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1. Introduction

Many older people have difficulty understanding spoken
language in everyday communicative situations, especially
when the speech is presented at a rapid rate. Time-compressed
speech is less intelligible than normal rate speech especially
for older adults (e.g., [1,2]), although this aging effect could
be due to distortions by signal processing [3]. Age-related
changes have been observed on various measures spanning
perceptual to cognitive stages, including working memory [4]
and attention [5]. Such cognitive aging might result from a
general slowing of processing speed [6].

As opposed to speech compression, speech expansion
may help in the comprehension of spoken language. Clear
speech, a speaking style that many speakers adopt in order to
be understood more easily in difficult communication situa-
tions [7], is usually slower [8] and more intelligible [7] than
conversational speech. Although this line of evidence implies
that speaking slowly is a good method in terms of intelligi-
bility, previous studies have shown conflicting results on the
effect of time expansion. Some studies have shown that time
expansion improves intelligibility (e.g., [9]) while others have
shown a decrease [10-12] or a null effect [13].

One reason for the conflicting results of time expansion
would be that there are some distortions caused by signal
processing at the time of speech expansion. This can explain
the negative effect of time expansion at syllable and word
levels. However, spoken language comprehension involves
higher cognitive as well as earlier perceptual processes [14].
Thus, another reason for the conflicting results could be that
the effects of time expansion might reflect performance on
two distinct levels of processing: perceptual and cognitive
levels. A single syllable benefits not from higher cognitive
processing but from bottom-up perceptual processing. How-
ever, the benefit of time expansion at sentence or longer levels
may reflect increased effectiveness in cognitive as well as
perceptual processing. Because human information processing
resources are limited [15], fewer resources are available for
cognitive processes when the perceptual load is higher,
leading to reduced efficiency and speed of cognitive process-
ing [16]. In such cases, even when a syllable or a word has
been correctly perceived, it may not be encoded in short-term
memory to be available for higher processes. Rabbitt [17]
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showed that memory performance for spoken digits is worse
when they were presented under a noisy but correctly
perceivable condition than when they were presented without
noise. McCoy et al. [18] showed that short-term memory
performance in persons with hearing loss was lower than in
those with better hearing even when perceptual performances
in both groups were almost perfect. These results clearly show
the interaction between perceptual and cognitive levels.
McCoy et al. [18] concluded that the extra effort to achieve
perceptual success may come at the cost of cognitive
resources that might otherwise be available for encoding the
speech content in memory.

In our study, we investigated the effect of pauses on
speech-expansion benefit in spoken language comprehension.
Pauses between phrases and speech rate were independently
manipulated in the experiment. These manipulations of pauses
and speech rate change the efficiency at both perceptual and
cognitive levels. The manipulation of speech rate may mainly
change the efficiency in perceptual processing. The manipu-
lation of pauses may mainly change the efficiency in cognitive
processing, as pauses can provide a time for cognitive
processing [19], although the presence or absence of pauses
also provides a perceptual cue for segmentation of the speech
signal. Sentence intelligibility was compared between young-
er and older adult listeners to investigate age-related changes
in the interaction between the effects of speech expansion and
pause duration.

2. Methods
2.1. Participants

Eighteen listeners participated in the experiment. One
group consisted of ten younger adults reporting normal hearing
and ranging in age from 20 to 29 years (M (mean) = 23.0
years). A second group consisted of eight older adults with
nearly normal hearing, ranging in age from 65 to 74 years
(M = 68.9 years). The mean hearing level for frequencies
within the speech range (500, 1,000, 2,000 Hz) in the second
group was 14.1dB (SD (standard deviation) = 4.9). All
participants were native speakers of Japanese.
2.2. Materials

Five hundred and forty sentences were chosen from “The
Phoneme-Balanced 1000 Sentence Speech Database” (NTT-
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AT Co., Ltd.). The sentences were spoken in Japanese by a
trained female speaker of Japanese. All speech materials were
digitized with 16-bit resolution at a sampling rate of 16 kHz.
The average speech rate in the original sentences was 7.0
morae per second. The A-weighted equivalent continuous
sound pressure level was equated among the sentences
excluding pauses.

