INFORMATION TO USERS

The most advanced technology has been used to photo-
graph and reproduce this manuscript from the microfilm
master. UMI films the original text directly from the copy
submitted. Thus, some dissertation copies are in typewriter
face, while others may be from a computer printer.

In the unlikely event that the author did not send UMI a
complete manuscript and there are missing pages, these will
be noted. Also, if unauthorized copyrighted material had to
be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are re-
produced by sectioning the original, beginning at the upper
left-hand corner and continuing from left to right in equal
sections with small overlaps. Each oversize page is available
as one exposure on a standard 35 mm slide or as a 17" x 23"
black and white photographic print for an additional charge.

Photographs included in the original manuscript have been
reproduced xerographically in this copy. 35 mm slides or
6" x 9" black and white photographic prints are available for
any photographs or illustrations appearing in this copy for
an additional charge. Contact UMI directly to order.

UM

Accessing the World's Information since 1938

300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA







Order Number 8801712

A simultaneous physiological and acoustic study of fundamental
frequency declination

Gelfer, Carole Ellen, Ph.D.
City University of New York, 1987

Copyright ©1987 by Gelfer, Carole Ellen. All rights reserved.

U-M-1

300 N. Zeeb Rd.
Ann Arbor, MI 48106







PLEASE NOTE:

In all cases this material has been filmed in the best possible way from the available copy.
Problems encountered with this document have been identified here with a check mark__ v

-l
-

© ® N O o0 » © N

—d
e

-t
—d
-

12.
13.
14,
15.

16.

Glossy photographs or pages

Colored illustrations, paper or print

Photographs with dark background _____

lllustrations are poorcopy _____

Pages with black marks, not original copy _\Z_

Print shows through as there is text on both sides of page
Indistinct, broken or small print on several pages __\/
Print exceeds margin requirements ______

Tightly bound copy with print lost in spine

Computer printout pages with indistinct print

Page(s) lacking when material received, and not available from school or
author,

Page(s) seem to be missing in numbering only as text follows.

Two pages numbered . Text follows.

Curling and wrinkled pages
Dissertation contains pages with print at a slant, filmed as received

Other

UMI







A SIMULTANEOUS PHYSIOLOGICAL AND ACOUSTIC STUDY

OF FUNDAMENTAL FREQUENCY DECLINATION
by

CAROLE E. GELFER

A dissertation submitted to the Graduate Faculty in
Speech and Hearing Sciences in partial fulfillment of
the requirements for the degree of Doctor of Philosophy,
The City University of New York.

1987




COPYRIGHT BY
CAROLE E. GELFER

1987

il




This manuscript has been read and accepted for the Graduate Faculty in
in satisfaction of the dissertation

Speech

S plenilhes 35 1IEF.

Date

ﬁpw 29, ( 947

Date

and Hearing Sciences
requirement of Doctor of Philosophy.

— ..

Katherine S. Harris
Chair of Examining Committee

Irving H@chbérg //
Executive Officer

AN
() -~ égb

Katherine S. Harris

2 P

Lawrence J. Rafghael '
Supervisory Committee

ijézzzui::: ‘
> engg"&;ZBLQéZGJLﬁ

The City University of New York

iii




ACKNOWLEDGMENTS

So many people deserve to be acknowledged for being instrumental

in the completion of this thesis. 1 am deeply grately to them all.

To my family and friends, for their continued support even though
they never understood exactly what I was doing, and for not asking too

often when I would be finished.

To friends and cclleagues at The Graduate Center and at Haskins
Laboratories; their encouragement and support have provided the

backbone of this endeavor.

To the staff of Haskins Laboratories for the unique opportunity to
really learn about speech, and to those who fixed the hardware and
wrote the software, for actually making this work possible. My fondest
thanks as well to Alice Dadourian and Sabina Koruluk for all their help

over the years.

To my subjects, without whom none of this would exist, and who
thought this work important enough to have needles stuck in their necks
and to suffer the indignities that collecting respiratory data entails.
And to Dr. Kiyoshi Honda for performing the tracheal punctures and EMG

insertions with the skill that allowed my subjects to tolerate them.

To Rene Collier, whose own work provided an inspiration for this

thesis and who helped me to get it off the ground.

iv




To J.A. Scott Kelso, for giving me a perspective that I otherwise

would not have had.

To my committee: To Larry Raphael, for his invaluable insights
and for providing humor at some very dark moments. To Tom Baer, for
sharing his vast knowledge of the larynx and who, in helping me to
understand, helped t0 make this a far more Interesting thesis than it
might have been. To Kathy Harris, who first inspired me to do speech
research and who has been willing to struggle with me from the startg,
believing that what I was doing was worthwhile. My heartfelt gratitude

to them all for investing so much of themselves in this work.

To my husband, Harry Katz, who has never Kknown me not to be
working on my thesis, but who has sustained himself on the knowledge
that I would someday finish, even when I doubted that I would. He has
given more than I ever could have hoped for in the way of
encouragement ,” support and understanding, and I thank him from the

bottom of my heart.

To my children, Rachel and Yale, who are too young to understand
but who have helped in their own ways. I dedicate this thesis to them

and to their futures.

This work was supported by NIH Grants NS=13617 and NS-13870 to Haskins

Laboratories.




TABLE OF CONTENTS
Page
ACKNOWLEDGMENTS ¢ e s s sesasocncseccssssnsssssnssessasssssscsssnns 1V
LIST OF TABLES.ssuveoseeoseassoocsssnnsassossacoscsssssansansas 1X
LIST OF FIGURESssseeseseceveconoosssnoasssascsescnannssssassees Xi
CHAPTER
I. INTRODUCTION.ueesooeseossosnsacsnsssananassasosnsnns 1
II. REVIEW OF THE LITERATURE:ceevecesoscasssssssascocass D

Acoustic StUdieS eeeeeevossecssssesnsosssensssasncsans 6
Topline vs, Baseline DeclinatioNeceeecossececcssss 6
Acoustic EndpointSeeecesceeceassssesesscsnsssscesss 10
Acoustic Onsets, Range and SlOPE.ceececccsscsesssss 10
Sentence Prominence and DeclinationNeesescesssesse 15
Declination and CompleX SentenceS.ssecessssssesce 17

Physiological Studi®Seesesseeessccssscssscssesssanes 22
Subglottal PresSSUrC.ssscsssssesscscssssessscnoses 23
Intrinsic laryngeal MusculatUrC.cecssssssescovees 27
Extrinsic Laryngeal MusCuUlaturf.cecesesceccccssssss 29
Physiological Correlates of FO Resettingeeseeeso. 32

The Planning and Control of Declination and its
ResettinglOlii'Ol...0'.0.'!'..0......0...l.l.ll.l 35

ReSBaPCh QuestionSQtotoluol.o-alo.ot..ocl.-ooo.'.ooo uo

III' METHODS..---.-..-.----o-o-nc.o-voc-o--..ooo-oo-o-oou }43

Exper‘iment 1 S P LO S S 0 SO 8O 5 60000 ST OT SR PE RSN NS * 09900 u3
Stimuli ® 6 9 2 0 9 8 S 8 80 0B SB S SO N ES NS DN e & 9 8 00 8 8 00 0 v e u3
Data Collection and Proceduref..ioecescesesssssees 45

Exper iment 2. ® 0 6 0 © 8 200 5 068 0 50 S0P O PSS N e DN ® 00 8 0 & 0 0 08 0 ug
Stimuli R EEEENEEEETEEEYEE NN NI I A B R B NI R E B R R R B B N B R A u9

Data Collection and ProcedureS..eecsssssssescsess O

Data Analysis A EEEENERE RN I I I I A I A N R R R N R N I B B BB I 5“

IVl RESULTS.O'l.l.....l.'.lOllll‘..l'll......ll."..l.l' 56
Experiment 1: Initial ConditionS.eesesesesesesceses 56

The Effect of Utterance Lengtheesesesessssoossess 56
DurationO.‘UOQQICODOC.D..ll.....Ol...'l..ll!.. 56




Fundamental FrequenCyesesescsscsescssossensssss
Subglottal Pressure..ccscscencescescccssnseses
Cricothyroid Muscle ACtivityeeeseceoenessnnens
Respiratory ACtivityesecssessesescccsnscccnses
The Effect of Stress ConfiguratioNeecececesessssces
Correlating Fundamental Frequency with
Subglottal Pressure and Cricothyroid Muscle
ACELIVitYeoeooeooocsvoseancocasccsosansooasna
FO Vo PSceveosesrscsnssnrsosconsasossssasansnsse
FO Ve CTeceeonascsossasncacscsassososcssssase
CT VS4 PSeveeescccrsssscnsssssssccoassssscssss

Summary....tctcoO'o.oott.'l....oo.l.‘.a.o.u.oo

Experiment 1: DeclinatioN.eececescccsrosecocccscesnsee
The Effects of Utterance Lengtheececesscosvessococes
Fundamental FrequUenCyessseecssscsssssssessssas
Subglottal Pressure..ccccccssecssscccosscscsccase
Cricothyroid Muscle Activityseesecoceserennnns
EXpirationecessecsseecosscsescccecascccencencas
The Effect of Stresg ConfiguratioN.scecesecsssoces
Fundamental FrequUenCy.secececsssscssccoscsscscse
Subglottal PressUurC.ceccesssccccsssssevsascans
Cricothyroid Muscle ACtivitYeeeeevcooveenscens
EXpirationesecscececesossasescsssscecsscsssnnns
The Effect of Phonetic CompositioNecsesccessccnee
EXpiratioNecsceesccseescsssccscscosesascrscaas
Subglottal PreSsSur€..ceessesesssssccssssossses
Cricothyroid Muscle AcCtivitYeesoeooesacesoonsan
Fundamental FrequentCyesecesscecsscessscsssssccsss
Strap Muscle ACtivifyeeeessovoccesccossvsscces
SUMMArY eeoecescesssacssssssscssacsassoscsososos
Fundamental Frequency Declination and Its
Relationship to Subglottal Pressurecscecsscces

Experiment 2: FO Resetting and Its
Physiological Correlates.ceesessccccsscscscssonss
The Effect of Syntactic Structure on the
FO ContoOuUresseesesesssressssoesassssnasssnsnes
The Effect of Varying Clause 2 Lengthiesesscesnos
Clause 1. evesssescoessnsvssnsocsossnsssscssenscs

Clause 2....0..l.i...l......l..'..l..l"...Ql.

Fundamental FrequenCy.cessessccescscescsnce
Respirationececeresesncsssccoscsscscocosnnns
Single Clause UtteranCeSeiessessconessssccsosssnns
Comparison wWith First ClauseS.secescescacsnnse
Comparicson With Second ClauSeS.sesecesesssseses
Fundamental FrequenCYe.scesssescccscsssscese
RespiratiONecevesesassesnscsscccscoscecsanee

The Effect of Respiratory Patterns on
ReSettinNgeseivecesssrsscsonssosvesssosscssssenes

Fundamental FrequUenCy.secesecesscoscsoesssssssns

vii

58
66
73
78
87

95
95
109
109
120

121
121
121
126
134
140
140
140
148
156
156
156
166
166
175
181
183
183

187

204

204
209
210
216
216
225
228
228
231
231
233

233
237




Subglottal Pressw‘eo ® 8 00 0 0605 0 5950 S B ROEEOSEDREDS
Cricothyroid Muscle Activityessseseveoovcscecss
Respir‘ation-...........l....'.......ll..-..l..

Summary..'ooloootllo.t.olo...uOOIIOIOQOC'OO-0.

v. DISCUSSION'.'..0.....‘..".'.ll.l.l!.l..l......;....

Acoustic Results.'.l.'l.-l...'.l."l..!..‘.......l..
Physiological ResulfSicesecsscssecrsocccsccsnnaccnans
concluding REmarKSo-..a S 0 0 0 5 085 00 600 000 P S ORNBsOSPNERPEEDL OIS

APPENDICES

Appendix Al. Experimental Stimuli: Experiment 1......
Appendix A2. Experimental Stimuli: Experiment 2......

Appendix
Appendix
Appendix
Appednix
Appendix
Appendix

B.
C.
D.
E.
F.
G.

Utterance DurationS.iscecresesescstoassane
Initial Peak Fundamental FrequenCy.seesse.
FO x Length CorrelationsS.cecscccscsssees
Initial Peak Subglottal Pressur€.cssssee
Pe X Length CorrelationS.seesescescscsncs
Initial Peak Cricothyroid Muscle

ACtivitYOoolt.lt..l'.oaocoo.n.'.oo-coo..n.c-.lnoco

Appendix
Appendix
Appendix
Appendix
Appendix
Appendix
Appendix
Appendix

H.
I.
Je
K.
L.
M.
N.
0.

CT x Length CorrelationS.cecscessssscsee
Depth of Initial InspiratioN.iececcececsss
Depth x Length CorrelationS.ccsscscecsss
Ps X FO CorrelationNS.ecesesesssecscnanesns
CT X FO CorrelationSesecscecsscescsscsssne
Peg x CT CorrelationS.iseeecsessrsscscnncass
EB Two-Clause Utterance Clause Durations
Two-Clause Utterance Clause Durations...

REFERENCES....l!.t.o.tt.oloo.o-ooot.lo.luoo..la-oovlvctll

viii

246
249
249
255

258

259
265
271

273
274
276
277
278
279
280

281
282
283
284
285
286
287
288
289

290




LIST OF TABLES
Table Page

1 Mean Utterance Dur‘ations......l........lllI‘....'...'.l'l...l 57
2 Ranges and Mean Token Values for FO, Ps and CT Activity...... 59

3 Initial Peak Fundamental Frequency as a Function of
Utter‘ance Length..l..t....O..'l....ll.....i...l.'.l..‘l"l'.. 61

4 Initial Peak Subglottal Pressure as a Function of
Utterance Length......t.....-..l..".l......".i.‘l..Il....l. 69

5 Initial Peak Cricothyroid Muscle Activity as a Function of
Utterance Length...l...I...l....ll’....‘....‘....C.l......o.. 76

6 Depth of Initial Inspiration as a Function of Utterance

Length....'..O..'.....".l....l........l.......O...l‘.llll... 82
7 The Effect of Emphatic Stress on Peak Fundamental Frequency.. 88
8 The Effect of Emphatic Stress on Peak Subglottal Pressure.... 89

9 The Effect of Emphati¢ Stress on Peak Cricothroid Muscle

ActivityQOOCOooccouoo.lcct.ool.oolonoo.c.n-naoc.ono.oool'nooo 90

10 Significance of Differences Between +Early and -Early
Str‘ess Cbnditionsctololtt.C..C'l...l..l..'...ll....l.l...."l 91

11 Significance of Interaction of Stress Condition and Initial
peak valuesll..l..ll....lllll......l..'.l.ll.!...l.l....ll.l. 96

12 Partial Correlations of Initial Peak Subglottal Pressure and
Cricothyroid Muscle Activity with Fundamental Frequency...... 117

13 Difference Between +Early and =-Early Stress Conditions for
Fundamental Frequency and Subglottal Pressure and Ratios
Of Hz/cm-HZOltl.Ill...l..i.l'...0.I...0..!...'..0...!'0"0.'. 119

1“ Rate Of EXDiPation...-.-..--..-ooo-.-o....oo-o-......-...-... 170

15 Rate of Decline for Fundamental Frequency and Subglottal
Pr‘essur‘e and Their‘ Ratios..l.l'."....'..ll..'.l.....‘.l.'ll. 203

16 Syntax ComparisonSI.l..'O....oOI......Q.I.l....ll....l.....l. 207
17 Interaction of FO Peaks with Syntactic Conditions............ 208
'8 Interaction of Sentence Type with Clause Duration..eeesvecess 211

~q -

Lengtn Comparisong for FO Resel Dat@.iiirereesesseronersaneras 22




20
21
22
23
24

25

26

27
28

29

30

31

32

33

FO Reset Data as a Function of Clause Lengthecececsessssscscs

Two-Clauge Utterance Clause Duration® (EB)ieceeceecocncesanse

FO Reset Data as a Function of Clauge 2 Lengtheeeessescoceaes

Two-Clause Utterance Clause Durations (BK, JS, KM)eeeeosonoon

Interaction of Clause 2 Durations with Key FO Variables......

Depth of Initial Inspiration as a Function of Two~Clause
Utt&rance Length"CC"QO.'O'..".0.000'...-"..’......-l..!l..

Peak FO Values for Single-Clauge Utterances as a Function

Of LEngthOOl.;etcoluo‘oo.00000.nl.ol-o..ulo.o.oo..]lo..c.noou

Clause Durations for One- and Two-Clause UtterancesS..........

Depth of Initial Inspiration as a Function of Single-Clause
Utterance Length."lio.OI...l....'.i‘-...!..t...t....l.l.....

Peak FO as a Function of the Presence or Absence of an
Inspiration at the Clause Boundary.csesececscescsrsososcsncons

Interaction of Key FO variables with Subject and

Respiratory ConditionS-.........--.....--.o-.......-......--.

Peak 2A Values and Ratio of Hz/Cm-H20 as a Function of
Respiratory Condition for Subject RCuisescescscccnssccsansnnas

Depth of Initial Inspiration as a Function of Respiratory
Activity at the Clause Boundarye.cesesccesccscssssssssssssscne

Depth of Inspiration at Sentence and Second Clause
Initiation and Signficance of Differencef.e.icececesses

nessess e

214
218
220
221

222

227

229

230.

235

242

243

248

251

254




LIST of FIGURES
Figure Page

1 Initial Peak FO Across Utterance LengthS.eeeecescsssseesssees 60
2 Initial Peak FO as a Function of Utterance Length for RC..... 63

3 Initial Peak FO as a Function of Utterance Length for RC

ENEliSNeseseesoesossscnssasosaasssnessssscesascsssssnssasases OU
Yy Initial Peak FO as a Function of Utterance Length for EB..... £5
5 Initial Peak Ps Across Utterance LengthS..eecesescesessossases 07
6 Initial Peak Ps as a Function of Utterance Length for RC..... 70

7 Initial Peak Ps as a Function of Utterance Length for RC

Englishl-..olcloooo.ouo-n-.o.o..n.uca-.col.ou...l-oo.t-olqloo 71

8 Initial Peak Ps as a Function of Utterance Length for EB..... 72
9 Initial Peak CT Activity Across Utterance LengthS..eseeeeeses 75

10 Initial Peak CT Activity as a Function of Utterance Length

for RC'.I...I..I........lO.ll.l..'..ll...l..'.l..l.!l!lll'lll 77

11 Initial Peak CT Activity as a Function of Utterance Length
for‘ RC Englishll..‘.‘...Oﬂl'lII.....I..l...'l..'...l.l..’l..l 79

12 Initial Peak CT Activity as a Function of Utterance Length

for‘ EB.......l.'.l..lll.....ll...l.....'C.l........ll.ll..... 80
13 Depth of Inspiration Across Utterancs LengthS.sseeeessecessss 81

14 Initial Depth of Inspiration as a Function of Utterance
Length f‘or' RC........I...0..0!..'....'ll'!'.'...l..l.l..’...l 8“

15 Initial Depth of Inspiration as a Function of Utterance
Length f‘or\ RC English..Cl.'l."l.lll.l..l..lll0!’.!..".....! 85

16 Comparison of Initial Stressed vs, Unstressed Syllables for

RC‘....I.II....I.'......l..l....l.....l'...lll...l.ll.l..l.l' 92

17 Comparison of Initial Stressed vs, Unstressed Syllables for
RC English.O.itl..l.l.....'.Q...l.I....l...llll...ll......... 93

18 Comparison of Initial Stressed vs, Unstressed Syllables for

EB.!I....C...l.ll.l....‘.l.l.ll....l........ll.llI0.0........ 9“




19

20

21
22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

Initial Peak FO as a Function of Stress Configuration for RC.

Initial Peak FO as a Funcfion of Stress Configuration for RC

English-l.......lll'..l".'O00.0..'000’000.0...000!.0....0'..
Initial Peak FO as a Function of Stress Configuration for EB.
Initial Peak Ps as a Function of Stress Configuration for RC.

Initial Peak Pe as a Function of Stress Configuration for RC

English-n.aoutnoooloon-oln.oooc-o.l..o.t...ooo.oau:.cc!o.-oc-

Initial Peak Ps as a Function of Stress Configuration for EB.

Initial Peak CT Activity as a Function of Stress
Configuration for RC..Qll'O.tl.tl....I.l.l'll....l..l.'.....‘

Initial Peak CT Activity as a Function of Stress
Conf‘igwation for‘ RC English....o...t..l'..tl...'lobIOIIICIIO.

Initial Peak CT Activity as a Function of Stress
Conf'igur'ation f‘or‘ EBCD.I.‘...-....Ol.....ll...ll...ll.....l..

Correlation of Subglottal Pressure and Fundamental Frequency

fOP RC....Q.Q......O...O.l..oo.ooc-.ocaclooo'.to.lio.-oootoln

Correlation of Subglottal Pressure and Fundamental Frequency
f‘or. Rc English.....l..I.l.l.li'.ll.i...'.lt'..0...'.0........

Correlation of Subglottal Pressure and Fundamental Frequency

fOP EB...‘..'O.......-l.l..t...'....C.l.l.l......'..l..l..l.i

Correlation of Cricothyroid Muscle Activity and Fundamental
Frequency for RC..I.'Ill...ll.l..ll..ll....l'....l.l......'l.

Correlation of Cricothyroid Muscle Activity and Fundamental
Frequency for RC EngliShecesscceccscosssonssccssocccrssensacasns

Correlation of Cricothyroid Muscle Activity and Fundamental
Frequency fOor EB.cescescctsscesasctrsacsonscssssctssossssnsonsss

Correlation of Subglottal Pressure and Cricothyroid Muscle
ACtivity f‘or‘ RC....I....OOI.'C..Il.'.l.l....0....0......"...

Correlation of Subglottal Pressure and Cricothyroid Muscle
Activity f‘or‘ RC English.'...’l..’lllll'll...l.nl.l.l.l'.ll'l'

Correlation of Subglottal Pressure and Cricothyroid Muscle
Activity f‘or’ EB.'QOlll-..COIOOOI.Qliol'l.0-.0..!0'00.0.....!'

Comparison of FO Contours Acroses Utterance Lengthe for RC

»ii

97

98
99

100

101

102
103
104
105
106
107
108
110
ARREE
112
114
115

116




38

39

4o

i1

L2

3

4y

U5

ug

47

48

49

50

51

52

53

54

Dutchl-o.ntloooooooono.nua.n.ut.oooo-lllll.ltlocoo.ooo".-uol

Comparison of F0O Contours Across Utterance Lengths for RC

/ma/o0lo'too.ooo.ooo.-oocneolocooo-..-oc'oo-oolo-ooooo-o.oooo

Comparison of FO Contours Across Utterance Lengths for RC

/fa/ll’..lll....ll....llll..l!.l...'.tll....lll.l...ll'l.ll.l

Comparison of FO Contours Across Utterance Lengths for RC

English..ll.'I.l'...l.lOQ...'....000i‘l....ll.'ll.ll..l.l...l
Comparison of FO Contours Across Utterance Lengths for EB....

Comparison of Ps Contours Across Utterance Lengths for RC

DutCh-..--..-o.....o--.......-..-..--o-.....-.....o.n--......

Comparison of Ps Contours Across Utterance Lengthe for RC

/ma/ollollo..oo.-aacmlulooQoo.onloa.ulol.o.tl..too-naooo--ooo

Comparison of Ps Contours Across Utterance Lengths for RC

/fa/-..-..-..-.....-.--....-..o....----..-..-.......a---..-.-

Comparison of Pe Contours Across Utterance Lengths for RC

English.ll..l......l.l...l...l'..t00.'....!..'.'.....0..00...
Comparison of Ps Contours Across Utterance Lengths for EB....

Comparison of CT Muscle Activity Across Utterance Lengths for

RC Dutch..o.a'.ll..!.lo..u-oolo.ooocD.Ooo.u..ocoooo..ca.cn-c.

Comparison of CT Muscle Activity Across Utterance Lengths for

RC /ma/ootoool.o.--.o-.lnnt.ottlooooo..aosu.locl-ooo!oc;oohoo

Comparison of CT Muscle Activity Acrose Utterance Lengths for

RC /fa/.ol.llloa.-otctoo.oo.ooo'c.-0.0000..0..00..0.toolo.nlc

Comparison of CT Muscle Activity Across Utterance Lengths for

RC English.!..lll'..'......D.l.oo..l.l'ii..l....l..l..l'.lll.

Comparison of CT Muscle Activity Across Utterance Lengths for

EBI....l..l...l..‘........l.l.I.....I...l.'.0.0...I.-..'lll..

Comparison of Lung Volume Changes Across Utterance Lengths
f‘or RC DutchlCl'.....I..'lll....!.'OCCI..Q..CI'..O...IC'....Q

Comparison of Lung Volume Changes Across Utterance Lengths

fOr RC /ma/.o.t.o.ltlloonocol..c...ooolol'u-o'oo-noo!ottloo'.

Comparison of Lung Volume Changes Across Utterance Lengths

f‘or. RC /fa//.!o..o.;o.o.oooltoh.Dunlo'.o..lo'.n.li.oc.l..‘o.-

xiii

122
123
124

127

128
129
13Q
131

132

133
135
136
137
138
139
141
142

143




55

56

57

58

59

60

61

62

63

6u

65

66

67

68

69

70

71

72

Comparison of Lung Volume Changes Across Utterance lLengths

fOP RC English.o..o.o..00lo0..00...00'.......'.0--..0.

Comparison of FO Contours Across Stress Configurations
RC Length1 Utterancesi.O..I....l......'........l.l"l

Comparison of FO Contours Across Stress Configurations f

RC Length 2 UttErances..oo.'---o.t..on!.l.u.o.lcoo'n.o

Comparison of FO Contours Across Stress Configurations
Rc Length3Utterancestillc'.....'..l.......l.....l...

Comparison of FO Contours Across Stress Configurations

RC EngliSh...--...........o.o-.-...........-...-o....-

Comparison of FO0 Contours Across Stress Configurations

Comparison of Ps Contours Acrogs Stress Configurations
RC Length 1 Utterances....Clb....'.l.......l....I..l..

Comparison of Ps Contours Across Stress Configurations
RC Length2Utter‘anceSQl.l'...!...l........"..l..l."

Comparison of Ps Contours Across Stress Configurations
RC Length3Utter‘ances.l......QI'..'OC..I..I'...C'Q."

Comparison of Ps Contours Across Stress Configurations

RC Englishlt.loo..o.ltanotOCl..n.oto..oo..'.!-noq...t.

Comparison of Ps Contours Acrosgs Stress Configurations

Comparison of -CT Activity Across Stress Configurations
RC Length 1 UtteranCeSiiesescscscsssanssscsccacssanenes

Comparison of CT Activity Across Stress Configurations
RC Length 2 UtteranCeS.veeseoscecsossssenssscsesscssssns

Comparison of CT Activity Across Stress Configurations
RC Length3UtteranCESiqit.ll..‘.l...l....-..i....l...

