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PREFACE

Thie is the ninth, and last, in a series of reports on Prosodic Aids to
Speech Recognition. The previous reports apraared as follows:

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

II. Syntactic Segmentation and Stressed
Sylleble Location 15 April, 1973 PY 10232

III. Relationships Between Stress and

Phonemic Recognition Results 21 September, 1973 PY 10430

IV. A General Strategy for Prosodically-
Guided Speech Understanding 20 Merch, 1974 PX 10791
V. A Summary of Results to Date 31 October, 1974 PX 11087

VI. Timing Cues to Linguistic Structure
and Irproved Computer Programs 31 March, 1975 PX 11239

VII. Experiments on Detecting and Locat-
ing Phrase Boundaries 14 November, 1975 PX 11534

VIII. Listeners' Perceptions of Selected

Fnglisk Stress Patterns 21 Juae 1976 P 11711

This reseerch was supported by the Adveanced Research Projects Agency of the
Department of Defense, under Contract No. DAHC15-73-C-0310, ARPA Order No. 2010.

The views and conclusions conteined in this document are those of the author
and should not be interpreted as necessarily representing the official policies,
either expressed or implied, of the Advanced Research Projects Agency or the
U. S. Goverrment.

I would like to acknowledge the help during various phases of our project
of the following other Sperry Univac researchers:

Dr. Mark Medress
Dr. Timothy Diller,
Dean Kloker, and
Toby Skirner.
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SUMMARY

For four and one half years, Sperry Univac has been engaged in research
on prosodic structures and their use in speech understanding systems, as a
part of the large ARPA Speech Understanding Research (SUR) program. This,
the final report on the effort, describes our two most recent studies and

summarizes the results of our entire work for ARPA.

One of our two major accomplishments during this final reporting period
was to complete our aspects of a cooperative study with Bolt Beranek and
Newman (BBN), to develop prosodic aids for the parser in the BBN "Hear What
I Mean" (HWIM) speech understanding system. We marked every transiticn arc
in the SMALLGRAM grammar used in the HWIM system, indicating whether the
word associated with that point in generated syntactic structures would or
would not be immediately preceded by a phrase boundary detected from the
fundamental frequency (Fo) contours associated with the speaking of that
structure. Previous research had shown that the first stressed syllable of
major syntactic phrases in spoken sentences would be immediately preceded by
a fall-rise "valley" in Fo, so that the first stressed words of a phrase
should be marked in the grammar as expected to be preceded by a boundary.

We proposed to BBN that procedures be implemented that would in~rease
the score on words hypothesized by the HWIM system if those words wers expected
to be preceded by a boundary and application of the Fo-based phrase boundary
detector showed a boundary occurring just before the hypothesized position
of that word in the utterance. Thus if a boundary was detected, those words
were rewarded (increased in score) that predicted a boundary at that point.
If a boundary was expected before a hypothesized word (that is, the word
was marked in the grammar as one expected to be immediately preceded by a
poundary), but no boundary was detected in the Fo data, the score on that
hypothesized word would be reduced substantially. In essence, if you
expect a boundary, you better get it, and if rou do, you should try that

word or phrase hypothesis earlier than ones whose expected prosodies disagree
with the detected prosody.
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To test this specific concept of prosodic elds to persing, we processed
& total of sixteen sentences through our prosodic enalysis tools, and com-
pared the detected phrase boundaries with BBN's control and parsing traces
of HWIM's attempts to understard those sentences. BEN's latest method of
hypothesis scoring, based on a shortfall density function, had to be
accomodated. Also, we needed to help BBN define exactly when a boundary
may be said to "immediately precede" & hypothesized word. We found that,
for all the sentences, the prosodic adjustwents in scores on one-word
and multiple~word theories would help correct word sequences to be tried
before erroneous ones. Thus, proscdics clearly seemed to offer frequent
chances of helping the parser.

BBN conseguently implemented procedures for using the marked ercs of
the grammar, the Fo-detected phrase boundaries, and the adjustrment of scores
on hypothesized word sequences or "theories". Unfortunately their ARPA project
ended before these procedures could be tested to confirm the value of the
prosodic eids to parsing. Still, we believe that our hand analyses showed
real promise of intonational phrase boundaries guiding the parser to correct

parses.

Cne other major accomplishment during these last few months was to
enalyze the acoustic prosodic patterns in 255 ol our carefully-designed deata
bese sentences. Percelved stress patterns for those sentences had already
been obtained in our previous studies. We found that over 91% of the
syllables were correctly detected, despltie the difficult all-sonorant sequences
in many of these sentences. Also, 76% of the expected phrace boundaries were
correctly detected, and 92% of the perceived stresses were correctly located.
These were very encouraging results. However, also of interest were the
regularities in boundary placement, stress assignment, and intipetion found
from these studies of sentences with minimally-contrastive structurss.

We found that, following a phrase with & stress, boundaries occurred
before the first stresses of: noun phrases; sentence adverbs; conjuncts,
relative clauses; parantheticals; main verbs; and auxiliaries with stresses
(e.g., ccntaining a negative). Boundaries also occur before stressed
prepositions and between the partes of a compound noun. Boundaries were
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more reliably detected if unstressed syllables intervened between the last
stress of the previous phrase and the first stress of the following phrase.
Unexpected boundaries regularly accurred before (unstressed) relative pro-
nouns, and after the *nverted auxiliary in yes/no questions (before NP subjects
or, if the subject was a pronoun, before the main verb). About 8% of all
det:cted bo'adaries were false, caused by Fo variations near obstruents and
utterance -initial and final variations in Fo that can be ruled out as wrong
places for boundaries.

We learned from those controlled studies that 99% of all first stresses
in sentences occur just bYefore the Fo peak of the sentence. The stress location
algorithm can be significantly improved by incorporating this fact. Many
errors (missed stresses and unstresses falsely called stresses) resulted from
failures to separate two shert syllables, so they look like one long
("stressed") syllable. The test for prepausal stresses also needs Some
refinement. While there is room for improvement in the stress location

program, it in general is giving good results.

An overview of all our work for ARPA over the last four and one half
years is given in section 4 of this report. In brief, we have provided
extensive evidence for the value of prosodics in speech understanding
systems, have cooperated in many common tasks of the total SUR program,
have provided progrems and ideas for the use of prosodics in speech
understanding systems, and have conducted a series of experiments to learn
regularities about the whole gamut of prosodic structures. Rather than
reiterate that extensive list of contributions here, I recommend the reader
read Table VII (page 41 to43 ) at this time. It presents most of our major
accomplishments in an organized manner.

While the experimental results from our studies are many, the major
conclusions are simply stated. We have shown that prosodic features can ’
be effectively used to locate regions of phonetic reliability, guide phonological
analyses, aid word matching, and provide parsing and higher level linguistic

analyzers with independent information about the structures of spoken

sentences. Prosodics show promise of providing major improvements in speech
understanding, but no complete test of their effectiveness has been accomplished,
and much is yet to be learned about the prosodic regularities of English that
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may aid speeck understanding. Further work is needed, and we have
provided the analysis tools, experimentel designs, carefully designed
speech databases, hypotheses, and program plans that could meke such work

possible. There is no question but that prosodic anelysis should pley an
importent role in future speech understanding systems.

L
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1. INTRODMICTION

This is the nineth, and last, in a serieeg of reports on Sperry Univac's
contracts under the Speech Understanding Research program sponsored by the
Advanced Research Project Agency (ARPA). Sperry Univac's research is concerned
with extracting prosodic information from the acoustic waveform of connected
sp2ech (sentences and discourses), and using that proacdic information to detect
phrase boundaries, locate stressed syllables, determine rhythm and rate of
speech, and apply such prosodic features to guiding word matching, syntactic .
parsing, and semantic analyses.

Sperry Univac's research has been basically two-pronged: (1) developing
prosodic analysis tools and providing other services to speech undersianding
systems builders; and (2) conducting experiments suitable for determining ex-
actly how prosodic patterns relate to sentence structures. The experiments
have 4 deflnite practical goal in mind, however. They are intended to pro-
vide adequate understanding so that prosodic tools can be implemented and
improved in such a way es to provide substantial aids to other aspects of the

speech understanding process.

In Section 4 of thir report, the reader will find a review of all the
research done by Sperry Univac to provide prosodic aids to speech understanding
and conduct research on prosodic structures. Before we get to that review,
however, we must first consider the final two experimental studies just com-
pleted in this program. Tn this last half year, we have completed our study
of how intonetionally-detected phrase boundaries might be used in the Bolt
Beranek and Newman HWIM ("Hear What I Mean"”) system. As described in Section 2,
the most recent procedures for scoring alternative syntactic theories in the
HWIM system were considered, the latest form of the gramsar was marked for pro-
sodic expectations, and a set of ten additional sentences were processed to deter-
mine whether detected phrase boundaries could help the HWIM parser. In the
last days of their SUR project. BBN was not able 4c teat our ideas as we had hoped,
but our analyses do suggest gc potential for prosodic information to aid in
obtaining correct parses of seatences.

In Section 3, we report on the acoustic-prosodic patterns found in 255
representative sentences taken from our 3300-sentence spsech data base. Witr
these carefully controlled sentence structures, we were able to determine -arious
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prosodic regulerities that accompany various English phrase structures.
Several questions still remein, however, and further tests are needed.

Following the review in section 4, section 5 covers our general conclu-
sions and recommendetions for further work. Our recent studies of prosodic
patterns in controlled English texts heve shown the great value of the speecn
date bese and the need to test & variety of hypotheses about prosodic patterns.
OQur appiications of prosodic enalysis tools to guiding speech understanding
systems have shown the need for further resesarch on the direct use of prosodic
information in speech understanding systems. Ideas for furthering such work
ere suggested.

References in section 6 are followed by e listing in Appendix A of the
sentences and their prosodic ctructures, and, in Appendix B, a listing of all
the presentations and publicat ons completed at Sperry Univac within the ARPA
SUR progrem.



=

———

Report No. PX 11963 " TVAC

2. PROSODIC AIDS FOR THE BBN PARSER
2.1 Previous Results

In our previous semiannual report (Lea, 1976c), we reported on an
initial experiment to develcp means of nsing prosodic informa®ion to help
sulde the parsing and control components of the BBN HWIM System. This
study was an attempt to show on paper that prosodics can bte of some use, 'even

betore a specific procedure is coded and tested within the HWIM system. I%
appeared that some aid car be provided, but tbs ultimate success, in obtaining

more correct parses or more rapid and efficient parses, awaited further testing
and implementation, which we hoped to accomplish in this last six months, with
BBN's cooperation. Let me first summarize where we were, and then outline our
further work. I will follow the form of presentation used in describing this
work at the 92nd Meeting of the Acoustical Society of America (Lea, 1976d).

While several possible ways of using prosodics in parsing and the control
strategy of a speech understanding system were suggestsd, time pressures in
the ARPA program forced us to try only a limited form of prosodic aid to
parsing. We had never before tested the idea of using prosodic information
to directly aid parsing, so we confined our efforts in this initial study to
the use of one simple proscdic feeture; namely, intonationally-detected phrase

boundaries.

Most readers may be aware that we have previously developed a computer
program to detect boundaries between major syntactic constitutents, using fall-
rise valleys in fundamental frequency. Figure 1 shows a typical example of
how this program works, using ona of BBN's travel management sentences. The
program finds phrase boundaries at the valleys in fundamental frequency shown
by the vertical lines, before the words "Lynn's" and "ASA". This program tas
previously been found to corroctly detect about 90% of the major syntactic
bourdaries in connected speech. Recently (Lea, 1975b),we established that the

location of the detected boundary is just before the first stress in the follow-

ing constituent, regardless of whether that stress is in phrase-initial position
or not. One problem in using intonationally-detected phrase boundaries is that
this position may not line up with the exact location of the boundary between
phrs..es as predicted by syntax. We were able to get around this problem by
associating the boundary not with the first word in a phrase, but rather with
the first giresg in the phrase. To see how this works, we must first consider




IVAC

Report No. PX 11663

eouejueg juemedvuULl TOABI] NAG ® JO JINOjUO)H
ol eqy Jo oTjeweyog 8YY} UT sLeTreA o esTY-TTed
1% peloeleq eae Amg Hdo#ﬂhopv gefIgpunog 088IY{J b & Oaﬂh

() 24 (11 §4 061 oLt 0GT

113§

ort 06 oL

dd~— dN

S.NNAT T3IINYD

il

N

*

dN — A

0s
ot

(113

0S




Report No. PX 11963 UNIVAC

how intonationally--detected phrese boundaries can be introduced into the overall

operatioci. of the HWIM system.

Flgure 2 shows a simplified dlapgrar of tlie relevant aspects of the HWIM
system. The syster dces a phonetic a: dys_s to hypothesize words that have
a high score of corrcspondence with the accustic data. A queue of high snoring
words, and their positions, is given by way of the system control to the parser.
These one-word "islands" or theories zan then be evaluated by the parser, and
an adjusted 1list of likely words transferred back to system control. Prosodics
may be introduced into the process, by adjusting the priority order of promising

words that the parser transfers to system control.

In our initial experiment last May, fifteen sentences : re processed through
Sperry Univac's inmpiementations of a pitch tracker and procedure for obtaining phrase
boundaries. These proscdically obtalned toundaries were then to be compared with
expected ".oundaries, to see how well the prosodic structure of an utteorance
agreed with that expected for hypothesized word sequences. To exactly specify
how expected boundaries relate to verious syntactic structures, we marked
those arcs in the SMALLGRAM grammar whose words are expected to | immediately
preceded by Fo-detected phrase boundaries. Figure 3 displays a sar; .e portion
of the SMALLGPAM grammar, showing by the crosshatched lines those arcs that
are expected to be accompanied by phrase boundaries. This noun phrase constituent
provides descriptions of meetings which one might travel to. Its stressed
beginnings are expected to be accompanied by a boundary. Thus, to describe the
phrase "the last ASA meeting", we take the arc labeled "the", then the arc labelled
"last", which is expected to be accompanied by an Fo-detected phrase boundary.

Then the "sponsor" arc is taken, with the particular sponsor being "ASA", and
finally the arc labelled "meeting" completes the phrase, and the grammar "pops up"
to handle larger phrases. For the phrase "the ASA meeting", the grammer takes the
"the" arc, the jump arc, then the sponsor arc for "A~i", which should be accompanied
by a boundary, and again the "meeting" arc. Other s ressed beginnings of the

nour: phrase shown at the bottom of the figure are aluc expected to be marked by
boundaries. These include a sponsor like "ARPA" in a sentence like "John's going

to ARPA", or a proper noun for a destination like "Sperry Univac".

In general, those arcs of SMALLGRAM which were marked by expected boundaries
included ones lebelled with main verbs, the first stressed words in noun phrases
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(i.e., quantifiers, adjectives, and nouns, when in first-stress positions);
adverbs, and some speciml categories (like city, month, duration, digit, first
name, etc.) thai are used in BBN's iravel-management task. My previous exper-
iments had shown that Fo-detected boundaries would occur immediately before the
first stressed syllable of such constituents.

Only about one out of every six ercs in the grammar is expected to be pre-
ceded by an Fo-detected boundery (lea, 1976¢, p. 10), yet at least once or twice

in almost every sentence a boundery should occur, so that prosodic informastion
should be helpful in almost every sentence.

Given that arcs in the grammar are marked if they are expected to be pre-
ceded by an Fo-boundary, we then need to determine whether the detected prosodic
pattern for & sentence does or does not agree with the expectations about boundery
rlacements, and to use that prosodic eveluation es e guide as to whether or not
certain arcs should be used at an early stage in parsing. For our initial test
lest May BBN supplied complete control and parsing traces for seven of the
fifteen sample sentences recorded for their travel-meanagement task. We processed
€11 fifteen sentences through our fundemental frequency tracker and obteined Fo-
detécted phrase boundaries, but could relate those results to syntax in only
the seven sentences for which control and parsing traces were aveileble. If
en arc was marked to be preceded by a boundary, end e boundary was detected,
then the priority, or "score", for the word on that arc was jncresged substan-
tially (+50 points) whereas an expected boundary thet was pot detected caused
the score of the word on that arc to be substantially decreesed (-50 points).

We thus reward theories of hypothesized words when those theories should be

and are preceded by phrase bouncaries, and we decrease the priority of words

or theories that predict the presence of boundaries that are not detected.
Within the BBN System, the adjusted score determines the priority of trying that
theory in the subsequent eanelysis, with highest-~score theories tried first.

Figure L displays the major reordering which prosodic boundaries ca: prec-
duce, for initiel one word theories provided to syntax by the system control.
For this one sentence ("Charge Bonnie's trip to budget item five.'), the
initial list of priorities or scores for one-word theories as provided by the
original system is shown on the left, while its reordered form after prosecdic
edjustments is on the right. Notice that several instances of the correct words
are moved up the list, so that four of the top six theories are now versions
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of correct words. The words are followed b7 two numbers describing their
beginning and ending positions, followed by the word score. For the words

that movea up the list the scores increased 50 points due to prosodic agreement
with expectations. The reordering, which is typical of the kinds of contributions
prosodics can supply, permite correct theories (such as the words "charge",
"itemn", and "Bonnie") to be tried at earlier stages in the analysis. Testing of
erroneous words like "car, our, her, their, etc." will be deleyed by the

prosodic rearrangement of theories, so that false (misleading) paths can be
avoided.

Also, at later stages, other good myliiple-word theories "or phrases" are
boosted by knowing boundary placements. For example, at & later stage in the
analysis, the word sequence "Charge Bonnie" was boosted because of the correct
occurrence of an expected boundary before "Bonnie". Likewise, "item five" and
"budget item" were boosted, by prosodic agreements.

Anelysis of all seven control traces supplied by BBN showed many instances
vhere boundary placements could reorder the selection of theories, and thereby,
the prosodics could direct analysis toward correct islands first, potentielly
saving computations on lower-score erroneous theories, and more directly reaching
the goal of a correct perse. Without an index to the gremmar (to know everywhere
in the grammer each word could occur) and a complete list of theories (not just
the top 15 such as were given on the available traces at each point in a parse),
we could not be completely sure of when prosodies might make a parse succeed
wvhere it had previously failed. Also, without a full understending of the timing
of various processes, we couldn't tell exactly what amount or proportion of time
could be saved by the use of boundary locations. TYet, it seemed clear that many
time-consuming tests of errcneous paths would be elimineted or delayed until
after better paths were analyzed when prosodies were used. The final test would
come when the proposed procedures for prosodic aide were implemented and tested
in & total system. Parsing and control traces with the use of prosodics could be
compared with traces when prosodic informetion is pot used.

2.2 Further Work Comgpleted During This Reportine Perjod

Our enalyses of how prosodics would rearrange the theorles in available
control and parsing traces clearly confirmed the value of incorporating proscdic

10
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information into speech understanding systems. We then began a renewed effort
to cooperate with BBN in incorporating these ideas into their system, for actual
tests of whether parsing is more successful with prosodic information than
without it. Our hope was that, before the 1976 version of the BBN HWIM system
was to be demonstrated in September, we would have implemented and tested
within that system all the procedures needed to use prosodic boundaries to

aid the parser.

We received from BBN an updated version of the SMALLGRAM grammar; a grammar
index to establish everywhere each word appeared in the grammar, and control and
parsing traces for ten additional sentences. We marked every arc in SMALLGRAM,
showing one of four degrees of confidence that boundaries would occur with each
of those arcs. We checked and refined these predictions, based on the additional
evidence of detected boundaries in our prosodic processing of nine of the ten
additional sentences. With BEN, we decided that quality scores on theories
would be changed t 50 points for those words that had the highest confidence
level, and + 20 points for the next highest cont'ldence level. These changes in
quality scores on words would then be reflected in subsequent caslculations of
shortfall densities within their new scoring strategy. We provided to BBN a
specific assessment of how our prosodic programs had changed since they received
a version over a year ago, and recommended minor changes in thelr versions to
bring them up to date.

We recommended to BBN some necessary changes in the grammar. For example,
some arcs previously had stressed words like "costs" on the same arc as
unstressed words ("is", "was"), but, since boundaries would precede only the
stressed words, the words should be separated onto two parallel arcs. Other
changes in the grammsr were needed to handle cnntext-sensitive ceses where a
boundary occurred before a word if that word was not preceded by ancther (stressed)
word that would pull the boundary earlier. Thus, for example, if an utterance
ircludes the word sequence "the current budget', then a boundary occurs only

fore "current" (with none before "budget"), but if the utterance has the

"the budget", then the boundary does occur before "budget".

In July, we supplied all the new prosodic results, the completely marked
grammar, the updated scoring adjustment procedures, end the grammar changes, to

BBN. We also supplied coples of por4ions of the traces for the nine sentences,

1
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showing the reordering thet would occur if + 50 point adjustmentc in quality
scores were made where boundaries were expected and found or not found. The
initiel one-word scens or queues were significantly improved by the introduction
¢f boundary information, with more correct words moved to high priority rositioms
in the lists, and many incorrect words reduced in priority. A few errcaeous
words were incrersed in priority.

Several subsequent queues of events with multiple-word theories were elso
provided, shewling increased priority for correct tneories, elthough the exact
reordering for multiple-word theorlies would require full calculations of MAXSEGS,
shortfell, and shortfall density velues used in the new BBN scoring procedures.
These later queues from parsing traces also graphically illustrated how elimin~
ation of one wrong theory from the early stages of analysis could eliminete
pany wrong theories in later queues.

One other criticel task was to precisely define the time limits for
locatichy of boundaries that may be said to "immediately precede" a marked arc
of the gremmer. Since our previous research had shown that, with rare exceptions,
the Fo-detected boundaery was located immediately before the first stressed
syllable ir a phrase, BBN (specifically Jerry Wolf), with Sperry Urivac's advise,
developed the following procedure for relating syllable houndaries, word
boundaries, and detected phrase boundaries. First, eech detected phrase boundary

is "smeared" over the two closest syllable nuclei, by bracketing the boundary
position between the begimning of that syllable whose nucleus center is immed-

iately before the detected time and the ending of that next syllable, whose
nucleus center just follows the boundary time. This thus requires that the
systexn not only use the Fo-based boundary detection, but also the syllabification
routine ("CHUNK"). Next, (with one exception soon to be described) the word
being hypothesized by the system is said to be immediately preceded by that
Fo-detected phrase boundery if the time of the beginning of the word lies within
the phrase-boundary-smeared region (between the one syllable onset and the end

of that next syllable). If the word is pot stressed on its first syllable in

the lexicon, then a match of boundary location and the word location is comsidered
to be acceptable as long as there is any overlap of the time the word spens

end the time the smeared boundary speuns.

12
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All of the above ideas were implemented within the BBN system, but time
pressures at the end of BBN's ARPA contract unfortunately did not permit testing
out these prosodic alds to parsing. The final test would have come if parsing
and control traces wjth the use of prosodics could be compared with traces when
prosodic information is pot used. The project terminated before any such results
were avallable. Still it seeins likely from our hand analyses of sixteen BBN
control traces that prosodically-detected phrase boundaries can improve the order
in which alternative syntactic theorles are tested. While we obviously have
Just begun to offer specific prosodic aids to parsing and system control, I believe
we have shown enough of a pattern of lmproved ordering of alternative thecries
and events to warrant future efforts to introduce prosodics into parsing procedures

in speech understanding systems.

