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ABSTRACT 

This paper describes characteristics of segmental 
duration control and its computational modeling that we 
have studied for more than two decades in speech synthesis. 
These studies not only contribute to prosody control in 
speech synthesis technology but also give an integrated 
view of individual temporal characteristics that have been 
found in phonetic science. The computational model can 
provide a new tool for analysis by synthesis of temporal 
characteristics by its prediction capability of assigning 
segmental duration in unseen contexts. Furthermore, a 
series of experimental results are shown on perceptual 
characteristics of duration modifications. These perceptual 
experiments reveal the context dependency of sensitivity to 
duration errors and strong correlation between duration 
errors and loudness that suggests the existence of a 
language universal temporal perception mechanism. 

1. INTRODUCTION 

Temporal control characteristics of speech have been 
studied for a long time for many purposes in different 
speech-related fields. Segmental duration characteristics 
have been measured over many languages to understand 
language universal/specific prosodic control by many 
phonetic scientists. In speech technology, fine control of 
segmental duration has been pursued to synthesize speech 
with natural rhythm and tempo. From human modeling 
viewpoints, cognitive scientists have tested production and 
perception hypotheses in order to better understand the  
human mechanisms of temporal control.  

Throughout these research efforts in different fields, 
many control characteristics have been analyzed and 
common control factors and principles have been found. 
However, not all findings have yet been fully shared or 
integrated into one comprehensive model that can be used 
by speech researchers from all the different disciplines. 
Even by restricting to each academic field, it is sometimes 
quite difficult to understand the whole domain of control 
characteristics, underlying principles and mechanisms. 

 This paper sumarises our findings on segmental duration 
control for speech synthesis from more than a quarter of a 
century of research. Although all studies have been 
conducted for the primarily engineering purposes of 
synthesizing speech with natural prosody, many of the 
results can also be viewed as interesting scientific findings 
from other fields. By introducing a series of our research 
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 in multiple research areas including acoustic 
tic analyses, computational modeling and perceptual 
teristics analyses, we would like to introduce our 
t view on temporal control modeling and show how 
 are now able to simulate human temporal processing 
nism in speech generation and perception.  

the following section, we present a series of analysis 
 on Japanese segmental duration characteristics. 
a phonetic-science viewpoint, the dominance of a 

constraint as a timing unit is confirmed from multiple 
ations. In Section 3, computational modeling is 

sed using statistical optimization. This model is not 
ted to use in speech synthesis technology, but can 
serve as a powerful tool for analyzing further 
teristics. Finally, in Section 4, a series of subjective 
ng experimental results are described, using speech 
emporal distortions. These perceptual investigations 
ot only useful for the quantitative evaluation of 
utational models but have revealed the high 
ation between temporal characteristics and loudness. 

FACTORS AND PRINCIPLES FOR THE 
ONTROL OF SEGMENTAL DURATION 

e mora as a basic timing unit 
he temporal control of speech, there have been many 
s aiming at simple control principles based on direct 
pondences between segmental duration and phonetic 
s. In the history of the ICPhS, there have been hot 
sions where simple phonetically defined values (e.g. 
 (the ratio between a syllable length and the length of 
nstituent consonant)) have been proposed as basic 

ic units for western languages. For Japanese, moraic 
ony has been considered as a timing constraint and 
a few researchers have tried to find exact linear 
ations between duration, length, and mora counts of 
nces. As the analyses went on, it was confirmed that 
ony does not hold exactly in segmental durations [1].  
h some reasoning has successfully explained this 
tch from the discrepancies between production 
l and perception characteristics [2], exact calculation 

erance duration by phonetic unit counts appears too 
stic a control model. 
 have measured segmental duration of Japanese using 
lled, multiple, large speech databases and confirmed 
istence of many control factors [3]-[7]. As shown in 
1, these control factors range from local phonetic unit 
to global sentence level. The difference arising from  



Table 1 Control factors of Japanese segmental durations 

Range Observed acoustic manifestations Factor

Current phoneme Intrinsic durations with very different deviations Constraints in production 

Neighboring phonemes 
Mora

Temporal compensation of neiboring phonemes 
Bi-moraic rhythm Mora timing 

Word Content word lengthening 
Function word shortening Markedness 

Phrase endings Moraic phrase final lengthening  & initial shortening Boundary making 

Phrase Uniform shortening inversely propotional to  
phrase mora counts Local phrase tempo preset 

Sentence Total utterance length  Overall tempo 
the vowel and consonant categories appear to be dominant 
in average phoneme duration control. Vowels, /i/ and /u/are 
inherently shorter than /a/, /e/, and /o/. For consonants, 
unvoiced sounds tend to be longer than voiced ones. 
Fricatives tend to be longer than an plosives.  

