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NON-NATIVE SPEECH PERCEPTION IN NOISE:
THE VOICING CONTRAST IN ENGLISH

Speech is almost never delivered in ideal quiet conditions. On the contrary, the
acoustic signal reaching a listener’s ears is degraded by background noise and re-
verberations. The current study investigates the perception of the voicing contrast of
initial stops in English by Polish non-native listeners. Previous research showed that
Polish learners do not match native speakers of English in production and percep-
tion of English voiced and voiceless stops, which results from different phonetic
implementations of voicing in the two languages. In the current study, two groups of
Polish listeners recognised voicing of English initial stops in one-syllable words both
in quiet and in six-talker babble. The results revealed different patterns of recognition
for the two conditions. The place of articulation interacted significantly with voicing
both in quiet and in noise, however results obtained suggest that performance in
noise did not simply reflect the performance in quiet.

1. Introduction: speech in noise

In naturalistic conditions speech is very rarely delivered without the pres-
ence of background noise. Laboratory recordings obtained in quiet and further
used in perception experiments do not fully reflect a complex nature of speech
acoustics. Many landmark acoustic properties in the signal are actually masked
by background noise and must be recovered by the listeners in order to sustain
comprehension. It is the fact that talkers have been found to use clear speech,
a speaking style used when talkers expect comprehension problems on the part
of the listeners in noisy conditions, and that this speaking style increases intel-
ligibility (Ferguson 2004; Payton et al. 1994; Picheny et al. 1985; Rogers et al.
2010; Uchanski et al. 1996). However, frequently talkers do not abandon their
habitual speaking style even in degraded conditions. If this is the case, we may
expect to observe a drastic decrease in comprehension, especially in groups of
non-native listeners whose perceptual sensitivity is not fully developed. A similar
decrease in comprehension can be observed in groups of older listeners whose
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perceptual sensitivity is already in decline (Dubno et al. 1984; Gordon-Salant
and Yeni-Komshian 2010; Nabélek and Robinson 1982).

Experiments with masking by noise have been used for different purposes
and with different types of maskers. Inclusion of background noise allows to tap
the human auditory processes, which can be further used to e.g., calibrate noise-
robust speech recognition systems (Hermansky 1990; Strope and Alwan 1997),
or devise more efficient aids for the hearing impaired (Shannon et al. 1995).
Types of maskers used most frequently in speech perception research include
white noise, Gaussian noise, speech-shaped noise, single-talker maskers, or
multi-talker babble with a set number of talkers (see Engen and Bradlow 2007).
Although each of the maskers has its own acoustic properties that adversely
influence recognition, the general observation is that intelligibility decreases
as a function of growing similarity between a masker and the target voice
(Brungart et al. 2001). In other words, talker-maskers will be more detrimental
to performance in perception than noise maskers because they include human
voice characteristics that will blend with the target voice. Listeners appear to
be sensitive to the informational load of the talker-masker, as demonstrated by
better speech intelligibility in time-reversed talker masker, the type of masker
that retains voice characteristics but is semantically meaningless (Rheberhen
et al. 2005), or babble modulated noise (Simpson and Cooke 2005). Moreover,
target voice intelligibility has been found to decrease as additional voices are
added into multi-talker babble (Bronkhorst 2000; Bronkhorst and Plomp 1992;
Brungart et al. 2001; Rhebergen and Versfeld 2005; Simpson and Cooke 2005).
Other research has shown that masking in multi-talker babble is more effective
when the listeners know the language of the masker and when it is their native
rather than second language (Garcia Lecumberri and Cooke 2006; Rhebergen
et al. 2005). Finally, any type of the noise is manipulated using different signal-
to-noise scales (SNR). SNR is defined as the ratio of signal power to the noise
power corrupting the signal. Quite predictably, performance on speech recognition
decreases with a decrease in SNR, which means that the level of noise increases
relative to the level of target speech.

