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PREFACE

This is the sixth in a series of reports on Prosodic Aids to Speech Recognition.

The previous reports appeared as {ollows:

I. Basic Algorithms and Stress Studies 1 October, 1972 PX 7940

II. Syntactic Segmentation and Stressed
Syllable Location 15 April, 1973 PX 10232

III. Relationships Between Stress and
Phonemic Recognition Results 21 September, 1973 PX 10430

IV. A General Strategy for Prosodically-
Guided Speech Understanding 29 March, 1974 PX 10791

V. A Summary of Results to Date 31 October, 1974 PX 11087

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 cf the authors and
should not be interpreted as necessarily representing the official policies, either ex-

pressed or implied, of the Advanced Research Projects Agency or the U.S. Government.
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SUMMARY

Two computer programs for prosodic analysis have been delivered to ARPA
contractors, and are being inccrporated into speech understanding systems at Bolt
Beranek and Newman, and System Development Corporation. One program (‘ BOUND 3”’)
is an improved procedurs for detecting boundaries between major syniactic phrases
from substantial fall-rise ‘‘valleys’’ in the contours of fundamental frequency versus
time. This program has been improved from earlier Sperry Univac versions, by
using more efficient prrcedures for finding valleys in the fundamental frequency
contour, eliminating some false boundary detections by more strict requirements on
the durations of falls or rises in fandamental frequercy, and assigning confidence

mesasures toc 2ach boundary detection.

The other program (‘“STRESS’) represents a major milestone in Sperry
Univac’s efforts to provide prosodic aids to speech understanding. 1t is an imple-
mentation of a procedure for lccating stressed syliables in continuous speech.

Thig program includes procedures for finding the kigh-energy nucleus of each

syllable ir the speech and measuriug the ‘size’ (energy =nd duration) of #ach nucleus.
Those syllabic nuclei that are stressed are then found by a context-dependent analysis
of energy and fundamental frequency contours. Within each major syntactic constituent
delimited by the boundary detection program, a search is made for the earliest high
energy chunk of speech (that is, a syllabic nucleus) during which fundamenta! frequency
is increasing. Tests are made among all those syllabic nuclei that have rising funda-
mental frequency and that are near the peak fundamental frequency in the constituent.
The first such nucleus whose energy (actually, sum-of-dB values in the nucleus) is
greater than a thrzshold fraction (currently, about 62%) of the energy in subsequent
nuclei is chosen as the stressed “HEA.™’ of the constituent. (If no nuclei have in-
creasing fundamental frequency within them, the choice of the HEAD is based solely

on relative erergies or ‘zizes’ of the nuclei.)

after locating the stressed HEAD in a constituent, a straight ‘‘archetype line”’
is defined to approximate the gradual fall in fundamental frequency from the peak to
the end of the constituent. Other stresses are assumed to be associated with high
enzrgy (long duration) nuclei near regions where fundamental frequency rises above
the archetype line. Fundamental frequency must not fall rapidly within the stressed

nucleus associated with the rise above the archetype line, and again a test of relative

sizes of nearbhy candidate nuclei selects the stressed nucleus.
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This program implements the procedures used in our previous hand analyses of
stress patterns. However, a number of improvements and new tests are included in
this computer implementation of the ‘‘archetype-contour algorithm’’. For one thing,
two different measures of the size of syllabic nuclei are used, and allowance is made
for cases when extreme values of energy alone or substantially rising fundamental
frequency alone may cause a nucleus to be chosen as the stressed syllable. Also,
when the archetype line covers a long time span aud fundamental frequency drops
substantially below the archetype line, an additional test allows stresses to be found
on long-duraticn nuclei, even if the fundamental frequency doesn’t rise above the
archetype line. An additional tcst permits long-duration nuclei just before pauses in

the speech to be found as stressed.

The STRESS program was tested with several speech texts for which we already
had listener's perceptions of stress levels, plus results of applying two simpler stress
location programs and the hand analysis with the archetype algorithm. On the average.
89% of the syllables perceived as stressed were found by the program, while about one
out of five locations were ‘false’, in that they did not locate a syllable perceived as
stressed. Over haif of these false locations were found to be due to fairly prominent
(‘almost stressed’) syllables, false boundary detections, and failures in syllabic seg-
mentation. However, other errors were due to detailed inadequacies in the STRESS
program, such as the wrong choice of candidate nuclei, problems with the archetype
line, some long prepausal unstressed syilables which appeared stressed, and short
nuc'ci and falling fundamental frequency contours that resulted from unvoiced obstru-

ents surrounding short stressed vowe!s.

It is important to note that, while the STRESS program confuses about 15% of all
syllables between the ‘‘stressed’’ and ‘‘unstressed’’ categories, listeners at their best
performance confuse 5% of the syllables. Thus, while the program is open to some
improvements, it is approaching the level of performance that listéners can attain.
The program has also been shown to work considerabiy better than some simpler

stress location programs.

Sperry Univac is currently cooperating with ARPA speech understanding system
contractors in implementing the prosodic programs in their systems. Studies will

soon be undertaken with subsets of the Sperry Univac speech data base, to determine
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how the constituent boundaries detected from fundamental frequency contours are moved
as the position of the first stress in the constituent is moved, and how the stress location

program performs in locating the stresses at various positions within a sentence.

