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1 INTRODUCTION

The work reported in this paper forms parl of a project aiming to develop a text-to-speech synthesis
system for Welsh. Spoken Welsh takes the form of many local accenis and dialects, wmch fall imo two
main groups: North Welsh and South Welsh. The work reporied below is based on a general South
Welsh accent: adapting the oulput for a North Welsh accent would be straightforward.

1.1 Diphone Synthesis

The two main types of output algorithm for a speech synthesiser are the nule-based formant symhesiser
{as in {1}) and the diphone syrdhesiser {as in [2]). The formani synthesiser slores the parameters of
individual phones, concalenating and smogcthing between them at run-time. The diphone synthesiser, on
the other hand, stores units {diphones) which run from haliway through one phone to halfway through'the
next, thus storing the transition information which is vital to phone identification, and smoothing at the
acoustically less variable mid-points of phones. This method requires less time and fess detailed
acoustic phonetic knowledge of the language in question Lthan does the lormant synthesis method. As
relatively little is known about the acoustic realisation of Welsh speech sounds, compared with the
situation for other European languages, the diphone method seems more appropriale in this case.

1.2 Diphone Exiraction

The procedure for obtaining the raw material of diphones is outlined in [2] and [3], and consists
essentially of recording a native speaker pronouncing a series ol nonsense words that conform to the
phonological system of the language. The diphone segments are then excised from the recordings and
stored, together with the location of the phone boundary within the diphone. Striclly speaking, the units
obtained are "allodiphones’, as different variants of cerlain phonemes may be stored where there i isa
phonetic ditference in realisation due to context. For example, in English, diphones for the voiceless
stops followed by a vowe! may be oblained both for confexts where the stop is syllable-initial (and
therefore probably aspirated) and conlexts where il is syllable-final {unaspirated and possibly gloltalised),
as well as conmexts where it lollows /s/ in a syllable-initial cluster {unaspirated but unglottalised).
Considerations such as this necessitate a detailed knowledge of the Ianguage 's phonological system on
the part of the designer of the recording materials.

Qriginally, the location of diphone boundaries, and of the phone boundary within a diphone, was carried
out by hand. This was a demanding and time-consuming task, open 1o human error. However, a recent
diphone database for English was automatically segmented by training a Hidden Markov Model speech’
recognhiser 1o Ihe speaker's voice, inputting the relevant phones contained in the database, and unning
the recogniser as a segmenter. The segmenter located the phone boundaries, while a spectrat
mismatch minimisation algerithm located the optimal diphone boundaries [3]. Given this procedure, it
would be possible to produce diphone sets for both North Welsh and South Welsh (and even for more
specilic Welsh accents) relatively quickly, afier the initial hurdle ol the database design has been
overcome.
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1.3 Procedure for English

The procedure for designing the recording database for the extraction of English diphones is outlined in
[2]. Phonemic forms of nonsense words were generated by a program, and were represenied by an
alphabetic phonemic transcription with which the speaker had to familiarise himself, eg. "'uhMAHtuR". In
[4], the phonemic forms ol nonsence words were displayed to the speaker in Machine Readable
Phonemic Alphabet (MRPA) form: this approach presupposes a substantial amount of linguistic
knowledge on the part of the speaker. In [2], nonsense words were chosen rather than real words, as
algorithmically-generated nonsense words held less risk of missing a diphone out of the recording
malerials. Isolated words were chosen, as more then one word at a time was unnecessary for English,
and wauld waste recording time. One syllable in each word was stressed, and the diphone was located
in this syllable (except in the case of diphones with schway), in order 1o obtain maximum acoustic salience
for the unit in question. Syllables and segments not invelved in the diphone were realised by appropriate
combinations of A7 and /a/ or /@/ (schwa): these filler segments were chosen as being neutral with
respect lo coarticulations such as Iip rounding. Since the position of the stressed syllable in an English
word is not fixed, the stressed (and capilalised) syllable could be localed word-initially (for diphanes with
initial sitence}, word-finally {for diphones with final silence), or word-internally {for most diphones): such
variation in position did not occasion any redesign of the pattem of the nonsense word. The only
distributional constraints on conscnants in English are as follows:

{1) /i, iwi, tyt {palatal gli&e) cannot be syllable-final.
{2 Ing/ (velar nasal) cannct be syllable-initial.
{3) ingy cannot be preceded by a phonologically tense vowel {except for the case of boing, /b oi ng/).