2. Non-native speech perception in noise

The sound categories in non-native language lack the perceptual stability
compared to those of the native language. Comprehension in non-native language
is rarely native-like even for proficient L2 speakers. What may not be so evident
in optimal listening conditions, definitely manifests itself in suboptimal listening
conditions. When listening to speech in noise, the perceptual system tries to
make use of any acoustic cues currently available. The presence of background
noise can force re-ranking of acoustic cues to linguistic categories, which results
from the fact that primary cues are not available and the perceptual system seeks
any secondary cues that can be extracted from the degraded signal (Jiang et al.
2006; Mattys et al. 2005; Van Engen and Bradlow 2007).
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Lecumberri and Cooke (20006) reviewed studies that had compared native and
non-native speech perception in noise and pointed to three basic findings that had
emerged from those studies. First, native performance in noise was significantly
better than non-native, even for early bilingual groups (Mayo et al. 1997).
Second, increasing foreign-language proficiency decreases the negative effect of
masking noise on perception (Florentine et al. 1984). Third, non-native listeners
are not equally able to make use of linguistic context in decoding degraded
speech relative to native speakers (Van Wijngaarden et al. 2004). Even specific
differences within the groups of tested bilinguals have surfaced in experiments
with perception in noise. Listeners with early L2 onset are characterised by better
performance in noise that listeners with later L2 onset (Flege ef al. 1999; Meador
et al. 2000). Better performance has also been reported for non-native listeners
with greater length of L2 exposure (Mayo et al. 1997). Other factors correlating
positively with speech perception in noise are length of residence, amount of
continued L1 use, and lexical structure (references in Pinet and Iverson 2010).

Differences in performance between native and non-native speakers are
generally captured by two classes of explanations (Cutler ez al. 2008). The first
class locates those differences chiefly in identification on a phonemic level. Non-
native speakers are at a disadvantage in that they use fewer acoustic cues for
phonemic categories than native speakers. If their attention is directed to specific
target cues exploited by native speakers, their performance in noisy condition
improves (Hazan and Simpson 2000). Another class of explanations seeks to
explain those differences at higher processing levels (Bradlow and Alexander
2007). Along this line of reasoning, auditory acuity of L1 and L2 listeners
may be relatively equivalent, but the key difference lies in the effectiveness of
recovery from degraded signal. Native speakers may be better at using all other
than acoustic cues, such as, for example, phonotactic distributional patterns
or semantic and contextual enhancements. This account has found support in
studies reporting that non-native listeners are not always more adversely affected
by degraded listening conditions (Bradlow and Bent 2002; Cutler et al. 2004;
Cutler et al. 2008).

The extent to which native and non-listeners will differ in perception in noise
is also determined by their ability to use higher-level processing to recover from
disruption. In other words, native listeners may be more effective at semantic-
contextual information at the sentence level (Bradlow and Alexander 2007).
These results emerged in studies using high-probability and low-probability
sentences embedded in noise (Benki 2003; Cutler et al. 2004; Mayo et al. 1997).

3. The current study

In the current study we test the perception of the voicing contrast of initial
stops in English by Polish learners. Differences in the implementation of the
voicing contrast in English and Polish are best captured using the parameter of
Voice Onset Time (Lisker and Abramson 1964). English voiced stops are pro-
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duced with short-lag VOT values and voiceless stops are produced with long-lag
VOT values. On the other hand, Polish uses voicing lead for voiced stops and
short lag VOT for voiceless stops. This partial cross-category overlap results in
the fact that English voiced stops have similar VOT to Polish voiceless stops.
As a consequence, in production Polish learners implement insufficiently long
VOT for English voiceless stops and the voicing lead for English voiced stops
(Waniek-Klimczak 2005). In perception, Polish learners do not match native
speakers in categorising the VOT continuum, in that they do not have a phone-
mic boundary along the positive VOT values (Rojczyk 2010), which is explained
by the fact that Polish categorises voiced and voiceless stops at a 0 ms boundary
(Miko$ et al. 1978). No previous study, to our knowledge, has tested directly
the perception of English voiced and voiceless stops in quiet and in noise using
Polish listeners.

Previous research demonstrated that perception of plosives in noisy environ-
ments is less robust than that of fricatives and that voicing is less affected by
noise than the place of articulation (Miller and Nicely 1955). Jiang et al. (2006)
concentrated more specifically on VOT in voicing perception in noise. They
found that the voicing distinction was more difficult to perceive with decreasing
SNR levels. Moreover, they reported that F1 onset frequency is more important
for the perception of voicing at low SNRs. It results from the fact that VOT
duration is less immune to noise masking than formant frequencies.

3.1. Participants

A total of 35 listeners participated in the study. Gender was not balanced
— there were 29 females and 6 males. They were recruited from second-year
students at the Institute of English, University of Silesia. Such a selection guar-
anteed a fairly uniform level of proficiency. They all considered themselves as
advanced speakers of English with no difficulties in communicating with native
speakers. Their age ranged from 20 to 24 (M = 20.3). All participants received
a partial course credit for their participation. None of the subjects reported any
hearing disorders nor had any history of such.