Another major effort has been concerned with experiments on timing cues to
linguistic structure. In one experiment, five sentences per speaker were selected from
the speech of six individuals who participated in simulations of computer ‘nteractions.
The utterances were distorted by spectral inversion and presented to five listeners who
marked stressed syllables, and the locations and types (normal or hesitation) of phono-
logical phrase boundaries, using only the prosodic cues remaining in the signal. Vowel
and sonorant durations (with and without aspiration) were measured from spectrograms,
and then declared stressed or unstressed based on the perceptions. Exploring the
hypothesis that large increases in phonetic duration are syntactically determined, per-
ceived boundary locations were compared with preceding segments which were 20%
above the median length for that segment type. Using a rule which groups lengthened
gyllables, and from the lengthened group predicts phrase boundaries, 91% of the perceived
boundaries were predicted. Of all the perceived phrase boundaries, those before silences
longer than 200 milliseconds were more reliably predicted by lengthening than boundaries
not at long silences. Locations perceived to be normal phonological phrase boundaries
were more reliably predicted than those perceived as hesitations. Of the predicted
boundary locations not perceived by listeners, some mark major syntactic boundaries,
hut most are at minor syntactic breaks, notably betveen raodifiers and nouns, and after

prepositions. The results also suggest that speaker differences and style variations

may be important.

In another experiment, the question was whether or not one could detect major
phrase boundaries from timing of prosodic features alone (such as onsets of syllabic
nuclei found from energy contours), without the need for a prior determination of the
phonetic sequence or the detection of lengthening of phonetic segments, We found that,
in read sentence: ~d paragraphs, as well as simulated man-computer interactions,
time intervals hetween onscts of stressed vowels (‘‘disjunctures’’) clustered near mean
vaiues arcund 0.4 to 0.5 second, with standard deviations of about 0.2 second. Contrary
to published hypotheses, durations of disjunictures tended to increase about linearly
with the number of intervening unstressed syllables. Mean disjuncture durations

doubled when spanning ciause boundaries, and tripled when spanning sentence boundaries.
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Mean pause durations, as measured by durations of unvoicing, tended to be equal to or
%' twice the mean interstress interval, for clause and sentence boundaries, respectively.
Syntactically-dictated pauses thus appear to be one- or two-unit interruptions of
rhythm. Long disjunctures also accompanied 95% of the perceived boundaries between
phonological phrases, and were found useful in determining which of several minimally-

contrastive syntactic struch:res had been spoken.

In a third experiment, we investigated how various measures of the rate of speech
correspond with changes in pi:onological structure that should be handled by ‘‘fast

speech’” phonological and acoustic phonetic rules. The curation of the interstress

interval was found to inversely correlate with the percentage of phones that were

erroneously categorized by various available methods for automatic phonetic cate-
gorization. Other measures of speech rate, such as the nuniber of syllablec per unit
time, were not as clo:sely correlated with phonetic error rates. The interstress in-
terval thus appears t- be uscful in predicting phonological rules that might apply to

an utterance,

These experiments chow further ways in which the location of stressed syllables

could play an important role in speech understanding, and they expand the ways in

which prosodic information could be used to determine syntactic and phonological

structure.

In subsequent studies with subsets of the Sperry Univac speech data base, we
will be investigating whether prosodic structures can provide cues to sentence type,
contrastive syntactic bracketing, and subordination of phrases. Further investigations
also will be conducted on timing cues to linguistic structure. Such cxperiments are
expected to provide a better understanding of the relationship between prosodic patterns
and various linguistic structures, and to provide ideas for improving the prosodic
analysis programs. The improved programs will be integrated into speech under-
standing systems and tested for their effectiveness in aiding word matching and

syntactic parsing procedures.

