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strings of speech segments that produce the same pho t' . 
. . . ·1 h ne ic stnng and pros-

ody. This 1s s1m1 ar to t e search problem in speech recognition. 

4. How to alter the prosody of a speech segment to best mat h th d . 
d Th. · h · c e es1red out-put proso y. 1s 1st e topic of Section 16.4. 

Generally, these concatenative systems suffer from great variability in 
1
- . f 

11 I. . qua Hy. o ten 
!hey can offer exce ent qua Ily m one sentence and terrible quality in the t If -1 . nex one. 
enough good units are ava1 able, a given test utterance can sound almost as good as a re-
corded utterance. However, if several discontinuities occur, the synthesized utterance can 
have very poor quality. While synthesizing arbitrary text is still a challenge with these tech­
niques, for restrictive domains this approach can yield excellent quality. We examine all 
these issues in the following sections. 

We define unit as an abstract representation of a speech segment, such as its phonetic 
label, whereas we use instance as a speech segment from an utterance that belongs to the 
same unit. Thus, a system can keep several instances of a given unit to select among them to 
better reduce the discontinuities at the boundaries. This abstract representation consists of 
the unit's phonetic transcription at the minimum, in such a way that the concatenation of a 
set of units matches the target phonetic string. In addition to the phonetic string, this repre­
sentation can often include prosodic information. 

16.3.1. Choice of Unit 

A number of units have been used in the field, including context-independent phonemes, 
diphones, context-dependent phonemes, subphonetic units, syllables, words, and p~ras~s. A 

. . . . . T bl 16 4 with their coverage m Figure comp1lation of unit types for English 1s shown m a e · 
16.5. 

f 42 h nemes Longer units produce 
Table 16.4 Unit types in English assuming a phone set O P .0 

• • lly below the abso-
higher quality at the expense of more storage. The number of units 15 general bout 30 000 oc-
1 . . , 74 088 ss'ble triphones, on y a • ute maximum m theory, i.e., out of the 42 = , po 1 

cur in practice 
-

Unit type #Units Quality 
Unit length 

42 Low 
Short Phoneme 

Diphone -1500 

Triphone -30K 

Demisyllable -2000 

Syllable -I5K 

Word tOOK-J.5M ,, ~, 
Phrase 00 

High 
Long Sentence 00 --
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The issues in choosing appropriate units for synthesis are similar to those in choosing 

units for speech recognition (described in Chapter 9): 

• The unit should lead to low concatenation distortion. A simple way of mini­
mizing this distortion is to have fewer concatenations and thus use long units 
such as words, phrases or even sentences. But since some concatenations are 
unavoidable, we also want to use units that naturally lead to "small" disconti­
nuities at the concatenation points. For example, it has been observed that 
spectral discontinuities at vowels are much more noticeable than at fricatives, 
or that a discontinuity within a syllable is more perceptually noticeable than a 
discontinuity across syllable boundaries, and similarly for within-word and 
across-word discontinuities [55]. Having several instances per unit is an al­
ternative to long units that allows the choice of instances with low concatena­
tion distortion. 

• The unit should lead to low prosodic distortion. While it is not crucial to have 
units with the same prosody as the desired target, replacing a unit with a ris­
ing pitch with another with a falling pitch may result in an unnatural sen­
tence. Altering the pitch and/or duration of a unit is possible (see Section 
16.4) at the expense of additional distortion. 

• The unit should be generalizable, if unrestricted text-to-speech is required. If 
we choose words or phrases as our units, we cannot synthesize arbitrary 
speech from text, because it's almost guaranteed that the text will contain 
words not in our inventory. As an example, the use of arbitrarily long units in 
such a way that no concatenation between voiced sounds occurs by cutting at 
obstruents results in low concatenation distortion but it is shown [47] that 
over l 80,000 such units would be needed to cover 75% of a random corpus. 
The longer the speech segments are, the more of them we need to be able to 
synthesize speech from arbitrary text. This generalization property is not 
needed if closed-domain synthesis is desired. 

