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"Knowledge is power." --Francis Bacon

1. INTRODUCTION

In this paper | discuss and illustrate some of the
actual and potential modern applications of linguistic
knowledge, focussing in particular on phonetic and pho-
nological aspects useful in the context of man-machine

communication. Before doing this, however, it will be
useful to review, very briefly, applied linguistics of
the past.

1.1. Pre-19th Century Applied Linguistics

Although the term linguistics and its equivalent
in other languages, e.g., German Sprachwissenschaft,
Hindi bhasha vigyan, Arabic a;;uJI; are relatively
modern ~coinages, curiosity and speculation about the
origin, structure, and behavior of language and its
parts has been active since prehistoric times as evi-
denced by the myths found in most cultures regarding
the origin of the names of things and of human language
itself ?1]. In fact, the history of successful appli-
cations--the "power" referred to in the epigraph--that
follow from knowledge of the workings of language 1is
long and distinguished. The invention of writing is
perhaps the greatest accomplishment of applied linguis-
tics (using this term quite broadly), especially in
those cases where the symbols used were linked in some
way to the phonetic composition of the words they
represented, i.e., 1in alphabets and syllabaries. An
even earlier application of the knowledge of the struc-
ture of lanquage may be found. in such devices as rhyme,
assonance, alliteration, and meter. These are commonly
thought of as serving only an esthetic end but they
also have a very important utilitarian function. In
non-literate societies, which, sadly, are still quite
abundant, large gquantities of the accumulated wisdom of
the group are preserved only by being committed to
memory. The aral “"documents" containing this wisdom
are more easily memorized when they are expressed in
sentences using rhyme, fixed metrical structure, etc.
For this reason the earliest literature of every cul-
ture is composed more as poetry than prose, e.g., the
Indian Veda, Homer's Iliad, the Qur'an, Beowulf.

It remained for the grammarians among the Hindus,
the Greeks, the Chinese, and the Arabs, among others,

to initiate what may be regarded as the - formal
scientific analysis of language, i.e., where the study
is objective rather than impressionistic [2]. The

Hindu grammarian, Papini, some 23 centuries’ ago deve-
loped a system for describing the elements of Sanskrit
and their behavior, which system became the model for
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modern descriptive linguistics when it was discovered
by scholars in the 18th and 19th centuries. The Greeks
made the useful modification of adding vowels to the
Semitic alphabet. Grammars of the Greek language,

notably that by Dionysius Thrax, served as models for
Western grammars for two millenia afterwards. The
Greeks also initiated the discipline of etymology, the

study of the origin of words, although their first
attempts at this were understandably naive. The Chi-
nese grammarians did extensive lexicographic work and
developed a phonological descriptive system that is
still wused by scholars of Chinese and other tone lan-
guages of East and Southeast Asia. In the eighth
century the Arab arammarians, al-Khalil Ibn Ahmad
(2e>) o~ Js31) and SThawaihi (evs-—), produced a
very complete and in many respects a quite modern
description of Arabic phonetics and phonology. From
all of these efforts some very important applications
resulted: dictionaries, improved orthographies (in-
cluding shorthands), improved methods of second: lan-
guage instruction (via grammars, lexicons, etc.), and,
in a few cases, improved therapeutic methods or pros-
thetic devices for those with speech and hearing de-
fects [3,4].

It might be difficult for us to appreciate fully
the importance of the achievements of applied linguis-
tics just reviewed because they were done so long ago
and because we now take them for granted. But consi-
dering the overall level of technology present in the
world in the first few millenia of the historical era,
these achievements were innovations which had a major

impact on the world, furthering developments in all
other areas of learning: science, technology, law,
philosophy, etc. It 1is possible that some of their

"invisibility" is due to the fact that their influence

on other fields was (and is) indirect. These inven-
tions did not by themselves permit, for example, im-
proved navigation but the fact that written accounts of
innovations in navigation were available allowed such
developments to be quickly disseminated. Furthermore,
the existence of dictionaries and grammars allowed
accounts written in one language to be understood by
native speakers of another, thus permitting the origi-

nal discovery to be spread throughout the world. The
tremendous influence these applications of linguistic
science had 1is easy to understand when we take into

consideration that language is, after all, the princi-
pal medium for the storage and dissemination of the
accumulated wisdom of the human race. Naturally, any
technical improvement which permits these functions to
be accomplished more efficiently and more accurately
will be of incalculable benefit to mankind. May the
achievements of modern applied linguistics be as valua-
ble as those of the past!



1.2 Nineteenth Century.

Naturally, linguistic science continued to refine
its knowledge base and to accumulate a wider range of
information on language structure, particularly in the
area of phonetics. In this it was helped by the allied
disciplines of physics and medicine. Thus it was pos-
sible to do an even better job at the applied linguis-
tics tasks pioneered centuries earlier.

it was in the 19th century, however, that linguis-
tics successfully addressed a completely new problem in
the domain of language. Whereas most previous linguis-
tic studies focussed on the relations that could be
found in the elements of a single language, they tried
now to account for the diversity of languages or equi-
valently, to show in a quite elegant way how many
modern languages derive from a smaller number of parent
languages no longer extant. This enterprise is called
comparative or historical linguistics. Although this
achievement did not immediately (or even yet) have any
great practical application, at least not in technical
areas, [ believe it represents one of the most impar-
tant scientific advances of the modern age. Further-
more [ propose to describe below how the data from
historical linguistics can, in fact, have practical
application. Therefore, it will be useful to examine
the methods and results of this sub-discipline in lin-
guistics.

1 should first justify my characterization of what
comparative linguistics did as scientific, because
there are those who would argue that there 1s no '"sci-
ence" outside of the so-called "hard" sciences such as
physics, chemistry, and geology. I think what differ-
entiates scientific undertakings from others like, say,
literary criticism, which has no pretensions to being
scientific, is the practice of supporting hypotheses or
claims by objectively verifiable (i.e., empirical)
criteria as opposed to such subjective criteria as the
eloquence with which the claim is stated, the authority
or prestige of the person or group making the claims,
etc. What makes a criterion “objective" is its freedom
from extraneous influences or distortions--including
the biasses of the investigator--which reduce its evi-
dential value. For example, astronomers know not to
take the apparent position of a star near the horizon
as an indication of its true position since refraction
of its light due to the earth's atmosphere makes it
seem higher than it really is. The objective value of
its position is one which is corrected for atmospheric
refraction.

Prior to the 19th century several people had call-
ed attention to the similarity that existed between
certain words and grammatical processes in the modern
and the classical European languages such that some
genetic relation between them was suspected. For all
anyone knew at the time, however, there could have been
a number of other causes of such similarities: the
words could have been borrowed, there might be some
inherent property of the meaning of the words which

motivated the choice of sounds used to form them (i.e.,:

a manifestation of "sound symbolism" [5]), or the simi-
larities might be due ta chance. For a claim of genet-
ic relationship between languages, all of these other
possibilities represented uncontrolled extraneous
tors and thus mide the claim unscientific. Examples of
chance similarity abound; consider, for example, the
following false cognates from unrelated languages:
Modern Greek /mati/17 "eye" and Malay /mata/ "eye" [6],