13
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3. ACOUSTIC-FROSODIC PATTERNS IN 255 SENTENCES

In previous reports (Lea, 1973s, 1973b, 1674, 1975a, 1976b; Lea, Medress,
and Skirner, 1973a,b; Lea and Kloker, 1975), we have reported on a variety of
experiments that demonstrate the utility of prosodic informacion in speech
understanding and have indicated variocus prosodic regularities such as the
marking of phrase boundaries by Fo velleys just before the first stress of a
phrese, and the marking of stressed syllables by a complex combination of
pitch rises and high energy integrels. We argued that our initial studies
with uncontrolled speech texts needed to be supplemented by mush more controlled
studies with sentences which carefully isolated various linguistic contrasts and
their prosodic cerrelates. A list of 1100 sentences, each spoken by three
telkers, was designed and recorded to provide the necessary data for more con-
trolled studies.

3.1 ina v T e

Ve began our studies of prosodic regularities in the database sentences
by selecting 255 sentences, spoken by one talker, as & representetive sampling
of linguistic contrasts that were to be studied (Lea, 1976c). These sentences,
listed again in Appendis A, include ones which can test the prosodic effects
of moving thé first stress in a constituent from the first, to the second, to
the third (etc.) syllable (to see Low the Fo-detected phrase bouadary was then
positioned); expansions of noun phrases to include nouns, pronouns, articles,
quantifiers, adjectives, and participles; practically-identical word sequences
wvith contrasting syntactic structures, verb-versus-noun stress pairs (permit/
permit, etc.); NP-PP-PP subordination; various sentence types (declarative,

WH question, yes/no question, command); coordinate clauses, VP's, and NP's';
and relative clauses.

Presented in our last report (Lea, 1976c) were listeners' perceptions
of stress patterns in the 255 sentences. We confirmed the consistency of
listeners' perceptions from time to time and from listener to listenmer, and
showed which word categories are usually stressed, which ere perceived as
unstressed, and which are reduced. We chowed how coordinate structures and
subordinetion produce reduced stress on verbs, function words, and repeated
nouns. Perceived stresses were found to cunsistently decrease throughout a
word sequence without right syntactic brackets, even though nucleer stress
rules predict patterns nf inecreasing stress.

14
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Ir the remailnder of section 3, we will present results about the ggougtic-
prosodic patterns in those same 255 sentences. We will see how various prosodic
hypotheses stand up to the data from these carefully controlled structural
distinctions, ard what are the acoustic correlates of the perceived stress patterns.
Some improvements in the prosodic analysis tcols were needed for these studies,
arnd they are briefly iescribed in section 3.2. Then, in section 3.3, we will
discuss the regularities in placement of Fo valleys associated with phrase
boundaries, and present the level of performance of our computer programs for
detecting phrase boundaries. Thess designed sentences help firmly aunswer specific
questions about which constituents are marked by Fo-detected boundaries, and
where the boundaries occur (cf. Lea, 1975b, for related work on some others of
the database sentences). Sectior 3.4 covers performance of the stressed
syllable loccetion algorithm, and the prerequisite process of syllabification.

Some intonational hypotheses that could be tested with the data are discussed

in section 3.5. More detalled studies of acoustic correlates of stress in various
sentence structures are suggested in sectinn 3.6. Specific implications for
using these experimentally-verified prosodic regularities in speech understanding
gystems are discuséed in secticn 3.7.

3.2 Improved Methodg for Acoustic-Prosodic Procegsing

In earlier studies (Lea, 1973f), we used a software analysis to obtairn
the sonorant energy function from the values of LPC-analyzed spectral energy
in the band 60 Hz to 3000 Hz. Last year, we introduced an analog hardware
filter to replace those spectral computations (Lea, 1975b), but because of the
noisy signal and other minor problems obtained with the filter, plus recent
improvements in the speed of computation of our spectral analyses, we hLave

returned to the use of the software-derived sonorant energy function.

Our Fo tracker, which is based on an autocorrelation analysis (Skinner,
1973), has been improved by incorporating a weighting function with a 10%
slope on the autocorrelation function, to discourage octave errors. Thus, the
autocorrelation equation was given by

N
A TR O Gy
fiom j =0L to J = OM’ where 1 is the amount of offset, N is the length of the
window, Ci is the windowed and center clipped waveform, Ci + -1 is the offset
window to be correlated with Ci,and 0, and O,, are the lower and upper autocorre-

L M
lation offset limits, respectively (See Lea, Medress, and Skinner, 1973a, p. 31).
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We next compute & straight line approximatation to a logerithmic function
thet decreases the Ai's by WGT percent per cctave:
sLopE = (L& O -logy O)  KIG

- 100
GL 0m

We are currently using WIG = 10. Figure 5 shows & sketch of the weighting factor
(1 + (1-02 + 1) (SLOPE)), which is based on this logarithmic weighting function.

Finally, we weight the autocorrelution coefficient by that straight line:

= 1 { -
B Ai (1+(i-0

5 + 1) . SLOPE)

L

for each i, i = OL to OM' Thie causee the kind of change in the autocorrelation
functicn sketched in Figure 5, in which the larger offset is selected as the
peek in the autocorrelation function after the weighting, whereas the smaller
offset would have been errcneously selected befcre the weighting was applied.

Analysis of the 257 sentences showed that some octave errors still
occasionally occur, but much less frequently than without this weighting function.

The progren for detecting phrase boundaries from Fo valleys (Lea, 1975 ),
is unchanged except for using & threshold value of 4 rather than 5 eighth tomes
change in Fo to have a substantial Fo valley.

Fecently, we changed ocur syllabification procedure in several minor ways
and one major way. The minor changes included: requiring all frames within
a syllabic nucleus to be voiced, disallowing overlapping nuclei that occas-
ionelly occurred; setting s minimum energy level for a peek in energy to quaelify
as the peak of & syllable; smoothing one-point jumps or dips in soncrant
energy that occasionally caused erroneous syllable detections; and adjusting
the threshold value for & minimum dip and rise in sonorant energy to qualify
as & syllable boundary (now 4 dB rather than 5 dB), to help pick up some missed
syllables. These changes helped reduce the number of erroneous "syllables"
detected and helped locate some syllables that had previously been missed.

The major change in the syllabication procedure was to redefine the begin-
ning and ending of a syllebic nucleus. Previously the nucleus endpcints were
defined as those points where energy first dipped 4 or 5 dB below the peak
energy level in the syllable. This often excluded from the syllable nucleus

16




SJIOJIIF 9A8}O(Q PTOAY

pue senysp UOTe[a.LIOd0qNY 9Yy3 oduwy) 03 J030®d Furqydrem ®w Jo esp -G eandTg

UNIVAC

13S440
ort ogL ozt ot 001 06 oﬂ oL 09 L] oy

) | 1 ] | l

— o
INVA -~
NOILVIIHHOD
-oLNy
— 2
— v
ONILHOIIM
ELTOFE:]
NA s
o~
-
-
4
o,
- RO 80
-
"y g} YOULIW 4
4+ ONILHDIIM HOLOV 4
2 ONILHD1IM
o \I\\\\n
0t .

o ot
e

—— -y P T— Hm—




Report No. PX 11963 UNIVAC

puch of the non-vowel sonorant portions of the syliable, and even some of the
lower-energy regions of the vowel. An investigation showed that the syllable
nucieus limits lined up best with the endpoints of soncrant phonetic segments
in aveilable transcriptions when the syllable nucleus limits were defined as:
those points, as one moves either way from an energy dip at a syllable boundery,
where energy first rises to at least one half of the distance between the low
energy in the dip and the peak energy in the syllable nuclei. That is, if
D(i-1) 1s the energy level in the dip before a syllable nucleus, D(i) is the
energy level in the dip after the nucleus, and P(1i) is the peak energy level
within the nucleus, then the beginmning of the mucleus is now the first point
where energy E satisfies the following inequality:

E > (P(1) + D(1-1))/2.

The endpoint of the nucieus is the last point in time before the following
dip at which energy E statisfies the following similer inequality:

E > (P(4) + D(4i))/2.

A major revision hes been made in the nucleus finding subroutine to
accomplishk this change, and it has been tested and found to be working
correctly. One obvious complication that this introduces is that the nucleus
durations no longer agree with those previously expected by the stress
identification sutroutine, so that some errore in stress location may result.
This requires some further testing and possible changes in the location
routine, to correctly select stressed nucledl.

Besides these revisions in syllabification, we alsc made minor improvements
in the stress finding routines, removing a few minor bugs and alsc modifying
the ; “ocedure for defining the position of peak fundamental frequency (Fo)
in & phrase. With this modification, local Fo jumps ufter unvoiced consonants
do not cause & displacement in the peak-Fo point before which we search for
the first stress in the phrass.

A preliminery test showed that the high-frequency (650 - 3000 Hz) sonor-
ant energy function, when used in place of the regular (6C - 3000 Hz) sonorant
energy function, could detect some syllable bounderies at intervocalic non-
vowel sonorants, but it alsc was less smooth than the regular scnorant energy
function, and introduced some erroneous syllable boundaries. Using both
functions together, or using some other spectrally-weighted energy function, may

18
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permit the detection of more syllabic boundaries without introducing erroneous

boundaries.

3-3 Intonational Phrase Boundaries

The results in syntactic boundary detection from Fo contours are summarized
in Table I. Each subset of sentences (listed completely in Appendix A) is
listed separately, witi a brief explanation of the structures it tests, the
number of expected (syntactica.ly-predicted) boundaries in the subset, and the
numbers of correctly-detected boundaries, extra (syntactically-unexpected, but
sti1l apparently syntactically-related) boundaries, and false (phonetically-
produced) boundaries. The overall figure of 76% of all expected boundaries teing
correctly detected corpares fairly well with scores ranging from seventy percent
to ovsr ninety percent found in our previour studies (Lea, 1972, 1973c,
1976¢c). This is very encouraging, in light of the difficult cases for boundary
detection included in this database. Many of the sentences are all-sonorant
to avoid false boundaries associated with Fo changes near obstruents. However,
this decreases the likelihood of sufficient Fo variations at expected boundary
positions. Also, many sentences are ve~y short (e.g., i1 subsets 14, 1E, 202,
3F, €A, 7B, and other scattered sentences), and previous experience (as well
as published claims; Armstrong and Ward, 1929) predicts that such sentences will
be more monotone and not as likely to exhibit the substantial Fo variations
needed for boundary detection. We could lower the threshcld for a substantial
valley to L eighth tones Fo dip and rise inu this study, precisely because the
less frequent cccurrence of obstruents meant less likelihood of false phonetically-

produced boundaries.

One can use the boundary detection results for the individual sentences and
subsets in this study to evaluate our basic bourdary detection hypothesis and
to more firmly establish exactly which constituents are accompanied by Fo-

detect:d boundaries. Our besic boundary detection hypothesis can be stated
as follows:

A cubstantial (4 eighth-tone) Fo valley will oceur just before the
f.st stressed syllable of each major syntactic constituent which

is preceded by another constituent containing a stress. Major
syntactic constituents include: main verbs; auxiliary verbs if and only
3L they contain a stress, such as a negative; noun phrases; sentenco
adverbs; conjuncts; relative clausee; and parentheticals. In addition,
a boundary will occur before a preaposition if it is stressed (besides
the one that will occur before the strersed noun phrase within the
prepositional phrase). A toundary will occur between the parts of a
compound noun.

15
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TABLE I. SUMMARI OF BOUNDARY DETECTION RESULTS
SUBSET, AND STRUCTURES STUDIED BOglggﬁIcmmD i HITS g . mm‘ NFA.LSE’
1A Strses Muvement,

1 Stiess/constituent 4y 1 L6% - - 5 19%
1B Stress Movement,

Fxpanding Determiner 26 20 % 3 13% - -
1c Stress Movenent,

NP Moditiers, <L S/C 50 L6 92% 6 1% 3 6%
1D Stress Movement,

NP Modifiess, >4 S/C Sk Lo 1% 25 k= 3 ) 4
1E  "Flying Planes" Peradignm ° 12 1 100% - - -~ -
=2 S"ii'r??li‘éﬁﬁatitu.nt 30 19 63% 2 oz 3 13
3D Verb/loun Stress Pairs sE 56 o7t 15 18% 2k 2B%
3F Phonetic Influences 28 18 (3113 3 13% 3 13¢
4C  NP-PP-PP Subordinmsticn 25 19 761 2 of 1 s
64  Commands 33 7 g2g 1 Ly == =
7B Yes/No Questions 18 10 56% 1% Sug 2 Bt
7D  WH Questions L6 33 7% 2 6% oo -
Ba Coordinate Sentences m 71 oLy i 5% - 21
BH  Ccordinste Verd Phrases 55 ué " eug L 8 1 21
er. Coordinate Noun Phrases 36 33 82% 9 20% 3 %
114 Relative Clauses 60 30 _6s% Q0 1Bs 8 g

TOTALS FOR ALL SUBSETS 686 519 100 57
OVERALL PERCENTAGES 76% 15% B
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Let us consider what each of the subsets teaches us about the adequacies
and inadequacies of this hypothesis. Subset 1A, for example, has very simple short
sentences of the forms (NP V), (NP V NP), and (NP AUX V NP). We expect a
boundary before the main verb (V) and before the second NP. In fact, only 8
of the 24 main verbs in subset 1A were preceded by boundaries. Five of the
eight were before the word "worry", in fact all of the cases where the verb
was "worry" were preceded by boundaries, while the verbs "know ", "knew", "owe",
and "enroll" were not preceded by boundaries, uplegs there was an (unstressed)
auxiliary preceding those verbs. Is there something about the phonetic structure
(prestressed /w/ versus other sonorants) that causes this apparent lexical
difference? Or, is the difference due to the different stress patterns of the
verbs (SU versus either S or US)? Certainly the presence of boundaries before a
main verb when the verb is preceded by an uustressed auxiliary suggests that
the alternating stress pattern SUS is more likely to have a boundary before the
second S than the patuern SS. This is to be expected, since Fo 1s usually
lower in unstressed syllables than in stressed ones, so the Fo valley should
more readily occur when an unstressed syllable intervenes between stresses.
This explains the three cases where a main verb (other than "worry") preceded
by an auxiliary was accompanied by a boundary. Still, we would expect,
according to the basic boundery-detection hypothesis, that a boundary should
occur in the SS sequence, between the stressed noun subject of the sentence
and stressed verb. We have previously tried (Lea, 1973b) to accept the counter-
hypothesis that no bo wi een a noun and a following verb, but
the five cases of boundaries with "worry" discount that counterhypothesis.

Subset 1A also showed that 12 of the 18 expected boundaries between main
verbe and following object NP's were detected. All those that were misseu had
SS sequences at the verb-noun boundary, suggesting again that boundaries are
less reliably detected within SS sequences. However, there were four SS sequences
at the V-NP boundary that yere accompanied by detected boundaries. We can say
that if the basic boundary detection hypothesis predicts a boundary and the
phrase boundary is spanned by an SUS sequence, the boundary will be detected,

if the boundary is immediately preceded and followed by stresses it may or may
not be detected.

These uncertainties suggest that more data needs to be examined, to deter-
mine what cavses some but not all NP-V and V-NP boundaries to be detected.
Table II shows the results of analyzing all NP-V and V-NP boundaries in the

255 sentences, excluding those cases where other factors like coordinate

NP's, relatives in the P, or other structural issues might interfere. (Note

P b
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TABLE I1. CORRECT DETECTIONS OF NP-V AND V-NP BOUNDARIES

IN THE 255 SENTENCES

UNIVAC

SUBSET NUMBER, AND

NP-V BOUNDARIES

V-NP BOUNDARILS

STRUCTURES STUDICD Ss suUs SS sus
SCQUENCES SEQUENCES SEQUENCES SEQUENCES

1A Stress Movement, 1S/C 4/15=27% 4/9=44% 3/9=33x 8/8=100%
1B Stress Movement,

Expanding Determiner - 10/33=77% 9/11=82% 1/2=50%
1C Stress Movement

NP Modifiers, <4S/C —-— 22/25=88% 13/14=93% 11/11=100%
1D Stress Movemsnt,

NP Modifiers, >4S/C -——- 23/27=85% 19/20=95% 7/7=100%
1E "Flying-Planes"”

Paradigm -—- 4/4=100% - 8/8=100%
2C Stress Movement in

1st Const. 1/4=251 9/11=82% 2/6=33% 7/9=78%
3ip Verb/Noun Stress Pairs ——— 13/14=93% 2/2=100% 9/9=100%
r Phonetic Influences 2/5=40% 3/4=75% 10/12=83% -
4C NP-PP-FP Subordination -——— 2/5=40% 5/5=100% G/2=0%
6A Commands - --- 5/8=63% 7/7=1C0%
78 Yes/No Questions 5/5=100% 1/5=20% 3/6=50% 1/1=100%
7D WH Questions 4/8=50% 3/7=42y 4/7=57% 4/4=100%
8A Coordinate Sentences 1/16=6% 14 24=58%x 22/32=69" 6/8=75%

TOTALS FOUR ABOVE SUBSETS 17/53=32% 108/148=73% 97/122=79% 69/76=91%
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that SU*C means cases where one or more unstresses occur between the last

stress of the previous pnrase and the first stress of tke next phrase.) The
totals for all subsets, and the results for the individual subsets, show that
both the NP-V and V-NP boundaries are less likely to be evident when two stresses
are adjacent, while intervening unstressed syllables aid the Fo-marking of
btoundaries. Yet, this effect is much more pronounced for NP-V boundaries than
for V-NP boundaries. In this sense, the V-NP boundary is a much more stable,
reliably detected boundary than is the NP-V boundary. Contrary to the assumption

in many published works (Lieberman, 1967, Scholes, 1969; Oller, 1973;), the subject-

predicate (or NP-V) boundary is not the most robust or prominent boundary in
acoustic data (cf. Lea, 1972, 1973e).

We may very well be disappointed thet the acoustic detection of phrase
toundaries cannot be simply explained in purely syntactic terms, without the
need for disclaimers or qualifying phrases related to lexical choices, stress
patterns, or phonetic structures. But, until we have an adequate model of all
influences on Fo contours, we apparently must acknowledge such loose generalities
as the notion that boundaries are "more likely to be detected" when unstresses
intervene between the last stress of one phrase and the first stress of the

next phrase.

There are a number of other interesting results embedded in the figures of
Table II. For example, the rightmost column of the table shows that excellent
performance in boundary detection was obtained with V-NP boundaries accompanied
by SU*S sequences. Two of tie seven migged V-NP boundaries with SU*S sequences
were accompanied by borderline Fo variations of 3 eighth tones. Four others
involved words (repeated nouns and the command verb "put") that were predicted
to be stressed, but the listeners did not actually hear as stresced, so no
boundary should be expected. Thus, there are actually only 3 out of 72 expected
V-NP boundaries with SU*S sequences that were not detected. Some of the other
lower scores in the table result from cases where predicted stresses were not
actually perceived as stressed. For example, lower scores with coordinate
sentences (subset 8A) resulted from predicting that the repeated verbs and nouns
would be stressed, when in Iact repeated words were usually not stressed. The
possessive pronoun "mine" was predicted to be stressed for the commands in sub-

set 6A, but several boundaries were not detected before those pronouns since

"mine" was not actually stressed as expected. A glance at the stress patterns and boundary
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results shown in Appendix A for each individual sentence can assure one that a
significant fraction of the "missing" boundaries ghould have been missing since

the surrounding words were not stressed as expected.

Boundary detections for other types of phruse structures ere givern in Table
III. Clearly, most other types of expected bounderies are very reliably detected.
The only V-PP boundary missed wes in & reletive clause, which had reduced stresses
and a fairly flat Fo contour. Over helf of the AUX-V bourndaries missed were in
coordinate structures where the verb was not perceived as stressed, and thus
these structures would pot be expected to be accompanied by boundaries. All of
the missing NP-PP boundaries were before & short utterance-finel PP ("from Maine",
"ef May") with weak stress on the noun, and consequently, fairly flet Fo contours.
The two missing NP-NP boundaries also involved low streeses due to occurrence in
& coordinate structure or a relative clause. The two missing NP-ADV boundaries
were before moderate utterance-final stresses, but exhibited 3-eighth-tone Fo
velleys (almost sufficient to be detected. es boundaries). Both of the cases where
e relative pronoun was not followed by & boundary had an unexpected boundary before
the relative, and small Fo valleys efter the relative pfonoun. Two boundaries
before stressed auxiliaries (involving negatives) also were not fourd, apparently
due to reduced stresses in coordinate constructions. Clearly, one of the primary
causes for miscing some expected boundaries is the reduced stresses that accompany
subordination, relative clauses, end repetition in coordinate constructions.
Comprehensive stress rules could predict the absences of stresses in such structures,

end ne boundaries would be expected im such circumstances.

Table IV summerizes where extra, unexpected boundaries occurred in the 255
sentences. Several regularities suggest the value of modifying the current phbrase
boundary location hypothesis (page 26 ). In particular, there seems to be & regulaer
occurrence of a boundary before the noun (or, if the noun is an unstressed pronoun,
before the verb) in & yes/no question, even though the initial auxiliary verd is
perceived as unstressed or reduced. Perhaps such boundaries should be expected
Similerly, while our basic hypothesis that there is no boundery internmal to an
NP (except for compounds) seems to hold in the majority of ceses, the fact that
two thirds of the ADV-ADJ bcundaries are accompanied by Fo velleys suggests thaet
perhaps those boundaries should be expected. Finelly, we might revise the hypo-
thesis to predict & detected boundery between & NP and its following relative
pronoun. This seems particularly strange, since the relative pronmoun is ! -ard

a8 unstressed.
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TABLE III. CORRECT DETECTIONS OF VARIOQUS

TYPES OF EXPECTED BOUNDARIES

PHRASE STRUCTURE TYPE BOUNDARIES HITS PERCENTAGE
EXPECTED CORRECTLY
DETECTED

Boundaries At Verbals:

V-ADV 2 2 100%
V-PP 10 9 90%
AUX-V 120 96 80%

Boundaries At NP's:

N-N Compounds 7 7 100%
Preposed ADV-NP 2 2 100%
NP.PP 32 28 88%
NP-NP 17 15 88%
NP-ADV 13 11 85%
Relative Pronoun-NP 10 8 80%
NP~ (AUX+NEG) 7 5 71%

Conjoined Structures:

(VP Conj)-VP 12 12 100%
NP, - (NP,Conj NP) 5 5 100%
VP,- (VP, Conj VP) 3 3 100%
(S Conj) - s 22 21 95%
(NP Conj) - NP 18 17 94%
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TABLE IV. UNEXPECTED (EXTRA) BOUNDARY DETECTIONS
PHRASE STRUCTURE OCCURRENCES NUMBER OF PERCENTAGE OF
TYPE OF THE BOUNDARIES OCCURRENCES THAT
STRUCTURE DETECTED WERE DETECTED
Boundaries At Verbals:
(AUX+PRONOUN) -V
in Y/N? 3 3 100%
AUX-NP in Y/N? 8 6 75%
NP-AUX 125 4 3%
Boundaries Within NP's:
ADV-2ADJ 12 8 67%
ADJ-N 69 22 32%
QUANT-ADJ 19 32%
QUANT-N 12 3 ) 25%
ADJ-ADJ 27 22%
Other Boundaries:
NP-Relative
Pronoun 17 15 88%
Within Last
Word of Y/N? 14 5 36%
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Interestingly, eighteen (i.e., 40%) of the unexpected boundary detections in
NP's involve the words "moral" or "immoral", even thcugh those words occur ian
only 20 (22%) of the multiple-stress NP's. Over 80% of the unexpected boundaries
within NP's involved multisyllabic words (and thus alternating stressed-unstressed
patterns), suggesting (as we found with the correctly detected NP-V and V-NP
boundaries on pages 21 to 23) that unstresses between stresses increase the
chance of boundaries being detected.

