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PREFACE

This is the fifth in a series of reports on Prosodic Aids to Speech Recognition.
The first report, subtitled ‘1. Basic Algorithms and Stress Studies'’, appeared 1 Oc-
tober 1972, as Univac Report No. PX 7940. (The subtitle did not appear on all copies
of that report.) The second report, subtitled ‘‘1I. Syntactic Segmentation and Stressed
Syllable Location'’, appeared 15 April 1973, as Univac Report No. PX 10232. The third
report, subtitled ¢‘III. Relationships Between Stress and Phonemic Recognition Results’’,
appeared 21 September 1973, as Univac Repcrt No. PX 10430. The fourth report, sub-
titled ‘‘A General Strategy for Prosodically-Guided Speech Understanding’’, appeared
29 March 1974, as Univac Report No. 10791.

This research was supported by the Advanced Research Projects Agency of the
Department of Defense, under Contract No. DAHC15-73-C-0310, ARPA Order No. 2010.
The views and conclusions contained in this document are those of the author and
should not he interpreted as necessarily representing the official policies, either ex-

rressed or implied, of the Advance Research I'rojects Agency or the U.S. Government.
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SUMMARY

Sperry Univac is continuing its implementation and testing of a strategy of
>peech recognition, wherehy certain acoustic features (called ‘‘ prosodic features’’)
are used to segment the speech into grammatical phrases and to identify those syl-
lables that are given prominence, or stress, in the sentence structure. Then, partial
distinguishing features analysis is to be done within each stressed syllable and where-
ever else reliable segmental analysis can be readily accomplished. Positions of the
boundaries between grammatical phrases, stressed syllable locations, pauses and
specific rhythmic patterns, and special intonational features are to be used to guide
the selection of a candidate grammatical structure for the spoken sentence. This
preiiminary hypothesis about the grammatical structure of the sentence is thus made
from prosodic features only, without prior determination of the words in the sentence.
In essence, then, prosodic features are used to guide the efficient determination of the
vowels and consonants making up the words in the sentence, and the determination of

some aspects of the grammatical context in which those words are found.

From the partial distinguishing features analysis, ar.d some knowledge of con-
textual constraints, words can ke hypothesized as occurring at specific places in the
utterance, ith particular emphasis given to the hyp«thesizing of important words
centered around the stressed syllables. These hypothesized words, the acceptable
grammatical structures, the semantic constraints, and knowledge of the limited types
of things that can be said in any specific task situation all provide the information
nceded to make a total hypothesis as to the identity of th- spoken sentence. By an
analysis-by-synthesis procedure, such an hypothesis can be submitted to sound strur-
ture rules which generate a comprehensive sound structure (‘‘acoustic phonetic’’)
pattern which can he compared to the sound structure pattern of the input. If the gen-
erated pattern is very similar to the input pattern, the hypothesized sentence structure
is asserted to be the identity of the input sentence. If the patterns difter substantially,
an error signal is produced, to guide the selection of another structural hypothesis

to try.

Not all aspects of this general prosodically-guided analysis-by-synthesis strategy
are being implemented for ARPA, but the strategy provides a framework within which

substantial contributions to speech understanding can be provided by the judicious use

it
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of prosodic reatures. This approach to speech understanding is motivated by several
factors. For one thing, there is considerable evidence that human listeners make initial
decisions about large linguistic units (phrases) before they attempt to decide upon the
complete phonetic structures (that is, the sequence of vowels and consonants) in an
u‘terance. They appear to use prosodic patterns such as intonation, stress, pauses, and
rhythm to guide thcir decisions about large linguistic units.

In addition, some of the most reliable information about intended vowels and
consonants is to be found in the stressed syllables, which are 1nore carefully articulated.
A study of five different methods for automatic classification of segments of spzech into
specific vowel and consonant categories showed that, with any of the available methods,
the categorization of vowels, stop consorants (p, t, k, b, d, g), and fricatives (s, z, f, v,
etc.) was far more reliable in the stressed syllables than elsewhere in the utterances.
This demonstrated that stressed syllables provide ‘‘islands of reliability’’ in the sound
structure of spoken English. These stressed syllables also occur in the most seman-
tically important words of a sentence.

Since stressed syllables do provide some of the most important and reliably
decoded information in the speech wave, a procedure for locatirs: stressed syllables in
comected speech has been developed. This procedure uses acoustic parameters of
energy, syllabic duration, und voice fundamentul frequency ¢‘pitch’’) to iocate the vowel
and semi- s/cwel sounds forming the ‘‘nucleus’ of a stressed syllable. Computer pro-
grams have been implemented for classifying the stressed vowel into one of five cate-
gories, depending upon the natural vocal tract resonances (formants) to determine
whether the speaker’s tongue is high or low, front or back, or retroflexed in his mouth,

Automatic detection of a few particular consonant categories is also attempted,
independent of the locatiorns of stressed syllables. These detected phone categories
include sibilants [s, z, §, 3, t§, d], r-like sounds [ r, 3}, unvoiced stops [p, t, k],
and nasals [m, n,o] . Some, but not all, of the occurrences ot these consonants will be
within stressed syllables. Then, the remaining portions of stressed syllables, not found
within the stressed vowel, or within one of the detectad consonantal segments, are
classified into gross left-over categories of unvoiced consonant, voiced consonant, or
silence. The unstressed syllables are not totally segmented, and thus there are isolated
islands ¢~ detected sound structure, some heing the total stressed syllables and others

being one of the four types of detected consonants.

iv
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Among the studies at Sperry Univac has been the comparison of three approaches
to stressed syllable location. Methods based on only the duration of higi energy chunks,
or upon only the length of time that fund. r..ental frequency (Fj) was not falling signifi-
cantly, did not perform as well as the original algorithm bhased on archetype F( con-
tours in phrases and local searches for high-enerzy chunis of speech. The archetype
contour algorithm was also least sensitive to the type of sentence being processed,

while the other algorithms showed quite different performance in yes/no questions,

Prosodic information can ke used in severadl important components of speech
understanding systems. Stressed syllables can form the anchors around which a
search for occurrences of words cau ve attempted. We plan to investigate how detected
positions of constituent boundaries, located stressed syllables, features of intonation,
pauses, and rhytbms can be used to determine: the type of sentence spoken (that is,
whether or not it was a yes/no question); the correct grouning of portions of the utter-
ance into phrases and specific linguistic units; the occurrence of coordinate structures;
the subordination of one phrase under another: and the occurrence of specific semantic

structures like co~reference, contrast, and emphasis.

We have undertaken a study of rhythm in our available speech texts. These
studies suggest that, while stressed syllables tend to occur at ahout .4 to .5 seconds
apart, the time intervals bhetween stresses are very much affected by the number of
unstressed syllables between stresses. In none of our texts did more than four un-
stressed (or reduced) syllables ever occur between two stressed syllables. There
seems to be an aimost equal increment in the size of the interval between onsets of
stressed vowels with each increase in the number of intervening unstressed syllables,
There is some suggestion in the rhythm data that the preferred rhythmic structure is

an alternation of stress and unstress.

These rhythm studies also showed that the time intervals between detected
phrase bounda:ies tended to be integral multiples of the mean time between stressed
vowels. Pauses between embedded clauses tended to he of the same duration as the
mean time interval between stressed vowels, while durations of pauses between

sentenc_gitended to be about twice that interstress interval.

We plan to study interstress time intervals, intervals hetween detected phrase

houndaries, and time intervals between all syllables (or, equivalently, numb.y of
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syllables per unit time) as acoustic measures of rhythm and rate of speech, Informa-
tion about rate of speech may be used in selecting the appropriate phonological rules
to apply in delermining underlying phonemic structure from the slurred, coarticulated
phonetic sequences. ‘' Fast speech’” rules show niore slurring, coarticulating, and
dropping of speech sounds. In addition to such phonological use of rate of speech,
specific rhythmic effects such as interruptions of rhythm (pauses, ‘‘disjunctures’’,

etc.) could be useful in hypothesizing the grammatical structure of a sentence.

Several ‘‘problem sentences’’, which were quite similar in the sequence of
words they were composed from, but which had different syntactic structures, were
submitted to our prosodic analysis procedures. These sentences, obtained from Bolt
Beranek and Newman, included a yes/no question (‘‘Have any people done chemical
analyses on this rock?’’) and the command that resulted when the first word was in-
correctly recognized (‘‘Give any people done chemical analyses on this rock.’’). The
command is structurally ambiguous, with one interpretation referring to ine process
of giving to any pceople those chemicul analyses that have been done, and another
interpreiation referring to any chemical analyses that were done by people (that is,
‘‘pecple-done’’ analyses). An example of a pronunciation with each intended inter-
pretation was provided, alon.g with an apparently ‘‘neutral’’ pronun-iation which was
presumably intended to not indicate which of the two interpretaticr.s was correct.
Another pronunciation of the wording of the yes/no question, with more like the

intonation of a declarative or command, was also provided.

