











case of the consonants, in almost all cases by one feature
changes: place, nasality, volcing, and manner (degree of
closing of tract). Thus, the response alternatives for bet
were pet, met, debt, wet. Since four of the most likely errors

for a given stimulus phoneme were present among the response
alternatives, a rhyme test score 1s a much more stringent test
and 1s not directly comparable with the results from a randomly
selected vocabulary of five words, However, the use of the
small vocabulary reduces some of the error in large vocabulary
testing, i.e., word-frequency effects, inter-individual variabi-
1lity, ete. The ability to focus on particular feature confuslons
in a type of confusion matrix make the rhyme test a sultable
‘measure for synthesis evaluation. The experimental results will
be analyzed in some detall to illustrate the way in which the
rules are modified.
Intelligibility Tests On The Rules

Table I shows the results of giving this test to ten
speakers of British English. The subjects were drawn from a
New York diplomatic office, and were, presumably, of above
average intelligence, but none had any previous experience of
eilther psychological testing or synthetic speech, The matrix in
Table I 1s a special type of confuslon matrix, in that not all
the response alternatives were available on a given presentation,
but the pattern of confusions obtained in a complete matrix would
not differ greatly, because of the composition of the test,
There seemed to be no relation of initial-final difference to
phoneme class, so initial and final data are pooled. Finals
tended to have fewer errors, presumably because of prepausal
lengthening, and possibly the slower transition provided by an
allophone rule, There are two types of errors one can look for

in such a matrix: those about which it 1s relatively easy to do
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something, and those about which 1t 1s not. If, for example,
/v/ were equally confusable with /m/ and /&/, there would be
1ittle one could do apart from redesigning the synthesizer, as
there 1is not, at present, a nasal channel; raising the transi-
tion 1locl of the second and third formantwill lead to a /&/
response, lowering them to a stronger /m/ response, The occa-
sional unsystematic voicing errors shown by the subjects are of
this type also, As all the known voicing cues (voicing lag,
burst/friction intensity, duration, length of previous vowel,
first formant intensity cutback) are already handled by the
rules, it must just be assumed that naive subjects are always
going to make a few such errors, as in real speech, It should
be remarked that the rules are intended to provide speech at a
conversational rate.

The other more interesting class of errors is that which
carries implications for the lmprovement of the rules, Occa-
sional errors in the vowel matrices show that some improvements
in durational or diphthonglization factors are in order, as the
score here ought to be 100 percent (unless subjects are being
confused by the orthography). The affricates are frequently
confused, on the one hand, with palatal fricatives and, on the
other, with the alveolar and velar stops. Here, improvement 1is
likely only by abandoning the limitation that no phone can have
two parts. Consldering the ilnexperlence of the subjects, the
plcture in the stops and nasals appears satisfactory,with the
possible exception of /n/. There is, however, a lot of confusion
in the fricatives; thls can be divided into two sources, manner
and place confusion., The place confusion of interdentals with
labiodentals and alveolars 1s common even with real speech, and
can probably be improved only slightly by elaborating the frica-
tive facilities on the syntheslizer; the practical advantage in
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this may be rather small., More interesting are the manner copfu-
sions on voiced fricatives /v,&,z/ and affricate /dz/, which
arise from a specific plece of the synthesis strategy. Voicing
and frictlion are continuous through the steady-state portion,
there being no pulsed friction. The presence of nonvocalic
voicing leads to confusion with nasals, and to offset this, the
intensity of friction 1s rather too high, which, in turn, leads
to a deterioration of the voiced-voiceless distinction, even
though that is alded by the presence of the other chief cues

for fricative voilcing. There are three evident solutions; one

is to make these phonemes two-part elements, the second element
being devoiced friction which would be inhibited in initial
position., A second solution is to introduce pulsed friction,

but this 1s restricted by the sampling rate of the speech para-
meters, unless extensive syntheslizer modifications are made, and
harmonic components are still necessary; thus, nasal confusions
would not necessarily be abolished for the weaker friction pho-
nemes /v/ and /&/. The third method, in fact the one adopted,

is to suspend excitation on the first part of the closed duration
of the consonant; thus, brevity and a silent interval abolish
nasal confusions, intensity of friction and formants abolish stop
confusions, and long volcing lead abolishes voicing confusions,
This solution makes the volced fricatives like affricates in some
respects, further forcing the adoption of a two-part element
strategy for affricates.

Performance in the semivowels 18 high, except for some /r/
responses for an intended /w/., These all occurred in only one of
the two test contexts, preceding /eI/; it appears the ambiguity
is to be removed, not by postulating some allophonic interaction,
but by changing the table entries for /w/.
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In the vowel confusion matrix, there are two off-dlagonal
entries large enough to consider. The /I/ responses for /i/
all occurred in one of the two test contexts, preceding an al-
veolar., The /i1/ is diphthongized (narrow transcription might be
Iiy), but it appears there is not enough of the highly constricted
portion to be reglistered as significant before an alveolar, with
its already high second and third formants., This has been modi-
fled.

