF of target and masker features sepa-
rately in the cepstrum domain. The distance between these PDF
cepstra is given by

Dc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

X
ðCpðXÞ � CpðYÞÞ2

r
; ð5Þ

where Dc is the PDF cepstrum distance. We culculate histogram’s
cepstrum distance (HCD) as the PDF cepstrum distance Dc using
pðXÞ as the power envelope dynamics histogram of the target and
PðYÞ as the masker to verify signal similarities. Consequently, if
the HCD increase, the signal similarity and masking effects are con-
sidered to decrease.

2.2. Signal-similarity evaluation using HCD

We surmised that the HCD might be represented as signal sim-
ilarity. Therefore, we investigated signal similarity by comparing
speech signals used as targets. We prepared one speech signal as
the target, which was spoken by a male and about 2-s-long. In this
experiment, we used five different maskers. These maskers were
random noise, which had the magnitude spectra of the target sig-
nals, music, female speech, male speech, which was spoken by a
non-target speaker, and utterances by the male target speaker.

Fig. 1 shows the 1/4 octave band’s power envelopes for the tar-
get and maskers at a center frequency of 500 Hz. The horizontal
axis denotes the time and the vertical axis denotes the dynamics.
lopes of maskers (fc: 500 Hz).
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Panel (a) represents the target-speech-signal’s power envelope.
Panel (b) shows the power envelope of noise that has the target
speech’s magnitude–frequency characteristics with random
phase.
Panel (c) shows the music power envelope.
Panel (d) shows the power envelope for female speech.
Panel (e) shows the power envelope for non-target male speech.
Panel (f) shows power envelope for other utterance by the male
target speaker.

The power envelopes contain temporal dynamics information.
This suggests it is difficult to evaluate sound similarities using
unprocessed envelopes. Because shapes of stationary noise enve-
lopes are constant. Shapes of music envelopes are different de-
pends on tempo, rhythm and melody. And, Shapes of speech’s
envelopes differences are depends on contents of speech signals.
For example, in Fig. 1a have different peaks compare with (f) even
in speech signal which is same speaker’s same sentence.

Fig. 2 shows power envelope histograms and their cepstra at a
center frequency of 500 Hz.

Panel (a) represents the target-speech-signal.
Panel (b) shows the noise that has the target speech’s magni-
tude–frequency characteristics with random phase.
Panel (c) shows the music.
Panel (d) shows the female speech.
Panel (e) shows the non-target male speech.
Panel (f) shows other utterance by the male target speaker.

The left panels are the power envelope histograms. The hori-
zontal axis denotes the magnitude ratio that defines the power
envelopes’ maximum energy for 100 percent. The vertical axis de-
notes the envelopes’ energy distributions. Although there are dif-
ferences between the sound signals, these histograms still exhibit
Fig. 2. Envelope power histograms
similar trends. The right panels show the cepstra of the histograms.
There are differences between the sound signals, especially biggest
of noise and music histogram cepstra are almost 10 times bigger
than biggest of the histogram cepstra of speech signals. Further-
more, speech signals have similar trends. Therefore, we investi-
gated HCDs for signal similarities.

Fig. 3 plots the signal similarities compared with male speech as
the target signal. The horizontal axis denotes 1/4 octave band cen-
ter frequencies. The vertical axis denotes HCDs. Music and noise in
this figure have much greater distances than speech signals. This
suggest that the HCD is reliable for estimating signal similarities.

Fig. 4 plots HCDs that were averaged over the entire 1/4 octave
band distances. The results showed speechs’ HCDs are around �2.4
to �2.3. On the other hand, HCD of the music and noise are over
�1.4. This easily confirms signal similarities and suggests music
and noise are not similar to speech target compare with speech sig-
nals. However, no speech traveled a long distance, which suggests
that the various speech interfered with one another.

We discussed the HCD for estimating signal similarities. Conse-
quently, We surmise there is the relation between signal similari-
ties by HCD and informational masking. We next evaluated the
masking effect by using the HCD.