Comparison of CT Activity Across Stress Configurations

RC English..!'..l-......lll.‘.llll.lolt.llll.O.Q'.l...
Comparison of CT Activity Across Stress Configurations

Comparison of Lung Volume Changes Across Stress
Configurations for RC Length 1 UtteranceS.sececescaccecs

Comparison of Lung Volume Changes Across Stress
Configurations for RC. Length 2 Utterances.seseccscsccns

xXiv

se s s o0

for

for

for EB

for

for

for

for EB

144

145

146

147

149

150

151

152

153

154

155

157

158

159

160

161

162

163




73

T4

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

Comparison

of Lung Volume Changes Across Stress

Configurations for RC Length 3 UtteranceS.ciiesceveeassrescsns

Comparison

of Lung Volume Changes Across Stress

Configurations for RC Englisheicessssecsececesstacscacscnccnss

Comparison

of Lung Volume Changes Across Phonetic Conditions

fOr RC Early StPeSS UtteranceSOQQ-.oooo-ooo.otbouoootocuco..o

Comparison

of Lung Volume Changes Across Phonetic Conditions

f‘or RC Double Stress Utter‘ancesli.l'.l.lll....ll..'.l....l...

Comparison

of Lung Volume Changes Across Phonetic Conditions

for RC Late StPeSS UtteranCES.....-...ooo-.-o--...--o--o--...

Comparison

of Ps Contours Across Phonetic Conditions for

RC Early Stress Utteran0980looun0000lollcootcc..oc.!Oucoc'-..

Comparison

of Pg Contours Across Phonetic¢ Conditions for

RC DOUble stress Utterancesoooituclotcoo.uoo-.ocoool.-O.cloo.

Comparison

of Ps Contours Acrose Phonetic Conditiong for

RC Late stress Utterances.o-ao-cunoucoooo.--o--ocono----onoo-

Intervals Over Which Calculations of Changes In Ps and
Air‘flow were Made.......l...'..l..lI..ll.'....‘...'ll.l'l‘!‘l

Distributions of Ps And Airflow MeasureS..ecsescesesossccssse

Comparison

of CT Muscle Activity Across Phonetic Conditions

for RC Early Stress UtteranCeS..eceeessssecsscsstesssscsasccce

Comparison

of CT Muscle Activity Across Phonetic Conditions

for RC Double Stress UtteranCeS.ieecscsssssscssasscssscssccsns

Comparison

of CT Muscle Activity Across Phonetic Conditions

for RC Late Stress ULteranCeScceeerscscsscssosssccsscsscssssns

Comparison

of FO Curves Across Phonetic Conditions for

RC Length 3 Utterancesoloo.c...n.ooooolll--....t.ool.o.l.-co.

Comparison
Conditions

Comparison
Conditions

Comparison
Conditions

Comparison

of Strap Muscle Activity Across Phonetic
for RC Early Stress UtteranCeS.cecssssccscccscsscsse

of Strap Muscle Activity Across Phonetic
for RC Double Stress ULtLEranCeS.ssesccsccsscsscnse

of Strap Muscle Activity Across Phonetic
for RC Late Stress UtLeranCeS.cssescssrscssscscsnce

of Pe and FO Contours Across RC Early Stress

XV

164

165

167

168

169

t72.

173

174

176
177

178

179

180

182

184

185

186




91

92

93

94

95

96

97

98

99

100

101
102

103

104

105

106

107

108

UttEPanceSOOOOQOIlb..lll..."lc..lQOODCCCIIQIOOUOIOIDIDQOOOO'

Comparison of Ps and FO Contours Across RC Double Stress

Utterances'noco".ol'lblaol'OO-..ll..lo.ll...‘ilo.ol'tont-u..

Comparison of Ps and FO Contours Across RC Late Streess

UtteranCES.cooapaoono.o..too.l.Du'l.D.h"o.l.vloll.lln-o..o-.

Comparison of Ps and FO Contours Across RC English Early
Str‘ess Utterances.llb......l.'.‘..l'il..l.l....llll'.....lli.

Comparison of Ps and FO Contours Acrosgs RC English Double
Str‘ess Utterances..........l.l...l'l.l'l‘..l.l'II.I"...'.-.0

Comparison of Ps and FO Contours Across RC English Late
Str‘ess UtteranCESDIOQOOQOGDOOQ0.0l...l...'.'l.‘.l..ll...ll..'

Comparigon of Ps and FO Contours Across EB Early Stress

UtteranCQSln0000000000}ucolol'l’0.D.0.loo.n..'o..llltoconooco

Comparison of Ps and FO Contours Across EB Double Stress

UtteranceSO0'..00.0000..0-0Dlnllno.o-o..tho..oootnlo.uacono-

Comparison of Ps and FO Contours Acrose EB Neutral Stress

UtteranCESDQOGDOOOIOO.Dl!.'.’l.l"..ll.l.l.'ll.l....lll..‘.l.

FO Declination In Relation To Falling Ps and CT Muscle

Activitya.Ol'I0'l"0!.0..."...0.00..'0.....ll....l....'l‘..'

Schematic Representations of Analyses 1 and 2 for
Corresponding FO and P2 CUrVES..csssscessscocsscsossosscssnse

Key FO Variables for Clause 1 Length Comparisons for EBesesss

Key FO Variables for Clause 2 Length Comparisons for EBeeeses

Key FO Variables for Clause 2 Length Comparisons for All

SubjeCtS-.--.......-.---...--....oo-...co..-o.-...-.......-..

Depth of Inspiration Acroes Lengths for Two-Clause Utterances

Depth of Inspiration Across Lengths for Single Clause

UttEranCESoo'ccl'l-o.occc-ctc-o.oc'ocu.'c'cooolooallﬁbooloooo

Fundamental Frequency Contours for Two Respiratory Conditions

for RCII.“O.l...llll......l0".ll'.ll.'..l.l‘lll"'l..l..ll.

Fundamental Frequency Contours for Two Respiratory Conditions

fOP BK..I..QQ..'..O.IOOlo.n.!‘lll.n.-..t'ccll'..l...cbo...lto

Fundamental Frequency Contours for Two Respiratory Conditions

189
190
1901
192
193
194
195
196
197
198
201
213
217

219

226

239




109

110

11

12

113

fOl" JS'.I..l'.....l...l...l.l'.....‘...ll..l....l..ll‘.....lll

Fundamental Frequency Contours for Two Respiratory Conditions

f‘or KM.D...".QI..O.IOCll...ll..l..ll..'O..l.....l.....l.l.ll

Key FO Variables as a Function of Presence ob Absence'of an
Inspiration at the Clauzse Boundaryeecsseoseoosessseccesacscccons

Subglottal Pressure and Lung Volume as a Function of
Respiratory Behavior at the Clause Boundary.seesecssesessesss

Cricothyroid Muscle Activity as a Function of Respiratory
Behavior at the Clause Boundaryicesessecssccscssccsscscccscccse

Depth of Inspiration as a Function of Preceding and
Succeeding Respiratory Behavior.iceseseoceccsesccscssencensncs

xvii

240

241

244

2u7

250

252




—

CHAPTER 1

INTRODUCTION

In describing the acoustic characteristics of sentence intonation,
the terms downdrift and declination have been used to characterize the
behavior of both the rapid variations in fundamental frequency (FO)
corresponding to syllable prominences whose peaks comprise the envelope
of an FO contour (see, fbr example, Cooper and Sorenson, 1981), and the
slower variation in FO that defines a reference level upon which these
local prominences are superimposed (see, for example, Cohen, Collier
and 't Hart; 1982). In their simplest form, these units of FO decline
correspond to what has been referred to as the unmarked breath group
(Lieberman, 1967) or the intonation group (Breckenridge, 1977), being
produced on a single expiration and marked on either end by a pause

and/or inspiration.

Because declination occurs over relatively large segmental and
temporal domains, it provides an opportunity to study one of the more
global speech behaviors, and to possibly gain some insights into the
size of the units over which speech is organized. While other speech
phenomena, such as the exchange of sublexical units that occur in slips
of the tongue (eg., Shattuck=-Huffnagel, 1983) may also provide similar
insights into speech organization, a unique aspect of the study of
declination is the opportunity to make meaningful measures of relevant

physiological events.
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Acoustic and perceptual analyses of declination have typicélly
focused on the relative stability of initial and/or final FO values,
the total amount of declination and the rate of FO decline in the face
of changes in utterance length, within and across syntactic units. A
common assumption has been that the manner and extent to which these
attributes vary is indicative of the psychological reality of
declination and its status in a speaker's mental representation of an
utterance of a given length and/or grammatical form. Unfortunately,
however, cognitive processes are not readily observable. 8till, to the
extent that they'are expected to have some physical reality, -examining
the patterns of control of the physiological processes that ultimately
bear on the acoustic aspects of sentence intonation should provide some

insight into the psychological reality of declination.

The general puréose of ihe physiological studies of declination
has been to discover the mechanism(s) by which the frequency of vocal
fold vibration is determined over time, thus accounting for FO
declination, Attempts have been made to uncover physiological data to
support a "passive" model of declination - passive in the sense that
declination is, for the most part, the result of the expiratory forces
which act upon the vocal folds (i.e., subglottal pressure).. According
to such a model, speakers exercise little or no active control over
these variables apart from insuring adequate conditions fdr maintaining
phonation over some period of time. Declination, then, would emerge

rom this minimal amount of control,




Such a formulation, however, is seen by some researchers as being
incompatible with the results of acoustic/perceptual studies in that,
to date, it has been unable to account for the variability of certain
acoustic aspects of declination without invoking models of "high-level
preplanning" and "look-ahead mechanisms." Furthermore, while some
physiological studies have demonstrated positive correlations between
FO declination and certain physiological parameters, such as falling
subglottal pressure (Atkinson, 1973; Collier, 1975; Lieberman, 1967)
and decreasing glottal length _(Maeda, 1976), a causal relationship
remains elusive. Thus, a passive model of declination, in its simplest

form at least, remains unsupported.

The acoustic and physiological literature are reviewed separately
here, partly for practical reasons and partly because their separation
represents a dichotomy in the way research in this area has been
conducted. For example, for the decade from approximately 1960-1970,
:the focus of declination research was.on the physiological mechanisms
underlying both 1local and global changes in FO, This generated a
considerable controversy as to whether FO control was vested in the
larynx or the lungs. Studies conducted in the first half of the 1970's
(eg., Atkinson, 1973; Collier, 1975; Maeda, 1976) basically extended
these earlier studies, as well as the controversies generated by thenm,
by enlarging their data bases and the number of simultaneous
physiological measures made, While a number of unanswered questions
still remain, the more recent focus of the research in this area has
shifted toward acoustic/linguistic investigations, raising questions as

to the extent to which a speaker exercises conscious control over
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physiological mechanisms in order to effect a planned FO contour.

The present study represents an attempt to resolve some of the
unanswered .questions of the earlier physiological studies as well as
those raised more recently. In addition to addressing the question of
what the controlled physiological variables in sentence intonation are
(for example, the larynx or the lungs), this study also attempts to
answer the question of whether fundamental frequency declination
requires a conscious representation of the details of ;he declination
and the physiological means of achieving it, or whether it represents a
lower level regulation, the‘purpose of which is to maintain dynamic

stability, with minimal cognitive representation or intervention,




CHAPTER 2

REVIEW OF THE LITERATURE

Fundamental frequency declination in sentence production has Dbeen
observed in a number of the world's languages [see Breckenridge (1977)
and Pierrehumbert (1979) for a review]. That listeners in turn expect,
or normalize for, declination has been demonstrated for English
(Pierrehumbert, 1979), Japanese (Shimizu & Dantsuji, 1981), and Dutch
(Leroy, 1984)., Moreover, speech from which an overall downdrift in FO
has been removed sounds highly unnatural (Cohen, Collier & 't Hart,

1982).

The purpose of most acoustic studies of declination has Dbeen to
establish the influence of a variety of linguistic conditions on
various aspects of the FO contour, such as initial and final FO values
and the overall trajectory or slope. The difference between conditions
for any of these factors is often interpreted as evidence Ffor the

planning of declination on the highest cognitive level.

The purpose of most physiological studies has been to determine
the mechanism(s) by which either local or global aspects of intonation
can be generated. In general, there are two related questions that
have motivated such studies. The first is whether control of FO 1is
determined by the properties of the respiratory system or whether it is
vested primarily in the muscles of the larynx. The second is whether a

speaker exercises active control over these physiological variables in




producing an intonation contour.

ACOUSTIC STUDIES

Topline ves, Baseline Declination

It is generally assumed that the fundamental frequency of the
voice tends to decline over the course of major syntactic constituents
or units corresponding to the size of a breath group in an utterance,
This declination is presumed to occur for both FO maxima corresponding
to syllable prominences whose peak values comprise the envelope of the
FO contour, and for the FO minima that 1lie in Dbetween,
Characterizations of these acoustic maxima and minima have been

referred to as topline and baseline declination, respectively.

Whether the two declination 'lines' are acoustically equivalent
has been an issue for some debate. Breckenridge and Liberman (1977)
noted that the topline declined faster than the bottom 1line, 30 that
the two 1lines tended to converge. In fact, on the basis of the
relationship of the upper and lower declination lines, Liberman (1975)
defined declination as the gradual narrowing of pitch range which
functions to mark seyntactic boundaries,. Thus, "it falls out
automatically from the pitch range narrowing hypothesis that each
instance of a tone is lower than the preceding instance of the same
tone" (Breckenridge, 1977, p.51). However, Cohen, Collier and 't Hart
(1982) found that, when plotted on a logarithmic scale, the convergence

of the two lines virtually disappeared, suggesting that there is no




decrease in pitch range over the declination domain.

Sorenson and Cooper (1980) found that the magnitude of 1local FO
changes decreased from the beginning to the end of a sentence.
However, Maeda (1976) suggested that these local departures were
greater than the baseline by a fixed value, so that only the reference
level was actually exhibiting declination. Similarly, Fujisaki, Hirose
apd Ohta (1979) found the magnitude of piteh accents to be nearly
constant, irrespective of sentence position, when exphessed as a

percentage increase in FO relative to its baseline value,

It would seem that there has been no real resolution of the issue
of acoustic equivalence of the two declination 1lines, =so that
justifications for studying one over the other in an attempt ¢to
characterize fundamental frequency declination over syntactic
constituents vary among researchers, For example, linguistic
invéstigations of declination approach it from a theory of intonation
that attempte to relate abstract phonological representation to factors
such as tune and prominence (e.g., Liberman, 1975; Liberman &
Pierrehumbert, 1984; Pierrehumbert, 1979)., The assignment of stress to
syllables is 1important to such 1linguistic models, so that, in this
case, the topline} defined by the relationship of syllable peaks, would
be the declination 1line of choice for study. Other researchers,
however, are motivated in favor of the topline by what appear to be
more pragmatic considerations. For example, in choosing to analyze the
topline, Sorenson and Cooper (1980) used the following rationale:

If the topline and bottomline were parallel to one




another, we would expect no such shrinkage between
the values of the peaks and valleys to occur. The
existence of shrinkage indicates that a single
baseline may not be adequate to capture the FO
contour's declination and that separate
descriptions of the topline and bottomline are
required. For a number of reasons, including the
fact that FO peaks are easier to measure and are
perceptually more salient than FO valleys, we have
fdcused our attention on the form of the FO topline

(p.409).

Apparently, Sorenson and Cooper consider the behavior of the FO
peaks to represent the most salient characteristics of the contour, so
that, in their.view, the inability of the baseline to predict these
peaks eliminates it from further consideration (Cooper & Sorenson,
1981). They have, in fact, developéd a mathematical formula, the
Topline Rule, to characterize the form of the topline declination.
This formula predicts the intermediate peak FO values in <single-clause
English declarative sentences when the values of the first and last
peaks are known. However, while initial peak FO. is presumed to
influence the declination, it 1is not considered to be a part of it.
Cooper and Sorenson's rationale for bypassing the initial peak is that
the initial drop in FO is quite substantial: half the total drop in FO
occurs by the time one quarter of the sentence is produced. The peint

at which FO falls to half the declination range is referred to as the




'key point', although "we dé not attach any special significance to the
location of the key point in terms of the speaker's production of the
sentence" (Sorenson & Cooper, 1980, p.410Y, The topline, then, is a
line drawn between the keypoint and the last peak in a sentence, and is
described as a line with a (negative) slope that 1is two-thirds the
difference 1in frequency between the first and last peak divided by the

difference in the times at which they occur.

Still, both acoustic and physiological arguments exist in favor of
measuring the baseline. Fujisaki and his colleagues (Fujisaki and
Hirose, 1982; Fujisaki, Hirbse and Ohta, 1979) have developed a model
of intonation that allows for two basic inputs - the phrase level and
accent level commands - which are realized as the 'voicing' (baseline)
and ‘'accent' (syllabie) components, respectively. According to this
model, it is the voicing component that represents the declination,
while the accent components vary independently. Cohen et al. (1982)
argue that that the baseline reflects the ‘'natural reference level',
with =syllable peaks reflecting local promineﬁces. They maintain that,
when declarative utterances of similar lengths produced by a given
speaker are superimposed, the baseline shows greater stability (i.e.,
overlap) between utterances than the topline. This may be the result
of a variety of factors that influence peak height (and, therefore, the
topline), including the intrinsic pitech of vowels, the amount of
emphasis, semantic load, or the identity of a prevocalic consonant ('t
Hart, in press, reported in Leroy, 1984). Additional evidence for the

selective influence of =semantic load on the topline comes from Bruce
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(1982). Cohen et al. argue further that, when only a single peak
exists, there can be no topline, "whereas the bottom line then shows up
in its pristine form" (Cohen et al., 1982, p.270); that 1is, the

haseline declination is always definable,

Acoustic Endpoints

A considerable amount of data exists to suggest that, for
declarative sentenges produced by a given speaker, final FO values are
rélatively stable despite changes in the length.of utteyances (Boyce &
Menn, 1979; Breckenridge, 1977; Bruce, 1982; Sorenson & Cooper, 1980;

‘Maeda, 1976), initial starting frequency (Cooper & Sorenson, 1981),
piteh range (Liberman & Pierrehumbert, 1982), .or the insertion of
dependent clauses such as parentheticals (Kutik, Cooper & Boyce, 1983).
It has been suggested (Cooper & Sorenson, 1981) that the stability of
endpoints reflects a cognitive use by a speaker of final FO as a
target, <cet in advance of the execution of a sentence. However, this
notion must be evaluated further in the context of other aspects of the

FO contour.

Acoustic Onsets, Range and Slope

There is evidence to suggest that sentence category influences the
declination. Thorsen  (1979¢) found that declarative utterances
evidence the steepest decline in FO0, with a shallower decline for
syntactically marked questions. Most of the studies on declination,

however, have examined the contours of declarative sentences, and the
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review that follows will also focus on this sentence type.

In a study of baseline declination, Maeda (1976) found that
iﬁitial FO and the total amount of declination remained essentially
invariant over differences in sentence length, with an inverse change
in the =lope of the declination. A similar result has been found as
well for word liste of increasing length (Sternberg, Wright, Knoll &
Monsell, 1980). Cooper and Sorenson (1981) noted both a variable rate
of topline decline and a systematic adjustment 1in utterance-initial
peak frequency as a function of utterance length. Thusg, Cooper and
Sorenson (1981; Sorenson & Cooper, 1980) find variability in both the
amount and rate of FO decline, although they maintain that the former

is less variable than the latter.

Cooper and Sorengon ascribe their results to a "look=-ahead"
mechanism whereby the sglope of FO is programmed once the length of an
utterance is known to the speaker.

At the beginning of an utterance, the speaker's
look~-ahead mechanism informs him of approximate
sentence length, which is somehow used to generate
the approximate FO value of the first peak. The
approximate value for the last peak is also known
to the speaker, as evidenced by its constancy
across sentences of different length....Once the
speaker begins talking, feedback (auditory or
otherwise) informs him of the value of the first

peak, which together with the value of the last
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peak and approximate estimated sentence duration
can be wused to generate the Topline Rule. The
speaker then endeavors to produce those peak values
of FO0 based on the rule (Sorenson & Cooper, 1980,

p.U19),

In a study of Danish intonation, Thorsen (1986) found variation in
all topline measures with increasing utterance length, where length was
defined by the number of stress groups (i.e., a stressed =syllable and
all subsequent unstressed syllables). As length increased, there was a
tendency for initial FO to rise slightly, for endpoints to fall, and,
consequently, for the total range to 1increase. At the same time,
however, slope decreased, so that Thorsen's results regarding changes
in both range and rate of FO decline are in accordance with those of
Cooper and Sorenson. And, while she does not advocate complicated
mathematical _ computations such as those 1involved 1in Cooper and
Sorenson's Topline Rule, she does advocate a ‘'hierarchical theory,'
whereby "ecertain gross aspects of the intonation of an utterance are
anticipated and laid out at the moment the utterance 1is initiated"

(Thorsen, 1986, p.1041),

In a study of Swedish intonation, Bruce (1982) examined both FO
onset and initial peak . (i.e., FO maximum of first phrase accent)
frequencies and found the former to be stable while the latter
increased as a function of utterance length, suggesting that they may
be independently controlled aspects of the intonation  contour.

However, unlike Maeda, Cooper and Sorenson, or Thorsen, he found "no
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eimple variation in the slope of either the baseline or the topline due
to variations in utterance length" (p.78). Instead, where the first
phrase accent was higher, the FO values of succeeding accents were
higher as well relative to those where the first pitch accent was
lower., Ultimately, however, FO endpoints were the same, regardless of
utterance length. Moreover, Bruce found the same results whether
length was manipulated within the subject noun phrase (left expansion)
or within the verb phrase (right expansion). Thus, evidence for
pre-planning in Bruce's data appears to be limited to the manipulation

of accent peak frequencies with increasing utterance length.

In an attempt to characterize the form of the declination, Bruce
noted that the size or range of the stepping of successive accent falls
decreased throughout utterances, suggesting the exponential nature of
their decline. This, he suggested, is consonant with Pierrehumbert's
(1980) theory of the implementation of accent downdrift in English
which 'proposes a local implementatidn rule to account for the overall
FO course of an utterance containing a number of accentual downdrifts.
The rule computes the value of a given pitch accent as a constant ratio
of the value of the immediately preceding pitch accent. The overall
downdrift 1is the result of a recursive application from left to right
of this local rule. Look=ahead is presupposed, but the rule s=till
generates the exponential character of the FO course" (Bruce, 1982,

p.80).




The idea that an exponential decay characterizes‘the shape of the
declination contour finds additional support from the studies of
Fujisaki (Fujisaki & Hirose, 1982; Fujisaki et al., 1979), who has
modeled FO declination in Japanest as « second=-order linear system. In
a study of Japanesge declarative sentences, Fujisaki et al. (1979) found
the baseline declination contour to be independent of sentence length,
dropping =steeply at the beginning and gradually appreaching an
(non=-zero) asymptote. Similarly, Liberman and Pierrehumbert (1982)
found that, with the exception of terminal FO, an exponential function
coulﬁ be fit accurately to a meaningless 'utterance' composed of a
string of trisyllabic words. As an exponential function, consecutive
values of FO decrease toward the asymptote by some constant proportion
relative to the immediately preceding value. Consequently, successive
decrements are progressively smaller until the asymptote is approached.
However, if elope is calculated simply as F/t, where F represents the
total decrease in FO over the duration (t) of the utterance, then the
exponential nature of the decay 1is obscured. That 1is, given a
relatively constant range of FO decline, the slopes of utterances of

incréasing lengths will always appear to decrease.

Other researchers, while not describing an exponential decay, per

, have noted that there does not exist a simple linear relationship

o2

etween declination and utterance length. For example, 't Hart (1979)
has proposed rules for the quantification of the baseline slope
whereby, for Dutch utterances of less than five seconds duration,

declination is 1linear when plotted on a log scale., This formulation




implies an exponential decay, since the logarithm of each point on an
exponential curve will, by definition, yield a straight line. Thus,
while perhaps not expressing this view directly, 't Hart has 1lent
additional support to the notion of the nonlinear nature of FO

declination.

If an exponential decay characterizes FO declination, then the
rate of decline =<should be greatest for the earlier portions of
utterances. This has been noted by Bruce (1982), Cooper and Sorenson
(1981) and Fujisaki et al. (1979). Furthermore, even if initial FO is
adjusted according to uttérance length, these values schould be
‘unrelated to final FO values to the extent that, for an utterance of
sufficient duration, terminal FO will be determined by the asymptote,
although this value may be reached some time prior to the end of the
utterance (Bruce, 1982), Thus, there may be little or no declination
in the latter portions of longer utterances (Fujisaki et al., 1979).
Such a formulation predicts the relative invariance of final FO,

rendering the notion of terminal FO as a mental target unnecessary.

Sentence Prominence and Declination

Lexical items within a sentence are produced with different
degrees of prominence, depending on their relative importance in
conveying the meaning of that sentence. With the addition of emphatic
or contrastive stress, the natural focus of a =sentence can be
emphasized or even moved to another location within the sentence.! By

manipulating the amount of emphasis received by a lexical item within a
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gentence, the effect of the location of =sentence prominence on the

organization of the declination can be determined.

Thorsen (1979b) compared the topline FO- contours of sentences
composed of three stress groups, where contrastive stress was placed on
the first, second or third stressed syllable, against a neutral
counterpart; that is, a sentence containing no contrastive stress., For
sentences with emphasis on the first stressed eyllable, FO was, as
expected, higher than the =same syllable in the neutral sentence.
However, for the rest of the first stress group and through the
remaining two stress groups, the FO contour was lower than for the
neutral condition. For the conditions where emphasis was placed on the
gecond or third stressed syllable, the results were similar. That is,
FO was always higher on the syllable receiving contrastive stress, but
was lower through the remaining stress group(s). Moreover, the FO
contour was also lower throughout stress group(s) preceding the
contrastive stress. Thorsen's theory is that, in addition to the extra

prominence received by an emphatically stressed syllable, a "shrinking"

of the surrounding contour helps to promote the impression of contrast.

Looking at the effects of neutral, early and late stress on
topline declination, Eady and Cooper (1986) found an interaction of
prominence and declination only in the case of an early stressed
syllable, following which the FO contour was lowered relative to the
neutral and late stress conditions., The latter two conditions, on the
other hand, showed no effect of the placement of prominence apart from

the expected local syllable effects. Thus, Eady and Cooper's results
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support Thorsen's only for sentences where stress occurs early in a

sentence,

Bruce's (1982) Swedish study of similar design to Thorsen's,
however, supports neither of the above studies, He found no
reorganization of the declination as a function of the position of
stress placement, Rather, his results suggest only that stress peaks
show the effects of sentence 1length, and that the subsequent
declination reflects that interaction. Moreover, he found little or no
declination through the =stress groups preceding the emphasized

syllable.