Segmental duration is not characterized only by these 
phonemic attributes but also by constraints from longer 
units. In particular, a moraic constraint is clearly observed 
in the control of Japanese vowel durations. A negative 
correlation is found between vowel durations and adjacent 
consonant durations. The temporal compensation of vowel 
duration is more influenced by the preceding consonant 
duration than the following one, and this is considered to be 
an acoustic manifestation of mora-timing. This temporal 
compensation has been observed both in raw duration data 
and in normalized z-score data for each vowel [8]. Through 
such statistical analyses, it has been confirmed that the 
compensation takes place in mora units but not in syllable 
units. Mora-timed rhythm of Japanese is in contrast to the 
stress-timed rhythm observed for other languages such as 
English. It has also been observed that not only segmental 
durations but pause length is under moraic control [9]. 
2.2 Phrase as a tempo unit for timing preset 

There are also much longer control domains than the 
mora. At the phrase level, segmental durations change 
much more than in moraic units. The most remarkable 
phrase-level temporal control of segmental duration is local 
reset of speech tempo.  Generally, the higher the mora 
count of a phrase, the shorter the average mora durations 
are in that phrase. Deviation from average mora length is 
greater in short pharases than in long phrases because of the 
higher freedom in short phrases. Long pharases cannot be 
produced at a slow tempo due to breathing constraints. The 
local tempo seems to be decided simply by phrasing. 
Moraic regularities are maintained within each phrase level 
unit. In each phrasal unit, the tempo is kept constant and 
there is no more local speech rate change. 

The above mentioned moraic constraints and local 
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l tempo reset determines most of the variation in 
ntal durations of Japanese read speech. Though 
on differences between content words and function 
 are well-known for English, only very small 
nces are found for Japanese. They are so small that 

precise statistical analysis could have revealed the 
nce of differences [5]. Throughout these fine analyses, 
ve observed consistent lengthening in content words 
shortening in function words. The lengthening 
teristics look very coherent in a sense that 
tically marked words such as a quantifiers and proper 
 have a larger degree of lengthening. Moreover,  
on words marking phrase structure, such as 
inate phrases or topicalized phrase boundaries, are 
lengthened despite the usual shortening of other 

les and auxiliaries. However, as already mentioned, 
duration changes are typically less than ten 

econds, and are almost always hidden by the bigger 
nces caused from moraic compensation and local 
l tempo changes of more than a few tens of 

econds.  
haracteristics at tempo unit boundaries 

moraic constraints and phrasal timing resets 
ine the main temporal structure of Japanese read 

h, there is not much freedom left in temporal control 
n from the small degree of word level differences. 
g these, only changes at tempo unit boundaries are 
xceptional. Shortning of phrase initial mora and 
ening of phrase final mora is quite marked. 
rkable shortening of sentence final mora has also 
observed in declarative sentences. However, these 
ral controls are restricted to only the single mora at 
rase boundary, which is in contrast to the continuous 
 decrease over multiple moras at phrase endings [10]. 
oundary characteristics are observed only in phrases 
ntences but not in words. Statistical analyses have 
 that the word units themselves take part neither in 
ary control nor in the decision of local tempo.  



3. COMPUTATIONAL MODELING OF 
SEGMENTAL DURATION 

3.1 Hierarchies and constraints in duration modeling 
As seen in the previous sections, duration characteristics 

seem to be derived from multiple factors that form a control 
hierarchy of dominance. For Japanese, the moraic 
constraint and local phrasal tempo reset have the highest 
priority of control. Other factors can work only under these 
constraints. In computational modeling, these control 
hierarchies have already been implemented [1][9]. For 
Japanese [1], we first use an average duration for each 
consonant. Vowel duration is determined by adjusting the 
average vowel duration according to the length of 
preceding and following consonants, to take the moraic 
constraint into consideration. The consonant and vowel 
durations are then adjusted using mora counts in each 
phrase  according to a local phrasal tempo. Finally vowel 
color differences and modifications at tempo unit 
boundaries are adjusted. 