The first two consiraints 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 oulput. R
was not necessary (o allow for any further constraints, unlike the situation for Welsh {see 3.1 balow).

2 GENERATING THE DATABASE

A simitar strategy was followed in designing the recording materials for Welsh diphones. A program was
wrillen to generate the nonsense words ex nihilo, with a certain amount of manual editing of the
program’s oulpul. This section will discuss the generation program, while section 3 will examina the
Welsh-specific problems facing the designer of the database, and section 4 will outling the manual post-
editing phase. Section 5 wilt skelch oul some general principles for diphone database design.

2.1 Generation Program

2.1.1 Overall sirategy: The decision was taken to make the output as Welsh-like as possible. To this
engd, certain ‘real' lunction words were employed, nolably those conditioning ¢ertain consonantal
mutations at the start of a lollowing word {see 3.2.2 below). Since adull Welsh speakers are atso able to
speak English, il was fell to be important 1o discourage any influence of English that might creep in if the
malerials 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 /v/ phoneme (other than when preceded by a function
word cavsing the ScH Mutation) is a rare occurrence in Welsh, and so might be treated as an English
loan-word by the speaker. This would run the risk of eliciting a non-authentic pronunciation. Therelore
avery effort was made 1o ensure that such words did not occur, and that consonants wers found in
conexts in which they would be frequent (eg. voiced stops in Soft Mutation context). This policy decision
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had tha effect of greatly complicating the writing of the program: however, the output subjectively
appeared less artificial than the example nonsense words produced for English in [2).

2.1.2 PASCAL program: A PASCAL program was written by the authar t¢ generate nonsense words
conforming lo the phonological system of Welsh. PASCAL is a high-level programming language of a
highly structured type that lends itself 1o the task of producing blocks of nonsense words patierned on
the same template. In most cases, each line of oulput consisted of more than one “word”, as the
nonsanse word of imerest was often preceded by a “real’ function word conditioning one of the three
types of word-initial consonant rmutation that occur in Welsh {soft mutation (lenition), nasal mutation, and
spiranl mutation). The program was provided with cerlain constants, some of which follow:

(4) Conscnants that can accur syllable-finally (/p, t. k, b, d, @, 1, th, x, v, dh, s, ¢h, jh, th, I, r, m, n, ng/

(5) All consonanis (the above plus /h, 2, sh, rh (voiceless /1), w, | (palatal glide), mh, nh_ ngh {the.
three voiceless nasals)/ '

(6) Consonanis that can follow /s/ syllable-initially (/p, t, k/}.

(7) Consonants that can initiale a cluster syllable-initially {/m, n, ng, mh, nh, ngh, x, th, b, d, g. v, dh,
f, p. 1, k, s/): some of these do 50 only as mulated forms of radical (roct) consonants.

(8) Short vowels {4, e, a, 0, u, @/).

(9) Vowels that can follow the grapheme i when this corresponds fo a palatal glide (fe, a, 0, ee, aa,
00, ai, au, @i).

(10)  Consonanis that, il not followed by another consonant, may follow a phonologically long vowel if
this is in a stressed syllable (/s, h, b, d, g, v, dh, 1, th,x, m, n, ng, I, /).

(11)  Consonants characteristicaily preceded by a function word causing soft mutation (/, d, v, g, dh)

{12)  Consonants characteristically preceded by a funclion word causing nasal mutation (/m, n, ng,
mh, nh, ngh/).

{13)  Consonants characteristically preceded by a function word causing spirant mutation {/x, th/).

(14)  Consonants characleristically not preceded by any mutation cornlext, ie. radical consonanis (%, f,
p. s. 19,

{15)  Consonanis not enlering into any clusters {/z, sh, ch, jh, th, th, j (palatal ghide), hy).

These subsets of phonemes were required for various blocks of nonsense words, in which the program
would process each of the above sirings one at a time, in arder 1o ensure thal all possible permutations
had been covered. Forihe sake of ease of programming, all phonemes were Tepresented by a single
character, either upper-case or lower-case. An auxiliary program was then writlen, to conven the output
of 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 graphemes, 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: M was decided that the prompts file available 1o the
recording subject woukl be in the form of orthography 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 conforms to English pronunciation. The advaniage
of this approach is that it would not be necessary for the speaker to have any specialist linguistic
knowledge {1hus greatly increasing the pool of potential recording subjects), and also that there would be
less risk of a slip of 1he tongue due to 1ask difficulty. Therefore, a second auxiliary program was written,
converting the output of the generation program into Welsh ofthography.
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2.2 Global decisions

As with the design of the English database referred to above, certain global decisions were made which
had a far-reaching efffect on the pattem of the output. The decisions taken differed from those used for
English, as Welsh imposes ils own panticular consiraints.