It is possible that these discrepant results are simply the result
of studying the effects of sentence prominence in three separate
languages (i.e., Danish, English and Swedish), However, there is
another possible explanation. In the studies of both Thorsen and Eady
and Cooper, attributes of the topline were measured, whereas Bruce
measured the Dbaseline, Thus, one might draw the tentative conclusion
that, while syllable peaks are indeed sensitive to the placement of

sentence prominence, the baseline is not.

Declination and Complex Sentences

While the study of declination over single clause sentences can
provide insights into the nature of speech organization over individual
syntactic units, it does not distinguish the sentence from the clause

as an organizing unit. Moreover, it does not answer the question of
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how syntactic structure influences the encoding of FO contours, both in
the region of syntactic boundaries and across the syntactic units that

an utterance comprises.

Maeda (1976) noted that, in long utterances, the declination was
characterized by a number of baselines corresponding to the division of
these sentences into syntactic units. Thus, the overall contouwr could
not be predicted from sentence duration alone. Cooper and Sorenson
(1981) used their Topline Rule in an attempt to establish the domain
over which declination 1is organized. They hypothesized that, for é
sentence composed of two main clauses, if the rule were to operate over
the entire sentence, the declination 1line would resemble that of a
single clause sentence, If, on the other hand, the "domain of
application" were the individual clauses, each would evidence its own
declination line, The stronger version of the latter hypothesis
predicts that each clause will have an identical slope and starting
frequency (complete resetting), while ﬁhe weaker version predicts a new
declination 1line for the second clause, but with a decreased slope
and/or starting frequency (partial besetting) (Sorenson & Cooper,

1980).

Cooper and Sorenson's results provide no evidence for sentential
declination across two syntactic units. At best, they have been able
to partially support their hypothesis; that is, that declination Iis
organized according to the constituent structure of an utterance,
although not as two isolated sentences with the same declination 1line.

However, their results regarding resetting are rather inconsistent. 1In
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one study Cooper & Sorenson, 1977), they found no evidence of
resetting for conjoined main clauses, suggesting that there may be
significant fall~rise patterns at clause boundaries that serve to
signal the syntactic structure, but which do not necessarily represent
a resetting of the declination line. In a later set of studies {(Cooper
% Sorenson, 1981), however, they found significant (partial) resetting
in sentences composed of both conjoined main- clauses and
subordinate-main clauses. Cooper and Sorenson ultimately conclude
that, because the Topline Rule does not predict the =slope of the
declination of either a eomplex”sentence or the individual clauses that
it comprises, "the speaker does impose some form of declination over
the individual clauses in a two-clause utterance, but that, in
addition, the entire utterance is subject to a similar process" (Cooper

& Sorenson, 1981, p.91).

‘Other researchers have also suggested that, to the extent that a
gsingle falling contour does not characterize the declination function
of a complex sentence, FO may be reset at clause boundaries 1in a way
that 1is relevant to the syntactic structure of an utterance. However,
the ability to quantify resetting may depend on what one defines as the
rglevant aspect of FO. According to Fuji=aki's model of declination,
for example, it is the 'voicing' compenent, or baseline, that may be
reset at clause boundaries, while the accent componente vary
independently of the baseline. Assuming the independence of these two
components, this model suggests that the resetting of the baseline does

not necessarily imply the resetting of the topline. Conversely, the




absence of topline resetting does not preclude thenpresence of baseline
resetting. This point was made by Cohen et al. (1982) in a
re-examinaton of Cooper and Sorenson's (1977) data. While Cooper and
Sorenson found FO peaks on either side of the clause boundary to be of
roughly equal height, so that it was concluded that there was no
resetting, Conen et al. demonstrated as much as a 30 Hz resetting when

the baseline was measured instead.

Collier (1987) has also presented data to suggest that whether one
finds FO resetting depends on whether one measures the topline or
baseline declination. He ‘found that, when unstressed eyllables
-occurred on either side of the boundary of subordinate-main clause
sentences (representing the baseline), FO values were higher following
thqt boundary. Resetting was observed whether measured as the
difference of syllable average FO values, or as the difference between
extreme FO values (i.e., the lowest FO for syllables preceding the
clause boundary and the highest FO for those succeeding it). For
utterances with stressed syllables on either side of the clause
boundary (representing the topline), however, there was no evidence of
FO resetting, regardless of how it was measured (i.e., average of

extreme values).

Comparing clause-initial baseline values, Collier found
utterance-initial values to be an average of 4 Hz higher than second
clause-initial values, However, he suggests that "perceptually this
difference is sgo semall (less than one semitone) that it is likely to

result in an impression of equal pitch; i.e., of 'complete resetting'"
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(p.&10).

These results support Fujisaki's contention that the topline and
baseline ray vary independently of each other. However, Coll;er goes
on to suggest that resetting, or the lack of it, is planned for by the
speaker. In discussing the consistent presence of baseline resetting
in his data, he concludes that it "must be considered an integral
feature of the speaker's intonational plan" (p.410). The absence of
topline resetting, on the other hand, "may reflect the speaker's plan
to =suspend declination during the pause and to start the gsecond clause
at the same pitch as at the end of the first" (p.410). Thus, while
Collier's data regarding top- and baseline declination would appear to
lend support to Fujisaki's hypothesis, his interpretation of the data

does not.

The evidence that syntactic structure inflgences declination by
way of its kesetting at clause boundaries argues against the sentence,
per se, as the unit of organizafion. It is a different question,
however, whether the start of a new declination 'line' is equivalent to
the start of a new sentence. For the most part, the evidence for this
équivalence i{s negative. Maeda (1976) found non-initial baselines to
exhibit little or no declination. Cooper and Sorenson (1981), in
comparing a (second) main clause to the same clause produced as an
isolated sentence, found that "peak FO was always lower when the clause
appeared at the end of a two-clause utterance, and that this difference
was greatest for the first peak, generally decreasing in magnitude for

each successive peak" (p.87). 1In addition to differences in initial




peak FO values, Collier (1987) noted a tendency for second clauses to
have narrower FC ranges, and in particular lower FQ peaks, relative to
comparable first clauses. Only Bruce (1982) has found declination in
second clauses to be comparable to the same clauses produced as

isolated sentences,

The results of the acoustic studies highlight the need to ekplain
the wvariability in certain.aspects of the declination that occur as a
function of variations in utterance length, stress configuration and/or
syntactic structure. A more basic question, however, is whether
variability in the declination necessitates explanations involving
extensive preplanning on the part of the speaker, or whether these
variations might be explained in such a way as to obviate the need for
such elaborate theories. Obviously, this gquestion cannot be answered
adequately until the presumed physiological underpinnings of FO

declination are examined in parallel with purely acoustic studies.

PHYSIOLOGICAL STUDIES

The mechanisms by which changes in F0 may be effected are
numeroug, although not necessarily of equal importance. In normal
speech, there are continuous and often simultaneous adjustments in the
activity of a number of physiological variables. However, while all of
these mechanisms may effect changes in FO to some degree, there 1is no

reason to supposge that they are all necessarily involved in
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declination, per se. Furthermore, it 1is important to distinguich
between those which contribute to top- and baseline declination, as
these mechanisms cannot be physiologically equivalent. That 1is, the
former can -only be subserved by the forces that actively raise FO,
while the latter are likely to be subserved by the forces which lower

it, whether active or passive.

One of the challenges of research in intonation is to sgeparate the
respective contributions of physiological mechanisms to 1local
adjustments of FO from their contribution to the global intonatioﬁ
contour, or declination. Indeed, it may be asked whether declination
'is the composite result of continuous 1local adjustments, or whether

there are independent global and local aspects of FO control.

Subglottal Pressure

Subglottal pressure (Ps) is generated primarily by the combined
action of passive and active respiratory forces (Draper, Ladefoged &
Whitteridge, 1960), whose contributions may vary as a function of the
requirements of the vocal task (Mead, Bouhuys & Proctor, 1968). Ps is
the primary determiner of vocal intensity (Draper et al., 1960; Koyama,
Kawasaki & oOgura, 1969; Mead et al., 1968). Intensities typical of
conversational speech are commonly produced on subglottal pressures
between 5 and 10 centimeters of water (cm-H20) (Baer, 1979), although
‘pressures between U4 and 40 em~H20 have been reported for vocal
intensities ranging from those for quiet conversation to shouting over

considerable noise (Draper et al., 1960, Below 2-3 cm-H20, voicing




cannot be maintained (Lieberman, Knudson & Mead, 1969).

Stetson (1951) suggested that all syllables were accompanied by
ballistic chest bulses produced by the contraction of the internal
intercostai muscles. Ladefoged (1962) modified this theory somewhat,
showing instead that only stressed syllables were accompanied by
increased intercostal activity and, therefore, Ps. A number of later
studies have provided further evidence that an increase in Ps
accompanies stressed or accented syllables (Atkinson, 1973; Fromkin &
Ohala, 1968; Lieberman, 1967). Thus, because stress is marked by
increases in FO (eg., Fry, 3955), a congistent relationship between Ps
and FO would appear to exist. However, the relationship is complicated
by the fact that stress is also marked by increases in intensity (Fry,
1955), which is known to correlate directly with inereased subglottal
pressure (Baer, Gay & Niimi, 1976). In addition, increases in FO0 are
also accompanied by increased laryngeal muscle activity (Atkinson,
1973; Collier, 197Y4; Fromkin & Ohala, 1968; Ohala, Hirano & Vennard,
1968). Thus, the question is not only whether Ps actually contributes

to raising FO, but, in addition, the extent to which it contributes.

A number of investigators have demonstrated, both in laboratory
preparations of animal larynges (Koyama, Harvey & Qgura, 1971) and with
human subjects (Baer, 1979; Fromkin & Ohala, 1968 Isshiki, 1959;
Ladefoged, 1962; van den Berg, 1959), that sudden, unexpected increases
in Ps result in inecreases in FO during an interval too short for even
reflexive laryngeal adjustments to occur. These studies suggest that

Ps can account for a change in FO at a rate of approximately 2-7
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Hz/cm=H20, with the lower portion of the range appropriate for mid
frequencies (i.e., speech) and the higher portion of the range
appropriate for higher frequencies (i.e., falsetto), Thus, the
question of whether increased subglottal pressure contributes to
raising FO as well as intensity can be answered. Similarly, the degree
to which it contributes can be reasonably well estimated. However, it
has been shown to account for only a small fraction of the FO increase

over a syllable (Fromkin & Ohala, 1968; Ohala et al., 1968).

The mechanism by which changes in subglottal pressure affect
fundamental frequency is not‘well understood. However, it is generally
‘believed that Ps produces changes in the both the aerodynamic forces
within the glottis and the nonlinear stiffness properties of the vocal
folds, both of which influence their frequency of vibration (Ishizaka &

Matsudaira, 1972; Titze, 1980; van den Berg, 1959).

As lung volume decreases over the course of an utterance, Ps will
decline as well if there are no compensatory adjustments. Attempts to
attribute FO declination to the falling subglottal pressure have Dbeen
founded on the assumption that, in a declarative utterance, declination
is a manifestation of "minimal control throughout expiration so that
changes in fundamental frequency...would follow from changes in
transglottal air pressure” (Lieberman, Sawashima, Harris & Gay, 1970,
p.313). According to this view, declination is a passive phenomenon in
the sense that it results from the interaction of the mechanical
properties of the vocal folds and the expiratory forces acting upon

them. Beyond insuring conditions conducive to the maintenance of
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phonation over some period of time, declination should emerge from a

minimal amount of speaker control.

Lieberman's (1967) work represents one of the earliest attempts to
relate FO declination to an 'archetypal' articulatory pattern; that is,
"the simplest, or basic, state of muscular control that would produce
the intonational signal" (Lieberman et al., 1970, p.3'3). 1In support
of Lieberman's hypothesis, Atkinson (1973) and Collier (1975) have
demonstrated a decline in FO that parallels the subglottal pressure
contour. On a smaller scale, the fall in FO over ‘'declarative' words
has also been attributed priﬁarily to a decrease in Ps (Monsen,
Engebretson & Vemula, 1978). Collier's data show a drop in FO of 5 Hz
per centimeter of water, and are thus within the range of 2-7 Hz/Cm-H20
that a purely passive model of declination would predict (Baer, 1979;
Hixon, Klatt and Mead, 1971; Ladefoged, 1963; Ohala, 1978; Ohala et
al., 1968), Others, however, have measured too great a decline in FO
to be acooﬁnted for . by the falling subglottal pressure alone. For
example, Lieberman's data suggest a ratio as 1large as 16 Hz/Cm-H20.
Maeda (1976), while only inferring a fall of 3 centimeters of water,
suggeste that this is insufficient to account for the 20-40 Hz
declination that he measured. What he did demonstrate, however, was a
high correlation between FO and glottal length, positing a "tracheal
pull" theory whereby the vocal folds are gradually shortened as the
trachea and larynx descend with the sternum as a result of lung
deflation. Thus, while Maeda finds a pure sgubglottal pressure

explanation unacceptable, his tracheal pull theory =till relies on the
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properties of the respiratory system as the underlying mechanism in

declination.

Still, the notion that FO declination is the passive gonsegquence
of a decreasing subglottal pressure has received considerable criticism
(eg., Fromkin & Ohala, 1968; Vanderslice, 1967). Rather, the réle of
Ps, it is suggested, is a much more primitive one. "On this view, the
subglottal pressure, far from being the ‘'archetypal correlate' of
intonation, appears purely ancillary: it 1s programmed to be
sufficient to enable the larynx to carry out 1is role" (Vanderslice,

1967, p.76).

Intrinsic Laryngeal Musculature

The primary determiner of increasing FO is the cricothyroid (CT)
muscle, the contraction of which rotates the thyroid and cricoid
cartilages afound the cricothyroid joint, thereby stretching and
increasing the 1longitudinal tension of the vocal folds (van den Berg,
1958). Increased CT activity correlates highly with increases in FO
(Atkinson, 1973; Baer et al., 1976; Collier, 1974; Shipp, 1975; Shipp &
McGlone, 1971), although not all FO increases are necessarily preceded
by increased CT activity (Atkinson, 1973). Furthermore, while some
have found the magnitude of CT activity to correlate well with the
amount of F0 rise (eg., Collier, 1974), others have found that CT
activity could not "be related in‘any direct fashion to the extent of

FO rise" (Atkinson, 1973, p.88).




In general, the relaxation of the CT will cause FO to fall
(Atkinson, 1973; Collier, 1974), and the rate at which FO falls will
vary as a function of the rate at which the cricothyroid relaxes and/or
is inhibited (Collier, 1974). However, Erickson, Baer and Harris
(1983) have shown the effect of CT relaxation on FO lowering to be
frequency-dependent. That is, CT relaxation appears to initiate FO
lowering for syllables with high to low frequency falls, but not for
those with falls from mid to low frequency. Thus, it would appéar that
the influence of CT relaxation on FO may be a function of the magnitude
of 1ts initial activity. As for the effect of cricothyroid relaxation
on the overall FO contour, Titze and Dunham (1987) have suggested that
"two passive mechanisms influencing tension in the vocal fold cover,
dynamic tissue stretch and stretch relaxation, could possibly be the
basis for a number of observed fundamental frequency contours in
speech" (p.317). Collier (1975; 1987), on the other hand, has
suggested that CT relaxation may .act in concert with falling Ps to

produce declination.

Other intrinsic laryngeal muscles, such as the thyroarytenoid (TA)
and lateral cricoarytenoid (LCA) muscles may also effect increases in
FO. The contraction of the TA produces an opposing force (i.e.,
shortening) to the 'active tension' applied by the contraction of the
CT, serving to further increase the tension of the vocal folds. A
general positive correlation between vocalis or thyroarytenoid activity
and FO has been demonstrated in singing (Baer et al., 1976), the

production of glissando maneuvers (Shipp, 1975), sustained phonation
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(Shipp & McGlone, 1971), and the production of sentences (Atkinson,
1973; Garding, Fujimuwra & Hirose, 1970; Simada & Hirose, 1970),
although the latter studies did not find the relationship between TA
and FO to be as consistent as that for CT and FO. In addition to its
contribution to increasing FO, some studies have found the TA to
contribute to the control of register, peing more active in chest than
falsetto register (Baer et al., 1976; Hirano, Ohala & Vennard, 1969;
Hirano, Vennard & Ohala, 1970), although other studies find no such
contribution from this muscle (Shipp & McGlone, 1971). In addition,
the TA may contribute to the control of voice quality and voicing
distinctions (Hirano, 1974), showing greater activity during voiced
segments and a decrease in activity when voicing ceases (Atkinson,

1973).

Contraction of the lateral cricoarytenoid, a laryngeal adductor,
may influence FO by applying medial compression to the vocal folds. It
has been shown to increase in activity during the singing of ascending
ccales (Baer et al., 1976) and, like the TA, it may also contribute to
voicing distinctions (Atkinson, 1973). However, its role in the

regulation of FO remains unclear.

Extrinsic Laryngeal Musculature

The extrinsic muscles of the larynx are those which attach either
to the laryngeal cartilages directly or to the hyoid bone from which
the larynx is suspended by ligaments. The action of these muscles is

complicated by virtue of thelr attachment to structures outside the




30

larynx (eg., tongue, jaw, sternum), but they are generally thought to
affect FO by altering the position of the hyoid bone and/or the

relative geometry of the thyroid and cricoid cartilages.

The suprahyoid musculature (e.g., geniohyoid, genioglossus) may
raise fundamental frequency by causing the forward translation of the
hyoid bone, resulting in the tilting forward of the thyroid cartilage
and an increase in the longitudinal tension of the vocal folds (Honda,
1983). The activity of these muscles has been shown to correlate
directly with both FO and CT activity and to be involved in FO
adjustments indirectly by virtue of their primary involvement in

.supraglottic articulatory gestures, such as jaw and tongue raising

(Honda, 1983).

It has also been suggested that vertical movement of the
larynx/hyoid complex may effect changes in the vertical tension or mass
of the vocal folds and, therefore, affect FO (Ohala, 1972), although
some investigators have suggested that the muscles that influence
larynx height also tilt the thyroid cartilege, so that longitudinal
‘tension is increased indirectly (Sonninen, 1968). Vertical movements
of the larynx have been found to correlate with both FO raising (Honda,
1983; Shipp, 1975; Shipp & Izdebeki, 1975; Vanderslice, 1967; Ohala,
1972) and lowering (Maeda, 1976; Shipp, 1975; Shipp & Izdebski, 1975;
Vanderslice, 1967), ‘although the changes in FO that result from the
superiorly-directed vertical larynx movements appear to be aésociated
primarily with changes in vowel quality (Honda, 1983). In s=inging,

however, the degree to which vertical movements of the larynx correlate
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with FO appears to depend on voice training. Untrained singers show
positive correlations, while trained singers often show no or even

negative correlations with FO (Shipp, 1975; Shipp & Izdebski, 1975).

The downward excursion of the larynx and the lowering of FO have
been associated with the activity of the strap (i.e., infrahyoid)
musculature, The sternothyroid muscle (ST), for example, has been
shown to be extremely active during maximum displacement of the larynx,
although it does not appear to show significant activity wuntil the
larynx is lowered beyond a certain point (Shipp, 1975). Increased
aternohyoid muscle (SH) activity has been noted prior to the onset of
phonation, the function of which may be to stabilize the larynx
(Atkinson, 1973; Garding et al., 1970). In general, the activity of
the sternohyoid is invérsely correlated with FO (Atkinson, 1973).
Studies of its activity during singing show it to be most active at the
lowest part of the range, gradually decreasing until its activity
ceases as FO.increases {Baer et al., 1976). It has been associated
with FO lowering following a stressed syllable (Erickson & Atkinson,
1976; Ohala et al., 1968), although the timing of this activity appears
to be related to the tonal structure of the syllable. For example, in
falle from high to low frequencies, increased sternohyoid activity does
not occur until after FO has begun to fall, following the relaxation of
CT activity (Erickson & Atkinson, 1976; Erickson et al., 1983). In
syllables with falls from mid to low frequencies, on the other hand,
where cignificant CT activity is absent, the SH shows an 1increase in

activity prior to the onset of the fall in FO (Erickson et al., 1983).




Atkinson (1973) has suggested that, towards the end of an
utterance, FO lowering may be assisted by extrinsic laryngeal muscles
so that Ps will not fall below a lével at which voicing cannot be
maintained efficiently. The contribution of the sternohyoid to the
overall lowering of FO over an utterance has been suggested by
observations of éonsistent activity throughout the latter portions of
declarative utterances where FO is falling (Fromkin & Ohala, 1968;
Ohala et al., 1968), although later studies have failed to demonstrate
a consistent relationship between SH activity and the global FO contour
(Atkinson, 1973; Collier, 1974; Garding et al., 1970). It has further
been suggested that the role of the sternohyoid muscle in regulating FO
is an ancillary one, being related primarily to segmental gestures
(Ohala and Hirose, 1970; Simada and Hirose, 1970), or "any gesture of
speech or nonspeech that would most 1likely require a lowering or

fixation of the hyoid bone..." (Ohala & Hirose, 1970, p.U1).

Physiological Correlates of FO Resetting

The studies reported above have considered the physiological
variables underlying the production of linguistically (and
physiologically) simple seqtences; that is, those comprising a single
major syntactic wunit and produced on a single expiration, with an
intonation contour appropriate for a declarative sentence. However,
there is another class of utterances that warrants physiological
description, although almost none exists to date. These are utterances

whose acoustic declination may be discontinuous, such as two-clause
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sentences where the FO contour  1is partially or completely reset
following a major boundary (Cooper & Sorenson, 1981; Fujisaki & Hirose,

1982; Maeda, 1976).

While acoustic studies suggest that there' is 1likely to be FO
resetting following a syntactic boundary, it is not ciear to what
physiological mechanism{(s) the resetting is related. Fujisaki and
Hirose (1982) have suggestgd that resetting is related to whether or
not a speaker pauses, thus implying that it 1is the pause, or the
accompanying physiological events, that trigger the resetting. Coopef
and Sorenson (1981), on the other hand, have stated that, while
resetting at clause boundaries may be accompanied by increased
subglottal pressure (although they do not actually measure it), it may
also occur following pauses of such short durations as to preclude a
new inspiration. In the absence of a pause, they suggest (following
Maeda, 1976) that the auxilliary- expiratory muscles =gerve as the

mechanism by which Ps, and therefore F0O, may be raised.

To date, only Collier (1987) has looked at multiple physiological
variables accompanying FO resetting. He analyzed subglottal pressure
and cricothyroid activity in relation to top- and baseline resetting
and as a function of respiratory activity at the clause boundary in

two-clause Dutch utterances.

With respect to partial resetting (i.e., the relationship of
second clause-initial to first clause-final values), he finds an

increase in Ps of approximately .81 and 1.03 cm~H20 for the baseline




and topline, respectively. These increases correspond to an increass
in FO of 9 Hz “or the baseline and a decrease in FO of 9 Hz for the
topline,. Collier concludes that "the speaker habitually increases the
Pesg level after the pause, but that this increase does not explain the
observed FO differences, either in individual tokens or overall"
(p.u12). There are no cricothyroid data presented for  these

comparisons.

Unfortunately, Collier does not congider the effects of
respiratory activity .at the clause boundary in relation to partial
resetting. With\respect to the relationship of first and second
clause=-initial FO values, however, he finds an almost complete
resetting of FO when there is no inspiration, but no evidence of it
when an inspiration does occur. In addition, a comparison of second
clause-initial values shows FO to be lower following an inspiration.
For =subglottal pressure, there is no evidence of complete resetting in
either respiratory condition, with second clause-initial values also
being slightly 1lower in the presence of an inspiration. Cricothyroid
values, on the other hand, correlate well with those for FO. However,
the CT data in Collier's study must be interpreted cautiously (by his
own admission), as the EMG signal is an extremely weak one, with the
microvolt values barely exceeding what might be considered baseline

noise,
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Collier thus suggests a paradoxical effect of respiratory activity
on resetting. That is, both FO and CT activity are lower following an
inspiration at the clause boundary than they are at utterance
initiationg;while Ps activity shows almost no effect at all. Collier's
data show a significant correlation of fundamental frequency with CT
activity and suggest to him that "the onset frequency of the
declination line is dependent upon the level of CT activity" (p.415),
although the amount of CT activity may be related to the point in the
apeaker's FO range at which he chooses to begin a second clause.
Subglottal pressure, on thg other hand, shows no correlation with FO.
Collier thus suggests that "the speaker raises Psg to a level that will
.allow for adequate phonation, without taking into account the syntactic
make-up of the utterance..." and that "Peg primarily provides the
driving force for phonation and cannot explain the momentary FO values
in any detail (p.413). It is thus Collier's conclusion that subglottal
pressure plays a small role in local intonational phenomena like the
resetting of FO, and that, to the extent that inspiring at clause

boundaries has an effect on resetting, it is a negative one.

THE PLANNING AND CONTROL OF DECLINATION AND ITS RESETTING

In addition to some of the more sgtraightforward acoustic and
physiological 1issues in declination, the studies reviewed herein also
raise the question of whether the control of fundamental fregquency
declination is the result of a conscious representation of the details

of the declination and the physiological means of achieving 1it, or
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whether it represents a lower level regulation, the purpose of which is
to maintain dynamic stability, with minimal cognitive representation or

intervention.

Liberman and Pierrehumbert (1982) have considered variations in
peak FO as indices of phrasal preplanning, although they refer to these
variations as differences in pitch range, by distinguishing betwesn
what they call ‘'hard' and 'soft' preplanning. ‘'Hard' preplanning is
defined as processing that 1is essential to the realization of an
utterance and which must be accomplished before its execution. 'Soft!

preplanning, on the other hahd. implies "the sorts of preparation that

.a sepeaker may freely choose to make, out of rational calculation,

ritual observance or any other cause, and that might well be omitted

'for a linguistically equivalent utterance under other circumstances"

(p.43).

Cooper - and Sorenson's Topline Rule perhaps represents the
strongest version of a ‘'hard' preplanning hypothesis 1in that it
proposes that almost every aspect of a declination contour (i.e., the
initial peak, the endpoint and the difference between them) for an
utterance of a given léngth must be known to a speaker in advance of
the execution of that utterance, so that rather elaborate calculations
of the declination line, or slope, can be made, In addition, the
Topline Rule is language-specific; that is, it seems only to be able to

characterize English utterances (Cooper & Sorenson, 1981),.




Perhaps the Topline Rule would not seem so overspecific were it
simply suggested as a way of modelling or characterizing fundamental
frequency declination, however accurate. Certainly others have
employed formulae to that end (eg., Fujisaki & Hirose, 1982; Libperman &
Pierrehumbert, 1982; 't Hart, 1979). But Cooper and Screnson go a step
further and suggest that the Topline Rule has a place in the mental
representation of.an utterance, thus elevating the specification of the

declination to the realm of higher cognitive processing.