A study of the prosodic patterns in these sentences gave encouraging indications
that prosodies can provide important cues to syntactic structure. The auxiliary verb
‘““have’’ in the yes/no question was unstressed while the command verb ‘‘give’’ was
stressed. The general slope of the Fy contour in the yes/no question was flatter than
the more-falling contour of the command, although the F( rise expected at the end of
the yes/no question did not occur. The w-rd ‘“done’’ was stressed except when it was
in the compound construction ‘‘pzople-done’’, in which case the first sy:lable of the
following word *‘chemical”’ was stressed. There was a phrase houndary hetween
‘‘people’” and ‘‘done’ in each command except the ‘*people-done’’ interpretation, in
‘svhich case the boundary occurred after ‘‘done’’, thus markirg *‘people-done’’ as a
unit. The time interv:'s between vowel onsets also showed distinctions hetween the two

interpretations. The ‘- neutral” version of the command turned out to he identified with

vi
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the first (“[any people] [ done chemical analyses]’’) interpretation by every available
prosodic cue. This is a hurmony with an expectation that the first interpretation is the
most likely, and the most like a neutral, ‘‘unmarked’’ interpretation, since other pos-
sible structures, like the ves/no question, would make ‘‘any people’’ a unit, and not

‘‘prople-done’’ a likely unit.

Studies with these few sentences are only suggestive of possible prosodic cues

to syntactic structures. Further studies with muany more utterances are needed. We
i hove designed a 3¢t of 902 sentences which provide ‘*minimal pairs’’ of sentences

with nearly identical word sequences but contrasting structures. These sentences
include explicil tsts of the prosodic effects of sentence type, contrastive syntactic
bracketing, sv'bordination, coordination, syntactic categories (such as pronouns,
verbals, compound nows, etc.), movement of stress within phrases, coreference, etc.
Prosodic patterns to be studied for these sentences include: perfcrmance of the pro-

i gram for detecting phrase boundaries from valleys in F, contours; acoustic correlates

0
1. of stress.d syllables, and performance in automatic stressed syllable location; acoustic
measures of rhythm and rate of speech; overall I~‘0 contour shapes; and local variations

in prescuic features due to phonetic sequences, Also, we have designed a set of 178

it

sentences waich include all word-initial consonant-vowel (CV) sequences, and all word-

final vowel-consonant (VC) sequences. These ‘‘phonetic-sequence sentences’ provide

[

the speech dat. needed for efficiently testing automatic procedures for vowel and
corsonant classification. For example, five sentences provide instances of all dis-
{inguishable stressed vowels of American English, coupled with the sibilants [s, ;],

in initial CV and final VC positicas.

From extensive studies with such designed sentences, we hope to develop
experimentally-validated intonation rules and other prosodic rules. These rules will
then be used to guide parsing, semantic analysis, phonological analyses, and word

matcl.. ng procedures in ARPA speech understanding systems.

gl M
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1. INTRODUCTION

This is a Final Report for the Advanced Research Prujects Agency (ARPA),
under ARPA Contract No. DAHC 45-73-C-0310, and it consequently summarizes prog-
ress to date. Yet, in a technical sense, it is another in a series of reports on work
currently in progress in the Univac Speech Communications Group. As a part of
ARPA's total progra:n in research or. speech understanding systems, the research
reported herein is concerned with extracting reliable prosodic and distinctive features
information from the acoustic waveform of connected speech (sentences and discourses).
Studies are being concentrated on problems of detecting stressed syllables and syn-
tactic houndaries, doing distinctive features analysis within stressed syllables, and
using prosodic features to guide syntactic parsing and phonological and semantic

analyses.

Under a previous contract, Sperry Univac developed some basic tools for pro-
sodic and distinctive-features analysis, and ccnducted some initial experiments
dealing with prosodic patterns in connected speech. That work is reviewed briefly
in Section 2 uf this report. In Section 3, the m:uny areas of progress during the
current contract are briefly reviewed. Section 4 provides plans for further studies

to be conducted under new contracts.

Section 5 gives a listing of the publications and reports resulting {rom the ARPA

program at Snerry Univac. References are listed in Section 6.
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2. RESULTS FROM PREVIOUS CONTRACTS

2.1 Reasons for Prosodic Anaiysis

Prosodic cues to sentence structure, und prosodic aids to the location of re-
liable acoustic phonetic information, have been given littie or no attention in previous
speech recognition efforts. The strcng motivations for the use of prosodic patterns
in speech recognition procedures were thus presented in some dctail in an earlier
report (Lea, M.-iress, and Skinnc . 1972a, Section 2). Linguistic arguments ware
given,showing . 1at there is not alwiys a distinguishable segment in the speech wave
that corresponds to each ahstruct phonemic segment, and some of the cues to the
presence f a particulur phoneme may usppear in nea. by or distant acoustic segments.
In addiuion to the fact that the encoding of phonemic ané prosodic information into
the aconstic w.veform is a complex one involving overlapping ir time and environ-
mental dependence, the encoding itself is often performed incompletely and with
considerable variability. Indeed, in some utterances, vhole phonemes or syllubies
may be ‘“‘missing’’ from the pronunciation. .\ speech recognition system hased on
acousatic manifestation of all phonemes or all distinctive features would thus fre-

quently fail.

Linguists argue that ‘*in general, the perceiver of speeri should utilize

syntactic cues in determining the phonemic representation of an utterance’’ (Chomsky

and Miller, 1963, p. 314, emphasiz added). Perception theorists ‘e.g., Miller, 1962,
p. 81) huve also argued that large units, on the order of phruses and clauses, are used
in early stuges of human perception of speech, and that detailed phonemic decisicas
are made later, and then onlv where they are needed to fill in information about the
large units. Lxperiments have shown thut clicks superimposed on speech were per-
ceived as occurring near certain .nuajor syntactic boundaries, regardless of the actual
tinmiing of the clicks within the speech continuum (ef. review by Gleitman and Gleitman,
1970). The perceiver appears t. wait until the ends of such syntactic units before
making decisions about detailed sound structure. Speech perception thus avpears to
involve muk’'- g use of certai» 2xpectations und received cues to determine the syn-
tactic structure of a sentence, and then usiug su: -: syntactic information in guiding

phonemic decisions.
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Among the cues encoded in the acoustic signal that may be ased in making the

preliminary syntactic hypotheses, the prosodic features of juncture, intonation,

stress. and rhythm seem pre-c¢: .nent. These are acoustically manifested by silences,

lengthened time intervals between vowel onsets, vuriations in fundamental frequency
(Fg),relative energy levels, and durati~ns of specific units like syllable nuclei, vowels,
and corsonants. Linguists have claimed for decades that intonation marks the syn-
tactic structure of English sentenices (see reviews in Lea, 1972, and Lea, Medress,
and Skinner, 1972a). Chomsky and Halle (1968) provided rules for generating English
stress patterns from syntactic structures. Time intcrvals between vowel onsets have
heen shown to he one cue to houndaries between syrtactic units. It is known that inter-

ruptions of rhythm murk major syntactic and semantic beoundaries.

These earlier arguments ahout prosodic cues to syntactic structure have been

reinforced hy studies to he reported in suhsequent sections of this report.

2.2 Prosodic und Segmental Analysis Tools

At Sperry Univuc, we have implemented highly flexible and interactive systems
for processing and studying speech. The first version of the Speech Communications
Laboratory included a sound isolation rom for making high quality audio tapes, plus
tape recorders, microphones, analog-to-digital and digital-to-analog converters, anc
a computer system with various graphical and alphanumeric displays and mass sior-
age devices, toggle switches, pushbuttons, potentionmeters, k ‘yboard, and interactive
sysiem software. Linear predictive analysis was implemernced on the speech re-
search facility, and a formant tracking algorithm similar to one by Shafer and
Rabiner (1970) was implemented to use the smoothed linear prediction spectra. An
wutocorrelation method of fundamental frequency tracking (cf. Sondhi, 1968; Lea,
Medress, and Skinner, 1973b, Appendix) was implemented, and total speech energy
was computed from the sum of the squares of the time waveform values. Band-
limited energy functions were ccmputed from summing the squares of the smoothed
spectral magnitudes within a frequency hand, and tlien conveiiing cthe sum to dB.
Plots ol formani values versus time, and I, and energy functions versus time, were

obtained hoth from the interactive graphical displays and computer listings.

