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Abstract |
This study investigates thelperceptual importance of formant
transitfonsf spggtral shape and vowel context in the
identifi¢ation .of place of articulatioﬁ fof initial voiced
stbp conson}nts.'The férmant onset; and steady-states were
measured for /b/,‘/d/ and /g/ in eleveh‘English vovwel
. contexts for both male and female speakers. For each spop
category, linear trends were evident‘when onsets were
plotted vsi steady—sta;es; linear regression lines'were‘,
obtainéd. Classification scores based on these linear |
regression lines gave 73% correct classification. Rerceptioh
séudieé using synthetically generated speech were done in
which the formant bhsets were systematically mapipulated in
five stead;—staﬁé contexts. Of these five contexts, three
were heard és unambiguous vowéis /o/, /U/, or -/¢/, and two
were ambiguous: [o0-U] and [U-e]. Consénant catego;izatiéns
were different depending upon the F2 steady-state context. "
An analysis of the roles of'formant transitioné and onset -
spectral shapes indicated that formént—based information was
important for predicting subj;;ts' /d/ responses, while
spedtral shapé:séeméd_to better predict their /g/ responses.
Models based on either formant or spectral shape information
made better predictions for stimuli with higher le
steady:stétes. An analysis of "the role of.$he phonetic lébel
of the vowél context indicated tha% for most SUbject;, |

' consonant categ ization patterns were not influenced by the

vowel label. Finally,\;raﬁbated portions of natural stimuli

rd
\'4

¢



were identified by listeners. The roles of formant and
gpectral shape information‘indicated that for tSese natural
vst1mu11, as in the case thh’synthet1c st1mu11, formant
information seemed to be .important for /d/' 5 (partlcularly'
in front vowel contexts), while spectral shape 1nformat1on
appeared to be useful for /g/ identification. Some revised
;spectral shape parameters are sqggesteq for further

r
research.
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1. INTRODUCTION

1.1 fhe.lnvariahcé Pg%gfgm.

’Tradiﬁional~linguisﬁ1cfthéory has desqribed the stop
consonants in terms ofithe articulatory features of voicing,
hanner, and place'of articulation. With the invention of the

spectrograph (Koenig, Dunn and La%gy, 1946), and the Pattern

Playback_(Cooper, Delattre,,Libézﬁag}bsorst, and Gersghan,
1952), épéech research turned‘in tﬂzadirection of studying
the acoustic output of.a;ti;ulatiQﬂ §ﬁar%h@?ﬁer;ébtion of
. this acoustic outputf‘ |
Sfop'consonants are chéracterized_gy a siignt (or low
ehergy)_period followed by a bursé.'If it is a voiceless |
initiai,stop (in English}, arperiod'of aspiration usually
follows the bﬁ?ét; if it is a vo! edkstop; a voice Bar is
someﬁimes evidenf prior to the burst. A transition period, .
"characteéized by‘fapid shifts in the formant freqﬁencies;lﬂ
ieadsfinto-;he fbiibwing steady state portion of ;hebvowel.
Spectrogréphicfstudieg~showed that different‘sfqp cohsonaﬁts
werebcharacferized by differences in burst frengncies and§ 
tranéitioh mpyemenﬁs. They also showed that tran;ition‘
batterné'changed depending on\both the ihitial coﬁsonant’and'
‘:theAfolloQing vowel. u | | .
The seérch\fb; invariant acoustic cues fﬁr_sfop
consonants characterized pefceptual studies infthé,1950's.

(e.g., Cooper, et al,,31952; Héffman, 1958). One of the

first perplexing problems to arise was that locally

1.



ideyfﬁcal'phonetic events were associated with distinct

phonetic pércepts,(or different physical events were

asso iafed with equivalenﬁ phonetic judgmgnts). Thus,

- researchers could not find a'éne—to—one correspondenée

between\ acoustic patterns aha“phohétﬁt judgments.
Researchers attempting to find invariant acoustic cues

had to deal with phy§ical vafiation.'Therg ar; many sources

for pﬁxsicél variation in the acoustic siénal. The following

'ére based on human,perfbrmance variablés;l

1. Sub-threshold changes; i.e., changes;in'the‘speech j

O
signal which arF‘undetectable by human listeners, an# .

are produced;‘for example, by small changes in the

speaker's articulatory gestures or environmental

factors; ' ‘ . ‘ .
2. Intra-gubject variatian; i.e., detectable vafiatiohs in
thé signal heard when repetitions of the same speech R
token'are pfoducéd by the same speake;;
3. 'Inter4subjéct differences; i.e;,~detectable changes in
the signal due to differences among épéakers.

The following points (see Nearey, Hogan and Rozsypal,
]979) are examples of signal variation based onvlingdistic,
or coding factors: | |
1. Phone differentiating changes; i.e., changes in the
| signalrwhich cue different phonetic events;

2. ‘Alloﬁgonic.dif{epeﬁées; i.e., languége—specific acoustic-

differences whichego not cue distinct phonological
3 ' ‘
. '
entities but are conditioned by their position within

J



the word (and may cue syliable or word boundaries);

3. Intrinsic allophonic‘changes; i.e}” 'universal' (not
lapbuage specific) changes in the signai'gue, perhéps,
to inherent articulatory constraints;

4. Phone-preserv%ng covariation; i.e., changes in the
signal which are necessafy in order tq perceptually
preservé a single phonetic event. |

It is principally this last fac;br:'phone-preéerving
covariation; which led to. the 'problém of'invariancé' as |

_defined bv e Haskins group} Physical changes were

necessary preserve a perceptual constant; theréfore,

inv§ri"i physical evehts coula ndt:be found which couid cue
constant phonetic percepts.

In fact, tﬂg invariance'p:oblemAin speech'éould be
considered to be a type of pe}ceptual constancy préblem,

-

since there-are variable speech elements which appear to

} NN v 4 ‘
retain a-constant phonetic idéntity (see Hochberg,l1964, for.
v‘réviewzof perceptual constancY). In addition, as with other
.typgs of perceptuéi cbnsténcy problems (e.g., size constancy
or shape constancy in vision; Graham, 1966), context must be
considered.’For.the'perception of consonanfs, vowel Confe*t‘
* had. to ‘be taken into account. \

Thére have in general been two apprbéches to the

problem of 1nvar1ance in speech perception. One approach is
that separate elements (e.g, burst, formants, etc ) are

initially percelved and then comblned at a later stage of

processing, based on 'special' uncongglous 1nferences. This

b3
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' . . ' . .
approach was taken by researchers who attributed invariance
in speech peréeption to -listeners' reconstruction of a set

of underlying articulatory parameters (e.g.,

. Studdert—Kénnedy, 1976: Kuhn, 1979). They suggested that

speeéch involves a complei’éoding of relatively invariant
articulatory events into sound waves and therefore needs a
special decoding mechanism which is different from those fo:
general héaring. The second approach to invariance problems
suggests'that global properties are perceiveé, rather than -
separate elements. This approach has been takeh by speech‘
researchers who sugéested that listeners attend to largef
{percepthal units', 1.e., more global characteristiés‘of

@

speech pattepns (e.g., Cole and Scott, 1974; Blumstein and

Stevens, 1979; Blumstein and Stevens, 1980). They'qttempted

to define invariant properties without reference to
underlying articulatory factors.

Thglsearch for invariant physical events which cue stop»
consonaﬁts has motivated many investigations 0ver'£hé last
thirty yeérs. Early investigato;s found the 'suffiéieqtt
cues. Lafer studies investigated cue combinationg and.
a£tempted to'model perceptual processing,v |

During the 1960's and 1970%s, applied problems arose
which‘gave further impetus to thg search'for inVariance,
nameiy, computer synthesis and recogniﬁion of speech. -If
cbmputers yefe to be pfogrammed to produce speech so thét
human listeners could uhdefstana, tﬂe program had to supply

the necessary phone-preserving cues such that humans would



perceiQé the 'intended' message. If computers were to be
programmed to understand human speéch, the prég;am_had to
deal Jith the phone-preserving covariation found in human
speech. In addition, the pr?gram must be able to cope with
the other Qariations found in natural speech. On one hand
then, the computer is required to take note of the varié@ion
~that 1s 'needed'’ in order to preserve a phonetic event. On
the other hand, it is required to disregard certain other
variations, i.e., those changeé in the signal which do not
affect phonetic identity, such as speaker differences or
intra—speakeg changes. : | !

{ \ If it is assumed that the human listénér represénts a
near optihal 'speech recognizer', then closer attention to
the humaﬁ speecﬁ perceptioﬁmgpsdiss is a necessity. What
acoustic cues are important for the humén listener? How does

- the human listener contend with phone-préserying . |

covarilation, as well as other,variation in the acoustic

<«

signal?
1.2,ﬁackground Review

1.2.1 Early Research at Haskins Laboratory

'LTechnological advances in the 1950's pfovided the means
to synthetically produce speech. The Patfern Playback
(Cooper, et al., 1952) converted hand-painted'pictures of
simplified spectfograms into-sound. This allowed researchers

to test the perceptual effects of changing specific elements

W



in the speech signal. In general, Ehe aim was t® isolate the
acoustic patterns that acted as cues for listeners. |

Cooper et al. (1952) prepared a series of synthetic
KStlmull by varylng the frequency of the burst in front of
sgven different synthesized vowels. They found that high
frequency bursts would be heard by listeners as /t/, while
lower ffequency Bursts were hears as either /k/ or /p/
depending ubon the following vowel £In general, a /k/ was
perceived when the burst frequencies were close to the
values of the second formant - frequencﬁes of the following
vowel. , | |

Thesr study then focused on the role of the second
-formant\%gi) transitions. A continuum of F2 transitions was
constructed whereby the initial portion gradually shifted
‘from upward-moving to straight to downward-shifting. |
Listeners' identification results showed that opwaro rising-
transitions generally‘led.to\the perception'of a labial
consonant, while straight and’downward—sloping‘transitions
jed to alveolar or velar responses. In general; straight
transitiong were heard as aiveolar stopsvwhen followed by
-front Qowels and velars‘before back vowels. Falling
tran51tlons were heard -as velars before front vowels and as
alveolars before back vowels. This pattern was the same for
.both voiced and voicele;s stop consonants.

The d15t1nct1on between voiced and voiceless stops

could be made by synthesizing dlfferences in the first

formant (F1) trans1t10n°'by cutting back the F1 transi ion,



1 o

a voiceless stop was heard, whereas a full F1 transition was
perceived as a voiced stop. Thué, F1 traqsitiohs were felt
to specify manne:\of articulation and F2 transitiogps wefe
suggestgd as cues to place of articulation.

The®problem of irvariance was clearly apparent in this
first study. A bﬁrst in the éfequenéy range of about 1500 Hz
signalled a /p/ before high vowels, but cuequ&/k/ when
followed by low vowels. Falling transitions’%oﬁid be

- perceived either as alveolars or velars, depénding upon the

following vowel. In other words, an identical acoustic event

“Yd

gave rise to diffgfgnt phonetic percépts dépending upon the
vowel cqntext; |

The authors'suggeéted that é code of-bina}y choices was
operative in human perceptiongof stop consonants. For-|
example, /p/ could be perceived és‘the resultant of two
choices -1a low burst (as oéposed to a high burst) followed
by a rising (not falling) transition. Similarly,'/t/=[+higﬁ“'
burst],’[—falling transitionl], and /k/=[+high burst],
[+fallingvtransit;on]. Even the authors admitted, however,
that this could not be a realistic solution, since
satisfactory'stops<cqu;d not be.synthesized on the basis of
'"high' or 'lbw‘ distinctions without fegard for the exact
frequency range, or degrée of transition;_The authors
pointed to their inability to find invariance:

[wle - and perhaps some other workers as well - had"

undertaken to find the "invariants" of speech, a

term which implies, at least in its simplest

interpretation, a one-to-one correspondence between

something half-hidden in the spectrogram and the
successive phonemes of the message. It is precisely

/



this kind of relationship that we do not
find....(Cooper et al., 1952, p. 604)

In 1954, Schatz feported‘the results of a tape-splicing
experiment with natural speech where the burst portibns,from
one syllable were épliced onto ‘the vowel portion of a second
syllable. Thus, for example, the /p/ burst portioh from /pi/
was exchanged with the /k/ burst portion from /ka/, She
confirmed the synthetic gesults obtained by Cobpef et al
(1952); for example, contextual vowel changes caused /k/‘s
from low vowels, to be heard as /p/'s When‘apbended to high
vowels. | ot |

Tﬁe_'locus' theory was developed in a paper by
Délatfre, Libérmaé, and Cooper (1955). The invariance was
thought to be a hidden constant freguency location that was
characteristic for'each stop consonant place of
.articulation. This frequency 'locus' Was a point on the
frequency scale to which transitions 'pointed'; the initial
portion of the transition was ass;med to be missing. The
authors regarded the transitions as movemehts from a —
(hidden) locus to steady state values of the féllowing
vowel. When the 'missing' part of the transition was
included, however, more‘consonant confusions'arose than
without it. This was an attempt to find invariance through
abstraction; a real phyéical invarianCé was still to be

found.

