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Abstract 
Previous studies have revealed a temporal window during 
which human observers perceive physically desynchronized 
auditory and visual signals as synchronous. This study 
investigated effects of intermodal timing differences and 
speed differences on intelligibility of auditory-visual speech. 
We used 20 minimal pairs of Japanese four-mora words such 
as “mi-zu-a-ge” (catch landing) versus “mi-zu-a-me” (starch 
syrup) and administered intelligibility tests. Words were 
presented under visual-only, auditory-only, and auditory-
visual (AV) conditions. Two types of AV conditions were 
used: asynchronous and expansion conditions. In 
asynchronous (i.e. timing difference) conditions, the audio lag 
was 0–400 ms. In expansion (i.e. speed difference) conditions, 
the auditory signal was time-expanded while the visual signal 
was kept at the original speed. The amount of expansion was 
0–400 ms. Results showed that the word intelligibility 
declined as the timing difference and speed difference 
increased. Results of AV benefit (i.e. the superiority of AV 
performance over auditory-only performance) revealed that 
the AV benefit at the end of words declined as the speed 
difference increased, although it did not decline as timing 
difference increased. These results suggest that intermodal lag 
recalibration requires a constant timing difference between 
auditory and visual signals. Older adults recalibrated neither 
the timing difference nor the speed difference. These results 
might be useful for design of a multimodal speech-rate 
conversion system. 
Index Terms: asynchrony, speech-rate conversion, 
intelligibility, older listeners 

1. Introduction 
Listeners use visual information of the talker’s mouth for 
speech perception. Lipreading is especially useful in noisy 
environments [1, 2] and is one example of multisensory 
integration. Multisensory integration requires temporal 
coordination of signals from multiple sensory modalities [3]. 
However, signals from multiple modalities need not be 
precisely synchronous to be perceived as a single event. 
Previous studies have revealed a temporal window during 
which human observers perceive physically desynchronized 
auditory and visual signals as synchronous (e.g., [4, 5]). 
Results of earlier studies using speech stimuli have shown 
that the temporal window size is around 200 ms when an 
auditory signal lags a visual signal [4–9]. 

In these studies, the amount of asynchrony between 
auditory and visual speech signals was constant from the 
onset to the offset of the signals. This is ecologically valid 
because the lag between multiple modalities is constant in a 
natural environment. However, recent advances in signal 
processing technology have brought a situation in which such 

constancy is broken down. In a speech rate conversion system 
[10], the rate of auditory speech signal is slowed down even 
though that of the visual signal remains unchanged. In this 
case, speech expansion brings a new type of asynchronization 
between auditory and visual speech signals; the lag increases 
toward the end of the stimulus. What would happen in a 
situation in which the presentation rate is different between 
auditory and visual speech signals? 

In this study, we examined the effect of intermodal 
speed difference on auditory-visual spoken word recognition 
and compared it to that of intermodal timing difference. This 
examination holds theoretical importance as well as a 
practical importance for the design of multimodal speech rate 
conversion system. Grant et al. [6, 7] have proposed that the 
correlation between auditory and visual speech signals plays 
an important role in auditory-visual speech integration. For 
example, the area of mouth opening correlates with the 
corresponding overall amplitude of the acoustic signal [7]. 
Their hypothesis predicts that auditory-visual integration does 
not arise or that it is weakened when the presentation rate is 
different between auditory and visual modalities.  

In the experiment, the effect of timing difference was 
examined through asynchronous conditions. In these 
conditions, the rate of presentation was kept constant between 
modalities, leading to a fixed audiovisual time lag. Effects of 
the speed difference were examined through the expansion 
conditions, in which auditory speech is time-expanded while 
visual speech is kept as original. In these conditions, the rate 
of presentation was slower in auditory modality than in the 
visual modality. For that reason, the audiovisual time lag 
increases gradually toward the end of a word. 

2. Experiment 1 

2.1. Methods 

2.1.1. Participants  

Participants were 10 undergraduate and graduate students 
(19.8 ± 1.0 y). All had normal or corrected-to-normal vision 
and had normal hearing (mean hearing level 3.6 ± 3.2 dB). 
All were native Japanese speakers. 