Later work with simple peak-picking with the LPC spectra was so successfu!

that the complex Shafer and Rabiner algorithm for formant tracking was discarded.

3
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The refined spectral analysis procedures then involved:

® low-pass filtering at 4782 Iz (using a seventh order elliptic function Causr low-

pass filter provided by Lincoln Laboratories);
® sampling at a rate of tenthousand samples per second;
® software pre-emphasizing by first order differencing;

e applying a Hanning weighted analy-ing time window of width 25.6 milliseconds
(ms) with a 10 ms advance; and

e performing a 256-point Fast Fourier transform.

the LPC analysis was done with fourteen predictor coefficients, and evaluation of the
spectrum at -75 Hz off the jw-axis. Peuak picking was done to estimate formants, and
these spectral peaks were smoothed by bringing back into lire any one or two formant

values that were out of line with preceding and following formant values.

2.3  Syntactic Boundory Detection

Lea’s earlier research (1971, 1972, 1973h) showed that a decrease (of about 77
or more) i.. FO ustally occurred at the end of each major syntactic constituent, and
an increace (of zbout 7% or more) in FU occurred near the beginning of the following
constituent. A computer program, based on the regular occurrence of F, valleys at
constituent becundaries, correctly detected over 80% of all syntactically predicted
boundaries. Over half of the ‘*missing’’ boundaries were hetween noun phrases and
auxiliary or main verbs. About 107 of all detected boundaries were ‘¢ false’’, in that
they were not associated with syntactic boundaries. These false boundaries were

primarily caused by FO variations near voiced and unvoiced obstruents.

Sentence boundaries were always accompanied by fall-rise Fo valleys. In fact,
the rise in F‘U (around 30% change) after a sentence houndory was substantially larger
than the usual rises (about 40% or less) after non-sentential constituen. boundaries.

In addition, sentence boundaries were usually (in over 907 of all cases) accorapanied
by long (35 centisecond or longer) stretches of unvoicing. Here ‘“sentence boundaries®’
refer to both boundaries between matrix (unembedded)sentences and houndaries hetween

embedded full-clausal sentences.

These initial studies also showed that syntactic categories had some effects on

houndary detection. Coordinate noun phrases or coordinate adjectives were always
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accompanied by F vaileys between the conjuncts. Around 95% of all boundaries hefore
prepositional phrases were detected by I, fall-rise valleys. Less than half of the
boundaries between noun phrases and following verbals were accompanied hy I o

valleys.

Lea’'s program was implemented as a FORTRAN program on the Sperry Univac
speech research facility, with output syntactic boundary decisions marked at appropri-

ate times on plots of F, and sonorant energy. This :mrlementatior was tested with

sir tulkers reading theORainbow Script, two talkers reading a paragraph coraposed of
only monosyllabic words, and a collection of 13 sentences involving eight talkers.

The 13 sentences were taken from a set of 31 " ARPA Sentences’', twenty-seven of
which had heen selected by Wayne Lea on the basis of interesting syntactic variation,
from a set of about 250 sentznces spoken by workers at five Al:PA contractors. Some
of these 13 sentences were read from written texts, but others were obtained from
simul ated man-computer interactions (Lea, Medress and Skiraer, 1975a). The boundary
detection algorithm was found t- correctly detect 79%0f ali linguistically predicteu
boundaries in the re~.ings of the Rainhow Script, 837 of all pred.cted boundaries in

the ¢ Monosyllabic'' Script, and 74 of all predicted boundarie:, in the 13 ARPA
sexntences. The ‘spontaneous’ speech of the ARPA sentences th. s showed the lowest
detection score, partly due to the monotonic intonation with which some ARPA sen-
tences were spoken, and partly due to unpredictable Fg inflections and hesitation pauses

that occurred in the simulations of man-machine interactions.

2.4 Listener's Peirceptions of Stress Patterns

We anticipated that stress patterns in spoken sentences would provide us with
some cues to syntactic structure and some guidelines as to where the most reliably-
encoded phonetic informatior would be. An algorithm for locating stressed syllables
from acoustic patterns thus was needed. However, any algorithm for locating stressed
syllables can only be evaluated in comparison with some ‘‘standard’’ ithat specifies
which syllables are actually stressed. We thus conducted experiments to determine
the e:fectiveness and st hility of listener's perceptions of stress patterns for six
talkers reading the Rainbov. Script, two talkers reading the Monosyllabic Script,and
eight tal...’s involved in the 13 ARPA sentences (Lea, 1973a;.
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Individual listeners were allowed to repeatedly listen to portions of the tapes,
unt 1 they could mark each syllable as either stressed, unstressed, or reduced. T.ese
perception tests were repeated three times (sepuarated by at least a few days), by each
of three listeners. For two listeners, an individual listener’s perceptions of which
syllables were stressad agreed from one trial to the other trials, for 957 of all syl-
lables perceived as stressed. Thus,a listener confused ahout 5% of the syllables
between levels of stressed and unstressed from one trial to another. His confusions
between unstressed aud raduced levels were much more frequent. Also, two of ihe
listeners agreed with each other on 957 of their judgments as to which were the

stressed syllables.

We concluded that it was possible to determine, within about a 57 tolerance,
which syllables are actually stressed in connected speech, by obtaining listeners’
perceptions in the manner that was used in these experiments. Then, if a stressed
syllable location algorithm could locate 95% of all syilables perceived as stressed
by majority votes of tw. or more listeners, it would he doing as wel! as one repetition
of the perception tests would do ior predicting the perceptions from unother repetition
of th2 experiment. It would also be doing as well as one listener would do in compari-
son to another listener. We can demand no hetter than 5% prccision in stressed

syllable location from acoustic data.

We also found that listeners tended tc be more confused as to which were the
stressed syll. ..s in questions than in declaratives or commands, with yes/no ques-
tions yielding the most confusion, and declaratives yielding the fewest confusions.
Such effects of sentence type on perceived stress patterns required further study,

since only a few questions had been included in the texts studied.

2.5 Algorithmic Location of Stressed Syllables

The extensive previous studies of acoustic correlates of stress showed that local
increases in FO and large values of energy integral in a syllabic nucleus were among
the most reliable correlates of stressed syliables. An algorithm for locating stressed
syllables was developed. The increasing FO near the heginning of each constituent
detected by the houndary detector was assume:l to he attribatable to the first stressed
syllable in the constituent. A stressed ‘‘HEAD" to the constituent was thus associ-

ated with a portion of the speech which wus high in energy with rising F., and bounded
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by substantial (5 dB or more) dips in energy. Other stressed syllables in the constitu-
ent were expected tc e accompanied by local increases in FO. Since the usual (‘‘arche-

type’’) shape of the ¥ contour in a constituent is a rapid rise followed by a gradual full

0
in Fq, we expected that local ‘increases’ in FO due to later stressed syllables would be

evident as local rises above the gradually falling F( contour, even if FO did not rise

absolutely near the stressed syllable. The stressed sylluble was then located within a

high-energy-integral region near this local rise above the archetype F, -ontour.

A hand analysis using this algorithm (cf. Lea, 1973a) succeeded in locating about
857% of all syllables perceived as stressed by the majority votes of the panel of three
listeners. The Monosyllabic Script, with its more prominent stresses on monosyllabic
content words, yielded quite high location scores (30% and 95%). The spontaneous
ARPA csentences, which + ere more monotone and which gave more difficulties to the
boundary det~ction algorithm, showed the lowest stressed syllable location scores.
Ahout 77 to 28% of all algorithmically located stretches of speech dir hot enclose any
syllable rerceived as stressed by the majority ‘cte of tlL.e listeners. Some of these
*fulse alurms’’ pointed to syllablec that at leasi .... iiziener did perceive us stressed.
1t appeared that false alarm rates could he reduced by iriprovements in the houndary
detector, and by a refinement of not demanding stressed HEADS in short constituents
(such as those less than 200 ms in duration). Further studies were needed to reduce
false alarm rates and simultaneously improve the scores for correct locatinnc. There
thus appeared to be room for improvement in the performance of the stressed syllable
location algorithm, and it seemed necessary to investigate whether simpler procedures
could work as well. Also, the algorithm needed to be implemented as a computer

program.
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3. PROGRESS DURING THIS CONTRACT

3.1 The Need for Further Work

We thus completed our first ARPA contract, satisfied that good performance in
constituent boundary location and stressed syllable location had heen demonstrated.
An adequate method had been devised for obtaining listeners’ judgments of which
syllables in connected speech are stressed, unstressed, or reduced. However, several
forms of further work appeared to be needed. The program for constituent houndary
detection could be refined to preduce fewer false alarms, by requiring each new F
maximum or minimum to remain beyond the 7% thresholds for at least two time seg-
ments (20 ms). Thus, single Fj values that were out of line with surrounding Fg values
would not trigger the detection of substantial Fg rises and falls. Also, it appeared
desirable to incorporate an overall confidence measurc for each houndary, bused on
the percentage decrease in F( hefore the apparent boundary, the percentage increase
after the boundary, the shape of the contour near the houndary, and the time between
that boundary and the immediately preceding or following ones. Thus, cusp-like
changes at boundaries between unvoiced consonants and sunorants (of the form - )
and very brief F dips or jumps (of suchaform as \ ~ ) right be assigned very low
likelihood of being boundaries, while major gradual changes (of the form ™/ ) would
be assigned higher confidence ratings. One or both of two boundaries separated by
short times (in the order of 200 ms or less) might be considered suspect, and assigned

a low confidence rating.