English /neTm/ “name" and Japanese /namae/ “name".
Although it is difficult to quantify this sort of
thing, the probability of finding a few such phonet-

ically and semantically similar pairs in any two lan-
guages seems to be rather high. The leaders of the
comparative linguistics revolution in the 19th century,
e.g., Rasmus Rask of -Denmark, Franz Bopp and Jacob
Grimm of Germany, had an intuitive (not a quantitative)

fac-"
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understanding of such probabilities. However, they
also realized intuitively that finding 5 cognate pairs
by chance is less likely than finding one and finding
20 by chance is highly improbable, such that if a
sufficient number of points of identity can be found
between two or more languages one could rule out cogna-
tion due to chance [7]). The forms in Table 1 illus-
trate this. As mentioned, it is not completely unlike-
ly that one cognate pair could be found by chance when
comparing the vocabulary of any two languages but find-
ing a cognate triple when comparing three languages is
less likely and finding several such triples by chance
is very much less likely. (In fact, many more such
triples could be given than those in Table 1 and,
moreover, cognate groups can be given involving many
more languages than just these three.) To clinch the
case, these linguists could point to a quite regular
correspondence between the sounds in the cognate words.
In the words given, Latin and Greek initial always
corresponds to English f, t to th (phonetic [e]), and k
(or the equivalent c)to h. ~After s the Latin and
Greek stops are the same as those in The corresponding
English words except in the case of the velars where

the sk sequence corresponds to sh (phonetic [J1) in
English. The great number of infersecting points of
similarity in vocabulary of such a basic nature ke

unlikely to be borrowed) and on words with such differ-
ent meanings (thus ruling out the notion that the
meaning somehow "determined" the sounds used), proves
in a scientific fashion that there is a genetic rela-
tion between these languages.

This method is simply an intuitive application of
the statistical law that the probability, P, of the
collection of events, X = x1, x2,...xi,...xn, is the

product of the probabilities of the separate events:

n
l l p(xi)
i=1 (1)

Although not used in a quantitative way by the histori-

cal linguists, it is a method capable of = yielding a
level of objectivity and accuracy of evidence compara-
ble to that found in the '"hard" sciences. Charles

Darwin--several decades after the linguists--used this
same method of marshalling evidence in support of his

theory of evolution, i.e., proof by the sheer weight
and interconnection of the accumulated bits of evi-
dence. Any discipline faced with data that is diffi-

cult to quantify and which is subject to distortion by
a great many uncontrollable extraneous factors, and
this is a characteristics of the behavioral, social,
and some of the biological sciences, must resort to
this method of orchestrating the empirical support for
its hypotheses. Linguistics was among the first, if

{1 The phonetic transcriptions used throughout this
paper follow the principles of the International
Phonetic Association as of 1979. Square brackets,
‘[...]', enclose detailed- "phonetic" <Lranscrip-
tions, and slashes, '/.../' or the absence of any
enclosing punctuation, a less detailed or "phonem-
ic" transcription. Underlined words represent the
standard orthographic representation and are as-
sumed to be phonetically accurate only with regard
to the point for which they are cited. The arrows
131 and '<' stand for 'changes to' and 'comes
from', respectively. Citation of cognate. forms
from sister dialects lack arrows because, strictly
speaking, one is not derived from the other but
both are derived from a common parent, not cited.
In this case, however, it is assumed that the form
on the left reflects the phonetic form of the
parent language.



Table 1 Coagnates in English, Greek and Latin [8]
ENGLISH LATIN GREEK
father pater’ pater
foot pes poUS
flat planus platos
fathom patere patang
sprout sperma spora
Spoon sponda spage

- spurn sperno spairo
thin tenuis tanu-
three - trés treis
thumb tumere tumbos
thresh terere tersdon
stand stare statos
stiff stips’ stibos
star stella {a)ster
heave capio Kkope
horn cornu keras
heound canis KLgn
head caput kapia
shine scintilla skia
shave scabere skaphe

not the first <o successfully apply this method in

order” To treat in a scientific way an.aspect of  human .

behavior, a topic once thought {and by some, SEIIT
thought] to be incapable of scientific study [9].

The next step taken by historical linguists is the

reconstruction of as many details about the parent
language ' as pessible.  This cannot be done with the
same precision as in the case of establishing the
genetic relation between languages, however, @ a whole
arsemal of heuristic methods has been developed to
dccomplish the task. When two or more of these methods
point to the same reconstruction, as they often do,
confidence in the result is increased. In the data
given in Table 1, for example, the principle of “major-
ity vote" can be used. In the cognate forms where the
initial consonant varies between the three languages,
the Latin and Greek forms have the same consenant.  As
it happens, most other Indo-European languages (and for
the sake of the most accurate reconstruction one would
include as many as possible) also show p, t, k in
imitial position (in these words) where the ~Germanic
languages, including English, generally show f, [8], h
{or related fricatives), respectively. 0On the basis of
the sounds exhibited by the majority of the Indo-
European languages, the linguists reconstruct *p, *t,
and *k (the asterisk signalling the hypothetical nature
of the sounds) for these initial consonants in the pa-
rent language, called "Proto-Indo-European". Geography
is also taken into account: ° the Indeo-European lan-
guages which wsually exhibit the initial voiceless
stops in words such as those in Table 1 are very dis-
tant from each other geographically, from the Celtic
languages ~spoken as far west as Ireland to Sanskrit,
spoken in ancient India.  Other things being equal,
geographically dispersed languages, even those from the
same genetic stock, have a greater opportunity to un-
dergo change than otherwise, so that if similarities
are nevertheless found in them they probably represent
a direct inheritance from the parent lanquage. Compar-
able arguments are used by geneticists in accounting
for similar behavier traits in identical twins raised
apart.
! Occasionally,
sist in the reconstruction. In some of these cases the
texts have been discovered after a reconstruction was
ventured and they have, in most cases, provided dramat-
ic support for the historical linguists' hypotheses.

The result of all this scholarship in historical
linguistics, which has been going on for approximately

the past 170 years, is a rich cellection of data on the
history of numerous language families. What is impor-
tant for our purpeses is that this data includes de-
tailed information on the changes in pronunciation that
languages . are subject to over time, i.e., "“sound
changes".

2. SOUND CHANGE

In order to make use of the accumulated knowledge
of: sound change it is essential to know why it happens..
Since language is a complex form of human behavior that
has a physical phonetic aspect, a psychological aspect,
and a social aspect, forces in all three domains could
cause sound changes. - Our primary interest here, how-
ever, 1is the phonétic domain. For the sake of -com--
pleteness it may be useful to consider a couple of
cases of change whose causes lie in other domains.

2.1. MNon-Phonetic and Phenetic Sound Change

The word sound itself provides a good example of
sound change due to non-phonetic factors. The word
derives from Middle English soun which was @ borrowing
from 0ld French son (where, ~Onlike Modern French, -the
final n was pronounced) which in turn was derived from
Latin sonus. Where did the final.-d come from? It was

' added ~ by speakers who mistakenly TRought the original

d-less prenunciation was a substandard corruption of a
Form with a final -d. = This was because other words
which did possess a final -d, e.g., wound,- hound, often
had this final consonant  deleted” by “substandard"
speakers. :

- Another example . is the most common form wf the
plural inflection for nouns in English, s. 0ld English
had several plural inflections, among them -an and -as
(now -en and -(e)s). The irregular plural oxen and a
few. others 7are all that remain of the former. The
ancestor of the word for name, i.e., nama used to take
this form of the plural, too: naman.  Gradually, how-
ever, speakers put mere and more words into the class
that took the -as inflection so that now the plural . of
this word is names [10]. - ]