The listeners were quasi randomly ascribed to two groups. Seventeen listen-
ers listened to the stimuli in silence and 18 listeners were presented with the
same stimuli in noise.

3.2. Stimuli

Eighteen monosyllabic words were created that included three voiced and
three voiceless plosives for each place of articulation (bilabial, alveolar, velar).
All 18 stimuli (2 voicing categories x 3 places of articulation x 3 vowel contexts)
are presented in Appendix A. The voiced-voiceless oppositions were obtained
by providing the same VC context (e.g., tan vs. dan or cot vs. got). The word
list was presented to a qualified phonetician who recorded them using a British
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pronunciation model in a carrier phrase / said ... of course. The reader was
instructed to produce phrases using neutral falling intonation. The recording
took place in the Acoustics Laboratory at the Institute of English, University
of Silesia, in a sound-proof booth. The signal was captured with a headset
condenser microphone Sennheiser HME 26-600S, preamplified with USBPre 2
(Sound Devices) into .wav format with the sampling rate 48KHz and 24 bit
quantization.

VOT in each stimulus was measured between the first peak of the release
burst to the onset of the second formant of the following vowel using Praat
5.1.38 (Boersma 2001). All stimuli were characterised by VOT values that
neatly separated voiced and voiceless stops into short lag and long lag categories
(Appendix A). None of the voiced stops had negative VOT values.

All 18 recorded phrases were subsequently peak normalized for amplitude at
70 dB and saved as individual .wav file for a perception experiment.

A noise component was obtained from English six-talker babble created by
merging 6 talkers into one sound file. The amplitude was scaled to 70dB. Such
noise was added to target phrases at 0 SNR exceeding its duration at the onset
and offset by 500 ms. Next, Cool Edit Pro 7.9.9. was used to fade in and out noise
in each phrase. Such a technique was deemed to provide the most comfortable
introduction of the noise component into target recordings.

3.3. Procedure

The experiment took place in a quiet room at the Institute of English, Univer-
sity of Silesia. The stimuli were presented binaurally through Philips SBC HP840
headphones at a comfortable listening level. Each stimulus was presented four
times, which gave 72 trials (18 stimuli x 4 repetitions) and the presentation order
was randomized for each listener. A response sheet was provided with 72 carrier
phrases [ said ... of course in which the target word was replaced by a dotted
line. The listeners were required to write down the whole word they had heard.
Each experimental session lasted approximately 20 minutes and was preceded by
a short conversation in English during which the experimenter provided instruc-
tions and answered questions if necessary. The listeners participating in the noise
session were additionally informed that they would hear sentences embedded in
noise and that they should do their best to identify the missing words.

The responses were analysed using the voicing criterion as a primary
reference. It means that responses that were incorrect for the place of articulation
(e.g., sap instead of tap) were counted as correct as long as the voicing category
was the same (in this case — voiceless). All responses that had the wrong place
of articulation were, however, identified and included for further analysis. The
representation of vowels was not analysed.
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4. Results

A two-way factorial ANOVA was designed with 2 (voiced/voiceless) x 3
(bilabial/alveolar/velar) independent variables and a correct recognition rate as
a dependent variable. Statistics was calculated separately for each of the experi-
mental conditions: perception in silence vs. perception in noise.

4.1. Perception in quiet

The analysis revealed a significant main effect of voicing in perception in
quiet [F(1, 304) =26.758, p <.001], indicating that voiced stops were significantly
more difficult to correctly recognise than voiceless stops. The main effect of
place of articulation was also significant [F(2, 303) = 16.282, p <.001], revealing
a regular pattern of bilabial stops obtaining the highest recognition scores and
velar stops the lowest recognition scores. Post Hoc Fisher LSD tests indicated
that the recognition of bilabial and alveolar stops did not contribute significantly
to the main effect (p = .41). In other words, velar stops were much more difficult
to perceive relative to bilabial and alveolar stops, but there was no significant
difference between the latter two. The interaction analysis showed a significant
interaction of the place of articulation and voicing on the correct recognition rate
[F(2,300)=19.617, p <.001]. The Post Hoc analysis determined that this effect
was mainly caused by a markedly low recognition of voiceless velar stops, as
demonstrated in Figure 1.