2.3. HCD demonstration using babble speech

Babble speech is known as informational masker for speech [10]
and is constructed using several speech signals. If many vocaliza-
tions are used to make babble speech, informational masking de-
creases[2]. This is because the masker’s speech information also
decreases due to multi-speech interference. Therefore, we used
babble speech to investigate the HCD for signal similarities.

Fig. 5 plots the results of HCD for babble speech. The horizontal
axis denotes the numbers of utterances for making babble speech.
The vertical axis denotes the HCD that were averaged over the en-
and their cepstra (fc: 500 Hz).



Fig. 3. HCD in 1/4-octave band.

Fig. 4. HCD for unprocessed maskers.

Fig. 5. HCD for competing multi-speech.
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tire 1/4 octave band distances. The babble speech plotted by the
bottom solid line was made by the target speaker uttering different
sentences. The babble speech plotted by the top dotted line was
made by the non-target speakers. We can see there is a relation be-
tween the number of utterances and increasing HCD. Also, if the
sound signals are from the same speaker, the HCDs are almost all
shorter than those for babble speech by different speakers. How-
ever, there is a similar trend in HCD to babble speech by different
speakers when more than seven utterances are made.

We confirmed the HCD can be used to estimate signal similarity
for informational masking in this section. However, the relation be-
tween HCD and informational masking in the auditory system is
still unclear. We next conducted a listening test to confirm the rela-
tion between HCD and speech recognition in the auditory system.

3. Informational masking listening test using double masker

We performed an experiment to estimate informational mask-
ing to confirm the HCD by preparing a double masker that com-
bined two different signals using the characteristics of reversal
speech.

3.1. Characteristics of reversal-speech signals

Reversal speech is known to an effective informational masker
[8]. If target speech is mixed with reversal speech, it would be dif-
ficult to separate and understand the target signal. We focused on
these reversal speech characteristics to make an effective masker.

Where an original speech spectrum is XðkÞ, a reversal speech
spectrum, bXðkÞ, must be

bXðkÞ ¼ X�ðkÞ; ð6Þ

where k denotes the number of frequencies. Consequently, the
reversal-speech spectrum is a complex conjugate of the original-
speech spectrum. Therefore, the mixed signal of original and rever-
sal speech must be

XðkÞ þ X�ðkÞ ¼ 2� real½XðkÞ� ð7Þ

The mixed signal, which only has the real part of the spectrum, is an
even signal folding back at half signal length. We next prepared a
double masker that had reversal-signal characteristics to confirm
the relation between the HCD and speech recognition.

3.2. Preparation of double masker

We prepared a double masker to clarify the relations between
HCDs and informational masking by listening tests. Fig. 6 outlines
the procedure involved in making the double masker. We needed
two sound sources. First, both signals A and B were divided into
a spectrum of real and imaginary parts by Fourier transform. Then,
the imaginary part was swapped mutually and �1 times. There-
fore, the reconstructed signal (double masker) had the characteris-
tics of both signals. We prepared four types of double maskers in
these experiments. These double maskers were speech and noise,
different speech pairs, music and speech, and different speech pairs
including the target. The masking effect was evaluated through the
listening tests. The speech samples used for stimuli used no blank
linked speech or original music for the double masker.
3.3. Estimation of masking effect using adequate reply rate

Uncertainty is often used in informational masking studies to
verify whether target speech has been detected and separated from
mixed signals [3]. Therefore, we considered an adequate reply rate
could be used to measure the uncertainty of informational masked



Fig. 6. Method of producing double masker.

Fig. 7. Listening test results evaluated by adequate reply rate.

Fig. 8. HCDs of double maskers compared with target speech.
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speech. The speech intelligibility score is based on a dictation test
and is generally used to estimate the masking effect. However, the
conversation content in dialogue can often be understood even if
speech intelligibility is low. Consequently, it is difficult to estimate
informational masking effects using speech-intelligibility scores.
However, an adequate reply rate can be established using a suffi-
cient number of subject answers and comparisons do not need to
be made with the task question. If target speech is uncertain due
to the influence of informational maskers, subjects cannot respond
adequately. Therefore, when there is a masking effect, the ade-
quate reply rate decreases.