Also listed in Table IV are five cases where extraneous boundaries were found
within the last word of a yes/no question. This was due to an Fo valley appearing
just before the terminal rise in Fo that often accompanies yes/no questions.

Ore other category of houndaries that needs mention are the "false!" boundaries
listed in the rightmost column of Table I (page20). Twenty false boundaries (35%)
were in the initial syllatle of an utterance, resulting from local Fo variations
at volce onset (perhaps due to glottal stops or such). These could be eliminated
by setting a minimum time between the onset of voicing in an utterance and the
time of the first possible phrase boundary. Another thirty (56%) of the false
boundary detections resulted from Fo variations associated with non-initial obstruent
consonants. Other false boundary detections resulted from errors in the Fo
contour, and phrase-final terminal rises in Fo. A graphic illustration of how
false boundaries are introduced by presence of obstruents is that twenty four
(4o#) of the false boundaries were in subset 3D, which has many obstruents in it.

In summary, it appears we are very near optimal attainable performance in
phrase boundary detection from Fo contours, with few possibilities of improve-
pent by revisions in the computer program. For some ideas about further detailled
improvements in the BOUND 3 phrase boundary detection program, see our previous
semiannual report (Lea, 1976c). However, results with the 255 sentences suggest
that the places where boundaries should be predicted could deserve further study.
We have found that expected stress patterns should be taken into account, so that
boundaries will not be expected in coordinate structures with repeated words, or
in some subordinate structures. Even the presence or absence of unstresses between
stressed syllibles could be used to refine the probebility of detecting a phrase
boundary. On the other hand, boundaries should perhaps be expected at the first
stress after the auxiliery verb in a yes/no question, between a noun phrase and
the relative pronoun of its subordinate relative clause, and perhaps even between
an adverb and the adjective it modifies within a ncun phrase. The minimal contrasts
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in structure within pairs of the datebase sentences have bee:s useful in highlighting
these refinements. Further work, with other telkers and more structures,
should be done.

3.4 Syllebification and Autopatic Locatiop of Stress

Syllables are located in the spoken sentences bty detecting substantial
(4dB) dips in sonorant (60-3000 Hz) energy which occur in the consonantal region
of syllatle boundaries. The syllabic nucleus (vowel and some adjacent sonorant
consonants) is centered around the local peak in sonorant energy, with beginning
end ending points of the nucleus located at those points, closest to the preceding
and followlng dips, whose energy is at least half of the distance from the
velue in the dip to the value at the syllabic pesk.

The 255 sentences provide very demanding tests of the syllebificetion pro-
cedure, since many sentences are ell-sonorant. Sonorant consonents do not produce
large energy dips such as obstruents do. A large majerity of the failures tc
locate syllebles in previous studies have been due to intervocelie sonorants not
providing the necessery dips in energy, so two or more syllables in en all-
sonorent sequence appear as one nucleus. (Most of these long combinations of
syllables then appear as single gtressed syllables.)

Table V shows the syllabification results for each subset of the 255 data-
base sentences that have been studied. The overall result of 91% correct detection
of expected syllables is very satisfying, perticularly for this difficult deta.
Also, the predictions of expected syllables were biased ageinst the syllebification
procedure, in that wcrds like "tower", "moral', end "eyeing" were predicted to
be two syllables even though one could enticipate that the two syllables could
merge into one in actual speech.

Fifty one (29%) of the 175 syllables that were not automatically detected
were the weak syllables in five words (moral, immoral, Mary, marry, ruin) that
were glwavs detected as having less syllables than expected. Other less fre-
quent words like "worry", "Armenian", "tower", "Murray", "Marion", "aluminum",
"erring", etc., were 8lso consistently found with fewer syllables than expected,
und accounted for over 25 (14%) of the missing syllables. Other words that often,
though not always, were found with fewer syllables than expected included '"really"”

"marine", "airmen", "enroli", etc.

28



- S -

[mG—y v

Report No. PX 11963

TABLE V. SYLLABIFICATTION RESULTS

SUBSET NUMBER, AND SYLLABLES HITS FALSE
STRUCTURES STUDIES EXPECTED N % %
1A  Stress Movement, ls/C 102 87 85% 2 2%
1B Stress Movement, .

Expanding Determiner 91 84 92% 2 2%
1C Stress Movement

NP Modifiers, 4s/C 192 176 92% 0 o%
1D Stress Movement,

NP nodifiers, 4s/C 256 217 85% 1 0.5%
1E "Flying-Planes"

Paradigm 50 43 86% (o] 0%
2C Stress Movement in

1st Const. 106 83 78% 1 1%
3D Verb/Noun Stress Pairs 236 222 94% 4 2%
aF Fhonetic Influences 54 54 100% 3 5%
4C NP-PP-PP Subordination 85 85 99% 1 1%
6A Commands 99 86 87% 0 0%
7B Yes/No Questions 73 68 93% 1 1%
7D WH Questions 99 97 98% 0 0%
8A  Coordinate Sentences 189 181 96% 1 1%
84 Coordinate Verh Phraces 115 100 87% 1 1%
8K  CToordinate Noun Phrases 116 110 95% 2 %
11A Relative Cilauses 120 116 97% 4 3%
TOTALS FOR ALL SUBSETS 1984 1809 23
OVERALL PERCENTAGES 91% 1%
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Some persistent tendencies to lose syllables by grouping two syllables
ecross word boundaries were also found. Twenty three (13%) of the missing
syllables were & result of the first two syllables of “"will eproll" appearing
to be one syllabic; "know a(n)" gave five other misses, while "enroll a(n)"
gave seven more.

Teble V shows that all-sonorant subsete 14, 1D, 1E, 202, o4, and BH are
the cnly ones with syllabification scores under 90%, while subsete with obetruents,
like 3D, 3F, and 4C give above-average success in syllable detectiom.

Also of interest, are the 23 false alarms in syllable location, shown in the
rightmost column of Table V. Nine of these appear to be due to a bug in the pro-
grem which is currently allowing short (20 or 30 ms) chunks of high energy to be
caelled syllabic nuclet. There is a test in the CHUNK program that should be
throwing out all syllable candidates whose nuclei are less than 4Oms in duration
Related to these are four other cases where erroneous utterance-final or phrase-
final syllables are inserted due to our smoothing of the energy function, which
improperly brings some energy levels within noise up to the high energies needed
for syllable detection. Five other low-energy erroneous syllable detections
could be eliminated by setting a threshold of minimum energy below which no syllabic
could be detected. Three cases occurred where it appears the talker actuslly
gaid an extra syllable, like "nine-uh" for "nine".

While the syllabification results are very satisfying, there is room for some
future improvements. One promising idea ig to modify the spectral weighting of
the energy functiorn so it dips more reliably and substantially in non-vowel
sonorants at syllable boundaries. In some preliminary studies with other date,
we found that a high-frequency (650-3000Hz) sonorant energy functiou dipped more
in intervocalic sonorants than did the regular sonorant emergy function, but it
was nolsier or more prone to introduce false bounderies within syllebles. The
two together, or some spectrally-weighted "loudress function" that dips more
in intervocalic sonorants, would seem to be needed.

Once syllables are located, we can then determine which ones are giressed.
Our STRESS prograr associates stresses with high-energy syllabic nuclei near the
Fo rise at the beginning of an Fo-detected phrase, end at local inflections in Fo at
laeter points in the ﬁhrases. The results of applying this progrem to the 255 sen-
tences are shown in Table VI. The overall score of 92% correct locations of stressed

T As tnis report went to prese, this bug had been corrected, so that only 14 false
elarms remain.
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TABLE VI. STRESS LOCATION RESULTS

SUBSET NUMBFR, AND STRESSES HITS FALSE
STRUCTURES STUDIES N ] N ]
1A Stress Movement, 15/C 60 55 2% 7 1%
1B Stress Movement,

Expanding Determiner 51 ho %% 8 147
1 Stress Movement

NP Mcdifiers, 4S/'c 112 97 &rs 18 16%
1D Stress Movement,

NP modifiers, Lg/c 138 120 87¢ 25 17%
1E "Flying-Planas"

Paradigm 24 24 1008 9 7%
2C, Stress Movement in

“ 18t Const. Uil 1%} 5 8 164

3l  Verb/Noun Sireas Fairs 86 78 91% 3k 30%
3F  Phonetic Influences . Ly 42 95% 3 T
ke NF-PP-PP Subordiantion 37 30 81% e 21%
6A Commands 57 56 987 8 13¢
7B Yea/Mo Queet. .mg 38 33 87% 17 g
7D WH Questions 64 61 99% 6 9%
84  Coordinate Sentences 93 e8 957 34 26%
BH  Ccoordinate Verb Phrases 57 53 93% 15 22%
8K  Coordinate Noun Phraaes 54 50 93% 15 23%
11A__ _Relative Clauges T4 69 93 23 2%
TOTALS FOR ALL SUBEETS 1033 947 ) 228
OVERALL PERCENTAGES 92% 208
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syllables is surprisingly good, and is comparable to our best results on previous
studies with read speech. Equally satiefying is the feirly low percentage of
stress locations that were false (i.e., located syllables that were pot perceived
of five listeners). In past studies (Lea, 1974a, p. 19), we have found com-
parable figures for such false alarms, but the new definition of nucleus durations
extending out to the half-way-down points, with resulting longer nucleus durations,
wae expected to increase the likelihood of false stress locations.

Examination of the detailed stress patterns in the various datebase sub-
sets shows & few specific causes for many missed stresses and false locatioms.
For example, only subsets 1C, 1D, U4C, and 7B bad less than 90% of all perceived
stresses correctly found. In subsets 1C and 1D, 10 of the 33 siressed syllables
that were not located were in utterance initial position. An error in the
STRESS program occasionally caused such initial stresses to be missed, and
stress to be placed on the second syllable even though it had less Fo rise and
nucleus duration. Twelve (30%) of the 40 missed stresses in subsete 1C, 1D,
and 4C were for the word "young", while another ten (25%) were for the secord
geyllable on "enroll".

Sixty nine (29%) of all the 238 falge stresees located in the full set of
255 sentences were cases of the auxiliary verb "will" (or, where the two
srllables are erroneocusly detected as one, then the sequence "will en-") being
called stressed. All but ome of the eight cases of the euxiliary verb "ere"
in subset 1E were falgely located as stressed. Subset 3D stends out as having
many felse stress locations. This is the one subset where voiced end unvoicec
obstruents ere very frequent, and it is the presence of s.ch obstruents thut
appeers to cause all or almost all of the false stresses in that subset. Other
prorninent sources of false stresses included: =repeated worde in coordinate
constructions (36, or about 56% of the felse alarms in subsets 84, 8H, and BK);
conjunctions (12, or 19% of the felse alarms in subsets 84, £3 and 8K), and
relative pronouns (8, or 35% of the false alarms in subset 11A). While many
of these words were not perceived as stressed, they showed many of the prosodic
correlztes of stressed syllables. Perhaps these are instances of the listeners
hearing a stress level which is di_tated more by expectations determined by the
sentence structure than by acoustic information. One other poseible cause of




e

Report No. PY 119€3 UNIVAC

27 false stresses involves utterance-final or prepausal syllables. There is

a special test in the STRESS program that locates prepausal stresses if the
prepausal syllables are of sufficient duratiin. Since the durations of nuclei
are now usually defined longer than before (see rages 16 to 18), unstressed pre-

pausal syllables are more prone to be erroneously detected as stresses.

In sur -v, the stress location results were very good, though there is

room for imp sent. This is evident when one considers .that 18% of the 1809
syllables detected by the syllabification routine were elther nerceived as
stressed and not located a: stressed, or percelved as non-stressed and located

as stressed; that is, 18% of the syllables were gonfused between perceived and
automatically detected str st levels. This 1s considerably more than the

3 to 6% confusions in perceived stress levels from trial to trial or from
listener to listener (Lea, 1976c, pp. 27-29). An ideal stress location algorithm
might be :xpected to exhibit around 5% confusions when compared with perceived
stresses. Part of that remaining 13% or so might be eliminated by better
syllabification results and by correcting the current errors that miss utterance-
initial stresses and introduce erroneous utterance-final (prepausal) stresses.
Other improvements cotld come from adjustments of syllabic durations, Fo values,
and energies on the basis of the vowel identity (or formant Fo values; see Lea,
1976¢c, p. 19) and phonetic context. Perhaps totally different ways of combining
Fo, energy, and duration cues could improve stress location scores, though other
published algorithms have not performed better (Sargent, 1975; Cheung, 1975).

5.3 Testing Into;ational Hypotheses

The success of the archetype algorithm for stressed syllable location

shows 1 1e following major features of the intonation of Engl.sh sentences:

e Fo rises substantially at tne first stress in each mrior phrase;

e Fo falls gradually after peaking near or somewhat after the
firgt stress in the phrase;

e Fo rises slightly at all other stresses in the phrases (but
usually not so much as to yield a fall-rise Fo valley within
the phrase).

We also noted the following complicatirg effects of phonetic structure on

on Fo contours:
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¢ Fo dips during voiced obstruents; and

¢ Fo is bigh immediately after unvoiced obstruents, and then
1 ,.dly drops to values dictated by the stress and other
large-unit intonational effects.

Fundemental frequency contours in the 255 sentences also show several
other types of intonationel regular!ties besides Fo valleys at phrase
boundaries and increases of To at stresses. For example, we noted in the
previous section that 99% of the initiel stresses in sentences were coincident
with (or immediately before) the Fo peak in the sentence. Turning this
around, we mey note more generally that

e Fo rises steadily in the initiel part of sentence, until
the first stress, where it peaks.

This regularity wes noted at least as early as 1929 (Armstrong and Ward),

but is sometimes obscured in erbitrary sentences by effects such as phonetic
iafluences on Fo ceusing fall-rise valleys before the first stress, or

early brief jumps of Fo. efter unvoiced obstruents, to values just higher
than the values ir the Initial stress. Sometimes a syllable after the first
stress can have a brief Fp peak above that in the first stress, due to an
unvoicsd obstruent. Hcwever, in the 255 sentences analyzed, such effects

did not mask this regularity. The &ll-sonorant sentences obvicusly had no
such complications, and I found that the phonecic effects in the sentences
with obstruents could be eliminated by disallowing the first two Fo points
after a period of unvoicing from defining the peek, and simply stating that
the first stress is the syllable whose syllabic pegk immediately precedes the
Fo peek. In a couple of borderline cases of stress, where some of the
listerers heard the utterance initiel syllable as stressed, and the computer
prorram locuted the syllable as stressed, the Fo peak appeared there even
though the majority of listeners didn't perceive the syllable es stressed.
These seem 50 much like initial stresses that they shouldn't be taken as
refuting the regulerity of coincidence ¢. Fo peak and initial stress. Also,
there were two cases where the Fo peek did not align with the first stress
because an emphagized sylleble later in a sertence caused an unusuelly high
Fo in its region, which exceeded the Fo peak on the initial stress. However,
in both cases, this later Fo peak might be ruled out either by setting &
maximum time (after voicing onset) before the first stress must be encountered
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or eise by noting the presence of a large Fo valley before that delayed Fo
peak. This effect may be stated specifically as an intonational hypothesis:

e An emphasized or contrastively stressed syllable in a
sentence will have an unusually high peak Fo value that
can equal or exceed that of the initial stress in the

sentencsa.

Much more testing would be needed to verify this effect of emphasis and

contrastive stress.

Another intornational regularity that was verified firmly with the
255 sentences wes the following:

e Fo falls after its highest Fo value in the last stress. to a
low value at the end of each declarative, command, and WH
question. Fo dips,then rises,within the last stress of

yes/no questions, and rises throughout subsequent unstresses.

This was found to be true for every sentence except two: one declarative
which the talker spoke with a sense of being incomplete ("Men will know...."
{kNOW WHAT?] ) and a yes/nc question with emphasis on a quantifior, so that
it seems more like a WH question of "How many" than a yes/no question ("Will
all your men know?") With over 99.5% of the declaratives, commands, and WH
questions, and about 95% of the yes/no questions, satisfying this terminal
contour regularity, we can consider it well verified.

So, we now have Fo rising to the first stress, and (for all but yes/no
questions) falling from the last. What happens between the first and last
stress? A preliminary study of the first 58 of the sentences showed that, in
91% of the cases:

e Fo falls from one stress to the next in a sentence (or clause).

The exceptions were spanning major syntactic boundaries that were followed
by highly stressed syllables. Another regularity was that:

e Fo on unstressed syllables is lower than on all preceding
stresses, and is usually at or below a value along the line
between the values of the immediately preceding and following

stresses.
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Exceptions were wher an unstressed syllable had higher Fo value than the
preceding (phrase-initiml) stress because the stressed syllable was short
and Fo continued to rise, plus the unstress was a high vowel while the
preceding stressed vowel was low and hence had an intrinsicelly lower Fo
(examples: "eny," "meny").

I expected from published claims that Fo might mark subordination of
one phrase under another, but found no clear regularity. I also was unable
to simply characterize any unique Fo contours in coordinate NP's or other
coordinate comstructions (cf. Lea, 1972).

Table VIb summarizes eome prosodic cues that were found for one clear
structural contrast; namely paranthetical or appositive (non-restrictive)
relative clauses. The paranthetical (whose description and prosodic values
are to the left of the slashes in Table VIb) is preceded and followed by
longer time intervels between it end the surrounding syllables; thst is, by
e form cf brief pauses. Fo falls dramstically before the paranthetical, and,
after the peranthetical, rises substentially. A Tune II rise in Fo marks
the incompletion and interruption the paranthetical produces. There do seem
to be two distinctive types of parantheticals, though; one for which the
Tune II oceurs before the paranthetical (L111 and L112) and one for which it

occurs at the end of the parantheticel (L117, L1120, L121). Thus it appears
that:

¢ Parantheticals are demarcated by large Fo variations and long
intersyllebic time intervals at their boundaries, and by
Tune II Fo contours.

Finally, a very clear example of the potential of using Fo contours to
detect syntactic structures is shown for the sentences of the "Flying Planes
Paradign" (named after the two alternative structures of the ambiguous sentence
"They are flying planes."). Sentences like "Lawmen are lying men", with
the structure NP-Copulative-ADJ+N, have Fo valleys (hence, phrase boundaries)
only before the ADJ. In contrast, sentences like "Lewmen are ruling Maine.",
of the structure NP-AUX-V-N have valleys (boundaries) before the V end the N.
This was always true for all the sentences in subset 1E. Thus, Fo contours,
and Fo-detected boundaries, can clearly distinguish between alternative phrase
structures. It is interesting to note that no such contrast was evident in
perceived stress patterns (Lea, 1976c p. %2).
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We may summarize by saying thet many intonetional regulations could be
noted with the controlled contrasts in the 255 sentences, and they provide
informstion that might be useful in speech understanding systems.

3.6 Acoustic Correlates of Stregs
The stressed syllable location program does a feirly good job of utilizing

some major acoustic correlates of stress. However, our acoustic prosodic
analysis of the 255 sentences provides extensive data for further studies of
the acoustic correlates of stress. The Fo contour can provide peak and average
Fo values in each syllable, Fo contour slopes and shapes within each syllable
nucleus, and more global Fo contour features. The sonorant energy function
and syllebification procedure provide the duration of the syllabic nucleus,
the peek energy value in the nucleus, a measure of the energy integral for
the nucleus, and other energy and duration informetion. Further study of
such features can and should be done. In particular, such studies mey help
devise better algorithms for stressed syllable location. Unfortunetely, time
did not permit our studying such date in any deteil.

Further studies cen also include investigations of how stress decisions
can be adjusted to take account of the intrinsic prosodic features (phonetically-
dictated energies, durations, and Fo values) of various vowels and consonants.
We know that an unstrassed high vowel mey have higher Fo than a stressed low
vowel, while an unstressed low vowel may have higher energy and longer duration
than & stressed high vowel. Voiced consonental contexts also cause a vowel
to be longer, its Fo to be somewhat lower, and its energy to be somewhat
higher. Further studies could perhaps make more or better use of relative
values of prosodic features in comparing one syllabls with its neighbors.

The contrclled contraste in the 3300-gentence speech data base should
be very uzeful for underteking such future studies of acoustic correlates of

strescs.

In summary, the studies of acoustic prosodic patterms in the 255 sentences
have provided important confirmation of our procedures for phrase boundary

detection, syllabification, and stressed syllable location. They also heve
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suggested specific ways in which such algorithms might be improved. We thus
have the promise of improved prosodic analysis tools that may be useful in

speech understanding systems.

Mere importantly, these studies have firmly established various proscdic
regularities that mey be used to predict prosodic patterns accompanying
hypothesized sentence structures within speech understanding systems. Regularities
of syllabificaticn, automatic stress assignment, boundary placement, intersyllabic
time intervals, and Fo contour shapes may be used to adjust the scores on
hypotnesized words or word sequences, in a manner similar to that we developed
for the BBN HWIM system. For example, we may predict that words like "worry"
or "moral" may be detected as moncsyllabic, and not penalize a word match that
involved only one acoustically-detected syllable for such theoretically-
multisyllabic words. We may allow "will en-" in a sentence like "Ron will
enroll airmen." tc be found as one syllable, or we may first try to improve
syllabification to find the missing syllable boundary (by using a new spectrally-
weighted energy function). From our studies we may predict more precisely
Just which syntactic structures will exhibit Fo boundaries, and where they
will be positioned. Then, if we find agreement with such predictions, we
can reward that structure with a higher priority in the hypothesizing and
testing. Similarly, if stresses occur on the wrong syllables for a certain
structure (that is, they are not those predicted from previously observed
regularities), we could decrease the priority of hypothesizing that structure.

Specific structural features, such as the sentence being a yes/no question,
a paranthetical being present, or one of alternative syntactic bracketings
being possible, can alsc be gleened from the prosodic data, to aid parsing
and the overall control strategy of a speech understanding system. Much has
been learned from the study of the controlled speech texts, and much more could
be learned from extensive further studies.
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4. REVIEW OF PROSODICS RESEARCH PROGRAN

Sperry Univac's reseer:h on prosodic guldelines to speech understanding
produced many experimental results that help us better understand how prosodic
structures relate to other aspects of linguistic structures, such as phonemic
sequences and phrase structures. We have presented theoreticel arguments
about the need for extracting from the acoustic speech signal some prosodic
cues to the large-unit linguistic structure, without dependence upon the prior
determination of phonemic structure and rscognition of the words in the sentence
(Lea, Medrets, and Skinner, 1972a). Vital assumptions of a prosodically-guided
approach to speech understanding have been verifisd from a variety of experiments.
We thus have both theoretical and experimentel reasons for promoting the use of
prosodic information in speech understanding systems. These will be outlined
in section 4.2, following a tabulation in section 4.1 of all major results from
our research for ARPA. Section 4.3 provides a review of our various cooper-
ative efforts to meke prosodics an important aspect of speech understanding
systems.