L

‘Halle, Hughes and Radley (1957) prepared energy density
spectra of the bursts and investigated the transitions via

sonograms. Binary choice codes for the burst were developed,

o
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based on energy distribution patterns in the spectra. For

example, the feature 'écg&e' was marked positive if thérg
was significant energy iﬁ the high frequencies (above 4000
Hz); this would tend to separafe /t/, /d/ and the front
varianfs of /k/'an%‘/g/ (i.e., followed by front vowels)
] frém /b/, /b/ and the back variants of'/k/ gnd‘/g/. The
vfeature 'grave' was marked positive if there was significant
energy in the low‘fréquency region k500-1500 Hz). With
regard to the transitions, these authors results were
similar to the fesulfs of Cooper et al. (1952); they found
that the régularities were complex and context-dependent.

Third formant (F3) transition§ were isolated as‘being a
cue for the berception of place of‘articulation in a study
by Harfis; Hof fman, Liberman, ﬁelattre and Cooper (1958). In
this experiment, the authors constructed continua of both F2
and F3 transitioné for steady state values representing the
vowels /a/ and /i/. All possible combinations of these
stimulivwere played for listener judgments. In general, F3
transitions shifted idenfification bo&ndagies and were
context-dependent. The role of F3 transitions seemed to
enhance the cues provided by F2 transitions, whereas F2
transitions provided the 'major ‘cue'. Harris et al.
suggested that the F2 and F3 Qransgtion cues were
indépenaent of one another. |

Hoffman -(1958) studied varioué cues 1in cbmbinationp
Stimuli wepe composed based on continua of both F2 and F3

transitions, as well as burst frequency for the steady-state
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value representing the vowel /a/. Synthetic stimuli’
contained either one cue, two cues or all three cues, in all
possible combinations. He fognd that the burst frequency
cued place of arpiculation in the ste way for voiced stopé
as had been found in studies involving voiceless stops.
Thefe was also good agreement with previous studies with
regard to transition cues. Hoffman suggested that the
contribution of any cue was independent of other cues. In
combination, he felt that adding cues was similar tb

addition of independent vectors. ’

1.2.2 Research on Cue Dependencies

Recent research activities have concentrated on the.
finer relationships of the cues that had been found in
earlier studies. Dependencies and '%rading relationships'

- between F2, F3 and bursts were found, contrary to the
conclusions of Harris et al. (1958) and Hoffman (1958),
which stated that there was cue independence. Thus the
search for invariance seemed even more complicated. Some of
these investigations studied&listenerﬂs'perception when
parts of the signal were missing—fn order to find out which
of ﬁhe cues were absolutely necessary.

Menon; Rao and Thorsar (1974) suggested that the cue to
place of articulation was the difference between the F2 and
F3 onset‘fréquencies and the respective steady-state
formants of)the following vowel. They reported a measurement

study which supported this hypothesis; perception tests

Q'w



4
conducted using synthetic speech also seemed to follow this

pattern. /

Dorman,.Studdert—Kennedy and Raphael (1977) studied the»'
relative perceptual weight of release bursts and formant
transitions in an experiment with natural speech. By
systemat1ca11y removxng these cues from syllables conta1n1ng

.initial ﬁ, /d/, and /g/ with nine different vowels, they

found that’release bursts and transitions were 'fé@%tionally
equivalent', i.e., when the perceptual weighf of one
increeeed, the other decreased. In addition, these authors
investigeted the functional invariance of the release.burst
by transposing the.bursts from the CV syllables to all the
other remaining vowels. Tﬁeir results indicated that bursts

re largely inva;iant, but that they were not perceptually
important in .a great many of the cases; only one out of 27
syilables for one speake{\and 13 out of 27 syllables for |
another speaker were '!nvariantly perceived' by subjects
J%hen the burst was transposed onto a different vowel (i.e.,
the burst was perceived as being the same consonant,
regardless of the following vowel).

Just, Suslick, Michaels and Schockey (1978) reported a
tape splicing experlment in which consonant 1dent1£4cat10ns
were obtained for natural speech ‘which had various portions
of the signal spliced out. When formant transitions were
reﬁoved, correct identification fell to 84%. Splicing the
E;ansitions onto other vowels caused the correct

identification rate to fall to 66%. When agpiration was
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replaced with silence, identification fell .even further.

Following the Haskin's locus theory (of Delattre et al.,
1955), they Suggested that listeners extrapolate from the F2
tran51tlon pcrtxon to a locus.
Kuhn (19/9) studi;d ghe relative influence of burst,
F1, F2 and F3 transitions on the perceptioA of place of
articulation before the vowels /i/ and /a/; He produced a
diéitized form of the acoustic signal using parallel
synthesis similar to signals produced by the aAélog Pattern
Playback. The patterns which appeared in Speétrograms,
including the burst portion, were digitally modeled. He then
systematically eliminated the formants énd burst. His )
findings were: -
‘1. vEliminating F1 (i;e., having burst + F2 + F3) lowered-
‘~place.indentification from 93% corrgtt for the full
digitally modeled stimuli to 90% correct;
2. Including burst and only F2 lowered~ident1f1catlon to an

average of 72%, but identification was better for

consonants before /a/ ﬁhan before /i/ (90% before /a/);

/

o~

3. Including only F2, i.e., eliminating the burst resulted
in 73% cbrrect identification, which is virtually
identical to the identification obtained when burst was
presen£ with,thé F2 formant transition;

4., Including burst and only F3 resuifed in 57% correct
identification; | |

5. Includihg~only.F3 (i.e., eliminating the buift) resulted

y in only 54% correct identification, again almost



identical to the identification obtained when the burst
was present.

Kuhn also studied place identification in 'fricative'
speech (speech uttered through a constricted vocal tract)
which, he stated, approximates'a single fdrmant;
identification fell to 86% compared to voiced speech. When
bursts were removed from fricative speech, identificatioﬁ
was at 72% correct. Kuhn found that there was a cue.
reweighting with regard to F2 and F3; F2 was a greater cue
for point of articulation than F3 except for consenants
before /i/, where F3 was greater than or equal to the F2
cue. He sugé@%ted that this pointed to the imgértance of
!front cavity' resonance in the perception of place (see
Stevens and House, 1955, for an analysis of formant

'

frequency and cavity Affiliétions).
1.2.3, Research on Global Acoustic Properties

During the 1970's and 1980's, some investigators were
attempting to find invariant properties of the: acoustic
signal without reference to vowel context. They largely
turned their attention to the burst portion, or to théwburst
and some immediately following porﬁion of the signal.

Cole and Scott (19}4) suggested that the burst and
accompahyiqg aspiration portion was the 'phantom in the
phoneme', and that it repreéented the invariaﬁt property in
the perception oflstop consonanfs. They reported a

tape-splicing experiment similar to that done by Schatz
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-(1954) but included the or1glna1 asplratlon port1on;of the
51gnal Results indicated that transp051ng the /b/ and /d/
bursts from,/u/‘to /i/ and from /i/ to /u/ did not affect
1dent1f1cat;on rates. However, when the /g9/ burst from /1/
was spliced onto /u/, 1de;t1f1cat10n plunged to 21%, and
when the /g/ burst from /u/ was spllced onto /i/, 0
1dent1f1cat10n was 82% Winitz, Schelb and Reeds (1972) had
'Subjectsv1dent1fy stop consonants from the burst port1on
alone, taken from syllables containing the Qowels /i/, /a%
and /u/.'Initial consonants Qere identifieddbetter than
;finai consonants, and /t/hwas identified the best (83%
_correct average identification for /t/ 'compared to 75%
correct - average identification for /p/ and 55% correct.
vaverage 1dent1f1catlon for /k/). Identlflcatlon rose when

e

100 msec of tran51tlon ‘and vowel .were added (77%, 83% and

- 70% correct average 1dent1f1cat10n for /p/ /t/,_and /k/,

;respect1vely.)~Unfortunately, in both phese studies precise
AN ) : .

segmentation'criteria were not_presented'(see Dorman.et %1é1

1977 for a critique). | B
Stevens and Blumsteln (1978) created sets of synthetlc

stimuli w1th .and w1thout formant tran31t10ns. Place of |

. artlculatlon was con51stenbly claSS1f1ed w1th stlmull having

both a burst and tran51t10n portlon ‘as well as w1th those.

stlmull harlng only‘the tgan51tlon portlon. St1mu11 w1th

yonly ‘bursts and steady—states (1.e., w1thout tr 251t10ns)

were not consistently classified, but the authotrs stressed
. . ) = = ke > Sk

‘that -for these stimuli, the burst onset and the vowel onset -

7
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“nwere not 'continuous' (since no transition was present) The
N n\,"‘

auth&rs analyzed stimuli wh1ch were well identified and
found that these stimuli showed invariant gross shapes of

”tha spectrum sampIed at the consonantal release (w1th a 25.6

7m&5c w1ndow): ér each point of articulation across ail

AN \

vowels. They found- that these spectral patterns were evident
Ufot.well—identified stimuli containingAtransitions only, and.
the spectra;ﬁpeaks were enhanced by the addition.of the
burst. These spectral patterns were as follows: |
1. /b/ . .and /d; had 'diffuse’ spectrat there was more~than
| one spectral peak in a limited range (1-3 KHz) and there
was no prominent peak; : |
2. /b/ had a diffuse and falling spectrum (grave);
3. /d/ had a diffuse and rising spectrum (acute); \
4; /9/ had a!‘compact‘ spectrUm'whefe a mid*frequency
'promlnent peak was ev1dent"/g/ s .before front vowels
‘had thlS promlnent peak at higher frequenc1es whlle'
r/g/ s before back vowels had this prominent peak'at
lower frequenc1es." - '
.Thus, ‘Stevens and Blumstein (1978) suggested that the gross
spectral shape at the 'dlscontlnuxty (i.e., at the stimulus

onset) was the ' 1oba1f invariant property in‘point of -
g nt prop

‘artlculatlon perception.
Blumste1n and Stevens (1979) measured the’ spectrum at
the onsets and offsets of 1800 CV and VC syllables produced

by Six speakers. Templates for "fuse-rising,

diffuse-falling, and compact stimuli were devised and
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cqmpared to the spectra produced by these speakers. The

. 87,rg':'i‘,,§fuse rising template cBrrectly accepted 84% of the /d/
spectra, and correctly rejected /b/ spectra 86% of the time
and /g/ spectra 88.5% of the time. The.difque—fal%ing
template correctly accepted 82.5% of the /b/ spectra and
correctly rejected 80.7% of the /b/ spectra and 90% of the
/q/ spectra. The compact template correctly acdepted.86.7%'
of the /g/'s, and‘correctly rejected 91.3%>of /b/'s and

- 82.7% of /d/'s, Thus, these templates correctly'accepted 85%‘

of these spectra, althoughvmowel contextual influences were
evident. | |

LIt is worthwhile to note that the template—matching‘was
done manually and was not comguter automated In addition,
templates Qere fit to: the spectra by trained researchers,

- who had ehperience in analyzing spectra, It would be of
interest to test whether automatic application of these
templates or template fittihgfby naive subjects would yield
similar results} | : : _ <éj

'ﬁk In a perceptlon experiment Blums¢e1n and Stevens (1980)
'fohnd that 10-20 msec of a synthetic CV s®llable could be
identified at above chance,level' (over 30%~correct

_identification) for place of articulation 'whether,FZ or

_higher formants contained moving or straight tran51tions,
and whether the burst was there or not ‘Correct'

identification was defined as the 1dent1f1cation obtained

when the entire synthetic signal was presented.
. . : . D

g \
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Identification rates did improve, though, with the
.addition of more of the moving transitions; as more moving
transition was inoluded (i.e., by increasing the duration of
the signal for stimuli with moving ﬁransitions); listeners
coufdd'correctly' identify morle stimuli. Also, stimuli with
moviné transitions were cOnsistently better identified than

\\iﬁg&fght—transition stimuli. Thus, some transitionb
informétion was found to be important.