By assuming that a speaker has a desired declination contour in
mind, the concept of planning implies that the speaker also hag some
notion of the necessary means of achieving it, either by exercising
control over laryngeal muscle activity or by generating specific
subglottal pressures. This point of view is promoted by Collier (1987)
in his discussion of both FO declination and resetting.

...come declination features are determined by
linguistic variables and the speaker has to
incorporate the appropriate declination values into
his mental plan, when programming the production of
an intonation pattern....Having computed these
melodic targets, the speaker knows which
physiological means will meet his perceptual ends

(p.419).
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The alternative to this point of view ig that there is no planning
or programming on the part Qf the speaker; that certain properties of
the declination emerge, not from conscious speaker control, but from
the interaction of events that conspire to produce either variability
or stability_in the FO contour. For example, the amount of FO
resetting at a clause boundary may be the result of whether or not a
speaker takes a new inspiration at that boundary, thus ‘'resetting’
cricothyroid activity and/or subglottal pressure to a level appropriate
for a new sentence., Although the evidence for this to date has been
negative (Collier, 1987), the data exist only for one subject for whom
the quality of the cricothyroid signal is questionable at best. Thus,
resetting as a function of respiratory activity at the clause boundary
is a =ubject that still warrants acoustic and physiological

investigation.

If active speaker control is not involved in the production of
fundamental frequency declination, .the question then arises as to
whether declination is simply the passive consequence, or byproduct, of
uncontrolled forces. For example, the claim that declination results
from "minimal control throughout expiration" (Lieberman et =al., 1970,
p.313) is not particularly illuminating regarding the behavior of
subglottal pressure over time. In fact, none of the work that
subsequently supported Lieberman's original 1967 hypothesis concerning
the origins of declination in unmarked breath groups (i.e., Atkinson,
1973; Collier, 1974) has gone much further in characterizing the global

Ps contour in any detail.-




Some of the earliest studies of =subglottal pressure in speech
(e.g., Draper et al., 1960; Mead et al., 1968) found it to be stable
during voice production, thus suggesting that the muscles of ﬁhe
respiratory system are marshalled in such a way as to maintain Ps.
However, these studies examined only sustained phonations of constant
amplitudes that also required constant pressﬁres. Subglottal pressures
during normal speech, on the other hand, are known to vary over time.
Thus, it 1is not known whether the decline in subglottal pressure
associated with FO is the passive consequence of unchecked expiratory
forces (i.e., lung deflation) or, alternatively, a dynamically stable
variable. If it is the latter, then does this automatically imply that

it is a planned (i.e., ccgnitively-generated) behavior?

Fowler (1984) has suggested that "it is not always justified to
infer that a particular variable is explicitly controlled in a skilled
activity just because it has tegular propertiez, and it may not be wise
to assume explicit control as a first hypothesis" (p.224). In
characterizing the behavior of physiological systems, Yates (1982)
distinguishes between what he calls 'control' and 'regulation'. By his
definition, 'control' pertains to those "circumstances in which a given
system receives additional inputs from...a controller, in such a manner
as to cause the system of interest to show some 'desired' Dbehavior,
specified in advance in that external controller...." (p.244),
'Regulation,' on the other hand, "arises from the physical structure
(of the system] and does not require the intervention of an external,

active agency such as that of a controller....Regulation 1is 1intrinesic
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to a [physical system]; control is extrinsic...." (p.245).

While it may not be desirable to méke too muéh of the semantic
distinction between Yates' terms, there is a relevant conceptual
distinction between something that 1is self-regulating and something
that 1is externally regulated or controlled. If subglottal pressure is
a self-regulated variable, then it should evidence properties that are
relatively insensitive to external events and not predicated on speaker
control. Moreover, to the extent that fundamental frequency
declination is a function of the declining subglottal pressure (eg.,
Atkinson, 1973; Colliier, 1975; Lieberman, 1967; Lieberman et al.,
1970), then it could indeed be considered a passive consequence of a

regulated physiological variable.

RESEARCH QUESTIONS

The present study is designed to address the following questions:

1. Ie anticipated utterance length reflected in the height of the
initial FO peak of an intonation contour? A substantial length effect

would implicate planning.

2. Do =subglottal pressure and cricothyroid muscle activity
evidence the same length effect (or lack of it) as F0? If so, doesg one
play a larger role in determining the height of the 1initial FO peak

than the other?
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3. 1

)]

there a reorganization of the shape (i.e., slope) of the
non-initial part of the declination to the extent that active speaker
control or preplanning is implicated in the realization of the

declination contour?

4, What physiological mechanism(s) determines the shape of the
non-initial portion of the declination contours? That is, what are the
relative roles of the subglottal pressure, cricothyroid muscle and

strap muscles in determining its ultimate shape or trajectory?

5. If the FO declination is the result of a declining subglottal
pressure over the course of an utterance, does it reflect a passive
fesponse of the Ps to unchecked expiratory forces? If =0, then both Ps
and F0 should show variability in their declination as a function of
utterances whose airflow characteristics differ and which produce
significant variations in the rate at which lung volume decreases over

time.

6. In two-clause utterances, is the declination organized over
the entire sentence or on a clause-by-clause basis? If the latter,
does each clause éxhibit a declination typical of a =ingle clause
utterance so that initial FO for a second clause is reset to a level
equivalent to that of utterance-initial F0? Or, alternatively, is the
extent to which there is a resetting of FO following a clause boundary
a function of whether a speaker inspires at that boundary and thus
'resets' the physiological variables responsible for increasing FO

(i.e., Ps or CT)?
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FOOTNOTES

In English, sentence focus is usually predicted by the Nuclear
Stress Rule. Thus, a 1linguistic distinction exists between
sentence focus and contrastive stress In Danish, however, there
are no such rules for assigning sentence focus, so that "wherever
such a glightly heavier stress 1is introduced, it 1invariably
invokes the impression of contrast" (Thorsen, 1979b, p.65).

With the exception of Thorsen, =studies of the interaction
between declination and the 1location of prominence within a
sentence have used the terms focus and contrastive stress
interchangeably (Bruce, 1982; Eady & Cooper, 1986), although in
all cases they are actually investigations of the effects of the
latter. In the context of the present discussion, the term
"stressed ayllable" is wuged to mean constrastively stressed
syllable and not sentence focus.
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CHAPTER 3

METHODS

EXPERIMENT 1

Experiment 1 is an investigation of FO declination over single
clause utterances and the physiological mechanisms presumed to underly

itl
Stimuli

The =timuli for Part 1 of this experiment were Dutch utterances of
_ three 1lengths, ranging from six to twenty syllables (App. Al). For
each length condition, emphatic stress was placed either on the first
syllable receiving lexical stress (i.e., the second syllable in the
utterance), the last syllable receiving 1lexical stress (i.e., the
penultimate syllable), or both. These will be referred to as the
Early, Late and Double stress conditiéns, respectively. In addition,
each utterance type was produced in a vreiterant form, using the
gyllables /ma/ and /fa/. The general purpose of employing reiterant
speech was to neutralize segmental effects while preserving overall
intonation and syllable timing (Larkey, 1983; Liberman and Streeter,
1978). By wusing these specific CV syllables, where the consonant was
either a voiced continuant (i.e., /m/) or a voiceless fricative (i.e.,
/f/), the effect of varying airflow requirements on subglottal pressure
could be determined. For this part of the experiment there were 27

utterance types in all (three length conditions (L1-3) X three stress
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conditions (Early, Late, Double) X three phonetic conditions (Dutch,

/ma/, /fa’/)).

Part 2 employed English utterances of three lengths, ranging from
five to seventeen syllables {(App. A1). The placement of stress was
varied as in Part 1, with the addition of a Neutral form (i.e., no

emphatic stress placement) for one subject (see below).

Two native speakers of Dutch (RC and LB) served as subjects for
Part 1 of this experiment. One of these (RC), who was fluent in
English, also served as.a subject in Part 2. Another subject, a native
speaker of American English (EB), served as the second subject in Part

2.

Subject EB also produced utterances without emphatic stress (i.e.,
Neutral). In addition, he attempted to produce all utterance types in
reiterant form, using the syllables /ma/ and /fa/, as was done Dby the
subjects participating in the first part of this experiment. However,
the reiterant task proved to be extremely difficult for him. His
reiterant productions deviated to such an extent from the utterances
they were intended to mimic, in terms of the intonational pattern, the
number of syllables, and the insertion of inappropriate pauses, that
they were removed from any subsequent analyses. Differences in the
ekill with which individual speakers perform on reiterant speech tasks
have been reported previously (Kelso, V.-Bateson, Saltzman and Kay,

1985; Larkey, 1983),
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Data Collection and Procedures

For these subjects, standard techniques were used (Harris, 1981
to record electromyographic (EMG) data from intrinsic (ericothyroid)
and extrinsic (sternohyoid) laryngeal musculature active during the
raising and lowering of fundamental freq&ency, respectively.
Insertions were verified by having the subjects perform maneuvers
(vocal or nonvocal) known to involve the contraction of the intended

musculature (Hirose, 1971).

Subglottal pressure was measured directly, using different methods
for the different subjects. For RC and EB, a pressure transducer
(Setra Systems 236L) was inserted percutaneously into the subglottal
space through the cricothyroid membrane, For the second Dutch speaker
(LB), a miniature pressure transducer (Millar SPC-350) was introduced
pernasally through the posterior glottis into the trachea. The
tracheal puncture procedure has the disadvantage of being a highly
invasgive brocedure. In addition, the tracheal catheter is prone to
clogging by tracheal secretions, which proved to be an intermittent
problem for =subject EB. On the other hand, it provides a signal that
is quite accurate and relatively easy to calibrate. Using a miniature
pressure transducer is less invasive, but calibration i= more
difficult, which proved to be a problem encountered in this study. In
addition to being unable to calibrate the Ps gignal, there was evidence
of significant drift for which there could be no correction. The
miniature transducer also evidenced significant sensitivity to changes

in temperature that occured within the trachea upon inspiration (Cranen
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& Boves, 1985) which resulted in spurious peaks of positive Ps activity
for every inspiration where the Ps value sghould have ©been negative.
Thus, subject LB's Ps data were unusable. Because this experiment is
largely an investigation of the physiological mechanisms underlying FO

declination, this subject was removed from this study.

Respiratory activity was monitored noninvasively uging a
Respitrace inductive plethysmograph. Two Respibands, each containing a
wire coil that acts as a transducer, are placed around a subject's
chest and abdomen. The changes in the cross sectional area enclosed by
each band that occur duriné. respiration result in changes in the

"inductance of the coils, which are then converted into voltages by a
variable frequency oscillator and an FM demodulator. These voltages
are routed through DC amplifiers and are recorded on FM channels of an
instrumentation tape recorder. Calibration is achieved by having a
subject inhale and exhale a known quantity of air (1280 cc) in at least
two of three positions (sitting, standing and supine). In this way,
the relative contributions of the rib cage and abdomen can be assessed.
The calibrated output of the individual bands is then summed and used
as the index of changes in 1lung volume and airflow (rate of
expiration). For subject EB, the plethysmographic data were unusable
due to sgignificant drift and sporadic discontinuities in the signal.

Thus, plethysmographic data exist only for subject RC.
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During the experiment, the subjects were seated in a dental chair,
with their heads supported and stabilized by a head rest. Although the
Respibands are presumed to be insensitive to movement because.of their
widths, extranecus movements were nonetheless discouraged in order to
prevent movement artifact in the Respitrace signal (Bless, Hunker &

Weismer, 1981).

The stimuli were read from 1liste held by the =subjects at a
comfortable distance. They were instructed to return to a resting
respiratory level following each repetition in order to insure that no
two consecutive items were produced on the same explration, and that
token-initial inspirations were not influenced by the final level of

the previous expiration.

Fundamental frequency wag derived from the output of a miniature
accelerometer attached to the pretracheal skin surface. For subjects
undergoing a tracheal puncture, this device was wused because it
provided the 1least amount of interference with the placement of the
catheter. The accelerometer measures FO by responding to the vibration
of the neck surface, driven by the fluctuation of air pressure within
the trachea due to the opening and closing of the glottis. The output
signal is a relatively simple one, with the effects of vocal tract
resonances absent or considerably attenuated (Stevens, Kalikow &
Willemain, 1975). It has the disadvantage, however, of evidencing
baseline drift, although this was not considered to be significant
enough to interfere with the extraction of fundamental frequency from

the signal.




As was the case in producing reiterant gpeech, the gkill with
which individual speakers can =successfully produce utterances with
different stress configurations appears also to vary. Subject RC was
extremely successful in producing both the reiterant forms of Dutch
utterances and in manipulating stress configuration, whether in Dutch
or in English. Subject EB, on the other hand, had some difficulty in
producing the desired stress patternsz, =0 that judgments of produced
(as opposed to intended) stress configuration were ultimately made by

obtaining listener judgments.

Using the accelerometer waveform, tokens were extracted,
duplicated, computer~randomized and put on audio tape. The
accelerometer waveform was used becaufe it contains the acoustic cues
for stress (i.e., amplitude, duration and FO0), with vocal tract
resonances absent. Ten listeners heard all the tokens of each length
condition twjee. making judgments on the first listening as to whether
emphatic stress occurred early in ﬁhe utterance,  and then making
judgments on s=second listening as to whether emphatic stress occurred
late in the utterance, Listeners were not asked to judge if both early
and late stress occurred iIn an utterance, as this proved to be an
extremely difficult task, even though the utterances were known to the
listeners ahead of time. Judgments of the presence or absence of early
and late stress were then combined to derive judgments of stress

configuration over an entire token.
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The criterion for inclusion of a token in the data analysis was
that at least 55% (i.e., 11) of the twenty listener judgments agreed as
to stress configuration (i.e., Early, Double, Late or Neutral). Only
four tokens were 8o ambiguous as to fail to receive a majority of
responses for any one stress pattern, and these were removed from
subsequent analyses. In fact, only a minority of tokens failed to
receivé at least two-thirds of the total judgments for a particular

stress pattern.

Tokens were resorted on the basis of 1listener judgments and
anélyzed accordingly. A final analysis revealed that, for 75% of all
tokens, the perceived stress patterns were the same as those
(presumably) intended by the speaker, In other words, only one quarter
of all tokens were ultimately included in utterances with stress

configurations different from the originally intended pattern.

EXPERIMENT 2

Experiment 2 is an 1investigation of fundamental frequency

resetting.
Stimuli

The stimuli in this experiment were two-clause English sentences,
variations of which were produced by five subjects. Two of the five

(RC and EB) also served as subjects in Experiment 1.
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Subject RC produced three utterance types. Two of these differed
only in the placement of the syntactic boundary, which served to alter
slightly the length of each clause. The third sentence conjoined two

clauses similar to those the first two sentences comprised_(App. A2).

Subject EB produced sentences similar to those produced by RC, but
whose lengths were varied systematically by adding lexical items to
either the first or second clause. Specifically, first clauses of
three 1lengths were combined with second clauses of three lengths for
each of two syntactic forms (sﬁbordinate-main clause and conjoined
clauses) to form eighteen utterance types. In addition, both the three
main first and second clauses were produced as jisolated sentences, for

2ix additional utterances.

Subjects BK, JS and KM produced a subset of the same
subordinate-main clause sentences produced by RC and EB, with the
addition of different sentences of similar form. Thé purpose of adding
these utterances was to allow the comparison of two groups of
utterances differing in lexical content, but whose syntactic structure-
would presumably produce equivalent acoustic results for FO. 1In both
groups of sentences, lexical items were added to the second (main)
clauses in order to produce utterances of three lengths for each

sentence type (App. A2).
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Data Collection and Procedures

In addition to fundamental frequency data, physiological data
(i.e., Respitrace, CT and Ps) were collected for the two subjects (RC
and EB) who participated in Experiment 1, (For these =subjects,
Experiments 1 and 2 were run in succession on the Eame day.) However,
for EB, the tracheal catheter through which the pressure transducer was
inserted became permanently clogged, rendering his subglottal pressure
data unusable for this experiment. In addition, the EMG =signal from
the cricothyroid muscle changed during Experiment 2, suggesting that
ite placement had shifted foilowing the completion of Experiment 1. As
“a result, only fundamental frequency data were usable for this subject
for Experiment 2. He was retained as a subject for this experiment,
however, because, in addition to being a physiological study, it was
also largely an acoustic study of FO resetting.

I3

Plethysmographic and FO0 data were recorded for the three
additional ~subjects (BK, JS, KM). Respiratory data were collected
uging the Respitrace as described under Experiment 1. FO was derived
from- the output of an electroglottograph (EGG) which measures changes
in impedance through the pretracheal skin as a function of varying
vocal fold contact (Baer, Lofqvist & McGarr, 1983; Fourcin, 1974;
Scherer, Druker & Titze, 1987). This device has the advantages of
evidencing less baseline ghift than the laryngeal accelerometer used
with the first two subjects, and of being insensitive to vocal tract
resonances, For this reason, it is the device of cholce, when it can

be used (Askenfelt, Gauffin, Sundberg & Kitzing, 1980). For practical




purposes, however, the output signals of the two devices are very

similar.

Subject RC produced vfive repetitions of each of the three
utterance types in biock form under each of three conditions. In the
first condition, the subject was instructed to produce each sentence on
a single expiration, without a pause at the clause boundary
(-pause/-inspiration). In the second condition, he was instructed to
produce each sentence with a pause but no inspiration at the clause
boundary (+pause/-inspiration). In the third condition, he  was
instructed to produce each‘ sentence with both a pause and an
inspiration at the clausge boundary (+pause/+ingpiration). Apparently,
however, Condition 2 (+pause/-inspiration) represents a ratggg
unnatural production strategy, for, while the subject believed he was
following instructions, he actually produced a small inspiration during
the pause on almost every token of two of the three utterance types.
As a resgult, only the data for Conditions 1 and 3 (hereafter Conditions
1 and 2), for which éll tokena were produced as intended, were

analyzed.

Subject EB produced ten repetitions (five randomized and five
non-randomized) of each of the eighteen two-clause utterances and the
six single-clause utterances. Unlike RC, he received no instructions
as to producing specific respiratory patterns (i.e., whether or not to
breathe at clause boundaries). It was hoped that this would elicit a
variety of more natural respiratory patterns over utterances of this

type. The intent became moot, however, because his plethysmographic
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data were unusable,.

Subjects BK, JS and KM produced the experimental stimuli in two
partes, In the first part, they each produced ten randomized
repetitions of each of the six two-clauge utterances and each of the
six second main c¢lauses as isolated =sentences. They received no
instructions regarding respiratory patterns except to attempt to return
to a resting position following each repetition. It was hoped that,
for the longest two-clause utterances at least, they would produce some
tokens on a sgingle expiration and others with an inspiration at tHe
clause boundary, so that the effects of the different respiratory
behaviors on F0 resetting could be assessed. However, no subject
produced enough of both patterns to make a statistical analysis
meaningful. As a result, FO resetting data for these utterances were

analyzed only with respect to utterance (i.e., Clause 2) length.

The second part of the experiment for these subjects was similar
to that for RC. That 1is, they each produced utterances under two
respiratory conditions: first, on a single expiration and second, with
an inspiration at the clause boundary. A subset of the utterances
produced by these subjects in the first part of this experiment were
used. Five tokens of the Length 1 two-clause utterances for each of
the two sentence types were produced for each condition. These tokens
were analyzed separately from those in the first part of the

experiment.
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DATA ANALYSIS

For both experiments, the speech, glottographic, electromyographic
vand plethysmographic data were recorded simultaneouély and analyzed
using the Physiological Signal Processing (PSP) software library and
either a PDP 11/45 or VAX 11/780 computer at Haskins Laboratories. The
PSP library contains routines for sampling, editing, analyzing and

displaying speech, EMG and movement data.

Signals were sampled from instrumentation tape. A timing track

recorded on tape and read Dy the computer was used to synchronize
/’M

signals jﬁﬁﬁ#@ibfé not input simultaneously, such as those requiring

-

’_ﬂ_ﬂmduwﬁﬁf??z;ent sampling rates and/or those requiring =sampling as AC or DC
eignals. Both speech and laryngographic data were sampled at a rate of
10,000 samples per second. Speech data were used only for pwposes of
aligning tokens to specific acoustic events and determining the windows
on either side of these 'line-up points' that mark the boundaries of a

given utterance type. Tokens were then assigned to an appropriate

utterance set and labelled for subsequent analyses,

A cepetral analysis, part of the Interactive Laboratory System
(ILS) routine, was used to derive FO from both the EGG and
accelerometer signals, In very general terms, this process 1involves
performing an FFT on the acoustic signal, converting it to a dB scale
and performing an inverse FFT from which the fundamental c¢an be more
easily identified. For the reset data of one subject (EB), the output

of the accelerometer was sampled directly through a Visi-pitch, a




period-by-period FO extractor. While the 1latter technique has the
advantage of on-line performance, it also appears to have rather low
threshold levels, so that tape noise is sampleq as well. As a result,
it was useful for only a =small portion of the total FO analysgis in this
study, aﬁd the ILS routine was used to analyze the remainder of the FO

data.

The two techniques also diffef with regard to resolution. That
is, the TILS routine 1is set to use a fairly broad sliding window for
calculations, with a 10 ms interval between successive calculations
(effective sampling rate of 100 Hz). On-line sampling through the
Visi-pitch, on the other hand, yields virtually instantaneous FO values
at 5 me intervals (effective sampling rate of 200 Hz). Thus, the
ILS-calculated contours are more highly smoothed than those obtained
uging the Visi-pitch. However, the purposes of this study do not

require resolution greater than that provide by the ILS routine.

Rectified and integrated EMG signals were sampled at a rate of 200
samples per second. A separate processing routine for sampling DC
signals was used to sample the plethysmographic and pressure data, also

at 200 Hz.




CHAPTER 4

RESULTS

EXPERIMENT 1: INITIAL CONDITIONS

1. The Effect of Utterance Length

Duration: Table 1 shows the averaged token durations for both
subjects at each length. For subject RC, the data are collap=ed across
all stress (i.e., Early, Double, Late) and phonetic (i.e., Dutch, /ma/,
/fa/) conditions. For RC's English utterances (hereafter referred to
as RC Engliéh) and for sugjeét EB, the data are c¢ollapsed across all
.stress conditions, The averaged token data for the individual stress
conditions are shown 1in Appendix B. The numbers in parentheses

indicate the number of tokens produced by each subject for each

condition,.

For RC, when durations are c¢ollapsed across all phonetic and
sﬁrees conditions, each successive length condition is significantly
longer (L2-L1=.900 sec; t=19.92, p<.001: L3-L2=1.260 sec; t=15.37,
p<.001), Collapsed across stress conditions, the same results is found
for RC English (L2-L1=.596 =gec; t=19.57, p<.001: L3-L2=1.049 sec;
t=33.57, p<.001) and EB (L2-L1=.591 sec; t=33.76, p<.001: L3-L2=.837

sec; t=28.10, p<.001).

Not suprisingly, these results show that the subjects took 1longer
to produce sentences with a greater number of words, whatever the

stress condition.? It thus becomes appropriate to ask whether acoustic
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or physiological variables might reflect these length differences,

either at the outset of a sentence or during its execution.

Fundamental Frequency: Table 2 shows the range of FO peaks and

their means for all tokens, collapsed across all conditions, for both
subjecte. It can be seen that EB's FO values tend to be higher than
those for both RC and RC English. In addition, RC's English utterances
have significantly higher peak FO's than the Duteh, /ma/ and /fa/
uttéranees (i.e., RC) (t=6.35, p<.00%1), representing, perhaps, a
difference in the strategieé used by this speaker in manipulating
initial stress configuration when speaking native (i.e., Dutch) and

non-native (i.e., English) languages.

Figure 1 shows the averaged FO contours in the region of the
initial peaks for the three utterance lengths for the Double stress
condition for RC, RC English and EB. Both the range of FO peaks and
the averaged peak FO values for each length condition are shown in
Table 3. For RC and RC English, initial FO peak values increase as
utterance 1length increases, although the magnitude of this increase
from one length to the next is variable. 1In fact, while the increase
in peak FO is significant for each length increment for RC (L1 vs. L2:
t=2.284, p<.05; L2 ve. L3: t=6,546, p<.001), no length increment for
RC English yields a significant increase in peak FO (L1 ve. L2:
t=.832, p>.1; L2 vs, L3: t=.328, p>.%'; L1 wve, L3: t=1.117, p>.1).
This negative res;lt may be due, at least in part, to the greater

variability for peak FO in RC's production of English utterances than
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Table 3

Initial Peak Fundamental Frequency (in Hz) as a Function
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for the production of the Dutch utterances and their reiterant
counterparts, as is apparent from the standard deviations in Table 3.
FO token averages for the individual stress conditions are shown in

Appendix C.

Subject EB shows no systematic increase for initial peak FO as a
function of wutterance length. It can be seen from Table 3 that the
average peak values for Length 1! and 3 tokens are the same, while
Length 2 tokens are an average of 13 Hz lower. However, between
yengths 2 and 3, thie difference is not eignificant (t=1.251, p>.1).
Within each of the four stress conditions (App. C), the pattern for

peak FO is also erratic from one length to the next.

Analyses of variance show a significant interaction between peak
FO and sentence length for RC (F=363.95, p<.0001) and RC English
(F=11,2, p<.001), but not for EB (F=1.19, p>.1). Correlations .of FO
and utterance length are highly significant for RC (r=.678, p<.001),
but are low and nonsignificant for both RC English (r=.232, p>.1) and
EB (r=.04, p>.1) (Figs. 2-4). Within individual phoﬁetic and stress
conditions (App. D), the same general relationship between 1length and
peak FO prevails for RC and EB, although, for RC English, the absence
of an overall positive correlation between peak FO and 1length <c¢an be
attributed to a seignificant negative correlation for the Late stress
utterances which obscures the significant positive correlations for the

Early and Double stress utiferances.
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RC's peak FO data thus show a sgystematic effect of utterance
length both within and across all conditions for the Dutch, /ma/ and
/fa/ utterances, while his English data show a 1less consistent
relationship between peak FO and 1length due to the differential
influence of the various gtresz conditions. EB, on the other hand,
shows no evidence of adjusting initial peak FO in any systematic way as

a function of utterance length.

Subglottal Pressure: The range and means for peak subglottal

pressure for all tokens, coilapsed acrosg all conditions, are shown in
‘Table 2. For both subjects, Ps values fall within the range of
pressures acceptable for producing speech at varying intensities (eg.,
Baer, 1979; Draper et al., 1960). Moreover, the range of peak
pressures is similar for both subjects (6.27, 6.35 and 7.15 for RC, RC
English and EB, respectively). For RC, the mean peak Pa is
gsignificantly higher for the English as compared to the Dutch, /ma/ and

/fa/ utterances (t=5.306, p§.001).

