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ABSTRACT

The result of this thesis research is the
identification and development of an efficient scheme for
automatic translation of [nglish text from Jletters to
phonemes. The motivation arises from the specific desire
for artificial-speech outputs from readineg machines and also
from the general desire to provide backsground for modelling
the cognitive processes involved in human reading and
speech.

In order to determine whether phonic rules can bhe
generalized to the extent that an algorithmic approach of
grapheme (primarily letter spellings) to phoneme translation
can be implemented for a reading machine, a body of 17,777
mos t comnmonly used English words together with their
pronunciation in General American was processed and placed
in various forms so that graphemic context was plainly
observable. |t was found that while the consonant letter
mapping relationship is more regular, vowel letter mapping
is heavily dependent on the oot word and suffixes, A
detailed study of the cases of the paradigmatic suffixes
-ed, =-er, -ing revealed that the algorithmic approach, even
when supplemented by large exception lists, not only leads
to extreme complications, but leaves many serious problems
unsolved.

The study led to the belief that phonic rules do not
play a significant part in the mature reader's reading
habit, His reading capability is based principally on the
existence of the learned morpheme lexicon and the
application of morphophonemic rules, Furthermore, it is
helieved that in reading unfamiliar words or nonsense words,
morphophonemic rules are applied to the parts which agree
with bound morphemes, if any, and phonic rules are then
applied to the yenaining unfamiliar or pseudo-morpheme.
These phonic rules .lenand on personal experience and Jdiffer
among individuals, thus accounting for the variation of
responses to nonsense words,
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Technological advance in low-cost high-density
read-only storage has made it feasible now to consider the
imitation of the human reading habit by machine. A 1lexicon
containing In the order of 32,000 selected morphemes and
words can be used together with algorithms to give phonemic
translation for a vocabulary equivalent to what is contained
in the Webster New Collegiate Dictiomry. The algorithms
make use of a search and compare procedure which provides
the direct translation of simple words and decomposes in an
orderly manner complex words into their constituent lexical
entries. Considerations in the selection of morphemes and
words for the storage are discussed in connection with the
algorithms, It Is shown that problems the phonle
algorithmic approach cannot possibly solve, such as those
involving compound words containing the medial mute grapheme
[e]l, syntactical ambiguities, and semantic symbollsms, can
now be handled,
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CHAPTER 1
Introduction

Most people desire to be independent, useful to
society, and financially secure, whether handlicapped or not.
For a blind person, the quest for such common objectives is
severely 1imited by restricted moblility and by the
inaccessibility of much material that he would like to read.
His ability to perform other tasks for which sight 1is not
necessary Is unimpalred. |In fact, nature seems to have a
way of compensating him with better memory and a more alert
mind., Hence, helping him to get around and to read are the

two maln prohlems in sensory-alds research.
Let us restrict our attention now to reading.

At present, the most efflcient way for a blind person
to "read" Is to be read to., Listening to a human reader is
most efficient because of the relatively high information
rate attainable, and no further mental translation s
required for proper understanding, The Information s
produced in the same form he normally uses for maintaining

communication with other human beings.
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How does a human reader read? How does he recognlze
the alphabets when they may be printed in a variety of
fonts, in different sizes, and located at different places?
How does he convert the sequence of discrete symbols into a
continuum of speech sound? What are the elements of speech
sound? How are they related to the discrete alphabets?
Research in speech production, perception, and linguistics
over the past twenty years has given us a fairly good inside
to some of these deep questions. With the invention of
powerful high-speed logic machines, we are now beginning to
be able to simulate some of the processes employed in

reading.

In the next chapter, we shall review the reading
machine development, and state, in reference to a
high-performance and high-quality speech=output reading

machine, the objective of this thesis research.
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CHAPTER 2

A Review of Reading Machine Development

BRrallle has been in use by the blind for a little over
a hundred years, The basic Brallle symbols are embossed on
stout paper so that the biind persons can read by "touch",
Grade 1 Brallle is a direct translation of the English text
with each Braille symbol corresponding to an alphabet, a
numeral or a speclal symbol, Grade 2 Braille makes use of
contractions to enable the reading to be done at a higher
speed, and such contraction also reduces the bulk of a
Bratlle hook. Most Brallle books are coded in Grade 2. The
rules for contraction depend not only on phonological
considerations but also on syntax and semantlics.
Consequently, the process of printed English to Grade 2
Braille translation 1Is a complex problem which wuntil
recently has been performed only by highly tralned persons

().

Braille books are bulky and cumbersome to handle, and

slow in reading. Very few Brallle readers can approach even

. the modest reading speed of 100 words per minute (wpm), In

contrast, the speech rate is in the order of 180 wpm,
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Statistics (2) indicate that 75% of the blind
population become blind over the age of 45, These people,
and many who became blind at somewhat younger ages, are less
capable of learning Brallle and, as a result, do not in

general use it,.

>

kY

Devices which could convert print into sound and allow
the blind reader direct access to the printed page have heen
the interest of a growing number of inventors for many

vears,

The most famous Iinvention of early vears 1Is the
Optophone (3), It is a machine which presents the 1listener
with a series of sounds that are generated from, and vary in
accordance with, the continuously changing contours of the
printed text, much as a player piano plays the
constellations of holes in a music roll, Its wuse requied
considerable amount of training. The best reading rate
achieved was In the neighborhood of 30 wpm, Other devices
(4) constructed on the principle of a direct optical image
to sound conversion, for the reasons mentioned, have neilther
vielded any greater reading speed nor have met with any
better acceptance by the bhlind population, The Importance
of a simple, cheap and highly portable direct conversion
device, however, must not be minimized, It would bhe very
useful for incidental readings such as telephone directory,

package labels, typed short notes, etc,
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Let us take a look at what comes within view If we
forego the personal and portable aspect of a reading

machine.

With the advances made in electronic data processing,
we now have machines which are capable of recognizing
printed characters. All these machines have been designed
for high speed reading of sheet documents printed in one or
a small number of fonts, usually of a single size. Clemens
(5) has recently demonstrated a technique of feature
extraction which permits the recognition of a large number
of type fonts. A program to reduce Clemens' idea to a low
cost practical machine is now under active consideration by
the Cognitive Information Processing Group in the Research

Laboratory of Electronics here at M, |, T.

Once the characters of printed text have bheen
recognized, we may present them in a number of ways through
the audi tory or tactile sensory channels, Rate of
successful tactical communication depends on signal coding
and so far has been woefully low (6,7)., We shall restrict

the following review to auditory presentation only.

The simplest such presentation is perhaps Morse Code.
Thirty to forty words per minute is generally considered
good rate even for experienced commercial operators,
Metfessel's work (8) on spelled speech is an extension of
the Morse Code idea., Spelled speech consists of very rapid

spoken spelling in which the letter sounds are run closely
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together. Using the same phonetic elements of the spoken
language, It represents each word as a new "word" sound
pattern which the reader himself can produce. Listening
speed in the neighborhood of 100 words per minute has been
reported, from speclially~-prepared prerecorded spelled

speech,

A normal connected speech representation of the printed
material is highly desirable because it requlres no learning
on the part of the listener, It iIs fast and with time
compression a rate of 300 wpm can be reallzed without

sacrifice of comprehension (9),

The generation or synthesis of speech has been attacked
along two differnt routes, both involving the use of stored

data of, or about, speech elements.

One approach, which has been expltored by the Haskins
Laboratories, employs a library of pre-recorded spoken
words (10), The spelling of the word is used to generate
the address of the word in the storage medium, The storage
capacity vrequired 1is proportional to the size of the
vocabulary, Cooper estimated (10) thaf 400,000,000 bits of
storage is needed for a vocabulary of 20,000 words. Since
each word included in the spoken dictionary Is to be stored
as as a single entry, it must not only be "typica!™ of the
word, but also must sound reasonable In combhination with any
other words likely to occur In 1Its Immediate environment

(11). Although the machine has not been constructed,
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simulated output from jolined strips of such recorded words
has heen demonstrated. One may get some idea of the
performance by reading to himself a sentence one word at a
time with slight pauses between words at the same time

eliminating the sentence intonation,

The other approach is aimed at the generation of speech
with an unrestricted size of vocabulary from a small set. of
stored data of speech elements. Early attempts by Harris
(12) in splicing together segments of audio recordings
corresponding to what was thought to be phonemes led to very
poor results, Phonemes, as we now know, are elements of
language not on the acoustic level, Their proddctlon
involves the changing of distinctive features (values along
different dimensions) in an overlapping manner, When the
overlap is large, phoneme segmentation on the acoustic level
can not bhe obtalned, In fact, experiments done at the
Haskins Laboratories (13) with the Pattern Playgack machine
showed that segments of acoustically identical signals can
be perceived as totally different phonemes depending on the

context.

Peterson and Wang (1u4) cut audio recordings in such a
way that each segment contained a transition from one
phoneme to the next and the two ends of each segment were
chosen at times wher the acoustical signal was approximately
at steady states. The speech quality of a few sentences

synthslzed by the concatenation of such. segments by Peterson
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and Wang was poor, hut they were intelligible. The mismatch
of level, pitch and formant frequencies across the segment
boundary due to their crude Instrumentation was plainly

noticeable.

