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Abstract
In a cocktail-party environment, human listeners are able to use perceptual-level and cognitive-level cues to segregate the attended
target speech from other background conversations. At the cognitive level, priming the listener with part of the target speech in quiet
can markedly improve the recognition of the remaining parts when the target speech and competing speech are presented at the same
time. Hence, knowledge of content (content cuing) improves speech recognition when other people are talking. In addition, familiarity
or knowledge of the voice characteristics of the target talker could also help the listener attend to the target talker when other talkers are
present. The present study investigated the extent to which a cognitive-level cue (content cuing) and a perceptual-level cue (voice cuing)
can improve word identiﬁcation for speech masked by noise or by other speech in Chinese listeners. Speciﬁcally, listeners were primed
with part of a sentence in quiet before a sentence was repeated in the presence of either noise or speech. The priming sentence was always
in the same voice as the target sentence. Two kinds of primes were investigated: same-sentence primes, and diﬀerent-sentence primes.
Under speech-masking conditions, each of the two prime types signiﬁcantly improved recognition of the last key word in the full-length
target sentence. Under noise-masking conditions, same-sentence primes had a weak but signiﬁcant releasing eﬀect, but diﬀerent-sentence
primes had only a negligible releasing eﬀect. These results suggest that in addition to content cues, voice cues can be used by Chinese
listeners to release speech from masking by other talkers.
 2007 Elsevier B.V. All rights reserved.
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1. Introduction
1.1. Energetic vs informational masking
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Under noisy listening conditions, listeners usually ﬁnd it
diﬃcult to comprehend and participate in conversations,
especially when other people are talking, such as in a cocktail-party environment. Two main factors are thought to
contribute to this diﬃculty: (1) energetic masking of the
target speech by non-target sounds, and (2) informational
interference from irrelevant talkers (informational masking, Arbogast et al., 2002; Brungart, 2001; Brungart and
Simpson, 2002; Durlach et al., 2003; Freyman et al.,
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1999, 2001, 2004; Kidd et al., 1994, 1998; Li et al., 2004;
Lutﬁ, 1990; Oxenham et al., 2003; Shinn-Cunningham
et al., 2005; Summers and Molis, 2004; Wu et al., 2005).
Energetic masking occurs when peripheral neural activity
elicited by a signal is overwhelmed by that elicited by maskers, leading to a degraded or noisy neural representation of
the signal, making it diﬃcult for subsequent cognitive processes to extract the signal.
In addition to energetic or peripheral masking, which is
always present especially when there are competing sound
sources (Arbogast et al., 2002), competing sound sources
can interfere with the processing of the target speech at levels beyond the cochlea. In particular, when the masker is
speech, processing of the information in the masker may
interfere with processing of the target speech at any one
of a number of perceptual (e.g., phonemic identiﬁcation)
or cognitive (e.g., semantic processing) levels. As a result,
the listener may ﬁnd it diﬃcult to segregate the target from
the masker because the information in the speech masker is
interfering with the processing of information in the targettalker’s speech (informational masking). It is important to
note that the distracting speech can also mask the target
speech at a peripheral (i.e., energetic) level because the
speech masker will activate the same or nearby regions
on the basilar membrane that are processing the target
speech. Hence a speech masker will interfere with speech
processing because of energetic masking and informational
interference.
Eﬀects of informational masking can be alleviated when
certain perceptual cues are provided that enable the listener
to perceptually segregate the target from the speech masker. For example, either a real or perceived spatial separation between the target talker and the speech masker will
result in improved speech recognition. In the case of a real
spatial separation between the target and masker, part of
this improvement is undoubtedly due to an increase in
the signal-to-noise ratio (SNR) at the ear furthest from
the masking speech. However, it is interesting to note that
even when the spatial separation is only perceived but not
real (spatial separation induced by the precedence eﬀect),
and consequently there is no improvement in the SNR at
either ear, listeners still ﬁnd it easier to process the target
speech, presumably because the perceived spatial separation makes it easier to ignore or inhibit the processing of
the informational content in the speech masker (Freyman
et al., 1999, 2001; Li et al., 2004; Wu et al., 2005; Schneider
et al., in press). Informational masking is also reduced
when listeners are forewarned as to the nature of the target
speech (e.g., voice characteristics, content, or location), so
that they can selectively attend to the target speech (Brungart et al., 2001; Freyman et al., 2004; Kidd et al., 2005a,b).
In addition to perceived spatial separation induced by
the precedence eﬀect, another eﬃcient way to reduce the
amount of informational masking is to present part of
speech signal without the target component just before
the full-length speech sentence containing the target component is presented. For example, in a study by Freyman
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et al. (2004), part of a syntactically correct but semantically-anomalous English speech sentence, whose last key
word was replaced by a noise burst, was used as the prime
and presented just before the presentation of full-length
target speech spoken by a female talker. Following the presentation of the prime using (1) the target-talker’s voice
(female), (2) a male’s voice, or (3) a written presentation
of the prime, the SNR corresponding to 50% correct recognition of the last key word in the full target speech sentence
was markedly reduced (by about 4 dB) when the masker
was two-talker speech. Interestingly, there was no diﬀerence between the three diﬀerent ways of presenting the
prime, suggesting a content-cuing eﬀect that is not aﬀected
by vocal information.
However, in every-day speech communication situations, the amount of speech masking is highly dependent
on the similarity of the target and masker voices. For
example, the voice of the same talker produces a larger
masking eﬀect on target speech than the voice of a diﬀerent
talker of the same gender or the voice of a talker of a different gender (Brungart, 2001; Brungart et al., 2001; Festen
and Plomp, 1990). Thus, it would be important to know,
when neither spatial nor content cues are available,
whether there is a cuing eﬀect of the voice of the target
talker on recognizing target speech in the presence of a
speech masker or a noise masker.
1.2. Are there language-based diﬀerences in energetic and
informational masking?
Most of the studies of informational masking have been
conducted with English listeners. Because informational
masking of speech by speech involves potential interference
at phonemic, semantic, and linguistic levels, we might
expect to ﬁnd diﬀerences in the extent and kind of informational masking across language groups. For example, in
Chinese, syllables have more voiceless consonants and
fewer voiced consonants than English syllables. Therefore
Chinese speech may be more vulnerable to noise masking
(Kang, 1998). In addition, it has been shown that listeners
can beneﬁt from amplitude troughs (or temporal gaps) in
the masker when listening to speech (Gustafsson and Arlinger, 1994; Howard-Jones and Rosen, 1993; Nelson et al.,
2003; Summers and Molis, 2004). If the amplitude envelope
of Chinese speech is diﬀerent from that of English speech,
we might expect diﬀerences with respect to the degree to
which competing speech in these two language groups is
an eﬀective masker. Moreover, because the pitch contour
of the vowel in Chinese is phonemic, the extent of informational masking may diﬀer between Chinese and English.
Krishnan et al. (2005) have shown that native speakers of
Chinese have stronger neural representation of the pitch
contours of vowels than those whose native language is
English. Hence the salience of pitch contours will be greater
in Chinese than in English. In Mandarin Chinese, the pitch
contour will typically changes from syllable to syllable,
whereas in English the pitch contour within and across
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syllables is likely to be more uniform. Hence, there is likely
to be greater moment-to-moment variation in the fundamental frequency (F0) in a Mandarin Chinese utterance,
where each syllable has its own pitch contour, than in an
English utterance, where the pitch contour is more uniform
across syllables. It is well known that talkers diﬀer with
respect to how F0 changes during an utterance (the F0 contour), and that diﬀerences in F0 contours between a target
talker and competing talkers can facilitate tracking of the
target talker when there are competing talkers (Assmann
and Summerﬁeld, 1989; Darwin and Hukin, 2000; Darwin
et al., 2003). Hence, because there is greater variability in
the F0 contour in Chinese than in English, the usefulness
of this cue may diﬀer across the two languages.
In addition, in contemporary Mandarin Chinese, a large
number of words are two-character compound words in
which each of the two characters (two syllables) has its
own semantic representation. For example, the Chinese
word for ‘‘Beijing’’ is a two-syllable (/Bei3/ and /Jing1/)
compound word in which each syllable has a speciﬁc referent (character 1 means ‘‘north’’, character 2 means ‘‘capital
city’’). There are 31 two-syllable words (collected from
People’s Daily published from 1994 to 2002) that begin
with the third-tone ‘‘/Bei/’’, and 119 two-syllable words
that begin with the syllable ‘‘/Bei/’’ whose tone can be
any one of the four. On the other hand, there are 45 twosyllable words that end with the ﬁrst-tone ‘‘/Jing/’’, and
189 two-syllable words that end with the syllable ‘‘/Jing/’’
whose tone can be any one of the four. Because there
are so many possible two-syllable words beginning with
‘‘/Bei/’’, and so many two-syllable words that end in
‘‘/Jing/’’, a Chinese listener may have to access the meanings of both syllables in order to get the whole word correct. In English, with the exception of compound words,
the listener generally does not have to access the meaning
of the individual syllables to arrive at the meaning of the
whole word. In addition, the sequential dependences
between the syllables in the two-syllable Chinese words
could also aﬀect the degree of informational masking. In
particular, access to the meaning of the ﬁrst syllable might
be expected to facilitate access to the meaning of the second
syllable. Hence, the manner in which meaning of words is
accessed may diﬀer substantially across languages and
inﬂuence the nature of informational masking in these
languages.
Indeed, some previous studies have shown that the eﬀect
of perceived spatial separation on informational masking
appears to be smaller in Chinese than in studies using English speech materials (Freyman et al., 1999; Li et al., 2004;
Wu et al., 2005). Thus it is also important to study the content-cuing eﬀect in Chinese in conditions that were comparable to the study by Freyman et al. (2004).
1.3. The present study
The present study adopted the methods used in Freyman et al.’s study (2004) to examine the eﬀect of presenting

