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Abstract

This study investigated effects, on a speech intelligibility, of

asynchronicity between a speech signal and a talker’s moving

image induced by time-expansion of the speech signal. First, a

word intelligibility test (Exp. 1) was administered to younger

listeners. Words were processed using STRAIGHT software

to expand the speech signal by 0 to 400 ms. The word intel-

ligibility test was administered under three conditions: visual-

only, auditory-only, and auditory-visual (AV) conditions. Re-

sults showed that intelligibility scores under the AV condition

were statistically higher than those under the auditory-only con-

dition, even when the speech signal was expanded by 400 ms.

Second, a sentence intelligibility test (Exp. 2) was administered

to older adults. For all sentences, each phrase was expanded

by 0 to 400 ms. This test was administered under the same

conditions as those used for Exp. 1. Results showed that sen-

tence intelligibility scores under the AV condition were statis-

tically higher than those under the audio-only condition when

the length of expansion was less than or equal to 200 ms. The

results of Exp. 1 and Exp. 2 suggest that the talker’s moving

image is effective to enhance speech intelligibility if the lag be-

tween the speech signal and the talker’s moving image is less

than or equal to 200 ms.

Index Terms: speech rate conversion, word or sentence intelli-

gibility, audio-visual integration

1. Introduction

A talker’s moving image is a very important cue to understand

what a talker says. This cue is usually called “lip-reading” in-

formation; it is effective especially under noisy conditions and

for hearing-impaired listeners. Many studies have addressed

this effect. For example, this cue improves speech intelligi-

bility for normal hearing listeners under a low signal-to-noise

ratio (S/N) condition[1]. It is also useful to speak slowly to

older adults. Based on this knowledge, a speech rate conversion

technique has been proposed and applied to telecommunication

systems[2].

If only the speech sound is expanded, the synchrony be-

tween the speech sound and the talker’s moving image is bro-

ken. Consequently, improvement by the effect of lip-reading

might be decreased. For that reason, it is important to in-

vestigate how people integrate speech sounds and the talker’s

moving images. Various researchers have investigated these

mechanisms[3, 4, 5]. However, almost all studies have dealt

with simple time-asynchrony. In speech rate conversion sys-

tems, the lag of the auditory signals grows progressively,

whereas the auditory and visual signals are synchronized at the

beginning of each phrase. Few studies have addressed this topic.

In this study, therefore, to investigate the integration mech-

anism between time-expanded speech and the talker’s moving

image, we administered a word intelligibility test and a sen-

tence intelligibility test. In these experiments, influence of dif-

ferent types of temporal adjustment between audio signal and

the moving image were examined.

2. Exp. 1: Word intelligibility test using
time-expanded speech combined with the

talker’s moving image

2.1. Methods

2.1.1. Participants

Participants were 12 undergraduate and graduate students

(22.7 ± 1.0 y). All had normal or corrected-to-normal vision

and had normal hearing. All were native Japanese speakers.

2.1.2. Stimuli

We used Familiarity-controlled Word-lists 2003 (FW03) as

stimuli[6]. The FW03 consists of 20 lists of 50 words in four

word-familiarity ranks (i.e., 4000 words in all). All words had

four morae and the same pitch-accent type (low-high-high-high

pitch for respective morae). In this experiment, we used word

lists within the range of middle-high word familiarity, i.e., be-

tween 5.5 to 4.0. For example, gu-n-ba-i (sumo referee’s fan),

ko-wa-i-ro (impersonation), and so on.

A female speaker repronounced the words in an anechoic

room. The utterance was recorded using a DV camera (AG-

DVX100A; Panasonic Inc.). Auditory speech was collected

using a 1/2 inch condenser microphone (Type 4165; B&K)

and digitally recorded on the DV. The mean speech rate was

7.1 mora/s (563 ms in average duration). Auditory speech was

digitized at 48 kHz, with 16-bit amplitude resolution. Visual

signals were recorded with a digitization rate of 29.97 frames/s

(1 frame = 33.33 ms). Pink noise was used as the noise signal;

all the auditory speech was presented in noise. The S/N was

0 dB.