Estes, Kerby, Maxey and Walker of the IBM Research
Laboratory at San Jose, California reported (15) on a speech
synthesis scheme which used the same principle employed by
Peterson and Wang. Instead of storing the acoustic
segments, they digitized and stored the analog control
signals which are necessary to generate these segments on a
terminal analog type of speech synthesizer. With the
equipment they constructed, it was possible to assure at the
output across the segment boundaries smooth transitions 1In
pitch, level and the formant frequencies. Recordings of
sentences assembled from such stored data and generated by
the speech\synthesizer were quite iIntelligible even when

heard for the first time.

More sophisticated phoneme=-driven speech generators
have heen reported by Kelley, Gerstman and Lockbaum (16) of
the Bell Telephone Laboratories and by Holmes, Mattingly and
Shearme of the Joint Speech Research Unit in England (17).
In each of these cases, instead of joining the control
signal segments rigidly, as was done by the [IBM group,
transitions of each control signal from segment to segment
were computed based on the properties of the segments

involved, While the Bell Telephone Laboratories group used
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a large scale general purpose computer to simulate the
entire process, the English group employed a small computer
together with a termlnal analog speech synthesizer to
produce the speech in real time. Speech produced 1in this
manner was not only intelligible, it even had a touch of

naturalness,

In terms of the concept of a print-to-voice converter
using a character recognition unit and a phoneme-driven
speech synthesizer, there are a number of functions yet to
be worked out., One unsolved problem is the translation from
the grapheme symbols used in the printing to the phoneme
symbols. English spelling 1is not simply related to
pronuncliation, Can we devise an algorithmic approach for
the translation, or must we use a large dictionary? How
should we organize the dictionary if we have to use one? A
study on this very subject Is the objective of this thesis

research,
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CHAPTER 3

A Brief History of English

-

The original speakers of the tongue from which English
was born were Germanic people on the continental North Sea
Coast, from Denmark to Holland. They began moving to
Britaln iIn the fifth century. Prior to this time the Celts
were the principal dwellers of the British fisles, The
Romans ruled over the Celts from the first century till 410
A.D. Neither the Celts nor the Romans of that era left any
significant influence on the English language as we know it
today. The first landing In force by the Germanic tribes on
British shores was made In 449 by the Jutes, settling down
in Kent., The Saxons didn't arrive until 477, settling down
in Sussex and Wessex in 495; while the Angles did not reach
Anglia until 547, The original Celtic people eventually
retreated to the western mountaln fastnesses of Wales and

Cornwall,

The Angles, Saxons and Jutes spoke Low Germanic
dialects which were very closely related. The mixture of
these dialects which gradually emerged out of the invasions

from the maihland has been called "0l1d English" by modern
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linguists.

01d English, being a Germanic tongue, was marked by
vowels that could be long or short, independently of the
accent, which was regularly fixed on the Inittal syllable
(Germanic stress rule), and by an abundance of inflectional
endings. The grammatical forms were such that nouns had
four cases, nominative, genitive, dative and accusative,
with an occasional Instrumental, and there were many
different declensional schemes. Adjectives were simllarly
declined. The definite article Itself was very strongly
inflected. The verhs displayed the customary Germanic
strong and weak classes, which have persisted into modern

Engllish,

By the time of the Danish invasions in the eighth and
ninth centuries, the Jutes, Angles and Saxons were well
settled and had become Christians., The Danish Invasion was
halted by King Alfred, who ceded nearly half of EFngland to

the Danes as a colony (the Danelagh).

The Danes eventually merged with the Anglo-Saxons, but
their presence on the scene coincided with the beginning of

the process of the inflectional decay of 01d English,
Jespersen (18) wrote:

"In order rightly to estimate the Secandinavian
influence It s Important to remember how great the

simlilarity was between 01d English and 01d Norse,...
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An enormous number of words were then identical 1In
the two languages,... The consequence was that an
Englishman would have no great difficulty in
understanding a Viking =- nay, we have positive
evidence that Norse people looked upon the English

language as one with their own. ...

As the Scandinavians and the English could
understand one another withcut much difficulty 1t
was natural that many niceties of grammar should be
sacrificed, the intelligihility of either tongue

comlng to depend malnly on its mere vocahulary..."

The implication is clear, and has led to the conjecture
that the Danish settlement was the cause of the beginning of
the 0ld English 1iInflectional decay. Interesting and
plausible as this conjecture may be, scholars of linguistics
still consider the exact sequence of events leading to the

beginning of the inflectional decay an unsettled Issue,

This inflectional decay went on throughout the Norman

period,

Although the Normans were too of Germanic origin, by
the time of their invasion of England in 1066 they were
already assimilated, at least in their language, by the
French. Under the Norman rule, the court, clergy and
nobility knew and spoke only French and Latin, English,

being spoken by the subject population, went on in its merry
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own way. English was not restored to an official status
until the beginning of the fifteenth century, well after the
loss of Normandy by King John in 1204, By then, a large
number of French and Latin words had already been absorbed

into the English language.

Many words lost thelr endings with the inflectional
decay. For example, a verb like [ﬂrTfaﬁ] became [dFTven] ’
then [drive] . In other cases, vowels of final syllables,
a, o, u, e, once distinctly pronounced, began to merge Iinto
an indefinite weak [e], which later turned mute, Jespersen
considered the loss of the weak [e] as the most important
changes in the whole history of the English language.
Indeed 1t is for the probhlem of grapheme to phoneme
translation, as we shall see later in chapter U4, the
interaction between this mute [e] and various suffixes has
made it necessary to have extensive word 1lists for the

purpose of resolving ambiguities,

With the loss of inflectional endings, words lost some
of their outward characteristics which previously ldentified
their parts-of-speech., This gives rise to many cases in
which groups of related words of different parts-of-speech
are spelled in the same way, such as [white]l both as
adjective and noun and [move] both as verb and noun, Many
words ending in mute [e} can therefore take on a larger
number of suffixes. This fact aggravated the di ffeculties

created by the mute [e] in grapheme to phoneme translation,



PAGE 20

When Caxton introduced the Gutenberg movable-type
printing press to England in the fifteenth century, he found
it necessary to standardize the spelling, which up to that
time was subject to great variations and arbltrariness.
There has been a continuing change in the English sound
pattern from Caxton on, but as in most languages, the
spelling, constralned by printing, has lagged behind these

changes up to this present day.

Future students of the h]story of the English language
undoubtedly will regard the twentieth century inventions of
radio, television and sound recording as having exerted a
further standardizing influence on the FEnglish sound
patterns as Caxton's presses did on spelling. It is not
inconcelvable that dialectal dlfferences in pronunclation
will diminish with the passage of time, The vocabulary will
probably be the most changeable element of the English

language as it has been since the days of Shakespeare,
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Chapter 4

PHONIC ALGORITHMIC ANALYSIS OF ENGLISH WORDS

4.1 Phonic Alorithmic Approach and List Look=-Up

In spite of the 1lack of simple letter=-to=-sound
correspondence, there exlsts much regularity between
spelling and pronunciation of English words. In fact, it is
because of this regularity we have the so-called phonic
method of teaching English to grammer school children, As a
simple example, the single isolated consondnt letter [p} is
pronounced as /s/ before vowel letters [e, 1, y] and s
pronounced as /k/ before vowel letters[a, o, ul. We shall
come back to this in much more detail later. (Consonant and

vowel letters are defined in Section 4,3,)

It is furthermore a common experience that there |Is a
reasonabhle degree of agreement among people in their
pronunciation of English-11ke nonsense words. The property
of Enzlish-likeness of a nonsense word can only be
attributed to the way the letters are arranged. The
approximate agreement among people In their pronunciation of

nonsense words further suggests the existence of some
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loosely definable phonic rules.

It Is of Interest, therefore, to see whether we can
formalize these relations and state them unambiguously., I f
it Is possible to do so even at the expense of a large
number of levels of logical decisions, we may be abhle to
implement these relations as algorithms for phonemic

translation by a loglec machine.

A more straightforward me thod of deriving the
pronunclation of words is by the use of a 1list look-up
procedure, After all, we can do it as human beings., For
machine handling, however, there are two strong objections
to the use of such a dictionary. The first objection is
that the list would have to bhe very large, consequently very
expensive. The second objection is that there would be no
way of handling words outside the 1list, New words are
constantly created, and the compounding of words in English
is so free that it Is impractical to store all conceivable
compound'words even if we know how to generate them, We
would have to store all the paradigmatic forms of each and
every word, which would substantially increase the size of

the list,.