• The unit should be trainable. Our training data should be sufficient to esti­
mate all our units. Since the training data is usually limited, having fewer 
units leads to better trainability in general. So the use of words, phrases, or 
sentences may be prohibitive other than for closed-doruai~ ~ynci1esis. The 
other units in Table 16.4 can be considered trainable depending on the limita­
tions on the size of our acoustic inventory. 

A practical challenge is how to balance these selection criteria. In this section we 
compare a number of units and point out their strengths and weaknesses. 

16.3.1.1. Context-Independent Phonemes 

The most straight_forw31:d unit is the phoneme. Having one instance of each phoneme, inde­
pendent of the neighboring phonetic context, is very generalizable, since it allows us to gen-
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erate every word/sentence. It is also very trainable and 
. we could have a sy 1 h . compact. For a language with N phonemes, say N = 42 ~ E . s em t at 1s very 

Th bl · h . or nghsh, we would d I N 
unit instances. e pro em ts t at usmg co11text-i11dependem h . nee on ~ 
discontinuities. Such a system is not intelligible. P ones results 111 many audible 

16.3.1.2, Diphones 

A type of subword unit that has been extensively used is the so-called d d d. 1 [ . . . ya or ,p 1011e 41). 
A diphone s-ih includes from the middle of the s phoneme to the middle of the ih pho-
neme, so diphones are, on the average, one phoneme long. The word hello I hh ax 1 
owl can be mapped into the diphone sequence: /sil-hh!, /hh-ax/, /ax-1/, 
/ 1-ow/, / ow-si 1 I. ~four language has N phonemes, there are potentially N1 diphones. 
In practice, many such d1phones never occur in the language, so that a smaller number is 
sufficient. For example, the phonetic alphabet of Chapter 2 has 42 phonemes for English, 
and only about 1300 diphones are needed. Diphone units were among the first type of unit 
used in concatenative systems because they yield fairly good quality. While diphones retain 
the transitional information, there can be large distortions due to the difference in spectra 
between the stationary parts of two units obtained from different contexts. For example, 
there is no guarantee that the spectra of / ax- 1/ and / 1-ow/ will match at the junction 
point, since the instance / ax-1 / could have been excised from a very different right con­
text than / ow/ or the instance / 1-ow/ could have been excised from a very different left 
context than /ax/ . 

50000 · 

45000 

~ 40000 
·2 35000 = 30000 
~ 25000 

1l 20000 
§ 15000 

Z 10000 

--word 

-e- syllables 

-.-triphones 

~diphones 
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Top N surnames In English 

16000 

mber of units of different 
r· f units displays the nu 
igure 16.S Coverage with different number O U ·ted Scates [34]. 

ty . es in the 01 
pes required 10 generate the top N sumam h d 

1 diphOne based: t ey 0 

F . stems are not pure y while they store 
or this reason many practical d1phone sy f ·catives and srops, 

not st . . ' . . between n ore trans111ons between fncattves, or 
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longer units that have a high level of coarticulation [48]. I~ onl~ one repr~sentative of a dyad 
is available, there are pitch discontinuities. Prosody mod1ficatton techniques, such as those 
described in Section 16.4, can be applied to con-ect this problem. Otherwise many instances 
of each diphone are needed for good prosodic coverage. Diphones are trainable. generaliz­
able and offer better quality than context-independent phones. 

16.3.1.3. Context-Dependent Phoneme 

Another subword unit used in the literature (24} is the context-dependent phoneme. If the 
context is limited to the immediate left and right phonemes, the unit is known as triphone. 
As in speech recognition, not all N; need to be stored, because not all combinations will 
occur in practice. For English, typically there can be in excess of 25,000 triphones: 12,000 
within-word triphones and another I 2,000 across-word triphones. Because of the increased 
number of units, more contextual variations can be accommodated this way. Drawing from 
experience in speech recognition, we know that many different contexts have a similar effect 
on the phoneme; thus, several triphones can be clustered together into a smaller number of 
ge11eraliz.ed triphones, typically between 500 and 3000. All the clustering procedures de­
scribed in Chapter 9 can be used here as well. In particular, decision-tree clustered phones 
have been successfully used. Because a larger number of units can be used, discontinuities 
can be smaller than in the case of diphones while making the best use of the available data. 
In addition to only considering the immediate left and right phonetic context, we could also 
add stress for the current phoneme and its left and right context, word-dependent phones 
(where phones in particular words are considered distinct context-dependent phones), quin­
phones (where two immediate left and right phones are used), and different prosodic pat­
terns (pitch ranges and/or durations). As in speech recognition, clustered context-dependent 
triphones are trainable and generalizable. 