vi




Report No. PX 11239 UNIVAC

i TABLE OF CONTENTS
E Page
17 JRIRISITANCIS ¢ 6 6 0 0 0 6 5 0 0 5 0 000 6o 000000 00000000600 30 0 ii
S SUMMARY . . . .. © 0 0 000 000GOOGOG OO 00000000 aC iii
* s i. INTRODUCTION . . . . . . o it e e e e i ot e e e e e s 1
f 2. COMPUTER PROGRAMS FOR PROSODIC ANALYSIS. . ... .. ... 2
2.1 BOUND3, for Detecting Boundaries between Major Syntactic
Comstituents . . . . . . . . .. . . .. .. e 2
2.1.1 Use of Eighth ToneScale . ... ... ........... 2
2.1.2 Eliminating Some False Phonetically-Produced Boundaries 3
2.1.3 Assigning Confidence Measures to Boundary Detections . 3
2.1.4 Detecting Sentence and Clause Boundaries . .. . . .. .. 4
2.1.5 Evaluating the Performance of the BOUND3 Program . . . 5
2.2 STRESS, for Locating Stressed Syllables . . . .. ... .. .. 5
2.2.1 Cyllabification . . . . .. ... ... ... ... ... ...
2.2.2 Measures of the ‘Size’ of the Syllabic Nucleus . .. . .. 9
2.2.3 Locating the First Stress in Each Constituent . . . . . .. 10
2.2.4 Defining the Archetype F, Contour . . . . ... .. .. .. 14
2.2,5 Locating Other Stressed Syllables in the Constituents . . . 15
2.2.5.1 The Basic Tests for Other Stresses. . . . . . b 15
2,2.5.2 Stresses Near Short Rises Above the
Archetype Line . . . . . . . ... .. .. 5o o G 16
2.2.5.3 Stresses Under Long Archetype Lines . . . . . . 17
2.2.5.4 DPrepausal Stresses . . . . . . . . . ..o . .. 17
2.3 Evaluating the Performancc of the STRESS Program . . . . . .. 18
2.3.1 Correct Locations by the STRESS Program . . . .. ... 18
2.3.2 False Locations by the STRESS Program . . . ... .. .. 20
2.3.3 Is the STRESS Program adequate? . . . . .. ... .. .. 23
2.4  Incorporating the Prosodic Programs into ARPA Speech
vnderstanding Systems . . . . . . ... ... o000 24
3. EXPERIMENTS ON TIMING CUES TO L.NGUISTIC STRUCTURE . . . 26
3.1 Vowei and Sonorant Lenthening as Cues to Phonological
Phrase Boundaries . . . . .. .. .. ... ... ... ..., 26

vii




\

Report No. PX 11239 JNIVAC

4 TABLE OF CONTENTS (Cont.) H

Page

3.2 Interstress Intervals ac Cues to Phonclogical Phrase
Boundaries . . . . . .. . . . . . o e e e e e e e 36

3.3  Interstress Intervals as Cues to Applicable Phonological Rules. . . 44

4, CONCLUSIONS AND FURTHER STUDIES . . . . . . v v v v vt v o o o 49

4.1 SUMMArY. . . . . & vttt e e e e e e e e e e e e e e e e e e 49

4.2  Improvements in the Prosodic Programs . .. .. ... ... ... 49

4.3 Plans for a Prosodic Executive Routine . . . . . . . .. ... . .. 52

4.4 Further Studies . . . . . . . . . . . . ¢ i e e e e e e e e e e e e e 53

{ 5. REFERENCES . . . ..\ v v et ettt ittt e 56

4 8. APPENDIX . .+ . v v ot e e e e e e e e e e e 58
L.,
f

viii




Report No. PX 11239 UNIVAC

1. INTRODUCTION

This 15 a rejort on work currently in progress ii: the Univac Speech Co.amunica-
tions Grouo, under contract 'wiith the Advanced Research Projects Agency (ARPA). As a
part of A2 PA’s total progiara in research on speech understanding systems, the research
reported herein is concerned with extracting reliatle prosodic and distinctive features
information from the 2coustic wavetorm of connected speech (sentences and discourses).
Studies are being concentrated on problems of detecting stressed syllables and syn-
tactic boundaries, doing distinctive features analysis within s:ressed syllables, and

using prosodic features to guide syntactic pars ng and semantic analysis.

Under previous contracts, Sperry Univac developed basic tools for prosouic ar -
distinctive-features analysis, and conducted initial experiments dealing with prosodic
patterns ir connected speech. A review of that previous work was presented in a recent
report {Lea, 1974d). In scction 2 of this report, new and improved versions of the pro-
sodic tools are described. These tools are currently heing integrated into the BBN and
SDC speech understanding systems. In section 3, some e -periments on timing cues to
linguistic structure are described. These experiments shov, some further ways in

v hich prosodic information may be useful in speech understanding systems.

Section 4 provides a summary and plans for further studies. References are
listed in s_ction 5. An Appendix provides an explanation of the eighth-tone scale of
fur Jamentai frequeiicy measr~>ment that 1s used in the Sperry Univac prosodic analysis

programs.
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2. COMPUTER PROGRAMS FOR PROSOIIC ANALYSIS

2.1 BOUND3 f{or Detecting Foundaries between Major Syntactic Constituents

Lea’s research (1971, 1972, 1973b) showed that a decrease (of abcut 7% or more)
in fundamental frequency (Fg) usually occurred at the end of each major syntactic con-
stituent, and an increas~ (of about "% or more) in F, occurred near the beginning of
the following constituent. A computer program, based on the regular occurrence of
F, valleys at constituent boundaries, w s implemented as a FORTRAN program on
the Sperry Univac speech research facility and tested with six talkers reading the
Rainbow Script, two talkers reading a paragraph composed of only monosyllabic words,
and a collection of 31 ARPA sentences involving eight talkers. The boundary detection
algorithm was found to correctly detect 79% of ull linguistically predicted boundaries
in the reudings of the Rainbow Script, 83% of all predicted soundaries in the “Mono-
syllabic’ Script, and over 74% of all predicted boundaiies in the 31 ARPA sentences.
Almost nalt of the predicted boundarie. that were not located were between noun phrases
and fcilowing verbals; when these were neglected, about 90% of all other boundaries were

correctly detected.

