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Abstract

The effect of perceived spatial separation, induced by the precedence effect, on release from noise or speech masking was inves-

tigated. Listeners were asked to orally repeat Chinese nonsense sentences, which were spoken by a female talker and presented by

both the left (�45�) and right (+45�) loudspeakers, when maskers, which were either speech-spectrum noise sounds or Chinese non-

sense sentences spoken by two other female talkers, were presented by the same two loudspeakers. Delays between identical sounds

presented over the two loudspeakers were used to control the perceived locations of the target (right only) and masker (right, center,

or left). The results show that perceived 45� and 90� separations of target speech from masking speech led to equivalently marked

improvement in speech recognition, even though the degree of improvement was smaller than that reported in [J. Acoust. Soc. Am.

106 (1999) 3578 (using English nonsense speech)]. When the masker was noise, however, perceived separation only marginally

improved speech recognition. These results indicate that release from informational masking, due to perceived target/masker spatial

separation induced by the precedence effect, also occurs for tonal Chinese speech. Compared to the 45� perceived within-hemifield

separation, the 90� perceived cross-hemifield separation does not produce further unmasking.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Energetic versus informational masking

Listeners often find it difficult to comprehend and

participate in conversations that take place in a noisy
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doi:10.1016/j.heares.2004.03.010

Abbreviations: SNR, signal-to-noise ratio
* Corresponding author. Address: National Key Laboratory on

Machine Perception, Speech and Hearing Research Center, Peking

University, Beijing 100871, China. Tel./fax: +86 10 62759989.

E-mail address: wxh@cis.pku.edu.cn (X. Wu).
environment, especially when the ‘‘noise’’ is other people
talking, such as in a ‘‘cocktail party’’ (Cherry, 1953)

environment. This difficulty is due, in large part, to ‘‘en-

ergetic’’ masking of the speech signal by the speech mas-

ker. The presence of any acoustic source, other than the

signal, will provide an energy floor masking the signal. If

the level of the signal is too close to this energy floor, the

peripheral neural activity elicited by the competing noise

will overwhelm that of the signal. Thus, it is difficult to
detect and comprehend a speech signal when other

sound sources (speech or non-speech) are present. This

sort of masking is referred to as ‘‘energetic’’ (Freyman
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et al., 1999, 2001; Arbogast et al., 2002; Brungart, 2001;

Brungart and Simpson, 2002; Kidd et al., 1994, 1998).

However, when both the signal source and masking

source are speech, the speech masker may interfere with

the processing of the speech target because both may

activate linguistic and semantic systems involved in
speech recognition and language comprehension. Hence

a speech masker can interfere with the perception and

recognition of the targeted speech at both peripheral

and central (cognitive) levels. In the literature, any cen-

tral level interference resulting from stimulus (speech or

non-speech sound) uncertainty is referred to as informa-

tional masking (Arbogast et al., 2002; Brungart, 2001;

Brungart and Simpson, 2002; Durlach et al., 2003; Fre-
yman et al., 1999, 2001; Kidd et al., 1994, 1998).

It is difficult, however, to assess the relative contribu-

tion of these two types of masking. Theoretically, if one

could equate a speech masker to a non-speech masker

with respect to all peripherally-significant acoustic prop-

erties, then any differences in target recognition between

these two types of maskers would reflect the contribu-

tion of informational masking. Recently, Freyman
et al. (1999) appear to have accomplished this by show-

ing that the release from masking that occurs when the

target and masker are perceived to be spatially separated

is greater when the masker is informational than when it

isn�t (see below).

1.2. Using perceived spatial separation to compare

energetic and informational masking

It has been well documented that spatially separating

the source of an auditory signal from a source of mask-

ing improves the recognition of the signal (for a review

see Zurek, 1993). For example, when a noise masker is

presented from a loudspeaker located in the lateral field,

thresholds for detecting sound signals, which are pre-

sented from a loudspeaker located in the frontal field,
are lower than when the noise masker is presented from

the same frontal-field loudspeaker as the target (Arbo-

gast et al., 2002; Dubno et al., 2002; Duquesnoy, 1983;

Freyman et al., 1999; Gelfand et al., 1988). This physical

separation can improve the signal-to-noise ratio (SNR).