In addition, vowel context proved to be;alveﬁy
important féctor; for example, brief portiono’of the /bu/
synthetic stimuli had lower recognifion rates than /b/'s
before /a/'s or /i/'s for both moving and
straight-transitions (60% recognition for the g
straight-transition /bo/‘s_vs. over 80% recognition for
straighf—transition_/ba/'s and /bi/'s). Brief portionsvof
/9/'s before /i/'o were recognized only slightly above
'chance level' (slightly over 35% reoognitioh) but the.
results drastically improvod for /q/'s before./a/ and /u/
(over BO%IiAintification rates tor'both moving and

‘stra1ght tran51t10n stlmull); However, the authg Slsugoested
that the 'invariant property (i e.w, gross 'spgal shape at
stimulus onset) could be percelved g;th a 10- 20 msec window,
.51noe above chance recognltlon was obtained with these
short StlmUll. This agrees with Tekiéli and Cullinan's

- (1979) threshold experimenﬁs, where-point-of articulation

decisions could be made at above chance lével, on the

average, after only 10 msec of the stimulus. However, a
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claim of sufficiency cannot really be based on threshold
decisions; majority response5°rather than *above chance"'
responses are ' required.

Serious difficulties arose from further consideration
of the gross spectral shape 6f‘stimulua onset as the
invariant .cue of place of articulation. Subsequent

. experiments conducted by glumstein and her colleagues tested
the role of gross spectral shape in speech perception in
relation to onsét gormant frequencies. Were listeners
responding to gross sbectrad/igz;e at the onset, or to onset
forpant frequencies as associated with a particular place of

ol
articulation and vowel environment?

Blumstein, Isaacs and Mertus (1982) constructea

synthetic stimuli haVing appropriate formant frequencies for
N, J§¢Q<‘or /d/ in front of three vowels, /i/, /a/ and /u/. They

"~ then manipulatea the shape of the onset spectrum to be
diffuse rising (appropriate shape for alveolar consonants)
or diffuse\falling (appropriate shape for labial

»
consonants). Their rationaleywas as follows:
"If it is the case that gross shape of the onset
spectrum provides invariant properties corresponding
to the phonetic dimensions for place of s
articulation, then subjects should{perceivé all
stimuli containing the diffuse-rising property as
alveolar consonants, and all stimuli containing the
diffuse-falling property as labial consonants
‘regardless of the onset formant frequencies of the
stimulus.”
Results showed, however, that subjects did not change

their phonetic labelling according to the spectral shape.

With the exception of the /b/ stimulus in an Ji/ context,



(which was identified as /d/ when the_spectrnm'was tilted
up), manipulating spectral shape did no; change listenersf
oategorization.-Rather, onset formant frequencies determined
the phoneti¢ category to which a stimulus was assigned.

Walley and Carrell (1983) also tested the role of the
global shape at stimulus onset in relation to onset formant
frequencies. Using-a parallel syntnesize:, they altered the
- spectral shape of étimuli having appropriate }ormantnonsets
.for /b/, /4/ and /g/ before the_vonels‘/a/ and /u/. For
stimuli with the vowel /u/, changing the onset shapes to
.those appropriate for the other stop categories did not
shift perception to the other,stops; Faiher,'formant
information appeared to dominate. Thia was also the caae for
stinuli with the vowel , except for\oné Case:lchanéinq
the onset spectrum fo / to a compact shape»(appropriate‘
for /g/), while retaining the appropriate forﬁanﬁkvalues for
./d/ did change perception to /g/. dv;

The authors also reported sub]ect dlfferencas for
stimuli with the /a/ vowel; when the onset spectra of /b/'s
haviné appropriate formant values were altered, 10 out of‘18
subjects appeared to respond on tha basis-of the formant
cues, while only six out of the 18 subjects appeared to
alter theif résgansea according to*nredicted'spectral onset
shapes. For spectrally altered /d/' s, 17 out of'18 subjecta
appeafed to respond on the basis of formant cues; and for

spec@rally-alte?ed /9/'s, 12 out of the 18 subjects appeared

to respond to formant cues. Thus, some subects appeared to
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alveolar stops in Malayalam, as well as the labial and
denta} stops in French. Results of the Malayalam study
‘showed that only 57% of the dental consonants and 71% of the
alveolar consonants produced by Malayalamnapeakers had the
feature ‘diffuse-risiné'awln.the'French Study, the onset
spectral shape for both labials and dentals was
'diffusejflat (1 e., a diffuse spectral shape that was

neither rising nor falling).

@

’

Lahiri and Blumstein (1981) subsequently.changedrtheir
definition of the 'invariant properties' of place of
articulation perception. They suggested that the Pelative‘
changes in the disthibutio'n of spectral energy to the onset
of Qoicing was !he invariant cue. In particular, labials are
.characterized by‘either less energy invthe h&gh frequencies
or a fairly even distribution of energy throughout the
spectrum at stlmulus onset compared to the spectral pattern
at the onset of voicing. However for dentals, there is more
fhlgh frequency energy at the onset relative to the energy
distribution at the onset of voiting. Thns, the new
1nvar1ant factor. proposed to d15t1ngu1sh labials and dentals

. was the change in the slope of the onset spectrum to the °
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slope of the spectrum at the .onset of voicing. Over 90% of
Malayalam, French, and Engli;h utterances had appropriate
ratio values (i.e, /d/'s had'ratio values less than .5 and
,'/b/'s had ratio values above .5);‘ .

It is important to notice that these ratios cbnstitnte'
a very different type of cue; wha£ is being proposed here is
not an 'absolute invariant' but rather two features which
afg taken at twd'pojnts‘ih time, and are 'c9mbined‘ or
integréted to form‘a single derived feature. Thus the_
coﬁtraét of later inﬁofmation (i.e., spectral shape at
voicing o;sét) with eérlier informatibﬁ (i.e., spectral
‘'shape at stimulus 'Qnset) is what is now considered
important. The static nature of the features are chahgedh
since elements of th separate points in‘the'aéoustic stream
are combiB®ed as one feature. |

Kewle —ﬁgrt_(1980)’also afgued agaihst a "static'
approach in defininé acouséic invariance. She noted that the
- Stevens and Blumstein concept of invarianbe was-static since
no temporal dimensién was incorporated in their templates.
Kewley-Port argued that the change in épectralvdistribut}on
of energy over time is the appropriate cue for place of.
articulétion inistop consonants., Usihg two 'time varying'
features - late onset of low frequéncy.enérgy'ahd
mid-frequency spectfal peaké eXtending over time and one
'static' feature tilt of spéctrum ét burst onset - 88% of

3-D running'spectra of CV syllables could be correctly

classified. (The time-varying featuressseparated out velars
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from labials and dentals.) However, this high identification
rate should be compared to identification of single-syllable
spectrograms to see whether the detailed representation of ’
the 3—dimens;onal'running spectra is, in fact, needed.

It is interesting to note that Kewley-Port (1980)
sﬁggeéted that a temporal Qimension is required for the
classificqtion of velars, and Lahiri and Blumstein (1981)
suggested that a temporal dimension is reduired for thé
classification of labials and dentals. In the attempt to
find global invariant parametefs, investigators were
proposing features that were more comblei and had to be
extracted at more than one point in tiﬁe.

The Steven's and Blpmstein templatesh>the“Lahiri and
Blumstein ratios, and Kewley;Port's features are all
manually fit to consonant spectra. Further tests of each of
these three 'spectrally-based' parameter sets could be doné
on an automatic basis; it would be interesting to see if the
same identification rates would be obtained using aut matic

. .procedyres.

1.3 Models of Speech Perception

Several modeis were proposed to account for the
research findings regarding stop consonant perception. The
eérliest models have been described above, i.e., the codew
. and locus models that arose from the stﬁdies of the early
1950's. In the 'code' model (Halle et al., 1957), eachv |

9] 0 .
binary choice regarding the. frequency level of the burst or .
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ﬁhe transition direction was made independently of any other
choices. In the 'locus' model (Delattre, et al., 1995), the
listenér was assumed to extrapolate from the transition
onsets to a determinate locus value. Later models of stop
consonant perception were really a part of general speech
perception models. Tﬁese were models which attempted to
encompésszmany aspects of speech, and were thus much more

ta

general in nature.

1.3.1 The Motor Theory of Speech Perceptipn .
/*N\\ The motor theory of speech perception is aiﬁddel in-
which speech production and perception are assumed‘fo pe
"~ inextricably linked. Since acoustic pattefns showed no
-~/ simple one-to-one correspondence with phonetic events, it
was hypothesized thét articulatory parametefs had a simple
correspondence with- phonetic events. Perhaps, then,_ the
‘acoustic patterns could first be related to articulatory
parameters.
Denes (1964) outlined the basic principles of the motor
theory as follows: o

The motor theory proposes that during speech
recognition, we do not directly associate the "sound
qualities we perceive with linguistic units, the '
phonemes, words,-.etc., but that, instead, we first
interpret our auditory percepts in terms of the

, articulatory movements needed to produce these
sounds, and, in a second stage, we recognize the
movements. (p.309) : .

In other words, this theory stated that listeners
"berceivéd stop consonants by actively reconstructing the

“articulato;y movements needed in their production. The
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invariance, therefore, was the articulatory movehents, or
some abstraction of these movements.

- The 'motor theory' position is not widely held in the
current speech perception literature. Two basic guestions
can be asked for which thére#are no clear answers at present
(Néarey, personal cbmmunication):

1. Can articulatory erameters be reconstructed from
acoustic output without resorting to exhaustive search
ﬁrocegures? ) |
2. Do fhé}é exist clearly desirable articulatory invariants
that are in some significant way“ﬁess context-sensitive
than acoustic parameters?

ST
1.3.2YFeature Detection Models

’ Feature detection models were proposed in the 1960's
and 1970's which attempted to handle the 'invariance
probiem' by suggesting that variant aspects of the signal
were categorized in the same manner due to specific "feature
detéctors'L After the report of visualvlihg and field
detectors in the cat (Hubel and Wiesel, T962); investigators
attempted to §ind patterns of percéption in speech that
could be compatgble with 4 theory of speech feature
}detectors. Eimas, Sigueland, Jusczyk and Vigorito (1971)
found ghat repeated stimulation with a voiéed stop would
shift perception éuch tha£ stops prewviously heard as being
voiced would be-perceived as voiceless. They attributed this

phenomena to the fatiguing of 'voice' detectors and
. v \
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suggested that the phonetic feéture of voicing as actuall§
'hafdwired‘ in the brain (i.e., innaté; Eimas, et al.,
1971). Cooper (1974) found -the same effect for piace of
articulation and thus suggested that there were 'place'
‘detectors. These 'adaptation' experiments, as tﬁ;y are now
known, started a wave of stggies regarding the role and
nature of 'feature detectors'. Typically, phonetic features
such as place, manner and voicing were investigated.

