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1 INTRODUCTION

The wont reported in this paper torms pan ol a project aiming to develop a text-to-speech synthesis

system tor Welsh. Spoken Welsh takes the term at many local accents and dialects. which tall imo two
main groups: Nonh Welsh and South Welsh. The work reported below is based on a general South

Welsh accent: adapting the output tor a Nonh Welsh accent would be straightlomard.

1.1 Dlphone Synthesls
The two main types 01 output algorithm tor a speech synthesiser are the mle—based lorrnant synthesiser
(as in [1]) and the diphone synthesise! (as in [2]). The lorrnant synthesiser stores the parameters oi

individual phones. concatenating and smoothing between them at run-time. The diphone synlhesiser. on

the other hand. stores units (diphones) which run trom hallway through one phone to hallway thmugh‘the

next. thus storing the transition inlormation which is vital to phone identification. and smoothing at the
acoustically less variable mid-points of phones. This method requires less time and less detailed

acoustic phonetic knowledge at the language in question than does the formant synthesis method. As
relatively little is known about the acoustic realisation ol Welsh speech sounds. compared with the
situation lor other European languages, the diphone method seems more appropriate in this case.

1.2 Dlphone Extraction

The procedure lor obtaining the raw material at diphones is outlined in [2] and [3]. and consists

essentially oi recording a native speaker pronouncing a series ol nonsense words that contorm to the

phonological system at the language. The diphone segments are then excised trom the recordings and
stored, together with the location oi the phone boundary within the diphone. Strictly speaking. the units
obtained are 'allodiphones', as ditterent variants ol cenain phonemes may be stored where there is a
phonetic ditlerence in realisation due to context. For example. in English. diphones torthe voiceless
stops lollowed by avowel may be obtained both lor contexts where the stop is syllable-initial (and
therelore probably aspirated) and contexts where it is syllable-final (unaspirated and possibly glottalised).

as well as contexts where it iollows Isl in a syllable-initial cluster (unaspirated but unglottalised).

Considerations such as this necessitate a detailed knowledge ol the language's phonological system on
the pan ol the designer at the recording materials. ,

Originally. the location oi diphone boundaries. and ol the phone boundary within a diphone. was carried

out by hand. This was a demanding and time-consuming task. open to human error. However. a recent

diphone database lor English was automatically segmemed by training a Hidden Markov Model speech

recogniser to the speaker‘s voice, inputting the relevant phones contained in the database. and running ’

the recogniser as a segmenler. The segmenter located the phone boundaries. while a spectral

mismatch minimisation algorithm located the optimal diphone boundaries [3]. Given this procedure. it
would be possible to produce diphone sets tor both North Welsh and South Welsh (and even tor more

specific Welsh accents) relativer quldtl)’. alter the initial hurdle ol the database design has been
overwrite.
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1.3 Procedure tor English
The procedure tor designing the recording database tor the extraction 0! English diphcnes is outlined in

[2]. Phonemic terms at nonsense words were generated by a program. and were represented by an

alphabetic phonemic transcription with which the speaker had to lamiliarise hirnselt. eg. ‘uhMAHtuh'. In

[4]. the phonemic terms ol nonsence words were displayed to the speaker in Machine Readable

Phonemic Alphabet (MRPA) term: this approach presupposes a substantial amount oi linguistic

knowledge on the pan ol the speaker. ln [2]. nonsense words were chosen ralherthan real words. as

algorithmically-generated nonsense words held less risk 01 missing a diphone out at the recording

materials. Isolated words were chosen. as more then one word at a time was unnecessary tor English.

and would waste recording time. One syllable in each word was stressed. and the diphone was located

in this syllable (except in the case cl diphones with schwa). in order to obtain maximum acoustic salience

for the unit in question. Syllables and segments not involved in the diphone were realised by appropriate

combinations ol Ill and Ia/ or /@/ (schwa): these tiller segments were chosen as being neutral with

respect to coarticulations such as lip rounding. Since the position 01 the stressed syllable in an English

word is not fixed. the stressed (and capitalised) syllable could be located word-initially (for diphones with

initial silence), word-linally (tor diphones with final silence), or word-internally (tor most diphones): such

variation in position did not occasion any redesign of the pattern of the nonsense word. The only

distributional constraints on consonants in English are as lollows:

(1) lhl. le. Iyl (palatal glide) cannot be syllable-linal.
(2) Ingl (velar nasal) Vcannot be syllable-initial.