In order to minimize the negative effects due to signal
distortion, we used the STRAIGHT speech analysis-synthesis
method [20], which had won first place among four synthetic
vocal systems in the blind listening test conducted by
RENCON’04 [21], to time expand the speech signals.
Twenty-five types of stimuli were made for each of the 540
sentences. First, a sentence was cut into phrases (2.77 phrases
on average, ranging between 2 and 4). The mean duration of
phrases was 1.52 seconds (SD = 0.67). Subsequently, analysis
and resynthesis were applied to change the duration of the
phrases. The length of each modified phrase was 0, 100, 200,
300, or 400 ms longer than the original. Finally, pauses (i.e.,
silent portions) were inserted between the phrases. The length
of pauses was 0, 100, 200, 300, or 400 ms. Thus, these 25 types
of stimuli were made from each of the single sentences by a
combination of the five expansion times and five pause lengths.

In addition to these synthesized stimuli, a pause control
sentence and the original sentence were used as the control
stimuli. Both these stimuli consisted of the original, unsyn-
thesized phrases. The pauses between the phrases were not
controlled in the original sentences, whereas these were
equated to 400 ms in the pause control sentences. The mean
duration of the pauses between the phrases was 201 ms in the
original sentence stimuli. Examples of the speech signals used
in some of the conditions are shown in Fig. 1.

Each of the 540 sentences was randomly assigned to each
of the 27 experimental conditions. This sentence-to-condition
assignment was randomized among participants.

2.3. Procedure

Listeners were tested individually in a sound-attenuating
room. Auditory stimuli were played out via the TDT System
IIT (Tucker-Davis Technologies, Gainesville, FL). The speech
signals were presented at 75dB (A-weighted equivalent
continuous sound pressure level) to younger listeners. For
older listeners, the speech signals were presented at their most
comfortable levels because of the large individual differences
in their hearing levels. As the result of an informal
preliminary test revealed high intelligibility, background
noise was added to prevent ceiling effects. The noise signal
was filtered random noise simulating the long-term average of
typical speech. The speech and noise signals were mixed
electrically and presented through headphones (Sennheiser,
HDA-200) over the left ear (younger listeners) or the better
ear (older listeners).

Because the result of a preliminary test revealed high
intelligibility (about 80 percent), a background noise was
added to prevent the ceiling effect. The signal-to-noise ratio
(SNR) was determined to avoid the ceiling effect and the floor
effect and to match the performances of younger and older
listeners. In particular, the SNR for younger listeners was
—6dB for half of the trials and —7 dB for the remaining half
of the trials, on the basis of the results of another preliminary
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Fig.1 Example of speech waveforms of (a) original
sentence, (b) pause control sentence, (c¢) 0-ms-expan-
sion and 400-ms-pause sentence, (d) 0-ms-expansion
and 0-ms-pause sentence, and (e) a 400-ms-expansion
and 400-ms-pause sentence.

experiment. Since individual differences in speech intelligi-
bility were larger in older listeners than in younger listeners,
the SNR in older listeners was determined individually
through practice trials. Using the results obtained under the
four SNR conditions (—6, —3, 0, and +3 dB), the SNR was
determined at individual optimal levels to avoid the ceiling
and floor effects.

In each of the main trials, a spoken sentence in noise was
presented through headphones. Participants were asked to
write down the sentence at their own pace. They were
encouraged to guess at any words that were not clear or
intelligible. The next trial began after the participants pressed
a button.

The experiment consisted of 10 sessions. Each session
took about 30-60min depending on the pace of each
participant. Participants completed two sessions per day.
Each session consisted of 54 trials, comprising two trials for
each of the 27 conditions. The order of sessions was counter-
balanced. The order of trials within a session was randomized.
2.4. Data analysis

For each sentence, the percentage of correctly written
keywords was calculated. The keywords were content words
(including nouns, verbs, adjectives, and adverbs) ranging
between four and seven words per sentence. Grammatical and
spelling errors were ignored. Sentence intelligibility under
each condition was derived for each listener based on the
mean value through the 20 sentences under that condition.

3. Results

As a result of the manipulation of the SNR to match the
intelligibility between groups, the mean SNR was —6.5 dB for
younger listeners and —1.5dB (ranging between —4.5 and
+3.5dB) for older listeners. As a result of this manipulation,
the mean intelligibility was not significantly different between
groups [F(1,16) = 0.27, n.s.].