Figure 5 shows the averaged Ps contours in the region of the
initial peaks for the three lengths, collapsed across all conditions,
for RC, RC English and EB., The subglottal pressure data corresponding
to the FO data presented above are shown in Table 4 for both subjects.
For EB, the asterisks indicate that there are a smaller number oOf
tokens included 1in these analyseé than were originally produced (see
App. B) due to the intermittent clogging of the catheter through which

the pressure transducer was inserted. Token averages for the
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individual stress conditions are shown in Appendix E. The numbers in
parentheses for EB show the actual number of tokens for which there
were usable Ps data. Note that no Length 2 Late stress tokens could be

included in this Ps analyeis.

For subject RC, the Ps data show trends that are similar to those
for the FO data (Table 4) in that there is a systematic and significant
increase in peak Ps as utterance length increases (Length 1 ves. 2:
t=2.596, p<.02; Length 2 vs. 3: t=2.788, p<.01). For the English
utterances produced by this speaker, there is also a systematic
increase 1in peak P2 as a function of inereasing length. However, none
of these increases is signifiecant (L1 ve. L2, t=.995, p>.1; L2 vs. L3,
t=.676, p>.1; L1 vs, L3, t=1.793, p>.05), again probably due to the

subject's greater variability in producing English utterances.

Compared with RC and RC English, subject EB's peak subglottal
pressure data show almost no effect of increasing utterance length.
The greatest increase between any two conditions (i.e., .13 em=H20) is

nonsignificant (t=.247, p>.1).

Analyses of variance reveal a significant interaction of peak Ps
with utterance 1length for RC (F=47.28, p<.0001) and RC English
(F=15.17, p<.0001), but not for EB (F=2.28, p>.1). Predictably,
token=-by-token correlations of peak Ps and length are significant for
RC (r=.454, p<.00') (Fig. 6) and nonsignificant for EB (r=.093, p>.1)
(Fig. 8).  For RC English, the correlation does not reach significance

(r=.291, p>.05) (Fig. 7), despite the significant interaction between




69

Table 4

v

initial Peak Subglottal Pressure (in Cm-HZ20) as a

Function of Utterace Length

Range Mean SD N
Length 1 6.83-10.88 9.17 .93 43
Length 2 7.59-12.38 9.81 1.33 44 RC
Length 3 8.14~-13.10 10.58 1.26 44

keange ‘e Mean SD N
Length 1 7.90-13.38 10.60 1.70 15
Length 2 8.30-14.18 11.29 2.12 16 RC Englaish
Length 3 8.83-14.25% 11.78 1.90 15

Range Hean  SD N
Length 1 7.11-14.26 10.62 2.17 37«
Length 2 7.61-14.08 10.75 2.20 32» EB
Length 3 ?.50-14.15 10.73 1.88 37»
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peak Ps and utterance length. However, the reason for this result can
be determined by examining the correlations for the individual stress
conditions (App. F). For the individual stress conditions, all
correlations are positive, but significance iz reached only for the

Double stress utterances.

Cricothyroid Muscle Activity: Both the range and mean

cricothyroid activity for all tokens, collapsed across all conditione,
are shown for RC and EB in Table 2. Ag was the case with the FO and Ps
data, the averaged peak CT data show RC's English utterances to have
. gignificantly higher values than the Dutch, /ma/ and /fa/ utterances

(t=3.051, p<.01).

It is also apparent from this table that EB's CT values are
substantially 1lower relative to those for RC, both in terms of the
range of activity (i.e., 212 uV for EB as compared to 348 and 383 uv
for RC and RC English, respectively) and absolute minimum and maximum
levels of activity. While it is possible that the difference in CT
activity for the two subjects reflects individual speaker differences,
a more 1likely explanation is that these differences represent a
placement of the electrode more proximal to the largest field of active
motor unité in the cricothyroid muscle for RC, resulting in a stronger

signal.
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Figure 9 shows the averaged CT traces in the vicinity of the
initial peaks for each 1length condition for RC, RC English and EB,
collapsed across all phonetic and length conditions. The corresponding
averaged peak cricothyroid values -and their ranges are presented in
Table 5. Token averages for the individual stress conditions are shown

in Appendix G.

For RC, CT activity increases systematically with utterance length
(Table 5), although, unlike the FO and Ps data, the difference between
the means does not reach significance at every length increment (L1
va, L2: t=.585, p>.1; L2 vs. L3: t=U4,7T74, p<.001). Moreover, within
individual stress conditions (App. G), the pattern of CT activity- with
increasing utterance length is less systematic than for the other two

variables.

Cricothyroid activity for RC English shows a very small effect of
increasing utterance length. Within stress conditions, the pattern of
activity is again erratic from one length to the next (App. G).
Similarly, subjeect EB's averaged CT data fail to show a consistent
pattern of activity associated with utterance length, either within or

across stress conditions.

Analyses of variance reveal a signifiecant interaction of CT
activity with utterance length for RC (F=26.14, p<.0001), but none for
RC English (F=.06, p>.1') and EB (F=.06, p>.1). Token-by=-token
correlations of peak CT activity and length are significant for RC

(r=,48, p<.001) (Fig. 10). For RC English and EB, coefficients are low
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Table S

initiai Peak Cricothyroia Muscle Activity (in Microvolts)

as a Function of Utterance Length
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as a function of utterance length for RC.
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and nonsignificant (RC English : r=,058, p>.1; EB: r=.006, p>.1)
(Figes. 11 & 12). Correlation coefficients within conditions are =shown

in Appendix H.

The pattern of CT activity as a function of increasing utterance
length i= bthus generally, but not entirely, similar to that for the
fundamental frequency and subglottal pressure data for these subjects.
That is, RC shows the most systematic effect, with RC English showing a
less consistent effect and EB showing the smallest effect of utterance

length,

Respiratory Activity: In order to assess the ef'fects of

anticipated utterance length on respiratory events, values for depth of
ingpiration (calculated by subtracting the préceding trough from the
peak) were derived from the summed Respitrace data for all tokens,
These values were obtained only for subject RC, as the Respitrace data

for EB were unusable.

Figure 13 shows the averaged Respitrace curves in the region of
the initial inspiration for the three length conditions for RC and RC
English. The corresponding values for depth of inspiration are =shown
in Table 6. Values for the individual stress conditione are shown in

Appendix I.
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Table o

Depth of Initial Inspiration (in Liters) as a Function of

Utterance Length

Range Nean SD N
Length 1 «99-1.649 1.05 .28 43
Length 2 86-1.77 1.22 .25 44 RC
Length 3 1.09-2.24 1.59 .28 44
kange Nean SD N
Length 1 87-1.27 l1.10 .13 15
Length £ «79-1.89 1.17 .29 16 RC Englisah
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For both RC and RC English, the collapsed data show a gystematic
increase in depth of inspiration as a function of utterance length
(Table 6), although, again, the magnitude of this increase is greater
for the Dutch utterances and their reiterant forms (i.e, RC). For RC,
the increase is significant at each 1length increment (L1 ve. L2:
t=2.989, p<.01; L2 vs, L3: t=6.538, p<.001) while, for RC English,
depth of inspiration shows a significant increase only between extreme
lengthe (L1 vs, L2: t=.857, p>.1; L2 vs. L3: t=,984, p>.1; L1 ve. L3:

t=2.509, p<.02).

An analysis of variancé reveals a significant interaction of depth
of inspiration with utterance length for RC (F=43.9, p<.0001) but not
for RC English (F=2.95, p>.05). This result can be predicted from the
values for the individual stress conditions (Appendix I), which show a
fairly systematic increase in inspiratory depth as a function of
utterance length for RC, but far less consistent length variations for

RC English.

It is also not surprising that, for RC, depth of inspiration shows
a significant overall correlation with utterance 1length (r=,639,
p<.001) while, for RC English, depth of inepiration fails to correlate
with utterance 1length (r=.274, p>.05) (Figs. 14 & 15). Again, these
overall correlations can be predicted from those for the individual

conditions for both RC and RC English (App. J).
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The resulte in this section have shown that subjects may or may
not make adjustmenté in initial conditions on the basis of utterance
length, even when the utterances are known to th;m in advance., Subject
RC, for example, showed systematic (and usually significant) increases
in initial values for FO, Ps, CT and depth of inspiration with
increasing utterance length. For RC English, 1length-dependent
adjustments, while often present for these variables, were far less
systematic. Subject EB, on the other hand, failed to show any
systematic manipulation of initial FO, CT and Ps values in the face of

significant variations in utterance length.

The acoustic results on initial peak FO are thué in keeping with a
literature that finds both the presence (i.e., Bruce, 1982; Cooper &
Sorenson, 1981) and absence {(i.e., Maeda, 1976) of a systematic length
effect. To date, there are no studies that have looked at the effect
of utterance length on initial Ps and CT actiQity, although, gince they
are both mechanismes by which FO ﬁay be raised, it is reasonable to
assume that there should be at least .a correlational, if not a causal,
relationship between these variables and FO. A more extensive analyeis
of the nature of this relationship ig discussed in the sections thaé

follow.

The -finding that the depth of the initial inspiration does not
always serve as a consistent index of anticipated utterance length has
also been found by Horii and Cooke (1978) for subjects participating in
an oral paragraph-reading task. They conclude that "typleally, oral

reading is done well within a respiratory capability (near equilibrium)
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and does not wusually require special modification of respiratory
maneuvers that are dependent on the length of the subsequent utterance,
These data thus support a notion of gemiindependence of the respiratory
system to speech production such that depth of inspiration is unrelated
to the subsequent utterance length, at leasﬁ in the oral reading task"

(p.U77).

2. The Effect of Stress Configuration

Because increased FO and amplitude are acoustic correlates of
stress (Fry, 1955), it is expected that the early portions of
utterances receiving contrastive stress (i.e., Early and Double} will
show higher values for fundamental frequency, subglottal pressure and
¢ricothyroid activity than will the same =syllables receiving only

lexical stress (i.e., Neutral and/or Late).

For both subjects, when the data are collapsed across tokens
having the same initial stresgs configuration in common (i.e., Early
stress or -Early stress) (Tables 7-9), peaks for Early and Double
stress tokens (i.e., Early) are significantly higher than those for
Neutral and/or Late stress tokens (i.e., -Early) for FO, Ps and CT
(Table 10). Figure= 16-18 contrast the initial FO, Pe and CT peaks for
the Early and =~Early utterances for RC, RC English and EB,
respectively. For reagons related to difficulties involved in
avaeraging extracted tokens of unequal lengths, the FO data in these

figures show the Eariy, Double and Late peaks separately. For the Ps




Table 7

38

The Effect of Emphatic Stress on Peak Fundamental Frequency

Length 1
Length 2

Length 3

Length ¢
Length 3

Nean

tEarly
Mean  SD
138 S5.32
147 6.66
166  5.59
150 13.13
166  7.32
177 14.31
184 8.88
176 12.71
275 35.83
243 36.49
272 33.10
263 17.67

29

29

30

88

10

10

10

30

249

25

25

74

Esxly
Mean 3D
118 6.956
121 3.32
139 4.89
126 10.41
138 8.44
135 3.25
130 3.91
134 6.11
186 20.72
192 18.56
189 10.79
189 17.12

14
15
14

43

16

19

12

le

147

RC
RC English
EB



Table 8

89

The Effect of Emphatic Stress on Peak Subglottal Pressure

Length 2
kength 3

kenath 1
Length 2
Length 3

Length 1
Length ¢
Length 3

Mean

*Eg!‘é!
Hean SR
9.61 .77
10.57 .86
11.09 1.02
10.42 1.06
11.53 1.20
12.51 1.31
13.00 .73
12.35 1.24
12.22 1.46
11.69 1.86
12,31 1.38
12.07 1.58

29

29

30

88

10"

10

10

30

22

23

24

69

—Early
Mean S
8.44 .70
8.29 .56
9.55 .99
8.76 .93
8.76 .71
8.85 .53
9.34 .57
8.98 .62
9.02 1.60
8.88 1.13
9.15 .97
9.02 1.27

i4

1S

14

43

lée

1S

13

37

RC English




Table 9

The Effect of Emphatic Stress on Peak Cricothyroid Muscle

Activity

Length 1
Length 2
Lenath 2

Length 2

kength 3

kength 1
Length £
Length 3

178

tEaply
Mean SR
311 67.53
325 55.1l4
394 59.82
343 72.70
372 76.66
4l7 55.78
438 79.77
409 74.60
188 17.81
170 25.11
175 25.05

23.84

29

29

30

88

10

10

10

30

24

25

25

74

zkarly
Mean 2D
249 26.34
245 38.05
315 97.71
270 70.32
331 100.99
257 71.85
222 79.37
270 90.62
100 43.48
115 41.95
109 29.74
108 38.30

15

14

43

le

19

i2

le

47

RC English




Table 10

ol

Signiticance of Difterences Between +Early and -Earily

Stress Conditaions

ke
RC Englash
EB

L =
10.478 <.001
12.427 <.001

22.723 <.001

t B
8.751 <.001
10.176 <.001

10.113 <.001

14 R
5.454 <.001
5.583 <.001

12.402 <.001
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and CT data, all tokens with the same initial stress configuration have

been averaged together.

Analyses of variance show significant effecte of stress condition
for the three variables as well (Table 11)., These interactions can be
predicted from Tables 7 through 9 and Figures 19 through 27, which show
that, for each variable, the lowest part of the range is occupied by
the Late (and Neutral for EB) stress tokens, while the Early and Double

atreas tokens are distributed through the upper part of the range.

3. Correlating Fundamental Frequency with Subglottal Pressure and

Cricothyroid Muscle Activity

Up to this point, individual dependent variables have been
considered in relation to their interaction with the independent
variables of length and stress configuration. In this section,
additional analyses were performed in order to relate the dependent

variables to each other; in particular, FO with Ps and CT activity.

FO ve. Ps: Plots of FO versus Pg for all tokens of all utterances
are shown in Figures 28-30 for RC, RC English and EB, respectively.
Correlation coefficients for these COmparisoﬁs are highly significant
(RC: r=.786, p<.001; RC English: r=,937, p<.001; EB: r=.690, p<.001).
Correlations for both subjects for the individual conditions are shown

in Appendix K. For RC, all correlations between Pe and FO are




Tabie 11

Signiticance

Initial Peak

RC
RC gnglgsh
B

of Interaction ot Streas Condition and

Values

3695.88 <.001
322.18 <.001

48.25 <.0V1

135.749 <.001

200.36 <.001

33.39 <.001

E <]
23.41 <.001
27.77 <.001

53.43 <.001
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gignificant. Within individual stress conditions for RC English and
EB, however, correlations are more variable. For RC English, only the
Double stress tokens echow a significant correlation, For EB,
correlations are significant for Double and Neutral stress tokens, but
not for Early and Late tokens, the latter actually showing a =slightly

negative correlation and a tendency for Ps to decrease as FO increases,

FO ve, CT: When peak FO is plotted against peak CT activity for
all tokens, correlation coefficients are high and significant for both
subjects (RC: r=.662, p<.001; RC English: r=,747, p<.001; EB: r=.796,
p<.001) (Fige. 31-33). Appendix L shows the correlations for
individual stress and phonetic conditions. For both RC and EB, FO and
CT show =significant correlations for all stress conditions. For RC
English, however, there are no significant correlations within any
stress conditions. A= with the subglottal pressure data, all phonetic

conditions for RC show significant correlations for CT and FO.

CT vs. Ps: There are two related reasons to expect CT and Ps to
be correlated. The first, and the most obvious, is that they both
correlate with FO. The second is that they are both mechanisms by

which etress is implemented, so that their respective increases should

be correlated.
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Figure 31. Correlation of cricothyroid muscle activity

and fundamental frequency for RC.
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Figure 32. Correlation of cricothyroid muscle activity

and fundamental frequency for RC English.
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For both subjects, correlations of CT and Ps are significant
(RC: r=.486, p<.00!'; RC English: r=.676, p<.001; EB: r=.63, p<.001)
(Fige. 34=36). For RC and RC English, these correlations are lower
than either variable's correlation with FO0, while, for EB, the
correlation of Pe and CT is higher than that for Ps and F0O, but lower
than that for CT and FO. Correlation coefficients for individual
stress and phonetic conditions are shown in Appendix M. In 'general,
where both Ps and CT show gsignificant correlations with FO, they are
significantly correlated with each other as well (see Figs. 28-33 and
App. K and L). Only RC. Double and EB Double are exceptions here.
Conversely, there is no case where there is a sgignificant correlation
of CT and Ps when either variable fails to show a =ignificant
correiation with FO., It would thus appear that Ps and CT activity are
unrelated except to the extent that they each relate to fundamental

frequency.

There remains the question of the extent to which either
variable's correlation with FO 12 a function of the degree to which the
other variable is contributing simultaneously. However, this question
cannot be answered by the gsimple correlations performed above. Table
12 shows the resulting correlations (R) of both Ps and CT with FO when
a partial correlation procedure is employed (Williams, 1986). In all
cases, there is a decrease in the original correlation of either
variable with FO when the influence of the other variable is removed.
However, the amount of decrease is variable. For example, for RC, both

the original Ps and CT-correlations with FO drop by relatively small
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Table 1l&

Partial Correlations ot lnitial Peak Subglottal Pressure

ana Cricothyroid Muscle Activity with Fundamental

Frequency

r K
Ps 0786 -
CT 664 .S52¢
Ps . 937 -
CL 747 .a43
Ps .68 -
CT « 750 b4 U

<

. 709

. 883

- 054

« 304

274

<11V

X
C.

English
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amounts, indicating that most of the relationship of either variable
with FO 1is independent of the other variable's relationship with FO.
The same can also be said for Ps for RC English and CT for EB.
However, for CT for RC English and Ps for EB, the original correlapions
with FO decrease by almost half their original r wvalues, suggesting
that their respective correlations with FO are largely dependent on the

relationship of the other variable with FO.

Still, correlations are illuminating only to the extent that they
show the degree to which any two variables are related statistically.

They fall short, however, in being able to demonstrate a causal

. relationship between either Ps or CT and FO. In other words, they

cannot answer the question of whether either variable alone can account

for the magnitude of the observed increase in peak FO.

Previous research in this area has suggested that the cricothyroid
muscle is the primary mechanism by which the increases in FO for
accented syllables are implemented, with concommitant increases in
subglottal pressure accounting for only a fraction of these FO
increases (eg., Fromkin & Ohala, 1968). Table 13 shows the difference
in FO and Ps between the Early and -Early stress conditions (derived
from Tables 7 and 8) and the ratios of these differences (Hz/cm-H20)
for each 1length condition for RC, RC English and EB., It can be seen
that these ratios fall well outside the accepted range of 2-7 Hz/Cm=-H20
that would be predicted if subglottal pressure alone were the mechanism
respongible for the difference in FO, thus suggesting that it 1is the

cricothyroid muscle that accounts for the rapid and significant
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Table 13

Pizterences Between +Early and -Early Stress Conditions
for Funaamental Frequency and Subglottal Pressure and

Ratios of Hz/Cm-HZ20

Streasa-No Stresas Ratio
(S Ps EO/Ps
(Hz) (Cm-H20) tHz/Cm-H20)
Length 1 20 1.17 17.09
Length 2 26 2.28 11.40 RC
Length 3 27 1.54 17.53
ean « 24 1.66 15.34
Lengqth 1 28 2.77 10.11
Length 2 42 3.66 11.48 RC English
Length 3 S54 3.66 14.75
Mean 41 3.36 12.11
Length 1 89 3.10 28.71
Length £ 51 2.81 18.15 EB
Length 3 83 3.16 26.27

Nean 74 3.02 24.38
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inereases in FO that occur at syllable peaks.

summary

The discussion of this part of Experiment 1 has reported the
effects of utterance length and initial stress configuration on initial
peak fundamental frequency, subglottal presswre, cricothyroid muscle
activity and, for one subject, depth of inspliration. It has also
attempted to relate the behavio; of peak FO to that of the concommitant
levels in Ps and CT activity in order to determine the primary

mechanism by which local, rapid increages in FO are implemented.

The effects of wutterance 1length on initial conditions were
summarized above. These results showed an inconsistent length effect
acrose subjects, ranging from significant effects for RC to no effect
for EB, with one subject (RC) showing a differgnt pattern of initial

activity when speaking native and non-native languages.

The degree of stress placed on a syllable (i.e., 1lexical or
emphatic) was reflected in the peak FO values for that syllable and in
the accompanying peak Pg and CT activity. However, the difference in
FO between 1initial syllables receiving lexiqal stress (i.e., -Early)
and those receiving emphatic stress (i.e., Early) could not be
accounted for by the difference in subglottal pressure for the same
syllables. Thus, it must be the c¢ricothyroid muscle that is
responsible for the implementation of the rapid, local increases in FO

that occur for stresgsed syllables.




Levels of peak Pg and CT activity appear to be related only to the
extent that they share a common correlation with FO, although, in two
~ cases (i.e.,vCT for RC English and Ps for EB), the correlation of each
of these variables with FO appears to be largely a function of the
simultaneous influence of the other physiological variable on FO,
making the signi?icance of their respective correlations with FO more.
apparent than real. For the most part, however, when there is an
increase in FO, there will be an increase in the level of both Ps and

CT activity as well.

" EXPERIMENT 1: DECLINATION

Having established the influence of utterance length and stress
configuration on peak FO, Ps and CT values, as well as their
relationship to each other, the remainder of the analyses will focug on
the more global aspect of the behavioﬁ of these variables as a function
of the same conditions for both RC and EB. In addition, an attempt
will be made to relate fundamental frequency declination to the

underlying physiological variables.

1. The Effect of Utterance Length

Fundamental Frequency: Figures 37-39 show the averaged tokens for

the three 1length conditions within each stress condition for RC's
Dutch, /ma/ and /fa/ utterances, respectively. For purposes of visual

clarity, the contours are superimposed for the continuously voiced /ma/
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utterances, but are shown individually for the intermittently voiced

Dutch and /fa/ utterances.

For the Early arnd Double stress utterancesg, there is an obvious
peak associated with the 1initial emphasized syllables. However, FO
does not decline steadily from these peaks. Rather, there is a rapid
drop in frequency to a point from which FO then begins a steady
decline. And, while the duration of this initial frequency drop is
constant across lengths, despite differences in peak height, the
frequencies from which the slow decline begins for each length are notf
bearing instead the same relationship as the initial peaks. This
relationghip is maintained throughout the course of at least the longer

utterances, with the FO contours declining in parallel.

In the absence of early emphasis in the Late stress utterances,
the FO peaks occur wupon initiation of the utterances and are thus
displaced in.time relative to the early stress peaks in the Early and
Double stress conditions. Furthermore, the decline of FO from these

peaks is more gradual.

The contours for the /@a/ utterances in Figure 38 are of special
interest. These probably best represent what has been termed baseline
declination in as pure a form as possible in that, due to a composition
of only voiced continuants, as well as to a relatively straightforward
stress configuration, there are few perturbations superimposed on their

contours.
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Figures 40 and 41 depict the =ame 1length comparisons for each
stress condition for RC English and for EB, respectively. It is
interesting that the displacement of initial peaks noted above for R(C's
Late setress utterances does not occur for EB's Neutral or Late stress
data or even for RC's English Late utterances. The relationships among
the individual curves are difficult to interpret because of the
numerous discontinuities secondary to <segmental effects. It can,
however, be sgeen that, beyond the initial peaks, the trajectories of
the FO ‘curves' are very gimilar, despite differences in utterance

length.

Subglottal Pressure: Subglottal pressure contours are displayed

in the =same manner for both subjects. RC's data are displayed in
Figures U42-U44 his English data in Figure U5, and EB's data in Figure

u6.

The Ps contours show the same general pattern as the FO contours.
That 1=, there 1is a relatively rapid initial pressure drop from the
initial peaks into a generally declining function for the longer
utterances. The temporal displacement of initial peaks for RC's Late
stress utterances is again apparent in his pressure curves for the

Dutch, /ma/ and /fa/ utterances, but not for the English.

Segmental effects on the subglottal pressure, particularly for the
Duteh and English, are quite obvious. However, unlike FO, Ps remains

continuous, so that the relationships among the various 1lengths are
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somewhat easier to discern. As’ with thé FO data, the relationship
between the Ps curves appears to be a function of the relationship
between their respective peaks., For almost every length comparison for
both subjects, after the initial pressure drop the Ps curves are either
superimposed or they decline more-or=-less in parallel. However, for
the Length ' utterances, particularly those for which there iz no final
stressed syllable (i.e., Early or Neutral), there ig a much more rapid
fall-off in pressure, s0 that the parallelism observed for the 1longer

utterances is less apparent f'or the shortest utterances,

Cricothyroid Muscle Activity: Corresponding cricothyroid muscle

data are depicted in Figures 47-49 for RC and in Figureg 50 and 51 for
RC English and for EB, respectively. The superimposition of these data
makes It rather difficult to discern the individual tracinge, so that
the peaks associated with final stressed syllables are numbered
according to utterance length in the bouble and Late stress utterances
in order to separate these peaks from activity associatéd with
segmental adjustments. It should be noted, however, that the double
peaks that appear to be associated with the final stressed syllables of
Lengths 2 and 3 for the /ma/ utterances in particular are the result of
averaging events that are distant from the line-up point in tokens of
unequal lengths, and are not characteristic of CT activity for final

stressed peaks.?®
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The most striking feature of the Cf data 1is the on-off (i.e.,
binary) nature of CT activity and the absence of a gradual decline in
the level of that activity. That is, there 1is significant activity
associated with -emphatically stressed syllables, with CT activity

decreasing to baseline level between peaks.

Expiration: Corresponding Respitrace data are displayed in
Figures 52-55 for RC and RC English. These traces depict changes in
lung volume over time. It can be seen that, while peak inspiration may
vary across lengths, within the same stress and phonetic condition, the
rate at which lung volume declines over utterances of various 1lengths

is quite similar.

2. Effect of Stress Configuration

Variations in FO, Ps, CT and lung volume are examined in this
section as a function of stress configuration in order to determine the
influence of this variable on the organization of the declination

contour or any of the variables underlying it.

Fundamental Frequency: Figures 56-58 show the effects of gtress

configuration on the FO contours for each phonetic and length condition
for RC. There is an obvious effect of the degree of 1initial emphasis

on the early FO peaks, with Double and Early strese utterances showing
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higher values than Laté stress utterances. However, the influence of
the height of the Early and Double stress utterance peaks appears to be
limited to the portions of the utterances in which they occur, That
is, there is no apparent reorganization.of the FO contowr on the basis
of those stress configurations. The Late stress utterances, on the
other hand, differ from the other two in that their peaks occur earlier
and the subsequent decline in FO is more gradual. However, by the time
the initial rapid fall in FO for the Early and Double stress utterances
occure, the decline in the FO contours for the three stress

configurations is quite similar.