For expansion conditions, auditory speech signals were an-

alyzed and resynthesized to change the duration of the words us-

ing STRAIGHT[7]. The auditory signals were time-expanded

0, 50, 100, 150, 200, 250, 300, 350, or 400 ms longer than the

original. The synthesized speech signal was combined with vi-

sual signal so that the onset of the utterance be synchronous.

Consequently, auditory and visual speech signals were syn-
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Figure 1: Experimental setup of Exp. 1

chronous at the onset of the stimuli and asynchronous at the

offset of the stimuli according to the amount of the expansion.

2.1.3. Experimental conditions

In all, 21 experimental conditions were used. Auditory speech

signal was time-expanded (expansion: 0, 50, 100, 150, 200,

250, 300, 350, or 400 ms). Therefore, the rate of auditory

speech signal was slower than that of talker’s moving image.

Speech signals were presented either through auditory modality

(auditory-only condition) or through auditory and visual modal-

ities (auditory-visual condition). In addition to these condi-

tions, three control conditions were applied. Original auditory

and visual speech was presented in the ORG (auditory-visual)

condition. Original auditory speech was presented in the ORG

(auditory-only) condition. Original visual speech was presented

in the visual-only condition. Which word list was presented in

which experimental condition was counterbalanced among par-

ticipants.

2.1.4. Procedure

In each of the 21 experimental conditions, 50 words were pre-

sented. The conditions included nine auditory-only conditions,

nine auditory-visual conditions, and three control conditions.

Therefore, the total of presented words in all conditions was

1,050. These words were divided into five groups and 210

words were presented in one session. Therefore, the experi-

ment comprised five sessions. The inter-trial-interval was 6 s.

The order of the sessions and that of words within sessions were

randomized.

Figure 1 shows the experimental setup of Exp. 1. Par-

ticipants were seated facing a display in a sound-proof room.

Sounds were presented through a pair of loudspeakers (N-803;

B&W) at 60 dBA using a DV deck through an amplifier. Vi-

sual signals were presented on a 42-inch display (TH-42PWD4;

Panasonic Inc.). The horizontal width of the mouth was about

4.5 deg of visual angle.

For each trial, the participant listened and/or looked the

stimulus. All participants were instructed to answer the words

as they heard them after presentation of a word. No feedback

was provided and no training was given prior to testing.

2.2. Results

Percentages of correct responses were averaged for each partic-

ipant and each condition. An overall average in each condition

Figure 2: Word intelligibility as a function of the amount of time

expansion

(i.e. word intelligibility) was calculated across participants.

Figure 2 showed word intelligibility as a function of the

amount of time-expansion in the auditory-only and auditory-

visual conditions. In all expansion conditions, the word intelli-

gibility scores in the auditory-visual condition were higher than

that in the auditory-only condition in spite of asynchrony of au-

ditory and visual stimuli.

A two-way repeated measures ANOVA with presentation

modality and time-expansion revealed a significant main effect

of the presentation modality (F (1, 11) = 128.6, p < .01)

and time expansion (F (8, 88) = 2.53, p < .05). In the

auditory-only condition, no significant difference existed be-

tween 0 ms and other time-expansion conditions. In contrast to

the auditory-only condition, words were more intelligible in the

auditory-visual condition when the amount of time-expansion

was 150 and 250 ms than when it was 0 ms (150 ms: p < .01,

200 ms: p < .05, Dunnett’s t-test).

To evaluate the visual benefit at time expansion, we used

another index of visual benefit on speech intelligibility: the AV

benefit[8]. The AV benefit is a measure of the visual contribu-

tion to speech perception; it is calculated using the following

formula:

AV benefit = (AV − A)/(100 − A), (1)

in which A represents the intelligibility score in an auditory-

only condition and AV represents that of an auditory-visual con-

dition. The AV benefit ranges between 0 (no visual benefit) and

1 (maximum visual benefit).

Figure 3 shows AV benefits. A one-way repeated measures

ANOVA with the amount of time-expansion revealed no signif-

icant main effect of the amount of time-expansion (F (8, 88) =
1.75, n.s.).