Obviously, social and psychological influences of
this sort vary from one culture to the next, from ane
time 1in history to the next, and from one speaker to
the next.  -So sound changes of the sort just —illus-
trated, /n#/ --,/nd#/ (where '#' stands for 'word boun-
dary'} ar /eh/ --:/z/ would not be expected to crop up
in different languages except by chance. In contrast,
sound changes which are due to physical phonetic fac-
tors should be found in the history of many different
unrelated languages since phonetic forces are universal
and timeless. This, in fact, is what happens, as will
be reviewed below. - These common, cross-language sound

changes, I propose, should be the focus of attention of

ancient ‘texts are available %o as-
‘way
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the linguist interested in modern applications in man-
machiine communication. A proper reading of the vast
record of sound changes accumulated by the historical
linguists of the past two centuries provides us with
hints and insights into the workings of speech produc-
tion and perception. Sound change is, in a sense, a
failure of the speech transmission process. But as
with destructive testing in materials science or the
creation of artificial mutations in the field of gene-
tics, one of the best ways to attempt to understand the
workings of a complex system is by seeing how it be-
haves when it breaks. The knowledge we gain in this
about the mechanics of speech, I maintain, will
enable us to implement improved systems for speech
synthesis and automatic speech recognition. : i

‘Two warnings are in order at this point. The
first is that many linguists would not agree with my
interpretation of sound change as being due to mechani-
cal constraints of the speech production and perception



systems. Rather, they view it as primarily a mentalis-

tic phenomenon, i.e., motivated by a desire (subcon-
scious, perhaps) by speakers to improve the phonetic

or phonological shape of their language [11,12,13]. I
have argued my own position in seaveral papers and will
not repeat those arguments here [14,15,16,17,18,19,20,
21,22,23,24]. I will, however,
which should at least render my position plausible.

The second warning is that unfortumately the re-

cord of soiind change is not easily accessible since so

far histerical linguists do not report their results in
a standardized way nor is there a compendium of the
common cross-language sound changes.  For the present,
then, this infermation can only be applied to problems
in man-machine communication through close collabora-
tion between linguists and communication engineers.

2.2. A View of Sound Change

To illustrate my view of sound change {where I use
this term henceforth-to refer to the common cross-
language phonetically-caused seund changes) I find it
useful to give the analogy of a transmission line, say
that wused in telephony. See Figure 1. A telephone
transmission line begins with a message source (the
caller's wvoice) which is then input to a transmitter.
The transmitter is 'also a kind of transducer which
converts the signal into a different form so that it
may reach the receiver. The receiver is also a trans-
ducer which converts the signal into a form suitable
for input to the message source, in this case the ear
of the person at the other end of the line. Inevita-

bly, somewhere between the message source and message
destination, the signal gets distorted by noise. The
noise may come from ambient sources or, equally, from

the transmitter or receiver. 1In order to minimize the
distortions from noise and to reconstruct the orlglnal
message, communication engineers have developed wvarious
error-correcting or errer-limiting - cedes.  Even so,
some noise and its consegquent distortions to the signal
do reach the message destination.

The situation in speech is guite similar. For our
purposes, the pronunciation conceived of in the brain
of the speaker is the message source, the vocal tract,
including the neuremuscular apparatus that controls it,
is the transmitter, the listener's auditory apparatus
-and the neurological structures behind it are the re-
celver,
nation. In the case of the speech signal,
may be noise added from ambient sources,
birds! cries, machines. But the signal may-also be
distorted by censtraints of the vocal apparatus itself
and by the auditory system. . There is a form.of error-
correction or error-limitation in speech--accomplished
as most such schemes are, by redundancy--but it Is not
perfect and is more effective at allowing the

toa, there
e.g., wind,

its semantics, ~Tthan its preonunciation, i.e.; what the
listener needs to know In order to pronounce what he
has just heard.  If the listener-turned-speaker pro-
nounces a word in a way that is different from that
used by the ariginal speaker then a sound change will

S (e EEm—
| MESSAGE !

| MESSAGE ! I NOISE !
| SOURCE. ! ! ! | DEST. !}
! ! I : 1 !
- l 1.;
I !
I ! e ! !
| TRANSMITTER Vo alt RECEIVER'E
! ! 5| !
Figure 1 Schematic representation of transmission

line used as analogy for speech communication.

offer some evidence

and the listener's brain is the message desti-

listener -
to extract the méaning of the transmitied signal, i.e.,

have occurred. If other speakers copy this new pronun-
ciation from him and alter other words in a like way,
then this new pronunciation may spread and become typi-
cal of a whole community. It is usually at this stage
that it comes to the attention of the linguist.

3. APPLICATIONS _
3.1. Confusion of Acousticall Similar Sounds

- If speech were designed by communication engineers
there would no doubt have been some effort to make each

"cipher" in the code structurally equidistant from all

others so that none of the them would be more subject
to confusion thanm any other.  Of course, speech wasn't
designed by engineers and one of the first things that
a study of sound change can tell us is that some sounds
or sequences of sounds are much more subject to confu-
sion than others. Between vocal tract shape and seund
output there is a many-to-one relation so that two or
more articulations give rise to the same or similar
acoustic signal. If listeners cannot figure out which
articulation produced the pronunciation they heard they
may substitute another when they speak. Thus, a sound
change weuld occur.

One example of this is the change.of palatallzed
labial consonants (including those palatalized by vir-
tue of being fellowing by palatal glides or vowels) to
dental, alveolar, or palato-alveolar consenants. Table
2 provides illustrations of this from the history of
several languages. The large number of examples also
demonstrate the point made above, that such physically-
motivated  sound changes do re-occur in languages the
world over. (Due to limitations of space I will pro-
vide only one or two examples of other types of sound
changes discussed. )

The same interchange of consonapts, in the same
environment, shows up with greater-than-average inci-
dence in laboratory-based speech perception studies
[251. Spectrograms published by Fant [26], shewn sche-
matically in Figure 2, show why this substitution oc-
curs.  The F2 fransition, which are important for the
identificatien of place of articulation of the conso-
nant, are more similar between /bla/ and /da/ than
between /bo/ and /blaf. Presumably other cues, e.g.,
the bursts in the case of stops, are sufficient to
differentiate palatalized labials from dentals, etc.,
but if +these cues are missed listeners can easily
become confused as to the true primary articulation of
the consonant.

There is, in fact, independent evldence that the
burst of labial stops is less salient than those of
stops at other places of articulation. Many languages
with a series of voiceless stops lack -a voiceless
labial stop entirely.({except perhaps in loanwords or in

Yaxpressve" vacabulary). In addition to Arabic, the
following are a few of the languages that lack a /p/:
il 0.1 sec F—+—+—+—t+—+—
. :
anmn -"”””Hl’ gy w
. MHWH
[bal - ‘ [blald
Figure 2 Speétrographic patterns of [pals [biad,
and [dal as spoken by a Russian speaker.  The
latter two syllables are more similar than the:
first two. i
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Table 2 Phonological data illustrating sound
changes of palatalized labials to dentals,
alveolars, and palato-alveclars (underlining marks
segments showing the relevant variation) [16]
Pre-Classical Classical Translation
Greek Greek
*gwo.ri-;j.o s+ bafna "7 come"
% kom-Jo- "~ s kolnas v ecommon”
Proto-Bantu Zulu Venda Translation
#pja > ~tfo "ney"
Apild > =y "knife"
Standard Czech East Bohemian Translation
m_Jas'm nesto “own"
plet tet "Fiyve!
p_ji VD ET o "hagr!
stknJe EsknJa “nicely"
Lungchow T'ien-chow Translation
pJoa tloo fish
PJou tJuu “empty"
0ld Tibetan Lhasa Tibetan Translation
bja > Eig "Hird"
bji-ba > tliva “rat"
Roman Italian Genoese Translation
&j_enc Heno. nEgll”
Ppjanta _t_jo.nta "to plant"
Eiunkm Eégnku "white"
Latin French Translation
50.p_Tus > sa3 tyiga!
rubeus > BUZ “red"
rabies > oz “rabid"

Yoruba, Bora, Vietnamese [27]. In ifs "regular" voca-

bulary, Japanese has /p/ only in restricted environ-
ments: never in initial position and medially only as
a geminate, e.g., /nip:on/ "Japan". In most of these

cases an original /p/ has become a weak fricative
(either /f/ or /h/) through sound change. The cause of
this pattern is the fact that labial stops, unlike the
other stops, have no resonating cavity in front of them

and thus are relatively low in intensity and very
broad-band in their spectral characteristics. They are
easily missed by the listener or, if heard, mistaken

for a low-intensity fricative.