In sections 4.4 to 4.7, we briefly review four major areas of prozodic
studies: intonation and phrase boundary detection (4.k), perceived stress patterns
( 4.5), automatic location of stressed syllables { 4.6), and timing cues to
linguistic structurs { 4.7). We also have made some initial attempts to define
and test some specific procedures for using prosodic information in speech
understanding systems ( 4.8). A major contribution suitable for aiding future
studies is our development of a large speech database with controlled linguistic
contrasts from sentence to sentence ( 4.3).

4.1 Qusrview

Table VII on pages 41 to 43 summarizes the major contributions that have come
from Sperry Univac's ARPA-sponsored research. We have been leading advocates
of the use of prosodics in speech understanding, doing what we can to precisely
define the role of prosodics (as listed in section A of Table VII). We have also
cooperated with other ARPA/SUR contractors in many general aspects of the overall
large speech understanding programs (section B of Table VII), and have developed
and provided computer programs and other services to system builders (section C
cf Table VII). Section D of Table VII (pages 42 and 43) shows that we contributed
in essentislly &ll aspects of prosodics: intonation, stress patterms, phonetic

durations, rhythm, pauses, rate of speech, acoustic correlates of stress and
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TABLE Vil. CONTRIBUTIONS OF SPERRY UNIVAC TO THE ARPA
SPEECH UNDERSTANDING RESEARCH PROGRAM (1972-1976)

A. DEFINING THE ROLE OF PROSODICS IN SPEECH
UNDERSTANDING

e Stressed syliables are important because they occur
in important words, exhibit close phonemic-phonetic
correspandence, are more carefully articulated and
mors relisbly analy zed phonatically, are good indicators
of syntactic structures, and are closely associated with
predictable phonological distortions at various retes
of speech,

o Various machine transcriptions of speech (i.a., resuits
of automatic segmentation and labelling of speech)
were analyzed, and it was shown that fer fawer arrors
in vowal and obstruent clessification occurred in
stressed syllebias than in unstressed or reduced
syllabies.

o Linguistic and perceptuai arguments suggest that
syntactic structures, detectable from prosodic patterns,
shouid be used at eerly steges of speech undarstanding.

s Sentences which had been troublesome to the BBN
speech understanding system wera procsssed through
the Sperry Univac prosodic anelysis programs, and
specific prosodic cues wers found thet could be used
to determine the type of sentence end tha specific
sy ntactic bracketing intended by tha talker.

e An overall stratagy for prosodically-guided speech
understanding has been specified. it invoives use of
stressed tyliables as anchor points for relisble
phonstic and phonemic analysis, restricting expensive
acoustic anelyses to those ereas where prosodics say
such enalysis is needed, guiding tha selection of
appliceble phonologicel ruiss, and detection of
aspa-ts of syntactic structure directly from prosodic
pet.sns.

8. COOPERATIVE EFFORTS WITH OTHER ARPA/SUR
CONTRACTORS

e Our synractic and prosodic analysis of 250 sentences
produced by SUS contrectors resuited in tha selaction
of tha “31 ARPA Sentences’’, used in various common
studias such as workshops on parametsrization, speech
sagmentation, and phonological rulas.

e Sperry Univac end othar ARPA contrectors have co-
operated on mejor commaon tasks of sslecting speech
data hases, standerdizing recording procedures snd
phonemic notations, compiling end applying sound
structure rules, compering speech paremetsrization
techniques and speech ssgmentation results, and other
comparative activities. In particuler, a tutorial wes
presented on prosodic structures, prosodic information
on selected data bases was supplied to several work-
shops, sample parameters and sagmentetion resul*s were
prasanted at the respactiva workshops, and sessions on
prosodic structures were chaired et workshops on
phonological rules.

I

e Sperry Umivac ectively perticipated in steering committes
meatings and other activities guiding the overali SUR
program, Dr. Merk Medress of Sperry Univac served as
Assistant to the Cheirmen, and laver as Acting Cheirman
ot tha Stesring Committes.

@ Sperry Univec was actively involved in the development
of ideas for a tive-yeer follow-on progrem to extend the
current five-yasr SUR program,

@ Sperry Univec produced rine semi-annual reports, five
other ARPA -sponsored reports, 5 journal papers, 14
orel presentations and 25 SUR NOTES describing our
research (sse Appendix B8), and axtensive communica.
tions over the ARPANET.

COMPUTER PROGRAMS, AND APPLICATIONS 7O
ARPA/SUR SYSTEMS

e Computer programs wers developed and supplied to
ARPA/SUR contractors, providing tha foilowing pro-
sodic information:

— Fo Contours
- intonetiunal Phrase Boundaries
— Syllsbification

— Stressed Syliabla Locations

Thess programs were implemented in the BBN system,
and used for devising similar programs at SOC.

e A procedurs has been developed for using prosodicelly-
detscted phrass boundaries to weigh word snd phrase
hypotheses in tha Bolt Beranex and Newmasn (B8N}
HWIM speech understanding system. The state-
transition arcs of tha augmented transition network
grammar were specislly merked if they were axpected
to ba immediately preceded by intonationatly -detected
phrase boundaries. The scores on words essociated with
the arcs were increesed if expected boundaries were
detectsd, or decreased if expected boundaries were
missing in the acoustic-prosodic dats. Sixteen BBN
sentences were processed through a computer program
that detwcted phrase boundaries at fali-rise valleys in
fundsmental frequancy contours. Analysis of simple
traces of the hyoothesizing, testing, and constructing
of syntactic stru  ures by the HWiM system showed
thet prosodic adjustment of scores would incresse tha
likelihood of correct words and phreses being selected
before incorrect ones. Thess ideas were leter refined,
tested further, and implemented in the HWIM system,
but tima didn’t permit their fuil tasting.
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TABLE Vii. CONTRIBUTIONS OF SPERRY UNIVAC TO THE ARPA
SPEECH UNDERSTANDING RESEARCH PROGRAM (1972-1976)

D. EXPERIMENTAL RESULTS

Perception of Prosodies

Liswmners can relisbly perceive which sylisbies sre
stramed {with 5% contusion)

Pervsived stress patwerns agree with those amigned when
subjects are piven only the writen wxt,

Cartain words (“conwnt words”) are consisently
porosived & stresmed, while others (“function words”)
are perosived & unstressed or reduced.

Repestad verbs or nouns in coordingw constructions
have lower perceive stress levels than in simple
constructions.

Verbs, suxilisry verbs, and conjunctiont have lower
perceived strees levels when in subordinaw phrass
structu-ss.

Listeners can relisbly perceive phress boundaries in
spectratly-inverwsd spesch.

i Phrase Boundaries

Substantiai Fo valleys occur at mejor phrase
boundaries (betore NP's, V's, ADV's, PP's, Clausms).

About 80-80% of the msjor phrase boundaries in
speech can be detactad fram Fo velioys,

Faise boundary dewctions resuit trom Fo varigtions
nesr obstruvents.

The Fo<detectsd phrass boundary occurs just before
the first stress in the foiiowing phrase.

Fo Contours

Fo contours ars a supserposition of tali-rise clause
contours, archetype phrase contours, Fo rises 8t

stress positions, snd Fo variations at obstruents

(i.0., dips during voiced obstruents, end sudden

jumps at unvoicing with subsequent repid fall from
high values),

Fo contours within phrasss, end phrase boundery bresks
in the Fo contour, may be modelied by a statisticsl
curve fitting proosdure using 8 modified form of the
gemma distribution,

The Fo Peak in a sentance is at the first stramed syl.
isble of the senwnce.

Fo falis ster the lest stress of ali declerstives, com-
mands, and WH questions, and rises within snd atter
the iast stress of yes/no questions.

Succesding stressss hava progresively lower Fo
values, axcept a' maejor syntactic boundaries, whers
Fo may rise for highiy stramed or emphaized syilables.

L2

An unstressed sylisbie has lowsr Fo than sll stresses
that precede It within a claum.

Paranthetical phrases are preceded end followed by long
imtarsylisbic Intervals, snd marked by a Tune |i ries, and
inrge Fo varistions at both ends of the perenthotical.

Subordinstion of phrases doss not sppesr to be readily
deteced from Fo contour.

Giottal stops, detectable by lerge locs! varistions in Fo
contours, are twelve times more likely to occur befors a
stressad then sn unstressed vows! in alisonorant phonemic
saquences. They aiso trequentiy merk phreses boundaries.

Sylisbificstion

o Over 80% of the syi’ables in connected speech may be

tound from high rnergy nuclei surrounded by dips of
4db or more Ir energy.

The beginning and anding of a syiisbic nucleus may be
quite sccurstely locatad st the outermost points where
onergy is 8t least half way sbova the dip in snergy, towards
the peak energy levei in the nucleus.

Sylisbies are not detected when, during aii-sonorant
ssquences, the energy level doss not dip adequately for
syilsble boundary detection. Ancther spectrally-weighmd
energy function or se.znentai information {such as formant
transitions and sutomatic detections of non-vowe!
sonorents) might heip locate such missing sy llable
boundaries.

Stressed Syliable Location

Over 90% of tha streised syiiabies in connected spesch
may be iocstrd at those syilabic nuclei that have non-
failing Fo and are highest in anargy in tha vicinity of aither
(a) tha Fo rig: to the peak vaius at the beginning of a
phrase, or (b} 1ocai Fo rises about e gradusliy faliing
archetype line in the iater pert of a phrase.

About 20% of ail stress locations sre faise (nat pointing
10 perceived stressas), dus to selection of the wrong
nucleus in a neighborhood of an Fo riss. Adjustments

of durations, inmnsities, and Fo contours for vows| height
and consonental context mey reduce such error.

8 d sylisbie & from using Fo rises slons or
long-durstion nuciei sione were found to be considerably
less sccurats and produce more faise stresses than loce-
tions using the sbove “‘archetype contour” asigorithm.

The tirst stress in a sentence was found 89% of the time
by locating the nucleus immediatsiy preceding the peak
Fo in tha senmnce.
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TABLE VII. CONTRIBUTIONS OF SPERRY UNIVAC TO THE ARPA
SPEECH UNDERSTANDING RESEARCH PROGRAM (1872-1978)

D. EXPERIMENTAL RESULTS {continued)

Isachrony of Stresses

e Time Intervals between stresses are o linesr function
of the number of intarvening stresses.

® Interstress intervals tend to cluster near sbout 0.4
seconds (i.a., tand toward isochrony of strasses)
primarily because of the aitemating strass/unstress
pattern of English,

Structurs! Pauses

® Long periods of unvoicing {including periods of
silence) occur between clsuses.

® Tha durstion of e pause is usually one rhythm unit
{one average interstress in terval) between clauses
and two units betwsen sentences.

® Haesitation pauses ars usually substantlally fonger
than structural pauses.

Phrass-Finat Lengthsning of Vowsis snd Scnorants

® Vowsls and sonorant consonants are substantislly
lengthened in phrase-final positions.

e Tha phrase-finel lengthaning axtends o groups of
neighboring sylisbles including tha last stress ina
phrase and eny subsequent unstresses up to the
first stress in the naxt phrase plus, in some cases,
the next sarlier stress snd neighboring unstresses.
Hanca detectsd phrass boundaries {st the end of
tha langthaned group) did not siwsys occur at the
time of the syntactic boundary,

o Over 90% of tha phrase boundaries perceived by
listenars who hesrd spectrally inverted spesch were
detectable from groups of langthaned svilabler

interstress intervais as Phrase Boundary Cues

e Over 95% of the major phrase boundaries perceived
in spectrally inverted spesch may be detected from
long interstress intervals (Z 0.5 seconds) spanning
the boundaries.

Rata of Speech and Phonetic Distortions

® Tha time interval between two stresses was shown
to be inverssly corralated with tha percentage of
Phones (between those stressos) that hed been
arronsously categorized by automatic labelling
schemes. Tha interstress intsrval wes demonstrated
to be a better predictor of arror rate {and, thus, »
better indicator of applicabla phonological rules)
than othar measures of spesch rate, such as the
number of syllables per meond.

Prosodic Hypotheses

@ A careful study of tha literature and previous analyses
of prosodic data resuited in a compilation of an ax-
tensiva set of hypotheses snd rules relating prosodic
patterns (intonation, stress, rhythm, etc.) to linguistic
structurss (sentence types, syntactic bracketing and
syntactic categories, phonetic sequences, semantic
structures, atc.).

Database of Controlied Linguistic Contrasts

o Adats base of 1100 sentences was designed to care-
fully isolats factors influsncing prosodic and phonetic
structures. A st of 178 ‘‘Phonetic Sentances’’ is
especially suitabla for testing sutomatic schemes
for formant tracking, phonetic segmant classification,
snd phonological rules spplication. A set of 922
*“Prososyntactic Sentences’” was designed such that
varlous minimal pairs of sentsnces couid isolate pro-
sodic effects dus to sentence ty' e, syntactic brackating,
subordination, coordination, laxical stress patteens,
semantic contrasts, and phonstic sequences. The data
basm includes sentences typicel of those handled by tha
ARPA speech understanding systams.

9 The database has been divided into small subsets
that test specific prusodic hypothases snd linguistic
contrests. initial subsets totailing 2565 santences
hava been digitized end prccessed through prosodic
programs to study such regularities ss the placement
of prosodically detected phrase boundaries a3
stresses move, which phrase boundarias are merked
In Fo contours, perceived and automatically
detacted stress patterns, and overall Fo contours.
Many further tasts could be undertakan with this
detabase.
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bounderies, listeners' perceptions of prosodics, syllabification, and the
compllation of date baser and hypotheses for extensive controlled investigatious
of prosndic structures. Contrery to much of past work with prosodics and some
current work in speech syrnthesis, which needs to focus only on the salient
features of escoustic prosodic data (cf. e.g., Allen and O'Shaughnescy, 1975;
0'Shaunessy, 1976), these studies have been very exacting, with use of actual
acoustically-derived information such as computed fundamental frequency contours
(with 211 their inexactitudes, occasionsl octeve errors, local perturbatioms,
etc.), moporant energy functions,and automatic voicing decisions. Our computer
programs for prosodic analysis then directly use that imperfect informationm,
such as syllebification being based on sonorant emergy contcurs, and stressed
syllable location being based on Fo and energy contours as well ac the
syllabification results.

Basically, our effort has been two-pronged: (1) experimental research about
prosodic structures, end (2) cooperation with other ARPA contractors for general
tasks and for development of prosodic aids to the developing speech understanding
systems. In sections 4.4 to 4.9 we will review the experimental research. In

sections 4.2, and 4.3, we will review the cooperative efforts in speech understending

systen development.

4.2 Defiping the Role of Prosodics in Speech Understanding Systems

Prior to the AKPA/SUR program, prosodic cues to sentence structure, and
prosodic aids to tae location of relisble acoustic phonetic informetion,were
given 1little or no attention in speech recognition efforts. The strong moti-
vations for the use of prosodic patterms in speech recognition procedures were
thus presented in some detail in our first report (Lea, Medress, esnd Skinner,
1972a, section 2), and subsequeat reports (notably, Lea, 1976b). Imn perticular,
we showed that stressed syllables are of prime importance in speech recognition,
because of: (a) the occurrence of stressed syllables in semantically lmportant
words; (b) the close correspondence between detected phonetic structure and under-
lying phonemic structures in stressed syllables; (c) the much higher reliability
of rhonetic classification possible in stressed syllables (as evidenced by the
analysis of results from the ClU Speech Segmentation Workshop); (d) the vital cues
to syntactic structure that stressed syllables provide; and (e) the close
association between time intervals between stresses (as rate-of-speech measures)
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and epplicable phorological rules.

In our first progress report (lLea, Medress, and Skinner, 1972a), we
reviewed linguistic and perceptual arguments that prosodic structures should
be used to detect aspects of syntactic structure independently of any phonemic
analyses and word matching algorithms. Linguistic arguments suggest that
phonetic sequences are not invariasnt linear strings that occur each time a word
is spoken, and, taken alone, they cannot be relied upon to provide all the
information needed for determining the word sequernce in a sentence. These
arguments have been vividly verified by the demonstrations with the 1976 ARPA
speech understanding systems (especially at CMU), which showed that syntactic
constraints were very important in providing successful speech understanding.
Perceptual arguments indicate that humen listeners, as successful archetypes of
speech understanding mechanisms, use phrase units at earliest stages of speech
perception, and that those phrases are detected from prosodic information.
Qur experiments have clearly confirmed the marking of large-unit linguistic
structures in prosodic patterns.

To further confirm the value of prosodics in speech understanding systems,
we conducted two studies, which, though they are experiments and thus might be
listed under section D of Table VII, have as their primary consequence the
demonstration of the valuable role of prosodics in speech understanding, and
thus are listed under section A of Table VII. We investigated various machine
transcriptions of speech resulting from the automatic segmentation and labelling
of speech provided by several research groups reporting at the 1973 CMU
Symposium of Speech Segmentation. We found that far fewer errors in vowel and
obstruent classification occurred in stressed syllalLles than in unstressed or
reduced syllables. In another study, sentences which had been troublesome to
the BEN speech understanding system were processed through our prosodic ana. sis
programs, and specific prosodic cues {(F» contours, detected phrase boundaries,
stressed syllable loca’ions, pauses, ard timing cues) were found that could be
used to determine the type of sentence and the specific syntactic bracketing
intended by the talker.

We also defined an overall strategy for sveech understanding which uses stressed
nuclei as islands of phonetic reliability to ve detected in early stages of

phonetic analysis, and uses prosodically-derived syntactic hypotheses to gulde
syntactic parsing and an overall analysis-by-synthesis process.

L5
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It is interesting that, after our efforts to clearly define en important.
role for prosodics in speect understanding systems, the Steering Committee of
the ARPA Speech Understanding Reseurch program,in its wid-term review of the
total SUR program, suggested thet a mejor atteck should re mounted on the area
of prosodics, since this source of Imowledge had not been used in any previous
system, though it offered the possibility of a unique contribution to sentence
disambiguation and overall system control strategles.

L.3 Cooperative Efforts to Advance the Develorment of Speech Understardine Systems

Besides providing solid arguments for tbz use of prosodics in speech
understanding, we have participated in various other espects of system developmert.
Under the guidance of the Steering Committee, Sperry Univac hes been engaged
in e veriety of cooperative efforts to aid the progress of the overell SUR pro-
gram. Our syntactic end prosodic analysis of 250 sentences produced by the
syster building contractors resulted in the selection of 27 generally interestiing
sentences representive of the task domains being used in the various systems.

These ultimately formed the bulk of the "31 ARPA sentencea" (Lea, Medress &
Skinner, 1973b) used in verious common studies guch as workshops on parameteriza-
tion, sugmentetion, and phonological rules.

Sperry Univac and other ARPA contractors have cooperated on major comron
taske that were helpful to the various sjstems and the research being conducted
within the program. These included: selecting speech data bases; standardizing
recording procedures; compering epeech parameterizetion techniques; developing
the uriform ARPASET phonemic notetion (Medress, 1972, SUR Note 32); comparing
various methods of speech segmentation and labelling; and compiling, comparatively
evalueting, and applying sound structure (phonologicel) rules. At an early
stage in the program, Lea presented a tutoriel on prosodic features and linguistic
structures, at the ARPA Seminar on Acoustic Phonetlc Characteristics of English
Sentences. He elso chaired sessions on prosodic phenomena at the workshops on
rhonologicael rules.

Merk Medress of Sperry Univac served during par? of the SUR progran as
Assistant to the Chairman, and later es Acting Chairmen, of the ARPA/SUR Steering
Committee. Sperry Univac also was very active in other Steering Comittee

activities, including proposing specific idees and plens for a five year follow-
on program toc extend and apply the results of the five-year SUR progran.
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A concrete produc: of Sperry Univac's work was the circulaticn of nine
regular ("semiannual") progress reports, five other ARPA-sponsored reports,

five journal rapers, 14 oral presentations, and 26 SUR Notes.

While these various cooperative ef® -ts within the SUR program required
a significant portion of our effort and other group.’ efforts, they represent
one of the greatest benefits of the AR’A/SUR program. Little had been done before
this program to compare a.iemmative me‘hods in speech analysis or to encsurage
close cooperation and even direct competition among speech research groups.
Interchange about parameterization techniques, speech segmentation procedures,
phonological rules, syntactic wodels, semantic and pragmat: constraints, and
system strustures has significently contributed to the success of the program and
the sy~ ~ific systems. The compilation and epplication of phonological rules
was a major contribution to speech sciences. 1t is wnrth noting, by the way,
that many of the selected phonological rules depend upon prosodic information

such as stress patterns.

Perhaps the most specific contributiors of Sperry Univac's work to the
developr~nt of speech understanding were in providing prosodic analysis
routines and specific proposals of how to use prosodics in the ARPA/SUR systems.
We developed and circulsted to the ARPA/SUR community, a FORTRAN program for
obtaining an Fo value every 10 ms, based on a center-clipped autocorrelation
analysis (Skirner, 1973a,b). This program was subsequently modified and used
by other ARPA/SUR contractos, including BBN .d SDC. Another program which
was delivered to SUR contracto:'s was the FORTRAN program "BOUJD3", whick detects
syntactic boundaries from fall-rise valleys in Fo contours and long periocds of
unvoicing ("pauses"). This program was incorporated into the BBN HWIM system,
and 1deas fror it were also used at SIC.

A third FORTRAN computer program (CHUNK") used sonorer energy contours to
locate the peaks, beginnings, and endings of syllabic nuclel, and to locate
syllable boundaries. This program was incorporated into the BB HWIM system,
and a similar prroram, based in part on Paul Mermelstein's work at Haskins
Laboratories, was incorporatri into the SDC system. Qur FORTRAN program for
iocating stressed syllables ("STRESS",) was based or ‘'rchetype Fo contours in
detected phrases and high values of energy intagral .a syllabic nuclei. This
program was incorporated into the BBN HWIM System.