For British English too, hierarchical control has been 
employed by splitting the duration assignment into the 
syllable level and its constituent component levels [11].  
Though there is very little similarity between our model for 
Japanese [1] and the early duration control model proposed 
by Denis Klatt for American English [12], there are many 
similarities to Campbell’s model. These similarities suggest 
that the so called distinction between a mora-timed rhythm 
and a stress-timed one can be systematically and 
quantitatively explained by the difference in temporal units 
composing the mora or stress-group. 
3.2 Corpus-based modeling 

Although traditional rule-based control models assign 
reasonable values in most cases, serious errors are 
sometimes seen.  These errors are often caused simply by 
the application of independently derived rules at the same 
time [13]. As large speech databases have become available, 
they have been used for modelling to prevent this type of 
error and to assign more accurate durations by applying 
statistical procedures for the prediction of segmental 
duration. As this corpus-based modeling approach has been 
quite successful, it is now widely employed in speech unit 
selection control for speech synthesis [14]. There are two 
big advantages to statistical modeling.  

The first advantage is the accurate and fine modeling by 
itself. By introducing statistical optimization, there are no 
longer any large errors caused by the unexpected bad 
combinations of control rules. Furthermore, statistical 
techniques make it possible to analyse the very small but 
significant differences such as those between content words 
and function words in Japanese, as described in the 
previous section. The reduction of big errors definitely 
improves the naturalness of synthesized speech and the 
possibilities of fine analyses can provide us a good picture 
of a cognitive control model in phonetic sciences. 

The second advantage is in the scientific basis 
underlying the corpus-based modeling. In conventional 
rule-based synthesis, as there is no clear description of data, 
control algorithms and error measures for modeling in 
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cases, it is quite difficult to trace and improve 
tion systems. Whereas corpus-based modeling 
es clarification of these three elements, everybody 
are the knowledge and make use of the same control 

l. By carring out duration control experiments using a 
est copus, we can find the limits of control accuracy 
ill  be able to find ways to improve it by changing 
 the corpus, the control algorithms or the error 
res. Thus we have attained a scientific system- 
ng method to provide feedback error analysis results 
placement for the empirical rule-based approach. It is 
ted that this corpus-based approach will become more 
only used  in the phonetic sciences where each theory 
ally tested under different conditions and with 
nt data and measurements. 

atistical optimization for a duration model 
 the control of duration, we have used the following 
 regression model [3]-[7].   

  DUR = /*/ +   Xfc fc 
           f    c 

his equation, /*/  denotes the mean duration of 
urrent phoneme /*/, Xfc corresponds to the 
bution coefficient of each category c of control factor 

fc stands for the characteristic function of category 
. fc is 1 iff the current context corresponds to 
ry c of f, otherwise 0) The control factors { f } 
pond to e.g. current and neighbouring phoneme 
ries, mora counts of the phrase containing the current 
me, and the current phoneme position, whose 
bution is confirmed through statistical analyses, as 
 in Table 1.  In this formulation, {Xfc} values are 
termined by the linear regression through a 
ization of prediction error (OBSERVED_DUR - 

2 using a contextually balanced data set.  This 
ization is carried out simply by solving a normal 
on which is gained by partially differentiating this 
unction as is standard in linear regressive analysis.  
 duration prediction experiments using the speech 
f 500 Japanese sentences showed that the root mean 
 errors were about 15 ms for both vowels and 

nants [5][6].  Tests with both open and closed data 
d error values that were comparable.  It has also been 
tatively confirmed that this control can be applied to 

h with different speaking rates or different speaking 
 [7]. 
itive-multiplicative modeling has been proposed as 

tension of traditional linear analysis techniques for 
h, using bilinear expressions and statistical 
ation analyses [15].  Alternatively, as the linear 
sion model has strong constraints in its functional 
regression trees  have also been widely used [16].  In 
odel, no specific functional form is assumed for the 
tion.  A binary decision tree is formed by splitting the 