The houndary predictions also needed to be improved, by defining and applying a
strict set of rules for syntactic bracketing and prediction of intonation contours.
Intonation rules were needed, 1long with the selection of ar iequate grammar to
define the syntactic structure that would be part of the input to such intonation rules.
To develop and test such rules, careful controlled studies of intonation in various

syntactic structures needed to be undertaken.

The aleorithm for locating stressed syllables s.ill hud to be implemented as a
computer program and tested carefully to see that it performed at the level of success
attained in the previous hand analyses. Also, several improvements were needed.
Amceng those apparently worthy of further investigation were betier procedures for

defining the slope of the archetype F, contour in a constituent, a careful ‘‘tuning’’ of

.
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all the parameters and detailed steps for selecting HEAD's and other stressed syl-
labies, use of a low-frequency ‘‘sonorant’’ energy function rather than the broadband
energy function (so that hetter syllabication might be attained), and the incorporation

of procedures for locating other possible stressed syllables before the HEAD (or peak
FO position) when the peak F0 occurs late in a constituent (say more than 400 or 500 ms
after the preceding boundary).

It also seemed reasonable to compare the resulls from the archetype stressed
syllable algorithin (zither before or after it was implemented as a computer program)
with resuits in stressed syllable location by other possibie procedures. For example,
if one called all long-duration portions where energyv was above a thresnold value as
stressed syllzbies, how muny of the perceived stressed syllables would be detected
and how many false alarms would result? Alternatively, could one get comparabie
success by looking for all F, rises or upward inflections and choosing the high energy
portion nearest such places, without use of boundarics and archetype contours in his

procedures?

More extensive experiments were needsd wherein tt various variables of
sentence type, talker, lexical forms, phonetic content, position in sentence and in-
tonation contour, and such could be ir.dependently contiolled. In particular, such
studies could test further the apparent difficulty in listeners’ assignments of stress
within yes-no questicns, and the relative successes in boundary detection and stressed

syllabie location within questions versus declaratives or commands.

The application of oundary detections and stressed syllabie locations to guiding
a partial distinctive features analysis was also yet to be done. Until such details of
the distinctive features analysis were better defined, the question couldn’t be resolved
as to whether higher ‘‘hit:’ rates or lower ‘‘false alarm’' rates were more important
to attain in the boundary detection or stressed syllable location algorithms. Also, we
saw that techniques must be explored for applying boundary and stressed syllable
information to the aid of syntactic parsers. Such efforts were obviously critical to

implementing a prosodically-guided speech recognition strategy at Univac.

3.2 Improved Facilities and Analysis Tools

A new and enhanced sppech research facility has been implemented, using a

Univac 1616 computer, improved peripherals, a hardware fast Fourier transform
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processor, and more efficient memory usage with a file-structured system. A Veryv
Distant Host Interface has been implemented on a Univac 1219 computer, to the point

where it now prcvides teletype and line printer usage of the ARPANET.

Several modifications and additions were made 10 the prosodic and distinctive
features extraction procedures, In fundamental frequency (FO) tracking, the auto-

correlation vector is now computed using absolute addition rather than multiplication,

and contained autocorrelation (the first half of the analysis window correlated with the
entire window). This yielded about a 227, savings in comput:tion time. Also, an energy
thresholding techn.que was introd .ced which required both ‘he first and second halves
of the time window to have energy in excess of a threshold amount. This resultec in

more pracise FO onsets and oifscts.

Some detailed improvements in our spectral analysis techniques were made,
and functions of ‘total energy’ (60 to 5000 Hz), ‘ sonorant energy’ (60 to 300 Hz), and
‘high frequency sonorant energy’ (550 to 3000 Hz) were obtained from the spectra.
The sonorant energy function perforins best ir. isolating syllabic sonorunt clusters,
while the high frequency sonorart energy funct’on permiis separating the vowel nucleus
of a sonorant cluster from surrounding nasals, liquids, and glides. Very low frequency
energy (60 to 400 Hz) provides an independent voiring function. A ratio of low to high
frequency energy (60 to 900 Hz/3000 to 5000 Hz) provides a cue to presence of sibilants.
A spectral derivative, which indicates the similarity of successive spectra, provides a

cue to the presence of sudden spectral chunges at stop reteases.

313 Stress Patterns and Boundaries in 31 ARPA Sentences

Sperry Univac participated in the comparison of speech segmentation and classi-
fication procedures conducted at the Carnegie-Mellon University Segmentation Work-
shop. The 31 ARPA Sentences used in the Segmentation Workshop were processed
using the improved F0 tracking algorithm, the new frequency-delimited energy func-
tions, the algorithm for boundary detection, alternative voicing detectors, and the
spectral derivative. Sperry Univac provided duta on the hegzinning und ending of each
voiced portion in the speech, thc beginning and ending of stressed nuclei (obtained as
5-dB-down points in a hand analysis of the sonorant energy function), and locations of

syntactic bourdaries as determined by the constituent boundary detection program.
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This Workshop effort was a major step in our atiempts to define how to use
prosodic intoimation in aiding segmental analysis of speech. Also, it involved ex-
tending our previous prosodic analyses from 13 ARPA Sentences to the complete set
of 31 ARPA Sentences. Three trials of the stress perception tests had to be conducted
on the 31 ARPA Sentences. F, and energy functions were obtained and the houndary
detection program apnlied to get all detected syntactic boundaries. Then a hand
analysis ol the FO, energy, and boundary information was done, fcliowing the ‘‘arche-
type-contour’’ algorithm for stressed syllable locaticn. The algorithm correctly
located 867 of all syllables perceived as stressed, with 23% of all locations being
false. (This was an improvement of 6% in correct locations, and 87 reduction in {alse
alarms, for the 13 sentences that had previously heen processed. The improvements
resulted from the new conditions on F, tracking, the refinement of the boundary de-
tector which re.;.ired F,, maxima and minima to be of 20 ms minimum duration, and

0
the use of the sonorant energy function rather than the total energy function.)

3.4 Evidence that Algorithms for Phonetic Categorization Work Best

in Stressed Syllables

Some preliminary experiments were conducted (on the 31 ARPA Sentences) to
classify vowels, locate sibilants and determine their place of articulation, and locate
stops. An algorithm for locating sibilants from low values of the ratio of low to high
frequency energy found 867 of all sihilants, with oi:ly two false alarms. Place of
articulation was correctly determined for 89% of the located sibilants. These results
suggest that sibilants are robustly encoded in the speech signal. In contrast, a first

attempt at stop location succeeded in locating less than half of all phonemic stops.

Of most interest in these initial -tudies was the effect of perceived syllable stress
on the reliability of segmental locations and categorizations. Sixty-six percrnt of all
located stops were in stressed syllables (even though only about one-third of ~*
syllables were stressed). Also, 46'} of all stops in stressed syllables were located,
while 267 of all stops in unstressed syllables, and 22% of all stops in reduced syl-
Inbles werze located. Thus, stop location was better in stressed syllables (at least
with that preliminary location scheme}. Sibilants, on the other hand, showed more
reliable locativn even in stressed and reduced syllables. Sibilants in stressed syllubles

were correctly located in 917 of their phon»mic occurrences in the 31 ARPA sentences,

11
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while sibilants were located in 867, and 667 >f their occurrencis 1n unstressed and

reduced syllables, respectively.

An analysis was done on the separate effects on stop location of prevccalic versus
postvocalic positions, single versus clustered consonants, and stress levels. A slightly
higher percentage (57 higher) of prevoculic stops were located than for postvocalic
stops. Higher percentages of single stops (by about 15%) \-ere located than for stops
within clusters. The highest percentage of stop locations was 60%, in ‘‘prestressed”’

single stops (just hefore stressed vowels).