Some imgprovements in the boundary detection program were recommended in
Sperry Univac Report PX 10232 (Lea, Medress, and Skinner, 1973a). These, and a few
other refinetnents, have been incorporated into the BOUND 3 program that was dis-

tributed to ARPA contractors during December, 1974.

2.1.1 Use of Eighth Tone Scale

One improvement has been the use of an eighthi-tore scale (see the Apvendix) for
representing F,, rather than a simple Hertz value. This eighth-tone scale has been
used in our previous plots of F, versus time (as in Figure 3 on page 9, Lea, Medress,

and Skinn:r, 1973), but was not directly used in the earlier calculations of boundaries.

An important advantage of the eighth tone scale is that it shows the same change

in number of tcnes for the same percentage change in F,, so that the logarithmic scale

of perceptual just-noticeable-ditferences is captured, and equivalent percentage chunges
in a woman's fundamental frequency (from 240 to 250 Hz, for example) and a man's
fundamental frequency (from 120 to 125 Hz, for example) yield the same change in the

number of tones (from 86 to 89 eighth tones, and from 38 to 41 eighth tcnes, respectively).

B o
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With the eighth tone scale, the 7% F, differences sought for as cues to syntactic
boundaries can be found as simple differences of 5 eighth tones. Consequently, BOUND3
searches for simple decreases of 5 eighth tones followed by increases of 5 eighth tones.
This simplifies the arithmetic, eliminating multiplications and divisions that were pre-

viously used.

2.1.2 Eliminating Some False Phonetically-Produced Bourdaries

Another improvement is that each substantial rise or fall of I'; must last for two
or more segments, for the fall to qualify as the fall into a constituent boundary, or the
rise to qualify as a rise after a constituent boundary. This helps eliminate false de-
tections of syntactic boundaries due to a single point which is out of line. In particular,
the high Fo that occurs right after unvoiced obstruents, and the sudden dip in F0 ac-
companying voiced obstruents (cf. Lea, 1973b), are less likely to ‘rigger false detection
of houndaries. Related to the demand for at least two-point duration in each new F0
maximum or minimum is the setting of the thresholds for subsequent sufficient fall
and rise. If, after finding a new two-point minimum, the threchold for sufficient rise
after it is set at five eighth tones above the lowest attained value, then occasionally a
single-point dip will trigger a false boundary detection. To eliminate this, the BOUND3
program in¢ ludes a determination of the next-to-lowest value and requires the expected

5 tone rise to be measured from that value, not the absolutely lowest local minimum.

2.1.3 Assigning Confidence Measures to Boundary Detections

Confidence measures are another improvement suggested in Univac Report PX
10232 (pp. 24 and 2£). They Lave been incorporated into BOUND3, and represent the
most valuable improvement over previous versicas of the program. The method of
assigning coniidences is based on those F contour features that appeared relevant to
being sure that an apparent boundary is in fact syntactically-preduced (as contrasted
with being phonetically-produced, as are the F jdips and jumps near obstruents).
Regular boundaries between constituents within a clause are assigned a basic confidence
measure of 5 units plus three times the magnitude of tte subhsequent Fo rise. Thus, a
10-eighth-tone rise will get a basic confidence of 543(10)=35. Then, if the time during
which FO is rising is more than 3 time segments (30 ms), the basic confidence measure

is incremented by another 5 units. If thie next maximum F, was due to a high F, value




3
4
B

=
=

Report No. PX 11232 UNIVAC

after unvoicing (that is, the maximum is preceded by unvoicing, and followed by an im-
mediate F fall), the confidence measure for the preceding boundary is reduced by the
amount of drop in the next two segments plus the amount of drop in the next five segments.
A rapid fall in F after the maximum, followed by a leveling off, is thus penalized, since

it is likely to be due to an unvoiced consonant, not a syntactic effect.

2.1.4 Detecting Sentence and Clause Bound:.cies

Clause boundaries, or embedded and unembedded sentence boundaries, are ex-
pected to be accompanied by long pauses (long stretches of unvoicing). Currently, a
stretch of 35 unvoiced segments (350 ms) is required for a detection of a sentential
pause. (This threshold could well be made a controllable program paramcter, to
account for variable rates of speech and talker differences, but it currently is an
ahsolute number.) Each pause is assigned a basic confidence measure (KONFIB)equal
to the length of unvoicing. Then this KONFIB is incremented by any amount that the F,
rise following the pausal boundary is greater than 20 eighth tones. If the lowest F
value near the pause is before the pause, any amcunt of Fo rise beyond 20 eighth tones
above that clause-final value is used to increment the confidence measure. This at-
tention to F0 changes at pausal boundaries is based on previous observations (Lea,
1972, pp. 74-5) that very large Fgy changes accompany clause and sentence boundaries.

When such changes occur, we are very confident a syntactic boundary has occurred.

The CONFIB subroutine also assigns a ‘‘confidence in type’” (KONTY P) measure,
which says that when KONTY P is high, the associated boundary is very likely to be a
boundary between sentences, or between clauses. The KONTYP measure is equal to
the confidence in the houndary (KONFIB) at the pause, plus an increment equal to just
how much over 30 eighth tones tae F rises after the boundary. (Thus KONFIB and
KONTY P at pauses are equal unless at least 30 eighth tones rise occurs, in which case

KONTYP is larger.)