For example if the masker moves to the right while the

target remains at the front, the SNR in the left ear will

improve because the head shadow lowers the level of
the masker in the left ear. In addition, moving the

masker to the right makes the interaural time delay of

the signal different from that of the masker, a change

that is known to improve detectability (Bronkhorst

and Plomp, 1988; Zurek, 1993). When both target and

masker are speech and physically separated, the release

from masking could be due to either acoustic cues (head

shadow effects and binaural interaction) created by this
physical separation or reduced difficulty of both percep-

tually segregating the target from the masker and inhib-
iting linguistic and semantic processing of the masker.

Hence, we might expect to find a greater spatial separa-

tion effect when the masker is speech than when the

masker is noise.

Freyman et al. (1999) negated the effectiveness of

these head-shadow and binaural cues for unmasking sig-
nals by using the precedence effect to manipulate the

perceived locations of target and masker (see below).

If the release from masking produced by a difference

in perceived spatial position is greater for a speech than

for a noise masker, this indicates that informational

masking occurs for the former.

In a reverberant environment, listeners not only re-

ceive the direct wavefront from a sound source but also
numerous time-delayed reflections of the source. If the

time delays between the arrival of the direct wave and

each of the reflected waves are sufficiently short (1–10

ms or more, depending on the nature of the stimulus),
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spectrum noises. Because the acoustics at each ear do

not change substantially with a switch in the perceived

location of the masker (see Freyman et al., 1999 for a

discussion of this issue), the larger advantage of

perceived spatial separation when masking stimuli are

nonsense sentences is presumably associated with higher
level processes.

1.3. Energetic and informational masking in Mandarin

Chinese

In the present paper, we attempted to replicate and

expand on Freyman et al.�s (1999) results using Manda-

rin-speaking Chinese listeners. Chinese is one of the
most popular languages in the world. To date, however,

there is little literature available on whether there is a

similar advantage of perceived spatial separation for

recognition of Chinese speech, or the extent to which re-

lease from informational masking is modulated by the

characteristics of the language in which the information

is presented. Indeed there are at least two reasons to sus-

pect that the extent of the release from informational
masking due to perceived spatial separation may differ

between English and Mandarin Chinese. First, there is

some evidence that the pattern and extent of energetic

masking differs substantially between English and Chi-

nese. Second, it is possible that the tonal nature of Man-

darin Chinese may modulate the degree of release from

informational masking due to perceived spatial

separation.
The structure of a Chinese syllable can be divided

into two or three components: an initial consonant (only

a small number of syllables have no initial consonants),

followed by a vowel, which is sometimes followed by fi-

nal consonants. Compared to English, Chinese syllables

have more voiceless consonants and fewer voiced conso-

nants. Voiceless consonants are more easily masked

than voiced consonants because they have less energy.
Thus masking noise might cause more perceptual confu-

sion among Chinese consonants than in English. In

other words, Chinese syllables might be more vulnerable

to energetic masking. It has been reported that the intel-

ligibility of Chinese speech is considerably worse than

that of English speech under conditions of noise mask-

ing (Kang, 1998).

On the other hand, unlike European languages, the
pitch contour of the vowel is phonemic. For example,

changing the pitch glide in the syllable ‘‘ma’’ from flat,

to rising, or to rising and falling, or to falling, changes

the meaning of the word. Thus there might be some dis-

tinct patterns of informational masking for Chinese

speech. When Mandarin listeners are attending to a tar-

get Mandarin talker, they have to use the pitch contours

in that talker�s vowels in order to correctly identify the
phoneme and therefore the word. Because pitch contour

information is phonemic, changes in pitch contours are
likely to initiate activity in the language (non-auditory)

pathways. It is possible that the degree to which there

is release from informational masking depends on the

types of informational confusion between the target

and speech maskers. Thus, the amount of release could

differ across language groups.
In the present study, we used the precedence effect to

induce perceived spatial separation of target Chinese

nonsense sentences from either informational or ener-

getic maskers. In addition, we also investigated if the

size of the release of speech from masking depended

on whether the perceived location of the masker was

in the same or opposite hemifield relative to the

perceived location of the target.
2. Materials and methods

2.1. Participants

Twelve young university students (mean age = 21.1

years old) with normal and balanced (less than 15 dB
difference between the two ears) hearing thresholds, con-

firmed by audiometry, participated in the study. Their

first language was Mandarin Chinese.