2.2.1 Default vowsl and consonant: The default vowel used for “filler purposes was /a/ or faa/, a low
front unrounded vowel, phonologically long or short according to the nature of the following consonani(s).
As was the case for English, this was chosen as being neutral with respect 1o lip rounding. The default’
consonants for “filler purposes were A/ {following short vowels) and /d/ (following long vowels or schwa,
or word-ihitially and word-finally}). Since /d/ is more frequenl in Welsh than X/, it was allowed 10 occur in
more contexts. An example nonsense phrase with liller vowels and consonants is dvdo gad, /d @* d o
g a* d’, containing the "o-g' diphone.

2.2.2 Number of words: As slated in 2.1.2 above, the number ol words per output line was graater
than one (two or three words were output). In some cases, this was because of the presance of a
mutation-causing function word, which was necessary in order to add credibility 1o the word of interest
(eg. yndam-cad, /@ n d a* m k a* d/, with soft-mutation-causing “yrf). The cther type of case is
discussed in section 3.2.

3 WELSH-SPECIFIC FEATURES

Centain features of Welsh phonology necessitated certain decisions in the design of the database, given
that the aim was 1o make the nonsense words as naturalistically Welsh as possible (see 2.1.1). These
teatures are discussed below.

3.1 Consonant Distribution Restrictions

3.1.1 Word-initial consonants: Voiceless nasals and voiceless /riv in Welsh appear conly al the stant
of words or morphemes, ofien (lor the nasals) as a result of the nasal mutation {eg. after fy, ¥ @/, ‘my’).
Voiceless slops may appear both word-initiafly and word-finally, but are far mora cormmon initially.
Therefore both these classes were Ireated as exclusively word-initial, together with /h, w, j {palatal gl‘lde).
Z, shv. In addition, the labialised consonants fiw, nw, rw/ have a very resliricted distribution, appearing in
certain of the words where initial /g/, /ng or null precedes and a vowel lollows. These were therefora
classed together and given special treatment in their own block of output lines.

3.1.2 Consonant clusters: The number of possible syllable-initial consonant clusters in Welsh is large.
The number may even be larger than in English, as initial A |-, d ), n - kn-, gn-, v i-, vr-,
m k-, m r-/, among olhers, are all possible. Some of these lorms are the result of the mutation of a
radical (oot} form, and do not appear themselves as a radical form {eg. no words begin with /d 1-/in the
radical form). The acoustic dilference between syllable-initial and syllable-boundary forms of clusters is
only significant in the case of initial /s/ and initial stops [8). Therefore only these phonemes have
separate diphones for syllable-initial and syllable-boundary versions of consonant clustars, as in the
following examples, where underscore indicales syliable affiliation:

(16} yliadyma /@ tlaa*d @ m a t_-_l diphone

(17) ydat-lad @ da 1 |aa o t-1 diphone
(18)  ystladyma @ slilaa*d @ma s_-_tand_t_ - |diphones
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In the diphona representalions abave, the underscores reflect the fact that a left or right contexd is being
mora closely specified than in the case without underscores. The nonsense phrase in {16) contains the
diphone with a possibly aspirated, unglottalised A/, and a possibly panially davoiced /. The phrase in
{17) contains the diphone with an unaspirated, possibly glatialised AV, and fully voiced /7. That in {18)
contains the diphone with an unaspirated, unglotialised A and fully voiced /1. In the case of most
cluster-initial consonants {ie. not /s/ or stops), the patiern shown in (17) (ie. the syllable-boundary form)

is the anly cne used in the database. No separate diphones are needed for clusters of three consenants,

as these will be composed of a sequence of two diphones.