Similarly, preliminary studies of the interacting effects of prevocalic versus
postvocalic position, clustering versus single consonant positions, and stress were
also done for sibilant locations. Higher percentages (over 107 higher) of prevocnlic
sibilants were located than for postvocalic sibilunts. There wus no cleur evidence of

clus'aers yielding different sibilunt location scores tha single sibilants yielded.

All these experimental results were quit: preliminury and could he expected to
be affected by the exact procedures for segme.al recognition. Would other more-
sophisticated techniaues for categorizing phoneti: segments from acoustic features
better match phonetic transcriptious ‘n stressed syllables than in unstressed or re-
duced syllables? To unswer this, we 3tudied the results of five groups participating
in the Curpegie-Mellon University Speech Segmentation Workshop, and compared their

sezmenta’ions to the transcriptions provided by u linguist (Linda Shockey).

The sophistication and detailed methods of segment categorization used by these
greups varied considerably, but for ea~h group a chart was compiled giving a score for
the level of correspondence (‘*phonetic similarity’’) between each of the acoustically-
derived segment labels and the phonetician’s labels (Lea, 1973c). If the score was
below a threshold, the categorization wus considered unacczaptuble (an ‘‘error’’).

Error rutes were compiled separately for syllables perceived {by u majority of listen-
ers) us reduced, unstressed, or stressed. The results showed that vowels and ohstru-
ents were least likely to be inadequately categorized in stressed syllables, for each

group’s segmentation scheme.

We muy conclude that, while ideal methods might be devised to phonetically cat-
egorize as well 1n unstressed and reduced syllables as in stressed syllables, several

(available and practical) methods for phonetic segmentation correspond most closely

12
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with phonetic transcriptions in stressed syllables. Combining this with the closer
correspondence expected between phonetics and underlying phoncmic structure in
stressed syllables, and the semantic importance assigned to stressed syllables, one
can see the value of early attention to stressed syllables in procedures for recognition

of continuous speech,

3.5 Locating Stressed Nuclei

Because of this demonstrated importance of stressed syllables in speech recog-
nition, an algorithm for automatically locating stressed syllables could be a valuable
component uf a speech understanding system. ‘ve huve ilready reviewed the general

succes: in stressed syllable location using our ‘‘ .rchetype contour’’ algorithm,

To further evaluate the effectiveness of this urchetype contour algorithm, the
results with that algorithm were conipared with results in stressed syllable location
by other procedures. One alternative simple procedure finds all dips and peaks in the
sonorant energy rfunction, and delimits syllubic nuclei as all centigaous roint3 within
5 dB el th2 maximum intensity value in each high-intensity ‘chunk’’ or syllable.
Then, those chunks (or syllabic nuclei) tha- have a miniraum duration of 00 ms are

declared to he stressed.

Another simple routine locates all portions of speech whrre, for 100 :as or
longer, fundamental frequency does not decrease more than one eighth tone jer ten
milliseconds (this is a relaxed fcrm of a process of finding regions where fundamental

frequency is steadily rising, or at least not falling rapidly).

Regions of increasing fundamental frequancy were not as reliably related to
stressed syllables as were the durations of high-energy ‘‘chunks’, with poorest per-
formance ‘n the man-machine interactions of the ARPA Sentences. The archetype-
contour algorithm wac shown to perfcrm better than either of these two simpler

algorithms, parti~ularlv for the spontaneous ARPA speech (Lea, 1973d, 1974a).

stressed sy!lable location by the algorithms was found to be afiected Ly the type
of sentence spoken. For each algorithm, false ularms are most frequent in yes/no
questions. Tae Jowest correct location score from chunk durations occurred in yes/no
questions, while the highest correct location score from increases irn fundamental fre-
quency occurred in yes/no questions. This suggests the value of combining the two
types of cues to improve success in stressed syllable location, siich as is done in the

archetype-contour algorithm.

13
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Based on these results, the archetypc-contour algorithm was seen to be good for
stressed syllable location, and its implementation as 1« “ORTRAN program was

undertaken.

3.6 A General Strategy f.. Prosodically-Guided Speech Understanding

A major accomplishment in the current contract was to define a specific strategy
for using prosodic information to guide both phonological and syntactic aspects of speech
understanding systems. A total anatysis-by-synthesis framework for recognition was
outlined, in which the preliminary acoustic analyses include: extracting phonetic and
prosodic features; obtaining phrase houndaries, stress patterns, and rhythms; analyzing
the phonetic structures centered around reliable ‘‘ anchor points’’ like stressed syllables,
sibilants, r-like sounds, and nasals: and hypothesizing syntactic structurcs that might
have produ.ed the detected prosodic patterns. Following such prosodically-derived
guesses ac to large-unit structure of the utterance, and the prosodically-guided phonetic
analysis, the system strategy uses lexical, syntactic, semantic, and pragniatic com-
ponents to hypothesize total sentence structures, which are applied throvgh phonological
rules to generate expected patterns for the hypotheslzed structure. If the generated
patterns agree closely wiin the input patterns, the hypothesis is accepted; otherwise,
an error signal is fed back, to control the selection of the next sentence hypothesis

to try.

In this overall strategy, prosodic features reduce the areas where one must per-
form costly spectral aualyses, they provide pointers to some of the most reliable
phonetic information, they provide informatior. about rate of speech {which may be use-
ful in selecting abpropriate fast-speech phonological rules, etc.), and they provide cues

to syntactic bracketing and categories (which will be used in aiding syntactic parsing).

3.7 Design of an Acoustic Front End

A block disgram of the preliminary acoustic analysis components of the speech
understanding sirategy was devised (Lea, Medress, and Skinner, 1974; Lea, 1974a, p.8).
An initial implemeantation of many aspects of that system structure was used in an
isolated —digit recognlti \a demonstration, under funding of a separate internal research
program at Sperry Univac (Skinner, 1974). The signifizaace of this separate isolated-

word recognition effort is that it has provided an actual implementation of many of the

14
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preliminary analysis components to be included in the ‘‘acoustic front end’’ of a total
prosodically-guided sentence-understanding strategy. The remaining coniponents
(including the stressed syllable algoritiim, the procedures for analyzing phonetic
struct:1' 23 in the region of the stressed syllable, the preliminary syntactic hypothe-

sizer, and the prosndic and phonological rules) can be added as they are completed.

3.8. Compiling Phonological and Prosodic Rules

Phonological rules will form a major component in our prosodically-guided
speech understanding streiegy, as they are expected to in the strategies of other
ARPA contractors. Wayne Lea has participated in the ARPA Rules Workshops, and
presented talks on prosodic hypotheses and rules. We plan to compile hypotheses and
experimentally-verified rules abont prosodic regularities, such as rules relating
stress patterns to syatactic structures, and rules showing how clause structures,

phrases, stress patterns, and phonectic sequences superimpcse effects on F0 contours.

An unpublished ARPA ‘‘SUR Note’’ and a Sperry Un’vac technical report (Lea,
1974c) have provided some in.tial attempts at defining prusodic hypotheses. Further
studies are closely tied to plans for prosodic analysis of our large new speech data

base, which will be discussed later in this report (Sections 3.11 and 3.12).

3.9. Studies of Rhythm

The time intervals between the beginnings of the nuclei of stressea syllables
were studied, for perceived stresses for two talkers reading the Rainbow und
Monosyllabic Scripts, and for the 31 ARPA Sentences (Lea, 1974a). Stressed syl-
lables did tend to be spaced about 400 ms apart, but the variation in interval sizes
was quite large, even for a single tulker within a single text. We concluded that the
concept of English being a stress-timed language is not simply exhibited by exact
equality »f interstress intervals, or even by an unquestionable ‘‘tendency toward
equality’’ of interstress intervals regardless of other factors. We found that, con-
trary to several published hypotheses, the average interstress interval increases
about linearly with the number of unstressed syllahles between the stresses. A
tendency toward stressed-unstressed alternation was exhinited, and it is probably
this tendency , plus the somewhat uniform durations expected for unstressed syllables,
that yields the tendency for interstress intervals to cluster somewhat near an average

of 400 ms or so.
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This study also showed that pauses hetween clauses of a scntence tended to be
about the same duration as interstress intervals, while pauses hetween sentences
tenced to be twice that duration. A pause is thus like an integer multiple of an inserted
silent interst-ess interval. We also foiind that time intervals between detected syn-
tactic boundaries tended to cluster in a muliimodal distribution centered around

multiples cf the average interstress interval.