3. Exp. 2: Sentence intelligibility test using
time-expanded speech combined with the

talker’s moving image

3.1. Methods

3.1.1. Participants

Participants were four older adults (69.5±1.5 y), all of whom

had normal or corrected-to-normal vision and had nearly nor-

mal hearing (mean hearing level 16.0±5.4 dB). All were native

Japanese speakers.
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Figure 3: AV benefit of word intelligibility

3.1.2. Stimuli

The original sentence list was chosen from the “The Phoneme-

Balanced 1000 Sentence Speech Database[9]”. These sentences

were repronounced by the female speaker; not only the speech

sounds but also the talker’s moving image were recorded using a

DV camera (AG-DVX100A; Panasonic Inc.). This speaker was

the same speaker as that used in Exp. 1. The mean speech rate

was 7.8 mora/s (without pause). Auditory speech was digitized

at 48 kHz, with 16-bit amplitude resolution. Visual signals were

recorded using a digitization rate of 29.97 frames/s (1 frame =

33.33 ms). We asked the speaker to pronounce these sentences

to retain the pause duration between each phrase at more than

400 ms to control pause duration. From among all recorded

stimuli, we selected 440 sentences. These sentences were di-

vided into 11 lists, each of which included 40 sentences. Pink

noise was used as the noise signal and all the auditory speech

was presented in noise. The S/N was −1.5 dB, which was de-

termined in a preliminary experiment.

Using STRAIGHT[7], the speech length was changed.

First, a sentence was cut into phrases. The number of phrases in

each sentence was 2.73 on average (ranging between 2 and 4).

The mean duration of each phrase was 1.26 s. Then, the length

of each phrase was modified using STRAIGHT. Each phrase

was time-expanded 0, 100, 200, 300, or 400 ms longer than

the original. Sentences were reconstructed using these phrases

without changing the overall length of each sentence. For ex-

ample, when the length of phrase was time-expanded 100 ms

longer than original, the pause duration was modified 100 ms

shorter than original. A synthesized speech signal was com-

bined with a visual signal so that the onset of the utterance was

synchronous. Consequently, auditory and visual speech signals

were synchronous at the beginning of each phrase and asyn-

chronous at the end of the phrase according to the amount of

the expansion; at the beginning of the next phrase, they again

became synchronous. Figure 4 shows the time chart of stimuli.

3.1.3. Experimental conditions

In all, 11 experimental conditions were used. Auditory speech

was time-expanded (expansion: 0, 100, 200, 300, or 400 ms).

Therefore, the rate of auditory speech signal was slower than

that of talker’s moving image. Speech signals were presented

either through auditory modality (auditory-only condition) or

through auditory and visual modalities (auditory-visual condi-

tion). In addition to these conditions, one control condition was

���������	


��������
����

���


��������
����

�����


��������
����

�����


��������
����

�����


��������
����

�����

Figure 4: Time chart of sentence

applied. Original visual speech was presented in the visual-

only control condition. Which sentence list was presented in

which experimental condition was counterbalanced among par-

ticipants.

3.1.4. Procedure

In all, 40 sentences were presented in five auditory-only con-

ditions, five auditory-visual conditions, and one control condi-

tion. In each condition, 40 sentences were divided into two

groups: 20 sentences were presented in one session. The inter-

trial-interval was 45 s. The order of the sessions and that of

words within sessions were randomized.

The experimental setup was almost identical to that used for

Exp. 1. Participants were seated facing a display in a sound-

proof room. Sounds were presented through a pair of loud-

speakers (N-803; B&W). The sound pressure level was set to

most comfortable level (58 dBA) for participants. This level

was decided based on results of a preliminary experiment. Vi-

sual signals were presented on a 42-inch display (TH-42PWD4;

Panasonic Inc.). The horizontal width of the mouth was about

4.5◦ of visual angle.

For each trial, the participant first listened and/or looked

at the stimulus and were instructed to answer the sentences as

they heard them after the sentence presentation. No feedback

was provided; no training was given prior to testing.