2.2. Apparatus and materials

Participants were seated in a chair at the center of a

sound-attenuating chamber, which was 192 cm in
length, 181 cm in width, and 196 cm in height (EMI

Shielded Audiometric Examination Acoustic Suite).

All acoustic signals were digitized at the sampling rate

of 22.05 kHz using the 24-bit Creative Extigy sound

blaster (with a built-in antialaising filter) and audio edit-

ing software (Cooledit), under the control of a computer

with a Pentium IV processor. The analog outputs were

delivered from two loudspeakers (Creative Inspire 4.1),
which were in the frontal azimuthal plane at the left

and the right 45� positions symmetrical with respect to

the median plane. The loudspeaker height was approxi-

mately ear level for a seated listener with average body

height, and the distance from each of the two loudspeak-

ers to the center of the participants� head was 1.5 m.

Target speech stimuli were Chinese ‘‘nonsense’’ sen-

tences spoken by a young female talker, the author
CW (Talker A). The direct English translations of these

sentences are similar but not identical to the English

nonsense sentences that were developed by Helfer

(1997) and also used in studies by Freyman et al.

(1999, 2001). These sentences are syntactically correct

but not meaningful. In each of the target sentences,

for example, ‘‘One appreciation could retire his ocean’’,

there are three key words (as indicated by the words
underlined in the example) that are scored during speech

recognition testing. Note that the sentence frame does



not provide any contextual support for recognition of

key words. These sentences were recorded digitally onto

a computer disk, sampled at 22.05 kHz and saved as

16-bit PCM wave files. The digital waveforms were

examined on a computer monitor for artifacts such as

excessive noise and/or peak clipping that would require
replacement of the sentence. The sentences were arbi-

trarily divided into 24 lists of 13 sentences.

Target sentences were presented by both the right and

the left loudspeakers with the right speaker leading the

left speaker by 3 ms. Thus participants perceived the tar-

get sentence images as coming from the right side.

There were two types of masking stimuli: noise and

speech. To obtain a noise whose spectrum was repre-
sentative of young female Chinese talkers, 5000 speech

samples from 10 young female Chinese talkers (20–26

years old, 500 for each talker) were mixed using Matlab

software at the sampling rate of 22.05 kHz with 16 bit

quantization. The resulting 0.66-s noise sample was then

continuously repeated (without a pause between seg-

ments) to provide a stream of Chinese speech spectrum

noise. Fig. 1 shows the long-term average spectrum of
the noise sound used in this study. Because the sample

was repeated, the Chinese speech spectrum noise had a

periodicity of 0.66 s, which is approximately the length

of three Chinese words. The speech masker was a con-

tinuous recording of numerous Chinese nonsense sen-

tences simultaneously spoken by two other young

female talkers (Talkers B and C). Nonsense sentences

in the masker were similar in linguistic structure to the
target nonsense sentences but differed in their content.

Also, each of the masking sentences spoken by Talkers

B and C was different.
Targets and maskers were calibrated using a B&K

sound level meter (Type 2230) whose microphone was

placed at the central location of the participants� head
when the listener was absent using a ‘‘Fast’’/‘‘RMS’’ me-

ter response. Measurements were conducted separately

for each loudspeaker. During a session, the target sen-
tences were presented at a level such that each loud-

speaker, playing alone, would produce an average

sound pressure of 54 dBA at the location corresponding

to the center of the listener�s head. The sound pressure

level of the target remained constant throughout the

experiment. The sound pressure levels of the masker

were adjusted to produce four SNRs: �12, �8, �4,

and 0 dB.

2.3. Procedure

Six of the twelve participants heard the target sen-
tences against the noise background before hearing dif-

ferent target sentences against the speech background.

The remaining six participants were tested in the oppo-

site order.

As indicated in Fig. 2, the masker was presented over

the two loudspeakers using one of the three delay times:

(1) right leading left by 3 ms (R � L = +3 ms); (2) no lag

between the loudspeakers (R � L = 0 ms); and (3) right
lagging behind left by 3 ms (R � L = �3 ms). For R–L

delays of +3, 0, and �3 ms, all the participants heard the

masker as originating from right, center, and left,

respectively.