These results indicate that ir*erstress intervals, pause durations, and intervals
between dztected boundaries all seem to relate to speech rhythm. Each of these, plus
a measure like the number of syllables per second, may be usefrl as a measure of
speech rate. Knowlng speecn rate may be useful in selecting what phonological rules

to assume apply to a given utterance.

3.10 Prosodic Analysis of BBN Prohi.em Sentences

We have conducted experiments on coustituent boundary detection, stressad syl-
lavle location, reliability of phonetic analysis in stressed syllubles, and rhythmic
regularities like interstress intervul s, sause durations, and intervals between con-
stituent boundaries. How might ARPA contractors begin to use such prosodically-
based informatior in spezch understanding systems? To suggest answers to this
question, we processed six ‘' problem sentences’’ provided by Bolt Beranek and
Newman, to see if prosodies could distinguish hetween yes-no questions and commands,
and if they could disambiguate potentially ambiguous syntactic structures. We found
that, contrary to a popular belief, a yes-no question is not simply mark~d by increas-
ing FO values within or following the last stressed syllable of the sentence, even if the
sentence sounds like a questlon to the casual listener. However, there was some
indication iaat the yes-no question may have less fall in F, in the total FO contour
after the first stressed syllable. Also, the auxiliarv verh (*‘have’’, ‘‘do’’, etc.) that
often begins a yes-no question is unstressed, while the verb of a command is stressed.
Some disjunctures, or time intervals hetween onsets of syllabic nuclei, were also

found to he different for the yes-no auestion versus command.

The stress positions, disjunctures, and nositions of detected syntactic boundaries

were 1so found to distinguish between structurally differ: at structures like [any
. NP
people_-! [done] [chemlcal analysesJ versus [ any [ people-done_] chemical analysis].
NPV VNP NP NP  Adi Adj NP
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Thus several cues (overall Fo contours, positions of constituent boundaries, stress
patterns, and ~isjunctures) do show promise of distinguishing yes/no questions from

commands and of disambiguating structurally ambiguous sentences.

No strong claims could be made from these preliminary studies, but the results
do reinforce our opinions that some aspects of linguistic structure can he usefully
detected from prosodic features, and possibly used to guide syntactic hypothesizing.
Further studies with extensive sets of utterances with controlled contrasts must be
undertaken, to determine exactly what can be readily determined from prosodic patterns.
As each prosodic cue to linguistic structure is firmly established from such experi-
mental studies, that cue may be applied to actual tests with avaiiable ARPA speech

understanding systems.

3.11 Sentences for Controlled Testing of Acoustic Phonetic

Components of Speech Understanding Systems

We have repeatedly noted the need for more controlled testing of prosodic and
phonetic analysis procedures, to determine what 2.2 the underlying linguistic causes for
various chunges in acoustic features. This contrasts with the usual way in which re-
searchers select speech texts to test the performance of system components. I'requently,
researchers merely record and process a few arbitrary sentences which are selected
from the set of possible inputs to the machine. These may be obtained (1) by writing down
a few sentences and having prospective talkers read the sentences, or (2) by setting up a
mock protocol, ir which a talker pretends to be talking to the machine while performing
the task for which he hopes to use the speech understandiug system. The spontaneous
utterances from a protoccl are expected to be more representative of the kind of speech
that will ultimnaitely be handled by the machine, but the speech read from writter texts
is more easily controlled. The importance of controlled sentence designs cannct be
overemphasized. For ease of processing. for efficiency, and to maximize the number
of questions answered by the fewest number of sentences, one would like to pack as many

occurrences of relevant phonetic se " ~=ces into as few sentcnces as possible.

A total of 17 *‘ Phonetic Sentences’’ have been designed (Lea, 1974b) to
test the acoustic phonetic components of speech understanding systems. such as

acoustic parameterization (e.g., formant tracking ai.d fundamentol frequency

tracking), phcnetic segmentation and categorization (locating each /s/ in the speech,

17
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or finding all unvoiced stops, or determining place of articulation for a voiced stop,

etc.), and acoustic phonetic and phonologica: rules (how consonants are affected by

position in a cluster, how pre-stressed and unstressed consonants differ, how vowels
are affected by consonantal context, what happens at word boundaries, etc.). One sub-
set of sentences includes occurrences of most English word-initial consonants or
consonant clusters, combined with each of eleven stressed vowels, and the word-finai
consonantal sequences following the stressed vowels, Word-initial and word-final
vowels are also included, as are diphthongs coupled with certain consonauts. Another
subset includes very :imple sentence structures with contrasting phonetic categories,
such as all-sonorant sentences, sentences where all consonants are unvoiced stops,
etc. Finally, another snwbset includes vowel-vowel sequences at word boundaries,

to study English anti-hiatic mechanisms like glottal stops.

A complete description of the Phonetic Sentences, including the total list of
sentences, hus been published (Lea, 1974b). The sentences will be recorded later,
following a modification of procedures described in Sperry Univac Report PX 10952
(Lea, 1974b).

3.12 Sentences for Controlled Testing of P;osodic and

Syntactic Components of Speech Understanding Systems

In previous reports (Lea, 1974a, <) we have described a number of specific
issues about how prosodic pctterns inay indicate syntactic structures. A set of 902
sentences have been designed to test siuch issues (Lea, 1974c). One of the first issues
to be systematically addressed with su:h sentences concerns the effects of the position
of the first stressed syllable within a constituent. As stress is moved within a con-
stituent, how do the associated positions of syntactic boundaries move, and how are
the acoustic correlates of stress affected? Other questions to be considered include
how prosodic patterns may give cues to sentence type, presence of coordinate
structlures, subordination, and contrastive syntactic bracketings. Various subsets of
the sentences test prosodic effects of: adverbs, prenominal and predicate adjectives;
possessives and quantifiers; proncuns; boundaries between noun phrases and verbals;
negation; there-insertion; noun-verb stress pairs; restrictive and apositive relative

clauses; etc.
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These ‘‘ Prososyntactic Sentences’’ will be recorded along with the Phonetic

Sentences. They will permit careful study of the prosodic effects of various isnlated
differences in linguistic structure, and will provide the necessary information for

development of experimentally-verified rul2s of prosodic structure.

3.13 Usage of ARPANET

As a separate, internally-funded project at Univac, a Very Distant Host (VDH)
connection to the ARPANET has bern implemented on a Univac 1219 computer (instead

of on the Univac 1218 as previously planned). As a single-ended circuit, the VDH

—— e e

functions much like the Terminal Interface Message Processors (TIP’s) on the net-

work, without the responsibilities of message packet forwarding, but with the capa-

ol

bilities of efficient large-si:e packet transmissions.

Completely operational software on the 1219 includes a Network Control Fro-
gram (NCP), Reliable Transmission Package (RTP), and handlers for a teletype and
high-speed line yrinter. The hardware and software to connect the VDH to the Speech
Research Facility 1616 com;-uter is at the debugging stage. This will allow additional
input/output devices to he used ia natwork transmissions. The 1616 software might
then be expanded to include the higher-level File Transfer Protocol (FTPj},to allow

high speed program and data exchange across the network.

i

The 1219 VDH facility has been used extensively for communications with other
ARPA contractors, using both the mailbox and direct link capabilitics of the ncHwork.
This has proved a useful mode of getting and sending memos, getting questions
answered, and exchanging technical information, including, for example, FORTRAN
programs. We have begun to use program facilities on the network as our own work
has suggested specific needs. 1n particular, we have learned how to access phono-
logical rule testers at BBN and SDC. This has allowed us to discover whit phono-
logical rules are being formalized hy other groups, and how these rules apply to our
own vocabularies. We anticipate that such access will allow us to keep abreast of
rules as they are incorporated, and aid our own thinking about how a phonological

rules ccmpoaent might be incorporated in systems .

i

-
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4. PLANS FOR FURTHER STUDIES

4.1 Summary

Our work on prosodic guidelines to speech understanding has progressed to a
point of considcrable success and encouraging results. We have presented thcoretical
arguments ahout the need for extracting from the acoustic speech signul some prosodic
cues to the large-u: -t linguistic structuce, without dependence upon the prior deter-
mination of phonemic structure and recognition of the words in the sentence (Lea,
Medress, and Skinner, 1972a). Vital assumptions of a prosndically-guided approach
to speech understanding have been verified from a variety of experiments. In particular,
stressed syllables have heen ¢ ..wn to be of prime importance in speech recognition,
bccause of: (a) the occurrence of s.ressed syllables in semantically important words;
(b) the close correspondence between detected phonetic structure and undevlying
phonemic structures in stressed syllables; (c) the much higher reliability of phonetic
classification possible in stressed svllahbles (as evidenced by the analysis of results
from the CMU Speech Segmentation Workshop); ond (d) the vital cues to syntactic
structure that stressed syllables provide (as evidenccd by the different patterns of

stress locations for tre alternative interpretations of the BBN prohlem sentences).