2.1.2. Stimuli  

We used 20 minimal pairs (40 words) of Japanese words. All 
words had four morae and the same pitch-accent type (low-
high-high-high pitch for respective morae). Paired words 
differed by only one consonant and required different mouth 
movements. Five minimal pairs (10 words) were used for 
each of the four mora positions. For example, the words to-u-
ha-tsu and mo-u-ha-tsu differ only in the consonant of the 
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first mora; the words mi-zu-a-ge and mi-zu-a-me differ only 
in the consonant of the fourth mora. Manipulating the mora 
position in which mouth movement differs, we can examine 
the changes in visual contributions from the first to the last 
mora of the words. Words were selected from a database of 
lexical properties of Japanese [11]. Mean familiarity (rated 
between 1 (low) and 7 (high)) of the words used was 5.18. 
Averaged familiarity of the ten words consisting of five 
minimal pairs for list of each mora position was matched 
within the range between 5.06 and 5.28. The difference in the 
familiarity of the paired words was less than 1.0.  

A female trained speaker pronounced 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 6.9 mora/s (583 ms average duration). 
Auditory speech was digitized at 44.1 kHz, with 16-bit 
quantization resolution. Visual signals were digitally recorded 
with a frame rate of 29.97 frames/s (1 frame = 33.33 ms). All 
auditory speech was presented in pink noise. The signal-to-
noise ratio (SNR) was -10 dB. 

For expansion conditions, auditory speech signals were 
analyzed and resynthesized to change the duration of the 
words using STRAIGHT [12]. The auditory signals were 
time-expanded 0, 100, 200, 300, or 400 ms longer than the 
original. Synthesized speech signals were combined with the 
visual signal so that the onset of the utterance was 
synchronous. Consequently, auditory and visual speech 
signals were synchronous at the onset of the stimuli and 
asynchronous at the offset of the stimuli according to the 
amount of the expansion. Figure 1 shows that the audiovisual 
time lag gradually becomes larger towards the offset of the 
words. In expansion A conditions, only the time-expanded 
auditory speech was presented. 

Table 1. Examples of words used. 

mora Example 
1 touhatsu -mouhatsu 
2 migawari -mimawari 
3 tokudai -tokubai 
4 mizuage -mizuame 

 
 
 
 
 
 
 
 

Figure 1: Time course of word presentation. 

2.1.3. Experimental conditions  

In all, 17 experimental conditions were used. They can be 
classified as 5 asynchronous conditions, 10 expansion 
conditions, and 2 control conditions. In asynchronous 
conditions, the auditory speech signal lagged the visual 
speech signal (audio delay: 0, 100, 200, 300, or 400 ms). The 
rate of presentation was maintained as constant between 
modalities, leading to a fixed audiovisual time lag. The 
auditory and visual signals themselves were unchanged, 
except the timing relation of these signals. In expansion 

conditions, the auditory speech was time-expanded 
(expansion: 0, 100, 200, 300, or 400 ms). Therefore, the rate 
of presentation was slower in auditory modality than in visual 
modality. Speech signals were presented either through 
auditory modality (expansion A conditions) or through 
auditory and visual modalities (expansion AV conditions). In 
addition to the asynchronous and expansion conditions, two 
control conditions were used. Original auditory speech was 
presented in the A-only control condition. Original visual 
speech was presented in the V-only control condition. 

2.1.4. Procedure  

Each of the 17 sessions was assigned to one of the 17 
experimental conditions. In each session, all 40 words were 
presented 6 times. The inter-trial-interval was 6 s. The order 
of the sessions and that of words within each session were 
randomized. 

Participants were seated facing a display in a soundproof 
room designed according to the ITU-R BS.1116-1 criteria. 
Sounds were presented through a pair of loudspeakers (N-
803; B&W) at 60 dBA by a DV tape-deck through an 
amplifier. Visual signals were presented on a 42-inch flat 
plasma display (TH-42PWD4; Panasonic Inc.). The 
horizontal width of the talker’s mouth was about 4.5° of the 
visual angle. 