The speech perceptilohn models whichwwere propoézd
suggested that passive, largely 'hardwired' feature
detectors were sensitive to some.critical aspects of the
9signal. Two basic models were suggested, namely, those
‘involving o;e level of processing, and those. involving two
levels of proceséing (see Sawusch, 1977, and WOlf; 1978, f&r
a review). Basically, ong—l@vel models proposed that feature
detectors worked solely\bn the acoustic signal, and
therefore operated on a purely éuditory level. Tw0flevel
models incorporated both an auditory and a phonétic level --
the phonetic level being an abstract ‘pattérn of events'l,

In later experiments (Sawusch and‘Pisdni, 1974;
Biumstein, Stevens and Nigro, 1977), a multip%icity of cues
was incorporated into the feature detection system. For
ekample, Bluhstein et al. (1977) proposed that several
selective detectors work on a modified input signal and fhat
the output of these detectors, or filters, were maximized
when this input signal showed certain configurations. This

' ¥

’ L I
was a many-to-one mapping of detectors to signal, since many

&
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selective filters would give some output to a single signal
input. |
Feature-detection models of speech‘percgption typically
( searched for particular 'simple' acoustic events (e.qg., |
formant fregquencies, VOT) that were considered in some sense
\independent' of one another in the initial extraction
stage; final categorization was then modeled as sonfe type of

'sum' of the independent contributions of these features

(see Blumstein et al., 1977).

1.3.3 Template ‘or Prototype Models
‘ & ' :
A more direct way to model featural noﬁzindependence
was to build the dependencies into the perceptual mechanism

as though there were global patterns of events. The '\
difference between feature detection models and template K

1
L4

~models can be described as follows:

1. In feature-deteétion models,.'simple' features are"g;
extracted, independently of one anotﬁer and then are
combined‘at a 'later stage' of processing; featural
non-independence is accounted for at this later stage of
.proceésing; ‘

2. In template models, complex global features are
extracted at one point in-time which éontain the

necessary informa®tion r!barding specific interactions of

features

| v

"Hochberg, 1964, describes models for visual perceptual
constancies which are analoguous to feature detection (the



' o ) 27

Investigators presented models of speech perception in

which templates or prototype signals were matched with the °

incom}nq”signe%) Templates were considered to be 'hardwired'

e
nepﬁesentatlons of a typical signal and if the match of the

1ncom¢ng 51gnal to the téﬁgiate was sufficient, the signal
would Qe cla551f1ed as_be1ng a member of the type of signal
that the template represented.

Massaro and Oden (1980) presented a 'fuzzy-logical'
model of speech perceptigh in which there were logical
expressions regarding the attributes of a prototype or
typical signal. These templates incorporated feature
interactions. A decision criteron identified the incoming
signal: the probability of identifying a signal to be a
member of a phoneme was the degree to which the signal
matched the prototype of that phoneme, compared to a match

to the prototype of another phoneme.

showed that perception was more highly affected by fully

specified synthetic speech than by synthetic speech signals

in which some signalyjattributes were deleted.

'(cont’d) structuralist approach, p. 50- 60) and template
models (the gestalt approach, p.74-87).
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e1 4 Computer Recogn1t1on of Speich - i' 5
There are numerous studles in computer recogn1t1on of
‘speech 1n which. conce%ts from-eng1neer1ng, computlng
-sc1ence, psychology and llngu15t1cs are all ev1de§t Three .
‘ba51c techn1ques that have been employed are
oot analy51s by synthe51s, wh1ch was influenced by the
.'motor theory' o;’speech perceptlon,.(Bell, Fu31sak1,
Heinz;lStevens and House, 1961; Paul; Hopse_and Stevens,
‘1964); ‘ | , B v .v._ i .~‘
1,2.p;feature extraction,‘(Molho, 1976;'Rao, 1974;~Demichelis,
1DeMori,,Lafacedand'O'Kane,lT§79); and .
3. template comparlsons (see below)

A

Most of, the recent studies in computer recognltlon have
replaced ‘the anay51s by- sythe51s models by&computatlonally
" more efficient linear predlctlve codlng (LPC) models. L2C
~analysis uses correlat1on methods 1n order to model the

’spectral propertles of the speech s1gna1 w1th an all- pole

model The basic 1dea of the method is that any glven speech

sample can be 'predlcted' or'approx1mated as a llnear
comblnatlon of past samples, There have been several
ﬁormulations of LPC, 1nclud1ng covarlance, autocorrelatlon

and maxlmum llkel1hood methods (Rab1ner and Shafer, 1978)

R I

©

1.4. 1 S1gnal Process1ng and Fehture Extract1on .
"In the 1970 s, computer sc1entists were becomlng more B
actlvely involved in the problem of speech recognxtlon (as

}
opposed to speech synthes1s problems wh1ch empha51zed #



articulatory parameters). Thus, acoustic parameters were

more fully investigated. TYpically;‘experimenterslused;FET'

(fast fourier transform) or LPC in order to obtain .basic

" speech parameters such as formant freqguencies, f0, and

“spectral and vocal tract area parameters.

Molho (1976) used a low coefficlent LPC (LCLPC) in

order to locate spectral peaks and"compute their freguency,

amplltude, amplltude rank and sharpness (related to

fresonance sharpness, Q). set of b1nary tests was then

developed which used these parameters. for labelllng of broad

categorres, such as ‘burst' 'vowel', 'frlcatlver etc.

El

Typical cho1ces for the algorlthm were' Is the largest peak

above 3000 Hz7"3:or "Is the amplltude of the loﬁest

,frequency p01nt under 3 dB?" Some cho1ces were more complex

‘ 1

‘and. used rather ad hoc 'signal relat1onsh1ps, e.g., "Is the

second lowest. frequency peak less than twice the frequency
of the lowest frequency peak minus 470 Hz?"
For stop recognition, potent1a1 bursts were 1dent1f1ed

uSingla low amplitude threshold. ‘For each burst, the

follow1ng parameters were extracted spectral parameters and

By

v01c1ng 1nformatlon up to 40 msec after onset, VOT F2 and
- b

_ F3 at voicing onset amplltude change, and aS‘well some.,
”icontextual factors such as presence of,preceed1ng /s/

. Results 1nd1cated that stops w1th ,strqng wbursts (/t/.and

/k/, with 52% and 57% correct classification, respectively)

"4were better recogn1zed than® those w1th weaker bursts (e;g.,"

/b/, w1th 42% correct %lass1f1cat1on)

-
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' (42% correct classification, 122% talSe'acceptance)2 was

30

.

Specific results for /b/‘/d/ and /9/ ﬁgdicated that /b/

most often misclassified as /%/ /v/, or 'null’ (i.e.,
.consonant not detected /d/ (33% correct classification,
-66% false acceptance) was most ‘confused with /b/ and /%/;

- /9/ obtalned‘the worst results (56% correct classification,
156% false acceptance) and wasvcoofused wlth various other

’Stops and fricatives. These results iﬁdiCate that, using an

automatlc procedure to extract these acoustic features, stop

) 1dent1f1cat1on was rather poor.

’»——;»‘ Demlchells,.DeMor1, Laface and O'Kane, 1979, used

relative energy wlthin certain spectral frequency bands and

: ratlo values of these energy levels. A 'fuzzy logic'

b

algorlthm was used Wthh contalned pre- and post- vowel
context information (rules were devised which had front,
central, or back vowel context). Second and third formants

were  also used as parameters. Unfortunately, identificatioh

‘results of the implememtation of this algorithm were not

preSented._Rather, complex -classification rules for /b/, /4/

‘and /g/ were given. It would be interesting to actually seeg

some 1dent1f1cat10n results from this cla551f1cat1on scheme..
Rao (1974) used formant frequency and slopes of .

transitions; he did éeparate'analyses'on the two# vowel

~contexts that were tested. Using principal component

[ d

analySis,.he suggested that slope information was 'more

‘s

’important' than fb?mant~frequen¢y information.fHe aiso

2 More than 100% false acceptance‘was.obtained since
multlple labels yere allowed ‘ ‘

Can

€
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"functlon analysis. Resufb&,show over 90% correct

& |
indicgﬁed that vowel context was not an important factor,
but this claim is dubious since he did ééparate analyses on
each vowel. In addition, only two vowel contexts (/i/ and
/a/) were tested. There was no presentation of°
classification rates.

Fujisaki and Tominaga (1982) and Kobatake and Noso
(1980) also didvanalysis of stops for each vowel separately.
Results indicate- that when the vowel context is given a

priori, cla551f1cat10n results are very good (over 90%

‘correct classification in both éasesz.

Fujisaki and Tomihaga'(1982) had 540 CV and VCV tokens

from one speaker fpr the vqlced stops /b/, /d/ and /g/;°
vowel context 1nc1ude Vﬁ %/ /a/ /o/ and /u/. They used

3,.,
d"

a measure of separablllty whlch was defined as "the ratio of
inter-class varlatlons to intra-class variations when data
from two consonant classes were mapped on a common'vector."

Classification wag then 'done using llnear discriminant

IO 4 1

'cla551f}cat10n.

‘kobatake and Noso (1980) used the same five vowel
contexts for the v01celess stops /e/, /t/ and /k/. They had
16 male speakers record the 15 stimuli, for a total of 240

tokens. Classification was done using principal compbnénts

-analysis. Over 90% correct classification was obtained when

the vowel was given a priori.
It should also be noted that Fujisaki and Tominaga used

formant loci parameters (cf., Delattre et al., 1955), while



Kobatake and Nose used spectral information taken at four
frames (frame length was 6.4 msec, frame hop was 3.2 msec).
The spectra were divided into 20 panépass filters with equal
bandwidth (450 Hz), and the energy in each band Wasvused as
parameters for the principal conpinents_analysis.

Searle, Jacobsen and Raymenk (1979) developed a
computer model of stop consonant recognition which too;\knto
account auditory principles found in-the psychoecouetig ,/
"llterature. They were ba51cally concerned with the nature
and role of témporal and frequency resolutlon in the
perpgperal»audltory system in stop coneonant perception.
They_ellowed‘for good spectral resolution at low frequencies
and good temporal resolution at hlgh frequencies via 1/3
octave filters. This is an 1nterest1ng aspect to test; it
remains to be seen.whether good tempor&idresolutlon is
actually necessary at high frequencies for stop consonant
resolution. Using the filter outputs, Sear}é et al. then \
emplqyed featnre detectors.wnéch detected abept onset, VOT;
location and shape of speeﬁfal peaks near the burst and in
the transition region andgtﬁeeaverageutrack'slopes near the
burst. The final decigion;used discriminant function
Vanalysis. An interesting broblem to sort éﬁ% is whether the
fiiter system or thevfeaiures which they have selecfed (or
a comb1nat1on of both) is respon51ble for the good
recogn1t10n results obtalned by thelr system It should be

noted that the dlfferences between some of these recognltlon

schemes lie at the decision stage. Many involve 'logical



decision' (or branching) algorithms (e.g., Molho, 1976)[
while others use statistical decision procedures such as
discriminant function analysis (Sea;le, et al.,v1979;

- Fujisaki énd Tomihaga, 1982) or classificatién procedures
based on principle compoﬁent'analysis (Rao; 1974; Kobatake
ahd Noso, 1980). | \

A Largg part.of the computer recognition literature
deals with 'speech understanding systems'. These systems
usually have a phonetié—acoustic knoﬁlédge base coupled with
higher ordef information bases such as phonolbgical
contraints, syntactic, semantic and eQen prégmatic
considefations. Decisions in the acoustic stage in these
'systems typiéalLy use probabalistic models which yield a
phonetic output that is the 'most highly probéble’, given
_the acoustic input. A major problem was that of parsing the.'
signal such  that minimal~errors in phonetic labelling would.
6ccur, since an error during this labe%ling stage
significantly decreéﬁed ﬁhe overall recognition scores.