47
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last, but by no means least, of our efforts to apply prosodics to SUR
systems was our ccovelopment of & procedure for using Fo-detected phrase
boundaries to adjus: the scores on word and phrase hypotheses in the Jolt
Berenek and Newman (BBN) HWIM speech understanding system, so that correct words
and structural hypotheses will be proposed at earlier stages in parsing, and
erronecus ‘heories cen be avoided. The state-tremsition arcs of the augmented
trensition network grammer were specially merked if they were expected to be
immediately preceded by intonationally-detected pbrase boundereis. The sccores
on words associated with the arcs were increased if expected beunderies were
detected, or decreased if expected boundaries were missing in the acoustic-
prosodic data. Sixteen BBN sentences were processed through the computer pro-
gram that detected phrase boundaries at fell-rise velleys in fundamentel fre-
guency contours. Analysis of sample traces of the hypothesizing, testirg, and
constructing of syntactic structures by the EWIM system showed that prosodic
adjustment of scores would increase the likelihood of correct words and phrascs
being selected before incorrect ones. These ideas were later refined and modified
to handle BEN's new shortfall density scoring procedure, tested further, and
implemented in the HWIM system. BBN researchers planned to test the HWIM system
with and without prosodic information but were unable to perform such tests
before their contract ended. Still, as wae noted in section 2.2, our studies
showed that prosodics caused a rearranging of the priorities of hypctaeses such
that correct theories would have been tried earlier than without the prosodic
guidelines, so that felse pareing paths could be avoided, parsing could be

more efficient, and more correct parses should result.

L.L Intopation end Phrage Bounderdcs

An elgorithm was devised for segmenting speech into grammetical phrases,
by maerking pbrase boundaries at the bottoms of "gubstantial"l fall-rise valleys
in fundamental frequency (Fo) contours. This elgorithm wes implemented as &
FORTRAN progran on the Sperry Univac interactive speech research facility, then
supplied over the ARPANET to all SUR contractors. It uses Fo date obtained from
+he Sperry Univac fundamental frequency tracking program (Lea, Medress, and
Skinner, 1973a, Appenriix A). The algorithm alsc successfully detected clause and
sentence boundaries wherever long (350 millisecond) stretches of unvoicing

(4 .e., "pauses") occurred.

1. In earlier studies, & "substential" Fo valley was considered to be

- defined
by a minimum of 7% fall and 7% rise in Fo. In the most recent studies, we used
4 eighth tones as the threshold value for an Fo valley.
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A series of "natural experiments" (cf. Anderson, 1966) were conducted to
test the algorithm. In such "natural experiments", one does not directly con-
trol an independent variable (such as syntactic bracketing) and study resultant
changes in a dependent variable (such as valleys in Fc contours); rather, he
simply looks at the data obtained from naturally-occurring phenomena (such
as the speech which had previously been recorded at Purdue University and
identified as the Rainbow Script, spoken by six talkers, and the Morosyllabic
Script, spoken by two talkers). Our first experiment included those texts,
Plus 13 cf the 31 ARPA sentences. For such speech texts, we demonstrated
that over 80% of all intuitively predicted syntactic boundaries were detected
from substantial fall-rise valleys in Fo contours. Over half of the "missing"
boundaries were between noun phrases and auxiliary or main verbs. In some
later reports we excluded such NP-AUX and NP-V boundaries, getting scores
nearer 90% for all other boundaries.

Some "extra" boundaries were detected at places in the syntax where they
had not been expected, and some "false" boundaries also were deterted where
they obviously had no relation to syntactic structures. The false boundaries
were almost all due to local Fo variations introduced by obstruents. The
"extra" boundaries and "missing" boundaries (expected but not detected) needed
to be better understoocd, yet the uncontrolled nature of the speech texts made
it difficult to find simple explanations. More controlled studies with

sentence pairs with minimal differences in structure needed to be conducted.

We extended those tests in a later study, to include the full set of 31
ARPA man-computer interaction sentences. Boundary detections were soc~what
more reliably found with speech read from a written text than in some of the
simulated man-computer interactions. This test still involved uncontrolled
speech texts.

In 1975, after the large Sperry Univac speech databagse had been designed
and recorded, tests vare coanducted on the ability to detect phrase boundaries
in a subset of 159 designed sentences, involving three talkers. All the
sentences in thi subset were simple (unembadded) declarative sentences with
one of six phrase structures. The majority were of the form "Ron will enroll
NP", to test how the Fo-detected boundary before the NP moves as the first stress

in the ¥P woves. Unfortunately, two of the talkers shoved very little Fo variation

throughout each utterance, so that wc could not conclusively determine whigh
49
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syntactic constituents are separated by fall-rise patterns of fundamental
frequency. The mein conclusion that resulted from this study was that the
rige in Fo after any detected boundary will begin at the first stress in the
following constituent (for all the talkers). The Fo-detected boundary
inveriably occurs just hefore the first stress in the following phrase. Of
course, other factors like dips of Fo during nearby voiced obstruents could
ceuse local movement of the boundary, but the syntactic structure and stress
petterns . dictate that the boundary be just before the first stress. In all-
sonorant sentences such as the 159 studied then, the placement of the boundery
immediately before the first stress of the next phrase becomes very apparent.

The most recent study of intonetionel phrase boundaries, described in
section 3.3 of this report, further verified this placement of the Fo boundary.
However, with the one talker used in this latest study, whose Fo contours
are more animated an? show clear boundery markings, we were able to also
determine whigch constituents are regularly accompanied by Fo-detected boundaries.
After & stressed -comstituent, we find that noun phrases, sentence adverbs,
conjuncts, relative clauses, end parentheticals are preceded by Fo boundaries,
as are stressed main verbs [and auxiliery verdb phrases if and only if they
contain & stress such as a negative). The two parts of a compound noun are
also separated by an Fo boundary. Since some words, like main verbs, lose
their stress in some comstructions (e.g., in coordinate comstructions and
subordinate phrases), those words will not be preceded by Fo boundaries in
such positions.

Boundaries were found in this latest study to occur more regularly when
unstressed syllables intervene between the last stress of the previous
phrase and the first stress of the following phrase. In general, in pre-
dicting where Fo boundaries should occur, expected stress patterns should be
taken into account, so that boundaries will not be expected in coordinate
structures with repeated words, or in some subordinate structures. Even the
presence or absence of unstresses between stressed syllebles could be used to
refine the probability of detecting & phrase boundary. This study indicated
that bounderies should perhaps be expected at the first stress after the
auxiliary verd in & yes/no question, between a noun phrase and the relative
pronoun of its subordinete relative clause, and perheps even between an adverb
and the adjective it modifies within & noun phrase.
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The minimal contrasts in structure within pairs of the database sentences
have been useful in highlighting these refinements in boundary prediction.

In summary, it appears we are very near optimal attainable performance
in phrase boundary detection from Fo ccntours, with few possibilities of
improvement by revisions in the computer program. For some ideas about
further detailed improvements inthe BOUND 3 phrase boundary detection program,
see our previous semiannual report (Lea, 1976c). However, results with the
255 sentences suggest that the places where boundaries should be predicted
could deserve further study.

In addition to detection of phrase boundaries from Fo contours, several
other studies about Fo contours have been conducted at Sperry Univac. In
1973, Lea proposed a model of Fo contours in which effects due to clauses,
phrasal groupings, stress patterns, and phonetic effects were superimposed.
OQur recent studies of Fo contours in the 255 all-sonorant sentences {section
3.5 of this report) confirm the general rapid-rise, gradual-fall intonation
of declarative, WH, and command clauses, and the terminal rise that sometimes
but not always accompanies yes/no questions. The peak of the Fo contour in
a clause was shown to occur during or just after the first stressed syllable
in the clause. Stressed syllables were almost always exhibited by local Fo
rises at or near their syllabic onsets, -3 predicted in Lea's model. The
effects of phonetic sequencles on Fo cc. cours are superimposed on the clause.
phrase, and stress effects, and are removeable by use of all-sonorant sequences.
As has been repeatedly verified, Fo dips slightly during wvoiced obstruents,
and 1s initially high after unvoiced obstruents and then followed by a rapid
fall.

An interesting sidelight to our studies of fundamental frequency contours
in the 159 sentences (Lea, 1976c) was the observation that large fundamental fre-
quency variations occurred betore many stressed word-initial vowels. These were
obviously the result of glottal gstopgs. The glottal stop 1s often preceded
by a local rise in fundamental frequency, which suggests an acoustic (hence,
universal physiological) origin of rising tones that are often found to
precede glottal stops in tone languages. After a glottal stop, a rapidly

rising fundamental frequency, or other major perturbations of fundamental

51




Report No. PX 11963 UNIVAC

frequency, may occur. Unvoicing may be apparent during the glot+tel stop.
Obviously, fundamental frequency variations thus mey be indicative of the
occurrences of glottal stops, so that they may be distingulisheble from orsl
stops.

In addition, the results with the 159 sentences strongly indicate that
glottal stops are more likely to occur before siressed vowels than uastressed
ones. Il e glottsl stop occurs, it very probably precedes a stressed vowel,
and is often likely to be just after a major constituent boundary. The
glottal stop is thus another potential cue to strese and constituent structure.

In another study of Fo contours, Dean Kloker (1976), showed that over
80% of ihe perceived phrase boundaries in spectrally inverted speech were
detectable by an Fo model that eutomutically locates and describes the shape
of Fo patterns throughout a sentence. He used the function y(t) = atbeCt to
model the rise-fall shapes which define phrases, with parameters a, b, and ¢
derived from a stepwlse regression which adds new values to the region of a
phrasal contour as long as the variance of the fit is not too large end the
next Fo value is within a prediction interval. Twenty one percent of the
boundaries found by the model were not found perceptually (i.e., were "false
alarms"). Kloker mlso found that sentence-final phrases marked as complete
ciause boundaries by listeners were generally found to be falling or level
patterns, while those Leard as jncomplete were all found to be rising Fo
contours.

Qur study of Fo contours in the contrasting structures of the "flying
planes paradigm" (page. 36) showed a clear case of how Fo contours,
and the boundaries detected from them, can be used to distinguish between
alternative syntactic bracketings of & sentence. No boundary occurs between
the adjective and finel noun in the NP-COPULATIVE-NP structure, while a
boundary does occur between the verb and final noun of the NP-AUX-V-N
structure. Many other structural contrasts can be possible where boundary
detections cen distinguieh ameng alternative siructurel hypotheses.

As boundary locations are more precisely predictable and we lkmow more
specifically just which constituents will be accompanied by bounderies,
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boundary detections can be used ever more effectively in hypothesizing
syntactic structures given the prosodic information. Then, such prosodic
adjustments of parsing paths as was attempted for the BBN HWIM system will
be possible and desirable.

4.5 Perceived Stress Patterns

Before we could evaluate any automatic procedure for locating stressed
syllables, we needed a "standard" specifying which syllables in speech are
actually stressed. In an initial study in 1973, we had three listeners
individually listen to portions of speech tapes, rewinding at wili and listen-
ing again until they could mark each syllable as either stressed, unstressed,
or reduced. Texts studied were the Rainbow Script spoken by six talkers,
the Monosyllabic Script spoken by two talkers, and 13 of the ARPA men-computer
interaction sentences (involving eight talkers). Each listener repeated
the perception test three times, with trials separated by sevsral days. With
three repetitions with speech, three without speech (using only the written
text), three listeners, and wita the various speakers involved, this study
involved a total of about 28,000 judgments of stress levels for syllables
in the connected texts.

As expected, the different listeners sometimes assigned different stress
levels to the same syllables, presumably based on hcw they individually defined
the boundaries between categories of stressed, unstressed, and reduced syllables.
Their confusions were not seriously increased or decreased in going from
individual talker to talker, or from text to text. Two listeners were found
to agree in their perceived stress levels for most of the individual syllables.
They differed on only about 5% of all syllables as to whether they were gtresgged
or not, and each of them showed only about 5% confusions in decisions about
8tresged syllables from one trial to another. Upgiregsed and reduced 1levels
were much more frequently confused. A third listener differed from the other
two listeners on about hslf of nis stress level judgments, and also labelled
substantial percentages of all syllables as gtregsed on one trial and upgtressed
on another. Such listeners who are inconsistent in their own judgments and
who differ dramatically from other listeners should be excluded in any attempts
to establish standards about which are the actual "stressed syllables" in
connected speech.

53




i —Jae B3

Report No. PX 11963 UNIVAC

The listeners also appeared to be as consistent in their assignments
of stress levels given only the written text as they were in thelr assignments
when listening to the speech recordings. However, their judgments without
speech did not correspond well with their judgments yith speech if the speech
was spontaneous (that is, not produced by speakers reading written texts).
Listeners appeared to differ most drameticelly from each other, amnd yiold
more confusion in stress levels from repetition to repetition, when yes-no
questions were involved. (Later studies with more questions did not show such
a difference due to sentence type; lea, 1976c.)

These initial studies were later extendod to all the 31 ARPA sentences
(Lea, Medress, and Skinner, 1973b) with similar results. Then, in 1976, with
the completion of the design and recording of the large 3300-sentence speech
data base, further studies were conducted on listener's perceptions of stress
paetterns, both for erhancing ocur understending of the method of obtaining
perceptions, and to supply stress judgments on a veriety of sentence structures.
These stress judgments provide the 'standard' of correct stress assignment
by which acoustic correlates of siress can be evaluated, and also provide
contiderable evidence (involving over 17,000 perceptions) about the stress levels
accampanying various word categories, and the effects of syntactic processes
(e.g., subordination and crordination) on stress petterns.

By en inltiel experiment in which eleven listeners provided stress percep-
tions on three seperate trials (spaced one week apart), we demonstrated that
five new listeners that were substantially untrained about prosodic structures
could successfully (i.e., consistently, and with agreement among listeners)
categorize all syllables in connected speech as either streesed, unstressed,
or reduced. Good listeners may be selected on the basis of comsistency from
time to time and agreement with other listeners. Listeners agree that, with
e few times of rewinding and listening to the clauses in a sentence, they
cen effectively and meaningfully merk stress patterns. They usuelly listen
first for stressed syllables throughout clauses, then fill in decisions about
reduced and unstressed syllables.
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It appear:s from these studies that the relative stressedness of syllables
can be reliably determined from counting the number of listeners that agree
that a syllable is stressed (or reduced), thus yielding a "stress score" which
is highest for the most stressed syllables and lowest for the most reduced
syllables. Using such a stress score, we have demonstrated that WH-words,
nouns, quantifiers, and command verbs are among the most-stressed words in
English sentences, and that main verbs, adverbs, adjectives, and negatives
are also usually stressed. Auxiliary verbs, copulatives, pronouns, relativse
pronouns, and possessive determiners are usually unstressed, while articles,
prepositions, and conjunctions are usually reduced. Coordination produces
significant reductions in stress levels on repeated parts (verbs or nouns),
and subordination of one clause or phrase under another causes reduction in

stress scores on verbs, auxiliary verbs, and conjunctions, but not nouns.

Another structurel regularity that wvas observed was that perceived
stresses tend to decrease throughout a word sequence that would otherwise
be expected to have equal stresses, or a rising stress pattern; stresses on
subject nouns are higher than on direct objevt nouns, and stresses on prenominal
modifiers (adverbs, adjectives, and participles) show a descending stress

pattern, not the expected nuclear s%“ress pattern.

In addition to providing extensive experimental evidence about English
stress patterns, these studles have provided the necessary standard of correct

stress assignment by which acoustic correlates of stress can be evaluated.

46 Automatic Location of Stresges

In 1972, we first proposed a strategy for locating stressed syllables.
Based on previous studies that had shown that local increases in Fo and
large integrals of energy within a syllable are the most reliable acoustic
correlates of stress, this algorithm looked for regions of high energy
integral near local Fo increases. The increasing Fo near the beginning
of each constituent detected by the boundary detector was assumed to be
attributable to the first stressed syllable in the constituent (Lea, 1973b,
section 5). A stressed "HEAD" to the constituent was thus associated with
a portion of the speech which is high in energy with rising Fo, and bounded
by substantial (5 dB or more) dips in energy. Other stressed syllables in the

constituent were expected to be accompanied by local increases in Fo. Since
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the usual ("archetype") shape of the Fo contour in a constituent is & rapid
rise followed by a gradusl fall in Fo, we expected that local 'increases'

in Fo due to later stressed syllables would show local ripes above the grad-
wally felline Fo contour, even if Fo did not rise absolutely near the stressed
syllable. The stressed syllable is located within a high-energy-integral
region near this lucal rite above the archetype Fo contour.

This strategy was first specified precisely end used in rigorous hand
analyses but not implemented as a computer program until 1975. In the irterinm,
the elgerithm was tested by hand analysis of Fo and energy contours for 400
seconds of connected speech; namely, the Rainbow Seript spoken by six telkers,
the Monosyllabic Script spoken by two telkers, and, later, the 31 ARPA test
sentences. The elgorithm succeeded in locating an overell average of around
85% of all syllables perceived as stressed by the majority votes of a
penel of listeners. Performance was best with speech read from written texts,
but even in the 31 ARPA men-computer interaction sentences, over 85% of the
perceived stresses were found. About 20% of all algorithmicelly located
"stresses" were false, in that they did not point to syllables perceived as
stressed by a majority of the listeners.

It was conceivable that simpler procedures for stress location might work
as well as the archetype contour algorithm we had developed. Consequently, in
1973, Lea (1973f) did a comparison of three approaches to stressed syllable
location. Methods based on only the durations of h'gh energy chunks, or upon
only the length of time that fundamentel frequency (Fo) wes not falling signifi-
cently, did not perform as well as the original algorithm based on archetype
Fo contours in phrases and locel searches for high-energy chunks of speech.

The archetype contcur algorithm was also least sensitive to the type of
sentence being processed, while the other elgorithms showed quite different
performance in yes/no questions.

In Merch, 1975, the archetype elgorithm was implemented as a FORTRAN pro-
gran ("STRESS") end distributed to SUR contractors. This repzssented a major
milestone in Sperry Univac's efforts to provide prosodic aids to speech under-
stending. The implementation included & number of improvements and new tests
not included in the original elgorithm, including refined methods for selecting
the highest-energy rucleus near a rise in Fo, & method of picking up some

stresses that were missed in very long phrases, and a special test for pre-

pausel stresses. The program was tested with the Rainbow and Monosyllabic
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Seripts, aspoken by two talkers, and the 31 ARPA sentences. On the average, 89%
of the syllables perceived as stressed were found by the program, while about
one out of five locations were false. The STRESS program confused about 15%

of all syllables between the stressed and unstressed categories, while listeners
confused about 5% of the syllables. While the program is obviously open to some

improvements, it is approaching *he level of performance that listeners can attain.

In our most recent study of syllabification and automatic stress location
(see section 3.4), we found that 91% of all the syllables in the 255 databasge
sentences were correctly detected by the syliabification routine, while some
weak syllables in all-sonorant sequences were missed. These results were
surprisingly good, considering the difficulty of syllabification in all=-
sonorant sequences. The overall scores of 2% correct stressed syllable location
end 20% false alarms were also very satisfying. There is, however, still
room for considerzbvle improvement. One such improvement is expected tg come
from a revision of the STRESS program to associate the first stress in a
sentence with the nucleus immediately preceding the peak Fo value in the
sentence. Another improvement would be a revision of the utterance-final
(prepausal) test for stresses. Other possible improvements were discussed in
section 3.k,

Steps should be taken in future studies to use the locat:l stresses to
guide phonemic analysis, word matching, and syntactic parsing processes.

4.7 Iiming Cues to Linguistic Structures

In 1974, we conducted a study of rhythm and timing cues in our available
speech texts (Lea, 1974a). These studies suggested that stressed syllables
tend to occur at intervals of about 0.4 to 0.5 seconds (that is, there is some
tendency toward stress "isochrony"). However, the variation in interstress
interval sizes was quite large, even for a single talker within a single text.
We concluded that the concept of English being a stress-timed language is pnot
simply exhibited by exact equality of interstress intervals, or even by an
unquestionable "tendency toward equality” of interstress intervals regardless
of other factors. We found that, contrary to several published hypotheses,
the average interstress interval increases about linearly with the number of
unstressed syllables between the stresses. A tendency toward stressed-unstressed
alternativn was exhibited, and it is probably this tendency, plus the somewhat
uniform durations expected for unstressed syllablés, that ylelds the tendency for

interstress intervals to cluster somewhat near an average of 0.l seconds or so.

57

ZLs




~ T

Report No. PX 963 ONIVAC

This study also showed that pauses between clauses of a senterce tended to
be about the same duration as interstress intervals, while pauses between
sentences tended to be twice that duration. A pause is thus like an integer
mitiple of an inserted silent interstress interval. We also found that time
intervels between cetected syntactic boundaries tended to cluster in a multi-
modal distribution centered around multiples of the average linterstress interval.

These repults indicate that interstress intervals, psuse durations, and
intervals between detected boundaries all seem to relate to speech rhythm. Each
of these, plus a measure like the number of syllebles per second, may be useful
as a measure of the rate of speech. Information about rate of speech may be
used in selecting the appropriate phonologicel rules to apply in determining
underlying phonemic structure from the slurred, coarticulated phonetic
sequencee. "Fast speech" rules show more slurring, coarticulating, and
dropping of speech sounds.

Ve experimentally investigated how various measures of the rate of speech
correspond with changes in phonologicel structure that should be hendled by
"fast speech" phonological and acour tic phonetic rules. The dyrstion of the
interstress ipterval was found to inversely correlate with the percentage of
phones that were erroneously categnrized by various available methods for
automatic phonetic categorization. Other measures of speech rate, such as
the number of syllables per unit time, were not as closely correlated with
phonetic error rates. The interstress interval thus appears to be useful irn
predicting phonological mles that might epply to an utterance.

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 grammaticel structure of a sentence.

Tvo experiments were conducted that verified the occurrence of timing
cues to grammatical structure. In one experiment, five sentences per speaker
were selected from the speech of six individuals who participeted in simulaticns
of computer interactions. The utterances were distorted by spoctral inversion
and presented to five listeners who marked stressed syllables, and the locations
end types (normel or hesitation) of phonological 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
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stressed or unstressed based on the perce:tions. Exploring the hypothesis that
large increases in phonetic duration are syntactically determined, perceived
boundary locations were compared with preceding segments which were 20% above
the median length fer that segment type. Using a rule wihich groups lengthened
syllables, and from the lengthened group predicts phrase bounderies, 91% of

the perceived boundaries were predicted. Of all the perceived phrase boundaries,
those before silences longer than 200 milliseronds were more reliably predicted
by lengthening than boundaries not at long sile.ces. Locations perceived t> be
nornmal phonological phrase boundaries were more reliably predicted than those
perceived as hesitations. Of the predicted boundary locations not perceived

by listeners, some marked major syntactic boundaries, but most were at minor
syntactic breaks, notebly between modifiers and nouns, and after prepositions.
The results also suggested 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 proscdic features alone (such as onsets
of syllabic nuclei ‘cund from energy contours), withou: the need for a prior
determination of the phonetic sequence or the detection of lengthening of phonetic
segments. We have already noted that syntactically-dictated pauses appeared
as one-or two-unit interruptions of rhythm. Interstress intervals spanning
those pauses were thus two or three times their average duration within clauses.
In addition long disjunctures (i.e., interstress intervals greater than 0.5
seconds) accompanied 95% of the perceived boundaries between phonological
phrases. We thus do have quite reliable cues to linguistic structure in the
timing of speech events.