(3) Ingl cannot be preceded by aphonologically tense vowel (except for the case at being. lb oi ngl).

The first two constraints were easily incorporated into the program generating the recording database.

while the third would have been among the few manual emendations made to the program‘s output. it

was not necessary to allow tor any lurther constraints. unlnre the situation lor Welsh (see 3.1 below).

2 GENERATING THE DATABASE

A similar strategy was tollowed in designing the recording materials for Welsh diphones. A program was

written to generate the nonsense words ex nihilo. with a certain arnoum oi manual editing of the

program's output. This section will discuss the generation program. while section 3 will examine the

Welsh-specific problems lacing the designer ol the database, and section 4 will outline the manual post-

editing phase. Section 5 will sketch out some general principles tor diphone database design.

2.1 Generation Program

2.1.1 Overall strategy: The decision was taken to make the output as Welsh-like as possible. To this

end. certain ‘real' lunction words were employed. notably those conditioning certain consonantal

mutations at the stan ol a lollowing word (sec 32.2 below). Since adult Welsh speakers are also able to

speak English. it was tell to be importam to discourage any inlluence at English that might creep in it the

materials were seen by the speaker as being in some way artificial or un-Welsh. For example. a word

ending in a voiceless stop. or beginning with a M phoneme (other than when preceded by a lunction

word causing the Sclt Mutation) is a rare occurrence in Welsh. and so might be treated as an English

loan-word by the speaker. This would mn the risk of eliciting a non-authentic pronunciation. Therelcre

every ellort was made to ensure that such words did not occur. and that consonants were lound in

contexts in which they would be lrequent (eg. voiced stops in Soil Mutation context). This policy decision
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had the effect of greatly complicating the writing of the program: however. the output subjectively
appeared less artificial than the example nonsense words produced tor English in [2].

2.1.2 PASCAL program: A PASCAL program was written by the author to generate nonsense wards
oonlorming to the phonological system of Welsh. PASCAL is a high-level programming language of a
higth structured type that lends itself to the task at producing blocks 01 nonsense words patterned on
the same template. In most cases. each line of output consistedor more than one ‘word'. as the
nonsense word 0! interest was often preceded by a 'rear tundion word conditioning one or the three
types at word-initial oonsonam mutation that occur in Welsh (soft mutation (lenition). nasal mutation. and
spirant mutation). The program was provided with certain constants. some of which tollow:

(4) Consonants that can occur syllable—finally (Ip. t. k. b. d. g. i. th. x, v, db. 5. ch. ih, lh. I. r. m. n. ngl
(5) All consonants (the above plus m. 2. sh. rh (voiceless lrl). w. i (palatal glide). mh. nh, ngh (the.

three voiceless nasals)I '
(5) Consonants that can follow Isl syllable-initially (Ip. t. kl).
(7) Consonarrts that can initiate a cluster syllableinitially (Im. n, ng. mh, nh. ngh. x. th, b. d. g. v, oh.

i. p. t. k. sl): some oi these do so only as mutated toms ot radical (root) consonants.
(E) Short v0wels (Ii. 9. a. o . u. @I)‘
(9) Vowels that can follow the grapheme ‘i when this corresponds to a palatal glide (lo, a. o._ee. aa.

00, ai, au. @il).
(10) Consonants that. it not followed by another consonant. may lollow a phonologically long vowel it

this is in a stressed syllable (Is. Ih. b. d. g. v. oh. i. th, at. m. it. try. I, r/).
(1 1) Consonants characteristically preceded by a lunction word causing soft mutation (lb. d. v. g. dhl)
(12) Consonants characteristically preceded by a function word causing nasal mutation (lm. n. rig.

mh, nh, nghl).
(13) Consonants characteristically preceded by a function word causing spirant mutation (Ix. till).
(14) Consonants characteristically not preceded by any mutation oomext. to. radical consonants (lk. t,

p. 5. II).
(15) Consonants not entering into any clusters (Iz. sh. ch. in, th, rh. i (palatal glide). hl).