Another common sound change is the substitution of
labials for back velars, especially labialized velars.
Some examples are given in Table 3.

Again., these same substitutions are evident in the

résults of laboratory-based speech perceptian studies

[26] and can be explained by reference to the
misleading character of the F2 transitions.

11111 A

Table 3 Phonological data ‘{llustrating o
changes of labialized velars to labials
{underlining marks segments showing the relevant
variation) [15]

Proto-Indo-European Cl. Greek Translation
*ekwd's > hippos "horse"
*gwiwos s bios "life"
Proto-Bantu West Teke

*-kumu N piumu "chief"

A quite striking example of sound change due to

the auditory similarity of different articulations
involves the perception of pharyngealization in Arabic.
Among the primary acoustic correlates of pharyngealiza-
tion i.fi. ) is a generalized lowering of the for-
mants. As it happens, the same effect can be achieved
by rounding and protruding the lips. Because of this
Arabic words are occasionally borrowed by other lan-
guages with the original pharyngealization replaced by
labialization. See Table 4 [28,29].

Many other examples could be given of sound
changes motivated by the acoustic-auditory similarity
of certain speech sounds [14,21]. How can such data
help us 1in designing better systems for man-machine
communication via speech? First, we are pre-warned of
the existence of speech sounds that will be difficult
to differentiate in ASR systems. In fact, I have used
such phonological data successfully in the design of a
"difficult" and an "easy" vocabulary for an experiment
investigating how users interact with an ASR device
[30]. The ASR device had as much trouble in differen-
tiating [bud] and [gud] in the “"difficult" vocabulary
as we know humans do based on the evidence from sound
change. The phonological data, therefore, can aid us
in the design of "robust" vocabularies in those ASR
situations where a small vocabulary is sufficient. If
the vocabulary cannot be limited to easily differen-
tiated words, then the phonological data can tell us
which contrasts may need special recognition algorthims
to tell apart. 3

In the case of speech synthesis the same data can
tell us which acoustic parameters to reinforce or even
to exaggerate in order to guarantee greater intelligi-
bility.

Perhaps the most important lesson to be derived
from this phonological evidence is the need to differ-
entially weight and to integrate acoustic cues. We
have seen that an F2 transition does not have the same
value in all situations. What it tells us depends on
what other cues it appears with. The integration of

Table 4 Examples of Arabic pharyngealized sounds
being borrowed as labialized consonants (contrasted
with plain sounds being borrowed unchanged)

Standard Arabic Argobba Translation

sabifj (e o= ) > sWabl[j “baby"

sadaga ( < i52s ) > s¥adaga “alms,
charity;
death
commemor. "

BUT:

rlsala ( €35k, ) 5 risaia U Lot o

dzism (< p=z) > dzism “body"
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« recogni fon workﬁ_
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as a maJer problem in speech

'-3-2'The Units-e% Speeeh

- Ever singe the 1nventlen of the alphabet there has
been an: assumption by langlage schelars that the ulti-
mate " unit cof speech 15 something like the phoneme.
Technlcally, there is a diffierence between phonemes and
the letters wsed fn orthography, but to a large extent
~ they are the same cenceptual entity.  Certainly it is
true that the phoneme. is 1ndlspen31b1e for. the kind of

things a grammarian deals with, that is, stailng gram-
matically-based phonological regularltles, many of the
kind of pronunciation differences that exist when words
are ‘strung: together: in connected speech. dialect dif-
ferences, efc:
to state in other than phoneme=sized units the phonoloe-
gical  rpile of English whereby final /n/ in some

«in the  acoustic

It -would be extremely awkward to have

words

asszm;laues to the place of articulation of the conso-

beginning he next word, e.d.s Jwsn thaim/ "one
s fwame bl Mone boy's  fwatigai/ Moneguy'. oIt
; capable

the cdse that native speakers are
h

that the phorneme _the approprlate

- rst; an examlnatlon of the: lndependently creaied
orithographies of ‘the world reveals that the
é slieh;; was invented only once--by  Semitic,

be traced to that one inflience.
[ g5 wene syllabar1es or,
i Ideograms or logograms [ 31 ]
to attach too mich weight to this type of his-
al: ut it at least undercuts the notion

'_'that there: : emethlng “intuitively  correct®
an 1y21ng speech phoneme-sized Umits.
' [} nge==which,
hew speech 1s actually

°.-alphabets
ot i

The

used--gives:

'*:”cendltlened“ changes,
pheneleglcal anyironments:  Examples

| ble 1 the Proto-Inde-European
e changed te woiceléss fricatives in the Garmanic

Were

. baundaries

nto segments of phoneme size for

purpases, ine ding ‘the above=mentioned poetic
of alliteration  and assonance. (Also, see
5 sectlen 4.3 Nevertheless, certain facts would

tleus before jumping to the conclusion
is

unist far . all-

alphabet,
seribes -

some 38@@ years age in what is now. Syria--and all ether
can

ALl
perhaps, sys-
(It would @ be -

about.
I have tried to argle,
‘evidenca

‘Most solind changes are what the
i.e., they ocecur

*D,.

languages primarily only in waord imitial ‘position. The
same sounds  after *s did not change.  Moreover, in
dial p031t10n, these ‘seunds often-became: voiced, not
! :rzcatlves, e.g., ‘latin pater, Engllsh

It The data in Tables 2 and 3

"_extually conditioned  changes: the

LS ichange to dentals,  etc. enly when

a (ol

i fellewed by palatal segments; when fallowed by ~ non-
palatal sedments this change did not' obceur. If' . the
phoneme were the ecrucial unit in sound change (and thus
] nguage Use) they would have . ‘undergone the same change
; e vironments they appear: 1n, that is, in
2 terms, they would be ‘"unconditioned
changes".. Altheugh ‘uncenditioned changes do occur,
‘they are not the *nmorm'. ;
from  ERis I think it is safe to - conclude  that
units larger tham = the phoneme--larger in size and
. larger im number--cam play an important part in  the
- actual: preductlon and perception of speech. and there-
fare also.im man-made systems simulating these process-
es. I fact, so-called "diphanes! ar "demisyllables®
‘ape  now receiving a great deal of attention in  speech

synthesis and speech recognition systems £32].

‘that follewed a formerly voiced stop.