set by specifying the contextual attributes of the 
nts.  This method has been particularly applied for 
h duration control, where a larger number of 
nts and contextual differences need to be modeled.  
 effectively reduce the control freedom in regression 



trees by partially imposing constraints of linear models, 
Constrained Tree Regression(CTR) has been proposed [17].  
In the CTR model, a superset of the traditional models, a 
regression tree is generated by controlling the tiedness of 
control factor parameters.  By untying a shared parameter, 
or splitting one of the current leaves according to finer 
factor differences, more efficient use can be made of a new 
additional parameter freedom.  By controlling the tiedness 
of the control parameters, CTR incorporates both linear and 
tree regressions as special cases and interpolates between 
them. 

Though these statistical techniques can optimize 
duration control without losing freedom of conditioned 
exception control, they do not reflect control structure 
explicitly by themselves. Non-parametric statistical 
techniques show quite resonable performance if enough 
data is available. However, we need more clear temporal 
control architectures and mechanisms for much finer and 
efficient modeling of spech with various speaking styles.  
3.3 Analysis by synthesis using a duration model 

Until recently, duration models have been studied mainly 
based on read speech for text-to-speech applications. A 
duration model optimized using a read speech corpus has 
been applied to conversational speech [7]. Error analysis 
has shown that the segmental durations at phrase medial 
positions can be predicted fairly well in conversational 
speech. Big prediction errors have been observed at 
sentence final mora in particles indicating speakers’ request 
for confirmation or agreement, strong conviction or 
assertion and interrogation.  

As shown in this analysis, new control characteristics 
can be found by applying duration models to a new speech 
corpus with different speaking styles. Through error 
analysis, a computational model can serve as a good tool 
for analysis by synthesis. This synthesis-based analysis can 
give quantitative qualification of model correctness and 
supply good  scientific evidence for cognitive reasoning. 
3.4 Evaluation of a duration model 

As seen in the previous sections, segmental duration is 
predicted in order to replicate the durations of natural 
speech in corpus-based speech synthesis. In this modeling, 
we commonly adopt the sum or average of errors between 
the calculated durations and the observed ones as the 
measure of evaluation. Though we can weight errors by 
modifying error functions, there is no theoretical reasoning 
in the lack of other knowledge. 

It should be noted that the adoption of this error measure 
is based on assumptions that each distortion is contextually 
independent and that the subjective score is monotonously 
degraded by an increase in the sum of individual temporal 
distortions. These two implicit assumptions of the objective 
distortion criterion are not trivial (actually they are false). 
In section 4, we examine these two premises in the light of 
perceptual characteristics:  

(1) A single duration distortion linearly correlates 
with the perceived distortion regardless of the 
attributes of the segment in question. 

(2) Multiple duration distortions affect the perceived 
distortion independently of each other.  
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PERCEPTUAL CHARACTERISTICS OF 
ECH WITH TEMPORAL DISTORTIONS 

orrelation between perceptual temporal distortion 
udness 

vious studies have reported that perceptual sensitivity 
 duration change of a speech segment is affected by 
egment quality; e.g., the temporal discrimination 
ility for vowel segments is higher than that of 
nant segments [18]-[20], excluding the special case 
 a duration change also affects the phonemic category 
On the other hand, little is known about the 

tability of a change in segmental duration for the 
nce on segment quality, and this can be regarded as a 
practical measure for the evaluation of duration 
l, although some other aspects of this measure have 
xplored in several studies [22],[23]. 

 have shown that listeners' rating scores of 
tability against changes in segmental duration can be 
tely traced by a parabolic curve as shown in Figure 1 
5]. It has also been shown that the absolute value of 
cond-order coefficient of this approximation curve, 
y the vulnerability index, is generally larger for 
 segments than for consonant segments (Figure 2, the 
nd scale). This tendency agrees with previous 

mination studies that vowel duration is more 
tely discriminated than consonant duration. 
thermore, it has been found that this variation in the 
ability index is highly correlated with the intrinsic 

ess of the segments as shown in Figure 2 (the 
hand scale). A non-speech study on temporal 
mination capability, on the other hand, showed that an 
ry duration with large loudness is more accurately 