These subsets of phonemes were required for various blocks of nonsense words. in which the program
would process each at the above strings one at a lime. in order to ensure that all possible permutations
had been covered. For the sake of ease of programming. all phonemes were represented by a single
character. either upper-case or lower-case. An auxfliary program was then written. to convert the output
ol the program to the Machine—Readable Phonemic Alphabet for Welsh (MRPAW) that had been
devised, in which each phoneme is represented by one or more lower-case graphernes. and is separated
by a space from other phonemes. The output of the auxiliary program was more suitable for human
inspection.

2.1.3 Orthography versus phonemic form: it was decided that the prompts file available to the
recording subject would be in the term ol onhography rather than a phonemic transcription or an
attempted phonetic respelling, This is possible because Welsh orthography conforms to Welsh
pronunciation far more closely than English spelling conlonns to English pronunciation. The advantage
of this approach is that it would not be necessary for the speaker to have any specialist linguistic
knowledge (thus greatly increasing the pool of potential recording subjects). and also that there would be
less risk of a slip oi the tongue due to task dillicultyr Therefore. a second auxfliary program was written,
converting the output at the generation program into Welsh orthography.
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2.2 Global decisions
As with the design oi the English database relerred to above. certain global decisions were made which
had a tar-reaching eliieci on the pattern oi the output. The decisions taken diiiered irorn those used tor
English. as Welsh imposes its own partiwlar constraints.

2.2.1 Deiault vowel and consonant: The delauit vowel used tor ‘filler’ purposes was 1:! or Iaal, a low

from unrounded vowel, phonologicalty long or short according to the nature oi the iollowing oonsonant(s).
As was the case tor English. this was chosen as being neutral with respect to tip rounding. The detault'
consonants tor ‘iiller purposes were It/ (loitowing short vowels) and Id! (following long vowels or sohwa.
or word»initiaily and word-iinaily). Since MI is more irequeni in Welsh than Ill. it was allowed to occur in
more contexts. An example nonsense phrase with tiller vowels and consonants is dyda gad, Id @' d o
g 3' dl. containing the 'o—g'diphone.

2.2.2 Number ol words: As stated in 2.1.2 above, the number oi words per output line was greater

than one (two or three words were output). In some cases, this was because oi the presence at a
mutation-causing iunction word, which was necessary in order to add credmility tothe word oi interest
(69. yn dam-cad, I@ n d a‘ m k a‘ dl. with soil-mutation-causing ‘yn'). The other type at case is
diswssed in section 3.2.

3 WELSH-SPECIFIC FEATURES

Certain ieatures oi Welsh phonology necessitated certain decisions in the design at the database. given
that the aim was to make the nonsense words as naturalistically Welsh as possible (see 21.1). These
ieatures are discussed below.

3.1 'Consonant Distribution Restrictions

3.1.1 Word-initial consonants: Voiceless nasals and voiceless IrhI in Welsh appear only at the start
oi words or rnorphemes, oiten (lor the nasais) as a result oi the nasal mutation (eg. after iy, Iv @I. ‘my').
Voiceless stops may appear both word-initially and word-finally, but are let more common initially.
Thereiore both these classes were treated as exclusively word-initial, together with Ih, w, i (palatal glide),
z, shI, In addition. the Iabiaiised consonants Ilw, nw, rw/ have a very restricted distn'oution, appearing in
certain oi the words where initial Igl, mg! or null precedes and a vowel lollows. These were thereiore
classed together and given special treatment in their own block of output lines.

3.1.2 Consonant clusters: The number ol possible syllableinitial consonant clusters in Welsh is large.
The number may even be larger than in English, as initial It i-, d l-. n l-, It n -, g n -, v I -, v r v.
m l-, rn r -I, among others, are all possible. Some oi these iorms are the result at the mutation at a
radical (root) lonn, and do not appear themselves as a radical iorrn (eg. no words begin with Id I -I in the
radical iorrn). The acoustic diiierence between syllable-initial and syllableboundary terms oi clusters is
only significant in the case oi initial Isl and initial ,stops [B]. Thereiore only these phonemes have
separate diphones tor syllable»rnrtiai and syllable-boundary versions oi consonant clusters, as in the
iollowing examples, where underscore indicates syllable affiliation:

(16) ytladyma I@ t i aa' d @ m a/ t_- Idipi'tone
(17) ydai-Iad I@ d a' t t aa' til
(18) ystladyma I@ s i l aa' d @ m a/ s_-_t and _t_-_I diphones

 

238 Proc.l.O.A. Vol 14 Part 8 (1

 



  

Proceedings oi the institute of Acoustics

DATABASE FOR WELSH DIPHONE EXTRACTION

In the diphone representations above, the underscores reflect the iact that a left or right context is being

more closely speciiied than in the case without underscores. The nonsense phrase in (16) contains the

diphone with a possibly aspirated. unglottalised N. and a possibly partially devoiced IV. The phrase in

(17) contains the diphone with an unaspiraled, possibly glottalised Ill. and iully voiced III. That in (18)

contains the diphone with an unaspirated. unglottalised It/ and iully voiced Ill. in the case oi most

cluster-initial consonants (ie. not Isl or stops). the patiem shown in (17) (ie. the syllable-boundary iorm)

is the only one used in the database. No separate diphones are needed ior clusters oi three consonants,

as these will be composed ol 3 sequence oi two diphones.

3.1.3 Non-Welsh consonants: Certain consonants (/ch (voiceless palate-alveolar aliricate). 1h (voiced

palato—alveolar aiiricate), and 2/) occur almost exclusively in loan-words irom English. However, a lull

range oi diphones ior these consonantsalso had lo be included. as it was not possible to predict which

vowchonsonant or consonant/vowel diphones involving these consonants did not actually occur in any

existing loan-words. Therelore there is the capacity to handle new loan-words containing the lull range

01 consonant/vowel combinations.

3.2 Vowel Distribution Restrictions

3.2.1 Schwa distribution: The vowel schwa does not occur in the ultima oi a pclysyllable nor in a

stressed monosyllable. Therelore. while other vowels may be located in a rnonosyilabic word. a schwa

must be located in a non-iinal syllable at a polysyllable. A monosyllable with iinal schwa is a stressless

iunction word, and because oi the interaction between these and initial consonantal mutations in the

following word. it was not possible to allow ior the lull range oi consonants in words iollowing such a

'real‘ lunction word. Therelore it was decided to locate schwa in the penult oi a polysyilable. as in bydau

di, lb @' d e d il. ior the b-@ diphone. This contrasts with the lonn bewd di. lb eu' d d i]. tor the

b-eu diphone. where a monosyllabie is used. in bydau di. the iinal -au is intended to be perceived as the

plural morpherne -au. thus increasing the naturalness oi the material ior the speaker.

3.2.2 Interaction oi vowel length. consonants and syllable position: In stressed syllables,

monophthongs are long belore a single consonant oi a cenain type (eg. Idhl) or no consonant [5], and

are short belore a single other consonant or more than one consonant. In unstressed syllables.

monophthongs are always phonologically short. Long and short versions oi most monophthongs diiier in

quality as well as duration [3]. therelore it is necessary to ensure that separate diphcnes are available ior

long and shon monophthongs. In most polysyllables, the penull is stressed. It the desired diphone is a

combination at a short monophthong and one at the monophthong-lengthening consonants (eg. the o-dh

diphone). then the monophthong cannot be located in a penult nor in a monosyllable (as. being stressed.

it ought then to be long belore that consonant) Since the iinal syllable cl 3 polysyliable is normally

unstressed. this is the place to locate a vowel when the diphone in question demands a short vowel

whatever the nature at the iollowing consonant. eg. dydo ddad. Id @' d 0 oh a' d/ tor the o-dh

diphone. It only the single nonsense word (C)odd had been used. the vowel would necessarily have

been pronounced long belore a voiced dental iricative [5]. Although this vowel could have been located

in the unstressed antepenult oi a single word (eg. doddada. /d o dh aa' d al). the ultima was

prelerred. This is because the ultima is irequently more acoustically salient (in terms oi duration .

intensity. and higher irequency) even than the stressed penult l7]. and so more and more accurate

acoustic inlonnation would be available it the ultima were used.