4.8 Carefully Designed Spoech Databases

From our initial "natural experiments" with the Rainbow, Monosyllabic,
and 31 ARPA speechtexts, we were abtle to get initial evidence suggesting
specific relationships between various acoustic prosodic features, on the
one hand, and lizguistic structures, perceptions, and abstract notions (such
a8 boundaries, phrase structures, and rhythm, etc.), on the other hand.
However, one cannot be certain with such natural experiments that some unknown
third variable is not the sourcs of any apparent relationships between the
acoustic variable and the uncontrolled underlying abstract variable. Controlled
experiments, with all variables except one fixed in the comparison of two
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utterances, provide the proper extension from ihe encouraging results of the
neturel experiments. We consequently undertook the design of speech texts

to provide the necessery conirols and sufficient deta to extend these encour-
eging tendencies into well-defined rules releting prosodic variebles and
linguistic ctructure. As noted in the previous sections, controlled tests
with these sentences heve contributed substartially to our understandirg of
prosodi.c structures.

There is a definite need to develop precise rules for systematically
releting prosodic petterms to underlying structures. If one can understand
how the interacting effects of semantics, syntax, lexical structures, stress
petierns, and phonetic sequences are superimposed in the Fo and energy
contours and time patterns of controlled English sentences, he has some
of the most essential tools for using acoustic prosodic data to gulde speech
understanding stretegies. Only by a2 systematic atteck on the tesk of com-
piling experimentelly-verified rules can one hope to provide the kind of
reliability needed to make such prosodic data of mejor value in speech
wnderstanding systems. For exemple, our earlier predictions of where phrase
boundaries should occur in Fo contours were based on intuitive analyses of
syntectic structures. Where expected boundarieé did not occur, or wherever
felse or unexpected boundaries occurred, there had been no recourse indiceting
the source of the error. This was ir part due to the intuitive predictions
used, and in pert due to the uncontrolled syntectic structures involved in the
texts studied. Experiments with the designed sentences of known syntactic
structure have elready begun to indicate exactly what structural boundaries
ere matked, ard will ultimately permit the writing of precise rules predicting
where boundaries will occur in new sentences of similar structures. These
rules for predicting detectable boundaries mey then be useful in computer
deternination of possible underlying structure given the detected bounduries.
Similarly, precise rules for relating stress patterns to underlying structurss
are needed.

0f primery importance in such prosodic stucies is the development of English

intopation rules. Intonetion rules cut ecross the whole gamut of problems
involved in speech understanding, including ihe explanation ¢. .hy constituent
boundaries are detecteble in Fo corntours, what are the acoustic correlates of

stressed syllables, how syutactic and semantic structures might be manifested
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tcoustically, what are useful phonological rules and morphological rnles in
various contexts, and how stress rules might be inferred from acoustic data.
Many rules and hypotheses about regular prosodic patterrs have been published,
but few have been tested with extensive speech data. We consequently designed
an extencive set of 322 sentences which provide "minimal pairs" of sentences
with nearly identical word sequences but c.utiasting structures. These
sentences 'nclude explicit tests of the prosodic effects of sentence type,
contrastive syntactic bracketing, subordination, coordination, syntactic
categories (such as pronouns, verpals, compound nouns. etc.), movement of
stress within phrases, coreference, etc. Prosodic patterns that can be studied
with these sentences include: performance of the program for detecting phrase
boundaries from valleys in Fo contours; ac-ustic correlates of stressed
syll .. les, and performance in automatic stressed syllable location; acoustic
measures of rhythm and rate of speech; rverall Fo contour shapes; and lccal
variations in prosodic features due to ,..onetic sequences. Also designed was

a set of 178 sentences which included all word-initial consonant-vowel (CV)
sequences and =11 word-tinal vowel-consonant (VC) sequences. These "phonetic-
sequence sentences" provide the speech date needed for efficlently testing
automatic procedures for vowel and consonant classification. For example, five
sentences provide instances o all distinguishable stressed vowels of American
English, co'pled with the sibilents (s,S), in initial CV and final VT positious.

The 71100 designed sentences were recorded in a pseudorandom order by
three male talkers, using unusual recording procedures that involved projecting
the sentences one at a time on the wall of a sound jproof room in which the
talker was situated. Complete dialect infurmation was obtained for the three
talkers. Subsets of the sentences (including 99 by one talker, 37 by another,
and 255 by the third) were dubbed into a useful order for subsequent prosodic

analysis.

From extensive studies with such designed sentences, one couid hopetully
develop experimsntally-validated intonation rules and other prosodic rules.
These rules would then be used to guide parsing, semantir :alyzis, phonological

analyses, and word matching procedures in futurs speeck understanding systems.
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Only a modest beyinning on such studies has been completed within our ARPA program,
but the deta is avallable for further studies. In eddition, our experience with
the unusually monotonic speech of two of the telkers suggests that the

sentences ought to be recorded by other talkers.

A report ebout the designed sentences and many prosodic hypotheses that
they cap he used to test has just been published and should be of service in any
future studies with the large speech database. I would like to reiterate here
that the design of such an extensive set of sentences with minimally-distinguished
sentence structures is a very valuable result. To design and record such
large volumes of speech, devise hypotheses to test, and arrange the data into
subsets for analysis is & major tesk which spanned almost three years st Sperry
Univac. Other researchers might avoid duplicate effort by adopting some of the

sentence structures, and periaps even the speech recordings, for their studies.
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5. CONCLUSIONS AND FURTHER STUDIES

Table VII (pages 41 to 43) lists the many specific accomplishments of
Sperry Univac's work on Prosodic Aids to Speech Recogniiion for ARPA. We
need not summarize such specifics again here. Rather, we shall consider the

general conclusions from this work, and final suggestions for further studies.

5.1 Conclusions

4
Prosodic informaticn can and should be used to provide: reliable anchor

points for efficient and accurate phonetic enalysis; guidelines for phonological
rule uprlications; segmentation of sentences into phrases; indications of
syntactic features like sentence type, subordination, and coordination; and

cues to semanti~ relations. We have shown not only why such use of prosodics

is important, but, to some degree, how proscdics can be incorporated into

speech understanding systems. Srecific computer programs are now available

for obtaining Fo contours, locating syliabic nuclei and syllable boundaries,
determining which syllables are stressed, and segmenting speech into phrases.

A general strategy for prosodically gulded speech understanding would:
segment speech into phrases; locate the stressed syllables; do a phonetic
analysls anchcred arcund the reliable stressed syllables and other 1slands
~f phonetic reoliability; hypothesize words that match that phonetlic structure;
postulate syntactic structures that match the prosodic patterns of phrase
bcundaries, stress patterng, timing, and intonation; hypothesize phrases or
word sequences that match the prosodic, segmental, and lexical Infcrmation:
an? verify semantic and pragmatic conditions. No such system has been developed,
and none of the ARPA systers zome close to using prosodizs to the degree we
have recommended. However, ocur initial cooperative effort with BBN, to
incorporate intonational phr.se boundaries into the parsing procedures of
the BBN HWIM system, was giving encouraging results as the ARPA/SUR program
came to a close. Also, syllabification, Fo tracking, and even rudimentary
aspects of phrase boundary detection were incorporated into the systems.

Five years agc u«lmost no mention was made of the role of prosodics in
speech understanding systems. Prosodics were not listed among the major
knowledge sources or "levels" of system organization in the original report
of the ARPA study group that defined the ARPA/SUR program. One would have to
look long and in a variety of directione to hear or see even any "lip
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service" given to the possibility that prosodics should play any role in

speech recognition.1 Indeed, prosodices was at an infant stage comparable

to that which phonemic structures had in the word recognition efforts of the early
195C's. Prosodics had less acceptability in 1971 than syntax enjoyed in Lindren's
1965 swvey of work on speech recognition. Now. prosodics have reached such

a level of acceptability end attention that one rarely hears a general

prediction of future work without a substantial (though not always a well-
informud) acknowledgement of tane need for a prosodic kmowledge source in the
system. In & review of one of my recent papers, the reviewer put the

question of whether to use prosody as now & foregonme conclusion, and

concidered that now 1t i1s a question of how to use it. To a long-term

advocate of such a "weak-sister" in the asray of speech processing tools

this is & heartening accomplishment.

Sperry Univac's efforts in the ARPA program begen as basic supportive
reseerch on prosodics and their relationships to speech understanding systems.
Only at a late stage in the program did the pressures for successful systems
and closer cooperation among contractors lead us into concerted efforts to
incorporate our ideas and experimental results into the systems being
developed by other ARPA contractors. In retrospect, if such practical
application of prosodics within systems was to be accomplished primarily by
us, the researchers on prosodics. rather then by the systexz builders, suzh
en orlentetion should have been taken earlier. We didn't quite meke our
experiments be of practical application until shortly before the systews had
to be frozen for performence evaluation.

Consequently, our biggest accomplishments were in the area of experi-
mental studies of prosodic structures. This is evidenced by the long list
of experimentel results listed in Table VII (pages 41 to 43). We provided
solid experimental evidence for what were intuitively accepted notions about
the velue of prosodics; namely, that amy of verious available methods of
automatic labelling of phonetic segments worked best in the carefully arti-
culated stressed syllables, that intonation provides cues to phrase structure,
that stress patterns cen be used to directly detect some aspects of syntactic

1 A notable exception was the work of the late Gordon Peterson (1961, 1963)
perhaps the earliest spokesmen for the use of prosodics in speech recognition.
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structure, and that stresses are crucial to the rhythm, rate, and prediction

of phonological distbrtions in speech.

We experimentally confirmed or disproved linguistis' and theorists'
rules about expected stress patterns, intonation contours, pauses, rhythms,
and perceptions of prosodics. Some of our results have major theoret.cal
significance to linguists and speech scientists. For example, contrary
to Bolingers' published claims (1965, 1972), there is a neutral, syntactically-
determined intonation contour and stress pattern for spoken English sentences.
Contrary to the claims of Pike (1945) and other linguists, isochrony of
English stresses is not exhibited by simple squeezing of unstresses between
fairly fixed onset times of stressed syllables. Some aspects of cla’med
"nuclear stress patterns" (cf. Chomsky and Halle, 1968) are nut confirmed by
either perceived stress patterns or acoustic correlates. Despite criticisms
(Armstrong and Ward, 1929; Lieberman, 1967) of the close association assumed
between constituent structures and invariant prosodic signals, there is
considerable evidence that major syntactic boundaries are reliably marked by
pauses, Fo contours, phrase-final lengthening of vowels and sonorants, longer
interstress intervals, and even specific phonetic segments like glottal stops.
A major challenge to total language models is the dictinction between the
positions of surface syntactic boundaries and the displaced indicators of
those boundaries in Fo contours and groups of lengthened syllables. Similarly,
though the subject-predicate boundary is considered among the major syntactic
breaks in a sentence (cf. e.g. Scholes, 1971), that boundary is one of the
least detectable from the prosodic patterns we have studied.

Our research has spanned the whole gamut of prosodic structures, and I
believe it provides vital background for further work on prosodic aids to
speech recognition. We are very close to where prosodics can be used to
provide'valuable aids to phonological analysis, word matching, and parsing.
Indeed, if a system bullder cannot now accept the need for a total prosodically
guided speech understanding strategy such as we have proposed. he should at
least give careful consideration to incorporating a "prosodic verifier®
which compares expected prosodic - tterns for hypothesized word sequences with
actual detected patterns, and thus adjusts scores of alternative hypotheses.
Such ideas are being explored by Sperry Univac under internal funding.
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Many of our most solid results about prosodic structures have come from
the recent use of our datebase of sentences with minimel pairs of contrasting
structures. Such designed sentences should pley a valuable role in any
prosodics research or development of prosodic aids to speech understanding.

5.2 Further Studies

If 1 had oy unrestricted choice end the necessary resources to undertake
& program in prosodic aids to speech recognition today, I would do the following,
and I obviously recommend this approeach to interested researchers. I would
have a two-prong effort: (1) conducting necessary experimental research on
prosodic regularities; and (2) developing a predomipently prosodicelly-guided
speech understanding system which can progressively incorporate more prosodic
informetion.

We do not know &ll we need to know to be able to simply apply prosodics
to speech understanding without simultaneous further research. Anyone who
would rromote prosodic eids without further experimentation would be in
danger of slowing the ultimate progress uf prosodically guided systems by a
prremature application of limited information. Such a tactic may even lead
to discouragement about prosodics, reculting from ill-devised and improperly
epplied limited tools. We need to kmow more precisely: Jjust which constituents
are demarcated by Fo contours and other prosodic cues; what intorution cen tell
us about sentence type, subordination, coordination, and speciel phrese structures,
how to remove or handle phonetic influences on prosodics; what stress patterns can
actuelly be expected with various phrase structures; how to use timing cues to
select phonclogicel rules; etc. We also need to test prosodic regularities with
more talkars, other speech styles, and more repetitions per talker. In generszl,
aseful rules for relating prosodic patterns to linguistic structures must be
experimentally developed.

On the other hand, the development of useful rules for relating proscdic
patterns to linguistic structure also demands the direct epplication of those
rules to working systems, to evaluate their accuracy and utility. I would recom=-
mend a system structure that mekes use of prosodics from the very beginning of
syster implementation. Twc alternative beginnings are (A) a prosodically
guided speech understanding system such as we have previously defined (Lea,

1974; Lea, Medress & Skinner, 1975); or (B) a more standard system with
ecoustic analysis, phonetic segmentation, word matching and scoring, and
eppropriate parsing and control etructures that hypothesize and test word

sequences, but with & "prosodic verifier". The prosodic verifier would
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compare expected stress patterns with detected stress patterns to adjust word
scores, ccmpare expected and Fo-detected phrase boundaries to adjust scores

on word hypotheses, compare prosodic indicators of sentence type with the
hypothesized type of sentence, etc. Either system could use stressed syllables
as phonetically-reliable anchors around which a search for occurrences of
words can be attempted, and, if convenient, they could restrict expensive
acoustic analyses such as LPC spectral analysis to only those regions (voiced
regions or maybe only stressed syllables) where prosodics could suggest that
such analysis 1s needed.

The system should be used Jnitially for very restricted tasks with
few syntactic structures, comparable to or more restrictec than those used
in the successful HARPY and HEARSAY systems. Later work could deal with
more challenging tasks such as the versatile subset of English handled within
the BBN HWIM system.

We need to define precise ways of using prosodics in word matching and
persing. Can one reliably rule out words from hypothesized occurrence at
a certain point in an utterance, based on the wrong syllables being stressed
or phrase boundaries occurring where they are not expected? Can one rule out
(or reduce the score on) possible phrase structures because the phrase
boundaries that were detected are at radically different places from those
predicted for those structures? Even for very restricted speech recognition

syatems these ideas would seem worth incorporating and testing.

On the experimental side, I would continue testing the BOUND3 Fo-boundary
detector, the syllabification routine, and the STRESS stressed syllable locator,
using the remainder of our 922 "Prososyntactic Sentences" spoken by talker
WAL, and, very soon, introduce other talkers for the same sentences. Later
I would introduce repetitions of the same sentence by the same talker. Other
syntactically and prosodically informative sentences might then be added.

After some concrete results with several talkers, I would explore similar
questions with other speech styles.

Early attention should be directed toward the following questions:
Which constituents are marked by prosodic boundaries?; What is the success
in boundary detection, syllabification, and stressed syllable location?;
What regularities are to be found in iiiitial, terminal, and medial Fo contours
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vithin clauses? Can one find more adequate procedures for extracting

syctactic and siress-related aspects from phonetic influences on Fo contours?
From the beginning, one should see a primary goal of developing experimentally-
verified intonation rules. About the time that more talkers are introduced,

I would recommend thorough studies of all acoustic correlates of stress,

with the thought of improving or replacing the current stress location pro-
gream. Studies of rhythm, rate, and the use of interstress intervals to
predict applicable phonological rules should be undertaken by the time that
significant data is avallable from several talXxers.

In essence, I am saying that we are in the middle of the necessary
experimental reseerch about prosodic structures, with considerable work yet
to be done, but with the possibllity of promptly beginning to apply restricted
prosodic information within a speech understanding system. While the ARPA/
SUR program is over, and with it the excellent interactions, cooperative
spirit, and irterchange of ideas that has so much permeasted that progrem,
the need for speech understanding systems and for prosodic guidelines will
not diminish, but rather increase. Speech understanding remains one of the
most challenging potential users of prosodics, though, as I heve noted
previously (Lea, 1976c, pp. 49-50), prosodics can also be used in other
systems for word and concept spotting, language identification, speaker
identification, and speech synthesis.
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APPENDIX A. BOUNDARIES AND STRESS PATTERNS IN THE 255 DATABASE SENTENCES

In the following pages of Appendix, the 255 sentences used in our recent
studies of acoustic prosodic patterns are listed. The sentences are grouped
into subsets wkich test specific syntactic or lexicel effects on prosodic
structures. Each sentence is preceded by an identifier comsisting of: (a) the
letters "PSS" meaning "prososyntactic sentence", in contrast to phonetic
sentences, etc.; (b) either S (short) M (medium), L (Long), or X (referring
to phonetic or extra structural tests), elong with a number identifying the
sentence's place in the ordered description of the database; (c) a prediction
of the stress pattern (stressed or not for each syllable), with parentheses
around phrases; and (d) & tree number (e.g., T4), indicating the syntactic
tree that represents the surface structure of the sentence. These identi-
fiers are described more fully in another report (Lea, 1976e).

Also accompnaying the sentences are markings of the perceived and
automaiically detected prosodic patterns. Above each sylleble is a number
between -5 and +5) specifying the stress score (SS) for that sylleb. . , where
-5 means all five listeners heard the syllable as reduced, while +5 indicetss
all heard it as stressed. (See Lea, 1976c). Each syllable (or portion of
speech including more than one syllable) which was automatically located as
& stressed syllable is underlined. Thus, only syllables with stress scores
of 43, +4, or +5 should end out being underlined. Any underlined portion
that does not include & syllable perceived as stressed (that is, eny portion
with no SS >3) is a_false alarm in stress location. Any syllable with SS 2
+3 that is'ngi underlined is a missed stress.

Another form of information displayed on the sentences concerns phrase
boundaries detected from Fo contours. Every detected phrase boundary is
narked by a vertical bar approximately at the positicn in the utterance where
it was detected. Each position where & boundaery wee expected but not detected
(i.e., & missirg boundary) is shown by a star.
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SUBSET 1A.
PSS S2-Ss,Tl
PSS S4-SUS,T2
PSS S8-SSS,T3
PSS S12-SUSS,T4
PSS S16-SSSS,T5
PSS S24-SSSS,T6
PSS S26-s(us),T1
PSS s28-s(su),T1
PSs S37-suU(us),T2
PSS S39-Su(sSU),T2
PSS S42-Ss(us),T3
PSS S$42-5s(sU),T3
PSS S47-S(Us)s,T3
PSS S51-S(SuU)s,T3
PSS 856-SsS (UUSU) , T3
38 S57-Ss(usu),T3
PSS gs58-ss(suu),T3

One Stress Per Constituent

+5 +h
Men* know.

+5 41 N
\Men will knlow.
+5 +2 43
Men* know* Ron.
+5 -1 +4 +2
Mep will| know* Ron.
+5 +h 45 +2

Men* know| Ron* now.

+5 +3 45 45
Men* owe* Ron| rum.

+5 -1 +i
Men en* roll,

+5 +5 =2
Men| WOLLY.

+5 -2 -3 +5
Men will ep* roll.

+5 -3 +4 -1
Men will | worry.

+5 +5 -1 +h
Men* know | Marie,

45 +5 +4 -1
Men* know* Mary.

5 -3 +h4 +h
Men* en rall* Raon.

+5 45 -2 45
Men | worry | Rop.

+5 +3 . +2-5+5-3
|Men* know | Leonora.

+5 +3 -2 +5-3
Men* know Ma(ria.

+5 B 5 =5 -1
Men* know ' Melanie.

T4

JNIVAC
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SUBSET 1A. One Stress Per Constituent. (cont.)

+5 -1 +% =1 45
PSS S66-S(US) (US),T3 |Men* en roll Malrie.

=5 =3 +3 45 -2
P5S s67-s(Usj (su), T3 Men en roll* Mary.

+5 +h-2 -2 45
PSS S68-S(SU) (US),T3 IMen lworry Malrie.

+5 +h -2 442
PSS S69-3(3U)!SU),T3  Men |warry IMary.

+5 th =3 -2 45
PSS S107-8 s(uus),T3 Ron* knew a ita|rine.

¥5 43 -3 o8 -2
PSS S108-3S{USU),T3 |Ron*Xpnew an |airman.

+5 -2 -2 44 +5 -2
PSS S136-S U(US) (SU),T4 Ron will enlroll |airmen.
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SUBSET 1B. Two or More Stresses Per Constituent:
Expansions of Determiner.

+5 -1 =1 +h +5  +5

PSS S137-su(us) (ss), T4 Ron will en* roll| nine men.
+5 -1 -3 +4 =2 45
PSS S138-SU(US) (SS)*, T4 Ron will en|roll your* men.
+5 -1 -3 +h +5 45
PSS S139-SU(US) (SS),T4 Ron will en|roll| all men.
+5 -1 =3 +th +5 +5
PSS S140-su(us) (sSs),T4 Ron will en|roll |no men.
+5 =1 -2 +4  +h 45
PSS S141-su(us) (sus),T4 Ron will en|roll |any mén.
. +5 -1 +i +5 -3  +5
PSS S142-SU(Us) (sus),T4 _gn,uill_gn__;gllj many |men.
+5 0 -2 +k +5 4 -2
PSS S143-SU(UsS) (sus).,T4 Ren will en* roll |nine| airmen.
+5 0 -2 44 -1 +5 =2
PSS S144-3U(US) (Ssu)*,T4 Ron will ‘en|roll your | airmen.
+3 0 -2 +2 +1 -3 +b
PSS S145-SuU(Us) (Sss)*,T4 Ron will en|roll* all your | men.
+5 -1 =3 +k +5 45 +h
PSS S146-SU(Us) (sss),T4 Ron will en |toll* all nine men.
+5 -1 =3 +h +5-3 +5  +h
PSS S147-su(us) (sus. ,T4 Ron will en |roll | any nine men.
+5 -1 3 +4 +5 +5 45 =3
PSS S148-SU(US) (Ssu),T4 Ron will enlroll | all nine airmen.

, +5 ) -3 5 +5-2 45 +4 -3
PSS S149-SU(US) (SUSSU),T4  Ron will en|roll | any nine airmen.

*The initial prediction was that "your" would be stressed. It
now seems more l<kely that "your" will be unstressed in these
sentences.
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SUBSET 1C. Prenominal Adjectives, Particuples, and Adverbs
(with 4 or less syllables in NP)

+5 -1 =4 43 +4 +5
PSS Mi1-Ss(us) (ss),T4 Rlop will en |roll | young men.
+5 -1 =3 42 45 -3 +4
PSS M3-Ss(Us) (sus), T4 Ron wj lzoll | moral | men.
45 1 =5 43 +5 -3 45
PSS M4-SS (US) (SUS), T4 Rop will en* roll | willing men.
+5 -1 =5 +k +5 45 -3
PSS M5-sS(Us) (SsU), T4 Ron will enroll | young airmen.