minated than a softer duration, if the target duration is 
rally flanked by other sounds [26]. This tendency in 
ral discrimination capability agrees with that of the 
tability measure found in Figure 2. All of these results 
st that the correlation observed between the 
ability index (a sensitivity measure for acceptability) 
he segment loudness can be accounted for as a 
tion of the general characteristics of auditory 
tion. To take into account these perceptual 
teristics, i.e., the dependency of duration sensitivity 
ment quality, for distortion evaluation, the loudness 
teristics should be added to approximate human 
tive judgment more precisely. 
erceptual interactions of temporal distortions in 

ent segments 
ypical example of the interaction among multiple 
ntal distortions may be the perceptual compensation 

 in the duration of two consecutive segments. This 
 is like that when the duration of two segments is 
ied in a compensatory manner, i.e., to lengthen one 
nt and to shorten the other by the same amount; the 
erceived distortion does not become very large in 

arison with that expected from the sum of two 
ndent modifications. 



The perceptual compensation effect between consecutive 
vowel and consonant durations has been reported for both 
detectability of the modification [19][27] and acceptability 
rating [3][22][23]. The compensation effect of this sort 
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Figure 1 The change of subjective score in relation to 
duration modification
(An example of an acceptability rating profile as a 
function of change in the segmental duration. The dots 
and bars show the means and standard distortions of 
rating scores by six listeners using 70 segments in words. 
The parabolic fitting line is superimposed.) 

Figure 2 The change of subjective score in relation to 
duration modification
(The temporal vulnerability (the second-order coefficient 
of a parabolic fitting to acceptability rating scores with 
change in the segmental duration; dots, left-hand scale) 
and the loudness (bars, right-hand scale) of a speech 
segment as a function of phoneme class. The bars show 
the standard distortions. A larger vulnerability index 
implies a lower perceptual acceptability for a given 
change in the segmental duration.) 
tes that the influence of a duration distortion is not 
d within a segment but may extend beyond segmental 
aries, and also suggests that an evaluation criterion 
ing each segmental distortion as independent is not 

ptually valid. 
hermore, it has been confirmed that the degree of 
ptual compensation effect between two consecutive 
ents inversely correlates with the loudness difference 

p at the segmental boundary, in both detectability 
cceptability tasks [28]. The amount of compensation 
ased with increasing loudness. 
on-speech study also showed that the detectability of 
pensatory temporal modification correlates with the 
ess jump at the displaced boundary [28]. This 
sts that the correlation observed between the 
ptual compensation effect of speech and the loudness 
could be accounted for as a reflection of the general 
cteristics of the auditory perception. 
nventionally, while segmental distortions have been 
ed as changes in a segmental duration, all of the 
 notions suggest that they can also be regarded as the 
cement of segmental boundaries. For describing the 
nship among multiple distortions, the latter view 

rs to be useful. 
erceptually weighted error measure and further 
ces 

 have combined the above perceptual characteristics 
n evaluation measure [29]. In this measure we have 
into consideration two already known problems of 
ntional acoustic error measures. Using the 
fying loudness contour as an evaluation target 
eter, we have successfully confirmed that our 
tual evaluation model with an objective measure can 
n subjective listening scores better than the 
ntional acoustic error measures. 
we have focussed on the analysis of basic perceptual 
teristics, mainly using isolated utterances, we have 
t captured the temporal perceptual characteristics of 
ce speech.  As a first step, we have conducted 
tual experiments on positional differences within a 

 phrase [30]. As Figure 3 shows, we have found 
tent positional effects. The temporal distortions are 
tually most sensitive at phrase initial positions and 
ensitive at phrase final positions. 

5. CONCLUSIONS 
this paper, I have surveyed segmental duration 
teristics and computational models of temporal 
l for speech synthesis. Through the modeling 

sses, we have understood that many factors are related 
ing control for speech generation, and that our 
tual mechanism of timing is derived systematically 

y front level processing of loudness. From a speech 
ering viewpoint, the corpus-based approach makes it 
le to synthesize read speech with reasonable quality, 
computational model shows its usefulness for further 
ing in the phonetic sciences. I am quite sure that the 
ation of all knowledge that we have in these different 
will bring us many more benefits in every field. 
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