It would also be possible to locate the monophthong in the penult ii a lunher consonant icllowed the

lengthening consonant (as all monophthongs are short belore a cluster). This was in tact done in a low

cases. namely those consonants (voiced and voiceless stops) where separate syllable-iinal and syllable-
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boundary terms were required for the V4: diphones. Thus. tor example. the nonsense phrase dydogsi.
Id @ d o' g s i! yielded the syllable-final diphone 0-9. and the nonsense phrase dydo gad. Id @' d
o g a' d/ yielded the sytlabteboundary diphone o-Sg (where ‘S' reters to the syllable boundary).

4 PRODUCING THE SCHEME FILE

4.1 Adding Dlphone Representations
Apart trorn the orthographic prompt tile. to be used to prompt the speaker when recording. it was also
necessary to produce a ‘scheme‘ lite. This is a version at the database in phonemic lorm. where each
nonsense phrase is iollowed by the diphonets) to be extracted lrom it. This terms a vital record at the
origin ot each diphone tor later checking during development. Theretore the program was amended very
slightly to produce a representation at the relevant diphone(s) on each output line, following the
nonsense phrase. One ol the two auxiliary programs then convened the program's characterooded
output to phonemic term in the Machine-Readable Phonemic Alphabet tor Welsh outlined in 2.1.2 above.

4.2 Manual Editing
The program‘s output was then edited manually. This was in order to cut down the number of nonsense
phrases tor recording. by reassigning some diphones to other phrases and deleting the original phrase.
For example, most diphones involving the segments IaI. Id! and It/ were reassigned to other phrases
where the segment occurred as a 'tiller: the more specilic phrase could then be deleted. This enabled
63 phrases to be deleted. leaving 2487 nonsense phrases. This represents a not inconsiderable saving
in recording time and segmentation ellon.

4.3 Use oi the Scheme File
- This scheme file may now be used tor any (South) Welsh speaker. For each speaker, it will be
necessary to run sottware (written by P. Taylor at the CSTR) to produce a 'link' lite, where each line
contains an individual speech tile name. the phonemic representation ot the nonsense phrase recorded
in that tile. and a representation at the diphonets) to be extracted trorn that portion ot speech. In the
algorithmic production of the link tile, the latter inlormation is derived automatically trom the scheme tile
'[4]. Thus the production at the scheme file is by tar the biggest hurdle in the development 01 a diphone
set tor a new language or accent. as it requires considerable knowledge at the phonological system cl
the language. In the case ol Nonh Welsh. it would be possible to add the extra diphones manually to
produce a new scheme tile for a North Welsh accent. since the vowels specific to North Welsh accents
are additional to those lound in South Welsh accents, Thus adaptation should not require revmnning the
lull process.

5 INSIGHTS GAINED 0N DATABASE DESIGN

Nonsense word speech databases tor diphone extraction have to date been generated by means at a
program tailored to the requirements at the particular language. This necessitates a certain amount ot
knowledge on the pan ot the programmer. concerning the phonological system and phonotactic
constraims ot the language. Naturally, it would be easier it the process of database design could be
automated, at least to some extent. It might be that languages ditler too much lor this procedure ever to
be tully automated. but at least in the case at non-tone languages there are certain general requirements
that can be distinguished. and these are outlined below. Any algorithm tor database design that might be
produced should have the capacity to accept values ct these parameters as input.
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5.1 Consonant Distribution
To begin with, it is necessary to know which consonaMS are syllable-initial only. and which (it any) are
syllable-final only. In this respect, consonants which belong overwhelmingly to one category are to be
treated as belonging exclusively to that category, in order to preserve naturalness in the output (eg.

voiceless stops in Welsh seldom end a syllable).

5.2 Positional Allophones ct Consonants
It is also necessary to know the syllabic contexts in which positional allophones oi phonemes are to be
expected. and also which phonemes are principally atieded (eg. ior Welsh, voiceless stops in syllable-

initial, syllable-final. and post-Isl contexts). It is not necessary to know the precise acoustic details at the
dittering realisations. as it would be it ionnant synthesis were being attempted: merely the contexts are
needed. It is also not necessary to know the acoustic details oi intrinsic allophones (ie. coaniculation)
such as the n-p diphone (probably realised phonetically as [m p]) since these are automatically produced
by the speaker without explicit specification.