3.3. Segmenting Speech

The factuhatlnany sound changes are  conditioned.
by the environments provided - by  word-initial, wond-
medial, or wdrd-fipal pesition has some relevance for
the - dlscovery of - the inherent error- correcting. or
error-limiting mechanisms in speech. One of the ways
errors .are . Limited in digital communications is by
breaking the entire message or data set into ‘“clumps”.
On discs, tapes, and other Storage media these are
referred to-as "sectors". "Checksums" or other error-
checking- measures are  done in the domain of: these
sectors. If an error is detected it is 1ecallzed ta
a single sector and does not affect the rest’ of the
data stream. The fact, Treferred to and illustrated
above, that sounds undergo different changes depending
an where they are in the word, seems to show that word
boundaries may be marked in speech, although this mark-
ing may be quite subtle:- {as ‘evidenced by the difficulty
speech scientists have in discovering them) and is
certainly done in landuage-specitic ways. Marking word
tias . the same advantage to the listener as
dividing the data stream up into sectors has in digital
commuiiications. If an error in transmission does  ac-
cur, the -error .may be localized to ‘ane word,  thus
giving the listener the chance to correct it by use of
redundancies at the pragmatlc, semantic, or syntactic
level. : ke
3.4, Redundant Cues

Durexamlnatlon of sound change can also give -us
some understanding of the status of redundant cues:

Over a centlry ago a linguist studying the history
of the Chinese language nmoticed a probable .correlation
between the voicing of the syllable inftial consonants
in ancient wards and the character of the tene in those
syllables in the modern spoken language [33]. - Similar
patterns have been noticed ipn the history of other tone
languages, most recently Northern Kammu, - spoken
Solitheast 'Asia, data from which is presented in. . Table
5. Here the ?Uu (Southern) dialect may be assumed to
retaln ‘most  closely  the pronunciation of these two
dialects! common parent language and that Yuan is the
{Northern) dlalecL that has Innovated. As can be seen,. .
in the innovating dialect, a hlgh tone (distinctively
high fundamental frequency, FO)is present on the vewel
following what was formerly (and still is in. 2Uu} a
voiceless - ‘stop, whereas a low tone sits on the . vewel
The Yuan dialect
has gained a tomal distinction on vowels but has lost a
voicing distinction on steps. - Where did the tone come
from?

Modern phenetlc studies on non-tone languages  such
as English, French, Russian, show that voiced and
voiceless stops induce small but perceptually detecta-

bie perturbations in the FO of the vowels fallowing
them: slightly higher FO following. voiceless stops and
slightly. lower. FO following voiced : stops ({vis-a-vis:
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sonorants like /m, n, r, 1/ which ‘de not perturb FD to.
any appreciable extent) [24]. Morever, there is evi-
dence ‘that listenmers in these non-tona 1anguages ¢an
make use of these FO differences to classify: stzmull'
as, for ‘example, /ke/ or Jge./ when all other differen-
tiating = cues have been removed [35].  Does this mean
that we should rev1se aur characterlzatlon of Engllsh,_

Table 5Tene Develepment 1in Northern Kammu

?Uu-(Seuthern.- .Yuan-(Nerthern_ Translatien
Kammis} Kammu}
i y ’ . il'e.a. len
Kladn Klamg: g
Glasg b fstone!

ina



French, etc. as non-tone languages? MNo, because al-
though listeners apparently can utilize FQ differences
to differentiate words, the best evidence we have to
date is that speakers, when articulating syllables such
as /ke/ and /ge/ do not purposely or actively tense the
muscles usually used to create FO variations.  Rather,
the FO perturbations are just accidental by-products
created by the articulatory gestures needed to make the
voiced/voiceless distinction. Lisieners in non-tone

languages, when they speak these syllables in their
turn, treat the FO variations as distortions of the
intended signal and therefore factor them out. The

basis for listeners'-ability to factor out such distor-
tions is their long experience in producing and per-
ceiving speech and thus learning inductively of the
predictable correlation between certain speech sounds
and ‘their associated distortions on other adjacent
speech sounds.

If, for some reason, the listener fails to make
the connection beiween a speech sound and the distor-
tion it causes--for example, if he is a child learning
the language for the first time, or if he Tails to
detect the feature or segment responsible for the dis-
tortion--then he will not factot out the distortion but
will rather incorporate it inte his own pronunciation.
This must be what happened at some point in the history
of Chinese and Kammu but which has not happened in
English, French, etc. (In most cases where consonants
have given rise to new tonal distinctions, some tonal
distinctions were already present in the language aor
were used by claosely neighboring languages. Conceiva-
bly, the listeners have to be "attuned" to tonal dis-
tinctions before new tones can be created out of what
were previously FO perturbations by consonants. This
may be why this type of sound change is not found in
English, French, etc.)

A great many sound changes have happened via the
same mechanism, 1i.e., where a phonetically natural and
predictable distortion of the speech signal becomes
distinctive, often at the expense of the loss of the
element of speech which created the distortion. The
development of distinctive nasalization on wvowels in
French is a well know example. Early French /bon/
> Mod. French /b3/.

Another importani change of this type involves
shifts in the quality of vowels due to distortions of
nearby -segments. Table 6. gives some relevant data.
Here Written Burmese is take to reflect the phonetic
state of the parent language of Lisu {a member of the
Tibeto-Burman language family), at least as far as the
vowel + stop ending is concerned.

The original 1low vowel [ao] changed to mid back
rounded [o] when it appeared before a labial consonant
but to a mid front unrounded vowel [e] when it appeared
pefore a dental censonant. A quite similar change
occurred in Northern Lebanese and Northern Syrian dia-
lects of Arabic [371.

Again. modern phonetic studies have shown that
vowels are distorted in systematic ways depending on
the phonetic quality of adjacent consonants [38,39].
Some of these results are represented graphically in
Figure 3, which shows the familiar vowel space where
the auditory dimension of frontness correlates with the

Table 6 Sound Change Data in Tibeto-Burman [36]

Written Burmese Lisu English translation
khap khd "draw water” :
hnjap njo *pinch"

sait IE il

tshat tshe "deer"
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Figure 3 The direction of the perturbations of
vowel quality caused by flanking consonants. On
the left, the effect of dentals, alveolars, etc.;
on the right, the effect of labials.

(F2) and vowel height correlates in-
versely with F1. Labial consonants, especially labial-
velars like [¥], shift vowels towards the back, and
dental, alveolar and palatal consonants shift vowels
toward the front. The different length of the arrows
in the two vowel diagrams are intended to represent the
tact that labials distort vowels less than those which
cause the fronting.
Yowels also
immediately juxtaposed to them but jcel
syllable. The process called umlaut, so prevalent In
the Germanic languages, exemplifies this. Some
relevant data from the history of English is given in

second formant

assimilate to vowels and glides nat
in an adjacent

Table 7. Pre-historic 0ld English back vowels became
fronted if the front vowel /i/ or the front glide /i/
was in the next syllable.

Languages which have '"vowel harmony", e.g.,
Turkish, Mongelian, Hungarian, Yoruba, Somali, i.e.,
where all vowels in a word tend to-agree in certain
phonetic properties such as position of the tangue

body, position of the lips, or position of the tongue
root, acquired this feature through a process similar
to thal responsible for umlaut [407.

A simple way to formulate a generalization which
covers all of these tendencies is: the second formant
of vowels tends to assimilate to that of adjacent
segments.

The examples just given,
nasalization of vowels, change in vowel quality, are
just a few of the many types of conditioned sound
changes in which a previously redundant phonetic fea-
ture becomes distinctive. As a way of summarizing
this, it may be useful to represent the perceptual
process whereby the redundant features are either re-
cognized as redundant or changed to be distinctive in
the following schematic way.  Figure 4 represents the
case where a speaker intends to utter /at/ b due to
vocal tract constrainis the vowel is phonetically more
like [e]. This utterance is detected by the listener
as [et] but is "reconstructed" as the correct /fat/ by
reference tao the knowledge base that incorporates the
information that a vowel like /o/ may be fronted by a
flanking dental consonant.

of tonal development,

Table 7 Umlaut in English

Prehistoric Old English Middle English Translation
xford=Jan % fe:d feed"
Compare: =faida > foid: "Food"
MUy si > miss imicet
Compare: z muis > muis "mouse"



SPEAKER LISTENER
fat/ fat/

| 5
distorted reconstructed
by vocal as
tract to

[et] ——— heard as —— [et]

tract
Redun-

Figure 4 Distortions in speech due to vocal
constraints are factored out by listener.
dant cues remain non-distinctive.