Since a phonic algorlithmic approach holds a broad
generative appeal, we shall proceed to examine it In greater

detail,
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4.2 Phonic Teaching of English:

People devoted to the teaching of Fnglish in primary
schools have been interested for many vyears In the
correlations between spelling and pronunciation of Fngllsh
words. There Is the phonic school which advocates the wuse
of phonic rules, and there is the look-and-say school which
treats each word as unique visual pattern, ignoring whatever
regularity there may be bhetween spelling and pronunciation,
There have been 1long and drawn-out disputes over which
system is the better., The principal argument agalinst the
phonic method is that the rules have not been wunambiguously

stated,

Theodore Clymer, Professor of Elementary Education and
Educational Psychology at the University of Minnesota,
reported in 1961 at a joint meeting of the International
Reading Assoclation and the National Conference of Research
in English (19) the result of his evaluation of forty=five
phonic rules selected from four widely used sets of phonic
readers, For testing‘he used a list of twenty-six hundred
words made up from all the words (introduced 1in the four
basic series and the words from the Gates Reading Vocabulary
for the Primary Grades. Deflining utility as the percentage
of words conforming to a rule when the conditions specified
for its application are satisfied, he found the following

distribution:
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utility NMumber of Rules
0-14% 1

15-29% 2
30-44% b
45-59% 6

60;;u% | 10
75-89% 6
30-100% 17

To be executable by a machine, a set of rules must be
precise with all conceivable continesencies provided, and
with all exceptions clearly listed., Unlike a human heine,
even a child, the machine cannot take advantage of other

cues to supplement inadequate instruction.

4.3 Phonic Algorithmic Analysis: Past Hork

Higginbotton at the University College, London, was the
first who tried to establish a sat ~f »honic rules for uase
hy a machine, Urfortunately, her published result (20) was
not sufficiently complete to permit prosramine for test hy
a computer. The small samnle she used--30,000 words of
running text--was too small for the results to be

conclusive. For example, she had

a(ny) !/ /.
a(1c) / :/, etc.



PAGE 26

Clearly, she had not encountered words such Aas miscellany,

alleghany, canyon , and talcum, calculus, faltacy, .

She had separate rules for stressed and unstressed
vowels without providing a means of deciding when a vowel fs
to he stressed and when it is not. She recognized the
difficulties involved in handling derived words and cormpoun-d
words, hut “isnissed consideration on derivea forms other
than those forrmed with suffixes s, er, est, ing, ed, ly on
the ground that they do not occur with sufficient frequency.
It was interesting that in the paragraph she made the latter
statement, seventeen words out of one hundred fall in the

dismissed category.

A group of researchers at Cornell University performed
a series of experiments around 1961 to test the hypothesis
that the proper unit of the reading process is neither the
single letter nor the whole word but a higher-order
invariant derived from erapheme-phoneme correspondences,
Their reported results (21,22) were limited exclusively to

monosyllabic words.

More recentiy Bhimani, Dolby and Resnikoff announced at
an Acoustic Society meeting (23) the result of their study
on the functional relation which maps words of written
English onto the corresponding words of spoken FEnglish,

Their work was also confined to monosyllabic words.
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Recognizing that the spelling to pronunciation
translation has more irregularities near the end of words,
Monroe (24) investigated the automatic recognition of word
endings which he called post-base affixes., For example, he

gave, as the result of the computer run,

systematic as system+ate+ic
solicitor as sol+ic+itetor
applicable as appl+ic+ahle

It appears that the notion of suffix identiflication s
a worthwhile one, but the particular approach taken by
Monroe and the artiffality of the post-base affixes
complicates rather than simplifies the correspondence

problem,

The recent work by Weir and Venezky at Stanford
University on "Rules to Aid in the Teaching of Reading"
(25,26) marked a clear departure from either the phonic or
look=and=say approaches. The hypotheses on which their
research was based were that English spelling relates not
only to phonology, but also to morphology and syntax. When
viewed with this understanding, a much higher degree of
regularity emerges than when the consideration 1is confined

to a simple letter-to=-sound relationship.

They modelled the mapping process as involving a
structure of three levels: grapheme, morphophoneme, and

phoneme. Polymorphemic words are first broken 1into thelr
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constituent morphemic units and each of these is then mapped

into "morphophonemic strings'", Thus, they gave

<cllmatlc>-—>(cllmax>+ iey ‘
~:,{klarmx:ks} +{1-Ik}
—~>{klazmxk + 1k}

i
— /klatmetrk/

Note: The symbols (:>were used to enclose graphemes,
{ }were used to enclose morphophonemes,

and // were used to enclose phonemes,

It is worthwhile noting that in all the work described
the grapheme-to-phoneme translation is performed on a word
basis., Clearly there are many cases where the mapping
relation is one-to-many with the cholice depending on the

syntax., There are familiar examples of:

[produce] — /pradjus/, noun,
]

—» /prodjus/, verb,

{refuse]— /refjus/, noun,

— /rIfjﬁz/, verb.

For proper translation of connected text, ambiguities
at this level can be resolved if the parts-of-speech are

known .

Klein and Simon (27), in connection with the creation
of a syntactic analyslis program, doveloped a computational

method for finding without a dictionary the parts-of-speech
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infofmatlon for each word in a running text, They wused a
few small lists (less than 1500 words) in conjunction with
algorithms to perform sufflx analysis, The result of the
suffix analysis returns the parts-of-speech information, and
in cases where ambiguities exist, a '"context frame test"
extending over three consecutive words is performed, The
"context frame test'" searches a stored list of syntactically

permissible comblinations to assist in the final choices.

Ambiguities 1In pronunciation due to semantlics can
arise, for example, the word [wind] In [It was a left wlnq]
could be /wind/ or /waxrnd/, both nouns, Fortunately,
semantic ambiguities of this kind do not seem to occur often

enough to warrant serious engineering consideration,

L.4 Phonic Algorithmic Analysis: Present Work

Instead of starting from a set of existing known rules
which Is not precise and incomplete, and proceeding to
eniarge and modify it, the approach taken here is first to
observe and then to deduce. A selected body of English
words and their proper pronunciation are collectively
treated as the experimentai data. They were analyzed and
manipulated into suitable forms so that the desired
correspondences could be conveniently observed, Through
these manipulations and observations, it was hoped that the

phonic algorithms could be logically deduced,
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For the source material "The Teacher's Word Book of
30,000 Words" (28), by Thorndike and Lorge, is used in the
selection of the experimental data. Pronunciaticn of words
are from Kenyon and Knott's '"Pronouncing Dictionary of
American English" (29), The present work included those
words occurring at least once per million in the Thorndike
Genefél Count and also contained in the pronouncing

dictionary. This body consists of a total of 17,777 words.

In compiling the Teacher's Word Book, Thorndike and
Lorge lumped all the paradigmatic forms of a word together
and only listed the basic entry., This fact was kept in mind
and special attention was brought to it later because of the

complications introduced by vocalic suffixes,

The pronouncing dictionary lists all the varfants of
pronunciation, whether the variation is due to different
parts~of-speech or due to unrelated meanings, such as those
examples given in the last section, or simply the various

culturely accepted ways of pronouncing, such as:
r 1
[advertisement] > /zdvartirzmant, advarfrzmant adyvartrsmont/

It was decided that in as much as possibhble these variations
should be preserved in the data processing. Only regional
pronunciations were not retalined in the initial

transcription.
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Because of the 1imited number of avalliable symbols In
the data processing equipment used, it was necessary to use
substitution for the phonemic symbols, The substitution

list is included in Appendix A,

Since a one-one or many-one correspondence does not
exist in going from grapheme letters to phoneme letters, we
are forced to examine the correspondence at a larger

sub=-word level,

Phonemic consideration suggests that syllables should
be the sub-word level at which our study could be carried
odt. However, it was found after a brief examination that
nearly one-sixth of the 17,777 words taken are monosyllabic.
We could not even achieve an order of magnitude of reduction
in the number of distinct elements to be observed. In
addition, many polysyllabic words can be segmented in more
than one way. For example, Iif we deflne a graphemic
syllable as a string of graphemes containing some vowel
letter as a nucleus, we can segment, for example, the word

[ponsonant] into the following alternate forms:

co nso nant
co nson ant
con so nant
con son ant
cons o nant

cons on ant
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We may rule out the first two possibilites on the basis that
[nq] is not an admissible initial consonant cluster In
English, This additional type of constraint does not
eliminate the remaining ambiguities, Similar ambiguities
can arise with vowel letter clusters also, for example, with
the vowel letter cluster [ai] we need for [Jamaica] a
breakdown of [Ja matl ca] , but for [archaic] a breakdown
of [ar cha 1Ic] . We can of course go through a suffix
identification procedure to determine that [ic] is a suffix
and must be handled as such, But we still have to cope with
the problem of handling words like [ﬁals, naive] , [ phaeton,

Israel ], etc.

The ambiguity and complication involved in the
construction of graphemic syllables led us to the

consideration of the consonant and vowel letter clusters,

We may deflne grapheme letters [a, e, i, o, u] as
vowel graphemes. With a relatively _simple algorithm the
graphemes[y, w] can be classifled as either vowel grapheme
or consonant grapheme, All the remaining grapheme symbols
in the alphabet set can be defined to be consonant

graphemes,

Having so defined the grapheme alphabets, we may scan
each word from left to right and group consecutive vowel
graphems together. A grouping of vowel graphemes is called
a vowel grapheme <cluster and a grouping of consonant

graphemes is called a consonant grapheme cluster. We can
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simitarly perform the phoneme words cluster grouping, since
there iIs no ambiguity in the identification of vowel or
consonant phonemes. The stress marks, which represent a
prosodic feature, are placed to precede the vowel phonemes
they stress and are regérded as qualifiers of the vowel,

If we represent a consonant cluster by 'C' and a vowel
cluster by 'V', for each grapheme or phoneme word we can
derive a characteristic signature such as CVCVCVC, It was
found that the signatures for a grapheme word and its
corresponding phoneme word are identical for most entries.
There were found 159 distinct vowel grapheme clusters and
833 distinct consonant grapheme letter clusters, (see

Appendix A).