3.1.5. Data Analysis

For each sentence, the percentage of correctly written keywords

was calculated. The keywords were content words (3–10 words

per sentence). Content words included nouns, verbs, adjectives,

and adverbs. Grammatical and spelling errors were ignored.

Sentence intelligibility in a condition was derived for each par-

ticipant based on the mean value through the 40 sentences in the

condition.

3.2. Results

Intelligibility score in the visual-only condition was 0% for

three participants, 0.8% for one participant.

Figure 5 showed sentence intelligibility as a function of the

amount of time-expansion in the auditory-only and auditory-

visual conditions. In all expansion conditions, the sentence in-

telligibility scores in the auditory-visual condition were slightly

higher than that in the auditory-only condition, irrespective of

asynchrony between the auditory and visual stimuli, especially



Figure 5: Sentence intelligibility as a function of the amount of

time expansion

in the 100 ms time-expansion condition.

A two-way repeated measures ANOVA with presentation

modality and time-expansion revealed a significant main effect

of the presentation modality (F (1, 3) = 31.30, p < .05) and

an interaction between the two factors (F (4, 12) = 11.22, p <
.01). Results of post hoc analyses showed that the simple

main effect of presentation modality was statistically signifi-

cant in the time-expansion of 0 (F (1, 3) = 18.33, p < .05),

100 (F (1, 3) = 64.75, p < .01), and 200 ms (F (1, 3) =
16.17, p < 0.05).

4. Discussion

In Exp. 1, the rate of auditory speech signal was much slower

than that of talker’s moving image, especially for the 400 ms

time-expansion condition. Despite differences of speed be-

tween auditory and visual speech signals, the word intelligi-

bility score in the auditory-visual condition was significantly

higher than that in the auditory-only condition, which suggests

that visual information is effective for word intelligibility even

if the auditory speech signal is delayed 400 ms from the vi-

sual speech signal. Grant showed that sentence intelligibil-

ity decreases when the time lag between auditory and visual

speech signals is greater than 200 ms[5]. One difference be-

tween Grant’s results and our results is the synchrony at the

beginning of stimuli. In our experiment, auditory and visual

speech signals were synchronous at the onset of the stimuli.

This synchronicity would be important to integrate auditory and

visual information.

Similar experiments were performed by Nejime et al.[10].

However, the results differed slightly. Nejime et al. reported

that word intelligibility decreases as the speech rate decreases.

This difference results from the speech rate of stimuli, which

was 5.6 mora/s in Nejime’s experiment, with the speech length

expanded to 3.8 mora/s. In contrast, the speech rate of our

experiment was 7.1 mora/s and the speech length was not ex-

panded greatly. Therefore, degradation of word intelligibility

was not observed in our experiment.

The results of Exp. 2 showed that the effect of visual in-

formation is less in comparison to those of Exp. 1. Various

factors might be considered. An extremely effective factor is

the difference among participants. In Exp. 2, older adults par-

ticipated in the experiment while younger adults participated in

the experiment in Exp. 1. Moreover, participants were asked

to respond to a word/sentence after its presentation in both ex-

periments. In these tasks, participants had to remeber whole

word/sentence until finishing their answering after the stimulus

presentation ended. Therefore, it would be hard to remember

whole sentence for older adults, which might cause the degra-

dation of the effect of visual information, especially in a long

time-expansion condition. Nevertheless, the sentence intelligi-

bility score in the auditory-visual condition was higher than that

of the auditory-only condition in time-expansion of 0, 100, and

200 ms. The results suggest that the talker’s moving image is

effective to enhance speech intelligibility if the lag between the

speech signal and the talker’s moving image is less than or equal

to 200 ms.

5. Conclusions

This study investigated effects, on speech intelligibility, of asyn-

chronicity of a speech signal and a talker’s moving image in-

duced by time-expansion of the speech signal.

The results of two speech intelligibility tests suggest that

the talker’s moving image is effective for enhancing speech in-

telligibility if the lag between the speech signal and the talker’s

moving image is less than or equal to 200 ms. This tendency

was observed not only for listeners with normal hearing, but

also for older adults.
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