This pattern is also apparent in the FO curves for the various
stress configurations for RC English and EB (Figs. 59 & 60), with the
exception, perhaps, of the Length 2 utterances for RC English. That
ie, apart from the differences in peak frequency between those
utterances that receive early stress and those that do not, the FO

curves are quite similar beyond the initial peaks.

Subglottal Pressure: The corresponding pressure curves are shown

in Figures 61-63 for RC, in Figure 64 for RC English and in Figure 65
for EB. For both subjects, the contours merge following the initial
peaks until they diverge again, depending on the final stress
configuration. In some cases, the medial portions of these curves
become indistinguishable from one another, while in other caseg, they
decline in parallel, bearing the same relationship as the initial

peaks. Thus, there is ﬁo evidence for a reorganization of subglottal
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pressure as a function of stress configuration.

Cricothyroid Muscle Activity: It 1is again more difficult to

separate the individual utterance types from the superimposed
cricothyroid data, shown in Figures 66-70 for both subjects. However,
it 1is possible to identify the peaks associated with utterance
initiation and the individual stress peaks. Beyond that, there are no
real ~differences between. the CT traces for the various. stress

conditions.

Expiration: Lung volume changes over time (Figs. 71-T4) show no
difference in the rate of decline as a function of stress configuration

for RC or RC English.

3. The Effect of Phonetic Composition

The analyses in this section are limited to RC's Dutch, /ma/ and
/fa/ data and compare the effects of phonetic composition on FO, Pe, CT
and rate of expiration. The order in which these variables are

discusged is rearranged, for reasons which will become apparent.
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Expiration: Respitrace curves for the different phonetic
conditions are shown for each length condition in Figures 75-77. Thesé
compaﬁisons are ghown for the Early, Double and Late stress utterances,
respectively. Unlike the length and stress comparisons, it is obvious
from these figures that airflow rates (i.e., changes in 1lung volume
over time) differ considerably across phonetic conditions. A&irflow
rates for the /fa/ utterances always exceed those for the /ma/
utterances, while, for the Dutch, air expenditure is more variable.
The airflow rates for the reiterant utterances are shown in Table 14,
An analysis of variance reveals a significant interaction of phonetic
compoeition (i.e., /ma/ vs. (fa) with airflow rate (f=697.91, p<.0001).
This is not a surprising result, and can be accounted for by the
differences in resistance at the glottis and the configuration of the

vocal tract for /ma/ and /fa/ utterances,

‘ Subglottal Pressure: Because airflow rate varies with segmental

composition, this allows us some insights into the mechanism for
controlling subglottal pressure during sentence production. In other
words, 1if thé Pe-generating mechanism is a self-regulated one, theﬁe
should be no differences observed in the pressure curves for /ma/ and
/fa/ utterances. If not =self-regulating, however, then Ps would be
expected to evidence some differences due to phonetic context. For
example, 1if the mechanism by which Ps is generated is a purely passive

one, then pressure should fall in proportion to the rate of airflow.
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Rate ot Expiration (Liters/Second)

Length
Length

Length

Mean
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227
« 257
. 208

. 231

LDouble

« 287

. 238
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« 245

« 456

« 4494

. 388

+430

231

.212

« 237

451

. 380

. 366

+401

«420

.420

. 393
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Corresponding subglottal pressure ‘eurves are shown in Figures
78-80. From these curves it is apparent that the differences in
airflow as a function of phonetic composition are not reflected as
corresponding differences in pressure. That 1is, aparﬁ froﬁ the
presence of segmental effecte in the form of a ripple at a roughly
syllabic rate, particularly for the Dutch utterances, each curve within
a given series of three phonetic conditions can be described by a
aimilar function. Thus, the subglottal pressure cannot be described as

a purely passive response to variations in airflow and lung volume.

In order to further quantify these data, the  distributions of
’ subglottal pressures and airflow ratés for the /ma/ and /fa/ utterances
were compared. For subglottal pressure, average levels over a fixed
time interval were measured, rather than differences in Ps between two
pointe in time, in order to neutralize any segmental effects. Because
the effects of such variables as sentence length and stress
configuration may be reflected in initial peak pressure values, these
portions of the curves were eliminated from the measured interval. By
calculating the averages over an interval of 600 msec, from 400 to 1000
msec after the occurrence of the first stressed eyllable (shown as time
0 in Fig. 81), averaging values under these peaks could be avoided. At
the same time, data from some of the shortest utterances could be

jnecluded in the analysis.
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The same interval was used to caleculate the change in lung volume
over time. However, because the Respitrace curves do not =show
perturbations due to segmental effects, a simple difference in volume
between the two points (i.e., 400 and 1000 msec beyond the first
stressed syllable) was calculated in order to derive the rate of
decline (i.e., airflow rate). The portions of the subglottal pressure
and Respitrace curves over which these calculations were made are shown

in Figure 81,

The distributions of Ps and airflow measures for all tokens of the
/ma/ and /fa/ utterances are shown in Figure 82. The difference
between the means of the distributions is statistically nonsignificant
(t=1.09, p>.1). By contrast, the difference between the mean airflow
rates for the /ma/ and /fa/ utterances is statistically =significant
(t=15.91, p<.001). Thus, Ps appears to remain stable despite the
significant differences in airflow secondary to the phonetic structure

of these uttérances.

Cricothyroid Muscle Activity: Representative CT traces for Length

3 Dutch, /ma’/ and /fa/ utterances are shown in Figures 83-85 for the
Early, Double and Late stress conditions, respectively. Individual
waveforms are shown separately in order to make the difference in CT
activity across phonetic conditions more apparent. Of particular note
i the figure showing c¢ricothyroid activity for the /ma/ utterances
(Panel 2) in all stress conditions. There are significant peaks of

activity for the 1initiation of the utterance and for the stressed
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syllables, but a virtual suppression of'activity during a significant
portion of the remainder of the utterance. Thig drop in activity can
be called 'suppression' because the CT activity falls to a level below
what can be considered the inherent baseline level, as seen prior to
the onset of an utterance. For the Dutch and /fa/ utterances, there is
continuous activity beyond the initial peaks, presumably reflecting
segmental adjustments not required in the /ma/ utterances, during which
voicing 1s maintained continuéusly. However, there is the question of
whether the differences in the level of c¢ricothyroid activity for the
various phonetic compositions are reflected in qnly local variations in
FO across phoneti¢ conditions, or whether they éffect the entire

‘declination contour.

Fundamental Frequency: The corresponding FO curves are shown in

Figure 86. In this figure, the Length 3 FO curves for the three
phonetic conditions are superimposed, yith each of the three gstress
conditions represented in a separate panel. Compariéons of Lengthe 1
and 2 are not shown, as it was demonstrated earlier that length effecté

on the FO contours are negligible.

This figure shows striking similarities in the shapes of these
contours, irrespective of phonetic composition. There are obvious
segmental effects, particularly for the /fa/ utterances, where the
vocalic portion of each syllable begins at a higher frequency following
the voiceless fricative. The overall relationship of these contours,

however, is the same as that for the subglottal pressure. Moreover,
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the differences in the levels of CT activity for the three phonetic
conditions are not reflected in the global FO contours. That is, apart
from the initial peaks, the different levels of CT activity can only be
related to rapid segmental adjustments, such as devoicing gestures

following the vocalic portion of each syllable in the /fa/ utterances.

Strap Muscle Activity: Strap (sternohyoid) muscle activity is

displayed for Length 3 utterances across phonetic types for each stress
condition in Figures 87-89. It is obvious from these figures that the
pattern of activity varies across phonetic conditions. For the /fa/
. utterances in particular, there is an almost rhythmic pattern of
activity associated with each syllable. However, there is nothing in
the activity of this muscle to suggest a role in fundamental frequency
declination. That 1is, if FO declination were the result of active
larynx lowering and/or vocal fold shortening due to the contraction of
SH, 1its acgivity would be expected to increase over the course of an
utterance where FO was decreasing. However, rather than increasing 1in
magnitude as FO0 declines, SH activity remains relatively constant or

even decreases over the course of these utterances,

Summary

The effects of segmental composition on the variables under
consideration here are in many ways as would be expected. That is,
there are significant differences in airflow rates for the /ma/ and

/fa/ wutterances, as well ase variationse in the activity of both the'
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cricothyroid and sternohyoid musculature. However, the finding of
greatest interest concerns the absence of an effect of these variations
on both the Pe and FO contours. That is, Ps appears to maintain a
dynamic etability across phonetic conditions, despite significant
accompanying variations in airflow, while, for F0, the effects of
variations in the level of cricothyroid activity are restricted to
local, momentary variations in FO at the level of the syllable which do
not influence the trajeétory of the declination in anﬁ significant way.
When considered in conjunction with the preceding results on length and
stress variations, 1t begins to appear that 1) there are independent
local and global mechanisme involved in éhe realization of fundamental
frequency declination and 2) the subglottal pressure is the mechanism
that subserves the gradual decline in FO over the course of an

utterance.

4. Fundamental Frequency Declination and its Relationship to

Subglottal Pressure

Because cricothyroid and sternohyoid muscle activity do not appear
to be involved in fundamental frequency declination (i.e., that part of
the decline occurring after the initiai drop and, in the cases of Late
and Double stress, before the final rapid increase in F0), the FO0.and
Ps curves were compared directly in order to determine whether the
falling subglottal pressure alone c¢ould account for the decline in

fundamental frequency.
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For the initial comparisons, the data of both RC and EB will be
consgidered. Figures 90-98 show superimposed FO and Pg curves for each
length and stress condition for RC, RC English and EB, respectively.

For RC, only the /ma/ utterances are shown since the effect of phonetic

composition on both the FO and Ps contours was shown to be minimal.

From these figures it can be seen that, where there are abrupt and
subatantial increases in Ps, FO shows abrupt and substantial increases
as well. At the same time, however, the séme relative increases occur
for CT activity, samples of which are shown, together with FO and Ps
curves, for RC /ma/ Late stress utterances in Figure 99. However, it
ie not the behavior of peaks that is of interest here, as they have
already been discussed. Rather, of interest is the behavior of the
fundamental frequency declination in relation to the falling subglottal
pressure beyond these peaks, And, for these portions of these
utterances, FO does in fact closely mirror the qecline in Ps, not just
in direetion,.but in relative rate of decline as well. This 1is

particularly apparent for RC's /ﬁa/ utterances.

In order to quantify further the relationship between FO and Pg,
and to establish the frequency~-to-pressure ratio over this decline, it
was first necessary to establish an approprlate method by which slope
could be calculated for each. There were two technical matters to
consider in deriving these measures. First, because the declination is
considered here to be the portion of FO decline that excludes initial
peaks, it was necessary to eliminate any portion of the declination

that could be considered the result of the relaxation of the CT muscle
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following its significant initial activity. The time at which the
offset of CT activity occurred was thus used as a 'starting point' for
calculating slope because it could be reasonably well assumed that the
significant decreases in FO that result from the relaxation of this
muscle would be complete by this point in time, Offset time was
defined as the time at which the EMG output (in microvolts) dropped to
and remained below a level equivalent to the baseline plus 10 percent
of the peak 1level. It was determined on a token-by-token basis in

order to accommodate variability in the timing of CT activity.

The second consideration was finding a technique that would best
. capture the nature of the decline in both FO and Ps. In other words,
if their decline were strictly linear, then it would not matter over
what portion of an utterance the slope was calculated (excluding, of
course, initial and/or final peaks). On the other hand, if their
decline followed a curve other than a linear one, then calculating the
slope over different portions .of the curves would yield different
results. If the decline were exponential, for example, the slope would
be greater for the earlier portions of utterances as compared to the

average slope over the utterance as a whole.

Using RC's /ma/ data, two different analyses were thus performed.
In the first, the amount of decline in both FO and Ps was calculated
for each token, either between the point at which CT activity ceased,
following the initial peak, and the end of the utterance (for the Early
stress condition), or between CT cesgation and the minimum value just

preceding the last peak (for the Double and Late stress conditions).
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In the éecond analysis, the average duration of the Length 1 Early
stress utterances from initial peak to endpoint (i.e., 1080 ms) was
used as a durational reference, and the amount and rate of FO and Ps
decline for all utterances was calculated between tﬁe offeet of CT
activity and the average endpoint of the reference utterances. Thus,
while the amount and rate of declination were determined over va;iable
intervals in the firet analysis, a relatively constant interval
oceurring over the same portion of each curve, regardless of absolute
length, was used for the second analysis. Figure 100 is a schematic
representation of the portions of the FO and Ps curves over which these
analyses were performed. The arrows denote the offset of cricothyroid
activity, and the numbers 1 and 2 denote the respective endpoints for

the first and second analyses,

These analyses could not be performed on Length ' utterances of
the Double and Late stress conditions. 1In the former condition, the
interval between CT offset for the firet peak and CT onset for the
second peak was too short. In the latter condition, CT activity was
never consistently suppressed, so that an offset time could not Dbe
obtained. In fact, it can be seen from Figure 100 that, even for the
Length 2 and 3 Late stress utterances, the offget of CT activity occurs
congiderably - later than that for the Early and Double stress

utterances,
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Figure 100. Schematic representations of Analyses 1 and 2

"for corresponding FO and Ps curves.
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Table 15 shows the results of these analyses in terms of FO glope
(Hz/seec), Ps slope (ecm-H20/sec) and the frequency-to-pressure ratio
(Hz/cm=-H20). Looking first at the effect of utterance length on slope
for both .FO0 and Ps, the two analyses yield rather different results,
That is, according to Analysis 1, there is a substantial decrease in
the rate of change with increasing length. However, when glope is
calculated over relatively fixed portions of these same utterances, as
in Analysis 2, this length effect is substantially reduced,
demonstrating a more constant rate of decline across 1lengths. (For
Length 3 of the Late stress condition, there is some peculiarity in the

FO data that yields an abnormally high rate of decline.)

Regarding the frequency-to-pressure ratios, s=ix of the =seven
values from Analysis 2 fall within the accepted range of 2-7 Hz/cm=H20
(the exception being, of course, the Length 3 Late utterance), while
only four of the seven values from Analysis 1 fall within the accepted
range. However, even those values thét fall outside the range are
considerably lower than those reported elsewhere (see, for example,

Maeda, 1976).

The results of these analyses thus suggest that a strict linear
model does not best characterize the declination of either FO or Pg, as
the slope calculated over an entire utterance is not equivalent to the
slope calculated over some portion of 1it. Rather, both FO and Ps
appear to be decreasing nonlinearly, as is evident from the larger
slopes for the earlier portions of utterances. Thus, treating FO and

Ps as linear functions would appear to obscure the nature of their




Table 15

Rate or Decline tor tundamental Freguency

Subglottal Pressure (Cm-H20/Sec) and Their Ratios

(Hz/Cm-HZ2U)

Analysis 1

FO Pa FO/Ps

kate Rate ratio
Ear.vy:
Length i 22.21 3.94 S.64
Length 2 14.39 2.47 5.83
Lenath 3 7.03 1.07 .57
Doubie:
Length L | - - -
Length 2 15.37 2.38 6.46
Length 3 10.76 1.36  7.91
Late:
Length 1 - - -
rength 2 <0.79 Z.97 8.09

Length 3 16.85
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(Hz/5ec) and

Analysig 2

Eo Bs FQ/Ps

Rate Rate Ratio
22.21 3.94 S5.64
19.70 3.73 S5.28
17 .42 3.35 5.20
22.52 4.12 5.47
19.75 3.49 5.66
17.32 2.61 6.64
35.22 3.52 10.01
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decline and to promote the impression of a length effect, whereby slope
decreases inversely with utterance length, where perhaps none exists.
Treating FO and Ps as nonlinear functions, on the other hand, serves to
reduce significantly any apparent length effect and demonstrates that

the decline in Pgs can indeed account for the decline in FO.

EXPERIMENT 2: FO RESETTING AND ITS PHYSIOLOGICAL CORRELATES

This =section reportes the results of analyses performed on
two-clause English utterances for five subjects. Where they apply, the
analyses in this section will focus on the following: 1) the effect of
syntactic structure on resetting and other acoustic variables, 2) the
organization (or reorganization) of various acoustic aspects of the
entire sentence as a function of varying the length of either clause,
3) the difference between c¢lauses produced as part of two=-clause
utterances and the same clauses produced as isolated sentences, and 4)
the resetting of FO following a major syntactic boundary as a function

of respiratory activity at that boundary.

1. The Effect 22 Syntactic Structure on the EQ Contour

If syntactic structure is a factor in the mental representation of
an utterance, then one might expect it to be reflected in various
aspects of the FO contour. Of particular interest are those aspects

which occur around the clause boundary, such as FO resetting. Both RC
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and EB produced lexically matched pairs of sentences, one of which was
composed of =subordinate-main clauses and the other composed of
conjoined main clauses (Appendix A). For these c¢omparisons, RC
produced one sentence of each syntactic type. EB produced a comparable
pair of utterances which were further modified to create additional
sentences by adding lexical items to create a total of three length
variants for each clause. Each of the first clause variants was
combined with each of the second clause variants.to form nine pairs of
utterances. Thus, possible first clauses (C1) were:

L1) When the lawyer called,/The lawyer called,

L2) When the lawyer called BReynolds,/The lawyer called
Reynolds,

L3) When the lawyer called Reynolds on Monday,/The ' lawyer

called Reynolds on Monday,

and possible second clauses (C2) were:

L1) the plans weré discussed.

L2) the plans were discussed at some length.

L3) the plans were discussed at some length on the telephone.
For the conjoined main c¢lause =sentences, the conjunction tand'
connected the two c¢lauses. Noﬁe that RC's original sentences exist

here as a subset of EB's corpus of sentences.

For these analyses, FO values were measured for the first stressed
peak 1in the first clause (Peak 1A='lawyer'), the last stressed peak in

the first clause (Peak 1N='called', 'Reynolds' or 'Monday'), and the:




first stressed peak in the second clause (Peak 2A='plans') for all
tokens. Note that, because of the way EB's first clauses were

conatructed, Peak 1N values were not always derived from phe same word.

Additional measures of resetting describe the relationship of
clause-initial peaks (Reset A = Peak 1A-Peak 2A), and the relati&nship
of peak FO at the onset of a second clause to peak FO at the offset of
a first clause (Reset N = Peak 2A-Peak 1N). Thus, a value of O or less
for Reset A indicates the presence of 'complete resetting’ (i.e., Peak
2A > Peak 1A4), while a value of O or less for Reset N indicates the

presence of at least 'partial resetting' (i.e., Peak 2A > Peak N).

The averaged values for the key FO variables are gchown for bDoth
subjects for each syntactic condition in Table 16. For RC, the values
for each syntactic condition represent one utterance collapsed across
respiratory conditions (i.e., the presence or absence of an inspiration
at the clause boundary). For EB, the vvalues for each syntactic
condition represent values collapsed across nine sentences where the

length of either clause is varied.

For both subjects, averaged FO values for the sentences composed
of conjoined main clauses are somewhat higher than for those compoged
of subordinate-main clauses. For RC, an analysis of variance reveals a
significant interaction of Peak 1A with syntactic condition (F=33.95,
p<.0001), but the absence of any interaction for the other variables
(Table 17). For EB, no dependent variable shows a ¢significant

interaction with syntactic condition (Table 17). Thus,  because




Table 16

Syntax Comparisona

RC:

N 1A SD AN SD 2A sb ResA SD ResN  SD
SubMain 9 146 9.0 125 6.2 121 4.5 25 12.9 -4 10.4
Conjoin 10 152 6.3 128 3.9 125 7.0 27 3.0 -4 7.2
EB:

N 1A SD AN sh 28 SD ResA  SD ResN  SD
SubMain 47 183 11.8 147 8.1 149 7.8 33 3.5 +2 7.9
Conjoin 42 184 14.1 150 8.2 150 6.5 3¢ 11.7 o 6.5

L0¢



Table 17

Interaction of FO Peaks with Syntactic Condition

F
1A 33.95
AN 3.11
28 4.37
Reset A 3.86

B

<.0001

"

.47

2.16

«50
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syntactic condition appears to have little influence on the FO measures
of interest here, the data for these two subjects were collapsed across

syntactic condition for the remaining analyses.

2. The Effect of Varying Clause Length

The purpose of the analyses in this section iz to determine the
effect on all FO variables of manipulating the length of either or both
clauses. In particular, these data should reveal whether there is a
reorganization of FO as a function of length and provide insights into
the question of whether it is the clause or the sentence that 1is the

unit over which speech is organized.

It will be recalled that EB produced length variations for both

Clause 1 and Clause 2, the durationg of which are shown in Appendix M.
These are coded, using the number 1, 2 or 3, to denote the length
variant of each clause, For example, '3~1' denotes a Length 3 first

clause and a Length 1 second clause utterance.

Subjects BK, JS and KM produced length variations only for second
clauses, three of which were the same as those produced by EB - namely,
subordinate-main clause sentences corresponding to EB's Length 2 first
clauses (i.e., Wheh the lawyer called Reynolds,) followed by second
clauses of three lengths. In addition, three new sentences of the same
syntactic structure and the comparable number of syllables (i.e.,

constant length first clauses with second clauses of three lengths)
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were produced by these speakers, for a total of =ix two-clause
utterances (Appendix A).  Averaged clause durations and their
respective number of syllables are =shown for these sentences in
Appendix N. For the two sentence types produced by BK, JS and KM,
first c¢laugses contain the identical number of syllables, while the
second clauses are one syllable longer for Lengths 2 and 3 of the
second sentence type. For all subjects, there is a significant
interaction of sentence type with the durations of both Clause 1 and

Clause 2 (Table 18).

Clause l

Table 19 shows the FO values for the key variables for the
sentences composed of each of the three length first clauses with one
of the three 1length second clauses for EB. These values are
represented schematically in Figure 101a, b and ¢. It can be seen from
this figure that, for each Clause 2 length (i.e., a, g‘ ér ¢), the
effect of Clause 1 length on the indicated peak values is very similar.
Consequently, the data were collapsed further., The FO values are shown
in Table Ub and are represented schematically in Figure 10%'d. Each
length schematic is labelled 1-N, 2-N and 3-N, respectively, to =show
the effect of varying the 1length of (lause 1 across all Clause 2
lengths. The corresponding collapsed duration measures are ghown in

Table 20.
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Table 18

Interaction of Sentence Type with Clause Duration

cliasuse 1 Clause 2

E B E B
5.52 <.05 7.57 <.01
12.37 <.001 16.18 <.001

E b K

113.90 <.0001 12.57 <.001




Table 19

Length Comparisons

EE

(A
t
[

g

k|

i EE

10

10

io

10

i0

a4 SD
170 4.4
190 11.3
186 9.8
173 9.5
198 13.3
187 6.7
17¢ 6.4
191 3.8
180 8.8

for FO Reset Data

AN SP
144 9.7
151 7.2
147 6.3
144 9.3
156 7.3
147 8.3
148 7.8
151 S.0
149 7.7

138
1351

150

1496
157

152

148
156

151

SD ResA
5.2 31
7.1 39
6.2 36
6.5 27
5.8 41
3.5 36
3.6 26
3.7 35
5.2 29

SD Rean
1106 -5
10.6 o

7.2 +3

6.6 +2
13.9 o/

7.5 +4

6.4 0

4.6 +5

6.3 +2

21
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Figure 101. Key FO variables for Clause 1 length comparisons for EB.
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Table 20

FO Reset Data as a Function of Clause Length

(i)
t ]
4 r4

W
1
k4

29

31

29

30

29

30

Cleuse } Length Variations

iA Sp iN SD gA 3D

172
193

184

Y.}

183
186

is2

10.2

10.5

8.8

145 8.8
153 6.8
148 7.3

144

154

iS51

6.5

6.2

4.9

RegA
28
38

34

Clause 2 Length Variations

S 2N SPp g4 SR ReshA

14.5

14.0

S.8

l48 8.2
149 S.5
149 6.9

147

151

151

8.4

6.7

5.9

36

34

30

SR
8.4

10.2

7.4

sk
10.2
11.1

6.7

214

ResN 3D
-1 7.3
+2 7.3
+3 6.8

ResB 3D
-1 8.5
+2 7.1
+2 5.7
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Peaks 1A, 1N and 2A all show significant interactions with C(lause
1 length (1A: F=31.67, p<.0001; 1N: F=6.94, p<.01; 2A: F=22.18,
p<.0001). However, these FO values are consistently out of order with
respect to absolute Clause 1 length (Table 19). For Peak 1A, while
values for the shortest clauses are lerr than both Length 2 and length
3 peaks, those for Length 2 clauses are higher than Length 3 peaks.
The same result is found for Peak 2A values. Thus, it 1is clear that
the peak values are not adjusted solely on the basis of increasing (or

decreasing) absolute utterance length,

The FO values for Peak 1N may be related to different intonational
patterns at the end of clauses of varying lengths and the fact that FO
is derived from different 1lexical items (i.e., 'called' for L1,
'Reynolds' for L2 and 'Monday' for L3). For this variable, Length 2
peak values are significantly higher than those for both Length 1 and
Lengtn 3 peaks (L1 vs. L2: t=3.955, p<.001; L2 ves, L3: t=2,T47,
p<.01), although Length 1 and Length 3 peaks are not gignificantly

different from each other (t=1.413, p>.1).

Reset A (Peak 1A-Peak 2A) also shows a eignificant interaction
with Clause 1 length (F=10.01, p=.0001). However, this result is most
likely related to the interaction. of Peaks 1A and 2A individually with
the length of Clause 1. Reset N (i.e., Peak 2A-Peak 'N)}, on the other
hand, shows little overall effect of Clause 1 length (F=2.65, p>.05),
although the tendency 1is for this resetting measure to increase as
Clause 1 gets longer (=1 Hz for L1, 2 Hz for L2, 3 Hz for L3). The

difference between Length 3 and Length 1 values for Reset N is also
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eignificant (t=2.159, p<.05).

Clause g

Fundamental Frequency: Figure 102a, b and ¢ 1is a schematic

representation of sentences composed of each Clause 1 length with the
three length second clauses for EB. Here again, the trends are gimilar
for each Clause 1 length condition. That is, with the exception of the
Length 1 first clause utterances (i.e., 'called'), utterance-initial
peaks (14) _are out of order with respect to absolute sentence length
(see Table 19). The collapsed data, derived from Table 19¢, are shown
schematically in Figure 102d. These are labelled N-1, N-2, and N-3 and
chow the effect of varying the length of Clause 2 across all Clause 1

lengthe. The corresponding duration measures are shown in Table 21.

Figure 103 shows schematics for the Clause 2 length comparisons
for subjects BK, JS and KM, collapsed across sentence types, along with
the Clause 2 length comparisons for EB (from Fig. 102d). The values
from which these schematics are derived for the former three subjects
are shown in Table 22. The corresponding collapsed duration measures

are shown in Table 23.