information concerning the target-talker’s vocal characteristics prior to the presentation of a Chinese target sentence
masked by either two-talker speech or speech-spectrum
noise. The targets consisted of grammatically correct but
semantically meaningless Chinese sentences in which the
last word could not be predicted from knowledge of the
preceding words (e.g., the word ‘‘ﬁsh’’ cannot be predicted
from knowledge of the preceding words in the nonsense
sentence ‘‘A rose could paint a ﬁsh.’’). The two-talker
speech masker consisted of same kind of grammatically
correct but semantically meaningless sentences spoken by
two other talkers. Vocal information was presented prior
to target presentation in two ways. First, the target sentence, minus the last word (which was replaced by a noise
burst), was presented in quiet before the full sentence was
presented in the presence of either a noise or speech masker
(same-sentence prime). Second, a diﬀerent-sentence, spoken by the same talker but with the last word replaced with
noise, was presented immediately prior to the presentation
of the target sentence (diﬀerent-sentence prime). Performance in these two conditions was compared to performance in a condition in which no prior vocal information
was presented (no-prime condition). The diﬀerent-sentence
prime provided the listener with a sample of the target-talker’s vocal characteristics (fundamental frequency, characteristic pitch glides, F0 contour) but not the actual words
of the target sentence. The same-sentence prime, in addition to the information present in the diﬀerent-sentence
prime, also provided advanced knowledge of all but the last
word of the target sentence. Note, however, that knowledge of all but the last word could not be used to predict
the last word, because the targets were all nonsense sentences. Such knowledge could, however, help the listener
identify and track the target sentence in the masker. Performance under these three conditions was evaluated for the
ﬁrst and second syllables separately, and then for the whole
word. We expected the greatest amount of release from
informational masking for the same-sentence prime than
for the diﬀerent-sentence prime, with the amount of release
being greater for the second than for the ﬁrst syllable
because access to the meaning of the ﬁrst syllable would
aid in the identiﬁcation of the second syllable because of
sequential dependencies between the two syllables of the
compound word.
2. Methods
2.1. Participants
Eighteen inexperienced young university students (19–27
years old, mean age = 22.4 years, 8 females) with audiograms in the normal range (<25 dB HL at test frequencies
125, 250, 500, 1000, 2000, 4000, and 8000 Hz) and with
less than a 15 dB diﬀerence in thresholds between the two
ears at all test frequencies, participated in this study.
Their ﬁrst language was Mandarin Chinese. All participants gave their written informed consent to participate
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in the experiments and were paid a modest stipend for their
participation.
2.2. Apparatus
Listeners were seated in a chair at the center of an anechoic chamber (Beijing CA Acoustics), which was 560 cm in
length, 400 cm in width, and 193 cm in height. All acoustic
signals were digitized at the sampling rate of 22.05 kHz using
the 24-bit Creative Sound Blaster PCI128 (which had a builtin anti-aliasing ﬁlter) and audio editing software (Cooledit
Pro 2.0), under the control of a computer with a Pentium
IV processor. The acoustic signals were delivered to a loudspeaker (Dynaudio Acoustics, BM6 A), which was in the
frontal azimuthal plane at 0 position (with respect to the
median plane). The loudspeaker height was 106 cm, which
was approximately ear level for a seated listener with average
body height. The distance between the loudspeaker and the
center of the participant’s head was 185 cm.
2.3. Stimuli
2.3.1. Chinese nonsense sentences
Speech stimuli were Chinese ‘‘nonsense’’ sentences.
Direct English translations of the 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) and Li et al. (2004). Each
of the Chinese nonsense sentences has three key components: subject, predicate, and object, which are also the
three key words, with two characters for each (also one syllable for each character). Note that the sentence frame does
not provide any contextual support for recognition of the
key word.
Based on the database of the Chinese newspaper
People’s Daily published over 9 years (1994–2002), 6000
double-syllable verbs, which were rated as having high frequencies of occurrence, and 12,000 double-syllable nouns,
which were also rated as having high frequencies of occurrence, were used. These words were combined randomly
into 6000 syntactically correct sentences with the frame of
subject + predicate + object. To ensure that sentences used
in experiments were not meaningful, the probability of
co-occurrence of two nouns with a verb in a normal sentence was determined according to the database of People’s
Daily over 9 years. Only sentences whose probability of cooccurrence of key words in the database was zero were used
as the nonsense sentences for the present study. Since Chinese is a tonal language, further selection was made to balance syllable tones across sentences. A double-syllable
pronoun was then placed before a noun, and an auxiliary
verb was placed before a verb, making a selected sentence
more natural. Finally, all sentences were examined by the
experimenters to ensure that selected sentences were
nonsensical.
Both target speech and diﬀerent-sentence cuing speech
used in this study were spoken by a young female talker
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(Talker A). Masking speech was a continuous recording
of masking Chinese nonsense sentences simultaneously
spoken by two other young female talkers (Talkers B and
C). Talker B and Talker C spoke diﬀerent masking sentences. All speech stimuli were recorded digitally onto computer disks, sampled at 22.05 kHz and saved as 16-bit PCM
wave ﬁles.
Twenty-four lists (18 sentences/list) of nonsense sentences were used as target sentences. To balance information quantity across experimental conditions in this
study, the information quantity of a key word in a sentence
was calculated as
 