Figure 5 represents the case which is similar to
that in Figure 4, i.e., the intended /at/ is realized
phonetically as [et], but this time the "reconstruc-
tion" by the listener fails to occur (for any of a
variety of reasons), so the listener interprets the
pronunciation as /et/ and thus a sound change occurs.
Although the original speaker, in his most careful
articulations could show little or no fronting of the
vowel /o/ near dental consonants, the listener in Fi-
gure 5, even when giving careful pronunciations, will
produce the vowel /e/ in these words--no longer due to
the influence of the dental consonants but because that
is the lexically-specified pronunciation for these
syllables [18].

3.5. Further Evidence for Error-Correction

The existence of error-correction in speech per-
ception has obvious relevance and importance for at-
tempts at the mechanization of speech perception.
Therefore the more evidence we have of its existence
and its form, the better. One of the most dramatic
pieces of phonological evidence of this sort consists
of cases where these reconstructive, error-correcting
rules are used inappropriately. (As mentioned above,
this is in accord with the strategy of learning about
the workings of a machine by seeing what it does when
it breaks down.) Imagine, first, a situation, repre-
sented in Figure 6, similar to those in Figures 4 and
5 but where a speaker intends to utter /et/ and it is
realized phonetically as [et]. The listener now be-
haves like the listener in Figure 4 and, thinking the
[e] is a distortion caused by the [t], reconstructs the
utterance /at/. When this listener speaks this sylla-
ble, he will utter, in his most careful pronunciations,
fat/ = [at].

Figure 6 does not represent a hypothetical occur-
rence.  Virtually the same sound change did happen in
the history of the Slavic languages: the low front
vowel /a/ was changed to a back vowel /fa/ only when it
occurred in the environment of palatal consonants,
precisely the phonetic environment that would normally
cause a fronting, not a backing, of vowel quality.
(See Reference 19 for details.)

This type of sound change, where the conditioned
change goes in the opposite direction to that expected

SPEAKER LISTENER

Jat/ /et/

i t

distorted interpreted

by vocal as

tract to

[et] heard as——= [et]
Figure 5 Distortions of speech signal by vocal
tract not factored out by listener. Previously

redundant features become distinctive.
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SPEAKER LISTENER
/et/ /ot
[
realized reconstructed
phonetically as

]

[et]—— heard as —— [et]

Figure 6 Listener creates sound change by inappro-
priately applying error-corretting rules.

by normal assimilative processes, is known as dissimi-
lation. Although not as common as assimilation, there
are still abundant examples of it.

One form of dissimilation that puzzled linguists
for a long time is so-called "dissimilation at a dis-
tance", some of examples of which are given in Table 8.

In all the cases in Table 8, the co-occurrence of
the same phonetic feature within the same word (usually
in adjacent syllables or at opposite ends of the same
syllable) causes the occurrence of this feature on one
of the two segments to be removed. For example, in the
last item in the table, the feature of [palatal] occurs
on the initial | and the medial geminate 33 . In the
dialectal form, that feature was removed from the ini-
tial sound, thus yielding s. What seemed puzzling was
how these two sounds could affect each other when they
left no trace on the intervening vowel. "“Action at a
distance" is as much abhorred by linguists as it is by
physicists. The mystery is resolved, however, by mo-
dern phonetic studies which, as has been alluded to
above, show that certain phonetic features though dis-
tinctive on a given segment, may "spill over" {via
assimilation) onto adjacent segments. MWe may assume,
then, that all of the features dissimilated in the
above examples, e.g., aspiration, labialization, glot-
talization, and palatalization, also “colored" the
intervening segments, whether vowel, glide, or other
sonorant.  The listener detected the feature of pala-
talization throughout. the first syllable of

Table 8 Examples of dissimilation at a distance

Pre-Greek Classical Greek Translation
#thrikhos 5 trikhos "hair"
Latin Italian
k“Tnk“e > t[igkvwe Ufiye!
Ancient Cantonese
Chinese
o - "diminish"
Proto- Quechua
Quechua
* t'ant’a - t’anta "bread"
Standard Dialectal
Arabic Arabic [37]
2ib2i (ei=l)> hib?i "remain"
Pa?%ud (s aail j»  hagud "shall I sit
down?"
[azar < 22 )s sazar "trees"
[23%a8 (< &4)> [azzac "be encouraged"



but erroneously attributed all of it--even that emanat-
ing from the initial consonant--as a distortion caused
by the medial geminate. He therefore factored out all
palatalization except that due to the medial sound.

The perceptual error that is committed in cases of
dissimilation has an analogue in the domain of wvisual
perception,  namely, camouflage. A viewer may be
looking directly at a white rabbit on a brightly  lit
snowdrift and yet not "see" him because he attributes
the patch of white he is looking at to the background
white of the smow. The viewer, in effect, is using his
knowledge of what snowdrifts look like to interpret--
erroneously, in this case--the patch of white which
characterizes the rabbit. Analogously, in sound change
the feature which is dissimilated, I.e., removed, 1is
camouflaged by the presence, elsewhere in the word, of
a source of the same feature. : :

I should admit, at this point, that the analysis I
have just given of dissimilation is my own and deviates
from other linguists! previous attempts at explaining
it. There is, however, some strong evidence which
favors my account over others.  For example, from what
I have said above it follows that the only phonetic
features which could be dissimilated at a distance,
i.e., across intervening segments, are those which are
known to spread out beyond the immediate domain of the
segments on which they are distinctive. Such features
are: aspiratien, glottalization, palatalization, la-
bialization, retroflexion, pharyngealization, etc. ALl
of these have been involved in well-documented cases of
dissimilation.  In contrast, features such as  stop.
fricative, and affricate should not be dissimilated at
3 distance since they are not 'spreadable”.  In fact,
these features are rarely invelved in dissimilatien
[19]. Second, recall that it is often the case that
contextually-conditiened sound changes of an assimila-
five character will lose the conditioning camtext  at
the same time as the conditioned change 0CCUrs, - €-f.,
Pre-French /bon/ > Modern French /93/. That is, the
nasal consonant which created the nasalized vowel drop-
ped at the same time as the vowel became distinctively
nasalized.  In dissimilation, hewever, it must not be
the case that the conditiening context disappear at the
same time the conditioned change occurs. - This is  be-
cause the conditioning context--the other segment with
the same phonetic feature--must still be argund to be
splamed" by the listener for what he imagines is  the
spill-over of that feature onto surrounding  seaments.
So far, all the cases of dissimilation that I know of
conform to this prediction. :

. Finally, there are laboratory-based studies which

supports my account of dissimilation. -~ One of these
involved obtaining listeners' judgements of the degree
of nasalization present in stimuli of the sort /muy
and /mam/ when the nasal consonants flanking the vowels
had been attenuated in amplitude by various degrees or
removed entively. In the processing of these stimuli
the vowels themselves, which were, of course, heavily
nasalized, were mot changed in any way. Wevertheless,
the listeners gave lower: ratings for perceived nasali-
sation on the vowels when the nasal consonants - had
their full amplitude than when they were attenuated ar
removed.. In other words, when the nasal consonants were
around to be blamed for the nasalization on the vowels,
the vowels themselves seemed less nasal; when the na-
cals  were removed, they couldn't be blamed and so the
nasalization an the vowel was heard more clearly [41].
Other  studies involving different phonetic entities
also show that listeners "take into account" the kind
of effect a segment X has en an adjacent seament Y
‘before making a judgement about the phonological nature
of ¥ [42,43].