The CONFIB subroutine also includes a provisicn for reducing the confidence of
an F;-detected boundary which is just before a pause. Often just before a pause, a
brief terminal rise will occur, and an extra boundary will have heen set at the valley
just before the terminal rise. If an F; rise (without associated fall) occurs just before

a pause, the confidence of that houndary just before the pause is reduced by 20.
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It is worth noting that the chosen assignments of basic confidence measures as-
sume that a 10 eighth-tone-rise in I, is about as good a cue to the presence of a syn-
tactic boundary as is a 35cs stretch of unvoicing. From a study of the confidence
measures obtained with the above-mentioned texts, a boundary with a confidence below
30 >+ so could reasonably be rejected, while one about 60 or more is very probably a
true syun'ictic boundary. One with a confidence above 100 is most definitely a syntactic

boundary, and probably is a sentence boundary.

2.1.5 Evaluating the Performance of the BOUND3 Program

The boundary detection program has been repeatedly tested in previous experi-
ments (Lea, 1972, 1973a; Lea, Medress, and Skinner, 1973) and showrn: to correctly
detect about 90% of all major syntactic boundaries predicted by an indepencent syntactic
analysis. The improvements incorporated in the latest version are expected to slightly
increase the percentage of correct detections and reduce the number of false alurms
that would be found in further tests. However, these differences are not expected to be
dramatic. The main advantages of the improvements are the improved efficiency of
computation,the reduction of phonetically-produced false alarms, and (of most interest)

the availability of confidence measures.

Ultimately, the real test of the boundary detection process also will involve being
able to predict by rule exactly which constituent boundaries will be marked by F, valleys.
Also, the expected location of the boundary needs to be investigated further. Previous
tests suggest that the detected boundary (at the bottom of the Fq valley) often does not
coincide with the timing of the boundary between the last word of the preceding con-
stituent and the first word of the following constituent. Tests with the designed speech
texts (Lea, 1974b,c) will permit the development of rules which specify where boundaries

should occur.

2.2 STRESS, for Locating Stressed Syllables

A program for locating stressed syliables may be useful in speech understanding
systems for any of several purposes: 1) locating anchor points around which the most
reliable automatic phonetic analysis and word matching can be accomplished; 2) locating
areas where surface phonetic structures correspond most closely with underlying

phonemic structures, thus increasing the reliability of word finding and word matching;
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3) locating the most likely regions where important (‘‘content’’) words are (since im-
portant words are usually stressed); 4) glving information pertinent to which phono-

l logical rules may apply (since stress plays a r>le in many phonological rules);
5) providing basic stress timing data that may be used to determine rhythm, dis-
jur.-.ure, and rate of speech; and (6) guiding syntactic and semantic hypotheses (since

[ stress patterns relate closely to syntactic and semantic structures).

The program STRESS represents quite an improvement over the original hand-
| algorithm described in our previous reports {(Lea, Medress, and Skinner, 1972; Lea,
: 1973a; Lea, Medress, and Skinner, 1973; Lea, 1974a). The basic ideas behind the
STRESS program were outlined in Univac Report PX 10146 (Lea, 1973a). These are
detailed more in the flow charts of Figure la and 1b.

2.2.1 Syllabification

STRESS calls subroutine CHUNK, which finds high-intensity regions bhounded
by substantial dips in energy. These ‘‘chunks’’ are presumed to correspond with
syllabic nuclei; that is, they are the ceniral parts of syllables, consisting of vciwels
and (sometimes) non-vowel sonorants. The energy dips are presumed to be due to
- pre-vocalic or post-vocalic consonants, and thus they reflect the general areas where

boundaries hetween syllables are presumed to occur.

There are several ways in which this syllabification is not ideally accomplished
by CHUNK. For one thing, although the energy contour is band-limited (60-3000 Iiz),
t!. ce are :till some cases where unvoiced obstruents (specifically, strident fricatives)
give the high-intensity chunks that we are trying to identif{y as ‘‘syllabic nuclei’’. Such

unvoiced chunks are not currently distinguished from the voiced syllabic nuclei by the

CHUNK routine. Under Univac funding, a routine called SYLLB was implemented,
which uses CHUNK, along with an independent voicing iest (based on a very-low-
frequency (60-400 Hz) energy function) to do a more accurate job of syllabification.

The SYLLB routine has not been incorporated into STRESS, hut, in a total prosodically-
guided speech understanding strategy, syllabification by SYLLB ultimately will be dore
before STRESS is called, under the PROSOD executive to be described in section 4.3.
Because no voicing decision is currently involved in CHUNK, a number of (admittedly
redundant and inefficient) tests for voicing were incorporated within subroutines
HEADER and OTHERE. These ‘voicing tests’ are based on determining whether a

value of F  was found, not on an independent voicing decision.