3.4. Results of estimating masking effect

The listening test was conducted using four types of double
maskers. The double maskers components were speech with, i.e.
(a) a noise masker that had a speech-magnitude spectrum, (b) a
music masker, (c) a speech masker, and (d) a speech masker using
the target signal’s imaginary part. We recorded 120 questions as
the stimuli in an anechoic room. These questions were mixed with
maskers for the listening test’s stimuli. All questions were easy-to-
answer personal questions. Most could be answered with one
word. Number of stimli is 120 samples and 10 samples for each
condition. The SNRs between the target and maskers were �6,
�3, and 0 dB. The subjects were seven males, aged 22–27, who
were native Japanese with normal hearing. They listened to the
120 recorded samples through audio headphones (AKG-K240)
choosing preferable listening levels under diotic conditions. They
then wrote down answers to the stimuli except for ‘‘yes” or ‘‘no”
questions.

Fig. 7 plots the listening test results. The horizontal axis denotes
the double-masker components with speech. The vertical axis de-
notes the adequate reply rate. The solid line denotes the SNR be-
tween the target and masker of �6 dB. The dashed line denotes
the SNR between the target and masker of �3 dB. The dashed–dot-
ted line denotes the SNR between the target and masker of 0 dB.
Analysis of variance (ANOVA) was performed on the results. One-
way ANOVA was ran, for 4 signal types and 3 SNR conditions.
Of the results, differences in ‘‘signal type” were significant
ðFð3;8Þ ¼ 54:31; p < 0:001Þ. On the other hands, differences be-
tween ‘‘SNR conditions” were not significant ðFð2;9Þ ¼
0:14; p > 0:5Þ. The results suggest that the signal types are more
effective than SNR conditions. These results reconfirm that speech
content is almost entirely uncertain, when the double masker is
used on target speech. However, it is an impractical masker. This
is because the target is not generally determined. Nevertheless,
we can see the speech masker is more effective than the other
maskers.
Fig. 8 plots signal similarity obtained by using the HCD of the
double maskers. The horizontal axis denotes double-masker com-
ponents with speech. The vertical axis denotes the HCD. Signal
similarities of HCDs do not depend on SNR. Therefore, we aver-
aged HCDs over entire SNR conditions. In this results, the noise
masker has longest distance in four signal types. The music mas-
ker have longer distance compare with speech maskers. And,
masker using target speech have smallest distance in the results.
HCDs do not use SNR information to estimate signal similarity. It
seems difficult to compare results with listening tests. In despite
of, these HCDs distances are accord with listening test Fig. 7. Con-
sequently, HCD has similar trend to the listening test results.
These results suggest the HCD is suitable for evaluating informa-
tional masking. The results also suggest that the HCD of the
center frequency of 500 Hz fits the listening test results. Noise
and music compared with speech, HCD of center frequency
2 kHz is larger distance than HCD of 500 Hz. This suggests that
the mean of the entire narrow-band HCD is stable. We recon-
firmed the relation between informational masking and signal
similarity.
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4. Conclusion

We investigated signal similarity for informational masking. If
similar signals are mixed, this sound-source information is difficult
to understand and separate in auditory systems. We studied this
signal similarity using the cepstrum distance from a histogram of
temporal envelopes. Signal similarities could be estimated using
the magnitude histogram’s cepstrum distance (HCD). If the HCD in-
crease, the signal similarity and masking effects are considered to
decrease. The signal similarity from the HCD was also reconfirmed
using babble speech. Babbling by different speakers extended over
a greater distance than babbling by the same speaker. However,
when there were more than seven babbling speakers, it was the
same distance. The results suggested that the HCD fit to evaluate
informational masking. Because many vocalizations are used to
make babble speech, informational masking decreases. We per-
formed an experiment to estimate informational masking to con-
firm the HCD. We used a double masker in the listening test,
which has reversal-speech characteristics. The results suggested
that the double masker using target speech was very effective for
informational masking. Also, the double masker created more
informational masking than either noise or music. Furthermore,
the HCDs also suggested that speech maskers cover less distance
than either noise or music. This suggests informational masking
is closely related to signal similarity.
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