Twenty-four blocks of 13 sentences each were created

for all possible combinations of the three masker delays,

four SNRs, and two types of maskers (speech-spectrum

noise and nonsense sentences). Hence, the type ofmasker,
its level and perceived location remained constant during

each 13-trial block. The order of presentation of the differ-

ent perceived locations of the masker was completely

counterbalanced across participants with each partici-

pant experiencing the four SNRs in a different random

order.

In each trial, the listener pressed the central button of

the response box to start the masking sound. About 1 s
later, a single target sentence was presented. The masker

was gated off with the target. Participants were in-

structed to repeat the target sentence as best they could

immediately after the sentence was completed. The

experimenters indicated on a marking sheet which of

the key words had been identified correctly. The number

of correctly identified words was tallied later.
3. Results

A logistic psychometric function,

y ¼ 1=ð1þ e�rðx�lÞÞ
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psychometric functions were subject to the same con-

straints. Fig. 6(a) shows that the psychometric function

that fits the data for the condition in which the perceived
locations of masker and target were the same, whenO
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shifted by about 1 dB to the left, also provides a good

description of the functions for conditions in which

the masker was perceived to have a different location
than that of the target. Hence, the effect of a perceived
SPEECH-NOISE RATIO (dB)-12 -8 -4 0-12 -8 -4 0 -12 -8 -4 0 -12 -8 -4 0 -12 -8 -4 0 -12 -8 -4 0Fig. 3. Percent-correct word identification as a function of signal-to-noise ratio (SNR) for each of the 12 subjects in the following six masking



Fig. 4. Mean thresholds (average of 50% points on the psychometric

functions in Fig. 3) for the six masking conditions: (1) noise masker on

left, (NL); (2) noise masker at center (NC); (3) noise masker on right

(NR); (4) speech masker on left (SL); (5) speech masker at center (SC);

(6) speech masker on right (SR). The error bars indicate the standard

errors of the mean.

Fig. 5. Mean value of r for the six masking conditions. The slope of

the psychometric function at the intensity level corresponding to 50%

correct is r/4. The error bars indicate the standard errors of the mean.
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spatial separation was a small improvement in threshold

but without a change in the slope of the psychometric
function. A similar result holds for the conditions in

which the masker was speech. Here, however, the shift

in the function (about 3.3 dB) was larger (Fig. 6(b)).
4. Discussion

When either nonsense sentences or speech-spectrum
noise were delivered by the two spatially separated loud-
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Fig. 6. Mean percent correct word identification as a function of SNR for

masker. Panel (b): Speech masker. In each panel, the psychometric function

masker were perceived as coming from the ‘‘right’’. The other psychometric

perceived as coming from the ‘‘right’’ but the masker was perceived as comin

center); circles (masker left).
speakers, with the three different left/right onset delays,

participants perceived a masker image as coming from

the right, front, or left, respectively. The perceptual re-

sults confirm that the precedence effect can be induced

with long-lasting speech or noise (Freyman et al.,

1999, 2001), even in a nonanechoic testing chamber as

we used here.
When averaged across participants, percent correct

word identification increased monotonically with SNR

in each of the six masking conditions (2 Masker

types · 3 Perceived Locations), without displaying pla-

teaus or dip as reported in previous studies (Brungart,

2001; Freyman et al., 1999). In particular, no dips or
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the three different perceived locations of the masker. Panel (a): Noise

on the right one is for the condition under which both the target and

function (the left one) is for the condition under which the target was

g from ‘‘off-right’’. Symbols: triangles (masker right); squares (masker
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plateaus were observed when both the target sentences

and the speech masker were perceived to be emanating

from the same location. The absence of nonmonotonic-

ity in our data is in agreement with the results reported

by Arbogast et al. (2002).

The present study used Chinese nonsense sentences as
speech signals and obtained results that are comparable

to those reported by Freyman et al. (1999). When the

masker was noise, the improvement of recognition of

nonsense Chinese speech was minor (1 dB), even though

a large perceived spatial separation (45� or 90�) was in-
duced by the precedence effect. Freyman et al. (1999)

found a similarly small improvement in word identifica-

tion when the perceived location of the noise masker dif-
fered (60� separation) from that of the target. Hence, for

a noise masker, the benefit due to perceived spatial sep-

aration between target and masker is very small. As

mentioned in the Introduction, manipulating perceived

location through use of the precedence effect minimizes

head shadow effects and binaural cues. The small effect

due to perceived separation in the precedence situation

for the noise masker supports the view that the large ef-
fect observed for physically separated targets and noise

maskers is mainly based on head shadow effects and bin-

aural cues.