6
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While CHUNK is quite successful in finding most (over 90%) of al! syllables in
connected speech, there are some all-sonorant sequences which it fails to break up into
syllables, due to the lack of a substantial dip in energy during the intervocalic sonorants.
Thus, for example, in ARPA sentences LM3 and LS21, the sequence ‘‘the own-'' or even
‘‘the owner’’ or ‘‘the owner of’’ may look like one long syllable. This ‘inadequacy’ in
syllabification introduces ‘alse alarms in stress location, when sequences of unstressed
syllables (like ‘‘do you’’, ‘‘-erence’’, ‘‘-cular’’, ‘‘for each’’, in the ARPA sentences)
look like one long syllable. Also, the all-sonorant sequence ‘‘we were all'’ was found
as one ctressed syllable, even though it was perceived as having two stresses within it.

This gave one ‘‘miss’’ in scoring stressed syllable locations.

CHUNK provides the 5 dB-down beginning NBEGIN(-T) and end NEND(J) points
of each chunk. J, the position NPEAK(J) of the peak dB energy in the chunk, and the
position NDIP (J) which is the bottom of the dip in energy between syllables.

Suggestions for refining the syllahification procedures will be given in section 4.2.

2.2,2 Measures of the ‘Size’ of the Syllabic Nucleus

Once syllabification is accomplished, STRESS than calls INTGRL to tetermine
the duration of the syllabic nucleus and a measure of the ‘‘energy integral’’ for the
nucleus. The duration LONG is simply the number of 10-ms time segments contained
in the chunk, namely, LONG=NEND(J)-NB EGIN(J)+1. The ‘‘energy integral’’ measure

is the sum of dB values within the chunk; namely, LARGE(J) =ZISONOR(NBEGIN(J))+ISONOR

(NBEGIN(J)+ 1)+ISONOR(NBLGIN(J)+2)+. . .+ ISONOR(NEND(. .This measure is not

a simple measure of the integral of speech power throughout the chunk. We tried

using the actual energy integral, by converting the individual dB values for each of the
time segments back to power, adding the powers, and converting back to dB. But this
direct measure of energy integral worked very poorly in discriminating between
stressed and unstressed syllables, for obvious reasons. For one thing, a syllable
nucleus that is twice as long as another (with about the same segmental dB values)
would only be 3dB higher in energy integral. A typical difference between a short un-
stressed syllable and a long stressed syllable might only be a change in energy integral
from 60 to 61, 62, or 63 dB. /n energy threshold for stress assignment is then difficult
to assign. What is more, a 2 or 3 dB change in the intensity of a siagle point in the

chunk can be almost as effective as a doubling of the duration of the chunk.
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Instead, a measure is needed which is niore sensitive to nucleus duration than

to absoiute intensity levels. Eu«tensive previous studies have shown that duration is
a better cue to st.ess than is intensity, and the Sperry Univac tests with a direct

measure of energy integral vividly confirmed those results. The sum of dB values

within a chunk (LARGE) was found to be an excellent combination of intensity and

duration cues, in that it is heavily weighted toward duration cues, but doesn’t entirely

ignore intensities.

2.2.3 Locating the First Stress in Each Constituc.at

STRESS then cali< subroutine HEADER tec search for the first stress, or
‘““HEAD'', in each syntactic constituent. The beginning and ending of the constituent

are provided by BOUNDS3, as is the position of maximum I, in the constituent,

Now, a couple of refinements on the original stress location algorithm come
into play. HEADER firsc tests for whether there are at least 6 voiced segments
(centiseconds, cs) in the constituent. If not, no test for stress is done in that con-
stituent, since it is expected that any genuine constituent will have at least one

voiced syllable which lasts mcre than 6 cs.

Any genuine ‘‘ constituent” is also expected tc be fairly loug, containing several
syllables or at least one long syllable. Consequently, HEADER tests for constituents
tha: are shorter than 30 cs in duration. These may actually be short genuine con-
stituents, or they may be ‘‘false’’ constituents resulting from local variations in Fo
that are sufficieut to trigger the syntactic boundary detection algorithm. HEADER
thus requires a chunk of at least 8 cs duration (reflecting something like 4 minimum
expected duration for a stressed chunk) within the constituent. If no such long chunk
occurs, HEADER goes on to the next constituent, thus rejecting the idea that a

stressed HEAD need be found in such short ‘‘constituents’*.

The first step in locating the HEAD in an acceptable ronstituert is; to set some
bounds on where to search. Certainly we look no farther back in time than the end
of the last stress previously located. This is determined by LTEND, the time at the
end of the last stressed chunk previously located. Some of the syllabl-s right after
that previous stress are also ruled out, or accepted as possible '+ adjustments of
the chunk variable J. Then, HEADER will set some more stringent bounds on the

earliest point where the stressed HEAD could be.

10
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F The most important definition ot the search region for finding HEADs is to reject
des those chunks which begin more than 40 cs before the position of maximum F_ in the

e constituent, or which end more than 30 cs after that maximum Fo point. This asserts
- that somewhere near the maximum F, point in a constituent there is a stressed HEAD.
3. It is most likely to be associated with the rise in Fo from the previous constituent

. boundary up to the maximum Fo point.