A series of "‘natural experiments’’ (cf. Anderson, 1966) have been conducted to
determine specific reiationships hetween various ucoustic prosodic features, on the one
hand, and linguistic structures, perceptions, and abstract notions /such as rhythm,
etc.), on the other hund. In such **natural experiments’’, onc does not directly control
an independent variable (such as syntactic bracketing) and study resultant changes in
a dependent variable (such as valleys in FO contours); rather, he simply looks at the
data obtained {from naturally-occurring phenomena (such d4s the speech previously
recorded und identified as the Rainbow Script, Monosyllabic Script, and the 31 ARPA
Sentenccs). From studies of such speech texts, we have demonstrated tnat over 907 of
all intuitively predicted syntactic boundaries are detected from substantial fall-risc
valleys in Fg contours. We have shown that over 857 of all syllables perceived as

stressed are located hy a particular combination of energy duration and F cues, as-

0
suming archetype Fo contours for constituents. Available methods for automatic
phonetic classifications have been shown to be most reliable within the syllables per-

ceived as stressed, for the 31 ARPA Sentences. Stressed syllahic nuclei have been
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shown to have a rough tendency toward equal spacing in time, though the dependence
upon the number of intervening unstressed syllables is very prominent. Pause dura-
tions also appear to correlate with average time intervals between stressei nuclei.
Finally, a look at a few similar sentence structures in the BBN problem s::ntences
has shown considerable hope fcr using prosodic cues to select correct syrtactic
structures. Those sentences showed distinctive stress patterns, positions of detected
constituent boundaries, and Fg contour parameters (such as the FO fall from the peak
value in the sentence to the maximum value in the last stressed syllable), whizh can
distinguish yes/no questions and commands, and determine the correct bracketing of

the ambhiguous word sequences.

In such natural experiment<, one cannot be certain that some unknown third
variable is not the source of any apparent relationships between the acoustic variablc
and the underlying abstract variable. “ontrolled experiments, with all variables ex-
cept one fixed in the comparison of two utterances, provide the proper extension from &
the encouraging results of the natural experiments. The designed speech texts provide
the necessary controls and sufficient data to extend these encouraging tendencies into
well-defined rules relating prosodic variables and linguistic structure. Now that the
controlled speech texts have been designed, and separaie reports have been published
describing the Phonetic Sentences (Lea, 1974b) and the Prosyntactic Sentences (Lea,

1974c), these controlled experiments can begin.

4.2 Controlled Experinients with Designed Sentences

The designed sentences will soun be recorded by five male and three female
talkers, with three repetitions spaced a week or more apart. Initially, a subset of
those sentences (which subset investigales the effects of stress movement within
constituents) will be analyzed. Such analysis includes: obtaining FO and energy func-
tions; applying the boundary detection algorithin; antomatically locating stressed
syllables: ohtaining listener’s stress percepntions for the subset of sentences; con-
ducting a thorough evaluation of the results of these prosodic analyses; and deter-
mining whether rules can be written relating stress positions within constituents to

expected positions of detected constituent boundaries, acoustic correlates of stress, etc,

In subsequent controlled experiments with the designed texts, we plan to study

prosodic cues to sentence type, syntactic bracketing, suberidination, and coordination.
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We are particularly interested in investigating the corntincd effects of syntactic,
lexical, and phonetic structures on intonation contours, and developing intonation rules
that relate fundamental frequency contours to linguistic structures. Only by such a
systematic attack on the task of compiling experimentally-verified rules ard develop-
ing consequent tools for acoustic prosodic analysis can one hope to provide the kind of
reliahility needed to make such prosodic data of major value in speech understanding

systems.

4.3 Use of Prosodics in Speech Understanding Systems

The development of useful rules for relating prosodic patterns to linguistic
structure also demands the direct application of those rules to working systems, to
evaluate their accuracy and utility. Sperry Univac plans to be involved in several
forms of interaction with ARPA contractors, to cooperatively evaluate various pro-
sodic tools and rules. In particular, Sperry Univac is proposing to: analyze selected
problem sentences for systems contractors, to zee how prosodic information may help
stlect correct structures; and to investigate prosodic aids to parsing (with the BBN
system, for example). Sperry Univac will also be participating in other interactions
such as phonological rules workshops, ARPA Speech Understanding Research (SUR)

Steering Commiitee activities, und data base selections.

To effectively impact the ARPA program of building speech understanding sys-
tems that meet the original specifications by 1976, prosodic feat:1r -3 should be intro-
duced into the developing systems as early as possible. Sperry Univac believes that
prosodies can provide crucial contributiong to word matching, parsing, semantic
analysis, and phonological analysis. It is noteworthy that the Steering Committee of
the ARPA Speech Understanding Research (SUR) program has also suggested that a
majocr attack should be mounted on thz area of prosodics, since this source of knowledge
has not been used in any previous system, though it offers the possibility of a unique

contribution to sentence disambiguation and overall system control strategies.

From previous discussions with systems contractors, we already anticipate
several ways in which prosodic information may be directly useful in current speech
understanding systems. One way is in guiding procedures for locating and matching
words in sentences. In long phonetic sequenrces (especialiy segment lattices which

allow several alternative boundaries foir segments, and which allow several segment
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labels to be assigned to various segments), it is difficult to tell where a candidate
word might begin and where it might end. The location and phonetic specification of
stressed syllables may provide reliable anchor points uround which the search for an
adequate word match might be attempted. Particular weight n:ight thus he given to the
most reliable information in the word. Alsc, words that might appeur to be possible
candidates for insertion at various points in the phonetic sequence may be ruled out

if they have the wrong stress patterns.

Because of this potential for stressed syllables aiding word matching, all three
ARDPA systems contractors have asked Sperry Univac to provide the stressed syllable
locaticen program jor inclusion in their systems. We plan to supply the program and
related documentation as soon as it is totally operational. Since thal program works
with syntactic boundary detections as input datu, the boundary detecticn program will
also he supplied, after it has teen refined to eliminate some of the false detections,

and to provide confid»nce measures for each detection.

In addition to nroviding systems contractors our imnproved procedures for syn-
tactic beundary detection ard stressed syllable location, we plan to investigate specific
ways in which prosodic information may aid structural analyses. For example, we may
use typed input to BBN TENEX, through the ARPANI [, to access the BBN parser.
After learning how to use the parser to parse some BBN sentences, we may study its
use with some of the designed test sentences, to learn where ambiguities and problems
occur that might he resolved with prosodic duta. We plan to cooperate with BBN in
developing ways of introducing useful proscdic data into their system, such as by usiag
prosodic patterns to specify predicate finctions attached to transition arcs used in
parsing (ci{. Bates, 1974). Prosodic patterns may be used to assign priorities or like-
lihood information to various transition arcs, and to provide further qualifying informa-
tion which must be satisfied hefore pop-up procedures are undergone. Simila* intro-

ductions of prosodic information into other parsers could he attempted.

As each hypothesis abuut prosodic cues to syntactic structure is tested with the
designed sentences and found to nrovide useful information, we inay investigate its
‘*a posteriori” use in disambiguating, or s:lecting among competing structures for un
utterance. We may also consider how that prosodic information can be introduced early
in parsing procedurcs, to avoid fruitlesc paths of search in structural analysis, thus

giving ‘‘a prior’ ’ guidelines to efficient parsing.
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4.4 Compiling Useful Prosodic Rules

There is a definite need to develop precise rules for systematically relating
prosodic patterns to urderlying structures. Tre previous predictions of where phrase
houndaries should occur in Fj contours have been baced on intuitive analyses of syn-
tactic structures. Where expected houndaries do not occur, or wherever false or un-
expected boundaries do occur, there has bee . no recourse indicating thc source of the
error. This is in part due to the intuitive predictions used, and in part due to the un-
controlled syntactic structures involved in the texts studied. Experiments with the
designed sentences of known syntactic structure will indicate exartly what structural
boundaries are marked, and will permit the writing of precise rules predicting where
boundaries will occur in new sentences of similar structures. These rules for pre-
dicting detectable boundaries may then be useful in computer determination of pos-

sible underlying structure given the detected boundaries.

Similarly, precise rules for relating stress pa‘terns to underliying structures
are needed. Published (theoretical) hypotheses about sentence stress patterns can
best he tested with experimental data such as that to be analyzed in the proposed
studies, Such systematic studies a.e needed to ultimately write analytical procedures

for predicting underlying structures from stress patterns.