3.1.3 Non-Welsh cansonanis: Certain consonants {/ch (voiceless palato-alveolar africate), jh (voiced
palato-alveolar atiricate), and 2/} occur almost exclusively in loan-words from English. However, a full
range of diphones for these consonants. also had o be included, as it was not possible to predict which
voweliconsonant or consonant/vowel diphones involving these consonants did not actually occur in any
existing loan-words. Therelore there is the capacity 1o handle new loan-words containing the lull range
of consonantivowel combinations. ‘

3.2 Vowel Distribution Restrictions

3.2.1 Schwa distribution: The vowel schwa does nol occur in the ultima of a polysyllable norin a
stressed monosyllable. Therefore, while other vowels may be located in a monosyllabic werd, a schwa
must ba located in a non-final syllable ol a polysyllable. A monosyllable with final schwa is a stressless
funiction word, and because of the interaction between these and initial consonantal mutations in the
following word, it was not possible 10 allow for the full range of consonants in words following such a
“real lunclion word. Therefore it was decided to locate schwa in the penult of a polysyllable, as in bydau
di./o @ de dilforthe b-@ diphone. This contrasts with the torm bewd di, /b ev* d  d i, for the
b-eu diphone, where a manasyliatle is used. In bydau di, \he fina! -au is inlended 1o be perceived as the
plural morpheme -au, thus increasing the naturalness of the material tor the speaker.

3.2.2 Interaction of vowel length, consonants and syllable position: In stressed syllables,
monephthongs are long belore a single consonant of a cerain type (eg. /dh/) or no consonant (5], and
are short before a single other consonant or more than one consonant. In unsiressed syllables,
monophthongs are always phonologically short. Long and shorl versions of mast monophthongs dilfer in
quality as well as duration [B], therefore it is necessary 10 ensure that separate diphones are available for
leng and shor monophihongs. In most polysyliables, the penull is stressed. If the desired diphone isa
combination ol a short menophthong and one of the monophthong-lengthening censonants (eg. the c-dh
diphone}, then the monophthong cannot be located in a penult nor in a monesyllable (as, being slressed,
it ought then fo be long belore that consonant) Since the final syllable of a polysyllable is normally
unstressed, this is the place to locate a vowel when the diphone in question demands a shon vowel
whalever the nature of the following consonant, eg. dydo ddad, /d @* d o dh a” d/forthe o-dh
diphone. ) only the single nonsense word (Clodd had been used, the vowel would necessarily have
been pronounced long beltore a voiced dental fricative [5]. Although this vowel could have been located
in the unstressed antepenult of a single word {eg. doddada, /d o dh aa” d &), the ullima was
preterred. This is because the ullima is frequently more acoustically salient {in terms of duration ,
intensity, and higher frequency) even than the stressed penult [7], and so more and more accurate
acoustic information would be available if the ullima were used.

It would also be possible 10 locate the monophthong in the penult if a further consonant followed the

lengthening consonant (as all menophthongs are shor belore a cluster). This was in fact done in a few
cases, namely those consonanls (voiced and voiceless stops) where separate syllable-final and syllable-
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boundary forms were required for the V-C diphones. Thus, for example, the nonsense phrase dy dogsi,
id @ d o g s ifyielded the syllable-final diphone o-g, and the nonsense phrase dydo gad, /d @" d
0 g a° dfyielded the syllable-boundary diphone o-$g (where "§ refers to the syllable boundary).

4 PRODUCING THE SCHEME FILE

4.1 Adding Diphone Representations

Apant from the orthographic prompt lile, to be used 1o prompt the speaker when recording, it was also
necessary 1o produce a ‘scheme’ file. This is a version of the database in phonemic lorm, where each
nonsense phrase is followed by the diphore{s) lo be extracted fromit. This forms a vital record of the
origin of each diphone for later checking during development. Therefore the program was amended very
slighlly to produce a representation of the relevant diphone(s) on each output line, following the
nonsense phrase. One of the two auxiliary programs then converted the program's characler-coded
oulput to phonemic form in the Maching-Readable Phonemic Alphabet for Welsh outlined in 2.1.2 above.

4.2 Manual Editing

The progrant's output was lhen edited manually. This was in order 1o cut down the number of nonsense
phrases for recording, by reassigning some diphanes to other phrases and delsting the eriginal phrase.
For example, mosl diphones invalving 1the segments /&, /d/ and A/ were reassigned 1o other phrases
where the segment occurred as a “liller': the more specific phrase could then be deleted. This enabled
€3 phrases 1o be deleled, leaving 2487 nonsense phrases. This represents a not inconsiderable saving
in recording lime and segmentation efforl.