Weinstein, McCandless, Mondstein and Zue (1974), for
‘example, in their implementétion of the APEL system,
initially segmented the acoustic stream into broad classes
~of phones (e.g., vowels, stops, fricatives, etc.) depending
upon the correct detection of acoustic features such as

1
bursts (in the case of stop detection). When a stop was

'

detected, further spectral characterization was done on the
spectral peak; the spectral peak was classified as béing

'high' (between 3000-5000 Hz),,'m;d' (between 2100-3000 Hz)

-~
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or 'low (between 900-2100 Hz). The classification categories
were /p/, /t/, front variant of /k/ 1.e.,‘before front
vowels /i/, /1/, /e/, and /&/), and back variant of /k/
(i.e., before back and central vowels). Results indicated
that 104 of 140 /t,d/'s.had *high‘ oursts) 9 of 15 /p,b/'s
had 'mid’ bursts; 32 of 36 back variant /k,g/'s had 'low'
bursts, and 22 of 35 front variant /k,g/'s had 'mid' bursts.
(The results are based on a 75-sentence corpps). It was
evident that this classification scheme was not highly
effective, since the 'mid' burst category had both velars
and labiels. Howeverp.the authors also suggested‘that'
'higher~order'vphonotactic constraints should be used which‘
conceivably could increase the correct classification rates.
(No results are presented however, for improvement in
identification with addition oi such factors) &!
Other investigators looked at différent ways of
computer - speech recognition which used the notion of > I'yuv

templates or stored prototypes in an attempt to increase

overall correct recognition rates.

1.4.2 Template or Prototype Models

? Recognition systems which useitempiates heve a stored
'prototypical’' speech element which is compared to the
incoming signal; if a high enough match is made between the
signal and the templste, the signal is labelled as being a
member of the class which'is represented by the template.

| | LD :
The matching procedure usually incorporates dynamic
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prbgrammiﬁg and other éormalizing methods so that minimal
error is obtaine?!u

| . Templates héQé been deyiséd for transemeé‘or diphones
(the dynamic portion between two successive segments) by
" Paul and Rabinowitz, 1974; Silverman and Dixon, 1976;
Mariani andALienard, 1977; Klatt} 1980;: and Schwaftz,t
K;ovstad, Makhoul and Sorenson, 1980. They have élso been
developed for syllablesl(Fujimuré, 1974) and wo:ds'(Klétt,
1980; and Bridle and Sedgwick, 1977). 1t is jpferésting to
note that the transeme coﬁcept was also mentioned in the
péychoiogy literature (Wickelgren, 1969).

A.current controversy in using templéte models involves
the size of the temblates; and the features which are
incorpdrated into each template. Should templates.be based
oh.smaller 'unité' sucﬁ as theAdiphone,'or éhould larger
‘sized témplates, such as syllabic—size or wofd-size
templapes‘be used? Most current practical systems use
word-size femplates, but this has the obvious drawback of.

storage. limitations and long search routines.

>1.4.3’Computer Modelling gﬁ,ﬂqman’Perception

Ohé important but)ré&her neglected area in computer
reseagch is:tﬁat of modelling human‘épeech'pe:ception. Most
"of the computer models to date have dealt with lower
auditory'functions and basic heaging models..These models
have tried to examine.and égplain yaridus psychoacoustic

phenomena by Iopking.at how‘different computer hearing.

»



models behave. Auditory models have been developed by
Chistovich, Kozhevnikov, LeSégor, Shuplijakov, Taljasin and
TjulkOV‘(1974), Dolmazoﬁ, Bastet and Shupljakov (1977), and
Zwicker’, Terhardt and Paulus (1979) Searle et al. (1979)
also used aspects of hearlnd in c1a551f1cat10n of stop
consonants.

Recently, some investigators have tried to model human
speech perception, although some modeis show heavy ‘influence
from the computer recognition field. Klatt's (1980) model,.
for ékampié,lwas.&omposed of two parts: SCRIBER, which hses
diphone tempiafes, and LAFS, which generates lexical ’
h&potheses directly from the acoustic input (i.e., a word
recognizer). |

Edwards (1981) modeled the perception of .stop
consonants as a set of probabalistic vecfors bASed on
tategorizatibn functions obtained from measured signal
parameters. Ten voicing parameters and'se&en place.éf
articulation parameters were assessed for their relative
contrlbutlon in classifying the stop categories. In order to
reflect the interaction of place and voicing facfors in
perception studies, Edwards separated the voicing and place
of articulation decisiéns, but incorporated place of
artiEulat}on féatures in the voicing de¢i§iqp,'and voicing
features in’the placé\éf articulation decision. The
magnitude of his vectors reflected the probability of

successful identifications. These were determined by looking

at the relative separability provided by each parameter. For



example, a particular VOT which was sqmetimes evident for
voiced stops and sometimes evideht for voiceless stops would
not 'be given the same weight (i.e,, the same vector |
magnitude) as a VOT that was always categorized as having
"the same Qoicing. Edward’'s models‘obtained recognitﬁén
scores similar to those of human listeners. His voicing
model, in fact performed as well as trained human listeners.
His main;idea was that lisfeners must be responding to
several parameters when identifying stop consonants and, as
well, these parameters interacted in sbecific ways. Acoustic
redundancy, he maintains, is necessary for speech perception ,
and should therefore be modeled in computer speech
recognition programs.

The use ;f human listener categorization results (as
-opposed to separability"of categogieﬁ based on measured
. acoustic properties) would be an important addition to the
demputer speech recognition field and an approach which
merits~further investigation. (See Nearey and Hogan, ip

press, for additional models of categorization based on the

relationship of categorization and speech measurements. )

1.5 Overview

To'understand speech perception, severai mgjor subjects
‘must be invesigated: | -
1. - What features are relevant and how are these featufes

processed by the -human perception system? Do listeners

attend to gross spectfal patterns, or to relations
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acoustic stream? Perﬁeps formant onset information .or a
relationship of onset information to the following vowel
is important. Another possibility is that listeners
attend to both spectral shape and formant information.
What is the role of context (in particular, vowel
context) in listeners' perception (and speakers'

production) of stop consonants? To date, most research

‘has dealt with stop consonants in only very limited

contexts, namely, before vowels at the extreme ranges of
the vowel triangle (i.e., /i/, /a/, and /u/). What |
happens in the case of other vowels, or in the case of
'ambiguous' vowels? To what degree, if any, do consonant
and vowel identification interact?

1f context is an important factor, what is the Ievel of
processing by which'listeners are affected by this
context? Do listeners operate at an audItOPy level,
whereby ornly acoustic information of the context is
used, or do they operate at a level whereby phonetlc
Jabelling of the context is also important? ,

What is the size of the pePceptuaI unit? Do Subjects

respond to segment-sized units or syllable-sized units?

In this research study, the processing Jevel of the

perceptual unit is addressed. Two other interesting

questlons, however, are the following:

1.

What is the natune of these perceptual units? Do they

nave features which interact, or are their features
>
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which test the production and perception of voiced stop

'independent' in the sense described by Hoffman (1958)?
How are these perceptual units actually used during the
speeéh perceptibh process? Do features need to be
extracted at two or more points in time and then later
'‘combined' in some way, or do listeners attend tb
‘gloBﬁl invariants'? Perhaps reaction time experiments
would shed some light on the timing factoré of feature
extraction. Although this is an interesting problem, it
is not addressed in this research project. A

In this thesis, several investigations are presented

-
AN

" consonants in vowel context. The following questions are

addréSSed:_ o )

.1.

How does vowei context affect the production of stop
consonants? Do male and female\fqrmant measurement daﬁa
show similar patterns? |

How'aoes vowel context affect the perception of stop.
consonants. What part of the vowel is involved (e.g. F2
or F3)?

What 'is the level of processing involved 'if cohtext is
important? Are subjects influenced only by an auditofy
level of the context or ao the contextual phonetic
labels blay a role? Are there subject differences

involved?

.What acoustic features are important for stop consonant

place of articulation perception? Are these features

wowel context-dependent, or vowel context-independent? :
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5. What is the perceptual 'window length' for stop
#consonant perception? How much of the signal is required
for correct identification? Is tPis dependent on the
following vowel, or is it context-independent?

In the ff%st‘study, measurements were taken of CV
syllables covering a wide range of English vowels, using
both male and female speakers. Formant onsets in relation to
the vowel steady-states were measured.

In the perception studies using cascade sy@ghetic
speech, formant onsets were systemmatically manipulated in
front of several différent steady-state portions. In spite
of recent interest in the role ofyglobal spectral shape,

(e ’

there is amdie experiméntal evidence from early research
that Jocal spectral properties (i.é, forma;t peak
frequencies) have a strong influence on consonant
perception. Many recent studies have manipulated the global
shape of the spectrum at stimulus onSg}, whiFh includes thé
initial burst. However, perception studies revealed that the
onset shape chérécteristics could not be the sole'cue for

consonant identification. It seems desirabléyhﬁherefore, to

extend some of the previous research on formant continda

<

cascade synthesis (cf., Klatt, 1980) it is of 1ntefewt

/
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The particular vowel contexts that were chosen covered
the range represented by /o/-/U/-/¢/. They were chosen for

the following reasons:

!
&

. These vowels cover the rande of the invariance problem
for F2 discussed in this chapter. Early research showed
that straight transitions were heard as alveolars when
\followed by front vowels (i.e., /¢/ in our case) and as

~velars Qhen followed by bakck vowels (i.e., /o/ and /U/)
while falling transitions were heard as velars before.
front vowels and as 4lveolars before back vowels.

2. These vowels are not at the extremes of the vowel
triangle for which most of the current research has
focused. It'is of interest to test whether results
obtained for the vowels at the extremes of the vowel
triangle replicate with these vowels.

3. %he vowe;s /o/, /U/, and /t¢/ lie along an F2 continuum
and hence only one factor of the vowel needed to be
manipulated,(fn contrast to other studies in which
frequency and temporal faCFors were manipulated
differently, depending on the vowél context.

The cbntinuum of steady)states included two 'a@biguous'
vowels ([o-U] and [U-e]) in order to test the influence of

IR A ,
. K P, f . ' “}
vowell labelling on consonant 1ide ification. How is the same

I -

acoustic information treated by listeners who identify the
vowel portions differently?
In a perception study using natural speech, brief

portions at the beginning of of the CV signal, varying in
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.dng cion from 12 msec to 40 msec were presented to
iigﬁeners. An analysxs was done for those cases where .
. percept1on shifted from one stop category to another. The
‘role of vowel context is also dlscussed. - o
| ‘The general findﬁng§\0f this~research project was that
vowel context plays a considerable role in stop consonant
perceptlon, In addltlon, it was found that both formant and
Spectrel shépe information could be ‘interpreted as be1ng
1mportant for perceptlon of both synthetlc and natural
espeech tokene: The phonetlc label of the vowel context was
fqund to have only a minor and 1ncon51stent effect on stop

consonant categorization patterns.