1
I ¼  log
f
where f is word frequency. Information quantity of a sentence was the sum of information quantities of the three
key words. All the lists of nonsense sentences were constructed in such a way that the information quantity of
each list was about the same. In a target sentence, only
the last key word was scored during speech recognition
testing. To equate the sentences with respect to audibility,
all sentences were rescaled to have the same RMS value,
and all sentences (both target and cuing) were presented
at the same decibel level (52 dBA).
In the same-sentence cuing condition, the prime, which
was spoken by Talker A, was identical to the target sentence except that the last key word was replaced by a white
noise burst, whose duration was equal to that of the longest
of the last (third) key words in all the target sentences, and
whose level was 10 dB lower (both sentence and noise were
measured in dBA) than that of the preceding sentence
(following Freyman et al., 2004). In the diﬀerent-sentence
cuing condition, a nonsense sentence, whose content was
diﬀerent from that of the target sentence, was also spoken
by Talker A, with all other aspects (including the replacement of the last key word with white noise) being identical
to the same-sentence cuing condition (Fig. 1). One hundred
and forty-four nonsense sentences were used as diﬀerentsentence cuing speech materials. Fig. 1 shows the waveform
of one of the target sentences, the same-sentence prime,
and a diﬀerent-sentence prime, respectively.
2.3.2. Speech-spectrum noise
Three hundred frequently occurring syllables were chosen from the database of People’s Daily published for one
year. One hundred and thirteen sentences, which appeared
in People’s Daily and contained 317 syllables including all
the 300 frequently occurring syllables, were selected as
acoustic material for making speech-spectrum noise. The
113 diﬀerent sentences were assigned to 50 Chinese young
female speakers. Fifty-seven sentences were spoken by 25
speakers and 56 other sentences were spoken by another
25 speakers at a medium rate of speech. Recording of the
sentences were stored digitally onto computer disks, sampled at 22.05 kHz and saved as 16-bit PCM wave ﬁles.
All of the 50-voice sentences were mixed using Matlab
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Listeners were informed of both the masking condition
and the cuing type to be used in a session, and instructed
to loudly repeat the whole target sentence as best as they
could immediately after sentence presentation. The experimenters, who sat outside the anechoic chamber, scored
whether each of the two syllables of the last key word
had been identiﬁed correctly. The number of correctly identiﬁed words was tallied later. To ensure that all the listeners
fully understood and correctly followed experimental
instructions, there was one training session before the formal experiment. The sentences used in training were diﬀerent from those used in formal testing.
3. Results

Time
Fig. 1. Time-domain waveform of an example of a target sentence, samesentence prime, and diﬀerent-sentence prime, respectively. All these
sentences were spoken by the same young female talker (Talker A).

programming and a stream of steady-state Chinese speech
babble noise with the duration of 10 s was obtained.
All the target sentences, speech and noise maskers, and
cuing sentences were presented by the same loudspeaker.
They were calibrated using a B&K sound level meter (Type
2230) whose microphone was placed at the central location
of the listeners’ head when the listener was absent, using a
‘‘slow’’/‘‘RMS’’ meter response. During a session, the target and cuing speech sounds were presented at a level of
52 dBA. The sound pressure level of target speech and
cuing speech remained constant throughout the experiment. Sound pressure levels of the noise and speech maskers were also measured in terms of dBA. The sound
pressure levels of the maskers were adjusted to produce
four SNRs: 12, 8, 4, and 0 dB.
2.4. Design and procedure
There were three within-subject variables: (1) masker
type (speech, noise), (2) cuing type (same-sentence, diﬀerent-sentence, no cuing), and (3) SNR (12 dB, 8 dB,
4 dB, 0 dB). In total, there were 24 (2 · 3 · 4) conditions
for each listener, and 18 target sentences were used in each
condition. The six (2 · 3) masker/cuing combinations were
counterbalanced across 18 listeners using a complete Latin
square order, and the four SNRs were arranged randomly
at each masker/cuing combination.
In each trial, the listener pressed a button of a response
box to start the cuing sound. Either the same-sentence
prime or diﬀerent-sentence prime was presented in quiet
following the button press. Immediately after the cuing
phase, either the two-talker speech masker or the noise
masker was presented, and about 1 s later a single target
sentence was presented along with the masker. And then
the masker was gated oﬀ with the target. In the no-cuing
condition, the masker was presented immediately after
the button press.

As mentioned above, each of the key words in the nonsense sentence had two syllables. Because access to the
meaning of the ﬁrst syllable might aﬀect the identiﬁcation
of the second syllable, we determined the number of times
the ﬁrst syllable was correctly identiﬁed, the number of
times the second syllable was correctly identiﬁed, and the
number of times both of the syllables in the word were
correctly identiﬁed (whole word scoring).
Fig. 2 (top left) plots, when the masker was noise,
the average percentage of times the ﬁrst syllable of the
target word was correctly identiﬁed in the three diﬀerent
priming conditions: (a) no prime (circles and solid line);
(b) diﬀerent-sentence prime (squares and dashed line); and
(c) same-sentence prime (triangles and dotted line). The
smooth curves drawn through these points are logistic
functions of the form
pðyÞ ¼

1
1 þ erðxlÞ

where y is the probability of correctly identifying the ﬁrst
syllable, x is the SNR corresponding to y, l is the SNR corresponding to 50% correct on the psychometric function,
and r determines the slope of the psychometric function.
The parameters (l and r), that were used to generate the
curves in Fig. 2, were those that minimized Pearson’s v2
goodness of ﬁt of the model to the data (see Appendix).
Fig. 2 (bottom left) presents the equivalent data and functions when the masker was speech. An examination of
these two panels suggests that the same-sentence prime
provided a greater release from masking than did the diﬀerent-sentence prime, and that the amount of release from
masking was greater when the masker was speech than
when the masker was noise.
The two center panels present the equivalent data for
correct identiﬁcation of the second syllable. As was the case
for the ﬁrst syllable, the same-sentence prime provided a
greater release from masking than did the diﬀerent-sentence
prime, and the amount of release appears to be greater when
the masker was speech than when it was noise. However, a
comparison of the left and center panels suggests that the
amount of release from masking when the masker is speech
may be greater for the second syllable than for the ﬁrst.
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Fig. 2. The top left panel shows, when the masker was noise, mean percent-correct identiﬁcation of syllable one across 18 listeners as a function of signalto-noise ratio (SNR) for the three priming conditions: (a) no prime (circles and solid line); (b) diﬀerent-sentence prime (squares and dashed line); and (c)
same-sentence prime (triangles and dotted line). The bottom left panel shows the equivalent priming conditions for syllable one when the masker was
speech. The top and bottom middle panels present the same data for syllable two. The two right panels show the results when the whole word was scored
as correct. The best-ﬁtting psychometric functions (curves) under all the conditions are also shown.