When the masker was nonsense speech, which pro-

duced both informational and energetic masking, the

perceived spatial separation of the target speech from

the speech masker markedly improved recognition of

the target. The improvement in threshold (3.3 dB) ob-
served for Chinese speech, however, was somewhat

smaller than that (4–9 dB) reported by Freyman et al.

(1999). It is possible that the larger energetic masking ef-

fect for Chinese speech (Kang, 1998) may be responsi-

ble, in part, for differences in the size of the effect in

the two languages. However, the fact that a substantial

effect was observed in both languages reinforces the

argument that the release is not due to peripheral acous-
tic features (which differ substantially in these two lan-

guages) but rather to the operation of higher-order

linguistic or semantic processes. Perceived spatial sepa-

ration tends to reduce perceived target/masker spatial

similarity, which may interact with other dimensions

of target/masker similarities. Mandarin speech may have

a different target/masker similarity pattern than English

speech. Thus more adequately defined target/masker
similarities and a general target/masker similarity metric

(see discussion of this issue by Durlach et al., 2003)

would be useful for both clarifying various dimensions

of target/masker similarities and explaining the rela-

tively smaller effects of perceived spatial separation on

reducing informational masking of Chinese speech.

Clearly, further research is needed with respect to this

issue.
It is interesting to note that when both target and

masker were perceived to originate from the same spa-
tial location, thresholds for target recognition were iden-

tical for both noise and speech maskers. One might have

expected a greater degree of masking by a speech masker

than by a noise masker because a speech masker should

give rise to both energetic and informational masking

while a noise masker should produce energetic masking
only. However, fluctuations in the envelope of the

speech masker could have attenuated energetic masking

effects relative to those observed with a noise masker

(because it would be easier to recognize the target speech

during a trough in the envelope of the speech masker),

thereby lowering recognition thresholds. But the pres-

ence of competing information in the speech masker

may have offset this reduction in the degree of energetic
masking, leading to equivalent thresholds for both

speech and noise maskers.

Consistent with previous results (e.g., Freyman et al.,

1999; Brungart, 2001), Fig. 5 shows that under all con-

ditions, the slopes of the psychometric function are

steeper for noise maskers than they are for speech mas-

kers. Because there is considerable variation in the en-

ergy envelope of a speech masker, there will be time
periods in which the SNR is high (e.g., vowels in the tar-

get speech occurring when there is a pause or unvoiced

consonants in the masking speech), and other time peri-

ods in which the SNR is low (unvoiced consonants in

the target occurring when the energy in the masking

stimulus is high). The effect of these fluctuations in local

SNR would be to flatten the psychometric function for a

speech masker (as compared to a broadband noise mas-
ker). This was the pattern that was found in this

experiment.

It is also interesting to note that release from infor-

mational masking is observed even when the environ-

ment is not anechoic. Apparently, the surface

reflections have a negligible effect on the perceived loca-

tions of target and masker. More importantly, these

reflections make it even less likely that the source of
the informational masking effect is peripheral in nature

since reverberant environments reduce the effectiveness

of peripheral acoustic cues (see discussions by Freyman

et al., 1999; Koehnke and Besing, 1996).

Since the benefits of head-shadow and binaural-tim-

ing effects on unmasking signals are markedly reduced

(Freyman et al., 1999; Koehnke and Besing, 1996) when

perceived spatial location is manipulated using the
precedence effect in a reverberant room, the release from

masking that occurs with perceived spatial separation

when both masker and target are speech cannot be ex-

plained by the acoustical cues in Zurek�s model (Zurek,

1993). Rather, the release from masking produced by

perceived spatial separation suggests that it is easier to

suppress the linguistic and semantic interference from

the masker when the masker is perceived as coming from
a different location than that of the target. Our data sup-

port Freyman et al.�s (1999, 2001) notion that perceived
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