+5 -1 -5 43 .5 45 45

PSS M6-SS (US) (USS), T4 Ron will en|roll a! young man.
‘ +5 -1 -5 43 45 +4 44
PSS MB-SS(US) (SSS),T4 Ron will eniroll| nine young men.
+5 <1 -5 45 -3 +2 +5
PSS MS-SS(US) (SSs)*,T4 Ron will en|roll your |young men.
+3 -1 -5 44 +5 +4 +5
PSS M10-Ss(Us) (sss),T4 Ron will en|roll| mean young men.
+5 -1 -5  +4 -3 +4-5 45
PSS Mi11-Ss(us) (usus),T4 Ron will en!roll| immoral| men.
45 ~1 <5 44 -5 45 .4 +5
PSS M12-ss(Ts) (USUS), T4 Ron will en|roll a| moral man.
+5 43 -2 4h o5 45 o1 4k
PSS Mi13-ss(Us) (USus),T4 Ron will en|roll 2 |young| ma rine.
45 -1 =4 4y +5 -3 =2 +5
PSS Mi4-Ss(Us) (suus;,T4 Ron will en |roll | mannerly | men.

45 -1 =4 +4 -5 45 45 -3
PSS Mi15-SS(US) (USSU), T4 Ron will en|roll a |young airman.

+5 -1 b+ +5-2  +4 45
PSS Mi16-5SS(US) (Suss),T4 Ron will en|roll | any young men.

45 «1 =k +4 +5 -2 +4  +5
pPSs M17-8s(Us) (suUss), T4 Ron will en|roll | many young men.

+5 -1 b 4k 452 43 4k
PSS M18-SS(US) (SSuS), T4 Ron will en* roll | only young men.

*The initial prediction was that "your" woulid be stressed. It

now seems more likely that "your" will be unstressed in these
sentences.
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SUBSET 1C.

PSS

PSS

PSS

PSS

PSS

PSS

PSS

PSS

UNIVAC

Prenominal Adjectives, Participles, and Adverbs

(with 4 or less syllables in Np) (Cont.)

M19-SS (US) (Usss) , T4

M20-~-Ss(Us) (usss),T4

M21-ss(us) (Usss),T4

M22-SS (US) (SSSU), T4

M23-Ss (US) (ssSsu)*,T4

M24-SS(US) (SSSS)*, T4

M25-5SS (US) (SSSS)*,T4

M26-SS (US) (SSsS) *, 7

M27-SS (US) (Ssss), T4

+5 -1 -4 +4 45 45 =3  +4

Ron will en* roll |nine moral men.

+5 -1 =4 +5 -5  +4 +3 +5
Ron will en|roll a| new young man.

+5 -1 =4 45 -2 +5 +3 45

Ron will en|roll a| mean young man.

+5 -1 <b o +b +5 +3 +5 <2
R[on will eniroll |nine young airmen.

+5 -1 =4 +4 -2 +3 45 -1
Ron will en|roll your| young airmen.

+5 -1 -5 +4 +5 -1 +3 +5
Ron will en|roll| all your | young men.

45 -1 =4+ -2 +b +4 +5
Ron will en|roll your | nine young men.

+5 -1 =5 +4 -2 +4h 43 +5
Rlon will en|roll your | new young men.

+5 -1 <5 +4 +4 4+ +2 +4
Ron will en |roll* new mean ygung men.

*The initial predictic.. was that "your" would be stressed. It

now seems more likely that "your" will be stressed in these
sentences.
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SUBSET 1D. Prenominal Adjectives, Participle, and Adverbs
(with more than 4 syllables in NP)

+5 -1 44 -4 b 44 -5 +2 42

PSS M28-SU(US) (USUUS), T4 Ron will enlroll a |moral | marinpe.
+5 -1 -5 +4 b -1 45 -3 45
PSS M29-SU(US) (UUSUS), T4 Rop wi |roll an imlmoral man.

+5 =1 =5 44 -3 44 -3 45 -3

PSS M30-SU(US) (USUSU),T4 ROn will enlroll im|morall airmen.
+5 =1 -3 44 -2 44 -3 45 -2
PSS M31-SU(US) (USUSU),T4 Ron will enlroll a |moral airman.
+5 -1 -5 +4 =4 45 -1 44 -2
PSS M32-SU(US) (USUSU), T4 Ron will enlroll a |lonely airman.
45 =1 -5 44 =4 45 -4 44 +3
PSS M33-SU(US) (USUSS), T4 Ron will enlroll a Imoral young man.
45 -1 -5 44 -} 45 43 -3 44
PSS M34-5SuU(uUs) (ussus),T4 Ron will en|roll a |young moral man.
+5 -1 -5 44 +5 -1 +5 -1 44
PSS M35-sU(Us) (susus),T4 Ron will en|roll |moral| lonely men.
45 -1 =5 +b 45 -1 44 -3 44
PSS M36-SU(US) (SUSUS), T4 Ron will en|roll |1lonely | moral men.
45 -1 =5 44 45 =3 44 -3 45
PSS M37-SU(US) (SUSUS), T4 Ron will ‘en|roll | many moral men.
+5 -1 =5 44 45 =1 45 -3 45
PSS M38-SU(US) (SUSUS), T4 Ron will en* |roll | only | moral | men.
+5 =1 =5 +b +5 <4 44 -2 44
PSS M39-5U(Us) (USuUs), T4 Ron will enl|roll | many | willing men.
45 =1 =5 44 +5 =4 45 -4 45
PSS M40-sSuU(Us) (susus),T4 Ron will en|roll | nine im|moral men.
45 =1 =5 +4 +4-3 +4 =4 +b
PSS -M41-SU(US) (SUSUS), T4 . Ron will enlroll | any | young marine.
45 -1 -5  +4 +5 45 -3 ‘<+5 -2
PSS M42-sSU(US) (ssusu),T4 Ron will en lroll* nine | moral | airmen.
+5 -1 -5, +4 45 -1 +4 43 +5
PSS M43-SU(US) (SUSSS), T4 Ron | will €pl roll | lopely mean young menp.
+5 -1 -% +4 +5 +4 L +3  +5
PSS M44-suU(Us) (SsuSs), T4 ROn will en| roll | néw moral young men.
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SUBSET 1D.

PSS

PSS

PSS

PSS

PSS

PSS

PSS

PSS

PSS

(with more than 4

M45-sSU(Us) (Sssus), T4

M46-SU(US) (sSS), T4

M47-SU(US) (SuUss), T4

M48-SU(US) (Suusus), T4

M49-sSuU(Us) (ssuUSs), T4

M50-SU(Us) (susss), T4

M51-SU(U3) (SUSUSUSS), T4

M52-SU(US) (SUSSUSUS), T4

M53-5U(US) (SUSUUSUS) , T4

M54-SU(US) (SUsuususs), T4

UNIVAC

Prenominal Adjectives, Participle, and Adverbs

syllables in NP) (cont.)

+5 =1 =5 +h +5 +5  +4 -4 +5
Rén will en* roll | new young moral| men.

+5 -1 - +k + +3 +U
Ron will enlroll| well known men.
+5 -1 - +4 +5 =4 +4 +4
Ron will en|rcll | really young men.
+5 -1 45 <2 -2 +4 -4 45
@gg_yill en|r011| really immoral| men.
+5 -1 -5  +h4 +5 -L4-3
Ron will enlroll |really Imannerly
3, 45
young | men.
+5 -1 =5 +4 + -3 +2
Ron will en* roll | really Iw; L1l known
+4
men.

45 -1 =5 +h +4 -2 =L+h -4
Ron will en|roll |really immoral |

+4 43 +4
well known | men.

+5 -1 =5 +2
Ron will en!roll reallyl ug;l_kngyn
bk b 45

|mordL | men.

5 =1 -5 +h 5 =i
R [n will en* roil |really) will;_g

<4 +4 -
lnmoral |men.

+5 -1 -2
Ron will enlroll! really‘ w1111ng

-4 +5 -4 +3 +5
im|moral young men.
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SUBSAT 1E. "Flying-Planes" Paradigm

+5 +1
PSS M229-(us) U (sus),T3 Lawmen

+5 +1
PSs M230-(su) U (su)s,T4 Lawmen

+5 -1
Pss M231-(Js) U (sus),T3 Airmen

+5 =3
PSS M232-(su) U (SU)(SU),T4 Airmen

+5 -2
PSS M233-(suU) U (sus),T3 Airmen

——— S——

+5 =4

-1 45 -1 45
are | lying men.

-2 45 -1 +5
are | ruling | Maine.

1 45 -2 43
r le lying men.

-1 b =2 45 -3
are | eyeing | women.

-1 45 -2 +4
ar|e erring men.

-1 45 =2 44

PSS M234-(SU) U (Su) S, T4 Women are| airing | wool.

+5 -1
PSS M235-(su) u (sus),T3 Lawmen
+5 -1

PSS M236-(Su) U (5U) (su),T4 Lawmen

=2 +4 -1 45
are | rummy men.

-2 +4 -1 45 -3

are | ruling |women.
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Report No. PX 11963
SUBSET 2C2. Movement of
PSs S103-(us) s s§,T3
pPss S5104-(usy) ss,T3
PSS S105-(Usu) ss,T3
pPSs S106- (UUS) SS,T3
PSS S109-(us) s (us),T3
Pss S110-(us) s (us),T3
PSS sS111-(su) s (us),T2
PSs S112-(usu)s{usu),T3

PSS S113-(usu) s(usu),T3

UNIVAC

stress in the first constituent.

=l +5 +5 +5

A man* knew* Ron.

-2 45 =4 +3 +5

A woman | knew* Ron.

-4 +5 <k +5 +5
An airman* knew* Ron.

-3 0 +4 +5 +5

|A marine | knew* Ron.

=L+l +2 =L 45
M lonroe* knew a* man.

b +5 4 -2 45

A man* knew Ma [rie.

+5-1 5 =3 +b
M lary* knew a | man.

-k +5-% +§ -4+ =3
Ma£1§. knew an| airmdn.

R e S

-3 45-3  +h 0 45-3

A woman | xnew*Ramona.

-2 45 =3 . 45 ]g +4 =2

PSS S114-(usu) s (usu),T3 An afirman | knew Ralmona.
-? +5 =3 -1 - L +1 =4 45
PSS S115-(USU) U (Us) (uus),T3 iln airmdn will en!roll| Marianne.
+2 =4 +5-2 -1 =4 +4 -4 - 45
PSS slle6-(uusu) u (us) (uus),T3 Le bnggal will enlroll a ma rine.
=4 -1 45-4-3 -1 -5 44 -4 - +4
PSS S1l17-(uusuu)u(us) (Uus),T3 An Armenian | will enlroll a mlarine.
-4 -4 45 -1 =b o+ +1-b45 -2
PSS S118-(UUS)U(Us) (UUSU),T3 A marine will en|roll | Leonora.
=3 =545 -1 =5 +4 -5 -2 45 L2
PSS s119-(uus)u(us) (uusuu), T3 lA marine will enlroll an Ar Imenian.
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SUBSET 3D, Verb/Noun in Pairs

-2 +h +%o +4 0 -5 -1
PSS X15- (SSSU) (Usu) (USuu), T3 our new | object | increases in-

+4 =3-5 -1

accugacy.

+5-1 45 -2  +4 -2 45 1 -
PSS X16- (SUS) (US) (USUU) (USUU),T243 Very few obl|ject] to | increasles

-2 +5 -3 ~5-1
lin a fq.curu-

PSS X17-(uusu) (Us) (us) (Uusu) (USU) U (Su) (USU), T244

b -3 45 -3 2 45 -1 4k
The com |puter can|ndt permit|

-5 43 -2 -4 45 o .
vio|lations of |syntax |of

IO | -4 45 -2
copflicts in | schedule.

-5 +5 - -4 -5
PSS X18-(USU) (UUSUSU)U S U (USU) U (USU),T245 Tﬁé record | of a

+5 +1 | -3 43 -1 45 -2 -
firearm | per Imit will [show if the

+5 -1 =4 -4 44 0
Buspect |is a |convict.

=5 43 45 =1 -1 43 5
PSS X19- (USSU) (US) (USU) (USU), T246 The two records | per|mit al

+5 0 -4 45 =4
confiict | in | schedule.

-2, +5 -1 -3 +5 -2
PSS X20- (USU) (US) (UUSU) (USUUS) ,T247 His| records | conflict with

“3 450 -4 _5-5 -2 44
his | permit in | several | ways.

‘ +5 -4 +5 0 -3 +5
PSS X21-(SUSU.U(SsSU) (UUSUUS),T248 Former convicts | are | pr lime

+5 0 <4 -5 45 -1 -2 43
suspects | for the | hijacking case.
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SUBSET 3D. Verb/Noun in Pairs (cont.)

-3+ +3 -5 0
PSS X22- (USSUUS) (US)U(USUU)U(US) (US),T249  The news |magldzine |

1e | gus | pext th
Crime sus ec t1at t e|

+5 -1 =3 i -2, +4
hijackers will | conlyict |
0 +5
themlselves.
+Z 0 +5 =2 0
PSS X23-S(Us) (usu) (uusu), T250 Let's* recofd our | gress
+4 -3
the| tower.
+5 +5 0] , 5 =2
PSS X24-s(Us) (ssusuu), T251 Let's pro|g£ess towards | record
+5 =4 0
al|t1tude.

-2 -2 +5 -1
PSS X25-U U (sSu) (sus) (Uus) (usu) (Uus) (s3uUU), T252 Did |you increase

+3 -4 -1 3
récord | l|ength to |per| he

+5 -1 =5 7 +1
program to pro dress mor|e

+5 =4 -1
rapidily?
PSS X26-U U (suU) (usu) (ususu) (usu) (uusu) (Uusu) (su), T253

=3 +4 +4 0
D1d |ygg record |the incre | ase

+Hh - 5
|rate o Q£9|gre§s

-4 +5
re'! sul|t1ng from the |£L5mit

+h - +5 0
the |deEartment | iSsued?

8l
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SUBSET 3D. Verb/Noun in Pairs

PSS X28-(SUSS) (USU)U(SU)S U S U U (usu) (su) (usuuu), T255

-1 =5 45 +3. =5 45-h -2
With a | strong |hand, the |lawmen were

+3 -2 +h4 -2+ -1
ruling | Mainle, |but still | they

- 2 +4 -2 45 0 -4 +5 -f -5-¢
were | ggqgggiggj ggpflic|ts occasiondlly.
PSS X29-(Usuuss) (Usu) U (sus) U (su) U U (Ususu) (Uus), T256

=345 -3 -3 43 5 =4 =5
According to| same | sources |the]

+5 -1 =2 45 -2 42 -2 45 =2
lawmen were | lying men | but clearly

-2 -2 -5 +4 -1 (¥5 -2
there were | conlgl;cting | records |

-4 45 +5
in the | fifes.
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SUBSET 3F.

PSS

PSS

PSS

PSS

PSS

PSS

PSS

PSS

PSS

PSS

PSS

PSS

PSS

PSS

X253

X254

X255

X256

X257

X258

X259

X260

X261

X262

X263

X264

X265

X264

X267

PX11963

Phonetic Influences on Simple Sentence Structures.

SONCR,DECL1

FRIC,DECL1

STOP,DECL1

STOP,COMML

STOP, COMM2

STOP, COMM2

FRIC,COMM1

FRIC, CQMM2

STOP, Y~N1

STOP,Y-N2

FRIC,Y-N2

FRIC,Y-N2

STQP, WH1

STOP,W 32

FRIC,WH1

+5 =1 +3 45
Ron may* know* May.

5 =2 "3 +5
Sue has !seen | Fay.

+ -4 ‘f‘%
EBle K_ax
+5 +5
Take |§E¥-
+4 +3 45
Take* Kay* pop.
45 +5 +
Take* Kay |togQ.

+5 +4 +5
Serve* Sue |flsh.

+5
Show* Sg_g| _Qy.

-3 %
Can ‘ete |tuke K ay?

-1 +5 +h +5
Can| Pete |type t'oo?

-2 45  +3 +g

Has Sue* seen F

? +4
Hlas Sue* seen |Ho|w°

+5 -3 +5
Who can |take |5§y?

+5 -2 +4 +5
Where can |Pete* Pack?

+4 -1 +4 +5
who | has* seen | Fay?
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SUBSET 4C. MNP-PP-PF Subordination

3 -1 =5 43 45-3 +3 4k
PSS L262-SU(US) (SUSS) (US),T227  Ron will en* rolllmany young men

=5 +5
in*May.

¥5 =1 =5 43 45 -3 +3
PSS L263-SU(US) (SUSS) (US),T228  Ren will en*roll| many yaing

+4 -3 45
men from*Maine.

+5 =1 =5 +3 +5 =4 43
PSS L264-SU(US) (SUSS) (US) (US,T229 Ron will en|roll| many young

+4 -3 +5 -2 +h
men fram |Maine| in May.

+5 =1 =5 43 b b +3
PSS L265-SU(US) (SUSS) (UUSUS),T227 Ron will en+#roll| many young

+5 -3 <k 45 -4 45
meén in the| month of | May.

+5 -1 <5 +3 +5 -k +3
PSS L266-5U(US) (suss) (UuUsU) (U5),T230 Ron will enlroll | many young

v =t=b 3 45 -1 b 45
men |into the| army in!| May.

#1 =5 45 -2 -5 45 -3
PSS L267-SU(US) (UUSU)UU/UUS),T231 Put the block on the! table

0 =5 +2 -5 45
lwhich is *. the | door.
+1 =5 45 -1 -5 =2 =5
PSS L268- (US)S3 (UUSU) (UUUUS),T232 Put the blo lck which is [on thel

+5 <2, +4 =4 -1 -5 +5
table| ovler by the | door.
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SUBSET 6A. Commands.

PSS

PSS

PSS

PSS

PSS

PSS

PSS

PSS

PSS

PSS

PSS

PSS

PSS

pPSs

PSS

PSE

PSS

5289

5260

5261

5262

5263

5264

5275

M55

3

M65

M66

M6 7

Me8

M71

M72

+5  +4 -2 +5

- S S (us),T21 Run mine a lone.
+5  th +5 -1
- S S (su),T21 Run mine | early.
+5  +4  #5-L 41
- S s (suu),T21 Run mine lanyway.
+5 +5  +hl 1
- S 5 (suu),T21 warn | Ron | anyway.
+5 -3, +5 , +4
- s(us) s,T21 Warn Malgig now.
+5 +h -2 +5
- s (su) s,T21 Warn | Murray* now.
+5 +5-5-2 43
- S (suu) s,T21 Warn | Marion* now.
+5 -3+4-3 45
- S (usu) s,T21 Warp Malrja |pow.
+5  #hel 43 +3
- S (uusu) s, T21 Warnl_ggalggpal now.
+5 =1 b =3
- S U (su), T22 Loan me* money.
+5 =4 <4 0
- S (U3) U, T22 Loan Ma [rie one.
+? +5 =3 +1
- S (su) u, T22 L loan* Mary one.
- 8 (uUs)(su), T22 Loan Ma |rie | mdmey,
+5  +5 -2 +4 -1
- 5 (sU) (su), T22 Loan* ‘Mary | money.
45 +4 -4 45 -3 0
~ 8 5 (Usuu), T22 Loan* Ron a [luminum.
+5 +4 -2 -8 45 -4 +4
- § s (Uusuus), T22 Loan |Ron an alkgminuml wire.
+5 =3 +4 -3 +4
-s (usu) s, T22 Zoen an | airman | -um.




Report No. PX 11963 UNIVAC

SUBSET 6A. Commands (Cont.)

+5 =5 =2 +h-b2 45
PSs M73 - s (uusuu) s, T22 Loan an Ar menian| rum.

+5 =5 =1 +45-4-2 +4 -3 45
Pss M74 - s (uusuusu) s, T22 Loan an Ar|meni§y| airman| rum.




Report No. PX 11963
] SUBSET 7B. Yes/No Questions
' PSS M143 - U (SS) s, T28
PSS Ml44 -~ U (Sssj s, T28
PSS Ml145 - U (ssssu) s,T28
PSS M153 - U S (us)("2),T30

PSS Ml154 - U S (us) (suss),T30

PSS M155 - U S (USs)(sussu),T30

e

PSS M159 - U U S S (SS),T32

PSS M160 - U U S S (sssu),T32

PSS Ml63 - U U S (Susu) s, T3z

20

PSS Ml156 - U S (US) (susuususs),

‘LLl |IRop en* roll |lreally |willing imlmoral

45 =4 +4
+Q -LQ
zoung Imen’

UNIVAC

-1 45 b +
Will* your men kn low?

-2 +5 -3 =2 +4
Will* all your men* know?

45 -3 +4 45 -3 +4
qil; |a11 your |g_g9 airmen |kngﬂ

-3 +5 =L 45 +2 +5

Will |Rop* len £oll young|men?
-3 +5 =3 +4 +5 -4 +1 +4
Will |Ron* _n*oll many young me In?
=2 +5 =3 +h +5 =2 43
Will |Ron* en roll |really young
+5 =2
air |men?

T30

+5 =3 b -2 =345 =L

= -3 45 44 -2 +h
Will I I |owe* Ron my lring?

-5 =2 45 +h 45 -1 44 -3
Will I|owe* Ron |a11 my monl_y?

-k +5 +5~3  +4 =3 +
will I lowe manxl airmen ruim?
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SUBSET 7D. W. H. QUESTIONS

PSS L1 - S U (us) s, T39
PSS L2 - S U (su) s, T39
PSS L3 - s U (us)(us), T39
PSS L4 - S U (us)(su), T39
PSS Li4 - S US (US) s, T40

PSS L15 - s US (us)(ss),T40

PSS L16 - S U s (us) (sussu),T40

pPSs L27 - S S

wn

(us),T98

PSS L28 - S U S s (us), Ti01
PSS L36 - s U S s (us), Til0
PSS L37 - S U S S (us), Til2
PSS L39 - s Us s (Us) s, Til4

PSS L40 - S U S

n

S (us), T115

PSS 141 - S U S

n

(us) (us), Ti16

PSS 142 - S U S

n

s (us), Ti17

91

UNIVAC

+5 =1 =4 45 +4
When will Malrie* know?

+5 =1 44 -3 +5
When will* Mary* know?

+5 +1 <k 4k 44 +2
When will qilqigf en roll?

+5 =1 =h o+ 45 -3
When will Ma|rie* marry?

o -1 +3 =L 45 +4
When will |Ron* en roll* men?

+4 -1 +5 <4 4k +3 45
When will | Ron* en roll younglmen?

+4 -1 +5 =5 43 +3 =4
When will| Ron enlroll |rea11y

+3 +5 =3
|xogng airmen?

+5 +3 +4 =L 45
Who* loaned |rum to| Ron?

+5 =2 +5 +4 -F +4
Who willl warn!| Ron iln May?

+5 =2 +4 3 +5 0 -k +5
Ehg_willl Ron loan Igum,to in/ May?

+5 =2 +4 +4 =4 45
What will| men [loan tol| Rop?

+5 =2 +5 +5 =4 44 45
What | will| men |loan to |Ron |now?

+5 -2 +5 3 #3 -3 45
what | will |men |loan* Ron in |May?

+5 -2 45 +h =4 45 -3 45
What will| men |loan to|Ron in| May?

+5 -2 +5 +h +4 =4 45
When will| men* loan* rum| _to Ron?




Report No.

SUBSET 8A.

PSS

PSS

PSS

PSS

PSS

PSS

PSS

PSS

L159

L160

L16l

L162

L163

L164

L165

L166

L167

PX 11963

Coordinate

SSSUSs S

Sentences.