–3

SNR (in dB) AT THRESHOLD

Finally, the two rightmost panels plot the percentage of
times the whole word was correctly identiﬁed as a function
of SNR. Again, both the same- and diﬀerent-sentence
primes appear to provide some release from both noise
and speech maskers. However, the amount of release
appears to be smaller than that observed when the ﬁrst
and second syllables were considered separately.
To determine whether the psychometric functions
shown in Fig. 2 also characterized the individual participants, we ﬁt individual psychometric functions in all of
the conditions. Fig. 3 shows how mean threshold values
(l) varied with masker type and priming condition for
the ﬁrst and second syllables considered separately. In all
three priming conditions, and for both syllables, lower
threshold were observed for speech maskers compared to
noise maskers. Also, irrespective of the type of masker,
the highest thresholds were observed when no prime was
presented, followed by the diﬀerent-sentence prime, with
the lowest thresholds occurring with the same-sentence
prime. Fig. 3 also indicates that the extent of release from
masking due to priming was larger for the speech masker
than for the noise masker (compare the diﬀerence between
no prime and same-sentence primes between speech masking and noise masking). Finally, the extent of release from
masking due to the use of a same-sentence prime appears to
be larger for the second syllable than for the ﬁrst syllable
when the masker is speech. A three-factor, within-subject
ANOVA conﬁrmed that there was no main eﬀect of syllable (F [1,17] < 1). However, the main eﬀects due to masker
type (F [1,17] = 75.438, p = .000) and priming condition
(F [2,34] = 53.236, p = .000) were highly signiﬁcant. In
addition, there was a signiﬁcant interaction between sylla-

–4

Syllable One

Syllable Two

–5
–6
–7
–8
None

Diff

Same

None

Diff

Same

TYPE OF PRIME
Fig. 3. Average threshold values (l) as a function of the type of masker
and type of prime for syllable one (left) and syllable two (right). Solid
black rectangles present the data for the noise masker; lighter rectangles
present the data for the speech masker. Error bars indicate the standard
error of the mean.

ble and type of prime (F [2,34] = 9.241, p = .001) conﬁrming that the release from masking was larger for the
second syllable than for the ﬁrst. The other two-way interactions between masker and type of prime (F [2,34] =
2.903, p = .069), and between syllable and the type of masker (F [1,17] < 1) were not signiﬁcant. However, there was
a highly signiﬁcant three-way interaction between syllable,
masker type, and priming condition, F [2,34] = 12.903,
p = .000.
Two-factor ANOVAs (syllable · priming condition)
were conducted separately for noise and for speech to identify the source of this three-way interaction. The ANOVA
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for noise conﬁrmed a signiﬁcant eﬀect of priming type
(F [2,34] = 24.719, p = .000), but no eﬀect of syllable
(F [1,17] < 1) and no syllable by prime interaction
(F [2,34] < 1). Hence, when the masker was noise, the eﬀect
of the priming condition was the same for syllables one and
two. Pairwise t-tests (Bonferroni corrected) indicated that
the no-prime condition did not diﬀer signiﬁcantly from
the diﬀerent-sentence prime (t[17] = 2.177, p > .05), but
that it did diﬀer from the same-sentence prime
(t[17] = 7.081, p < .001), and that the diﬀerent-sentence
prime diﬀered signiﬁcantly from the same-sentence prime
(t[17] = 6.434, p < .001). Hence, when the masker was
noise, there was release from masking when a same-sentence prime was used, but not when a diﬀerent-sentence
prime was used.
The equivalent ANOVA for the speech masker found no
signiﬁcant main eﬀect of syllable (F [1,17] = 1.447,
p = .246) but did ﬁnd signiﬁcant eﬀects of priming
(F [2,34] = 22.173, p = .000), and a signiﬁcant syllable · priming interaction (F [2,34] = 15.570, p = .000), indicating that the eﬀect of priming was stronger for syllable
two than it was for syllable one. Multiple t-tests (Bonferroni corrected) conﬁrmed that, for the ﬁrst syllable, the
no-prime condition diﬀered signiﬁcantly from the two
priming conditions (no-prime vs diﬀerent-sentence prime,
t[17] = 3.078, p < .05; no-prime vs same-sentence prime,
t[17] = 4.610, p < .001), but that the two priming conditions did not diﬀer signiﬁcantly from one another
(t[17] = 2.470, p > .05). However, t-tests (Bonferroni corrected) showed that all three priming conditions diﬀered
from one another for syllable two (no-prime vs diﬀerentsentence prime, t[17] = 3.484, p < .01; no-prime vs samesentence prime, t[17] = 6.864, p < .001; diﬀerent-sentence
prime vs same-sentence prime, t[17] = 4.336, p < .005).
Multiple t-tests (Bonferroni corrected) also conﬁrmed that
although the diﬀerence between the no-prime and diﬀerentsentence prime was the same for syllable one as it was for
syllable two (t[1,17] = 2.218, p > .05), the diﬀerence
between no-prime and same-sentence prime was larger
for syllable two than for syllable one (t[17] = 5.010,
p < .001), as was the diﬀerence between the diﬀerent-sentence and same-sentence primes (t[17] = 3.302, p < .05).
Hence, both diﬀerent-sentence primes and same-sentence
primes produce a release from speech masking, with
same-sentence primes producing a larger release than different-sentence primes, and with the diﬀerence between
no prime and same-sentence primes, and the diﬀerence
between diﬀerent-sentence and same-sentence primes being
larger for syllable two than for syllable one.
Fig. 4 indicates how the slope parameter, r, varied with
masker type and priming condition for syllables one and
two of the target word. In general slopes were shallower
when the masker was speech than when the masker was
noise. It also appears that slopes are steeper when there
is no prime than when there is a prime. A three-factor,
within-subject ANOVA conﬁrmed that there was a signiﬁcant main eﬀect of masker (F [1,17] = 86.348, p = .000),
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Fig. 4. Average slope parameter (r) as a function of the type of masker
and type of prime for syllable one (left) and syllable two (right). Solid
black rectangles present the data for the noise masker; lighter rectangles
present the data for the speech masker. Error bars indicate the standard
error of the mean.

a signiﬁcant main eﬀect of priming condition (F [2,34] =
12.989, p = .000), but no main eﬀect of syllable (F [1,17] =
2.305, p = .147). The only interaction eﬀect that approached
signiﬁcance was the interaction between masker and syllable
(F [1,17] = 4.118, p = .058), which would be consistent with
the observation that the slope diﬀerences between speech
and noise maskers might be slightly larger for syllable two
than for syllable one. Multiple t-tests (Bonferroni corrected) showed that slopes in the no priming condition were
steeper than those in the diﬀerent-sentence priming condition (t[17] = 3.33, p < .05), and those in the same-sentence
priming condition (t[17] = 4.72, p < .001); but that slopes
in the diﬀerent-sentence priming condition did not diﬀer signiﬁcantly from those in the same-sentence priming condition
(t[17] = 1.65, p > .05).
Figs. 5 and 6 show how thresholds and slopes, respectively, change as a function of masker type and priming
condition, when the whole word (both syllables) was
considered. Fig. 5 suggests that thresholds are lower for
speech maskers than for noise maskers, and that, as
was the case for when the two syllables were considered
separately, the highest thresholds occur when there was
no prime, followed by the diﬀerent-sentence prime, with
the lowest thresholds occurring with the same-sentence
prime. A two-factor, within-subject ANOVA conﬁrmed
that there was a signiﬁcant eﬀect of masker (F [1,17] =
69.698, p = .000), a signiﬁcant main eﬀect of priming
condition (F [2,34] = 18.379, p = .000), but no signiﬁcant
interaction between masker type and priming condition
(F [2,34] < 1). Multiple t-tests (Bonferroni corrected) indicated that all priming conditions diﬀered signiﬁcantly
from one another (no-prime vs diﬀerent-sentence prime,
t[17] = 2.895, p < .05; no-prime vs same-sentence prime,
t[17] = 5.877, p < .001; diﬀerent-sentence prime vs samesentence prime, t[17] = 3.618, p < .01). Hence, thresholds
were lower for speech maskers than they were for noise
maskers, and lower when primes were given, indicating
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Fig. 5. Average threshold values (l) as a function of the type of masker
and type of prime when the whole word was scored as correct. Solid black
rectangles present the data for the noise masker; lighter rectangles present
the data for the speech masker. Error bars indicate the standard error of
the mean.