Figure 2 shows the mean intelligibility for younger and
older listeners as a function of the duration of the pauses and
the amount of expansion. A three-way analysis of variance
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Fig.2 Mean intelligibility (percentage of correctly written keywords) of younger and older listeners as a function of the
duration of the pauses and the amount of expansion. Filled circles represent the results for younger listeners. Open squares

represent those for older listeners.

revealed that the main effect of pauses was significant
[F(4,64) =5.17, p < 0.01]. Multiple comparison (Fisher’s
LSD, p < 0.05) revealed that sentence intelligibility was
better under conditions with pause (100, 200, 300, and
400ms) than without pause (0Oms). The main effect of
expansion was also significant [F(4,64) = 12.52, p < 0.01].
Multiple comparison revealed that sentence intelligibility was
better when the speech signal was expanded (100, 200, 300,
and 400 ms) than when it was not (0 ms). Also, intelligibility
at 200 and 400 ms expansions was significantly higher than
at 100ms expansion. The main effect of Group was not
significant [F(1,16) = 0.32, p = 0.58].

Importantly, the interaction between pause and expansion
was significant [F(16,256) = 1.69, p < 0.05]. Simple main
effect analyses showed that the effect of expansion was
significant at Oms [F(4,320) =2.75, p < 0.05], 100 ms
[F(4,320) =4.21, p <0.01], 300ms [F(4,320) =4.03,
p < 0.01], and 400 ms pauses [F(4,320) = 5.72, p < 0.01].
Multiple comparison revealed that sentence intelligibility was
higher at 400 ms than at 0 ms expansion when the pause was
0 ms, higher at 200 ms and 400 ms expansions when the pause
was 100 ms, and higher at 100 ms and longer expansion when
the pause was 300 ms and 400 ms. In sum, speech expansion
as short as 100ms yielded higher intelligibility than non
expanded speech when the pause between phrases was long
(i.e., 300 and 400 ms).
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There was no significant difference between the pause
control sentences and the original sentences in both younger
[#(9) = 0.31, n.s.] and older [#(7) = 0.75, n.s.] listeners,
confirming that keeping the pauses between phrases constant
(400 ms) does not affect the intelligibility.

4. Discussion

We showed the interaction between pause duration and
speech-expansion in spoken language comprehension. It is
noteworthy that higher sentence intelligibility was obtained
with a relatively short time expansion (i.e., 100 ms) when the
pause between phrases was long enough (i.e., 300 and 400 ms)
in both younger and older listeners. By inserting a pause
between phrases, participants can use more time for higher
cognitive processes. Consequently, more resources can be
allocated to perceptual processing of the incoming speech
signal. As processing resources were sufficiently allocated to
the perceptual processing of time-expanded speech fragments
when the pauses were long, facilitation effects of time
expansion were salient, particularly under those conditions.
This explanation is similar to the “effortfulness hypothesis”
[18], which assumes an interaction between perceptual and
cognitive processes.

One reason for the conflicting results of time expansion
among studies is that there are some distortions caused by
signal processing at the time of speech expansion. Our results
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raise another possibility that does not exclude the distortion
explanation. In previous studies that failed to demonstrate a
facilitation effect of time expansion of the speech portion,
cognitive resources might have been insufficient for higher
cognitive processing of time-expanded, and thus easily
perceivable, speech fragments. Whereas McCoy et al. [18]
showed that perceptual difficulty affects cognitive processing,
cognitive difficulty may also affect perceptual processing.

Our results have an implication on the design of an
audiovisual speech rate conversion system. In audiovisual
materials, if pauses (i.e., no-sound portions) between phrases
were deleted in an amount equal to the duration of speech
sound expansion, the onset of the next phrase becomes
synchronous with the corresponding part of the (unchanged)
visual signal. A speech rate conversion method, which
manipulates speech signals following the above rule, has
been developed for broadcasting [22]. Interestingly, our
results showed that this pause-to-expansion transposition
enhanced sentence intelligibility. Intelligibility in sentences
with 200ms pause and 200 ms expansion was higher than
those with 400 ms pause and O ms expansion [#(17) = 3.57,
p < 0.01]. It is noteworthy that lipread information as well as
the benefit from speech expansion is available under this
condition since the intelligibility is higher when the visual
speech signal is presented along with the time-expanded
auditory speech signal [23,24].

In summary, we examined the interaction between
cognitive and perceptual processing levels. Results showed
an interaction between pause duration and speech expansion.
Speech expansion as short as 100 ms was more effective than
non-expanded speech when the pause between phrases was
300 or 400ms. This tendency was common between age
groups as long as the difficulty was matched.
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