For the entries which have multiple pronunciations a
method had to be developed to preserve the alternatives
without hindering the cluster matching process, The "+"

"or" the alternative

symbol was introduced to logicaily
phoneme clusters. An entry which has been merged 1In this
manner may contaln more than one such complex cluster if and
only if all possible combinations exist, Most of the
entries which cannot he merged to give single complexly
represented phoneme words are words which receives different

stress assignments for different parts of speech,. (See

Appendix B),.

The entries which resulted in non-identical signatures

between the grapheme word and the phoneme word were then
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examined, With a few exceptions 1like [one, once] ’ thé lack
of correspondence was due to the existence of a mute
grapheme cluster, such as the underlined parts in [nonest,
baseball, base, throughout, sleigh, anihilate, Judah,
Saljlsbury, denominatjonal, iron, apropos, bouquet,
Roquefort, league, Sloux, Agassiz J]. A null symbol /-/ was
introduced artificially to bring about signature agreement.
On the grapheme side, the symbol [-] was used to denote word
boundary, Thus we have a facility to 1iIndicate whether a
grapheme cluster 1is in word initial, medial, or final

position,

At this point, we can present the correspondence
relation in terms of the environmental conditions. We have,

for instance,

[eou] -/ 2/ when it is proceded by [-instantan ]

and followed by [s-].

There were over 76,000 such individual correspondences
generated, The results were sorted in two different ways
and printed. The first sort employed three fields, namely,
in descending order: grapheme cluster, the precedent (in
reverse spelling) and the antecedent. The second sort used
four fields, namely, in descending order, the grapheme
cluster, the phoneme cluster, the precedent (in reverse
spelling) and the antecendent., Samples from the print out

are shown in Appendix C,
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We are now in a convenient position to examine the
correlation hetween graphemic clusters and phonemic
clusters, |I|f graphemic environment has a strong influence
on the mapping relation, then a pattern of regularity would
show up in the sorted 1list, and the mapping would be
governed by environmental conditions which are the common

denominators of related clusters,

It was realized that the mute final grapheme letter [e]
is easy to handle, but recognition of a mute [el in
paradigmatic forms might be more difficult. Furthermore,
the appending of non-vocalic suffixes, like [ness, less,
ment] would move a mute [e] to medial position, rendering it
difficult to detect, Words endfng in [ed, er, es, 1y, less,
ness, ful, fully, ment] were set aside for special
examination. The sorted lists, as a result, did not reflect

clusters which were contalned in these words.

L,5 R 1t of P ic Analysis:

After all the work of arranging the data finally into
the desired forms, many isolated Interesting features of
English spelling and pronunciation appeared. For example,
the final vowel letter [e] is always mute (2799 counts),
except in words in which [p] is the only vowel letter, such
as in [he, she, me, we, ye, be, the] , and in [ anemone,
phoebe, canape, posse, simile, recipe, circe, psyche, acme,
acne, apostrophe, catastrophe, epitome, Comanche, Apache,

Shoshone, Athene, Hebhe, Ariadne, Daphne, Aphrodite, adobe,
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alcalde, Niobe, Chile, Halle, ukulele, fimle,....]. The
consonant cluster [ct] in medial position 1is always
pronounced as /kt/ except in [victual, Connecticut]
(derivatives of [indlict] may be considered to be in this
group.). The only word in which a medial single consonant

[s] can be pronounced as /s/, /j/, /z/ or /3/ is [nauseate].

But it was rather disappointing to find that the sought
after neat relations do not exist, It is not practical to
reproduce the fifteen hundred or so pages of the
environmental printout to illustrate this point. A summary
of the <cluster correspondence without the environmental
conditions Is included here as Appendix A, It can be seen
that the correspondence between the consomnt clusters s

substantlally more regular than the vowel clusters,

The frustration of not being able to find the intended
solution diverted the writer's attention to the examination
of the mute e problem and its interaction with the various
types of suffixes. As we shall see later, even if we could
force a phonic algorithmic solution to handie the set of
words included in the investigation, we would still have
many serious problems in applying the solution to a real

readlng machine,
4,6 P d ic Suff :

In compiling the "Teacher's Word Book of 30,000 Words",

Thorndike and Lorge chose not to 1list the regular
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puradigmatic forms of words. Since these forms can be
readily derived from the main entries, their inclusion would

contribute little to the signiflicant vocabulary.

While the rules used to form the paradigmatic fofms can
be precisely stated, the inverse process of deriving the
basic words from paradigmatic forms frequently involves

ambiguities.

For example, the suffix [}t] is used to form the agent
nouns and comparatives of adjectives, The rules for
suffixing [ér] can be described as follows: | (We shall
ignore for the purpose here those agent nouns formed by

suffixing [ar, or] such as in [beggar, operator]),

a. If the base word ends in a single consonant letter
[c] , append [ker].

b. If the ending cluster is a single consonant letter
but not [c] , and the last vowel letter cluster Is
stressed, append [$er] , where [$] represents the
last consonant letter,

C. If In (b), the last vowel letter cluster Is not
stressed, append [@r] . Exception: Sohe words
may optionally take either [$er] or [er] , €.8.
[traveller, traveler] .

d. If the ending consonant letter cluster contiins
two or more letters, append [er] .

e. If the ending is a single vowel cluster [e] ,

append (r]} .
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f. If the ending is a single vowel letter [y] , and
the base word Is polysyllabic, change [y] to [i]
and append [er] . For monosyllabic words, [x]
may be optionally changed to [1] and appended with

ler] , e.s. [dry, dryer] or [drier] .

e If the ending is a single vowel letter not [e, vy],
append [er] .

he If the ending is a vowel letter cluster containing
two or more letters, witﬁ'lgst one being [e] ’
append [r] .

i. If in (h) the last letter is [y] , append [er] for

verbs, |f the vowel cluster is [ey] , change [v]

to (1] and append[er] , otherwise append [er] .

In addition to the sufflixal [e(] , we have many base
words normally ending in [er] » Ssuch as [never, sever,

fever, October, ....] .

From the grapheme pattern alone, it is not possible to

resolve amhiguities of the following kinds:

[faster] as [fast-er, faste.r | or [faster] ,
[pasteﬁ] as [pastoer, pastesr ] or [paste(] ’

[aster] as [astcer, aste.r] or [aster] ,

[inviter] as [Invit.er] (stress on first vowel),
[invitesr| (stress on second vowel), or

[inviter] ,
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[profite{] as [proflt-e(] (stress on first vowel),
[profite.r] (stress on second vowel), or

[profiter],

The fact that we adult readers know Lfaste{] is [fastv
er] ’ [lnvite(] is [}nvite-[] , Is simply due to our oprior
learning that Lfast, invlte] are the base words. From
phonic rules alone, [fast] and [faste] or [invit] and
[jnvite] would lead to very different assignment of vowel
values. For the phonic rules to be useful, 1lists must be
consulted to resolve these ambiguities, Such lists are the
counterpart of the learned experience a person uses in
dealing with the same situations., The fact that some words
are sometimes mispronounced by some people, like [quadruped]

]
pronounced as /kwadrupt/ supports such a point of view,

In order to assess the extent of the complexity to
which an algorithmic approach would 1lead in resolvihg
ambiquities introduced by vocalic suffixing, the suffixes
[er, ed, ing] were studied. The "environment printout' was
found to be a great tool for this purpose. The study was
done with the objective to minimize the total number of
words in the combined exception lists, For simplicity,
words which end In [er, ed, ing] in their base forms were
treated as if these endings were suffixes attached to pseudo
words. The placement of such pseudo words was guided by
potential simplification at the output, For example [neverj

is considered as [hev-e(] , bhut [feveﬁ] is considered as
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&eve;(] R

The algorithm for determining the base word (or pseudo
word) from a word ending in [er, ed, lng] is depicted in the

flow chart shown in Appendix D,

It is assumed that by a previous set of algorithms
letters [y] and [w]have been determined to be vowel letters
or consonant letters, The word 1is examined to determine
whether there is an ending of the type [er, ed| or [ing] .
The proper flag iIs set if a match is found, and the related
exception list (list 1 or list 1') is searched, If the word
is found in the list, the phonemic representation Is copied
and the problem is over, Words in the exception lists are
chosen on the basis that they do not fit into a general

pattern,

The next step involves the formation of the vowel and
consonant letter cluster of the truncated word. The
procedure leads to various branches depending on what the
last cluster is, If the 1last cluster contains a single
vowel letter (as denoted by V' ), depending on whether it is
[a, e, 1, o, ul or [y], different steps are taken, For
example, if the letter is [o], we examine list 3 to see |If
the truncated word is contained among [ho, cano, to, tipto],
for [hoe, canoe, toe, tlptoe] . If the word is contalned in
list 3, the base word ends in [e] , we have, for example, a
decomposition such as [canoe-d, conoeoq}or[banoe-lngj , as

the case may be, If the truncated word is not contained 1In



PAGE 41

list 3, for example, [@cho] , the decomposition would be
[gcho-ed, echo.er] or [echocing] . In this particular case
of V = qu , the counter 1list found was only slightly
longer than list 3, |t contains eleven words: [ﬂo, overdo,
ditto, go, forego, embargo, undergo, echo, zero, veto, photQ}
. Whenever a list had to be constructed, the choice was
taken to state the rule In such a way so that words 1In the
list were fewer in number than words outside the list, For
example, if a truncated word is found in list 3, a mute [e]
is appended to reconstruct the base word, but if a truncated
word is found in list 4, the base word 1is equal to the
truncated word, List 4 contains only the word [tabul ,
while the counter list contains nineteen words: [barhecue,
rescue, subdue, undue, vague, argue, value, blue, glue,
continue, accrue, true, construe, sue, ensue, pursue, issue,

revue, beleague ] .