. Thus, a number ot chunks are initial candidates for possible stress assignment.
. HEADER than looks for those chunks which “ave & or more points where Fo is rising,
i. by determining how much F, has rizen in the previoas 5 time segments, for each time
) segment within each chunk. Each chunk which has a 5-point F, rise is considered an
i acceptable candidate for first choice as the stressed HEAD. The total amount of F

rise within a chunk is also calculated for each chunk.

Then the acceptabie candidate chunks are compared, and that chunk is chosen
which is the earliest one which has at least 627 of the '‘energy integral”” LARGE of

all subsequent acceptable candidate chunks. (The 62% is empirically derived; it had

o

been set at 60% in the original algorithm, but slightly better results were obtained with
the 627 threshold.) As of this point, a single choice for the HEAD has been selected;
namely, stress is assigned to the first chunk with rising F0 which is at least 527 of the

energy of subsequent chunks with rising F,.

However, it was necessary to allow a couple of other conditions to occasionally
overrule the preliminary choice of the HEAD. If the total amount of F, rise within a
candidate chunk is more than 10 eighth tones greater than that in an earlier chunk
chosen in the prelin.inary choice, then that later chunk with very large b, rise is
chosen as a more likely stress candidate. This revision of the choice of the stressed
HEAD is based on the notion (Berlinger, 1958; Lea, 1973a) that large I, rises are as-
sociated with stress. This F_ test was also empirically fourd to be necessary. to
accomplish the correct selection of stressed HEADS, particularly in sentence-initial

(post-pausal) constituents.

Another test which can overrule the selection of the HEAD chunk is a test of the
‘‘total energy’’ within a syllable. Sometimes, as shown for chunk J+1 in Figure 2a, a
local increase of energy within a syllable can result in a short chunk riding on the top
of a much longer hign-energy region corresponding to the total syllabic nucleus. Another
(earlier or later) chunk may be longer, and appear to have a larger sum of dB within its

5-dB down portions. The LARGE test might then select the wrong chunk for the stressed

11
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HEAD. However, if a ‘‘total-energy’’ is properly defined for the syilable, one might be
able to correct for this effect. This is done as follows. First, for each candidat< chunk,
a threshold amount of energy drop is defined as being two thirds of the distance down
from the maximum energy in the chunk to the higher-energy of the two surrounding dips
in energy. Thus, chunk J (actually, a temporarily chosen MAX chunk) is bounded by a
previous energy dip at NDIP(J-1) and a following dip NDIP(J). Whichever dip has higher
energy is used to define the threshold amount of energy Grop that will be accepted within
the syllable. Then, a threshold is set which is 1/3 of the distance up from the dip
tow~.rds the maximum energy in the chunk. In Figure 2b, we see that for chunk J,
NPEAXK(J} has 60 dB and NDIP(J) has a low energy of 48 dB, so the threshold for the
total energy measure is set ¢ 48+ (60-48)/3=52 dB. The ‘‘total energy’’ measure
LTOTAL is then defined as the sum of all dB values of sonorant energy in the syllable
which are greater than or equal to the threshold value. A similar setting of thresholds
and summing of dB is done in the other candidate chunks (such as chunk J+1 in Figure

2b). The chunk chosen as HEAD is then that one which has a total energy greater than
64% of all later acceptable chunks.

Sonoran® Energy

6548

6048
2/30, N 2/30

S5 N\,
o NN
50d8 /)

e
7
2.
[ &9
//

Revised Choice of HEAO based on LTOTM. 2.64 RTOTAL

{(b] A test of ‘total energy’ LTOTAL and RTOTAL changes the
cholce to the correct chunk

Figure 2. Revisions of the Selection of a HEAD Based on a ‘ Total-Energy’ Test
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@ % This ‘““total-energy’ test doesn’t override the test based on LARGE verv often,
and even then the eurlier test with LARGE provides a single MAX chunk to compare all

e others with, thus making the ‘‘total-energy'' test simpler.

These tests for the HEAD all work with those chunks which have a 5--point 1N rise.
There is another case which must be dealt with, however. Some constituents have no
eligible chunks with such an F rise, and a HEAD for the constituent must be chosen
from among chunks with falling F, contours. (This may be due to the falling F contours
that follow unvoiced obstruents, even in stressed syllables. Tt 2 fact that a syntactic
boundary had been placed just before such syllables does suggest that F, was substan-
tially lower at earlier times, and is now falling from higher values.) In this case,
HEADER looks for the first chunk that is at least 75% of the energy of all subscquent

chunks.

After the selection of the HEAD by one of the above-descrihea procedures, it is
checked for voicing (does it have at least two voiced points within it?) and, if it has not
already been callnd a stress by a previous test (during the processing of the previous
F, -detected constituent), then it is piaced into an array of stressed syllables, with the
peak-energy point in the chunk specifying the ‘‘position’' of the stressed syllable. The
end of that chunk is then called LTEND, and the search for subsequent stresses wiil

begin after LTEND.