For each trial, an incomplete word was written on the 
paper (e.g. mi-zu-a-__ ). A participant listened to and/or 
looked at the stimulus. Participants were instructed to fill in 
the blank after the word presentation. No feedback was 
provided and no training was given before testing. 

2.2. Results 

2.2.1. Word intelligibility 

Percentages of correct responses were averaged for each 
participant and each condition. An overall average in each 
condition (i.e. word intelligibility) was calculated across 
participants. 

Figure 2a shows word intelligibility as a function of 
audio delay in asynchronous AV conditions. In auditory-only 
control conditions, the word intelligibility was 62.9%. Overall, 
the intelligibility was higher in asynchronous AV conditions 
(83.5% in average across five conditions) than in the 
auditory-only control condition. The intelligibility declined as 
the audio delay increased. A one-way analysis of variance 
(ANOVA) with repeated measure revealed that the main 
effect of asynchrony was significant (F(4,36)=8.83, p < .01). 
Post-hoc analysis (Dunnett’s t-test) showed that words were 
less intelligible when the audio delay was 300 and 400 ms 
than when it was 0 ms (p < .01). 

Figure 2b shows word intelligibility as a function of the 
amount of time-expansion in expansion A and AV conditions. 
In expansion A conditions, the intelligibility was slightly 
higher when speech was expanded 400 ms longer. As in the 
asynchronous conditions, the intelligibility was higher in 
expansion AV conditions than in expansion A conditions. A 
two-way repeated measures ANOVA with presentation 
modality and time-expansion revealed a significant main 
effect of the presentation modality (F(1,9)=254.84, p < .01) 
and an interaction between the two factors (F(4,36)=3.06, p 
< .05). In expansion A conditions, words were more 
intelligible when the amount of time-expansion was 400 ms 
than when it was 0 ms (p < .05, Dunnett’s t-test). In contrast 
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to the asynchronous AV conditions, no significant difference 
existed among the expansion AV conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: (a) Word intelligibility as a function of audio delay 
in asynchronous AV conditions in younger adults (Expt. 1, 
solid line) and older adults (Expt. 2, dotted line). The 
horizontal lines show the intelligibility in auditory-only 
control condition. (b) Word intelligibility as a function of the 
amount of time-expansion in expansion A and AV conditions 
in younger adults (Expt. 1, solid lines) and older adults (Expt. 
2, dotted lines). 

2.2.2. AV benefit  

To evaluate the visual benefit at each mora position, we used 
another index of visual benefit on speech intelligibility: the 
AV benefit [2]. The AV benefit is a measure of the visual 
contribution to speech perception; it is calculated using the 
following formula: 
 

AV benefit = (AV－A) / (100－A) , 
 
where A represents the intelligibility score in an auditory-only 
condition and AV represents that of an auditory-visual 
condition. In asynchronous conditions, A corresponds to the 
intelligibility score in the auditory-only control condition and 
AV corresponds to each asynchronous AV condition; in 
expansion conditions, A corresponds to the intelligibility 
score in each expansion A condition and AV corresponds to 
the corresponding expansion AV conditions. The AV benefit 
ranges between 0 (no visual benefit) and 1 (maximum visual 
benefit). AV benefit of the 0 ms condition of each mora was 
compared to those of other time conditions for each mora 
using Dunnet’s multiple comparison to evaluate the effects of 
timing differences and speed differences for each mora. 

Figure 3a shows AV benefits in asynchronous AV 
conditions. For morae 1–3, the AV benefit decreased as the 
amount of asynchrony increased. In contrast, at mora 4, such 

a tendency was not very clear. A two-way repeated measures 
ANOVA with the amount of asynchrony and mora position 
revealed significant main effects of the amount of asynchrony 
(F(4,36)=10.08, p < .01) and mora position (F(3,27)=20.87, p 
< .01). An interaction was also found between the two factors 
(F(12,108)=5.30, p < .01). Post-hoc analyses (Dunnett’s t-
test) showed significant decreases at morae 1–3 when the 
asynchrony was 400 ms. At mora 2, there was also a 
significant decrease in AV benefit when the asynchrony was 
300 ms. In contrast, at mora 4, no significant decrease was 
found in any asynchronous condition. Therefore, a decline 
was detected at the beginning and in the middle of the words 
while no decline was detected at the end of the words. 