The complete lists are offered in Appendix D, A total
of 213 words are contained, The 1ists are necessarily
imcomplete because only a small fraction (although the most
frequently used fraction) of English words have bheen
considered. The ad-hoc nature of the algorithms wused is
characteristic of the phonic approach. The algorithm can
undouhtedly be improved, but the point should be clear that
a phonic algorithmic approach to the grapheme-to-phaneme
translation, if possible, would require a great many words
to be contained In a great many different exception lists,

Although we have only illustrated it for the case of [ér,
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ed, ing] suffixes, it can be shown readlily that similar
situations arise with all vocalic suffixes and Ls] endiqg;,
and, of course, there are the varlous 1lists which contain
the plain, familiar and often-quoted irregularities such as

[ﬁndict, victual, facade, schlsm] , and many others,

It is not possible to given an accurate count of the
size of the combined exception lists, since it depends on
the complexity of the ruies, For the reasons considered so
far, an estimate will put the size in excess of one thousand
words. We have seen that we need for the phonic algorithm
approach a number of lists to handle the Irregularities
which occur toward the end of the words. It may well be
recalled that the good result reported with the phonic
algorithm approach (23) has been restricted to monosyllabic
words, which by their very definition do not involve any

suffix problem, *

4,7 Further Limitation of Phonic Algorithmic Approach:

The appeal of the generative power of a phonic
algorithmic approach Is so great that many of the fintrinsic

difficulties were often ignored by its promoters.

In addition to the complexity of the rules and the need
for exception lists, which we have covered in the last
section, there are three basic problems the phonic

algorithmic approcach can not solve,
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The first question on hand is what to do with
abbreviations and semantic symbols. Dewey (30)
counted over 2500 numerals, abbreviations and
special symhols (such as $, &, etc.) in 100,000
words analyzed. This amounts to 2.,5%, a figure
which cannot be ignored by serious reading machine

desligners,

The second problem concerns un-hyphenated compound
words which contaln a medial mute [e} . In
English the formation of compound words s
exceedingly free (31), There does not appear to
be any rule in deciding when a compound word
should or should not be hyphenated (33), We have,
for example, [blackbird) and [blue-bird] ,
[redcoat] and [red-throat] . Short of the using of
a list of all words ending in mute [e] , it s
hard to see how the phonic algorithmic approach
can possibly operate correctly in this regard. Of
the 17,777 words transcribed and processed, 2799
or about 16% were found to end in a mute [e] .
Over 100 pages among the 540 pages - 18% -~ of
Wwalker's "The Rhyming Dictionary of the English
Language" (32) contain words ending in [e] . A
mute [e] word 1list amounts therefore to a
significant part of any dictionary. It 1is
Interésting to note that among the 3942

inseparable compound words listed in (33), 733
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c. The third problem deals with ambiguities 1like
/wInd/ and /walnd/ for [wind] . The pronunciation
of many words differ in stress assignment
depending on the parts-of-speech, The phonic
algorithmic approach cannot resolve ambigulties of
this kind, The reader is reminded of the work
done by Klein and Simmons (27) mentioned earlier

in this chapter.

The combined size of the word 1lists for handling
spelling irregularities, vocalic suffixes and compound words
for a total vocabulary of, say, 100,000 words will be in the
"thousands", The phonic algorithmic approach is now taking
on some of the characteristics of the list look=-up approach.
If the cost of a list is not sensitive to its size for the
range of our Interest, the list look-up approach may provide

us a more satisfactory answer., Let us look into this next.
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CHAPTER 5

LIST LOOK-UP SUPPLEMENTED BY ALGORITHM

5.1 Re-Examinatlion of List Look-Up Approach:

The arguments agalinst the use of a 1list look=up
procedure were presented In the last chapter. The objection
to the high cost of the storage for the list 1Is examined

first,

In recent years there has been considerable progress in
high density Information storage technique. The
photographic storage has been slow in finding its way into
data processing system épplication bhecause a record, once
created by a photographic process, cannot be altered, For
our list storage, the read-only property is no drawback.
The very low cost coupled with adequate performance makes

such storage medium ideal for our purpose.

In a commercially avallable system (34), information is
recorded photographically on dliscs. Such a disc is
ten-inches in diameter and contains 3100 tracks of wusable
information recorded In the outer one inch of the radius,

Each track contalins 67,000 bits of data. The capacity per
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disc is more than 200,000,000 bits, For reading, the disc
is rotated under a reading head at 4600 revolutions per
minute. The commercial system, being designed for archival
applications, Includes a disc library, accessing mechanism,
the reader and writer and a control unit, An
electromechanical positioner is used in connection with a
flying-spot scanner type of electro-optical unit to select
one track out of the 3100 after a disc has been accessed
from the disc library., The service charge to record a full
disc of information from suitably-prepared data has been

quoted as approximately $150,00,

Iln Section 5.6 our storage need for a 1list look-up
approach is estimated to be in the order of 12,000, 000 hits.
This can be stored in less than 200 tracks, or in
one-fifteenth of an inch of the outer radius., With such a
moderate amount of linear travel, an electro-optical flying
spot track selector, free of moving parts, can be designed,
The estimated material cost for the list storage, including
the disc, the reader, and the processor interface is less
than $1000,00, This is a figure which can no longer be
considered objectionable, especially when it is viewed in
relation to the cost of the character scanning equipment and
the processing unit which are required by the complete
reading system,

With a suitable processing unit, the speed of
translation will be primarily limited by the disc latency

time. |f we use an estimate of two revolutions per word on
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the average, a speed of 2300 words per minute, about 15
times the real time human speech rate can be achieved, By
recording in each track of the disc one-fourth of the
information and repeating it a total of four times around,
the latency time can be reduced to one-fourth at the expense
of using four times the number of tracks. A speed of close

to 10,000 words per minute may be realized.

5.2 Algorithms for List Look=Up:

The algorithm to be used with a list 1look-up approach
depends on the manner in which the list 1Is setup and the

organization of the processor which executes this algorithm,

The procedure of grapheme-to-phoneme translation as it
is envisioned here involves a '"search phase'", which, when
successfully terminated, returns for an incoming word the
phonemic translations of each of the constituent morphs and
their related parts-of-speech information, and leads to the
"parts-of-speech phase'" which makes use of the
parts-of-speech information of adjacent running words for
making proper selection among multiple choices. Certain
operations, such as the execution of simple morphophonemic
rules for appending the suffix [ﬁ, es] or [d, e@] or for the
choice of /33/ or /51/ for [the], can be grouped together in
the "parts-of-speech phase'", |If the "search phase' can not
be successfully terminated, an approximate phonemic
translation can be obtained by the application of phonic

rules. The system is sald to he In the "phonpc mode" while



PAGF L8

executing the phonic rules. Depending on the complexity of
the programming for the phonic mode, parts-of-speech
information may or may not be returned with the phonemic
approximations, When all words 1in a sentence have been
translated, an intonation proflile can be generated, based on
the nature of the sentence, whether 1t 1is declarative,
interrogative or exclamatory. The pitch and amplitude
information from the Intonation profiie, together with the
phonemic translation, may then be applied to the
phoneme-driven speech generator for the creation of the

final synthetic speech output,

The work reported on the following pages is restricted
to the description of a machine organization and of the

algorithms used during the "search phase',

Let us call the basic entries in the 1list '"morphs",
For the present, we may regard a morph as a simple word or a
simple affix. In Section 5.5 we shall give a full

description of what is meant by a "morph",

During the "search phase" the incoming word is compared
with the list., If the list contains a morph which 1is the
word, the search phase terminates successfully with the
desired information copied from the list, |If only a partlial
match can be made for the leading characters, the list
information corresponding to the matched part Is temporarily
stored away and the remainder treated as a new word, In

this "partial mode', if the remainder can be fully matched,
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the new list Information, together with the stored partial
word Information are available to be jolned, and the search
phase termlnates agaln successfully, |If the. remalnder can
only he partially matched, the new information can be added
to the temporary storage, For example, for the word
(bluebirds], the first partial match would be [blue] , the
second partial match would ge”tblrd] and the final full
match would be [g}, giving a decomposition of [blue.blrd.sj.
The levels of partlal storage can he arbitrarily extended to
any number. |If the remainder at the last level cannot be
matched, the last partlal match made must be scrapped and a
new partial match attempted. For example, for the word
~— [unlnformedJ, the first partial match would be[pn[], but for
the remainder [nformed], no match, full or partial, Is
possible., Thus the partial match [uni] has to be scrapped,
The next new partial match would be [un] . The final
decomposition would be [un,inform.ed]. If an incoming word
cannot be constructed from the 1list at all, it can be
determined and the search phase would terminate

unsuccessfully, with the processor entering into the phonic

mode,

5.3 0 ine of Machine O fo ook=-Up:

Let us assume we use a photographic disc memory for the
storing of the list., The basic unit of information stored
conslists of characters, each represented as a binary-coded
pattern, We may use seven bits to represent a character,

thus giving a maximum number of distinquishable symhols of
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128, Each entry i'n the list consists of a morph field, a
phoneme field and a pafts-of-speech field, For entries
which have several different phonemic transcriptions
depending on the parts-of-speech, the last two fields will
be repeated, It is clear that a symbol may be wused in
different fields to represent different things. The fields
are all variable in tength., An eighth bit is used as a word
mark to indlcate the end of the field (typographically
represented as an underline in this chapter), A unique
symbol is used to indicate the beginning of each track and a
second unique symbol is used to indicate the beginning of
each entry, Fach track of the disc will store to its
capacity a number of entries, Since final doubleable
consonant letters require some special attention, a ninth
bit may be added in the morph field over these consonant

letters to provide the needed indication,

The standard alphabetic collating sequence is used
with the exception that letters [i] and [y] are interchanged
in thelr positions and the letter [e] is placed at the
beginning of the sequence, The reason will be made clear
later, In fact, the collating sequence of the remaining
alphabets in the morph field can be entirely arbitrary. The
complete 1ist is arranged according to the morphs in a
reverse collating sequence, In this manner, with a
sequential comparison, the longest match for any incoming
word will be attempted hefore a sherter match is done. For

example, an incoming word [universltj] will be matched with
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the list morph [unlversityj before partial matches with
morphes [un] and [uni] would have been encountered. By
arranging fhe list in the reverse collating order, such
unnecessary excursions into the '"partial mode'" can be

eliminated,

The processor uses a randomly accessible memory, which
we may call the core memory, or the core, It is used for
the stdrage of the program and all interim results, The
size of the core memory is very small when compared with the
disc capacity. The core is character organized. As before
with the disc, each character contalins eight bits including
the bit for marking the end of each field. The ninth bit on
the disc associated with the morph field marking a final
doubleable consonant need not be carried here. In the core
memory three areas are set aside for special purposes. An
"input word area" serves to store the incoming word for
which the translation is desired. The last character of the
incoming word, as indicated by word houndary information,
marks the eighth bit of the last character in the input word
area, Fof the holding of partial results, we have an area
called Stack A and another called Stack B, Stack A is used
to hold the disc entries which have completely or partially
matched the input word. Stack B holds address information
needed for retrace purpose in the event a partial match

resulted in an unmatchable remainder,
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Three core memory address registers K, PA, PB, are used
for various trafflc control functions. Register K contains
the address of the next character in core to be compared
with the character from the disc. Register PA points to the
next avallable address in Stack A, and Reglster PB serves a
similar purpose for Stack R, For the purpose of
illustraction, let us assume the Input word area begins with
address 000, Stack A starts from address 100, and Stack B

starts from address 050, Initially we have:

K: 000
PA: 100
PB: 050

At the completion of each reading of the input word, PA
and PB are reset to the above values, The values of K and
PA are transferred into core beginning at the address
initially contained in PB, Thus we have stored from address
050 through 055 the information 000100, and PB now has
counted up to the address 056, Symbolically, we may

represent this as

K,PA > (PB),

We Shall refer to this later as "initialization",

Now we may examine the flow chart shown on the

following two pages for the operation of the search process.
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Let us assume that the subroutine 'track seek' takes
the contents of K as an address parameter and determines
according to the collating sequence and the word stored in
core beginning at the specified address the disc track

address which would contain the word.

After the input read and initialization, we enter into
the "track seek'" subroutine, The processor waits for the
beginning-of-track symhol, When it 1is detected, the
processor waits for the beginning-of-entry symbol., When the
beginning~of-entry symbol has bheen detected, the processor
is ready to compare the characters coming off the disc
sequentially with the word stored in the input word area.
Since K is initially 000, the first character of the input
word is compared with the first character in the morph field

of the current entry.

The action to be taken after each character comparison
depends on whether the comparison results in equal or
unequal comparison, the presence or absence of word marks
and the ninth bit which is the douhleable finmal consonant
indicator. When an egqual comparison is made, the character
equal indicator CFl is set, There are nine pccsible paths
leading out from the comparison. The following 1lists the
condition leading to each path and the actions to take

place,
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Path 1: ¢ tion: An equal comparison has been made,
neither the core nor the disc character has a word
mark,

Action: The character is stored in Stack A, both
K and PA are incremented by 1 and the next
character is compared, (We assume that the core
memory speed can keep up with the disc data rate.
For the disc quoted in Section 5.1 the core memory

needs to be 1,6 microsecond per character.)

Path 2: Condition: An equal comparlison has been made,
both the core and the disc character each have a
word mark,

Action: [If the processor is not in '"partial
retrace mode" (explained later), the search phase
terminates with the transfer of the last character
of the disc entry into Stack A, The description
of action to take place when PMI, the '"partial
retrace mode" indicator, is on 1is deferred to

description of Path 9,

Path 3: Condition: An equé) comparison has heen made,
the core character has a word mark, but the disc
character does not have a word mark, An example
of the occurence is when the core word 1is [hagj
and the disc morph Is [haddock]. Because of the
reverse listing, [hag] occurs later in the 1list

than [haddock]. Such partial matches have to
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ignored,

Action: PB is decremented by 6, and (PB), the
contents of the core starting with the address
given by the new value of PB, is set into K and
PA. The character equal indicator, CFl, is reset,.
If no partial word has been formed this action
amounts to the same as initialization, |f partial
words have been accumulated, this preserves all

such accumulations.

bL: Condition: An equal comparison has been made,
the core character has no word mark, the disc
character is not a final doubleable consonant,
For example, the core word may be [fasthac&] and
the disc morph Is [fast], assuming that [fastback]
Is not a morph,

Action: Since a partial match has been made, K Is
incremented by 1 to point to the beginning of the
remainder. The remalining fields of the disc entry
continue to be moved Into Stack A, At the
completion of the entry move, PA registers the
next available space in Stack A, K and PA are
moved into the core addressed by PB, or
symbolically, K,PA — (PB), The character equal
Iindicator, CEl, is reset. The PMI is set, and the
processor goes Iinto the 'track seek'" routine with
the address parameter preset to the current

content of K,
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5: Condition: An equal comparison has heen made,
the core character has no word mark, the disc
character is a final doubleable consonant,

Actlion: K is incremented by 1, the core character
is compared with the preceding character, If an
equal comparison is made, K Is again Incremented
by 1., The 1logic recognizes 1In this case the
sequence [ck] as a doubied consonant, Other

actions taken are identical to those in Path &4,

6: Condition: An unequal comparison has been
made, the core character is an [I] with no word
mark, and the disc character a [1] with word mark,
For example, the core word is [prettie;] and the
disc morph is [prettx].

Actlion: Ildentical to Path 4,

Note: Since [v] maybe changed into (i), [v] must
be assigned an earlier position in the collating
sequence, otherwise the identification of a normal
[l] may be bbstructea. For example, [companiogpnay

be erroneously broken down into [companx.onj.

Path 7: ondit : An unequal comparison has bheen

made, the disc character has a final [e] and the
core character has no word mark.,
Action: Identlical to action for Path 4, except K

is pot incremented. For example, we have:
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[bonxJ=[bong.1J
Note: The reason for placing [e] at the beginning
of the collating sequence 1is similar to the
explanation for [y] above. We have to prevent
cases such as [probablg] being erroneously broken

down into[probg.ablg].

8: Condition: An unequal comparison has been
made, and the character equal indicator, "CEI",
has been set by some previous comparison, For
instance, the core word |Is [coache;] and the
current disc morph is [cougn}.

Action: Ildentical to Path 3, We must 1look

further in the list.

9: Condition: An wunequal comparison has been
made on the first character, as indicated by the
reset condition of CEIl,

Action: If the processor is not in 'partial
mode'", the condition indicates that the input word
can nelther be found among nor be constructed from
the morphs stored In the list,. The processor

transfers control to the phonlc phase.