Another important manifestation of what is in
essence a  dissimilatory effect can be found in con-
straints on the sequencing of speech sounds and on  the
co-occurrence of certain phonetic Teatures. Over the

long history in which language has been used and new
words created one might expect that the speech sounds
in any language's segment inventory would have been
juggled and shuffled enough 50 that virtually any <om-
bination of features and any seguence of speech sounds

would be found making up words. In fact, just the
opposite is true. Mo language uses all possible combi-
nations of features or seguences of sounds. And a

great many of these ‘lgaps” are found in other languages
as well, i.e., there are definite universal tendencies
in the restrictions on the combinations of the phonetic
. building blocks of words. = Some of these resirictions,
it is true, have an articulatory basis, e.g., the Tact
that obstruent clusters tend not to mix voiced and
yoiceless segments  is due to aerodynamic and other
physiolagical  constraints [22,447. .  What I wish fto
facus  on here are restrictions that have a perceptual
basis. 3 :

One example is the fact that distinctive
pharyngealization in Arabic does not sit well an
labials. Although "emphatic" labials are attested in
some dialects of Arabic, seme of” these atiestatians are
disputed and many dialects definitely do not have any.
The reason, presumably,  is that the acoustic-auditory
characteristics of pharyngealization and those far
labial place of articulation are too similar. = That-
they are similar has already been evidenced by the
fact_-mentioned above--that certain non-Arabic commu-
nities when borrowing Arabic werds, change pharyngeali-~
sation into labialization (see Table 4). On the other
hand = the presence of distinctive pharyngealization on
dental consonants is very common. among Arabic dialects.
The reason is that dentals have acoustic-auditory fea-
tures which .are just the opposite of pharyngealization,
namely, relatively high F2, such that the addition of
pharyngealization  on these sounds creates a clearly
detectable auditory difference. Speech--in fact, all
forms of communication from semaphore te Morse code-=
consist of modulations of some carrier medium.  The
bigger the modulations, the petter and.the more easily
detected the signal. i

. For similar reasons, labialized labials, .i.e.,
[p¥ 1, and palatalized palatals, i.e., [ o
though found in some languages, . are rare in comparison
ta labialized velars, or palatalized velars or labials.

The same principles are respansible for restric-
tions on the sequences of sounds, the so-called “phono-
tactics" of languages.  For example, in.English, al-
though many obstruents Torm initial clusters with fol-
lawing /w/, e.g., those at the beginning of twin,
dwarf, swear, guick, labial consonants do not {except
in_ the case of a Tew loanwords). The Jw/'s acoustic
cues, - lowered F1, F2, and F3, are too similar to the
acoustic cues for labial obstruents. On  the agther
hand, initial two consonant clusters with /j/ {the
palatal aqlide] as the second component tend.to  favor
labials and velars, but not alveolars or palatals, as
the first component, e.g., beauty, puce, few, musig,
cute {[bjuci phjus fju mjuzek Khjui]),  Sequenmces Of

<j-] long ‘ago changed to [ [1, e.g., sure 1s naw

[ fua] and many American English dialects have . changed

{tjul, etc. to [tu] and so on. The cue for palatal
glide, high F2, is evidently too similar to the cue for

alyeolar and palatal place of articulation; the one cue

camouflages the other.

Enalish also prohibits the lateral /1/ as second
member of initial clusters having alveolar stops as the
firct member, that is, dlove, tlack are not possible
English words. The lateral creates a clearer acoustic
modulation ~ when It follows labials and velars, e.g.
bleed, plead, flee, clear, glib. :

These last Tew examples have illustrated that
labials and velars form a natural class as opposed  to
the_consonants-articulated between those regions, i.e.,
dentals, alveolars, and palatals. This, of course, is
2 division that has been traditional in Arab linguis-

59



tics fer centuries: the so-called "sun letters
{meidl G5 2) . which include most dentals and palatals
and the "moon letters" [ =30\ Gy,= ), which include
everything else. As with English, this division is
motivated by the way they interact wikth the consonant

/1/, especially in the definite article /al/. When
joined to sun letters this /1/ disappears (dissimi-
lates) and causes gemination of the following conso-
nant, otherwise it remains as /1/.
3.6. Implications for Speech Technology

The preceding evidence from sound change and, in

the case of phonotactics, the results of sound change,
have impartant implications for the mechanization of
speech perception. - If we accept that human listeners
make Use of an extensive and detailed knowledge base on
how speech sounds interact, i.e., on how one sound
CAnfluences and distorts another, then it follows that
if we hepe to build machines capable of duplicating the
human's ability in this domain, we should also con-
struct and make use of the same knowledge base. Propo-
sals to ‘use such a "top-down' approach in autematic
speech recognition are not new, but mast previous at-
tempts have emphasized a knowledge base invelving prag-
matic, semantic. and syntactic information. These are
definitely needed, but what I am maintaining here is
that a knowledge base incorporating some very fine-
grained details about speech sounds themselves is also
necessary.
Moreaver, & list of the common
“sound - changes created by perceptual mistakes can qive
us - a good idea of the kind of rules that must go into
this knowledge base. = Phonetic studies have uncoverad
hundreds of systematic interactions--I call them !dis=
tortions'--that exist between certain classes of speech

cross-language

sounds.  The ‘way that consenants perturb the FO of
following  wvowels has been mentioned above.  There s
dlso  ewidence  that vowels themselves perturb the FO

they are uttered on, i.e., high vawels like /i, u/ have
higher FO than low vowels like Jfo,2/, other things
being equal. Nevertheless, although the consenant-
induced FO wariation may lead to a sound change, the
vowel-induced FO variation apparently never has [24].
Altheugh the reasons for this asymmetry are not entire-
Iy clear yet, 'we may tentatively conclude that rules
which take into account the former FO perturbation
would be useful but rules on the latter would not be.

Finally, the phonological evidence which suggests
that '"good" ‘sound sequences are those that create a
large acoustic modulation (in spectral shape, ampli-

tude, periedicity), cam aid us in the design of special
purpose ' vocabularies for automatic speech recognition
tasks. In such cases, we would do well to avoid such
dcoustically "flat" words as wool and try to use acous-
tically "contoured" words like swindle,

4. NEW GOALS, NEW METHODS IMN LINGUISTICS

As  mentioned earlier, although there had been
interest in the differences and similarities  between
languages long before the 19th century, 1t wasn't until
the early 1800's that a method was developed to
actually deal with this issue in a rigorous way.
Similarly, there has always been considerable interest
in how a native speaker's knowledge of his language is

represented, i.e. mentally, but rigorous metheds to
address this quesblon have not been available until
relatively recently. Even now, the methads developed

are.still rather primitive and much more work is needed
to refine them.  Nevertheless, this is an area where,
in my opinion, seme of the most promising new research

4s currently being done in phonelegy.  The potential
for applications of such research in ‘areas of man- .
machine communication is quite high. If we Dbelieve
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that ultimately the best way to process spesch--whether
in synthesis or recognition--is to duplicate ta the
extent possible the way humans do these tasks, then we
must find out how language and all its parts are repre-
sented in the minds of native speakers.