-



.2.‘MEASUBEMENT OF FORMANT ONSETS IN VOWEL CONTEXT

This chapter ngCrihes a measurement study of“formantv 'f“‘§
onsets in vowel context. PreviouS‘meaSQremehts have been.
done'using the sound spectrograph (Ohman, 1966; Menon, Rao
add Th%{sar, 1974; Fant, 1973). Only one other‘study, to
'datei;has measured formant iuformationxwith digital signal
processing technigues (Kewley-Port, 1980) , and this*

particufaﬁ study used'only one male spe<‘t

purpose,of the present experiment to me;g? P¥{ormant onsets

- and the formants of‘thefsteady-state'pqrtions of the .
following vowels of speech utterances,spofen'by flVe'males
and five females using digital signal processing'techniques.
'.vThus, in contrast to other measurement stud1es, this study
1nvestlgated subject var1ab111ty us1ng both male and female
spgakers.-Avlarger range of vowels was also 1nvestlgated,
including'the vowel /a/,:for which F3 steady-state changes
are ev1dent Thls large range of vowels max1mally covered
'lthe tran51tlon invariance problem descrlbed in Chapter 1.
Preliminary analy51s by Nearey. (personal communlcatlon-
see also Nearey and Shammass, in preparat1on) of data. from /%‘
the llterature 1nd1cated that F2 and F3 formant’onsets and’
steady states were approx1mately llnearly related for each
@gonsonant, /b/,-/4/ and /9/. Nearey also suggested that such
relationships could be used in the class1f1cat10n of stop
cohsonants'and‘perhaps have some relation to llsteners

categorizations of synthetic stops in earlier experiments,

The present experiment is an attempt to test and refine

R 43



. these hypotheses.
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In contrast to previous work, wiich attempted to

correctly classify:stop conson%nts based on either formant

trajectory directions or loci 7; formant trajectories, this

study attempted to incorporate~vowel information into the

analysls and thus tr1ed to classify stops with combined

»1nformatlon on formant onsets and’ formantg'of the

- IRV

‘steady—statevportions of the follow1ng vowel. This approach

was also motiyated‘by references in the literature that if
the vowel context waS'knonn, stop'oonsonants‘could be
accurately class1f1ed accordlng to place of artlculatlon
(Kewley~Port, ,1980; Kobaté&e and. Noso, 1980). K

In thlS study, consonant categorlzatlon was based on
ets ‘and steady states_ of the second and third formants pf
ﬂhe cv syllable. By using this limited amount of
1nformat1on, is it poss1ble to get h1gh 1den11f1catlon
rateS? Is it possxble to correctly class1fy consonants basedd
on only some aspects. of the follow1ng vowel (i.e., F2 and F3
steady-states), while disregarding other vowel 1nformat1on
such as F1 forman:s hlgher than F3, offglide, vowel
duratlon,'and vovel label7 How well would the cla551flcatlon'”
scheme .work on both’ males and females’ F1nally, is there an

-

overall pattern of the relatlonshlp bet gen formant onsets

N~

and the steady-state portions of the vowel7 Is the ,

'1ﬁvarﬂance of the formant trajectories explalnable in terms

of a pattern based on vowel formgpts? This study attempted

to. provide an overall framework for unifying measurements of

1

|
i
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both vé&el,steady—states'and formant onsets.

)

2.1 Description and Measurement of Data

2.1.1 Speakers | : .

Ten speakers, five male and five female, were recorded.
All subjects‘wefe native speakefs-of Canadian English and
had no history of speech or hearing disahilities. All
subjects were phonetically trained graduate students in

linguistics.

2.1.2 Data Base

Aﬁwritten'list'of 42.Cvclsyllablestwas provided for
each speakerf where'the first consonant'was.eithef /b/, /d/
or /g/, the vowel was one of /1,' , e, £, &, &, 2, 0, U, u,
>, al, aU ol/, and the last consonant was /d/ The
syllables w1th diphthongs were placed at the bottom of each
of the /b/, /d/ and /a/ llStS to control for l1st
1ntonat1on effects and were not analyzed The l1st of .
syllables uaf wr1§ten in IPA, and examples of,comparable
English_CVé words were also provided. | |
2.1.3 Apparatus - ‘ |

The 1nstruments below were used in thlS study Their
fechnlcal spec1f1cat1ons follow.

1.. Microphone: Sennhelser MD 42IN, frequency response s

30-17000 Hz 5 dB; sen51t1v1ty 2 mV/mlcrobar at 1&00 Hz-
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cardioid directionality, using the 'S’ (speech) setting
which slightly raises the relative amplitude of the

higher frequencies.

,Z;Qﬁ@ape Recorder: TEAC A-7030, frequency response 50-1500
"‘d" - ' .

‘Hz 2 dB; speed 7.5 ips., SNR 58 dB.
3. Audio;frequency Filter:‘Frokjauer-Jensen type 4p0,
frequency respdnse slope 36 dB/oct. |
4. Mihicomputer: PDP-12A; word length 12 bits; A/D, D/A
tonverters 10 bits; operating systems 0S/8 and
. Alligator: : |
2.1.4 Recording
- . Subjects were‘individualiy recorded in a
sodnd—insulated recording‘room,'ln order to eliminate ‘
possible crosstalk effects, Only the left channel of the

¥

£y
TEAC: was use@“%ﬂn order to regulate the tempo of speaking,

‘)»‘

each‘syllab;e was f1rst~presented to the subject from a

" master tape on'which a 'master' speaker was recorded. The

tempoigf the'master\tabe was made_constant by having the
master speaker utter the syllables at the. same rate as
dlgltaﬂly prepared beats The master tape was presented with
a Sony tape recorder over Sony headphones. o o
‘qujects were asked to repeat the syllables at the samea %
rate.as the presentatien on the master tape. Amplitude

€3

levels were carefully mondtored to avoid distortion. Three

* The All1gator programming system, developed by Stevenson & ..

~and Stiephens (1978) is written in OS/8 PAL 12D assembly

language and is designed for psychoacoustlc experimentation.

The system is executable on PDP-12 computers.

5.0
3
‘4
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repetitions of the sYllable list were recorded. Only the
last two repetitions were analyzed. .
2.1.5 Digital Gating '
DigitiZatibn»was’dqne'By an interacﬁiQe Alligator
progrém. For each CVC syllable, the initial burst portion of
the firs£ consonant to thé silentygap of the final /d/ was
digitized and stored on tape. Specialvcare was taken to -
position the initial cursor as close as possible to the
actual bhrst,"so as not to store any prior silent portion.
The audio signél from the tape recorder was bandpass
filtered.(68?6800'ﬂz) in order to eliminate 60 Hz hum and
possiblé,speéch components above 8 kHiﬂbefore digitizing thé

signal. Care was taken to avoid signal clipping; while still

maintaining the broadest possible range of quantization. The

wiring diagram is shown in Figure 2.1.

2.1.6 Measuremént

~Formant candidates were calcaluated using programs
written by T. M. Nearey.and were based'én’linear prediction
algorithms (Markel and Grey, 1976). The first 90 msec of
each syllable wéré analyzed every five‘msecs. For some
subjects, particularly for female‘speakers,vthe analysis was
redone.with 2.5 msec hops.-The sampling rate was at'16,000

b.p.s. and the’analysis-window was set at 256 points (16

N

msec window).
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A triangular lag windoﬁ in the frequency domain was
incorporated into the program in order to smooth the
spectral shape (Tohkufa, Itakura andﬁHashimoto, 1978). This
was particularly important in the analysis of female speech,
since spurious peaks, resulting from harmonic components of
the high fundamental could o‘rmse be incorrectly chosenv
as formant candldates. LPC analysis with 20 predlctor
coefficients was used to estimate the spectra of male
speech, while the speétral estimate of female speech
required 16-18 LPC co-efficients.
Fofmant candidates were determined using a method
descrlb;d by Chrlstensen,JStrong and Palmer (1976) The
‘program provided frequenc!es and amplltudes of the formant
candidates. By judiciously choosing the number of
coefficients and the spectral smoothing factor, formént
trajectories could be readlly tracked by hand The F2 and F3
candldates were manually tracked based on the following
criteria: o |
1. The preceéding‘and following formant candidateS’wereq
within 50 Hz of the present formant candidate;

2. A definite trend of formant values was evident (i.e.
either rising, falling, or Constaﬁt); |

f3. Amplitude values were at fairly high 1evels (20 aB or
aoné for F2, 15 dB or above for F3).

Occasionally, the program would miss a formant at é

particular slot. For eiample,'sometimes the F1- track would

miss F1 and put F2 in the F1 slot. In this case, the F2 slot
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was filled by the F3 candidate, and the F3 slot wa§ filled
by the F4 candidate. This océurred for F1, F2 and F3 tracks,
but in almost all cases the apprdpriate formant céndidate
was recoverable by looking at the neighboring formant tracks
(see Lennig, 1978).

In the case of female speech, spufioﬁs candidates
(i.e., peaks not corresponding to formants) Qére found, even
after much effort in choosing the appropriate number of LPC
coéfficients and the appropriaﬁe spectral smoothing factors.
In such cases, the analysis was redone with 2.5 msec hops,
where spurious peaks could be spotted more‘easily, since
they are generally less stable than true formants over time.
The formant candidate was picked according to the |
aforemehtioned criteria, disregarding the spurious formant
candidate. |

Four measures were selected manually and recorded for
each stimulus: F2 onsét, F3 onset, F2 steady-state, and F3.
steady-state. The formant onset values were defined as the
first well-tracked formant candidate having an RMS.value'of
20 or more for F2, and 15 or more for F3. Thé steady-state
values were defined as the values‘go mseé after formant

onset, provided that neighboring formant candidates were

" within a 50 Hz range and a fairly constant formant track was

e&ident.

dor

ot



2.1.7 Analysis
Male and female data were analyzed separately. The
: ///ﬁ!rﬁFBJof F2 onsets (F2i) were plotted against F2
( steady-states (F2v), and F3 onsets (%3i) were plotted vs, F3
E steady-states (F3v), for each consonant /b/, /d/ and /g/.
L"Figu:gg,&(&.— 2.7 show the resultant'graphs.-Figures 2.2,
2.3 and 2.4 fepresent‘male data f&r /b/, /4/, /9/, ’
’%‘respectively. Figures 2.5, 2.6 and 2.7 show female data for
consonants /b/, /a/, /a/, respeétively. (Letter symbols
refer to vowel category, with A=/i/, B=/1/, c=/e/, D=/¢/,
E=/=/, F=/a/ G=/5/, H=/o/, 1=/U/, J=/u/ and K=/3/).

A striking linear relationship is seen in these graphs.,
The /b/ plots (Figures 2.2 and 2.5) show very little scatter
around the regression lines, .while /d/ graphs (Figures 2.3
and 2.6) show rather large variance, as do the /g/ graphs
(Figures 2.4 and 2.7). However, the F3i vs. F3v. plots for
/b/'s (in both thé male ana female data) shdws a conspicuous
gap\of‘/b/'s for F3v less than 2400 Hz and F3i less than
2200 Hz; in fact, the only /b/'s‘having lower F3i and F3v
values are /b/'s before'the vowel /2o/, which has a lower F3
steédy-state.

The data §as analyzed by a robﬁstvlinear regressibn
procedure (Vellemén and Hoaglin, 1981)‘in'ordér'to reduce
the effect of outliers. The liﬁear regression lines which
Yé?e fit to the data, are shown in Eigure 3.8 (male) and
Figure 2.9 (femaie). Boﬁh the male and\fema}e.data follow

very simrlar trends. The F2i vs. F2v plots show that at low
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‘F2 Steady-states, the F2i of /b/ are 1ower thanAFZi of /g/
"or /4/, and F2i of /g/ are lower than F2i of /d/..However,
at hlgher F2v values, the formant onsets of /b/ and /d/ are
nearly_equal, whrle both;are well below;the F2i of~/g/. The
icUtotf point' when ﬁZi of /g/»ii higher than F2i of /d/ is
" at an F2v value of approximatelyi1550’Hz for males and 5850
Hz for femaléa, and is represented by the intersection of
the /d/ and /g/ lines. -

| There is a Strikdng‘similarity of patterns\between the'

‘male and female -data. In fact, male and‘female patterns fit

nicely together if ad]ustments for normallzatlon (to

approx1mately -20% hlgher values for female formant ©
measurements) are cons1dered (see Nearey, 1978).

RS
B

2.1.7.1 Relationship.of MeasuremegﬁﬁAto-Earl} Perception-

' udlqs S
,. " ":
25

The measureﬁﬁnts seem to-be in general accord with

- €0
_ the early perceptlon¢fxper1ments of formant tran51trg£§a
(Cooper, et ‘al. 1952). ®Fhese studlgg showed that rising »M

‘ ’tran51t10ns were &dentlfled as.gb/ i, here, /b/'s have -
R "

formant onsets lOWer than their correspondlng-&ormamg ‘ ]

steady- states. They also’ showed a change in the '/da/- /g/
k3
crossover', wh1ch‘corresponds to .the /d/r/g/ crossover

patterns in thé& present yrements. Before front.”

vowels (i.e., high F2y's), fa ling‘hransitions were

perceived as velars aight hransitions were
perceived as alveolars? e, atehigh F2v's the F2i-of.