Traversing the tree for a given phoneme is equivalent to following the answers for the 
branching nodes from root to leaves, which determines the clusters for similar context­
dependent phones. The decision trees are generated automatically from the analysis database 
to obtain minimum within-unit distortion (or entropy) for each split. Therefore, one must be 
able to acquire a large inventory of context-dependent phone HMMs with a decent coverage 
of the contexts one wishes to model. All the context-dependent phone units can be well re­
placed by any other units within the same cluster. This method generalizes to contexts not 
seen in the training data, because the decision tree uses questions involving broad phonetic 
categories of neighboring contexts, yet provides detailed models for contexts that are repre­
sented in the database. Given the assumption that these clustering decision trees should be 
consistent across different speakers, the use of ample speaker-independent databases instead 
of limited speaker-dependent databases allows us to model more contexts as well as deeper 
trees to generate a high-quality ITS voice. These techniques also facilitate the creation of 
acoustic inve~tories with a scalable number of units that trade off size with quality. Thus, we 
can use questions (about the immediate left/right phonetic contexts, stress, pitch, duration, 
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ord etc ) in the decision-tree clustering methods of Ch 
:ombinations to a manageable number. apter 4 to reduce all the possible 

t6.3.l.4, Subphonetic Unit 

Subphonetic units, or senones, have also been used with some success [I 3] T . 11 
b d. 'd d · h · yp1ca y each 

Phoneme can e 1v1 e mto t ree states, which are detennined by - h ' . . running a speec recog-
nition system m forced alignment mode. These states can also be context depe d t d 

d · d · · 1- n en an can 
also be clustere usmg ec1s10_n trees 1ke the context-dependent phonemes. The HMM state 
has proved to be more effective than the context-dependent phone in speech recog -1· 

I
. m 10n, 

also trainable and genera 1zable, but for synthesis it means having more concatenations and 
thus possibly more discontinuities. If multiple instances per subphonetic unit are used 
higher quality can be obtained. ' 

A half phone goes either from the middle of a phone to the boundary between phones 
or from the boundary between phones to the middle of the phone. This unit offers more 
flexibility than a phone and a diphone and has been shown useful in systems that use multi­
ple instances of the unit [7]. 

16.3.1.5. Syllable 

lt has been observed that discontinuities across syllables stand out more than discontinuities 
within syllables [55], so syllables are natural units. There are more than ~0,000 syllables in 
English, depending on the exact definition of syllable, so even a cont~xt-mdependent sylla­
ble system needs to store at least as many if one instance per syllable 1s needed for ~II gen­
eralizability. There will still be spectral discontinuities, though hopefully not t~o noticeable. 
M . . d t t-:or varying acoustic contexts or ore than one mstance per umt may be neede to accoun 1

' _ • 

varying prosodic patterns, particularly if no waveform modification is to be used. 

16,3.l.6. Word and Phrase 

Th Wh'\ using these long units can in-
e unit can be as large as a word or even a phrase. . 1 ~ . so that it is diffi-

crease naturalness sionificantly, generalizability and tramabihty are poeor.One advantage of 
cult o th . n output utteranc . 

. to have all the instances desired to syn esize a - the above units, is that 
using ·f n in phonemes, as m a word or longer unit over its decomposi 10 . . It is possible that the pho-
there · . cribed d1ct1onary. h 15 no dependence on a phonetically trans . t, or not fluent enoug , so 
nerne tri. d. · ary 1s not correc h s ng associated to a word by our 1cuon the system may ave a 
that u · th' oblem Of course, , b t smg a whole-word model can solve is pr · tences or phrases ior es 
comb· · f ent words, sen ' b"l" and ination of all units· a set of the most requ . ' full generaliza I ity 
quality · mailer units 10r 

. some percentage of the time, and some s 
tramabi Ii ty. 