Figure 3b shows AV benefits in expansion conditions. In 
expansion AV conditions, the onset of the mora 1 was 
synchronous. The audio lag was maximum at the offset of 
mora 4. Therefore, the actual amount of audio lag at the onset 
of each mora was smaller than the amount of time-expansion. 
At mora 4, the AV benefit declined as the amount of time-
expansion increased. A two-way repeated measures ANOVA 
with the amount of time-expansion and mora position 
revealed significant main effects of the amount of time-
expansion (F(4,36)=3.03, p < .05) and mora position (F(3,27) 
=14.68, p < .01). Interaction was also found between the two 
factors (F(12,108)=1.92, p < .05). Post-hoc analyses 
(Dunnett’s test) showed no significant decline at morae 1–3 in 
any time-expansion condition. In contrast, at mora 4, a 
significant decline was found when the amount of time-
expansion was equal to or greater than 200 ms. These results 
contrasted to those of asynchronous conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: AV benefits in (a) asynchronous conditions and (b) 
expansion conditions. Asterisks show a significant decline 
from the 0 ms condition of each mora position. 
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2.3. Discussion 

2.3.1. Lipreading in asynchronous AV conditions and 
expansion AV conditions 

Intelligibility was higher in asynchronous AV conditions than 
in the auditory-only control condition, showing that 
lipreading was useful in this experiment. A visual 
contribution was also found in expansion AV conditions. At 
this moment, the mechanism of auditory-visual speech 
integration in the case of a speed difference is not clear. 
However, the expansion AV condition resembles the situation 
of the experiments that examined auditory influences of 
visual rate perception reported by Recanzone [13], who 
demonstrated that the perceived rate at which people judge a 
light to be flickering on and off can be modulated by the rate 
at which a concurrent stream of auditory stimuli are presented. 
In this study, visual speech might be ventriloquized into 
temporal alignment with auditory speech analogous to 
Recanzone [13] and lead to lipreading in expansion AV 
conditions. 

This result also has practical importance for the design 
of a multimodal speech rate conversion system. Imai et al. 
[10] showed that older observers did not feel unnaturalness 
when they observed a TV news program in which the phrases 
of the auditory speech were slowed down and pauses between 
the phrases were deleted in the amount equal to the amount of 
time-expansion although the visual signal was kept at the 
original speed. The current study supports the usefulness of a 
multimodal speech rate conversion system and extends their 
finding in terms of intelligibility. 

2.3.2. Temporal window of auditory-visual speech 
integration  

Intelligibility decreased as the audio delay increased. This 
result is consistent with previous studies that have shown a 
temporal window during which human observers can use 
multimodal information to identify what the talker has said [6, 
7]. However, the size of the temporal window revealed in this 
study seems larger than that of previous studies. In Grant and 
Greenberg [6], the intelligibility declined to almost the same 
level as the auditory-only condition when the auditory signal 
lagged the visual signal by 400 ms. In the present study, the 
intelligibility was still larger than in the auditory-only 
condition when the audio lag was 400 ms. Several factors 
might contribute to this difference. These include the length 
of the speech (monosyllable, syllables, word, or sentence), the 
meaningfulness of the syllables (nonsense word or 
meaningful word), and the linguistic factor (English, Japanese, 
or other languages). Sekiyama and Tohkura [14] showed that 
Japanese speakers are less susceptible to visual speech in the 
McGurk identification task than English speakers. Such a 
cross-linguistic difference might also be the cause of the 
temporal window size in this study. 