Table 24 shows the interaction of each FO variable with the length
of (Clause 2 for subjects EB, BK, JS and KM. For all subjects, Peak 1A
values are unaffected by Clause 2 length. In fact, for the latter
three subjects, these values are actually quite stable across lengths

(see Table 22)., Even EB shows far less variability in this measure
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Figure 102. Key FO variables for Clause 2 length comparisons for EB.
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Table 21

Two-Clause Utterance Clause Durations (EB)

-
]
k4

EE |

Coliapsed Across Clause 2 Lendth

Clause 1
Mean =10
853 56.43
1277 121.61
1614 . 260.02

Clayse 1
Mean SR
1243 295.61
1261 337.40
1239 335.57

Clause ¢
Hean SR
1412 502.39
1451 485.19
1424 425.05

Clause ¢
lean =10
854 47.03
1446 189.41
1988 53.74
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FO Reset Data
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Table 23

Two-Clause Utterance Clause Durations (BK,

7 =
b F kb KFE

s

fo

Clause 1
MNean S
828 30.04
854 42.76
881 49.01

1428 36.48
1461 71.34
1448  30.35
1981  32.90
2039 39.80
1943 35.65

clause 2
Mesn 2R
89 28.09

1209 67.02
1625 74.83
853 54.56
1312 176.49
1617 98.04
809 43.63
1309 51.13
1399 117.89

JS,

KM)




Table 24

Interaction of Clause 2 Duration with Key FO Variables

EB BK J4S
E B E B E B E
14 1.85 >.1 .90 >.1 .91 - >.1 .75
N 74 >.1 .64 >.1 1.20 >.1 6.29
24 8.54 <.001 7.56 <.01 16.56 <.001 1.09
Reset A 2.79 >.05 7.87 =.001 .80 >.1 1.78
Reset N 1.71 >.1 2.57 >.05 4.65 <.02 5.04
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when the length of Clause 1 is kept constant and the length of Clause 2
varies than when the length of Clause 1 varies and the length of Clause

2 is kept constant (Table 20).

For subjects EB, BK and JS, Peak N 1is wunaffected by Clause 2
length. For KM, however, while the interaction is significant, its
meaning is unclear, since Peak 'N values are out of order with respect
to' length. That is, for both sentence types, values for Length 2
gentences are highest, while those for Length 3 sentences are lowest.
Moreover, the greatest averaged difference between any two lengths 1is

only 2 Hz.

For EB, BK and JS, Peak 2A values increase with increasing Clause
2 length. The interaction of Peak 2A with Clause 2 1length is
significant, as is the increase in FQ for Peak 2A between the shortest
and longest second glauses (EB: t=2.182, p<.05; BK: t=3.952, p<.001;
JS: t=5.29, p<.001). For KM, peak <2A values remain virttally
unchanged with inecreasing Clause 2 1length, with a nonsignificant
difference of 1 Hz separating the shortest and longest 1length clauses
(t=1.150, p>.1'). An analysis of variance shows no interaction of Peak

2A and Clause 2 length for this subject.

It thus appears that, for three of the four subjects, the presence
of resetting, when defined by the frequency relationship among the
Clause 2-initial peaks (i.e., Peak 2A), is a function of the length of
the second clause. When defined in terms of the relationship of Clause

2-initial peaks to Clause 1-final peaks (i.e., Reset N), however, Peak
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2A values alone cannot predict this resetting measure. For example,
only subject JS shows an interaction in the =ame direction for the two
variables, while, for the other threg subjects, there is a significant
interaction with Clause 2 length for one variable, but not for the
other (Table 2Uu), This result is probably attributable to the less
systematic behavior of the Peak 1N values described above (and shown in

Table 21) than to any systematic adjustments in Peak 2A.

Reset A will eimilarly reflect the lawful or erratic behavior of
either of the two variables used to derive this measure. Of the three
subjects who show a significant interaction of Peak 2A with Clause 2
length (i.e., EB, BK, JS), only JS shows the same interaction for Reset
A (Table 24). Subject KM, who shows no =significant interaction of
either Peak 1A or Peak 2A with Clause 2 length, similarly fails to show

an interaction for Reset A.

Taken together, tgese results suggest that the influence of
varying the length of a second clause is limited to the height of the
first FO peak in that clause (i.e., Peak 2A) and does not extend beyond
the preceding c¢lause boundary. This argues against the sentence as the
unit over which an FO contour is organized. It 1is interesting that,
although resetting shows an effect only of second clause lengfh for all
subjects (significant interactions aside), whether defined as the
relationship of scecond clause-initial peaks (Peak 2A) or by the
relative differences between these peaks and those occurring at the end
of the first clause (Reset N), partial resetting, whereby Peak 2A

values are higher than Peak 1N values, only occurs an average of 50% of
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the time across subjects. Thus, it is not the clause boundary alone

wut

that triggers FO resetting. Moreover, there i no sentence for any.

subject for which there 1is complete resetting (i.e., Peak 2A = Peak
1A), suggesting that a speaker does not begin a new clause as if it
Wwere a new sentende. However, it is apparent that KM's Peak 1A and 2A
values are closer than either of the other subjects'. It is also the
case that the range of FO fall over the first clauses (i.e., Peak
1A-Peak 1N) is significantly smaller for KM (8.5 Hz) than for either BK
(16.8 'Hz) or JS (17.7 Hz) (BK ve. KM: t=9.47L, p<.001; JS vs. KM:
t=6.328, p<.001). However, the latter two subjects do not differ from
each other in terms of range of FO variation (t=.534, p>.1). Thus, the
tendency towards a greater degree of resetting may result from a
speaker's tendency to produce a reduced range of FO declination in a
first clause, rather than from a strategy concerning the initiation of

a second clause.

Respiration: Figure 104 shows the averaged Respitrace curves for
the three lengths, collapsed across sentence type, superimposed for BK,
JS and KM, respectively. It can be seen that BK (Panel 1) takes a new

inspiration at the clause boundary for the longest sentences.

Because depth of inspiration was shown to vary inconsistently as a
function of anticipated utterance length in Experiment 1, initial
inspiratory depth was also derived for these subjects for the
two-clause utterances. It can be seen from Table 25 that BK is the
only subject who shows a systematic increase in depth of inspiration as

a function of utterance length. This results provides further evidence
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Figure 104. Depth of inspiration across

lengths for two-clause utterances.
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Table 25

227

Depth of Initial Inspiration (Arbitrary Units) as a

Function of Two-Clause Utterance Length

Repth SR

Lenath i 1312
Length 2 1373
Length 2 1615

Langth i 978
Length 2 943
Lenath 3 985

Length 1 1268
Lenath 2 1243
Length 3 1176

417.2
354.3

415.8

237.0
215.0

205.1

379.2
336.4

333.9

20

20

20

19
20

19

19

18’

19




that, even when the length of an utterance is known in advance, a
epeaker does not necegsarily make inspiratory adjustments accordingly

(see also Horii & Cooke, 1978).

3. Single Clause Utterances

Subject EB produced both main clauses of the three conjoined main
clause utterances as isolated sentences, while subjecte BK, JS and KM
produced the second clauses of the two conjoined-main clause sentence
types as isolated sentences. Utterance-initial FO peaks were derived
for all tokens of the single clause utterances and compared to the
corresponding peaks in the comparable clauses in the two-clause
utterances. These are shown in Table 26 as 'Peak FO' along with the
values with which they are being compared (i.e., Peak 1A or Peak 24)
and the differences between them. Single clause sentence durations and
the corresponding second clause durations are shown in Table 27. For
EB, =econd clause FO values and durations are collapsed across
syntactic conditions and all Clause 1 length variants. For BK, JS and

KM, the data are collapsed across the two sentence types.

Comparison with First Clauses

For the =ingle clause utterances corresponding to the first
clauses (subject EB), averaged Peak FO values are lower than those for
Peak 1A by an average amount of 14 Hz, although the value of Peak 1A

for the Length 2 first clauses clearly accounts for most of the




Table 26

Peak FO Valuas for Single-Clause Utterances as a Function

of Length
Eirst Clauses
Peak FO 28 DRiff
Length 1 168 173 - S
kength 2 165 196 -31 EB
Lenath 3 178 183 -5
sSecond Clauses
Peak FO 28  Diff -
Length 1 174 147 +27
‘Lgng;n 2 166 152 +1q EB
Lenath 3 ‘ 176 152 +24
Length 1 102 95 + 7
Length 2 106 97 + 9 BX
Length 3 112 100 +12
Length 1 . 148 137 +11
Length 2 158 142 +16 N
Length 3 162 147 +15
Lepngath 1 124 119 + 95
kength g 124 120 + 4 KM

Length 3 126 120 + 6
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Table 27

v

Clause Durations (in Msec) for One- and Two-Clause

Utterances
ki
EB L2
L3
kel
BK L2
L3
Ll
48 L2
L3

b &k F

=

30

30

30

20

20

20

20

20

20

20

20

Single Clauses Second Clauses
Mean 2L N Mean P
1006 17.46 S 854 47.03
1510 47.0¢ S 1446 189.41
2028 69.73 S 1988 53.74
1193 75.90 20 1168 98.30
1748 165.40 20 1707 170.50
2426 182.78 20 2388 135.10
1249 66.50 20 1214 93.30
1952 60.97 20 1935 81.70
3087 186.98 20 3065 103.60

945 S8.39 20 939 59.00
1457 32.14 20 1477 47.60
2216 65.81 20 2216 78.90

20
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difference (Table 26). There is a significant interaction of =single
clause sentence length with Peak FO (F=4,12, p<.05), although the
values are out of order with respect to absolute sentence 1length.
Furthermore, while Length 3 peaks are significantly higher than Length
2 peaks (t=3.109, b<.02), they are not significantly higher than Length

1 peaks (t=2.003, p>.05).

Comparison with Second Clauses

Fundamental Frequency: Analyses of variance reveal no interacbidn

‘of Peak FO and sentence type (i.e., 'plans' or 'Parig') for BK (F=.91,

p>.1), JS (F=3.1, p>.05) or KM (F=,04, p>.1). As a result, these
values have been averaged across sentences and are compared to the
corresponding Peak 2A data that have been similarly collapsed for

second clauses (Table 26).

For all four subjects, Peak 2A values are lower than the
corresponding Peak FO values for the same clauses produced as isolated
sentences, EB's Peak FO data do not show a systematic length effect in
that Length 2 peaks are lower than Length 1 peaks and Length 3 peaks
are not significantly higher than those for Length 1 (t=.258, p>.1).
Similarly, an analysis of variance reveals the absence of a significant
interaction of Peak FO and utterance length (F=2.39, p>.'). Thus, the
trends for EB's Peak FO data are both qualitatively and quantitatively

different than his Peak 2A data.
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The Peak FO data for BK, JS and KM, on the other hand, show very
eimilar trends when c¢ompared to their Peak 2A data. There ig a
gignificant interaction of Peak FO with utterance 1length for BK
(F=22.88, p<.0001) and JS (F=17.74, p<.0001), but not for KM (F=1.82,
p>.1). In addition, for all three subjects, FO peaks for Length 3
utterances are significantly higher than those for Length 1 utterances
(BK: t=6.871, p<.001; JS: £=5.297, p<.001; KM: t=2.031, p<.05). It
should be recalled that, for KM, this result differs from his Peak 2A
data, for which no length comparisons were significant. However, for
the single clause utterances, the greatest average difference betwesen
any two 1lengthes is only 2 Hz. Thus, although statistically
'significant, it 1is difficult to imagine that this represents a true
length effect, particularly when compared to differences of 10 and 14

Hz for BK and JS, respectively.

The results in this section suggest that, for peak FO, the initial
portions of clauses composing two-cléuse utterances are not equivalent
to the same clauses produced as isolated sentences. For the one
subject who produced first clauses as sentences (EB), sentence-initlal
peék FO was consistently 1lower for the =gingle sentence condition;
However, Peak FO was consistently higher for second clauses produced as
isolated sentences than the corresponding Peak 2A values for the four
subjects who produced them. In addition, the relationship of FO peaks
as a function of Clause 2 length was maintained for the isolated
sentences of three subjects (BK, JS, KM) while, for the fourth subject

(EB), it was not.
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Respiration: Depth of inspiration measures were made for the
gingle clause utterances for BK, JS and KM in order to assess further
the degree to which this measure reflects planning for an utterance of
a given length. As can be seen from Figure 105 and from Table 28, only
KM shows a tendency toward increased initial inspiratory depth as a
function of utterance length. For BK, the absence of a length effect
contrasts with that for his two-clause utterances, for which there was
a tendency for utterance length to be reflected in his initial

inepiration.

4, The Effect of Respiratory Patterns on Resetting

This section reports the effects on FO resetting of directly
manipulating respiratory behavior at the clause boundary. It was
hypothesized that, where a new inspiration occured, Peak 2A would be
higher than if the entire sentence were produced on a single
expiration. This hypothesis is based, in part, on the assumption that,
following an inspiration, when subglottal pressure becomes negative,
the pressure will be 'reset', possibly to a higher value than if it
were steadily declining over the entire utterance. A esimilar
‘regsetting' of cricothyroid muscle activity might be expected as well,
although, unlike Pe, which must remain positive throughout an
expiration, CT activity appears to be characterized . normally by
continuous on-off adjustments, as was shown in the data from Experiment

1. However, while the results of Experiment 1 show a significant peak
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Figure 105. Depth of inspiration across

lengths for single clause utterances.
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Table 28

Depth of Initial Inspiration (in Arbitrary Units) as a

Function of Single-Clause Utterance Length

Hean 2D N
Length i 1058 247.3 20
Lenath 2 1194 366.5 19 BK
Length 3 1001 232.5 20
Lenath 1 946 221.0 20
Lenqth 2 985 270.3 18 JS
Length 3 973 254.4 20
Length i 927 2%1.2 18
Length 2 1147 303.9 18 KM
Lenath 3 1061 305.8 20
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of CT activity at utterance initiation, the acoustic resetting results
described above show that second clause-initial FO peaks rarely
approach utterance=initial peaks. Tpis would suggest the absence of
significant CT activity following the clause boundary. However, there
remaine the question of whether the presence of a new inspiration at
the c¢lause boundary hag the same effect on Pgs and CT activity, and

therefore, on F0, as at the start of a new utterance,.

Subjects RC, BK, JS and KM participated in this part of the
experiment, although Ps and CT data were collected only for RC. In
addition to the two utterances differing in syntactic structure (i.e.,
subordinate-main c¢lauses and conjoined main clauseg), RC al=o produced
a elightly altered version of the former sentence, where 'Reynolds' was
changed from being the object of Clause 1 to modifying the subject of
Clause 2 (i.e., When the lawyer called up, Reynolds! plans were
discussed.). Subjects BK, JS and KM produced Length 1 utterances of

each of the sentence types previously discussed.

Each subject produced five repetitions of each utterance wunder
each of two conditions. 1In Condition 1, the sentences were produced on
a 2ingle expiration. In Condition 2, the subjects were instructed to
produce a new ingpiration before beginning the second clause. As was
done earlier, the data for the matched pair of subordinate-main and
conjoined main clause utterances are combined for RC, as are the data

for the two sentence types produced by BK, JS and KM.




Fundamental Frequency: The dependent variables considered here

are the same as those already discussed at length in the results above.
Figures 106-109 show sample FO contours of one sentence for each
respiratory condition for all subjects, Despite the differences in
pause durations and respiratory activity, it 1is obvious that the

subjects produced the same general FO contours across conditions.

Table 29 shows the values for the key FO variables for all
subjects’ under each respiratory condition (i.e., =Inspiration or
Inspiration). For RC, these values are averaged acrogs syntactic
condition and sentence type.. For BK, JS and KM, FO values are averaged

‘across the two sentence types.

Not surprisingly, for all variables, there 1is a significant
subject effect (Table 30)., As for the effect of inspiring at the
clause boundary (Table 30), only Peak 1N fails to show an effect of
respiratory condition. All other measures show a gignificant

interaction with respiratory condition.

Figure 110 shows schematic representations of the dependent FO
values averaged across sentence types. For all subjects, Peak 1A
values are higher for utterances produced on a single expiration than
those for which a new inspiration occurs at the clause boundary,
although the difference is significant only for BK (RC: t=.699, p>.1;
BK: t=3.751, p<.01; JS: t=2.042, p>.05; KM: t=1.816, p>.05). Thie

difference is most striking for subjects BK and JS, and suggest

[4;]

?

perhaps, a kind of length effect for utterance-initial FO whereby the
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29

Peak FO ms a Function of the Presence or Absence of an

Inaspiration at the Clause Boundary
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Table 30

Interaction of Key FO Variables with a) Subject and

b) Raspiratory Condition

v A iN 24 Reset A Reget N
209.53 258.73 261.92 35.é7 20.83
<.0001 =,0001 <.0001 <.0001 <.0001

b)

4 iN <A Reset A Reset N

E 13.18 .49 9.54 26.29 8.56

B <.001 >.1 <.01 <.001 <.01
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Figure 110. Key F0O variables as a function of presence or absence of

inspiration at the clause boundary.
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anticipated length of the breath group (i.e., the unit produced on a
single expiration) 1s taken into account by the speaker, regardless of

ite identity as a clause or the sentence.

Values for Peak 2A, for which it was expected that the effecte of
inspiring at the ¢lause Dboundary would be most evident, are
significantly higher following an inspiration for three of the four
subjects (RC: t=4.808, p<.001; BK: t=2.692, p<.02; KM: t=3.575,
p<.01). For JS, Peak 2A values are an average of 3 Hz lower following
an 1nspiration. Similarly, he is the only subject for whom Reset ﬁ
values are lower in the ‘'inspiration' éondition. Neither of these
differences, however, is significant (Peak 24: £=.906, p>.!'; Reset N:
t=1,045, p>.1). It is interesting that Reset N values indicate no
partial resetting (i.e., Peak 2A < Peak 1N) for any subject in the 'no
inspiration' condition, while even in the inspiration condition, only
two subjecte show partial resetting (i.e., Peak 24 > Peak 1N). Once
again, this result =suggests that é clause boundary does not
automatically trigger resetting, although resetting 1= more likely

following an inspiration at the boundary.

Reset A values are higher for all subjects when no inspiration
occurs at the clause boundary. The difference is significant for three
subjects (RC: t=3.513, p<.0?; BK: t=6.687, p<.001'; JS: t=.976, p>.1;
KM: t=4.254, p<.001). Note, however, that for KM, the difference
between Peaks 1A and 2A in the inspiration condition is not significant
(Peak 1A-Peak 2A=2 Hz; t=1.,751, p>.1), as compared to the no

inspiration condition (Peak 1A-Peak 2A=8 Hz; t=7.428, p<.001).,




However, it is probably unwise to assign too much significance to this
result, as it was shown earlier that this subject typically produces a
restricted range of FO declination across first clauses. Thus, even
very small increases in Peak 2A for KM will result in complete

resetting - a result that may or may not reflect statistical artifact.

Subglottal Pressure: Figure 111 shows the averaged Respitrace and

Ps curves for one sentence acrosgs the two respiratory conditions (i.e.,
-pause/—insbiration and pause/inspiration) for subject RC. In the
absence of both a pause and an inspiration at the clause boundary
(Panel 1), there is a continuous, although choppy, subglottal pressure
curve throughout both c¢lauses and ac¢ross the intervening boundary as
well. On the other hand, where both a pause and inspiration occur
(Panel 2), there is a concommitant drop in the subglottal pressure
during the inspiration which then increases significantly as expiration

resumes.

A comparison of 35 values at Peak 2A yields results that
correspond to those for FO for this subject (top of Table 31). That
is, subglottal pressure ig =significantly higher when a pause and
inspiration occur than when they do not (t=6.47%, p<.001). Moreover,
when the ratio of frequency change per centimeter of water is
calculated fdr Peak 2A betweeﬁ Conditions 1 and 2 (bottom of Table 31),
these ratios fall within the accepted range of 2-THz/Cm-H20 (Baer,
1979; Hixon, Klatt, and Mead, 1971; Ladefoged, 1963), suggesting that
the relationship between the increase in Pe and that in FO could be

more than a correlational one. However, before the behavior of FO is
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Figure 111. Subglottal pressure and lung volume as

a function of respiratory behavior at clause boundary.




Table 31

Peak 2A Valuss and Ratio of Hz/Ca-H20 as a Function of

Respiratory Condition for Subject RC

Sentence 1
Sentence 2
Sentence 3

Sentence 1
Sentence 2
gentence 3

~insp  :insp ~insp :Inep
116 123 7.8 9.9
117 122 8.6 10.1
118 130 9.1 11.6

Condition 1-Copndition 2 Ratio
EQ Pa Hz/Cm-H20

7 2.1 3.33

S 1.5 3.33

12 2.5 4.80
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attributed =olely to the presence Or absence of an increase is Ps, the

contribution of laryngeal muscle activity must be determined.

Cricothyroid Muscle Activity: Figure 112 shows the ericothyroid

muscle activity for the two conditions for the same sentence shown
above. It appears that there isg no systematic resetting of CT activity
as a function of inspiring at the clause boundary. In fact, there 1is
more CT activity following the clause boundary in the first condition,
where no inspiration occurs, than in the second condition where an
inspiration precedes the boundary. It would thus appear that CT
contributes 1little, if anyﬁhing, to FO resetting for this subject, and
_ that its relative inactivity can account for the absence of complete

recsetting.

Respiration: Depth of inspiration measures were derived for RC,
BK, JS and KM in order to address two issues raised earlier in thise
section. First, does the depth of an initial inepiration reflect
planning for the number of clauges to be encompassed by a breath group?
That is, does a speaker take in a smaller amount of air when he knows
that he will inspire again at the clause boundary (i.e., one breath
group = one clause) or, conversely, does he take in a larger amount of
air when he knows he will not (i.e., one breath group = two clauses = a
sentence)? Table 32 and Figure 113 show the amount of the initial
ingpiration, collapsed across all sentence types, for the two
respiratory conditions for all subjects, For subjects BK, JS and KM,
there is a tendency for the inspiration to be greater when the entire

sentence is produced on a single expiration, suggesting that it is the
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Table 32

Depth of Initial Inspiration (in Arbitrary Units) as a

Function of Respiratory Activity at the Clause Boundary

-1 i rat i
sinspirgtion
- a on
+ rat N
- on
.1 . .

= ira n

3190

3261

1676

1366

998

887

1005

884

644.6

474.0

578.6

349.7

249.6

112.3

198.6

183.3

13

14

10

10

10

10
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eize of the breath group that is taken into account. However, the
differences between the two conditions are not statistically
significant (BK: t=1.,431, p>.1; JS: £=1,282, p>.1; KM: t=1,474,
p>.1) and an analysis of variance confirms the absence of a significant
interaction (F=2.18, p>.1). Thus, the notion that a speaker adjusts

hi

in

initial inspiration on the basis of the size of the breath group is

not supported by these data.

The second issue concerns the question of whether the start of a
new clause |is 'equivalent to the start of a new sentence. In ﬁhe
eérlier part of this section, this question was addressed by comparing
single clause utterance~initial FO values (Peak FO) to comparable-
cecond clause-initial values {Peak 2A). The same question is addressed
here by comparing the depth of an utterance-initial inspiration to the
inspiration occurring at the clause boundary within the same utterance.
The dashed contours in Figure 113 shows the averaged Respitrace curves
for the subordinate-main clause sentencee for which there was an
inspiration at the clause boundary. For all subjects, the initial
inspiration is significantly greater than the inepiration occurring at
the clause boundary (Table 33), suggesting that the clause and the

sentence are not equivalent.

Horii and Cooke (1978) also found that intrasentence inspirations
were challower than those occurring at sentence initiation. However,
they attribute this result to the durations of the accompanying pausges,
with intersentence pauses being longer than intrasentence pauses. This

finding cannot be addressed directly here, as the subjects in this




Table

33

254

Depth of Inspiration (in Arbitrary Units) at Sentence and

Second Clause Initiation and Significance of Differences

3

=3

inspiration inspirastion
Nean Sk N Mean SP N
3261 474.00 14 1905 396.80 14
1366 349.70 10 338 .168.26 10
887 112.30 10 380 78.03 10
e84 153.29 9 574 146.97 10

Significance
of Rifference
t B
8.208 <.001
8.377 <.001
11.724 <.001
4.499 <.01
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study read single sentences with instructions to return to resting
respiratory levels in between, while Horii and .Cooke's =subjecte read
_ lengthy paragraphs with no instructions regarding respiratory behavior,
Thue, the results of the two studies are not entirely comparable.
However, 1t is also possible that the depth of these respective
inspirations is a function of where one is in one's vital capacity when
an inepiration begins. In other words, while these subjects knew they
were to breathe atl the c¢lauge boundary, and £herefore had every
opportunity to plan for it, they were also at a higher point in their
vital capacities than when they began their utterance-initial
inspirations, as is apparent from Figure 113. Thus, it 1is difficult in
this case to conclude definitively whether a shallower inspiration at
the clause boundary is a function of physiological or lingulstic

demands, or, both.

Summary

The resulte in this part of Experiment 2 have shown that, for
three of the four subjects, when there is a new inspiration at the
clause boundary, peak FO values at the beginning of the second clausé
are higher than when the entire utterance is produced on a single
expiration. However, even in the presence of a new inspiration, the
1ikelihood that there will be even partial FO resetting, whereby second
clause-initial FO values are higher than those at the end of the first
clause, cannot be predicted. Of the two subjects who showed resetting

following a new inspiration, the largest average amount was only 4 Hz.
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Thus, taken together with the acoustic data in.the first part of this
experiment and RC's Ps and CT data presented here, these data suggest
that, even following a new inspiration, a speaker does not increase his
CT activity to a level remoﬁely comparable to that which occufs at
utterance initiation, and that, as a result, the differences observed
between the two resgpiratory conditions can be attributed to the

corresponding levels in subglottal pressure.
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FOOTNOTES

Utterance durations are also influenced by phonetic composgition.
For RC, Dutch utterances are, on average, the shortest, followed
by the /ma/ and /fa/ wutterances, respectively. There are two
explanations for this result. The first is that the vowel /a/ is
inherently ‘longer than other vowels. The =second, and probably
most significant, is that, in producing these reiterant
utterances, syllables were occasionally added inadvertently, thus
causing the /ma/ and /fa/ utterances to have slightly longer
durations.

When the Double and Late stress tokens are averaged after being
realigned at the final stress peaks, final CT activity is actually
greater than is indicated by these figures.
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CHAPTER 5

DISCUSSION

The general purpose of this study has been to gain insights into
some of the organizing principles of speech production by examining
various aspects of sentence intonation, with a view to separating those
aspects of a fundamental frequency contour which are variable from
those which remain stable, and to identify their physiological
substrates. In addition, it has been a goal of this study to
demonstrate that theories of sentence intonation involving notions of
high~level cognitive processing and extensive speaker preplanning are

unnecessarily elaborate.