\ 

Amazon/VB Assets 
Exhibit 1011 

Page 835



810 Speech Synthesis 

16.3.2. Optimal Unit String: The Decoding Process 

The goal of the decoding process is to choose the optimal string of units for a given phonetic 
string that best matches the desired prosody. Sometimes there is only one possible string, so 
that this process is trivial, but in general there are several strings of units that result in the 
same phonetic string yet some of them sound better than others. The goal is to come up with 
an objective function that approximates this sound quality that allows us to select the best 
string. The quality of a unit string is typically dominated by spectral and pitch discontinui­
ties at unit boundaries. Discontinuities can occur because of: 

l. Differences in phonetic contexts. A speech unit was obtained from a different 
phonetic context than that of the target unit. 

2. Incorrect segmentation. Such segmentation errors can cause spectral discon­
tinuities even if they had the same phonetic context. 

3. Acoustic variability. Units can have the same phonetic context and be prop­
erly segmented, but variability from one repetition to the next can cause small 
discontinuities. A unit spoken in fast speech is generally different from an­
other in slow or nonnal speech. Different recording conditions (amplitude, 
microphone, sound card) can also cause spectral discontinuities. 

4. Different prosody. Pitch discontinuity across unit boundaries is also a cause 
for degradation. 

The severity of such discontinuities generally decreases as the number of units in­
creases. More importantly, the prosody of the concatenation has, in general, no resemblance 
with the prosody specified by the ITS front-end unless we have several instances of each 
unit, each with a different prosody, or use a prosody modification algorithm (see Section 
16.4). 

16.3.2.1. Objective Function 

Our goal is to come up with a numeric measurement for a concatenation of speech segments 
that correlates well with how well they sound. To do that we define unit cost and transition 
cost between two units. 

Let 0 be a speech segment with phonetic transcription p = p(0). Let 
0={01>82,···,0N} be a concatenation of N speech segments whose combined phonetic 
transcription is P = {Pi, Pi,···, PN} . P is a string of M phonemes, and since each segment 
has at least one phoneme, it holds that M ~ N . 

For example, the phonetic string P = "hh ax low" corresponding to the word hello has 
M = 4 phonemes and can be decomposed in N = 4 segments e, = {0,,0

2
,0,,0

4
}, where 

p( 0!) = I hh I , p( 02) = I ax I , p( 03 ) = fl I , p( 0 
4

) = / ow I , each segment being a phoneme. 
Or 1t can be decomposed into N = 2 segments 0 2 = {0

5
,0

6
}, where p(0

5
) == I hh a.xi, 
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P(9 ) :: / / ow I , so that each segment has two ph , . I . onemes. There a 8 . 

Po
sitions for this examp e (m general there are 2M-1 'bl re possible such decom-

. · f . poss1 e decompo · . 1 
Toe d1stort1on or cost unction between the se s1t10ns ). gment concatenat' 0 

can be expressed as a sum of the corresponding unit 
1?? and the target r 

follows: costs and transition costs [27, 46] as 

,,· .\'-I 

d(0,T)= Ldi8j,T)+ Ld,(0j,0j+i> 
J~I j=I 

(16.2) 

~here d. (0! '. T) is th~ unit cost of ~sing speech segment 81 within target rand d, (8 ,8 + ) 

1s !he trans1t1on cost m concatenating speech segments 0 and 0 The O t' al 
1 1 1 

h • " J 1+1 • p 1m speec 
segment sequence of umts 0 can be found as the one that minimizes the overall cost 

0 = arg min d(0, T) 
8 

(16.3) 

over sequences with all possible numbers of units. Transition and unit costs are described in 
Sections 16.3.2.2 through 16.3.2.5. 