/d/ are lower than the FZi.of /g9/ (i.e., /g/'s have

o



- of the /d/ and /g/ llnes’ ' '4.,_ o - - .i .,‘ . N

‘falling transitions while /d/'s have straightefy‘ 1 ‘y'y

Tk

transitions). Before back vowels (i.e., 1°W»E2V's),jj”
faliing%transitions were'perceived as alveolars, whiie“

straight transitions were perceived as velars; here, at

strazghter tran51t10ns)

‘The F3i vs. F3v graphs also shox

both maled and females. For low F3 steady staf
onsets are lower ‘than /b/ or /d/ onsets, while /b/
onsets are lower than@/d/ onsets. At mid- frequency F3~

steady-states,»/b/ pnsets arerlowver than /g/ or /d/v B

while /d/ onsets are lower ‘than /g/ o " -;ﬂsutoff}

steadyibta§§ frequenrr

than /b/ onsets are 3%
and 2,450 Hz for f et "represented by the,

1ntersect10n of the /%’“und+7g/ 1inés. The 'cutoff’

'§steady state values at wh1ch FZ& of /d/ are lower than

F3i of /g/ are .approximately 2 550 Hz for males and

2, 775 Hz for females, as represﬁl‘ud by the 1ntersect10n

, R S B o
2.1.7.2 Classification o - - -

7 In'this sectlon, the cla551f1cat10n of stop
2 Uy o

AT AN SN

-cdnSonaéks based on - the regre551on llnes of Elqure 238

is'discussed Prev1ous 1nVestlgators have c1a551f1ed

v . P ‘ i
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. S
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stops in terms of F2 and F3 tran51t10ns (e q., Rao,

W

1974). Note that ne1§her F2 no% F3 tra]edtorles
.‘c,,\
condltloned alose are suff1c1en? to spec1fy the stops

uniquely, 51nce the regre551on l1nes ﬁor the three
consonants intersect, indicating category overlap (cf.
Kewley Port:, 1980) .

) The regr3351on ilnes of the F2 and E3 trajectorles

were used in a cla551f1cat10n algorlthm based ofi the

v K} d,y

squared sum.of the overall minimum dlstances from the
/
F21 vs., F2v and F31 vs. F3v regre551oh llnes.-051ng the‘{

average male and female coeff1c1ents, the entlre data
set (of 220 tokens)ywas qbrrectly cla551f1ed 73 9% of
the t1me. Two cross—va;ldatlon cla551f1catlons were
done. U51ng the male coeff1c1ents, the female data set
-. was correctly classified 69. 1% of the t1me°'u51ng the

’

female coefficients; the male dat& set was correctly

e, .
»cla551f1catlon accordlng to consonant class (/b/ /d/ or

‘r@bcla551f1ed 64. 8% of the t1me.~Theﬁgreakdown of correcit

2 S C

/g/) is given in Table 2.1. = * | . ©
ThlS rﬂasurement study showed a deflnlt%‘nﬂear

Tt .
'pﬂttern of formant onsets vs. formant steady-states.

L

Furthermoxe, this pattern was ev1dent for both male and

»~

female speakers. The cla551f1catlon results show that
73 9% correct cla551f1catlon for both male andlgé ale
.§peech can be obtalned u51Pg these parameteﬁs. Formant

onsets can be v1ewed as .a ;anear pattern in relation to

0

the following vowel, It is 1mportant to note that no

o) ,



‘Using Average~Male and Female Coeffaglents, v
All data classified (220 tokens) Syt
”f; , ,§ 2 tg‘\
Correct ID 83.9%, 70,08 65.9%
CUSing: Maie Coeff1c1ents . _ ,
“ﬁy Femaﬁs‘ﬁgta cla551f1ed (llO tokens) CoE ' ’
! P < . ‘
S - N . e S
Correct ID ' 75.5%.‘:’ Lo,y ,_‘69.._]_..%”_. o X;627%« B e, g
: : Mol 3 _
Using Female’ Coeff1c1ents | &
Male data class;fled lloa!okens)
B - b G

TABLE 2.1

Cla551f1catlon Scores

¥

Minimum Dlstance from /b/, /d/ and /9/ Rébxe951on Lines

4

Correct ID . 90.02 48.23 56.4%

o'
o
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spectraldshape perameters of rhe initial burst were used
in classification resultS. Rather, it was the purpose of
this study to evaluate the extent to which selected
non- burst parameters Can correctly cla551fy these
consonants.
The 73.9% correct cléssificatien'score seems at
first blush to be much lower than the Kewley—Port (1981) =
flgure of 97% correct identification when the vowel was
known (i.e., when consonant cla551f1cat10n was done on -’
each vowvel separately). However, Kewley-Port's data
éongists of only one male speaker with.fine.repetitions,
. sogﬁhat thé classification scores were baged on only
flve sepaxate’p01nts per consonant. In this study, the,
ﬁ fsyllg@é@s of ten spea}ers, with twovrandomlzatlons each
fﬁéfz‘were measuf%@ QlVlng twenty separate p01nts to cla551fy
for e%SETEOnsonant,~and the’ vowel.was ggg_glven a
R <
"Pniorder to test the effect of inter- subject

var1ﬁ£§l1ty,'a d1scr1m1nant function analysis. was done

i iover all ten subjects with two rep11cataons for each .

Ty £
P

‘yf i:eL i. €. vowel given a prlori) The overall jacknlfe

"4‘

.\‘\ .
: ?ii:t «lzatron results are given. in Table 2.2; on

eragé the oVerall correct categorlzatlon is -80.6%, -
o “‘1\3& ;; .

with the beet r%sults for the vowels /z/ and /a/ (about

¥

90%)- Tableﬁ 2.3 to 2.13 show the jacknlfe

g *‘
categorlzatlor results for gach yowel‘1n furn,



(TABLE 2.2

»
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Overall Jacknife Classification Scores for Each Vowel

Yowel

/i/

/1/

/el

/E/

10/

~ A

- R Ao/
10/

i

fui

K

Overall 10

73.3%
80. 0%
81.7%
73.3%
88. 3%
90, 0%
81.7%
85,0%
80. 0%
81.7%
71.7%



TABLE 2.3
Jacknife Classification Scores of Discriminant Function Analysis

(Vowel /i/)

Q

Actual Category " predicted GroupﬁMembership (20 tokens)

. -
B D G
@)
B ' 68.47 31.8%. 0.0 ¥
D . 31.6% 59.1% 5.3%
G : 0.0% 9.1% 94.7%
TABLE 2.4

Jacknife Classification Scores of Discriminant Function Analysis l.

(Vowel /1/)

-

o o @ |
. Actual Category PredictedJQ[oup Membership (20 tokens)
B . D G
B 70.0% 30.0% q ,
L ¥ , .
l ’ a <0 30.0% y ‘:‘;? .~ 70% ' i ) Zﬂ ’

G_- : : 0.0% 0.0y 100.0¢

-



TABLE 2.5

Jacknife Classification Scores of Discriminant Function Analysis

~(vowel /e/) \\ ) ‘  ;741
Actual Category Predicted Group Membership (20 tokens) R
B D G
B 81.0% 17.6% ' 0.0%

. o
D _ 19.0% 76.5% . 13.6% Ji

G 0.0% 5., 9% 86. 4% '

TABLE 2.6 o

Jacknife Classification Scores of Discriminant Function Analysis

(Vowel Af/f

Actual Category Predicted Group Membership (20 tokens)

| B D 6
B 68.2% 27.8% 0.0
D 3.8 - 61.1% " 10.0%

6 0.0 1M.1% 90.0%
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* TABLE 2.7 | ‘

(‘ !

G 0.0% ‘ 4.6Y% 95.0% o ‘

Jacknife Classification Scores of Discriminant Function Analysis |

. (Vowel /oe/)

¥

Aétua] Category  Predicted Group Membership (20 iokens)

B . D G

B 94, 47 13.6% . 0.0%
+ D 5. 69 © 81.8% 5.0

|-

TABLE 2.8 -

s
o

Jacknife,C]ass}fication Scores of Discriminant Function Analysis 'ﬂ

oo

(Vowel /A/)

R

Actual Category  Predicted Group Membership (20 tokens)

w, B D ¢
e’ 100.0% - 0.0% 0.0%
D, 0.0% 81.8% 1.1
o © ooy * 8,23 88.9%
> . L |



TABLE 2.9

Jacknife Classifica@ion Scores of Discriminant Funcfion Analysis

(Vowel /5/)

Al

Actual Category ~ ®redicted Grobp‘Membersnygjgpgtbkéns)

| RS Y
B TR 0.00 . 0.0%

"D 0.0 ﬁje.'g% | " 26,3

6, L e 2.1 7371

TABLE 2.10

Jacknife Classification Scores of Discriminant Function Analysis

(Vowel /o/)

 Actual Category Predicted Group Membership (20 tokens)

o>
B | D 6
B 82.6% 0.0% 6.7%
D * 0.0 86. 4% 6.7%

.6 | 17,4% 13.6% 86. 6%
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 TABLE 2.]1

Jaéknife.c1a§sification Scores of Discriminant Function Ana

]ysis

C ~ o (Vowel fuf) DU /

. Actual Category *  Predicted Group Memﬁéfshjp (20 tokens)

B T S
B 887 dox . 111w
D 003 8107 1 16.7%
. 4‘ ) ' : » . : - e : . \ oo
¢ 14.3% L 1.9% 72.2%
S - | IABLE 2.12

-Jacknife_Classificatiqn Scores of Discriminant FunctdoﬁrAnaTysis

(Vowel /u/)

. . -

Actual Categdry‘ FYedicted Group Membershib'(Zb‘tokeﬁs)

prad )

B D 8
B 76.2% 4.8% . 6.7y
b 0.046 ' 0.y 5.6%

G . - 23.84. 4.8% ' 77.7%

70
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[ ‘. . N L /
g TABLE 2.13- |

)

, Jacknife Classification Scores of Discrirﬁ%’narﬁ\FunLc't}on Analysis
 (Vowel /7)

1
. g L

~ Actual Category Predicted Group Membérshm (20 tokens)

E - o
' ) , S .
B 74020 T 0.0% - 15.8%
‘D, e 86z 77.8%  21.0%
G S T & 22.2% 63.24
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Kewleerort7(1980) found that‘when a discrimihant
analysis was done for her speaker across all eioht‘
"vowels in her study (i, e., vowel not' identified a. -
pr1or1) a 68% recognltlon rate was obtalned Thus, the
, 73.9% correct cla551f1catlon rate obtalned by the

m}nlmum'dlstance class1f1cat10n rules-(frqm the

regression lines of Figure 2.8)'$eems like only a

o~ moderate impro?emeht although, as mentioned above, this

study alsoAcohtehds.with speaker differehces:acroseh
males and females. |
A llnear d1scr1m1nant “function analy51s was done
for all 220 tokens (i.e., both male and female speech
";mith mowels’pooled)} the results are shown in Table
2.14, When data from‘the ten_sobjecta are used, the-

overall‘correct‘identification for pooled vowels is
. # “4“ .