For the short vowel /o/ which does not occur in General
American, there are many long-vowel /3/ responses; all of these
occur in only one of the two test contexts, following initial /r/.
Data of Lehiste (1964) suggest no specific interactions of vowels
in this area with initial /r/, so the solution is probably to be
sought in modifications in /o/ duration and /r/ transition charac-
teristics.

Thus, explanations and remedies can be suggested for the
largest off-diagonal entries in both vowel and consonant matrices,
’ although there will always be a few mistakes in fricative place
and voicing of all consonants,

If the sources of error dlscussed above were to be removed,
but still allowing fricative voicing errors, the consonant intel-
1ligibility would be 92,5 percent and the vowel intellligibility
97.5 percent. We are proceeding to test these estimates. The
estimated intelligibility values probably approach the limit
attalnable with this combination of system and listeners(although
improvement in the naturalness of the synthetlic speech 1s still
possible). From the point of view of applications employing
connected speech, the residual consonant volcing errors and

fricative place confusions should not be troublesome,
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Allophone Rules

The rhyme tests are not really sensitlve to deficiencies or
merits of the allophone rules, although these rules were employed
in generating the stimull to improve quality., We have neglected
allophonic effects that might be manifest in the spectrum rather
than in durations, and there 1s evidence that this is appro-
priate. (Haggard, 1967) 1In the present program, there are three
broad categories of allophone rules: 1) partly arbitrary ones,
such as those designed to produce diphthongs (though even here
simple general rules would have psychological and linguistic
implications); 2) nondurational position modifiers, chiefly
associated with positional variants of stops, leading, for
example, to increased burst intensity and voicing lag before a
stressed vowel; and 3) durational modifiers.

The last category 1s interesting because there are so many
influences to be taken into account. An attempt has been made
to derive a coherent set of rules for segment durations that
wlll handle all the relevant conditioning influences., Sets of
rules have not yet been tested formally, because there are still
defliciencles, although they are apparently not so gross as to
affect intelligibility. But the allophone rules do make some
contribution to the quality of the speech.

The rules in the durational subset

1) 1lengthen elements in stressed syllables by factors
depending on the element class;

2) 1lengthen prepausal vowel, postvocalic consonants,

and final phone by different factors;
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3) abbreviate closure in stop clusters;

4) abbreviate semivowels in initial clusters;
5) moderately abbreviate other cluster members;
6) 1lengthen vowels before voiced consonants.

The last of these rules, although it must be taken into
aceount, 18 not so important in RP as in GA, Usually, it has
to be applied after rules 1) and 2), because its effect is addi-
tive in nature, while theirs 1s approximately multiplicative.
Perceptually, combining rules 3), 4), and 5) presents little
problem, as sensitivity for duration differences in these cases
18 not great; but combination of rules 1), 2), and 6) is diffi-
cult because all three conditlons appear to interact with the
distinction between phonemically long and short vowels (which
has more force in RP than GA). This creates some problems in
the loglcal format of the actual rules,

Ideally, there would be as many, and only as many, flow paths
through the allophone rules as there are major phoneme classes;
e.g., vowels, semlvowels, consonants., Ideally, the effects of
application of a rule would be independent of the application
of any other rule in the set when the set is applied in proper
order, Here, phonometry 1s merginz with symbolic logic; but
that 1s what an adequate theoretlcal treatment of allophones
would require, and no such treatment has yet been made.

Formal tests are needed to validate the set of allophone
rules with respect to the conditloning environments tested, the
exact modifications produced, and the logical structure of the
set of rules., There are also some assumptions fundamental to
the rules that require testing, but to which an lntelligibility
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measure may not be sensitive, We have already been forced to
abandon the limitatlon of no two-part phonemes and of continuous
voleing in voiced fricatives, Other assumptions that require
testing include the invariance of transition rate with stress
and pause, and the assumed insensitivity of consonants to place
context. The level of performance of the system appears to be
high enough to test these subtler points.

The interaction of allophone rules may seem far from the
"simple program" of this paper's title, but 1t 1s estimated that
less than 25 allophone rules in all are needed to eliminate the
perceivable deficlencies of phonemically produced speech, Hence,
for either a practical output device or a linguistic model,
synthesls-by-rule meets simplicity criteria better than the
desperate solution of syllable inventories. (The same may not
be true of input devices,) Within the class of synthesis-by-rule
schemes, the present one achieves some simplicity by reducing
the segment inventory, eliminating nonvocalic transitions, and
postulating a few cumulatively applied allophone rules. This
much simplicity does not appear to detract from intelligibility.
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