Let's analyze the second term in the sum of Eq. ( I 6.2), also shown in Figure 16.6. If 
all lransition costs were identical, the word string with fewest units would have lo':es_t dis- \~ 
tonion. In practice transition costs are different and, thus, the string with feweSt units is not 
necessarily the best, though there is clearly a positive correlation. 

When a large number of speech segments are available, finding the segme~t se~u;nce 
~ilh lowest cost is a search problem like those analyzed in Chapter I 2. Often a Viterbi go-

nlhm is needed to make this efficient. 

Selected 
units 

Transition cost 

D Gf-l!J D 
tunit cost 

GJ D D Target D 
units . d transition costs. 

b en umt an 
Figure 16.6 Tradeoff etwe 

..__ . me number of decom-

' -0-S ------- - veral instances per unu, 
assume th . . . . bl If there are se 

Politi s at one instance per umt JS avails e. 
Orls""" 

c,•uWS CXponentiaJly. 
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The art in this procedure is in the exact definition of both transition and unit costs, for 

h. h no standard has been defined that works best to date. In Sections 16.3.2.2 and 
W IC · · d · 
16.3.2.3 we present an approach for which b?th trans1t1on_ an umt costs ~re empirically set 
after perceptual experiments. Such a system 1s easy to build, and study of those costs gives 

insight into the perceptual effects. . . . . . . 
Costs obtained using a data-dnven cntenon are descnbed m Sections 16.3.2.4 and 

I 6.3.2.5. While more complicated than that of empirical costs, this method addresses the 
shortcomings of the previous method. Finally, we need to estimate some weights to combine 
the different costs for spectrum and prosody, which can be done empirically or by regression 

[26]. 

16.3.2.2. Empirical Transition Cost 

If spoken in succession, two speech segments have a zero transition cost. But, when they are 
excised from separate utterances, their concatenation can have varying degrees of natural­
ness. The transition cost incorporates two types of continuity measures: coarticulatory and 
prosodic. 

An approximation to the prosodic continuity measure is to make it proportional to the 
absolute difference of the FO or log FO at the boundaries, if the boundary is voiced for both 
units. If we use the prosody modification techniques of Section 16.4, this cost could be set to 
a small value to reflect the fact that prosody modification is not a perfect process. More so­
phisticated cost functions can be used to account for prosody mismatches [IO]. 

Regarding the coarticulatory effect, it has been empirically observed that a concatena­
tion within a syllable is more perceptible than when the concatenation is at the syllable 
boundary. Yi [55) proposed an empirical cost matrix for the concatenation of two speech 
segments when that concatenation occurs within a syllable (Table 16.5) or at a syllable 
boundary (Table 16.6). Phonemes are grouped by manner of articulation: vowel/semivowels, 
fricatives, stops, and nasals. The rows represent the left side of the transition and the col­
umns represent the right side, and NA represents a case that does not occur. These costs re­
flect perceptual ratings by human listeners to unit concatenations between different 
phonemes. Values of 10, 2000, 5000, 7500, and 10,000 were used to indicate different de­
grees of goodness from very good to very bad concatenations. 

Tabl~ 16.5 Cost matrix for intrasyllable concatenations (after Yi (55]). The rows represent the 
left side of the transition and the columns represent the right side, and NA represents a case 
that does not occur. 

vowel semivowel nasal obstruent /hi 
vowel 10,000 10,000 7500 10 NA 
semivowel 10,000 7500 7500 IO NA 
nasal 5000 10 NA 10 NA 
/hi 5000 NA NA NA NA 
obstruent 10 lO 10 10,000 NA 
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Table 16.6 Cost ma1rix for intersyllable concatenations (aft y· [551 
f 

· · er 1 ) The rows rep th 
left side o the trans1t1on and the columns represent the right side a~d resent e 
that does not occur. ' NA represents a case 

-
vowel semivowel nasal obstruent /hi silence 

vowel NA 7500 5000 10 5000 IO 
semivowel 7500 7500 2000 10 10 ·- --- -- ·- -· 10 
nasal 2000 10 10 10 IO IO 
obslruent 10 10 10 5000 10 10 - --4·~--
/hi NA NA NA NA NA NA 
silence 10 10 10 JO 10 IO 