If the processor is in the partial mode, the
condition indicates that the 1last partial match
has to be scrapped, PRI, the '"partial retrace
indicator", Is set, PB is reduced by 9, The

three core characters beginning at the address
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given by PB are set into K, If K now contalins
100, the PMI will be reset, and the '"track seek"
subroutine is re-entered, Since K now points to
the beginning of the last entry in Stack A, which
is the beginning of a morph, we will soon arrive
at the condition for Path 2, With PRI on, the
search phase does not terminate, The PRI is
turned off. PR is reduced by 6, and (PR) 1is set
into K, and PA, as in Path 3. The control of the
process is now returned to seek the
beginning-of-entry symbol, with the scrapped entry
already past the disc reading head. It may seem
extravagant to exit from Path 9 always at an
unequal comparison of the very first character of
the disc entry. This 1is <clearly necessary for
morphs [s], [d] and [y] . However, we must
remember, with a properly selected morph list, the
occurrance of an unsuccessful search should be a

very rare event,

5.4 lus ve Ex le:
lLet us now take a slightly involved example to
illustrate the search process with some of the fine

features. Let us assume the input word is lfeoverthqy},

The status of the machine immediately after the input
word has been placed in the input word area and completion

of inftialization is as follows:
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K: 000
PA: 100
PB: 056
PMI: Off
PRI Off

Stack A: Empty

Stack B: 000100

The contents of K, now 000, is wused as the address
parameter for the '"track seek" subroutine for locating the
disc track on which the word [reoverthrogl would be
contalned in the collating sense., The result of comparison
after two characters leads to Path 4, The partial match is
the disc morph [rg]. The status of the machine after the

completion of the transfer of the disc entry is shown below:

K: 002

PA: 133 (assuming entry for [rg] has 33
PB: 062 characters)
PMI: Set

PRt Off

Stack A:  beginning at 100, [rej....ccees
ending at 132,

Stack B: 000100,002133, (the punctuation marks
are inserted here as aid for reading,
and is actually not contained

in Stack B,)
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The processor goes once agaln into the 'track seek"

subroutine,

The next match found the disc morph [9vec;l. (Ve
assume that @verthrow] is not a morph.) The status of the
machine after the completion of the transfer of the disc

entry becomes:

Ks 007
PA: 182 (assuming entry for [over;]

has 49 characters.)

PB: 068
PMI Set
PR1: Off

Stack A: containing the entries for [rg]
from 100 to 132, and the entry
for [over;j from 133 to 182,

Stack B: 000100,002133,007182,

The processor goes into '"track seek" routine to seek

the track for the remainder of the input word [hrow].

The result of character comparisons 1lead to Path 9,
Since the PM| is set, the partial match overt has to be
scrapped. PRI is set, PB is reduced by 9 to 059, The
three core characters beginning with address 059 give 133,
which is the beglinning address of the morph [over{] in
Stack A. 133 is set into K, and the "track seek" routine is

re-entered. Since K # 100, the PMI 1is not reset, The
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machine status is now represented by the set:

K: 133
PA: 182
PB: 062
PMI ¢ Set
PRI Set

Stacks A, B: unchanged

When the disc entry containing [overt] is found,
because PRI Is set, the search phase does not terminte, and
PRI is turned off. PB is reduced by 6 to 056, and the
contents of the six locations in core beginning with address
056 are set into K and PA, The status of the machine, with
the exception of the excess material in the stacks
corresponding to the scrapped entry, 1is identical to the

second set shown. The control of the process now looks for

the entry beginning symbol, but the scrapped entry Lover;J

has already passed under the reading head.

The process will find a partial match [ove;l through
Path 4, and a total match of the remalinder [;hroyj through

Path 2, thus completing the search phase successfully,
5.5 Sel o fM hs fo is

Up to this point we have not established the criteria
for the selection of morphs for storing on the disc. Let us
start by proposing a set of simple criteria and examine them

in some detail,

]



PAGFE 64

1. All base words are morphs.
A base word is not a compound word, and contains
no prefix or suffix of any kind. For example,

{hake] is a morph.

2. All prefixes and suffixes which do not reflect
changes in the pronunciation of the base words to
which they may be attached are morphs. For

example, [un, IngJ are morphs,

The question arises as to whether suffixes which do
affect the pronunciation of the base words should be
considered as morphs. The answer cannot he a clear-cut one,
From an engineering point of view, it 1is a matter of
trading disc storage space with complexity of the

algorithms,

Be tween those suffixes which always mutuate the
pronunclation of the base word, such as the suffix [ity] ,
and those which never do, such as [ing] ,» there are many
which affect it to intermediate degrees. For example, the
sufflx [ablg] does not usually affect the pronunciation of
the base word, such as in [attalnahle, removable,
changeabhle, etc. |, but it does affect some bhase words, such
as in [inflammable, applicable, etc. | . In other cases the
speliing of the base word Iitself 1is changed such as 1In
[tolerable, navigable, etc.J o With our 1list approach, we
have the freedom to Include as morphs such partially

mutating suffixes as well as those mutated words, For
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example, we can list able as a morph to achieve economy
and list words like [inflammable, applicabhle, tolerable,
navigahlg] and [probable] as morphs as well, In general,
whenever exceptions to a general case has to be made, we can
avoid rule complication by the creation of new morph
entries. We would want to store words such as [reappear,
reallocatg] as morphs to prevent incorrect decomposi;lon
into [reap.pear, real.locatel . It is obvious that a word
like [unionized] is decomposable into [union.ize,d] as well
as [un.lon.lze.dJ ) There is no way to resolve such
ambiquity without a semantic analysis. Our algorithm which
looks for the longer match would recognize the word as

@nion.lze.d] .

There exists a resemblance hetween what is called a
morph here and what the linguists call a morpheme. The
difference is mainly operational. A morph is an engineering
approximation of the morpheme, Modern linguists view a
language as consisting of a lexicon of underlying morphémes
operated together with a set of phonological, morphophonemic
and syntactic rules. Undoubtedly future 1linguistic
developments will provide cont i nued guidance to many of the
englineering realization of simulated human cognitive

processes,
Suff

Suffixal morphs can he concatenated 1in various ways,

For example, we have [}ovellness] = {

love.ly.ness |
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[moonshiners)=[hoon.shine.er.s] , etc. Since we are not
concerned with the generation of words from stored morphs,
for practical purpose we need to concern ourselves with a
finite number of morphs in concatenation, It seems
reasonable to limit this number to seven. Referring back to
the'machlne organization proposed earlier in this chapter,
we see that this 1imit places an upper bound on the size of

Stack B.

5.6 An Estimate of the Size of the Morph List

From the criteria given in the preceding section, the

following suffixes may be considered as morphs:

-able -ible -s -ite
-age -ing -ship

-al -ish -sman

-ance -ist -some

=dom -ism -ty

-ed -less -ward

-ence -let -way

-er -ly -wise

-est -man -y

-ess -ment -d

-ful -ness -'s

~hood -or (Note: [-mental] always

mutates the base word,)
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It appears to he a common property of English prefixes
that they do not mutate the pronunciation of the base words
to which they may be attached. Therefore, all prefixes are
morphs. (Notable exceptions are: [infamous, extraordinary,

antithesis, equivaIentJ).

Using the Seventh Edltion of Webster's New Collegiate
Dictionary as a reference, an estimate on the size of the
morph 1ist has been made. The ten pages with page numbers
ending in even hundreds were examined, The number of
dictionary hold=-faced entries as well as the number of

morphs are counted, The result is shown below,

Page Dictionary Morph
Number Entry Count Count
100 92 18(17)
200 104 44(39)
300 87 22(18)
400 102 25(23)
500 96 4bS(Lb)
600 98 16(15)
700 78 32(32)
800 98 35(35)
900 80 38(36)
1000 94 34(32)
Total: 929 309(291)

Average

per page: 92.9 30,9(29.1)
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Multiplying the average number of morphs by the total
page number of 1041, we arrive at an estimate of 32,000
morphs, which would generate all the words in the
dictionary, plus all the regular paradigmatic forms which
all dictionaries customarily omit. Since the average entry
will be less than forty characters long, a storage capacity

of 12,000,000 bits should be adequate,

It was further noticed that if all mutating suffixes
were admitted among the suffixal morphs, the reduction in
the average number of morphs per page |is very small, as
shown by the numbers in the parentheses in the above tabhle.

The morph list can at best he reduced by 5.5%.

5.7 Some General Remarks:

In principle, the need for entering into the phonic
phase can arise. However, the probability of such’
occurrence with a morph list of the size considered will be
very low, so that a spelled output may not be ohjectionable,
The logic for the phonic phase may be eliminated for

simplified machine design.
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CHAPTER 6

Summary and Conclusions

6.1 The Reading Machine Problem:

In the last two chapters it was shown that the phonic
algorlthmic approach of grapheme-to-phoneme translation
requires extensive use of exception lists. The algorithms,
besides being ad hoc, are exceedingly complex, especially if
we wish to reduce the size of the exception 1lists, In
addition, there are problems which could simply not be

solved at the phonic level.