Fig. 6. Average slope parameter (r) as a function of the type of masker
and type of prime when the whole word was scored as correct. Solid black
rectangles present the data for the noise masker; lighter rectangles present
the data for the speech masker. Error bars indicate the standard error of
the mean.

that the primes provided a release from masking. In addition, the amount of release from masking was larger for
same-sentence than for diﬀerent-sentence primes.
Fig. 6 suggests that the slopes in the whole word condition were shallower when the masker was speech than when
it was noise, and that they were also shallower when a
prime was presented. A two-factor, within-subject
ANOVA conﬁrmed that there was a signiﬁcant main eﬀect
of masker type (F [1,17] = 63.688, p = .000), a signiﬁcant
main eﬀect of priming condition (F [2,34] = 10.678,
p = .000), but no signiﬁcant masker by priming condition
interaction (F [2,34] = 2.180, p = .129). Multiple t-tests
(Bonferroni corrected) indicated that the no-prime condition diﬀered from each of the priming conditions (no-prime
vs diﬀerent-sentence prime, t[17] = 3.743, p < .005; noprime vs same-sentence prime, t[17] = 3.453, p < .01) but
the two priming conditions did not diﬀer signiﬁcantly from
each other (t[17] = .403, p > .05). Hence slopes were shallower when the masker was speech than when it was noise,
and shallower when a prime was presented. Shallower
slopes in the presence of a prime, coupled with an asymptote of 100% correct at the higher SNRs under all conditions, means that the amount of release from masking
increased as SNR decreased. Hence, the lower the SNR,
the greater was the amount of release from masking due
to the presentation of a prime.

To determine whether the probability of getting the
whole word correct was equal to the product of the probability of getting syllable one correct (p1) times the probability of getting syllable two correct (p2), we computed the
number of times neither of the syllables were correctly identiﬁed, the number of times only syllable one was correctly
identiﬁed, the number of times only syllable two was correctly identiﬁed, and the number of times both syllables
were correctly identiﬁed for each of the six conditions.
For each condition we then found the best-ﬁtting values
of p1 and p2 that minimized the Pearson v2 goodness of
ﬁt test of the model in which the probability of getting
the whole word correct was equal to the product of the
probability of getting either syllable correct. The v2 values
(4 degrees of freedom, see Appendix) were 427.4, 354.9,
209.8, 592.1, 561.0, and 269.2 for no-prime in noise, diﬀerent-sentence prime in noise, same-sentence prime in noise,
no-prime in speech, diﬀerent-sentence prime in speech,
and same-sentence prime in speech, respectively. Hence,
participants are more likely to correctly identify the whole
word than would be expected if the probability of whole
word identiﬁcation were the simple product of correctly
identifying either of the two syllables, independently.
Hence, correct identiﬁcation of one of the syllables in
the two-syllable target word, signiﬁcantly improved the
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probability of correctly identifying the other syllable in all
six conditions.
4. Discussion
Under each of the conditions in the present study, percent-correct word identiﬁcation increased monotonically
with the increase of SNR from 12 dB to 0 dB, without
displaying plateaus. The absence of nonmonotonicity when
both the target and the two-talker speech masker were perceived to be emanating from the same location is in agreement with the results reported by Brungart et al. (2001),
Freyman et al. (2001), Li et al. (2004), and Wu et al. (2005).
Also consistent with other previous results (e.g., Brungart, 2001; Freyman et al., 1999; Li et al., 2004; Wu
et al., 2005), the results of the present study show that
the slopes of the psychometric function for word identiﬁcation are generally steeper for the noise masker than they are
for the speech masker. One explanation is that because
there is considerable variation in the energy envelope of
the speech masker, the instantaneous SNR is high when
there is a pause or unvoiced consonants in the masking
speech, and the instantaneous SNR is low when voicing
occurs in the masking speech. The eﬀect of these ﬂuctuations in local SNR would be to ﬂatten the psychometric
function for a speech masker as compared to a steady-state
noise masker, as indicated in the work of Rhebergen and
Versfeld (2005) and Rhebergen et al. (2006). (Also see discussion below on diﬀerences between Chinese speech and
English speech).
4.1. The eﬀects of priming in a noise masker
The results of the present study show that a same-sentence
prime produces a larger release from masking than a diﬀerent-sentence prime when the whole word is considered. In
addition, the amount of release due to a same-sentence prime
was approximately the same for syllable one (1.34 dB) as it
was for syllable two (1.36 dB), and only slightly lower
(1.10 dB) when the whole word was considered. Slopes were
steeper when no prime was presented than when either a
diﬀerent-sentence or same-sentence prime was given. Hence,
the only signiﬁcant eﬀects observed for noise maskers is
that both kinds of primes can lead to a release from masking
on the order of 1 dB when the whole word is scored, and that
the slopes of the psychometric functions are shallower when
a prime is given.
4.2. The eﬀects of priming in a speech masker
When the masker was speech, the introduction of a
prime (either same-sentence or diﬀerent-sentence) produced a reduction in slope for both syllable one and syllable two, and for whole word scoring. Moreover, there were
no diﬀerences in slope between syllables one and two.
Hence, when the masker is speech, the primary eﬀect of
priming is to reduce the slope of the psychometric function.

The eﬀect of a prime on thresholds was slightly more
complicated. First, same-sentence primes produced a
greater release from masking in syllable two than in
syllable one (a 1.85 dB release in syllable one and a
3.03 dB release in syllable two). Second, same-sentence
primes produced a larger release from masking than diﬀerent-sentence primes in syllable two and for whole word
scoring.
The increased eﬀectiveness of a prime on syllable two in
the same-sentence priming condition would be expected if a
correct identiﬁcation of syllable one increased the likelihood of correctly identifying syllable two. Indeed, v2 tests
indicated that the second syllable was more likely to be correctly identiﬁed if the syllable preceding it was correctly
identiﬁed. Hence, as expected, the second syllable is more
easily identiﬁed when the ﬁrst syllable is correctly identiﬁed. Presumably, the correct identiﬁcation of the ﬁrst syllable reduces the search neighborhood for the second
syllable, thereby facilitating the eﬀectiveness of the priming
stimulus at a cognitive-level.
The improvement in threshold when the whole word is
scored appears to be smaller than the result (4.01 dB)
reported in Freyman et al.’s study (2004), if only the 50%
point of the psychometric function is examined (1 dB in
improvement). Hence, when looking at the 50% threshold,
there does not appear to be any signiﬁcant diﬀerence when
the same-sentence prime is presented in the presence of a
speech masker than when it was presented in the presence
of a noise masker. However, because of the ﬂattening of
the psychometric function in the presence of a prime when
the masker is speech, the separation between the no prime
and same-sentence prime in the speech masker condition
increases with decreasing SNR. For example, when there
is no-priming stimulus, participants in the speech-masking
condition correctly identiﬁed 20% of the words at a
SNR = 8.3 dB, whereas when the target sentence was
preceded by the same-sentence prime, participants were
able to identify 20% of the words at a SNR of 11.5 dB.
Hence, in unfavorable listening conditions (only 20% of
the words are correctly identiﬁed) the same-sentence prime
provides a 3.2 dB advantage, which is closer to the 4.01 dB
advantage (for 50% correct identiﬁcation) reported by
Freyman et al. (2004). If only the second syllable is considered, in the same unfavorable listening condition (20% of
the second syllables correctly identiﬁed), the advantage
increases to 4.7 dB. Thus, in spite of the diﬀerences between
spoken Chinese and English speech (see below), results of
the present study indicate that the advantage of same sentence auditory priming in unmasking speech is not limited
to English but also extends to tonal Chinese. Since a substantial same-sentence priming eﬀect has been observed in
both languages, and presenting the prime does not inﬂuence the acoustics at the ears during the presentation of
the masker and target, it is unlikely that the release from
masking is due to peripheral acoustic features (which diﬀer
substantially in these two languages) but rather to the operation of higher-order processes.
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4.3. The priming eﬀects of the voice
When we consider syllables one and two separately,
there is a small but signiﬁcant release from masking when
a diﬀerent-sentence prime precedes a speech masker. How