4.3 Use of the Scheme File

- This scheme file may now be used lor any (South) Welsh speaker. For each speaker, it will be
necessary 1o run software {writlen by P. Taylor at the CSTR) to produce a "link’ file, whera each line
contdins an individual speech file name, the phonemic representation of the nonsense phrase recorded
inthat fle, and a represeniation of the diphone(s) 1o be extracted from that portion of speech. Inthe
algorithmic production of the link file, the laller information is derived automalically from the scheme file
[4]. Thus the production of the scheme file is by far the biggest hurdle in the development of a diphone
set for a new language or accenl, as it requires considerable knowledge of the phonological syslem of
the language. In the case ol North Welsh, it would be possible to add the extra diphones manually to
produce a new scheme file for a North Welsh accent, since the vowels specific to North Welsh accents
are additional 1o those found in South Welsh accents. Thus adapiation should not require re-running the
tull process.

5 INSIGHTS GAINED ON DATABASE DESIGN

Nonsense word speech databases for diphone extraction have to date been generated by means of a
program tailored to the requirements of the particular language. This necessitales a cerlain amount of
knowledge on the pan of the programmer, conceming the phonological system and phonolactic
constraints of the language. Naturally, it would be easier if the process of database design could be
automated, al least to some extent. It might be that languages differ too much for this procedure ever to
be fully automated, bul at least in the case of non-tone languages there are centain general requirements
thal can be distinguished, and these are outlined below. Any algorihm for database design that might be
produced should have (he capacity to accept values of Ihese paramelers as input.
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5.1 Consonan! Distribution

To begin wilh, #t is necessary to know which consonanis are syllable-initial only, and which (il any) are
syllable-final only. In this respect, consonanis which belong overwhelmingly to one category are 1o be
treated as belonging exclusively to that category, in order 1o preserve naturalness in the output (eg.
voiceless stops in Welsh seldom end a syllable).

5.2 Posiional Allophones of Consonants

1t is also necessary o know the syllabic contexts in which positional allophones of phonemes are to be
expecied, and also which phonemes are principally affecied (eg. for Welsh, voiceless stops in syllable-
initial, syllable-final, and posi-/s/ conlexts). It is not necessary to know the precise acoustic details of the
dilfering realisations, as it would be if formant synthesis were being attempted: merely the contexis are
needed. It is also not necessary to know the accustic details of intrinsic allophones (ie. coarticulation)
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 of vowels with respect to stressed and unstressed syllables (eg. in
English, schwa cannot appear in stressed syliables), and also with respect 1o syllable position in the word
(eg. in Welsh, schwa may appear in stressed penults, but cannot appear in siressed monosyltables or in
final syllables of polysyllables). This parameter, unlke the previous two, is likely 1o have a far-reaching
efiect on the appearance ol the nonsense material, as (amoeng other things) it can determine whether
one or more nonsense words are used per item.

54 Vowel Length

An important factor is the possibie interaction between the phonological length ol moncphihengs and the
type and number of any lallowing consonants. In English, there is no such interaction,except possibly in
the case of /ng/ (which mus! be syllable-final and cannot be preceded by a phonologically long vowel). In
Welsh, there is extensive inleraction, and this has implicalions for the location of vowe! phonemes with
respect to word boundaries, when before cenain consonants.

5.5 Fixed/Free Stress .

The question of whether word stress is lixed or free is another important consideration. In English, word-
level siress is fres, and can in pringiple fall on any syllable of a polysyllable. In Welsh, it is fixed, and
falls on the penuttimate syllable of polysyllables (irregular cases will be ignored for the purposes ol
dalabase design, in order to enhance naturalness). This fact has implications for vowel diphones with
initial or final silence {eg. #-a or a-¥, ulterance-initial and utterance-final diphones respectively), since it is
preferable to locate these vowels in an acouslically salient syllable {in order to obtain as much acousltic
vowe! information as possible). Therefore, in the case of #-a, the relevant vowe! must faltin a penult or
stressed monosyllable {rather than an antepenul!) eg. at yma, /a* t  @" m @&, while in the case of a-#,
the relevant vowel must tall in an ultima or stressed monosyllable. Since, in Welsh, the ultima is of
considerable acoustic salience, it is sulficient lo use this (phonologically) unstressed ultima, so a svitable
nonsense phrase for a-# is yndoda, /@ n d oo™ d a/. infact this (ultima) form is the only possible
one in the case of /a/ (which is phonologically short), since orthographic a’ at the end ol a stressed
monosyllable would be pronounced as phonologically long /aa*/.

56 Acceni Variation

it would also be desirable 1o have a means of mapping between different accents of the same language,
so that databases may easily be designed for relaled accents. Therefore information on additional
vowels and consonants (or segments to be deleted) for other accents should alse be available.
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