2.3.3. Recalibration of audiovisual timing lag for 
speech signal and its requirement 

Recently, a new adaptation, called “lag adaptation”, has been 
reported [15, 16]. In the experiments of Fujisaki et al. [15], 
participants were first exposed to a fixed audiovisual time lag 
for several minutes. Subsequently, auditory and visual stimuli 
were presented in various timing conditions. Participants 
judged whether or not the two stimuli were presented 
simultaneously. Results showed that the temporal window of 

subjective simultaneity expanded toward the adapted timing 
lag after adaptation. In other words, participants recalibrated 
their point of subjective simultaneity. In the current study, the 
AV benefit did not decline when the audio delay was as large 
as 400 ms at mora 4, but it did decline when the audio delay 
was 400 ms at morae 1–3. This result is analogous to lag 
adaptation in that the temporal window expanded toward the 
consistent timing lag. However, several differences were 
apparent between the lag adaptation and our results. These 
include the stimuli used (nonspeech in [15] and speech in this 
study), the measures (temporal order judgment task and 
identification task), and the time span of recalibration (three 
minutes in [15] and within one second in this study). Further 
investigation is necessary to elucidate the relation between 
our results and lag adaptation. 

In expansion AV conditions, the AV benefit at mora 4 
decreased as the amount of time-expansion increased. This 
contrasts to the result in asynchronous AV condition in which 
the AV benefit at mora 4 did not decline as the audio delay 
increased. It might be that recalibration necessitates a fixed 
audiovisual time lag. Van Wassenhove et al. [7] proposed that 
correlation between auditory and visual speech signals plays 
an important role in auditory-visual speech integration. In the 
current study, the correlation between auditory and visual 
speech signal should be lower in expansion AV conditions 
than in asynchronous AV conditions because the temporal 
alignment was broken down by the time-expansion procedure. 
The result supports the possibility that the correlation 
between auditory and visual speech signals plays an 
important role in auditory-visual recalibration of speech 
timing. 

3. Experiment 2 
Sommers et al. [17] showed that the temporal property of 
auditory-visual speech perception changes with age. For that 
reason, we conducted a similar experiment for older adults. 

3.1. Methods 

The experimental methods were identical to those of 
Experiment 1, except as described below. 

3.1.1. Participants 

Participants were six older adults (68.7 ± 2.1 y). All had 
normal or corrected-to-normal vision and had nearly normal 
hearing (mean hearing level 12.6 ± 7.0 dB). All were native 
Japanese speakers. 

3.1.2. Procedure 

Speech was presented at the most comfortable level of each 
participant (between 62 and 67 dBA). Auditory speech was 
presented along with pink noise. The SNR was set to a level 
at which the intelligibility of each participant in the auditory-
only condition was almost equivalent to the mean 
intelligibility of younger adults in the same condition 
(Experiment 1). As a result of this manipulation, the mean 
SNR in older adults was −5.3 ± 1.9 dB. 

3.2. Results 

3.2.1. Word intelligibility 

The dotted line in Figure 2a shows word intelligibility as a 
function of audio delay in asynchronous AV conditions of 



Experiment 2. In the auditory-only control condition, the 
word intelligibility was 60.9%. Overall, the intelligibility was 
higher in asynchronous AV conditions (76.3% in average 
across five conditions) than in the auditory-only control 
condition. However, the difference between auditory-only 
and auditory-visual conditions was smaller than that of 
younger adults. The intelligibility declined as the audio delay 
increased. A one-way ANOVA with repeated measures 
revealed that the main effect of asynchrony was significant 
(F(4,20)=12.77, p < .01). Post-hoc analysis (Dunnett’s t-test) 
showed that words were less intelligible when the audio delay 
was 300 ms (p < .05) and 400 ms (p < .01) than when it was 0 
ms. 