This study has had a relatively restricted goal as compared to the
substantial number of recent examinations of declination and related
issues. For example, it has not addressed the issue of invariant
acoustic endpoints except to suggest that they might be the result of
mechanisms other than those previously proposed. And, although this is
largely a study of fundamental frequency declination, no attempt has
been made to measure the amount of declination over a wide variety of
experimental conditions. Of issue is not what speakers do under every
possible sget 6f circumstances, but,_rather, what they do when they are
given every opportunity to plan for the details of the execution of a
sentence, That a speaker might evidence patterns in his spontaneous

speech that differ from those which occur when producing utterances

under relatively constrained experimentél conditions (eg., Umeda, -1982)
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is a distinct possibility, but one which is irrelevant to the purposes

and conclusions of this study.

ACOUSTIC RESULTS

The resulte of previous studies that have examined
utterance-initial peak FO as a function of utterance length have been
inconclusive in that, while some have found systematic length
adjustments (eg., Bruce, 1982; Cooper & Sorenson, 1981), others have
not (eg., Maeda, 1976). On this point, the resultse of the present
study show variability from speaker to speaker. In the first
experiment, subject RC showed systematic incEeases in peak FO for the
Dutch, /ma/ and /fa/ utterances, but a less consistent relationship
with length for the English utterances. Subject EB's peak FO data, on
the other hand, showed no systematic length adjustments. In Experiment
2, Clause 2-ipitial peak FO (i.e., Peak 2A) showed systematic iength
effects in the data of three of the four subjects, including EB, who
produced sentences in which the length of the second clause was varied.
On the other hand, no subject who produced two-clause utterances of
varying lengths varied sentence=-initial peak FO in any systematic
. fashion, although, again with the exception of EB, three of the four
who produced single clause utterances did produce this length effect.
Thus, not only do differént speakers appear to adjust initial FO
(sentence or clause) differentially on the basis of 1length, but the
same speaker wused different strategies under various linguistic

conditions.
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If length-dependent adjustments are to be considered instances of
*hard! preplanning' in the =sense that they are essential to the
realization of an utterance (Liberman & Pierrehumbert, 1982), then they
should be evident, if not for all speakers, then certainly in all
utterances spoken by the same speaker. It is clear, however,‘that the
results on peak FO 1in these experiments do not support a notion of
planning on this level. On the other hand, to the extent that they
appear to vrepresent optional strategies, both within and across
speakers, these results might be considered instances of Liberman and

Pierrehumbert's category of 'soft' preplanning.

A related, and perhaps more interesting question, ie the influence
of length-dependent peak FO adjustments on the trajectory of the FO
contour as a whole. Cooper & Sorenson's (1981) Topline Rule predicts
that, when initial FO is adjusted according to utterance length, there
will be ‘a reorganization of the trajectory of the entire declination
becaugze the Topline Rule uses initial and final FO peaks to compute the
values of intermediate peaks, and thereby the slope of the declination.
In the present experiment, however, the data for RC, for whom the most
systematic adjustments of initial FO occurred, provided no evidence to
suggest that these adjustments influenced the overall trajectory of the
declination contour. Rather, their sphere of inflgence was limited to
the peaks themselves and, to some extent, the frequency from which the
declination began. This latter frequency is probably similar to what
Cooper and Sorenson (1981) have referred to as the ‘'key

point.' However, Cooper and Sorenson do not actually identify this
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frequency in their data, but predict it as being the point at which
half the total drop in FO0 occurs (l.e., initial peak-endpoint).
Whether this is an accurate formula for deriving this point is open to
question, as, in this study, initial peak frequencies were never wused
in those analyses for which calculations of declination range were
made. However, while there appears to be a relationship between
initial peak FO and the point from which the declination beging, even
substantial differences in ghe former do not appear to influence the
overall trajectory of the declination, as Cooper and Sorenson suggest.
Thus, while 1increasing the height of peak FO may serve some
communicative function, it does not appear to be an essential aspect of
the realization of an intonation contour. Nor is it 1likely that the
tkey point' is a reflection of preplanning as much as it is a funection
of temporal constraints whereby, within a brief time interval, the
frequency to which FO falls is a function of the frequency from which
the initial peak starts. Moreover, this time interval appears to Dbe
determined by the cessation and/or relaxation of initial physiological
activity. Thues, except to the extent that a speaker 'plans' to produce
a stressed syllable, and perhaps makes some initial length adjustments,
there is no evidence for preplanning insofar as one actually calculates

the point at which the declination will begin.

By suggesting that initial FO values must be known in advance of
the execution of an utterance, Cooper and Sorenson's planning
hypothesis also failes to account for any unsystematic variability. For

example, EB's peak FO- data in the first experiment show neither
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systematic length adjustments for peak FO nor invariant peak
frequencies as a function of 1length. Yet, the trajectory of the
overall FO contour appears to be insensitlive to these peak frequencies

in the same way that RC's FO contours were,

The variations in initial peak FO that result from the
manipulation of early utterance stress do not appear to be
qualitatively ¢ -~similar from the length-dependent adjustments in FO
insofar as there is little evidence to suggest a reorganization of the
declination depending on the presence or absence of early stress, This
finding lends support to Bruce's (1982) conclusion that the declination
.is not reorganized on the basis of the placement of sentence
prominence, per se, although the relative height of FO for a syllable
receiving emphatic stress may influence that of the subsequent
declination. On the other hand, the findings of Thorsen (1979b) and
Eady and Cooper (1986) that, following prominence early in an
utterance, there is a lowering of the declination relative to those
utterances without it, is not supported by the results of the present
study. However, as was suggested earlier, these discrepancies may be a
function of whether one looks for these effects in the topline oﬁ-

baseline declination.

As for the effect of manipulating late wutterance stress, the
gene :1 finding of this study 1is that it has little significant
influence on the trajectory of the declination up to the vicinity of
that stress peak, although, for a subset of the data for one subject

(i.e., RC's Dutch, /ma/ and /fa/ utterances), the FO curves for the
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Late stress utterances evidenced a more gradual decline from the
initial peaks than they did for the other two stress configuwations,
However, because the Double stress utterances, for which there were
both early and late stress peaks, showed declination contours that were
quite similar to those for the Early stress utterances, the differences
in the contowrs of the Late stress utterances are probably a function
of the absence of stress early in the utterance and not influenced by

the presence of late stress.

Although this study did not attempt to characterize or model FO
declination in any detail, an attempt was made to determine whether a
linear model which fits a straight 1line to the declination, ‘either
through the FO peaks (eg., Cooper & Sorenson, 1981) or the FO minima
(eg., Maeda, 1976), is appropriate. A common finding of studies'.thaf
assume linearity 1is that slope decreases inversely with utterance
iength. The same result was found in this study when slopg was
calculated simply as the difference in frequency over time over entire
utterances, excluding initial and/or final peaks. However, a strict
linear model of declination also predicts that the slope will be
invariant, whether measured over an entire utterance or some part of
it. This result, however, was not found. Without exception, when
slope was calculated over fixed intervals occurring during the early
portion of the declination, the rate of decline was greater than when
calculated over the entiré utterance, Moreover, across utterances of
varying lengths, the slopes were more nearly equivalent - that is, as

measured over entire utterances, the length effect virtually
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disappeared.

The finding that the early portion of an utterance evidences a
steeper slope than the uttefance as a whole argues rather strongly
against modelling FO declination as a linear function. It is, however,
compatible with theories that model declination as a second-order
linear system, or an exponential function (eg., Fujisaki et al., 1982;
Liberman & Pierrehumbert, 1982). Of course, this result applies only
to those portions of the declination that evidence the most gradual

decline in FO and excludes the rapid drop in FO from initial peaks.

The results of Experiment 2 suggest that the term 'FO resetting'
may be a misnomer, as initial FO values for second clauses were often
lower than those at the end of a preceding clause, whether or not an
inspiration preceded the clause boundary. Moreover, these data provide
virtually no evidence for ‘'complete resetting' in that second
clause-initial values do not even begin to approach sentence-initial
FO. This result contrasts with Collier's (1987), who found
considerable evidence of complete resetting in the two-clause Dutch
utterances produced by one speaker. It is, of course, always possible
that language or experimental material may account for conflicting
results. However, while the effects of the former cannot be ruled out
in this cése, the effects of the latter can in that the same second
clauses produced as 1solated sentences in this study yielded
eignificantly higher 1initial FO's than when produced as part of
two-clause utterances. Thus, it cannot be the material itself that

- results in lower second clause-~initial values (relative to

>~
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sehtence-initial values) than those found by Collier.

These data thus suggest that beginning a new clause is not the
equivalent of beginning a new sentence, even if the two are identical
in every way but for their syntactic environments. However, the
acoustic differences between the two may not be related to differences
in their mental representations ag clauses or gentences, Rather, the
absence of resetting in two~clause utterances may instead be related to
differences in the degree of physiological effort that may distinguish
sentence-initial from clause~initial events, This is not to say;
however, that there is no interaction between syntax and sentence
intonation. In fact, the finding that there is a length effect for
second clause-initial FO values (i.e., Peak 2A) that does not extend
beyond the clause boundary suggests that the clause, as opposed to the

sentence, per se, has reality as a unit of organization in gpeech.

PHYSIOLOGICAL RESULTS

Where peak FO0 was shown to vary with utterance length in
Experiment 1, the same relationship was observed for peak cricothyroid
muscle activity and peak subglottal pressure. However, in both
Experiments 1 and 2, the depth of the initial inspiration did not serve
as a consistent index of anticipated wutterance 1length. Rather, the
inspiratory data in this study, in conjunction with previous studies
(Horii & Cooke, 1978), suggest that speech is produced within in a part
of the vital capacity range that is probably habitual and which allows

for a certain amount of normal variation in the production of
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sentences.

One of the larger controversies in previous physiological
investigations of FO control_concerns the relative contribution of the
'larynx versus the lunge' in =sentence intonation. The data presented.
here suggest that it is ﬁhe activity of the cricothyroid muscle (and
perhaps other laryngeal muscles that contribute to increasing the
tension/and or 1length of the vocal folds) that is involved in the
implementation of FO increases that occur for wutterance-initial and
other prominent (i.e., accented or emphasized) syllables. For while
there are sgignificant accompanying increases in Ps which also show high
correlations with those for FO, these increases in Ps alone are unable
to account for the magnitude of the FO increases. This result
contradicts Lieberman's (1967) claim that momentary increases in
subglottal pressure represent the primary physiological correlate of
streased syllables, with the CT being active only in cases of
utterance-final rises that accompany marked breath groups (i.e.,
questions). On the other hand, it supports the claim of Fromkin énd
Ohala (1968) that increases in Ps account for only a small fraction of

the increases in FO.

It i=s also likely that the rapid drop in FO from utterance-initial
peaks 1is a function of the rate at which CT relaxation and/or
inhibition occurs, despite the fact that the offset of CT activity
occurs in combination with a relatively rapid decrease in Ps from its
initial peak (Titze & Durham, 1987). As with the initial increases 1in

Ps, the fall-off 1in pressure is more gradual than the corresponding
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fall=off in FO, and 1is probably insdfficient to account for the
magnitude and rate of the initial decline in FO from these peaks. The
point . at which the declination actually begins (i.e., Cooper‘ &
Sorenson's 'key point'), however, can be explained as a combined effect
of CT suppression and the onget of the more gradual Ps decline. Thus,
positing elaborate mental computations on the part of the speaker in

order to calculate this point is unecessary.

Following these initial peaks, there is no evidence from this
study to suggest that the relaxation of the cricothyroid muscle and/or
the activity of the strap muécles contributes to FO declination. Thus,
‘because the effects of CT and strap muscle activity were shown to be
negligible, it follows that the nature of the FO decline over these
intervals is the manifestation of the expiratory (i.e., pressure)
forces that act upon the vocal folds. In fact, the subglottal pressure
contours evidence the <=ame significant characteristics as those
observed for FO. That is, for both RC and EB, despite variabilit& in
initial peak Ps, whether due to length or stress effects, the overall
trajectories of the Ps curves were stable. Similarly, where the rate
of Ps decline was calculated over entire utterances for RC, the slopé
was shown to vary inversely with utterance length. However, when
calculated over fixed time intervals during the early part of its
decline (following initial peaks), the apparent length effect virtually
disappeared. Thus, a strict linear model also fails to characterize

the fall in subglottal pressure over time,
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While these particular analyses were performed only on reiterant
/ma/ utterances, it was also demonstrated, both for RC and EB, that the
CT and strap muscle activity accompanying utterances with different
phonetic compositions had no discernible effect upon their FO contours.
Thus, it is reasonable to assume that subglottal pressure is the major
force in determining the trajectory of the declination of any utterance
for which the influence of other known forces can be assumed to Dbe

negligible.

Admittedly, this represents only a first step in quantifying the
relationship of +these variables in FO declination, and may indeed
characterize only a particular class of utterances spoken under a
particular set of circumstances. However, the results of this study
support the conclusions of some of the studies that precede it (i.e.,
Atkinson, 1973; Collier, 1975; Lieberman, 1967) in demonstrating that
the drop in Ps ig sufficient to account for FO declination. At the
came time, it refutes the hypotheses of those studies which suggest
that declination is the exclusive province of the muscles of the larynx
(eg., Fromkin & Ohala, 1968; Vanderslice, 1967) or the myoelastic
properties of the vocal folds (Titze, 1980). Moreover, the results of
this study show that the stability of the declination derives from the
stability of the subglottal pressure. Thus, if we are to address the

issue of control in declination, it should be at this level.
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It has been known for some time that the respiratory system acts
in suéh a way as to stabilize subglottal pressure (eg., Draper et al.,
1960; Mead et al., 1968). The data presented here not only confirm the
resultse of these earlier studies, but provide evidence that this
control 1is dynamic in natwre. Furthermore, this stability is
maintained even when the system must respond to perturbations in the
form of varying airflow requirements, such as those which occur over
utterances composed of the syllable /fa/. The finding that the rate of
pressure decline is independent of the rate of airflow therefore
suggeste that subglotfal pressure 1is a highly regulated variable in
sentence production and not the passive conséquence ‘of unchecked
expiratory forces (i.e., lung deflation). Declination, then, could be

considered the passive consequence of a regulated subglottal pressure,

In light of these data, the decision as to whether one measures
declination py the top- or baseline becomes a far less trivial gnd
arbitrary one. Topline declination would appear to be the composite
result of local, momentary increases in FO, which vary with the local
inflectional structure of an utterance and the implementation of
phonological rules responsgible for the realization of tonal variations
of this kind. Baseline declination, on the other hand, appears to be
insensitive to local inflectional variation, characterizing instead a
global 'reference level' of vocal fold vibration over the course of .an
utterance upon which these¢ local tperturbations' are superimposed

(Cohen et al., 1982; Fujisaki et al., 1982). That the topline and

baseline may be acoustically similar or distinct is thus irrelevant in




that they are implemented by physiological mechanisms that appear to be
differentially involved in sentence intonation (Collier, 1987).
Topline declination is most likely the province of the cricothyroid
muscle, while baseline declination represents the behavior of a stable

subglottal pressure.

On the other hand, as was shown in Experiment 1, both significant
cricothyroid and Ps activity accompany utterance-initial syllables. 1In
investigating the physiological correlates of FO resetting, measures of
the activity of these two variables were made in order to determine thé
degree to which either or Dboth could account for the amount of
resetting observed. The results for one subject for whom these data
were collected showed that the differences in clause-initial peak FO
could be attributed to concomittant differences in the peak subglottal
pressure. The cricothyroid muscle, on the other hand, was shown to be
relatively inactive following the clause boundary, both with and
without an inspiration, so that its céntribution was likely to have

been small.

This result is incompatible with Collier's (1987) finding that,
following an inspiration at the clause boundary, both FO and CT
activity decrease, while Pg levels remain virtually unchanged. That
is, although ﬁhere is no reason to suppose that Ps must be reset to a
higher level following a clause boundary relative to its value Jjust
before 1it, the data for both RC and for the three subjects for whom
there are only acoustic data for the two respiratory conditions suggest

that the difference in FO between these conditions iz small enough to




be accounted for by a differences in Ps, but too small to reflect a
significant difference in CT activity. This would also explain why
there is so little evidence for resetting in general. In other words,
gince FO increases (or decreases) by only a relatively small amount per
centimeter of water increase (or decrease) in Ps, the finding that,
where it occurs, FO resetting in two-clause utterances is rather small
suggeste that the subglottal pressure is the controlling factor. On
the other hand, the fact that RC's data showed no gignificant increases
in CT activity following the clause boundary could explain why =second
clause-initial FO values do not approximate those found at utterance
onset, or even those for the =same clauses produced as isolated
sentences, Thus, Collier's c¢laims that an increase in Ps "does not
explain the observed FO difference" (p.412) and that "the onset
frequency of the declination 1line is dependent upon the level of CT
activity" (p.415) are not supported by the data in the present =study.
Nor does it become necessary to explain the presence or absence or
resetting in terms of a speaker's intention. Rather, these data
suggest the conclusion that FO resetting depends on the level of the
subglottal pressure, the setting of which does not depend on gpeaker

control.

CONCLUDING REMARKS

Planning accounts of declination were developed, at least in part,
because of the failure of earlier 'passive' models (¢g., Lieberman,

1967) to substantiate .their predictions. However, despite their




alleged failings, the strength of these passive models was that they
attempted to relate the ultimate form of the declination to the
organization of the physiological mechanisme underlying speech
production. Planning accounts, on the other hand, have, in essence,
turned things around by assuming that the form of the physiological_
events is a passive response to a cognitive controller, In other
words, implicit in their arguments 1is the claim, as Fowler (1984)
describes it, that the declination takes on a particular form =simply
because a speaker pute it there in that form. This implies that
physiological systems are marshalled in a way that subserves a mental
.representation of an acoustic¢ end, =0 that both variability and
stability in the declination are seen as evidence of speaker control.
Thus, the origins of declination, according to these theories, lie

somewhere in the realm of higher cognitive processing.

The results of the experiments in this study have shown that such
a formulation is unnecessarily elaborate and, most likely, erroneous,
Instead, the origins of declination, as was suggested by the earlier
studies, are to be found in the organization of the physiological
systems subserving speech. Where this study goes beyond these earlier
works 1is in better characterizing the nature of this organization s=o
that both the variability and stability of the dec¢lination can be more
readily explained without invoking elaborate look-ahead planning
mechanisms and complicated mental computations to be performed by a

speaker,

[RS]




Appendix A1l

Experimental Stimuli

Experiment 1

L1: Je weet dat jan nadenkt.

L2: Je weet dat jan erover nadenkt te betalen.
L3: Je weet dat jan erover nadenkt ons daarvoor met

betalen.

Part 2

Subject RC

L1: You knew
L2: You knew
L3: You knew

Subject EB

L1: You knew
L2: You knew
L3: You knew

-

L]

didn't want you to do it,
didn't want you to do this job so much ahead of time.

didn't want you to do it.
didn't want you to do it so much ahead of time.
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Appendix A2

Experimental Stimuli

Subject RC

S1:
S2:

Experiment 2

When the lawyer called up Reynolds, the plan was disussed.
The lawyer called up Reynolds and the plan was discussed.

S3: When the lawyer called up, Reynolds' plan was discussed,

Subject EB

Two=Clause Utterances:

Subordinate-Main Clauses

1-1: When the lawyer
1-2: When the lawyer
1-3: When the lawyer
on the telephone.

2=-1: When the lawyer
2-2: When the lawyer
length.

2-3:

length on the telephone,

3=-1: When the
discussed.
3-2: When the lawyer

lawyer

called, the plans were discussed,
called, the plans were discussed at some length.
called, the plans were discussed at

some

called Reynolds, the plans were discussed.
called Reynolds, the plans were discussed at

When the lawyer called Reynolds, the plans were discussed at

discussed at some length.

3-3: When the lawyer

called Reynolds on Monday, the plans
called Reynolds on Monday, the plans
called Reynolds on Monday, the plans

discussed at some length on the telephone,

Two=Clause Utterances:

Conjoined Main Clauses

1=1: The lawyer called
1=-2: The lawyer called
1-3: The lawyer called
the telephone,

2-1: The lawyer called
2-2: The lawyer called
length.

2-2: The lawyer called

length on the telephone.

3-1: The lawyer
discussed.
3-2:

at some length.

called Reynolds

and the plans were discussed.

274

length

some

some

were

were

were

and the plans were discussed at some length,
and the plans were discussed at some length on

Reynolds and the plans were discussed.
Reynolds and the plans were discussed at

Reynolds and the plans were discussed at

on Monday and the plans

some

some

were

The lawyer called Reynolds on Monday and the plans were discussed
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3-3: The lawyer called Reynolds on Monday and the plans were discussed
at some length on the telephone,

Single Clause Utterances: First Clauses

L1: The lawyer called.
L2: The lawyer called Reynolds.
L3: The lawyer called Reynolds on Monday.

Single Clause Utterances: Second Clauses

L1: The plans were discussed.
L2: The plans were discussed at some length.
L3: The plans were discussed at some length on the telephone.

Subjects BK, JS,

KM

Two-Clause Utterances

S1L1: When the lawyer called Reynolds, the plans were discussed.
S1L2: When the lawyer called Reynolds, the plans were discussed at

some length.

S1L3: When the lawyer called Reynolds, the plans were discussed at
some length on the telephone,

S2L1: In the throes of rebuilding, Paris was destroyed.
S2L2: In the throes of rebuilding, Paris was destroyed in a fire,
S2L3: In the throes of rebuilding, Paris was destroyed in a  fire set

by arsonists.

Two-Clause Utterances

S1L1: The plans
S1L2: The plans
StL3: The plans

S2L1: Paris was
S2L2: Paris was
S2L3: Paris was

were discussed.
were discussed at some length.
were discussed at some length on the telephone.

destroyed.
destroyed in a fire.
destroyed in a fire set by arsonists.
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Appendix B

Utterance Durations (In Msec)

Sb
39.0
95.0

279.0

860.6

40-8
68.2
20.3

733.0

70.7
67.9
95.3

580.3

Double
1337(13)
2495(14)
3701(15)

23511 (44)

985(3)
1642(35)

2565(5)

1731(1%)

Double

884(8)

1443(15)

2233(18)

1520¢41)

SD.

58.1
304.8
555.6

1051.9

28.0
39.6
26.0

663.1

91.6
84.4
127.1

544.3

Late

1203(14)

2026(13)

3300(14)

2176(43)

890(5)

1425(6)

2566(5)

1627(16)

Late

803(9)
1347(3)
2121<6)

1424(18)

72.7
106.4
406.2

878.1

32.4

51.0

62.8
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1521 (29)
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197.7

678.2
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Appendix C

inatial Peak Fundemental Freguency
(In Hertz)

Early SD Double SR Late SD

L1 139 S.0 138 S.7 118 6.6

L2 145 8.1 148 4.5 121 3.3 RGC

L3 168 S.4 165 . 5.4 139 4.9

Mean 151 13.9 150 12.4 126 10.4

L1 172 4.1 160 2.2 138 8.4

L2 189 S.6 leq 6.7 135 3.3 RC English
L3 190 4.1 178 8.0 130 3.9

Mean 184 9.5 167 9.9 1349 6.1

Eariy SD Doublie SR Late SDP Naeut SD

Ll 278 35.2 273 39.2 186 19.0 180 22.7
L2 249 28.6 237 36.6 210 2.9 175 11.7 EB
L3 274 21.5 269 37.1 189 10.4 188 11.6
Mean 267 32.7 | 260 40.6 195 16.7 181 16.6
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Appendix E

Initial Peak Subglottal Pressure (In Cm-H20)

Early 3D
9.27 .9
10.00 .6
10.47 .7
9.91 .9
12.58 .S
13.66 .5
13.28 .7
13.17 .7
Early

12.03(15)
11.88
12.49
12.13(32)

Double '§g
9.96 «S
11.14 7
11.71 .9
10.94 1.0
10.47 «S
11.36 S
12,72 7
11.52 1.1
Double
12.41(7)
11.49¢(13)
12.13017)
12.01<(37)

8.44

8.29

9.35

8.76

8.76

8.85

9'34

8.98

.9

1.9

1.5

7
.6
1.0

9

-7
S

-6

kate
9.56(7)
8.73(4)

92.15(11)

RC
RC English
SD sut
1.9 8.48(8)
- 8.88
.9 9.56(9)
1.8 8.97(26)
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lnitial Peak Cricothvroid Huscle Activity
(in Mjcrovoilts)

Early

Ll 309
L2 337
L3 397
Mea 348

Ll 414
L2 437
L3 S01
Mean 451

sbD
73.6
46.6
47.9

66.6

50.2
55.2
20.8

56.2

Double Sb
313 63.9
313 62.9
391 46.7

339 67.5
3238 78.5
397 S4.2
374 63.7
367 68.0

249

245

315

270

331

257

222

270

26.3
38.1
97.7

70.3

101.0

71.9

79.4

90.6

RC Epglish

Eerly SR Double SD Late SD Neut SD

Ll 187
L2 170
L3 176

Mean 178

21.1
23.2
34.6

25.4

188

170

173

177

9.4

27.1

21.5

22.7

118
146
114

126

S50.1

18.5

25.1

39.3

81

83

103

89

22.7
35.1 EB
32.8

32.7
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Appendix M

Ps x CT Correlations
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Appendix N
EB Two-Clause Utterance Ciause Durations
<in Msec)
Clause 1 Clause 2
Mean SD Meapn SD
1-3 836 28.09 828 30.04
2-1 1209 67.02 854  42.76
3-1 1625 74.83 881 49.01
1-2 853 54.56 1428 36.48
2-2 1312 176.49 1461 71.34
3-2 1617 98.04 1448 30.3S
1-3 809 43.63 1981  32.90
2-3 1309 S1.13 2035  39.80
3-3 1599 117.89 1943  35.65
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SiL1
SiL2

Appendix O

Two-Clause Utterance Clause Durations

Clause 1
Mean Sb
1115 83.7
1110 107.6
1087 73.9
1034 81.2
1072 52.1
1065 58.8
1390 43.7
1390 29.2

1383 33.8
1428 37.8
1431 44.9
1408 36.2
1037 39.9
1042 33.9
1041 24.3
1175 56.0
1138 49.2
1166 50.0

in Maec)

Clause 2

Syl Hean  SD
7 1223 103.6
7 1830  93.8
7 2325 130.7
7 1112 53.0
7 1584 137.6
7 2450 113.1

1136 33.6

1874 63.1

3091 $3.3

1293 59.5

1995 44.5

3040 111.8

890 32.0

1458 36.1

2211 s9.8

s88 31.5

1500 48.6

2222 97.4

i
o u

13

u

"]

14
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