Accepting the use of a list as unavoidable, we found
that an efficient method of grapheme-to-phoneme translation
can be realized by means of a list of moderate size, coupled
with a set of simple algorithms. Ambiguities in
pronuncliation due to parts-of-speech differences can be
reduced by a method which has been proved effective.
Although there still remalns the need for a set of phonic
rules to handle the rare occurance of unrecognizables
(non-sense words, newly coined words), these rules can be
very simple and relatively crude since all the exceptions

and complicating elements of the conventional phonic rules
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have now been removed, Or, as remarked in Section 5.7, we

may use a spelled output,

While the work reported here has brought wus one step
closer to a reading machine with speech output, it has also
provided greater incentive to look into a few areas of
research to which, perhaps because of the overshadowing
diffleulty in grapheme-to-phoneme translation, we have not
paid sufficient attention. These areas include the study of
features of speech above the segmental phoneme 1level, such
as sentence stress and intonation. There is the study of
the timing of phoneme production. More work on speech

synthesis by rule is needed.

It is now possible to begin the design of a machine
which scans the printed English text and produces an
intelligible speech output. As a reading machine for the
blind, we shall be able to explore the trade-off between the
quality of output or user acceptance and engineering economy
which may be achieved by a reduction of the size of the
morph 1ist or a simplification of the algorithms, From the
experience of blind college students who often have to have
highly specialized text read to them by volunteer readers,
we know that speech output produced by persons with no
understanding of what they are reading is often acceptable.
With this machine we shall be able to examine the extent to
which we may further back off from a perfect lntelligihle

speech output,



6.2 Inference about the Human Reading Process:

It would be naive for anyone to say that an adult
reader reads by phonic rules. But the desire for a simple
machine has led many people, including the present writer at
early phase of this work, to helieve that a reasonable
approximation could he made. liow that the notion has been
clarified, we can perhaps make some more positive hypotheses

about the human reading process.

The writer would like to theorize that when an adult
reader reads an unfamiliar text aloud, he makes use of this
learned lexicon in his memory. What he probhably stores is a
mixture of basic words, affixes and some frequently
encountered compounds and inflected forms, He employs
morphophonemic rules in joining lexicon entries toggther not
unlike the algorithms presented in Chapter 5. When he

1"

encounters unfamiliar words, he attempts to 'peel of f'" the
affixes and uses a set of phonic rules on the remaining
part. These phonic rules reflect his personal experience

and differ from person to person, and they operate at the

lowest level of all processes he uses in reading.
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APPENDIX A
Grapheme Cluster to Phoneme Cluster Mapping Summary

Vowel Cluster Mapping, Word Initial Position .....pp. 74 to 77
Vowel Cluster Mapping,:Word Medial Position....c..Pp. 78 to 97
Vowel Cluster Mapping, Word Final Position.ceeee..Pp. 98 to 101
Consonant Cluster Mapping, Word initial Position..pp. 102 to 104
Consonant Cluster Mapping, Word Medital Position...pp. 105 to 122

Consonant Cluster Mapping, Word Final Position....pp. 123 to 126

Legend:
Column 1: Grapheme Clusters
Column 2: Phoneme Clusters

Column 3: Examples and Total Word Count of Fach Mapping
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Phonemes Printed As Phonemmes Printed As
| (beg) | P(pity) P
I(pity) L b (bee) B
e(rate) E t (tooth) T
€ (yet) 2 d (dish) D
2 (sang) 9 K (custom) K
a (bath) A (go) G
a(far) 1 f (far) F
o (watch) $ v (yision) Vv
o(jaw) C O (tooth) ]
o(go) 0 3 (bathe) X
v(full) 8 S (san=) )
u (tooth) U z (using) VA
3(further) 3 J (digh) Y
3 (above) 6 3 (vigion) 5
A (above) 7 h (how) i
art(while) AL U’(watch) TY
au(how) A3 dg (jaw) L5
>1(toy) Ch m (mom) M
ju(use) JU n (not) i
wu(fuse) 4y n (angry) 0
I (full) L
ilonosyllable stress = w (watch) W
Primary stress * hw (while) iy
secondary stress ! J (yet) J
Logical "or" + r (rate) R

Null symbol
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A Sampling of Words with Stress Assignments

accent
address
adept
affix
annex
arithimetic
augment

bombard

collect
combat
combine
commune
compact
complex
compound
compress
concave
concert
concrete
conduct
confine
conflict
conscript
conserve
console
consort
construct
consult
content
contest
contract
contrast
cos tume

defect
desert
descant
detail
detour

dictate
digest
discard
discord
discount
discourse

egress
entrance
escort
expert
export
extract

ferment
fortaste
frequent

gallant

impact
import
impress
imprint
impulse
incense
incline
increase
indent
insert
inset
instinct
insult
intercept
interchange
interdict
interlock
intrigue
invalid
invert

Depending on the Parts-of-Speech

minute

object
offset

perfect
permit
pervert
precedent
prefix
present
produce
progress
project
protest

quadruple

rebate
rebel
rebound
recall
record
recount
redress
refill
refund
refuse
reject
relay
reprint

subject
suspect
torment
transfer

transport

uplift
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APPENDIX D

Flow Chart and Exception Lists for the Derivation of Base Words
(or Pseudo Words) from Words Ending in (er, ed, ing]

_AKemove
and store

(-er]

Remove
and store
(-ed]}

Remove
and store
(-ing

- ve

Not containin

endings looked=-fo
! to other ending
tests.
Cluster Formation List 1: refer )
‘ prefer
infer
Exit defer
. confer
List provides deter
translation.

List 1': Wilfred
Restore thoroughbred
ending quadruped
kindred
sacred
misled
Mildred

imbed
hatred
embed

To phonic rules. deathbed
© phon bloodshed

abed
watershed
hundred

(next page)



Note:

V represents that the final grapheme cluster
is a vowel letter cluster.

C represents that the final grapheme cluster
is a consonant letter cluster.

The subscript denotes the number of letters
in the cluster, the superscript (+) denotes
that the number of letters in the cluster is
what the subscript indicates, or more. For
example, VICI represents that the final two
grapheme clusters are a vowel cluster with a
single letter followed by a consonant cluster

of one or more letters.

PAGE 130



yes

vi={a]

no

no

Check

Change

‘\\\Eiit 5

yes

(1] to [y)

no
n

Check
List 2

List 2

List 3¢

List 4

List 5@
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die

lie

untie

vie
grenadier
bier

pier
financier
chiffonier
chandelier
cavalier
cashier
brigadier
scldier
hoosier
osier
glacier
glazier
Siegfried

awe
aye

To phonic

rules

oS
o Check ye
List 3
ye noy
s \

C

List provid
translation

eye
es yE

owg_

overawe

cockeye

Restore [e]

to truncated wq;l

To phonic TUles



é@ '..

(@

no

Vy=[ul

Ino

©

no

é

no

no

@

no

O

Exit
2

To phonic rules.

List 6

List 7:

List 8:
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pedal
spiral
total
rival
unrival
diagram
telegram
cablegram
monogram
orphan
kidnap
sugar
canvas
water
breakwater
pillar
turban
equal
unequal

augur
sulphur
mUrmir
focus
caucus

scheme
blaspheme
intervene
adhere
fete
deplete
obsolete
replete
complete
compete
secrete
Peter
fever
meter



(-

ino

es no
no
es no
yes
c,={1}
ne es no_ Y

Q

no

Q

no

&

no

Q

no

To phionic rule.
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List 9: mite
dynamite
ignite
smite
unite
despite
trite
write
rewrite
typewriter
invite
uninvite

List 10:
consider
reconsidg;

List 11:
lucifer

conifer
List 12:
pencil
stencil
council
peril
fossil
devil
anvil

List 13:
Latimex
Mortimer

List 1l4:
coffin
cabin
gardiner
mariner
milliner

List 15:
gossip
juniper
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List 16 become
Homgg
misnomgs

List 17: enthrone
dethrone
bone
postpone
telephone

List 18: score
adore
gore
J.yes L deplore
implore
explore
ignore
unexplore
snore
pore
spore
restore

es no

—

List 19t symbol
pistol

Y no es List 20: develop
envelop
undeve lop
scallop
wallop
proper
improper

no yes
r List 21: fagot
faggot
bigot
pilot
ballot
parrot
pivot

no

no

es A’J

Exit To phonic
2 Jrules.
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List 22: beguile

List 23: bias
unbias
eager
auger

List 24: permeate
create
laureate
nauseate
theater




v,C

Ca=(ch]

no

Cz-(gt]

no

C;'CS 3

no

c3= cill

C2- Cﬂg

no

Cz- Cl[c

no

Co=[ph}

no

yes

yed

heck
List 26

es

es

no

€ [r,1]

yesw

—

no

no

no

yes

yes

es

yes

rep-/n/

(g} /g/

)

S

\

PAGE 135A

List 25:

List 26:

List 27:

List 28:

List 29:

List 30:

ache
headache
toothache
heartache
avalanche

baste
haste
chaste
paste
taste
distaste
waste

bequeath
smooth
sooth
ether
panther
Luther
Uther
anther

ring
sing
hang
cling
fling
bring
spring
string
wring
sting
wing
swing
belong
prolong

anger
hunger
linger
finger
forefinger
longer
stronger

cipher
decipher
gopher

Exit
Exit
2 E 2
To phonic

rules. To phonic rules.
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