5.3 Vowel Distribution

It is necessary to know the distribution at vowels with respect to stressed and unstressed syllables (eg. in

English, schwa cannot appear in stressed syllables), and also with respect to syllable position in the word

(eg. in Welsh, schwa may appear in stressed penults, but cannot appear in stressed monosyllables or in
final syllables oi polysyllables). This parameter, unlflte the previous two, is liker to have a tar-reaching

eilect on the appearance oi the nonsense material, as (among other things) it can determine whether
one or more nonsense words are used per item.

5.4 Vowel Length
An important lactor is the possible interaction between the phonological length at monophthongs and the

type and numberoi any Iollowing consonants. In English, there is no such interaction,excepl possibly in

the case oi Ingl (which must be syllable-final and cannot be preceded by a phonologically long vowel). In

Welsh, there is extensive interaction, and this has implications tor the location oi vowel phonemes with

respect to word boundaries, when beiore certain consonants.

5.5 Fixed/Free Stress _
The question oi whether word stress is lixed or tree is another important consideration. In English, word-

Ievel stress is tree, and can in principle iall on any syllable ol a polysyllable. In Welsh, it is fixed. and

tails on the penultimate syllable ol polysyllables (irregular cases will be ignored ior the purposes oi

database design, in order to enhance naturalness). This lad has implications ior vowel diphones with
initial or final silence (eg. #—a or a-iI, utterance-initial and utterance-final diphones respectively). since it is

prelerable to locate these vowels in an acoustically salient syllable (in order to obtain as much acoustic

vowel inlormation as possible). Thereiore. in the case ot #-a. the relevant vowel must fall in a penult or

stressed monosytlable (rather than an antepenult) eg. at yma, la‘ t @' m al. while in the case oi a-#,

the relevant vowel must fall in an ultima or stressed monosyllable. Since, in Welsh, the ultima is oi

considerable acoustic salience, it is suliicient to use this (phonologically) unstressed ultima. so a suitable

nonsense phrase ior a—tt is yn doda, /@ n (1 oo' it al. In tact this (ultima) ion is the only possible

one in the case ol la] (which is phonologically short), since orthographic ‘a‘ at the end oi a stressed

monosyllable would be pronounced as phonologically long laa‘l.

5.6 Accent Variation
It would also be desirable to have a means oi mapping between difierent accents ol the same language,

so that databases may easily be designed Ior related accents Thereiore inlormation on additional
vowels and consonants [or segments to be deleted) for other accents should also be available.

Proc.l.0.A. Vol 14 Part 6 (1992) ' 250



  

Proceedings of the Institute of Acoustics

DATABASE FOR WELSH DIPHONE EXTRACTION

6 ACKNOWLEDGEMENTS

The author gralelully acknowledges the support at 3 BF Research Fellowship. awarded by the Royal

Society at Edinburgh and funded by British Petroleum. Thanle are also due to Paul Taylor and Ian Neim
oi the CSTR. tor insight into the workings oi an English diphone synthesiser.

7 REFERENCES

[1] J ALLEN. M S HUNNICUTT & D KLA‘IT (1987) From text to speech: The MITaIk syslam.

Cambridge: Cambridge University Press. ‘

[2] S D ISARD 8‘ D A MILLER (1986) ‘Diphone synthesis techniques‘. IEE Conlerence Publication no.
258: 77-82.

[3] P A TAYLOR a S D ISARD (1991) ‘Aulornatic diphone segmentation‘. Proceedings 0! the Second

European Conference on Speech Communication and Technology (Eurospeech 91). September24-26

1991, Geneva. ltaly, vol. 2:709-711.

[4] P TAYLOR (1992) ‘The Osprey Speech Synthesis System‘. Unpublished MS.

[5] G M AWBERY (1984) ‘Phonolactic Constraints in Welsh‘. In [6L

[6) M J BALL 5. G E JONES (1984) Welsh Phonology. Cardill: University or Wales Press.
[7] B 'J WILLIAMS (1989) ‘Stress in Modern Welsh'. Distributed by Indiana University Linguistics Club.

[B] G E JONES (1984) 'The Distinctive V0wels and Consonanls in Wetsh‘. In [6].

240 Proc.l.O.A. Vol 14 Pan 6 (199