16.3.2.3. Empirical Unit Cost 

The unit cost is generally a combination of the coarticulation cost and the prosodic cost. 
Prosodic mismatches can be made proportional to the FO difference between the candidate 
unit and the target unit or set to a fixed low value if the prosody modification techniques of 

Section 16.4 are used. 
A way of determining the cost associated with replacing a phonetic context with an­

~ther was proposed by Yi (55], who empirically set cost matrices for phone classes by listen­
mg to concatenations where such contexts were replaced. These ad hoc values also bring 
some sense of where the coarticulation problems are. Replacing a vowel or semivowel by 
~other with a context that has a different place of articulation or nasalization results in au­
dible discontinuities. The rows represent the context class of the target phoneme a

nd th
e 

columns represent the context class of the proposed unit. Table 16.7, Table 16.S, Table 
16

:
9

• 
Table 16.10, Table 16.11 and Table 16.12 include an empirical set of coSlS for such mis­
matches between the ta;get's context and a candidate unit's context ~or the . case of 
vowel/semivowels fricatives stops and nasals. These costs reflect human hsteners percep­
tual · ' ' ' · t t Values of 10 100, 500, and 

ratings of speech units with an incorrect phonetic con ex · ' h l000 d bad units These values are c o-
were used to indicate very good, good, bad. an very · 

sen to match the values for transition costs of Section 16·
3

·
2

·
2

· 

Table 16.7 Unit coarticulation cost matrix (after Yi [55]) for left and right context replace-

ments for I d I vowe s an sem1vowe s. -
- front back none 

velar m n ng 

- labial alv/den/pal - 1000 1000 1000 1000 

~bial 1000 )000 )000 
10 1000 - -- 1000 1000 l000 1000 1000 l000 

- alv/den/pal )000 
l000 10 -- 1000 1000 1000 1000 

~lar )0 1000 1000 
1000 1000 1000 1000 1000 

~ 
1000 10 1000 1000 

1000 1000 -- - 1000 10 1000 1000 1000 1000 

n ~ -- 1000 1000 -- _!.22£_ IO 1000 1000 1000 - 1000_ 
.3 1000 1000 

1000 __ - 1000 1000 i--- 1000 1000 JO 
. .!!ont 1000 1000 

1000 1000 -----~- - 1000 1000 10 1000 

.. l>ack 1000 1000 1000 
1000 1000_ -- 1000 1000 1000 1000 1000 10 

-~~ne 1000 1000 
)000 

I 
\ 
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Table 16.8 Unit coarticulation cost matrix (after Yi [55]) for left and right context replace­

ments for fricatives. 

retroflex round sonorant other 

retroflex 10 JOO - 100 100 

round 100 JO JOO 100 
-· 

sonorant JOO JOO JO 100 -
other 100 100 JOO 10 ___ ..___ 

Table 16.9 Unit coarticulation cost matrix (after Yi [55]) for left context replacements for 
stops. 

front back retroflex round other 

front IO 10 10 JO 10 

back IO IO 10 10 10 

retroflex IO 10 IO 10 10 

round IO 10 10 10 10 

other 500 500 500 500 IO 

Table 16.10 Unit coarticulation cost matrix (after Yi (55)) for right context replacements for 
stops. 

front back retroflex round schwa other 

front IO 100 l00 100 500 100 

back 100 IO l00 100 500 100 

retroflex. 100 100 10 100 500 100 

round 100 100 100 10 500 100 

schwa 500 500 500 500 10 500 

other 100 100 l00 
I 

100 500 10 

Table 16.11 Unit coarticulation cost matrix (after Yi [55)) for left context replacements for 
na~als. 

obstruent sonorant 

obstruent 10 1000 

sonorant 1000 10 
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Table 16.12 Unit coaniculation cost matrix (after Yi [55]) ~ . 
nas:1ls. or nght context replac~ments for 