Of primary importance in such prosodic studies is the development of English

intonation rules. Intonation rules cut across the whole gamut of problems involved in

speech understanding, including th explanation of why constituent houndaries are de-
tectable in F, contcurs, what are "":e acoustic correlates of strcssed syllables, how
syntactic and semantic structures might be munifested acoustically, what .re usefui
phonological rules and inorphological rules in various contests, and how stress rules
might be inferred from acoustic data. If cne can understand how the interacting effects
of semantics, syntax, lexical structures, stress patterns, and phenetic sequences are
superimposed in the Fy and energy contours of controlled English sentences, he has
some of the most essential tools for using acoustic prosodic data to guide speech

understanding strategies.

We pian to investigate such rules of English intonation, plus other rules ahout
stress putterns, rhythm, and rate of speech, as time and resources permit. We also
plan ‘0 continue supporting and participating in the ARPA workshops on acoustic phcnetic
and phonologit il rules, Bes.des general participacion in the compilation and evaluation of
phonological riles, Sperry Univac will endeavor to provide and test any useful prosodic

rules, 24
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5. PUBLICATIONS AND REPORTS

The following is a complete list of Sperry Univac publications, reports, presenta-

tions, and unpublished ARPA SUR Nctes, resulting from ARPA funding to data:

_P_ublications and Rg_ports

LEA, W. A., MEDRESS, M. F., and SKINNER, T. E., Prosodic Aids to Speech Recogni-
tion: 1. Basic Algorithns and Stress Studies, Univac Report No. PX 7910, Univac Park,
St. Paul, Minnesota, October 1972.

LEA, W. A., Influences of Phonetic Sequences and Stress on Fundamenta! Frequency
Contours of lsolated Words, J. Acoust. Soc. of America, Vol. 53, Junuary, 1973, 346(A).

LEA, W, A., M DRE=S, M. F., and SKINNER, T. E. Us: of Syntictic Segmentation an«
Stressed S:ilable Location in Phonemic R~~~mmiv ., J. Acoust. Soc. of America, Vol.
53, Junuary, 1973, 356(:\).

LEA, W. A., Syntactic Boundaries and Stress iatterns in Spoken English Texts, Univac
Report No. PX 10146, Univac Park, St. Paul, Minnesota, March, 1973.

LEA, W. A. MEDRESS, M. F., and SKINNER, T. E., Prosodic Aids to Speech Recogni-
tion: 1. Syntactic Segmentation and Stressed Syllable Location, Univac Report No.
PX 10232, Univac Park, St. DPaul, Minnesota, April, 1973.

LEA, W. A., MEDRESS, M. F., and SKINNER, T. E., Prosodic Aids to Speech Recogiii-
tion: I11. Relationships between Stress and Phonemic Recognition Results, Univuc
Report No. PX 10430, Univac Park, St. Paul, Minnesota, September. 1973.

LEA, W.A., MEDRESS, M. T., and SKINNER, T.E., A Prosodi~ :liy-Giuided Speech
Understanding Strategy, Proc. IEEE Symposium on Speech recognition, Carneg: -
Mellon University, Pittsburgh, Penn., April, 1974, 38-14.

LEA, W. A., Prosodic Aids to Speech Recognition 1V: A General Strategy for Prosodi-
cally-Guided Speech Understanlding, Univac Report No. PX 10791, Univac Park, St. Paul,
Minnesota, March, 1974.

LEA, W. A., Sentences for Controlled Testing of Acoustic Phonetic Components of Speech
Understunding Systems, Univac Report PX 10952, Univac Park, St. Paul, Minnesota,
September, 1074.

LEA, W. A., Sentences for Controlled Testing of Prosodic and Syntactic Components of
Speech Understanding Systems, Univac Report PX 10953, Univac Park, St. Paul, Minne-
sota, October, 1974,
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pral Presentations

LEA, W. A, Izfluences of Phonetic Sequences and Stress on Fundamental Frequency
Contours of lsolated Words, nresented at the S4th Meeting ot the Acoustical Society of
America, Miami Beach, Florida, November, 1972,

LEA, W. A, Use of Syntactic Segmenta*ior and Stressed Syllable Location in Phonemic
Recognition, presented at the 84th Mceting of ¢.. Acoustical Society of America,
Miami Beach, Florida, November, 1972 (voauthorea with Maurk F. Medress ani Toby E.
Skinner).

LEA, W. A., Prosodic Features and Linguistic St1ucture, presented at the ARPA
Tutorial Lectures on Acoustic-Phonetic Character stics of Lnglish Sentences,
Cambridge, Massachusetts, “ecember, 1972,

LEA, W, A., MEDRESS, M. F., and SKINNER, T. E., A Prosodically Guided Spezch
Understanding Strategy, presented at 1EEE Symposium on S:eech Recognition,
Carnegic Mellon University, Pittsburgh, Pua., April, 1974.

LEA, W, A, ““ Perceivea Stress as the ‘Standard’ for Judging \cousticut Correlates of
Stress’’, presented at the 86th Meeting of the Acoustical Society of America, Los
Angeles, California, Novembeyr, 1973.

LEA, W. A,, *“Evidence tha. Stressed Syllables Are the Most Readily Decoded Portions
of Continuous Speech’’, presented at the 86th Meeting of the Acoustical Society of
America, Los Angeles, California, November, 1973.

LEA, W. A, ““An Algorithm for Locating Stressed Syllables in Continuous Speech’’,
presented at the 86th M=eting of the Acoustical Society of America, Los Angeles,
California, November, 1973.

LEA, W. A, Prosodic Phenon:ena, session chaired at ARPA Phonological Rules Work-
sh: , Systems Development Corporation, Santa Monica, California, June, 1974,

LEA, W. A,, A Speech Data Base for Testing Components of Spcech Understandirg
Systems, presentod at 38th nleeting of the Acoustical Scciety of America, St. Louis,
Missouri, November, 1974.

LEA, W. A., Prosndic Hypotheses and Rules, to be presented at the ARPA Workshop

on Acoustic Phonetic and Phonological Rules, Bolt Beranek and Newman, Camnbridge,
Massachusetts, November, 1974.
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Unpublished ARFA SUR Notes

2
.

16.

32.

36.

39.

45.

48.

49.

54,

63.

82,

108.

139.

141.

MEDRESS, M. F., The Univac Speech Recognition Study (5 pages), December,
1971,

MEDRESS, M. F., Proposed Computer Phonetic Transcriptions (2 pages),
February, 1972.

MEDRESS, M. F., Univac Speech Bibliography (1 page), February, 1972,

MEDRESS, M. F., Reviscd Computer Phonetic Represcntations (2 pages),
April 1972.

MEDRESS, M.F., et al.. ** Acoustic Correlates of Linguis.ic St125s" (Literature
Survey, 22 pages), Ju.e, 1972,

LEA, W, A, Acoustic Cues for Boundaries between Syn’actic Units (6 pages),
August, 1972,

LEA, W. A, Considerations in the Design of Good Speech Texts (7 pages),
September, 1972,

MEDRESS, M. 1., Plans for the First Segment of the Speech Data Base (2 pages),
October, 1972,

MEDRESS, M. F., et al., Prosodic Aids to Speech Recognition (68 pages),
October, 1972.

LEA, W. A, MEDRESS, M. F., and SKINNER, T.E., Use of Syntuctic Segmentation
and Stressed Syllable Lccation ir Phonemic Recognition (11 pages), December,
1972,

LEA, W. A, Syntactic Fuacturs in the Initial Selection of Senterces for the Data
Buse (7 pages), December, 1972,

LEA, W. A., Some Factors in the Selection of Utterances ‘or Speaker Normaliza-
tion (3 pages), February, 1973.

LEA, W. A., Acoustic Analysis of 13 ARPA Sentences (4 pages), February, 1973.

LEA, W. A, MEDRESS, M. F., and SKINNER, T.E., Univac Final Technical Re-
port: Prosodic Aids to Speech Recognition II: Syntactic Segmentation and Stressed
Syllahle Location (34 pages), May, 1973.

LEA, W. A., MEDRESS, M. F., and SKINNER, T. E., Frosodic Aids to Speech
Recognition: IIl. Relationships between Stress and Phonemic Recognition Results
(6 pages), October, 1973.

MEDRESS, M. F., Prosodic Aids to Recognition: IV, A Genera: St: .tegy for Pro-
sodically-Guided Speech Understanding (65 pages), May, 1974.

LEA, W.A., Sentences for 1lesting Acoustic Phonetic Components of Systems
(18 pages), July, 1974.
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