The dotted lines in Figure 2b show word intelligibility as 
a function of the amount of time-expansion in expansion A 
and AV conditions of Experiment 2. As in the asynchronous 
conditions, the intelligibility was higher in expansion AV 
conditions than in expansion A conditions. However, the 
difference between auditory-only and auditory-visual 
conditions was smaller than that of younger adults. A two-
way repeated measures ANOVA with presentation modality 
and time-expansion revealed a significant main effect of the 
presentation modality (F(1,5)= 234.23, p < .01) and a 
significant interaction (F(4,20)=5.02, p < .01). The effect of 
time-expansion was not significant (F(4,20)=2.14, n.s.). In 
expansion A conditions, words were more intelligible when 
the amount of time-expansion was 300 ms than when it was 0 
ms (p < .05, Dunnett’s t-test). In expansion AV conditions, 
words were less intelligible when the amount of time-
expansion was 400 ms than when it was 0 ms (p < .05, 
Dunnett’s t-test). 

3.2.2. AV benefit 

Figure 4a shows AV benefits in asynchronous AV conditions. 
In contrast to the younger adults, the AV benefit at mora 4 
decreased as the amount of asynchrony increased. A two-way 
repeated-measures ANOVA with the amount of asynchrony 
and mora position revealed significant main effects of the 
amount of asynchrony (F(4,20)=18.47, p < .01) and mora 
position (F(3,15)=11.96, p < .01). Interaction between the two 
factors was also found (F(12,60)=4.89, p < .01). Post-hoc 
analyses (Dunnett’s t-test) revealed a contrastive pattern to 
Experiment 1: significant decreases existed at mora 4 when 
the asynchrony was 100 ms (p < .05) and 400 ms (p < .01); in 
contrast, at morae 1–3, no significant decrease was found in 
any asynchronous condition. 

Figure 4b shows AV benefits in expansion conditions. At 
mora 4, the AV benefit declined as the amount of time-
expansion increased. At other mora positions, such a 
tendency was not clear. A two-way repeated measures 
ANOVA with the amount of time-expansion And mora 
position revealed significant main effects of the amount of 
time-expansion (F(4,20)=7.37, p < .01) and mora position 
(F(3,15)=9.58, p < .01). Interaction was also found between 
the two factors (F(12,60)=2.25, p < .05). Post-hoc analyses 
(Dunnett’s t-test) revealed a similar pattern to that of 
Experiment 1: no significant decline was found at morae 1– 3 
in any time-expansion condition; in contrast, at mora 4, a 
significant decline was found when the amounts of time-
expansion were 300 ms and 400 ms (p < .05). 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Results of the AV benefits in older adults in (a) 
asynchronous conditions and (b) expansion conditions. 
Asterisks show a significant decline from the 0-ms condition 
of each mora position. 
 

3.3. Discussion 

The difference between A and AV conditions was smaller in 
older adults than in younger adults. This shows poorer 
lipreading ability in older adults, as shown by a previous 
study [17]. 

In expansion AV conditions, words were less intelligible 
when the amount of time-expansion was 400 ms than when it 
was 0 ms. This result is contrastive to that of younger adults 
and suggests that the speed difference between modalities can 
make speech less intelligible, especially in older adults. 

In the expansion AV condition, the AV benefit at mora 4 
declined as the amount of expansion increased in both 
younger and older adults. However, the results in 
asynchronous conditions were contrastive between younger 
and older adults; the AV benefit at mora 4 was not 
significantly different among asynchronous conditions in 
younger adults while it decreased as the amount of 
asynchrony increased in older adults. These results imply that 
recalibration does not arise in older adults even when a fixed 
audiovisual time lag exists. 
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4. Conclusions 
This study investigated effects of intermodal timing 
differences and speed differences on intelligibility of 
auditory-visual speech. Word intelligibility was higher when 
the visual speech signal was presented along with the auditory 
speech signal in expansion conditions as well as in the 
asynchronous conditions. Results of AV benefits in younger 
adults revealed that AV benefits at mora 4 decreased as the 
speed difference increased, although they did not decrease as 
the timing difference increased. These results suggest that 
intermodal lag recalibration requires a constant timing 
difference between auditory and visual signals. Results of 
Experiment 2 suggest that the intermodal lag is not 
recalibrated in older adults. Results of this study also hold 
practical importance for the design of a multimodal speech 
rate conversion system. 
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