4.1. Accessing the Lexicon

As discussed abaove, every language has certain
constraints on how speech sounds may be strung together
to form words. - It is not that the forbidden sequences
are humanly impossible to pronounce, just that one
language ' exhibits a systematic absence of them. Thus
/mwa/ 1s. not a well-farmed English word but it is
perfectly good French. It 1¢ a curious but quite
commenplace fact that native speakers are able to  tell
a "mative" form from a non-native form, even when it is

a string of ophonemes they have never heard befaore.
Thus, given made-up forms like /glus/ and /gdeb/,
native . speakers of English might easily believe that

the first was a rare English word but they would not
believe that of the second.  How do they do this? Two
hypotheses have been put forth to acceunt for this
behavior. = One, from the early generative phonolegists
[45], maintains that -native speakers formulate very
general rules on permissible phoneme sequences. = The
Englishspeaker might have a rule such as "In initial

obstruent clusters, the first segment must be /s/."
But they wauld not have a rule such as "In the context

of an initial /kl/ cluster and a following /m/, the
vowel /I/ may not appear.” Only the former rule is a
general one; the effect of the latter is just to rule

out the non-existing /klIm/. The second hypothesis was
offered by Greenberg and Jenkins [461 (& & J) and holds
that speakers do'a systematic comparison of the  hypa-
thetical . form with the entries--potentially, all of
them--in their mental lexicons. - This comparisen in-
volves trying te change one or more of the phonemes in
the made-up word to see if it can be transfarmed into
an existing werd.  The more such substitutions succeed
in yielding an existing word, the closer the form is to
the native pattern. According te this speakers would
be able to detect general as well as very particular,
fine-grained anomalies. = A crucial pair of “"words" are
the nonsense forms /kleb/ and /kleb/.  Presumably no
ong  would claim that either one violates a general
rule. All the partial sequences, /kl-/, /kle-/, /-eb/,
/klg-/, /[-=b/ are attested in one or more English
words, ' e.g., ¢lick, Clem, reb, clam, grab. But ac-
cording to the comparison procedure of G & J, /kleb/ is
further from English than /kilzb/. - Thus the generative
phonelegists' prediction would be that English speakers
would judge  these forms as 'equal In  "strangeness"
whereas the & & J would predict that /klsbf would be
judged as stranger than ‘the other form.

These predictions (as well as similar ones about
comparable pairs of made-up forms) were tested [471.
The results overwhelmingly supported the predictions of
G & J. What this result implies is the speakers = dosnot
need to formulate general rules on how phonemes may be
strung together to form words.  All they need, to make
the kind of judgements just discussed, is their lexi-
con-consisting of the words they know from having heard
or read them--and a very general kind of comparison
procedure. - Furthermore, the need for these two is felt
in'ordinary speech perception as well.  How is it that
words are recognized in the stream of speech except by
the listener finding a match’in his lexicon
particular string of sounds just heard?

In  addition te having important implications
secand language teaching--"don't teach rules,
lots of vocabulary and lots of stock sentences and
phrases"--these results also have implications for
optimal ways to do speech recognition. 1t suggests we
would have more  payoff by refining the ways that
comparisons are madé between the acoustic signal and

for
teach

for the -



the stored vocabulary,
"phonotactic! rules.
these experiments,

conclusion, however.

than by formulating general
Given the preliminary nature of
this must he only a tentative

4.2, Categories of Speech Sounds

One of the most well-known "discoveries" of phono-
logy--since approximately the turn of the century--is
tha phoneme.  There are many semi-orthogondl claims
that have been made about phonemes. One, as mentioned,
is a claim about the approximate size these ultimate
building blocks of speech. Another is that phonetical-
ly distinct sounds are psychologically the "same". - For
example, in English one finds voiceless aspirated stops
in syllable intial pesition before stressed vowels
([khit1} but voicelss unaspirated siops atter [s] in
initial clusters ([skitl). These two sound never con-
trast  since they occur in mutually exclusive enviren-
ments.  Because of this they are claimed to be allo-
phones, i.e., contextually-caused variants of a single
sound  or phoneme.  This is a gquite reasonable view to
take in cases where the variation can be accounted for
as. a mechanical effect--a distortion in the sense used
earlier-=of the context. Unfortunately, this does not
seem to be the case here; there is nothing about sylla-
ble imitial peosition that causes aspiration and no-
thing, so far as we know, about the pasition after [s]
that causes de-aspiration. But strictly speaking the
claim is not a phonetic one, it is psychological. A
proper test of it, then, must also be psychelegical.

Psycholinguistic tests have been devised to  test
this and similar claims about how native speakers cate-
garize speech sounds [48,49].  The method used is
called concept formation (€F) and has been berrowed
from experimental psychology where it has been used for
many ‘years on non-phonolegical questions.

Briefly, a CF experiment would proceed as follows.
The subject (5), seated in a guiet room, is instructed
as follows: "You'll hear a series of taped words, some
of which belong to a certain category due to the way
they sound; the rest do not beleng to the categary. If
the word is in the category, +vespond 'yes', if not,
respend 'no'.  After you respond, we'll tell you what
the right answer was. You'll have to guess on the
first few words but eventually you should figure out
how to anticipate the right amswer.  When this happens
we'll give you a test. Im this part we won't tell: you
what the right answer was after you respond.! Then the
experimental session might proceed as in Table 9, which
should be read from left to right, top to bottom.

As can be seen, except for focussing Ss' attention
on ‘the pronunciation of the stimulus words, no other
nints are given about the defining attributes of the
target category. Ss must figure this out on their own
. inductively. It is pgssible in this way to '"teach"
linguistic concepts to linguistically naive 5s without
using any verbal mediation, 1i.e.,
"distinctive", "complementary distribution', etc.

As is evident from inspecting Table 9, the target
category is words containing a [kh]. In the first
part of the experiment, only clear, uncontreversial

exemplars of category and nan-category items are given
along with feedback. In order to make sure 5s don't
inadvertantly form some unwanted category using ortho-
graphic criteria (based on their own mental image of
the spelled word), the category words have spellings
which represent [kh] in diverse ways: ch, ¢, k. qu.
Moreover, some of the non-category wards may be spelled
with those same letters representing different sounds
as im, e.g., knife, chip, ceiding.
therefore find That erthographic cues are of no help in
the task. . Whem Ss get a certain pre-set number of
trials correct in a row then the second part of the
experiment is administered where feedback is withheld.
0f interest is how Ss categorize words such as sguare

metavocabulary like-

Subjects would-

Table 9 Sample -CF session: target category: [kM]

Trial Stimulus Sample Correct
No. (taped) response answer (taped)
: from 'S

1 keep no yes

2 fan yes ne

3 cash yes ' - yes

4 ghost yes no

5 lip no no

& knife ne no

7 choir yes : yes

g chip no no
=9 ceiling no no

10 kerosene yes yes

1" oecur no yes

12 cool yes yes

75 gnat no no

76 science ng - -

77 kitchen yes -

78 square yes : —=

79 step no ~=

80 school yes —=

(fskv=u1). If they respond 'yes' (putting this word in

" the same category with words starting with ikh1)  then

it would imply that Tkh1] and [k] are psycholagically
the same. :

In fact, this is what American English Ss do, in
conformity with the traditional phonemic analyses of
English. The result may not surprise anyone, but it
represents a validation of the experimental procedure.
The- CF technique has also been used te verify that
English Ss regard affricates such as [t[] and [d5] as
units not clusters. The method has the potential of
being able to resolve most of the traditional but as
yet Untested claims about the psychological representa-
tion of speech. ]

5. CONCLUSION

There 'is currently a great deal of interest in
developing ways whereby humans may communicate more
easily with machines by the medium of speech, the

natural form of communication of the former--if mat the
latter. To accomplish this task we must understand haw
speech works. We don't know this right now, so we
should seek clues to its nature wherever we may find
them. In this paper I have iried to show that the
traditional and the newer findings of linguistics pro-
vide Us with some valuable insights in this exciting
domain.
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