·- ----- -,----. 
voiced unvoi 

'--
ced sonorant --

voiced 10 IOO ._.. .. l000 

unvoiced IOO 10 1000 ·-
sonorant IOOO IOOO 10 

·-

16.3.2.4. Data-Driven Transition Cost 

The empirical transition costs of Section 16.3.2.2 do not necessarily mean that a spectral 
discontinuity will take place, only that one is likely, and that if it occurs within a syllable it 
will have a larger perceptual effect than if it occurs across syllable boundaries. While that 
method can result in a good system, the cost is done independently of whether there is a true 
spectral discontinuity or not. Thus, it has been also proposed to use a measurement of the 
spectral discontinuity directly. This is often estimated as: 

(16.4) 

the magnitude squared of the difference between the cepstrum at the last frame of 8; 3nd the 
first frame of 0j . The quantity /(0,) denotes the number of frames of speech segment 0;, 

and x,(k) the cepstrum of segment 0; at frame k. . . ·ch I ly 
. 1 d" tinuity m a rea1on wt s ow 

Tots technique can effectively measure a spectra iscon ° ~ h" h . · asal fore xample, 1or w 1c 
varying spectrum, but it can fail when one of the segments is an f' . thr's d1'sconti-

h . d A better way o measunng as arp spectral transition is expected and desire · . . I p re-. . th epstral distance m an over a 
n~1ty, 1s shown in Figure 16.7, in which we measure e c be inning of segment 2: 
gion:· the last frame of segment I and the first frame before !he g 

(16.5) 

I number of cepstral distances 
W -~a~ . 

hen many speech segments are con5r. siow rocess. To speed it up an approxi-
neect to be computed which in tum may result m a pt the boundaries are vector quan­
mat· ' . stral vectors a d IOn can be made where all possible cep . can be precomputed and store 
ti d I d book entries . ze first, so that the distances between al co e 
1n a table. 

-------------' ~ s me d ans extra frames need to be store · 
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I 

Overlap 
Region 

Speech Synthesis 

Figure 16.7 Measurement of the spectral discontinuity in the overlap region. The dark gray 
area is the speech region that precedes segment 2 and does not form part of segment 2. This 
area should match the last part of the segment 1. 

A spectral discontinuity across, say, fricatives is perceptually not as important as if it 
happens across vowels [48]. For this reason, the cepstral distance described above does not 
correlate well with perceptual distances. To solve this problem, it is possible to combine 
both methods, for example by weighting the spectral/cepstral distance by different values. 

Even if no spectral discontinuity is present, a phase discontinuity may take place. The 
pitch periodicity may be lost at the boundary. This can be generally solved by fine adjust­
ment of the boundary using a correlation approach as described in Section 16.4. You need to 
keep in mind that such methods are not perfect. 

16.3.2.5. Data-Driven Unit Cost 

Spectral discontinuities across concatenations are often the result of using a speech segment 
with a different phonetic context than the target. One possibility is, then, to consider only 
speech segments where the phonetic contexts to the left and right match exactly. For exam­
ple, if we use a phoneme as the basic speech segment, a perfect match would require on the 
order of at least 25,000 different segments. In this case, the coarticulation unit cost is zero if 
the target and candidate segment have the same phonetic context and infinite otherwise. 
When longer segments are desired, this number explodes exponentially. The problem with 
this approach is that it severely reduces the number of potential speech segment~ that can be 
used. 

Generalized triphones, as described in Section I 6.3.1.3, are used in i24]. In this ap­
proach, if the speech segments have the same generalized triphone contexts as the target 
utterance, the unit cost is zero, otherwise the cost is infinite. The technique allows us to use 
many more possible speech segments than the case above, yet it eliminates those speech 
segments that presumably have context mismatches that in turn lead to unnatural concatena­
tions. When using a large training database, it was found that bringing the number of tri­
phones from 25,000 down to about 2000 did not adversely impact the quality, whereas some 
degradation was perceived when using only 500 phoneme-length segments. Thus, this 
technique allows us to reduce the size of the speech segment inventory without severely 
degrading the voice quality. 
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