S,

S,

S,

S,

S,

S,

S,

S,

T182

T182

T182

T182

T182

T182

T182

USs s,

UNIVAC
+3 +2 +5 -3 +5 42
Rop* knew* Lynn | and Lou* knew*
+5
Wayne.
+5 41 +5 -1 45 +1
Ron* knew* Ly |nn or | Lou* knew |
+5
Wayne.
+4 +2 +5 -3 +4 +2
Ron | knew* Ly hn and | Lynn* knew |
+5
Wayne.
+4 0 +5 -1 +b
Ron* knew* Lynn Igg Lynn* knew
+5
wavne.
+4 +2 +5 -3 +5
Ron* knew | Lynn | and | Lynn*
+2 +5
knew | Ron.
+4 +1 + -2 45 +1
Ron* knew* Ly[nn or Lynn* knew |
+5
Ron.
+5  +1 +3 =3 . 45 -1
Ron* knew | Lynn and | Lou* knew |
+3
Lynn.
+5 2 43, 2 45 0
Ron* knew* Lynin lor Lou* knew*
+2
L!nn.

+4 -3 -1 +5 -3 +h
Ron may* know | Lynn | and_Lou |

may* kn?}}cl.i Wxme.




Report No.

SUBSET 8A.

PSS

PSS

PSS

PSS

PSS

PSS

PSS

PSS

PSS

L16S

L16%

L1790

L171

L172

L173

L174

L175

L176

PX 11963

UNIVAC

Coordinate Sentences.

SUSSUSU

S S,

S S,

(su)

(su)

-3 -1 45 -3 45

T183  Ron may* koow | Lynn| and Lynn

-3 +5

may* knowl Wayne.

+5 =4 1 +5 -3 45
T183 Ron may* know | Lynn!| and Lynn

-4 -1 +5

may* know| Ron.

+5 -k
T183 Ron may| | QI' ann may*

= +5

know | Ron.

+4 -2 45-4 +2 =2 +4 =2

S, T183 Ron may Iruin! Lynn nn| or Ron may |

+5 =2 +2
marry* Lynn.

+4 -1 +b4 -5 +2 <4+ -1
S, T183 Ron may| ruin |Lynn and* Ron may|

+h -3
marrx* EZ,_

-1 +h 41 =3 43 -1

5
S S S, T183 Ron may* know* Lynn |or Ron may

+5 +1
| not* know* Lynn.

+5 <1 #5 =5 42 -4 +3

U (su) S, T183 Ron may [fuin |Lynn, but |Ron

-2 45 +4 -3 42
may |not| mur.y i|ynn.

2 -1, 45

+
S U U(sU)s Us U (su) s, T183 Rgn may not| margy Lyfnn, bét;

SUSSSUSUSSS, Ti8 Rén may |loan

+4 -1 +5-3
Ron may | Fuin Lynn.

+
2 5 | |and

#5 =2+
LOu may [loan IWayne |_1}.

93
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SUDSET 8A.

PSS L177 - SUS SS (us) ususs s (us), Ti85

PSs L178 - S USs S s (us) us usss (us), Ti85

Coordinate Sentences.

9k

UNIVAC

+5 -3 +1 +h
Ron may* loan | Lynn

45 -2 +4 -2 +h
rum in|May | and Lou

-2 -1 +3 +2
may* loan | Wayne IQ;;
-3, +2
in | May.
+5 - +3 45

Ron may! 16an | Lynn|

+4 -3, +4 -3 5
rum in | May land Lou
-k 0 +3 +1
may! loan | wWayne* rum
=4 +3

in* May.




T

Report No.

SUBSET 8H.

PSS L206 -

PSS L207 -

PSS L208 -

PSS L20Y -

PSS L210 -

PSS L211 -

PSS L212 -

PSS L213 -

PSS L21% -

PX 11963

Coordinate Verb Phrases

(Ssu) s s Us s, T129

L0)]

1 43]

U (su) s U (suU) s, T193

U (su) s U (su) s, T193

U (su) s (su) s U (us) s, T194

(SsU) s s uss, T195

(SsuU) s s s s USSs,

S (Su) s (su) s U (us) s, T196

S S USsS S,

S S5 Us S,

T197

T197

T196

95

UNIVAC

+4 -5 44 43 -5 +3
Women | own ylarn and |wear|

+h

wool.

+F -2 +5-b +1 -5
R [on may| ruin| Lynn land
+5 <2 0

marry* Lvnn.

+4 2 45 -4 +1 -5
Ron may| ruin |Exga| a nd
5 -2 45

marry | Lou,

+3 -2 45 -h 42 4k =3

Ron may1 qpin| Lynn. | marry

=k b 45 45
Lo|u, and | annoyl wavne.

-
Willl women own yTarn and |

+h +5
wearl wool?

-2 +5 =4 45 43 +4
Will women| own| yarn, Meqr

+3 -2 +5 +h
wool, and | woo | men?

-2 +&h +h -
___1_.1_L| | |rrmam:y.1
+4 -2 -3 +4 +4
Lou, and an|noy | Wayne?

+3 +4 43 -5 +4
Who | owns* yarn and | wears*

+4
wool?

+2 43 +4 -3+
Who* owns* varn |or wears*

+4
wool?
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SUBSET 8H. Coordinate Verb Phrases

PSS L215 - S U (SU) s U S (SU) s, T193

PSS L216 - S U (3U) s U s (su) s, T193

PSS L217 - S U (SU) s U 8 (Su) s, T1S3

96

UNIVAC

+5 1 455 43 s
Ron may!| ruin |Lynn |and |

+2 +3 -4 +1
not |[marry* Lynn.

+4 -1 45 .5 +2 -3 +3
Ron may |ruin |Lynn or not |

+5 b+
marrv* Lvnn.

+5 -1 45 - ﬁz -3, #2
Rop may| fufn Llynn but| pot |

+5 -3 +1
marry* Lynn.




Report No. PX 11963 UNIVAC

SUBSET 8K. Coordinate Noun Phrases

45 =4 45 -1 +5 =k
PSS L242 - (SUS) S (SUS) (USUU), T215 Lou and| Neal| knew| Ron and|
+5 =4 45 -5 -2
Lynn |£§spectively.
+4
PSS K243 - (SSUS) S (SSUS) (USUU), T216 Wayne, | Lou, and |Neal| - ;
+4 +4 -l +5
Lee, |Ron, |and | Lynn, | :
=4 4 -5 2
respectively.
+5 =4 45 -k 45
PSS L244 - (sus) U s (sus) (usus), T217 Lou and | Neal | will loan* 0il

-4 45 =2 +5 -3 45
an |d ore to| Lynn and* Ron.

. -2 42 -5 0 +5  <b -5 -1 +h
PSS L245 - U S (USS) U (USs), T202 I saw an | old house and an | _old barn.

-2 +1 -5 45 +1 -4 -5 45 0
PSS L246 - U S Uss) U (uUss), T202 I saw an | old | house and a | _new house.

-3 45k 45 -5 -3 4)

PSS L247 - (USUSUUS) U S (SUS) U (SUSUS), T202 The two a|vaila ble meals
+3 45 45 =4 +4
were | t|loast,* ham and eggs
-2 45 +1 +5 -2 =4 45
and pancakes,| syrup and | juice.
-2 42 +4-5-3 45 -1

PSS Lz48 - (SSSUUS) U (SUS) U (SUUS), T202 My two favorite |meals | are |
+4 =4 45 -2
ha; and eqgs | anglp;zzg_gndﬂ
+5
Leer.

-3 44 +4 -5 =3 +5 -1

PSS L249 - (8SsUUs) U s (SUS) U (suU), T206 My three favorite |_§_‘§ are |
+5 +4 -5 45 -2
hash, | ham and egas. and|
+5 -2
pizza.
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PSS L250 - (SSsuus) U (sus) (sus) U (suus), T206

98

-3 +4 +4=5 -3 +5 -2
My three favorite | meals | are

+h =4 +3 +4 b +3
|hash and |bedns, ham and eggs|

-4 45 -2 -3 +4
and| pizza and | beer.
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SUBSET 11A. Relatave Clauses

+5 +5
PSS L107 - S U S S 8 5, Ti42 Men \who \knew* Ronl ran* Maine.
+5 - +5 +2 45
psS L108 - S U S S S 8, T143 Mén | whom Ron* xnew | ran | Maine.
-3 +F -1 +3 0
pSS L109 - (USU) U (US) S S S, T143  The| alirmen | whom lMarle* knew |
+3 4+
ran* Maine.
+4 b + o # +5
pPss L110 - S § S 5 5, T143 Men | Ron* knew | ran Maink.
+5 =2 +2 45 +2 +5
PSS L1111 - S U S S S S, Ti44 Lyn In, |who |knew* Ron, |ran* Maine.
+5 .2 45 0 +3
pss L112 -~ S US S S S, T145 Lynn, | w|kom| Ron* knew, | ran|
+5
Maine.
+4 =2 + +2 -5 4
pss L113 - S U 8 8 (US) 8 8, T146 0il which]| 535* Loaned 2 |§§g |
+4 =L +5
ruined* Maine.
+4  +h +3 -2 +3 43 =3
PSS L114 -~ S S S (US) s S, T146 0il| Ron* loaned to* ann| ruined”
+k
Maine.
+5 0 -1 45 -1 42
PSS L115 - S UU U 8 U § 5, T147 | Men lwho are in lRome |may ' zun|
. +5
Maine.
+4 -3 +h -2  +2 +5
PSS L116 - S U S U 5 5, T147 Men in* Rome|inay|run* Maine.
+5 +1 +2 +3 +5
-,5 L117 - S S s 8 8, Tid2 Men,* Ron* knew \EEE* Maine.
+4 +1 +3 -4 45 +1
PSS L11B - S S S U 8 8, T148 Ann* knew* men | whom | Ron* knew.
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SUBSET 11A. Relative Clauses

PSS L119 - S S 8§ 5 S, Tl48

PSS L120 - S S S U S S, T149

PSS L121 - § S S U s S, T149

PSS L122 - S

n

PSS L123 - S S S (UsS) s s, T150

PS5 L124 - S

n

S (us) u s s, T150

S (Us) us (us), T151

100
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+5 43 +3 45 +1
Ann* knew* men* Ron* Xnew.

+Zl +2 45 -2 45  +1
A nn* knew* May, | whom Ron* knew.

+5 42 45 =3 45 41 +5
Ann* knew* May |whom | Ron knew |too.

+5 +h +5 -k +5 -2
Ron* loaned | Lynn |the |oil | which|

+5 +h
Wayne* owned.

+5 +h +5 -k o+l +4

Ron* loaned |Lynn the loil IWaxne*
+5

owned.

+5 +3 +h -3 +5 -2

Ron* loaned |Lynn the ]gigl which

+4 -2 +h
| Wayne be|moaned.




Report No. PX 11963 UNTVAC

APPENDIX B: PRESENTATIONS AND PUBLICATIONS BY SPERRY UNIVAC
DURLNG THE ARPA/SUR PROGRAM

The fclloving is a complet. list of Sperry Unmivac publicetions, reports,
presentetions, and unpublished & A SJR Notes, resulting from ARPA funding
during the SUx =vogram:

2ublications enc Reporis

TEA, W. A., MEDRESS, M. F., and SKINNER, 1. E., Prosodic Aids to Speech Recogni-
tion: I. Basic Algorithms and Stress Studles, me&g, Univac
Park, St. Pauwl, Minneso.a, October 1972.

LEA, V. A., Influences of Phonetic Sequences and Stress on Fundamental Frequency

sztox)-rs of Isvlated Words, J. Acoust, Soc. of America, Vel. 53, Jenuary, 1973,
34614).

LEA, W. A., MEDRESS, M. F., and SKINNER, T. E., Use of Syntactic Segmentation &nd

Stressed Syllable Location in Fhonemic Recognition, J. Acoust., Soc. of Americs,
Vol. 53, January, 1973, 356(4).

LEA, W.A., Syntactic Bounderies and Stress Patterns in Spoken English Texts, Ppivac
Report No. PX 14146, Tnivac Park, St. Paul, Minnesote, March, 1973.

1EA, W. A., MEDRESS, M. F., and SKINNER, T. E., Prosodic A1 ‘0 Speech Recogni-
tion: I1. Syntectic Segmentation end Stressed 3Sylletle Locat. -. Univsc Report Nc.
PX 10232, Univec Park, St. Paul, Minnesota, April, 1973.

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

LEA, W. A., MEDRESS, M. F., and SKINNER, T. E., A Prosodically-Guided Speech
Understanding Strategy, Prog. IEET Oypvosium on Speech Recogmdtion, Carnegie-
Mello:n University, Pittsburgh, Penn., April, 197k, 38-Li,

LEA, W. A. Prosodic Aids to Speech Recoguition IV: A Generel Strategy for Prosodi-
cually-Guided Speech Understanding, Univec Report No. PX 10791, Univac Park, St.
Paul, Minnesota, March, 197k,

LEA, V. A., Sentences for Controlled Testing of Acoustic Phonetic Components of
Speech Understending Systems, Upnivac Repeort PX “ ‘952, Univac Park, St. Peul,
Minnesota, September, 197k.

LEA, W. A., Prosodic Aids to Speech Recognition. V. A Summary of Results to Date,
Univac Report No. PX 11087, Univec Park, St. Paul, Minnesota, October, 197k.

LEA, W. A., MEDIRESS, M. F., and SKINNER, T. E., A Prosodically-Guided Speech Under-

stending Strategy, migmumﬂiﬂ._mm_uhmmuwﬁ; ag, vol.
ASSP-23, February, '975: 30-3
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LEA, W. A. and KLOKER, D. R., Prosodic Aids to Speech Recognition: VI. Timing
Cues to Linguistic Structure and Improved Computer Programs for Prosodic Analysis,

Upivac Report No. PX 11239, Univac Park, St. Paul, Minnesota, March, 1975.

LEA, W. A., Prcsodic Aids to Speech Recognition: VII. Exreriments on Detecting
and Locating Phrase Boundaries, Univac Repcrt No. PX 1 4, Univac Park, St. Paul,
Minnesota, November, 1975.

LEA, W. A., Acr 4stic Correlates of Stress and Juncture, Univ or . 22X
Univac Park, St. Paul, Minnesota, June, 1976. To appear in Stress and Accent
(L. yman, Ed.), University of Southern California Press, Los Angeles.

LEA, W. A., The Importance of Prosodic Analysis in Speech Understanding Systems,

Univac Report No. PX 11694, Univac Park, St. Paul, Minnesota, June, 1976,

Submitted to IEEE Trans. Acoustics, Speech e:id Signal Processing.

LEA, W. A., Prosodic Aids to Speech Recognition: VIII. Listeners' Perceptions of
Selected English Stress Patterns, Univac Report No. PX 11711, Univac Park, St. Paul,
Minnesota, June, 1976.

LEA, W. A., Sentences and Hypotheses for Controlled Testing of Syntactic &nu

Prosodic Components of Speach Understanding Systems, Univac Report No. PX 1Q993
Univac Park, St. Paul, Minnesota, November, 1976.

LEA, W. A. Prosodic Aids to Speech Recognition: IX. Acoustic-Prosodic Patterns

in Selected English Phrase Structures, Univac Report Ne. PX 11963, Univac Park,
St. Paul, Minnesota, December, 1976.

Oral Pregeptations

KLOKER, D. R. (April 1975). "Vowel and Sonorant Lengthening as Cues to Phonological
Phrase Boundaries." presented at the 89th Meeting of the Acoustical Society
of America, Austin, Texas.

KLOKER, D. R. (April 1576). "A Technique for the Automatic Location and
Description of Pitch Contours,” presented at the 1976 International Conference
on Acoustics, Speech and Signal Processing, Philadelphia, Pennsylvania.

LEA, W. A., Influences of Phonetic Sequences and Stress on Fundamental Frequency
Contours of Isolated Words, presented at the 8lith Meeting of the Acoustical Society
of America, Miami Beach, Florida, November, 1972

LEA, W. A,, MEDRESS, M. F., and SKINNER, T. E. (November 1972). "Use of Syntactic
Segmentation and Stressed Syllable Location in Phonemic Recognition,"

presented at 84th Meeting of the Acoustical Soclety of America, Miami Beach,
Florida.

LEA, W. A., Prosodic Features and Linguistic Structure, presented at the ARPA
Tutorial Lectures on Acoustic-Phonetic Charecteristics of English Sentences,
Cambridge, Massachusetts, December, 1972.
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LEL, W. A., MEDRESS, M. F » and SKINNER, T. E., A P

. F. . E., rosodically Guided Speech
Understanding Strategy, presented at IEEE Symposium on Speech Recognitign?c
Carnegie-Mellon University, Pittsburgh, PA., April, 1974.

LEA, ¥W. A., "Perceived Stress as the 'Standard’ for Judging *coustical Correletes

of Stress", presented at the 86th Meeting of
g of the Acousticul Societ :
Los Angeles, California, November, 1973. oclety of America,

1EA, W. A., "Evidence that Stressed Syllables Are the Most Realily Decoded
Portions of Continuous Speech", presented at the 86th Meeting of the Acoustical
Society of America, Los Angeles, California, November, 1973.

1EA, V. A., "An Algorithm for Locating Stressed Syllables in Continuous Speech",
presvnted at the 86th Meeting of the Acoustical Society of America, Los Angeles,
Californias, November, 1973.

LEA, W. A., Prosodic Phenomena, session cheired at ARPA Phonological Rules Work-
shop, Systems Development Corporation, Santa Monica, California, June, 1974,

1EA, W. A., A Speech Data Base for Testing Components of Speech Understanding
Systems, pr. jented at 88th Meeting of the Acoustical Society of America, St. Louis,
Missouri, November, 197k.

LEA, W. A., Prosodic Hypotheses and Rules, presented at the ARPA Workshop on
Acoustic Phonetic and Phonological Rules, Bolt Beranek end Newmen, Cambridge,
Massachusetts, November, 197k.

1EA, W. A., Isochrony and Disjupcture as Aids to Syntactic and Phonological
Anelysis, presented at the 89th Meeting of the Acoustical Society of America,

Austin, Texas, April, 1975. Abstract in J. Acoust. Soc. Amerdca, Vol. 57,
Suppl. No. 1, Sprirg, 1975.

LEA, W. A., Acoustic Correlates of Stress and Juncture: A systematic Testing
of Alternative EHypotheses, presented at the Symposium on Stress and Accent,
University of Southern California, February, 1976.

LEA, W. A., Stress om English: Listeners' Perceptions and Acoustic Correlates,
presented tc the Linguistics Club, University of Minnesota, Minneapolis, May,
1976.

LEA, W. A., Perceived Stress Patterns in Selected English Phrase Structures,

presented to the Americap Assoc. of Phopetdc Sciences, Sen Diego, California,
November 15, 1976.

1EA, W. A., Use of Intonational Phrase Boundaries to Select Syntactic Hypotheses
in a Speech Understanding System, presented at the 92nd Meeting, Acoustical
Society of America, San Diego, California, November 16, 1676. J, Acoust. Soc.
of America, vol. 60, Suppl. 1, Page S12.
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Unpublished ARPA OUR Noteg

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

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

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

32. MEDRESS, M. F., Revised Computer Phonetic Representations (2 pages), April,
1972.

36. MEDRESS, M.F., et al., "Acoustic Correlates of Linguistic Stress" (Literature
Survey, (22 pages)), June, 1972.

39. LEA, W. A., Acoustic Cues for Boundaries between Syntactic Units (6 pages),
August, 1972.

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

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

53. LEA, W. A., MEDRESS, M. F., and SKINNER, T.E., Use of Syntactic Segmentation
and Stressed Syllable Location in Phonemic Recognition (11 pages), December,
1972.

S4. LEA, W. A., Syntactic Factors in the Initial Selection of Sentences for the
Data Base (7 pages), Cecember, 1972.

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

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

82. LEA, W. A., MEDRESS, M. ¥., and SKINNER, T.E., Univac Final Technical Report:
Prosodic Aids to Speech RecognitionII: Syntactic Segmentation and Stressed
Syllable Location (34 pages), May, 1973.

108. LEA, W. A., MEDRESS, M. F., and SKINNER, T.E., Prosodic Aids “o Speech
Recognition: III. Relationships between Stress and Phonemic Recognition
Results (6 pages), October, 1973.

139. MEDRESS, M. F., Prosodic Aids to Speech Recognition: “V, A General Strategy
for Prosodicelly-Guided Speech Understanding (65 pages), May, 197h.

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

154, LEA, W. A., Sentences for Controlled Testing of Acoustic Phonetic Components

of Speech Understanding Systems (41 pages), November, 197k.
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155,

158.

162.

163.

182.

197.

206.

213.

LEA, V. A., Sentences for Testing Prosodic and Syntectic Components of
Systems (52 pages), November, 197h.

LEA, W. A., Prosodic Aids to Speech Recognition: V. A Summary of Results
to Data (29 pages), January, 1975.

LEA, W. A., An Improved Program for Detecting Boundaries Between Syntactic
Constituents (6 peges), March, 1975.

LEA, W. A., A Corputer Prcgram for Locating Stressed Syllables (27 pages),
March, 1975.

LEA, W. A., Prosodic Algorithms and Studies of Timing Cues to Linguistic
Structure (5y pages), August, 1975.

LEA, W. A., Experiments on Detecting and Locating Phrase Boundaries, (43 pages),

January, 1976.
LEA, W. A., Two Papers about Prosodic Structures (131 pages), June, 1976.

LEA, W. A., Two Studies: Listeners' lerceptions of Stess and Prosodic Aids
to the BBN Parser (70 pages), July, 1976.
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The final two studies have been completed in a four year effort on developing
prosodic aids to speech recognition. A procedure for using intonational phrase
boundaries to select among alternative word and phrase hypotheses has been developed,
refined, and tested by hand analyses of sixteen sentences. This procedure was

des .gned for use with the BBN HWIM speech understanding system, and was totally
implemented, but not tested before the end of the BBN contract with ARPA. Compari-
sons of control and parsing traces with acoustically detected ph .3e boundaries did
show, however, that intonational boundaries could help select correct words and
phrase structures and avoid erroneous hypotheses.

An experimental study of acoustic prosodic patterns in 255 sentences showed
several useful prosodic regularities. Over 91% of the syllables were correctly
located, and 92% of the stressed syllables were correctly categorized as stressed,
while 76% of the syntactic phrase boundaries were detected. Exactly which phrases
are or are not preceded by intonational phrase boundaries was determined. Intcnation
contours were very firmly shown to involve rising pitch until the first stress,
progressively lower pitch in succeeding stresses, and a terminal fall (for declara-
tives, commands, and WH questions) or rise (for yes/no questions). Parantheticals
were clearly marked by disjunctures, large Fo variations, and other prosodic featureq.
Contrastive phrase structures could be detected from prosodic cues.y

A summary of Sperry Univac's tctal contributions to ARPA/SUR sgbys efforts to
define the importance of prosodics in speech understanding, to cooperésé with other
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contractors, and to conduct experiments on all aspects of prosodic stricture.
Further work is suggested.
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