It would seem very reasonable to also say that all tests of chunks for locating
the next stress (within this constituent or the next) should then begin at the next chunk
(J=IHEAD+1), right after the stress just located In the initial implementation of the
program, such a demand was neglected and yet the results were quite good, even though
the next test for a stress started with whatever J happened to be after all previous
stress tests. (Remember, J, the testing chunk number, can be several chunks after
the finally-chosen stressed chunk, since HEADER tests several chunks and cliooses
the earliest of the best candidates, and the test variable J could be equal to the number
of the stressed chunk, or as much as several chunks later). Inserting an ‘‘improvement”’
to set J equal to the number of the located stress and then to increment it to try sub-
sequent chunks, caused the loss of several stresses that had been previously located
correctly and,instead, produced some false alarms (chunks then called stressed that

weren't perceived as stressed). It appeared that one chould generally etiminate from

13
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consideration most of those chunks which have already been tried. However, there were
some exceptions, where one did needto decrease J by 1, to test an earlier chunk, These
excepticns require¢ J-1 tc be a long chunk, with energy (LARGE) quite a bit larger in J

than in J+1, or with J having a Jarge F rise within it.

As we shal} see in section 4.2, two of the major areas where nne would hope im-
provements may be made in the stress program are in the initial guidelines as to which
chunks to test (what regions the candidate .aunks can be in) and how to best select the
stressed syllabie from among the candidate chunks. Another improve ment (in efficiency,
at least) might be to collapse the several tests for the stressed HEAD into one or two
more direct tests (such as testing LARGE ~nd total energy in one energy test, and

combining energy and F, tests more directly).

2.2.4 Defining the Archetype Fo Contour

After locating the stressec HEAD in a constituent, HEADER thar calls ARCHLN,
to define the ‘‘archetype line’’ used in the search for other streases in the corstituent.
Subroutine ARCHLN and furction LFO provide a mathematical formula for a straight
line on the eighth-tone F plot, extending from the maximum Fy point (‘‘TOP’’) down
to a point (‘‘TAIL'’) near the end of the constituent. It is expected that if there are no
stresses between the HEAD and the end of the constituent, this form of a steady drop
in F4 will be exhibited. However, if any streses occur between the HEAD and the end
of the constituent, we would expect them to be indicated by local increases in Fo abhove

the falling archetype line.

To define the archetype line, ARCHLN first defines the TAIL, or bottom end, of
the line. (The TOP has already been defined by HEADER.) The time of the TAIL is
initially set at the position LIMIT of the next syntactic boundary, or at the last point
of voicing LTV, if the next boundary is within a pause. Then, the TAIL is moved back
to the middle of the first plateau or valley in F, that is encountered in moving back
from LIMIT or LTV (not including the vlateau or valley that the boundary was set in).
Th2 value of Fo (in eighth tones) at the TAIL then deiermines the bottom of the arche-
type line, and the line extends between the point (TTOP, TONES (TTOP)) and (TTAIL,
TONES (TTAIL)). The function LFO actually gives the value of F, at each point on
the line defined by these end points.

14
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‘This definition of the archetype line is not profound, but rather empirical. Previous
results showed that, just before many boundaries, F, would drop quite fast, and the last
few points would thus not be representative of the more gradual fall in F occurring
during earlier parts ot the constituent. One way to capture the basic contour was to set
the TAIL near the end of the gradual fall and before the final rapid fall in Fo . Usually a
little plateau or valley cou.? be found in that region, as one cue to the end of the general

archetype shape.

In section 4.2, we will consider some refinements that might be introduced into the

definition of the archetype line.

2.2,5 Locating Other Stressed Syllables in the Constituents

Subroutinc OTHERS looks for other stressed syllables between the HEAD aad the
TAIL of the constituent. It is called by STRESS after the archetype line is defined. Its
most basic test is to look for places where F0 rises above the archetype line for 5 or
more segmer:ts, and to find a nearby chunk with nonfalling (or at least not-very-rapidly-

falling) Fy. OTHERS also includes a few other ‘‘last resort’’ tests for other stresses.

2.2.5.1 The Basic Tests for Other Strecses

OTHERS finds a place where F, is above the archetype line for 5 segments. When
suct. a regicn is found, tests determine whether F, is rising for 5 or more segments (in
which case, OTHERS initiates a search for a nearby candidate chunk for stress assign-
ment; or not (in which ccse, OTHERS initiates a test for a nearby chunk in which F0 is
not falling too rapidly). If there are several candidate chunks with rising F o within
them, and they are all in the vicinity ¢f the rise of F above the archetype line, OTHERS
selects the earliest one whose energy (LARGE) is greater than 50% of all the subsequent
candidates. If no chunks with rising Fy occur near the rise above the archetype line,
OTHERS selects that ‘nearby’ chunk in which F0 doesn’t drop mé)re then two eighth tones
per five segments within the chunk. Tbe stress is then assigned, and then another

similar test is conducted at the next place where F, rises above the archetype line.

The search region ‘‘in the vicinity’’ of the rise in Fo above the archetype line is
defined rather narrowly. For a chunk to be the source of the F rise above the archetype,
it must either overlap with the region where F, is above the line, or it must be slightly

earlier. The F, rise probably beg"n somewhat before it actually showed above the
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archetype contour, thus reflectirg a possibility of a slightly earlier position for the
stress. This same form of overlap with the rise above the archetype line is applied
for the ‘‘nearby’’<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>