Fig. 7. Mean percent-correct identiﬁcation of single-syllable key words
(ﬁlled symbols and solid curves) and that of double-syllable key words
(unﬁlled symbols and dash curves) across 12 younger English listeners as a
function of SNR when the speech target and the masker were perceived as
co-located (circles) or as spatially separated (squares). Top panel, noise
masking; bottom panel: speech masking. Data were taken from Li et al.
(2004).

Amplitude

One possible interpretation of the greater release when
the individual syllables in the compound word are scored
independently, is that in order to release two-syllable words
from informational masking in Chinese, the listener has to
access the meaning associated with each syllable, whereas
in English, the need to do so does not occur as frequently
(the exceptions being compound words). Because each syllable in a compound word must be correctly recognized in
order to get the whole word correct, and because each syllable may initiate semantic activity related to its own individual meaning, the processing of two-syllable Chinese
words is likely to diﬀer signiﬁcantly from the processing
of most two-syllable words in English where individual syllables often lack meaning (e.g., ‘‘rotate’’). This diﬀerence
might help explain why when we score each Chinese syllable independently, the amount of release from informational masking is closer to that observed in English. For
almost all of the English words (including multi-syllabic
English words) only one meaning needs to be accessed,
whereas the meaning of both syllables must be accessed
in order to get the Chinese word correct. Hence, when only
one meaning needs to be accessed, the amount of release
from masking appears to be more comparable in the two
languages.
A corollary of this hypothesis is that, when the language
is English, the degree of release observed for two-syllable
words should not diﬀer substantially from the degree of
release observed for one-syllable words. To check this, we
examined the data from Li et al. (2004), in which there
were 936 key words (312 · 3), of which there were 541
single-syllable key words (57.8%) and 395 multi-syllable
key words (42.2%) (including 391 double-syllable key
words and four triple-syllable key words). Fig. 7 plots the
degree of release from masking as a function of perceived
spatial position (target and masker perceived to originate
from the same location vs target and masker perceived to
originate from diﬀerent locations). Fig. 7 shows that when
the masker was noise, the psychometric functions for
both same and diﬀerent positions were virtually identical
for one- and two-syllable target words. When the masker
was speech, listeners were slightly better at identifying
two-syllable words than one-syllable words, particularly
when the target and masker were perceived as originating
from the same position. Also, the degree of release from
masking due to a shift in the perceived location of the
speech masker was only slightly higher for one than for
two-syllable words. Thus the results show that the degree
of release observed for two-syllable words in English is
comparable to that observed for one-syllable words. Presumably, this would not be the case for single-syllable as
opposed to two-syllable Chinese words (see Fig. 8).
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Fig. 8. The amplitude envelope for a segment of the two-talker Chinese
speech masker. The locations and widths of deep troughs are identiﬁed by
thick vertical bars. The horizontal dashed line indicates the mean
amplitude of the envelope.

can the voice alone (irrespective of the content of the utterance) provide a release from speech masking? One possibility is that knowledge of the vocal characteristics of the
target talker is useful in parsing an auditory scene because
it helps the listener identify and track the target talker when
there are other competing talkers. However, when the masker is noise and the target is speech, knowledge of the characteristics of the speaker’s voice is unlikely to further
improve performance since the target voice is already easy
to track in a background of stationary noise. On the other
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hand, knowledge of the content of the sentence can provide
certain cues at a cognitive level (such as knowing when the
target word will occur) when the key word is not completely masked by stationary noise (see Fig. 2).
Hence, based on the present results we propose that a
same-sentence prime exerts its eﬀect because knowledge
of the content of the ﬁrst part of the sentence aids word recognition at a higher-order cognitive level. Speciﬁcally,
knowledge of the ﬁrst part of the semantically-anomalous
sentences allows the individual to track the voice that is
producing these sentences. As reported by Freyman et al.
(2004), using the target-talker’s voice (female), a male’s
voice, or a print form to present the same-sentence prime
causes the same amount of improvement in recognizing
the last key word in the full target speech sentence (about
4 dB) when the masker was two-talker speech, indicating
that the eﬀect is just a content-cuing eﬀect. Because this
cuing eﬀect appears to be independent of the voice of the
speaker and the mode of presentation (auditory and visual
primes both lead to unmasking), the cuing stimulus is
clearly exerting its inﬂuence at a central (cognitive) level
rather than at an auditory level. However, the current
study shows that priming the listener with the voice of
the target sentence (by presenting a diﬀerent-sentence in
the same voice) leads to an equivalent amount of unmasking for Chinese listeners. Hence, knowledge of the characteristics of a speaker’s voice facilitates word recognition
because it leads to better segregation of the target talker’s
voice from competing talkers’ voices at a perceptual level.
Hence, to fully understand the nature of masking in Chinese as opposed to English, we need to examine how structural diﬀerences between Chinese and English can aﬀect the
degree to which listeners in the two languages may beneﬁt
from factors which should produce a release from informational masking. Clearly, more work is needed with respect
to this issue.
The present study also shows that when no priming was
given, the threshold for recognizing the last key word was
over 1 dB lower for a speech masker than for a noise masker. One might have expected a greater degree of masking
by a speech masker than by a noise masker (Freyman et al.,
1999, 2004; Li et al., 2004), or at least equivalent degree of
masking by these two maskers (Wu et al., 2005), since the
speech masker has both energetic and informational masking eﬀects and the noise masker has energetic masking
only. However, a greater degree of ﬂuctuation in the envelope of the Chinese speech masker than in the English
speech masker may have made it easier for the Chinese participants to extract target information (see below). The reason for this is that it has been shown that listeners can
beneﬁt from troughs (temporal gaps) in the masker when
listening to speech (Gustafsson and Arlinger, 1994; Howard-Jones and Rosen, 1993; Nelson et al., 2003; Summers
and Molis, 2004). If the Chinese speech masker used here
has deeper and wider troughs than the English speech masker, Chinese listeners will have a greater opportunity to
beneﬁt from listening in the troughs than do English listen-