WOICING*PLACE; LS Means

0g8

0g

RECOGNITION

o7

0

05 =4 VOICING

b 1d " voiced
P - - VOICING
PLACE voiceless

Fig 1: Interaction between the place of articulation and voicing
on recognition rate in silence
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4.2. Perception in noise

In the noise condition, voicing did not have a significant main effect on
correct recognition [F(1, 322) = .127, p = .72]. The lack of the main voicing
effect was caused by lower perception scores for voiceless stops in noise relative
to those in silence. The main effect of the place of articulation was significant
[F(2, 321) = 4.202, p = .05]. Post Hoc Fisher LSD test indicated that alveolar
/t, d/ had a significantly higher recognition rate than both bilabial /p, b/ (p < .05)
and velar /k, g/ (p < .01). There was no individual difference between the latter
two. There was a significant interaction of the place of articulation and voicing
on the correct recognition [F(2, 318) = 20.312, p < .001]. As determined by the
Post Hoc analysis, this interaction effect was contributed to by lower recognition
scores for voiceless bilabial /p/ and voiced velar /g/ (Figure 2).

VOICING'PLACE; LS Means
140

105

1,00

095

020

0gs

RECOGNITION

080

075

070

065 =4 VOICING

b 1d I voiced
f : - VOICING
PLAGE voiceless

Fig 2: Interaction between the place of articulation and voicing
on recognition rate in noise.

5. General discussion

The purpose of the study was to analyse the perception of English word-
initial voiced and voiceless plosives in noise by Polish learners. To this end, two
groups of listeners listened to the one-syllable stimuli in silence and in six-talker
babble. It was hypothesised that the degrading influence of noise would allow
to determine actual perception performance in the tested group. Speech is very
rarely delivered in ideal conditions. Perception in noise is believed to be a better
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determinant of a non-native listener’s level of sound acquisition, because it taps
more directly into competence (Garcia Lecumberri and Cooke 2006).

The results revealed that in silence voiceless stops are better recognised
than voiced stops. These results are in congruence with earlier studies (Rojczyk
2010) that demonstrated a category overlap between Polish voiceless short lag
and English voiced short lag stops. However, in noise this difference was elimi-
nated. The perception rate of both voiced and voiceless stops leveled, which was
mainly achieved by lower recognition rates of voiceless stops in noise relative
to in silence. Counter to our hypothesis, the magnitude of noise masking was
not larger for voiced stops in noise. While the recognition rate for voiced stops
was similar in the two conditions, voiceless stops suffered more from degraded
conditions.

The place of articulation had a significant effect on perception both in
quiet and noise, however the observed pattern differed dramatically in the two
conditions. Moreover, the place of articulation interacted significantly with
voicing. In silence, bilabial and alveolar stops were perceptually more robust
than velar stops. However, the actual interaction between the place of articulation
and voicing in Figure 1 shows that less effective perception of velar stops was
strongly motivated by perception rates of voiced velars. In other words, listeners’
performance was dramatically lower for voiced velars compared to other categories.

The interaction analysis of the place of articulation and voicing in noise also
indicated a significantly lower perception rate of voiced /g/ (Figure 2). Moreo-
ver, unlike in silence, voiceless /p/ had a similarly lower recognition rate. The
alveolar place of articulation was characterised by stable rates irrespective of the
voicing contrast.

The results reported here seem to suggest that results obtained from percep-
tion experiments in silence may not always provide a complete picture of actual
performance of non-native listeners. First of all, counter to predictions voiced
stops were not more difficult to recognize in noise for Polish non-native listen-
ers. On the contrary, perception of voiceless stops was more degraded. Why
this may be the case is hard to explain, considering the fact that long lag VOT
values should serve as a strengthening perceptual cue. At least, it is suggested by
results from perception in quiet. Secondly, the interaction between the place of
articulation and voicing demonstrated an inconsistent pattern both in quiet and
in noise. What they had in common though was the relative high perception rate
of alveolars and low perception rate of voiced velars.

More research on non-native speech perception with Polish listeners should
include noise masking as one of the conditions. The experiment reported here
suggests that research on perception in noise may provide results that will
observably differ from the ones obtained from perception in quiet. Future studies
will have to systematise them and suggest more comprehensive explanations.
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Appendix A

Words used in the experiment with measurements of VOT in miliseconds.

Voiceless VOT Voiced VOT
pat 95 bat 17
Pete 73 beat 19
pet 64 bet 16
tan 121 dan 31
teen 99 dean 42
ten 87 den 38
cap 94 gap 34
cot 82 got 37
cut 58 gut 26
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