ers. Indeed, a comparison of deep troughs of envelopes
between the Chinese two-talker speech masker used in
the present study and the English two-talker speech masker
(Freyman et al., 2001, 2004; Li et al., 2004) indicates that
there appears to be a greater degree of amplitude modulation in the Chinese envelope than in the English envelope,
and the duration of the Chinese troughs appear to be
longer than those of the English troughs.1 Hence, Chinese
listeners might ﬁnd it easier to hear the target speech in the
presence of competing speech than in an equivalent level of
stationary noise because of the greater depth and duration
of the troughs in the Chinese speech maskers employed
here than in the English speech maskers used in previous
studies (Freyman et al., 2001, 2004; Li et al., 2004). It is
important to note, however, that a number of factors, such
as speech rate, will aﬀect the frequency and depth of
troughs in a language. Hence, all we can say is that the Chinese speech masker employed here had deeper troughs than
the English speech masker (see Rhebergen and Versfeld,
2005 and Rhebergen et al., 2006, for a discussion of the role
of troughs in the masking of speech by speech).
Any manipulation, as long as it helps distinguish the target and direct selective attention toward the target, will
help segregate target speech from competing speech (Brungart, 2001; Freyman et al., 2004; Kidd et al., 2005a,b).
Brungart and colleagues (Brungart, 2001; Brungart et al.,
2001) reported that when a target phrase was masked by
one or more competing phrase maskers, informational
1
To look for peaks and troughs, we full-wave rectiﬁed 47 second
samples from both the two-talker English speech masker, which were used
in the study by Freyman et al. (2001, 2004) and that by Li et al. (2004), and
the two-talker Chinese speech masker used in the present study, before
passing them through a 20 Hz ﬁlter to extract the amplitude envelopes of
both English and Chinese speech maskers. These amplitude envelopes
were then smoothed using an r-term moving average ﬁlter provided by
Mathematica (Wolfram Research, r = 500 samples). The smoothed
samples were then ﬁt using a quadratic interpolation function (Mathematica, Wolfram Research). This interpolation function was then diﬀerentiated to ﬁnd the locations where the derivative of the interpolated
function was zero, i.e., the locations of the peaks and troughs in the
amplitude envelope. In the fashion troughs in the amplitude envelope were
identiﬁed.
Troughs in the speech masker are more likely to be useful in listening to
the target speech, the deeper, wider, and more frequent they are. We ﬁrst
searched for troughs that were more than 6 dB below the mean amplitude
of the envelope. To deﬁne the width of these deep troughs, we started at
the bottom of the trough and looked at the samples before it until we
encountered the closest sample that was more than 3 dB above the ﬂoor of
the trough. The time at which this sample was taken was deﬁned as the
lower boundary of the trough. The upper boundary of the through was
obtained by examining successive samples following the bottom of the
trough until we encountered a sample that was more than 3 dB above the
ﬂoor of the trough. The time at which this sample was taken deﬁned the
upper boundary of the trough. The diﬀerence between the upper and lower
boundaries was taken as the width of a trough. In the case that two
troughs overlapped, the upper boundary of the ﬁrst trough became the
lower boundary of the second trough to avoid double counting of time
spent in a deep trough. Fig. 8 shows the amplitude envelope for a segment
of the Chinese speech masker, and identiﬁes the location and widths of
troughs. The total amount of time in a deep trough was 19% for the
Chinese masker but only 10% for the English masker.
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rather than energetic masking dominated performance, and
the amount of masking was highly dependent on the similarity of the target and masker voices. The results suggest
that even the voice of the target talker can have a cuing
eﬀect on recognizing the target speech sentence in the presence of speech masker. Speciﬁcally, the present study shows
that presenting a diﬀerent-sentence prime using the targettalker’s voice can signiﬁcantly improve recognition of the
last key word in the full-length sentence only when the masker is two-talker speech. Therefore, in addition to perceived
spatial separation (Freyman et al., 1999, 2001; Li et al.,
2004; Wu et al., 2005), a priori knowledge about target
location (Kidd et al., 2005b), and the informational content
of the prime (Freyman et al., 2004; the present study),
knowledge of the target-talker’s voice can assist listeners’
speech communication in the presence of masking speech
when the language was Chinese. It would be interesting
to see whether there is an equivalent eﬀect of voice for English listeners.
It is important to note that the eﬀect of a diﬀerent-sentence or same-sentence prime did not depend on the order
in which conditions were experienced. We would have
expected such order eﬀects if the prime exerted its eﬀect primarily by familiarizing the listener with the target-talker’s
vocal characteristics. For if that were the case, we would
expect priming to produce a larger release from masking
when the no-priming condition preceded the two priming
conditions than when the no-priming condition followed
the two priming conditions. In the former case, the listener would have no exposure prior to experiencing the
no-priming condition and therefore might be expected to
show a larger release from masking than in the latter case
where the amount of exposure to the target-talker’s voice
would be extensive before the no-priming condition was
experienced. However, because there were no order eﬀects,2
it is unlikely that it is the total duration of exposure to
the talker’s voice inﬂuenced the amount of release from
masking.

5. Summary and conclusions
Presenting a diﬀerent Chinese sentence spoken by the
target talker before the target speech was presented facilitated listeners’ recognition of each of the last key syllables
when the masker was speech but not when the masker was
noise. Moreover, presenting Chinese target speech without
the last key word before presenting the full target sentence
also facilitated listeners’ recognition of the last two syllables and the whole word, but this facilitation eﬀect was
smaller when the masker was noise. Thus, a priori knowledge of the talker’s voice and/or the content of the target
2
Separate ANOVAs were conducted on the average percent correct
achieved in each of the six masking · prime conditions to check for any
order eﬀects for both syllables one and two. In none of the conditions did
the order of testing reach statistical signiﬁcance.

903

speech improves speech recognition in a Chinese ‘‘cocktail-party’’ environment.
Acknowledgments
We are grateful to Hua Shu and Yuan-Shan Cheng for
insightful comments and discussion, to Xian Liu for technical support, and to Wen-Jie Wang and Meng-Yuan
Wang for data collection. This work was supported by
the National Natural Science Foundation of China
(30670704; 60605016; 60535030; 60435010), the National
High Technology Research and Development Program
of China (2006AA01Z196; 2006AA010103), the TransCentury Training Program Foundation for the Talents
by the State Education Commission, ‘‘985’’ grants from
Peking University, and the Natural Sciences and Engineering Research Council of Canada.
Appendix A
In ﬁtting the psychometric functions we determined the
values of l and r that minimized the Pearson v2 measure of
goodness of ﬁt, where

2

2
N
N
n
n
N x;i  1þerðx

N
X
X
x;i
rðx
lÞ
i lÞ
i
1þe



 ;
v2 ¼
þ
N
N
N

i¼1
i¼1
rðx
lÞ
rðx
lÞ
i
i
1þe
1þe
N is the number of times a sentence was presented at a
SNR xi, and Nx,i is the number of correct identiﬁcations
at that SNR. The null hypothesis is that the data are described by a logistic function. The number of degrees of
freedom associated with this v2 statistic is equal to the
number of SNRs minus the number of parameters estimated. When we are ﬁtting a psychometric function to
the group data for a single condition, N = 18 * 18 = 324,
and n = 4. Hence the degrees of freedom are 4  2 = 2.
To determine whether correct identiﬁcation of the whole
word could be predicted from the probabilities with which
the individual words were correctly identiﬁed, we calculated y0,0,i, y0,1,i, y1,0,i, and y1,1,i, for each of the four SNRs
(i = 1, 4), where the ﬁrst subscript speciﬁes whether the
ﬁrst syllable was correctly identiﬁed (1) or not (0), and
the second subscript speciﬁes whether the second syllable
was correctly identiﬁed or not. Because these are four
mutually-exclusive categories we can calculate
v2 ¼

n
X
ðy 0;0;i  N  ð1  p1i Þ  ð1  p2i ÞÞ2
N  ð1  p1i Þ  ð1  p2i Þ
i¼1

þ

2
n
X
ðy 1;0;i  N  p1i  ð1  p2i ÞÞ
N  p1i  ð1  p2i Þ
i¼1

þ

n
X
ðy 0;1;i  N  ð1  p1i Þ  p2i Þ2
N  ð1  p1i Þ  p2i
i¼1

þ

2
n
X
ðy 1;1;i  N  p1i  p2i Þ
N  p1i  p2i
i¼1
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where p1i and p2i are the probabilities of getting syllables
one and two correct, respectively, when the sentences are
presented at SNR i. Values of p1i and p2i were determined
that minimized this v2. The number of degrees of freedom
at each level i is 1 because there are four mutually-exclusive
categories (3 degrees of freedom), and we ﬁt two parameters at each level of SNR leaving 1 degree of freedom for
each SNR level, and 4 degrees of freedom in total.
References
Arbogast, T.L., Mason, C.R., Kidd, G., 2002. The eﬀect of spatial
separation on informational and energetic masking of speech. J.
Acoust. Soc. Amer. 112, 2086–2098.
Assmann, P.F., Summerﬁeld, Q., 1989. Modeling the perception of
concurrent vowels – vowels with the same fundamental-frequency. J.
Acoust. Soc. Amer. 85, 327–338.
Brungart, D.S., 2001. Informational and energetic masking eﬀects in the
perception of two simultaneous talkers. J. Acoust. Soc. Amer. 109,
1101–1109.
Brungart, D.S., Simpson, B.D., Ericson, M.A., Scott, K.R., 2001.
Informational and energetic masking eﬀects in the perception of
multiple simultaneous talkers. J. Acoust. Soc. Amer. 110, 2527–2538.
Brungart, D.S., Simpson, B.D., 2002. The eﬀects of spatial separation in
distance on the informational and energetic masking of a nearby
speech signal. J. Acoust. Soc. Amer. 112, 664–676.
Darwin, C.J., Hukin, R.W., 2000. Eﬀectiveness of spatial cues, prosody,
and talker characteristics in selective attention. J. Acoust. Soc. Amer.
107, 970–977.
Darwin, C.J., Brungart, D.S., Simpson, B.D., 2003. Eﬀects of fundamental
frequency and vocal-tract length changes on attention to one of two
simultaneous talkers. J. Acoust. Soc. Amer. 114, 2913–2922.
Durlach, N.I., Mason, C.R., Shinn-Cunningham, B.G., Arbogast, T.L.,
Colburn, H.S., Kidd, G., 2003. Informational masking: Counteracting
the eﬀects of stimulus uncertainty by decreasing target-masker
similarity. J. Acoust. Soc. Amer. 114, 368–379.
Festen, J.M., Plomp, R., 1990. Eﬀects of ﬂuctuating noise and interfering
speech on the speech–reception threshold for impaired and normal
hearing. J. Acoust. Soc. Amer. 88, 1725–1736.
Freyman, R.L., Balakrishnan, U., Helfer, K.S., 2001. Spatial release from
informational masking in speech recognition. J. Acoust. Soc. Amer.
109, 2112–2122.
Freyman, R.L., Balakrishnan, U., Helfer, K.S., 2004. Eﬀect of number of
masking talkers and auditory priming on informational masking in
speech recognition. J. Acoust. Soc. Amer. 115, 2246–2256.
Freyman, R.L., Helfer, K.S., McCall, D.D., Clifton, R.K., 1999. The role
of perceived spatial separation in the unmasking of speech. J. Acoust.
Soc. Amer. 106, 3578–3588.
Gustafsson, H.A., Arlinger, S.D., 1994. Masking of speech by amplitudemodulated noise. J. Acoust. Soc. Amer. 95, 518–529.

Helfer, K.S., 1997. Auditory and auditory–visual perception of clear and
conversational speech. J. Sp. Lan. Hear. Res 40, 432–443.
Howard-Jones, P.A., Rosen, S., 1993. The perception of speech in
ﬂuctuating noise. Acustica 78, 258–272.
Kang, J., 1998. Comparison of speech intelligibility between English and
Chinese. J. Acoust. Soc. Amer. 103, 1213–1216.
Kidd Jr., G., Mason, C.R., Gallun, F.J., 2005a. Combining energetic and
informational masking for speech identiﬁcation. J. Acoust. Soc. Amer.
118, 982–992.
Kidd Jr., G., Arbogast, T.L., Mason, C.R., Gallun, F.J., 2005b. The
advantage of knowing where to listen. J. Acoust. Soc. Amer. 118,
3804–3815.
Kidd Jr., G., Mason, C.R., Rohtla, T.L., Deliwala, P.S., 1998. Release
from masking due to spatial separation of sources in the identiﬁcation
of nonspeech auditory patterns. J. Acoust. Soc. Amer. 104, 422–431.
Kidd Jr., G., Mason, C.R., Deliwala, P.S., Woods, W.S., Colburn, H.S.,
1994. Reducing informational masking by sound segregation. J.
Acoust. Soc. Amer. 95, 3475–3480.
Krishnan, A., Xu, Y.S., Gandour, J., Cariani, P., 2005. Encoding of pitch
in the human brainstem is sensitive to language experience. Cog. Brain
Res. 25, 161–168.
Li, L., Daneman, M., Qi, J.G., Schneider, B.A., 2004. Does the
information content of an irrelevant source diﬀerentially aﬀect speech
recognition in younger and older adults? J. Exp. Psych.: Hum. Per.
Perf. 30, 1077–1091.
Lutﬁ, R.A., 1990. How much masking is informational masking? J.
Acoust. Soc. Amer. 88, 2607–2610.
Nelson, P.B., Jin, S.H., Carney, A.E., Nelson, D.A., 2003. Understanding
speech in modulated interference: cochlear implant users and normalhearing listeners. J. Acoust. Soc. Amer. 113, 961–968.
Oxenham, A.J., Fligor, B.J., Mason, C.R., Kidd Jr., G., 2003. Informational masking and musical training. J. Acoust. Soc. Amer. 114, 1543–
1549.
Rhebergen, K.S., Versfeld, N.J., 2005. A speech intelligibility index-based
approach to predict the speech reception threshold for sentences in
ﬂuctuating noise for normal-hearing listeners. J. Acoust. Soc. Amer.
117, 2181–2192.
Rhebergen, K.S., Versfeld, N.J., Dreschler, W.A., 2006. Extended speech
intelligibility index for the prediction of the speech reception threshold
in ﬂuctuating noise. J. Acoust. Soc. Amer. 120, 3988–3997.
Schneider, B.A., Li, L., Daneman, M., in press. How competing speech
interferes with speech comprehension in everyday listening situations.
J. Amer. Acad. Audiol.
Shinn-Cunningham, B.G., Ihlefeld, A., Satyavarta Larson, E., 2005.
Bottom-up and top-down inﬂuences on spatial unmasking. Acust.
Acta Acust. 91, 967–979.
Summers, V., Molis, M.R., 2004. Speech recognition in ﬂuctuating and
continuous maskers: eﬀects of hearing loss and presentation level. J.
Sp. Lan. Hear. Res. 47, 245–256.
Wu, X.-H., Wang, C., Chen, J., Qu, H.-W., Li, W.-R., Wu, Y.-H.,
Schneider, B.A., Li, L., 2005. The eﬀect of perceived spatial separation
on informational masking of Chinese speech. Hear. Res. 199, 1–10.