61.8%. Using the same data;ca’secohd-order discriminant

analysia ‘ was done- the reSults:are'shown in Table
2. 15 This analys1s correctly 1dent1f1ed 72.4% of the

data, wh1ch is Very close to the overalP”cqgrect
. F3

identification rate obtalned.by the minimum distance

. formant-onset VS. Steady~state measurements. However,

- the second order discriminant functlon analy51s

\a . s
optlmlzes the criteria of category separatlon, whereas

*The" analy51s reported here actually is a discriminant

analysis. performed in a two-dimensional linear space with
'second-order dlscrlmlnant functions. A true second-order

discriminant function would have used second-order
discriminant funct1ons 1n a four d1men51onal space (SPsSS
Inc. 1983 p..604). -

: , - S .
classification rules from the regression lines fitted to



TABLE Z.14

Classificatiom Scores of Linear Discriminant Function Analysis

- ¥ (Vowels Pooled)
. o . A : | ) et ‘s
Predicted Group Membership (220 tokéns)
‘Actha1'Categogx . B , ,‘Q “ G
. , q , | |
B S, 89.5% 9.1% . 1.4%
D . L1640 47.7% .+ 35.9%
6 15.00  ¢25.0% - 60.0%
| SN | -
_“Overall Correct ID: 65.76% !
TABLE 2.15
Classification Scores of Second-Order Discriminant
Function Analysis {(Vowels Pooled)
~ Predicted Groub Membership (220 tokens)
&) .
Actual Category . B D - 6 N
B ’ 84.1% - 10.0% . 5.9%
D 10057 N4y 18.2n
G | ©1.8% 26.4% ° 61.8%

i

Overall Correct ID: 72.425

X
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no such optimization j;NEBBe using the minimum distance
© ‘ e n .

classification algorithm,

As mentioned earlier, it is(not the purpose of this’

ey e 1 D P R—— L4

'“study to'sug%fst that formant onsets in relation to the

following 'vowel steady-state are all that is hecesSaty

foflcorfectlconsoneht classification. Clearly, burSt'
informationfis‘alsq~impe}tant, Here‘we are examining
only the extent to‘whichlforman; information might serve
as a cue for stop censonaﬁts. In the following chaﬁters,
the results of §erceptual experiments are presented ﬁ
which shew the extent to which the patterné found in

this natural data measurement sfudxpare important for

consonant perception,



3. THE PERCEPTION OF FORMANT ONSETS IN RELATION- TO F2
. STEADY-STATES ~ |
This study exam1nes three main guestzons-
1. To what extent are the measured patterns found in
" Chapter 2 evident in perception?
2. Can formant measurements and perceptlon be related7‘;
3. Are listeners attendlng to formant-based information or
to spectral shape information? ’ /
In otder to eXamine these points, a large—scale
perceptual e&per1ment u51ng synthetlc speech was designed.
. Bursts were not synthe51zed since it was of 1nterest to
e§sm1ne only the contrlbutlon of formant parameters
ThlS study coyers. the /o/ /U/, /e/ - range, in contrast
to prev1ous perceptual studles’u51ng synthet1c speech which
focused on vowels at the extremes of the voyelnbraangle
(i.e., /i/, /a/ver /w/ﬂand /u/). This was done for two
reason5°“ . : )
1. To test whether patterns EOUnd by Blumstein and Stevens
'_(1979) for /i/, /a/ and /u/ 'and by ‘Hoffman (1958) and
Harris (3957) for /®=/ would replicate'usiné these |
vowels; » e ' | |
.2. These vowels can be synthe51zed as a cont1nuum of F2
steady states,_keeplng F1 and- F3 as well as tran51t1ons
durations ‘constant. Thus, in contrast to Stevens and
Blumsteinv(1979), who altered several vowel parameters.
simuitaneously in order to.obtain good tokens of /i/,

/a/ and /u/, this study kept all factors'constant except

75
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for F2 steady-state of the vowel, and F2 and F3 onsets
(synthesizing the consonants). This }ncluded time
factors®which, in other studies, were also manipulatad
from category to category.

‘jA pilot study was qonducted to determine the
appropriate F2 rangé of s;eady-atate vaiuea'that would cover
/o/'j /U/ - /e/, as well as provide for' vowel 'boundary'
points (i.e., the values for yhic%shalf of the subjects
'reported hearing one vowel: while the other half réported
.hearing another vowel). The boundary, point values were used
for the 'ambiguous' vowels,; ' [o-U] and [U-¢]. Two .tests were

)

run, oné with Eastern Canadian speakers, and one with
Western Canaaian speakeré. Later experiments we;e to take
place in Western Canada, but it was anticipaﬁed that several
participating»Subjects“would be ffbm Eastern Canada. Thus ,it

seemed advisable to test in 5qth dialect groups. The pilot

experiments are described below.

3.1’Pi19t Vowel Experiment for‘Eaatarn and Western Canadian
Dialects
3.1.1 subjects = . . B .
- Ten hative Eastern Canadians'and nine native Western
Canadians weré,tes%edf The Easterners were high school
students from the Ottawa area and were tested at the

»

\\\\University of Ottawa. The Western subjects were graduate.

students in linquistics originally from Western Canada and’
. . ) /
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were tested at the University of Alberta. None of the

subjects had any history of,heariﬁg difficulties.

| " .
3.1.2 Stimuli

:Shbjects were tested with a syntheqic continuum of

- vowels using an implemehtqtion of the Klatt (1980) Speecﬁ
Synthesizer with a sampling rate of 10-kHz.F0/was‘at 120 Hz,
F1 was set at a constant gao Hz, and F3 was constant ét 2350
Hz, while F2 varied in twenty constant log steps which
ranged from 850-1800 Hz. (The Eastern Canadaanx ﬂgup was
also tested with 1 at 400 Hz, but a substaﬂgfiﬁjnumber of Vg
/c/ responses were heard only for the higher F1 value, and é&ﬁ
so only the results for the.higher value are reported.) All
stimuli were 200 msec long. Stimuli for the Eastern Canadian,
group were constructed on the PDP'11/34 computer at the
Phonetics‘Laboratory at Brown University and taped for
pfesentation in Ottawa, while the stimuli for the Western
Canadian group were constructed on the PD§—12 Computer at
the University of Alberta and were presented on-line. Ten
randomizations were presented‘to sybjects. Each stimulus was

3

" presented twice before proceeding o the next stimulus.

3.1.3 Procedure ’ 4

&Taped versions of the stimuli were presented to the
Eastern Caﬁadians using a¢TEACvA-7d3O tape recorder. The
Eastern Canadians wete required to write doen their vowel

respenses as either "o" for /o/, "u" for /U/ and "e" for
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L

. /e/. Appropriate English words were given as examples of

each vowel sound. The Western Canadians responded by
pressing appropriately marked switches on a switch box, and

their responses were automatically recorded. .

!

~

3.1.4 Results and Analysis
Responses of the Eastern Canadian group were
hand-tallied and scored; the Western Canadian responses were
computer scored. The results are shown in F?gure'3.[. The
[0-U] boundary for both Eastern and Western Canadian are
nearly identical (at approximately 1050 Hz). Hoﬁever, the
[U-¢] boundary for Western.Canadians is higher than that of
Eastern Canadians,-While‘Easterners change from /U/ to /¢/
at approximately 1450 Hz, the Westerders' [U-e] boundary is
at approximately 1625 ﬁz. The Western boundaries can be
compared with the vowél measurements Qf average f;umant
values of Western Canad}an English provided by Assmann
(1979). The average male /o/ has F2=980 Hz, the average male
/U/ has F2=1176 Hz, and the average male /t/ has F2=1793\Hz.
The results are alSO‘conSiste;t with Assmann's (1979)
finding that /U/'s cover a wide range of F2 valdes.
Unfortunately, to the éutﬁor's knowledge, no
meﬁsunements of Eastern Canadian English have been
previously reported. However, from the perception data
presented here, it would not be\surpriéing to find that
average Eafternlganadian /e/;s ?éve lower average F2's than

Western /e/'s ofi alternatively, that the Eastern /u/
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category covers a smaller F2 range (cf. Willisg, 1971 on the
comparison of dialect or language groups with vowel
perception of synthetic ftimuli.)

From this pilot test, appropriate formant values for
/o/, /U/ and /c/? as well as two 'ambiguous' vowels, [o0-U]
and [U-t¢] could be chosen for the 1érge scale synthetic
}experiment presented below for both Eastern and Western

/ ®
{ Canadian speakers.

4

M

g

3.2 Mﬁﬁ’ PERCEPTION EXPERIMENT: THE ROLE OF F2v

3.2.1 Subjects
Twenty-two university students were tested. All
subjects had taken at least one undergraduate linguistiés
.. course which included some practical training in phone£ic
transcription. No subjéct had a history of speech or hearing
difficulties, and all were native speakers of Canadian

English.

©3.2.2 Stimuli
Five synthetic vowels Qere synthesized using'apl
ihplémentatiqn of Klatt's (1980) software synthesizer based
on the 'Pilgt Vowel Experimént'. Stimuli were constructed on
aVPDP~12 computer with a samplin§ rate of 10 kHz. FO was set
at 120 Hz, F1=480 Hz and F3=2350 Hz for all vowels. The F2
values selected.from the pilot test wefe as fo}iows: F2=900

Hz, for /o/; F2;1050 Hz for ambiguousl[o—U];‘F2=1200 Hz for
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/U/: F2=1450 Hz for ambiguoﬁs [(Uu-¢]): and F2=1650 Hz for /c¢/.
All vowels were 200 msec ih duration.

To syntheéize the consonants of the CV syllables, F1,
F2 and F3 formaq} trajectories were appended to each vowel.
In all cafes, the F1 ondet was set at 180 Hz, with a sharp
20 msec rise to the F1 of the vowel. This was necessary to
produce a 'stop; quality to the stimuli in the absence of
bursts (see Blumstein and Stevens, 1980). A continuum of F2
and F3 onsets was synthesized for each vowel in 100 Hz
steps. All combinations of F2 onsets (F2i) crossed with F3
onsets (éBiﬁ were synthesized, except for those values wherbd
F3i.wouid be lower or equal to F2i. Onsets were chosen,
based dn pilot experiments, to enéure categorizations of’all
" three stép consonants /b/, /d/ and /g/. F2i and F3% reached
the steady-state targets in 30 msec. Transition times for F2
and F3 were identical to those in Blumstein and Stevens
(1980) synthetic stimuli. |

The formant.onset value; were as foliows: |
1. For /o/, F2i ranged from 700 Hz to 1600 Hz, and F31i
« ranged from 1500 Hé‘to 2400 Hz,.
2. For ambiguous [0-U]J, F2i ranged from 900 Hz to 1700 Hz,

—
. and F31i ranged from 1600 Hz to 2400 Hz. !

3. For /U/, F2i ranged from.900 Hz to 1700 Hz,ygnd F31

ranged from 1600 Hz to 2400 Hz; |
4, For ambiguous [U-el, F21 ranged from 1200 Hz to 1800 Hz,

and F3i ranged from 1800 Hz to 2400 Hz.

5. For /e/, F2i ranged from 1400 Hz to 2000 Hz, and F3i

<

‘-
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ranged frém 2100 Hz to 2600 Hz.
A schematic diagram of whe stimuli is shown in Figure 3.2.
Stimuli were randomized and taped for presentation. Two
randomizations were done, and an equal number ofnsubjects
were randomly assigned to listen to each\of the stimulus
sets. Each stimulus was pre;ented f'ice'

o

3.2.3 Procedure

Subjects were instructed to write down both a consonant
and vowel response for each stimulus. The consonant response
was limited to one of /b/, /d/ or /g/, wﬁiie the vowel
response was a free choice. However, sybjects were told that
they might hea: the vowels /o/, /U/ and /e/, but if they
felt that another vowel was being presented, they wére free
to respond with that vowel. Since all subjects had some

phonetic training, IPA symbols were used.,

3.2.4 Results and Analysis
) Figure 3.3 shows the consonant categorizations pooled

over subjects and vowels. The categorization data show$ that

'F2i,.F3i and F2v all affect consonant categorization. The

main findings are as follows: / |

1. For low ?év's (F2v=900 Hz or 1050 Hz), low F2i's were
heard as /g/, while high F2i's generally were. heard as .
/d/'s. However, a high F2i combined with a very low F3i

produced more /g/ responses. A rather surprising result

was that /b/'s were generally not reliably heard at any
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. of the F21 or F3i values. ' ‘
2. For F2v 1200 Hz, low F21 s were heard as either /g/ or.
".j/b/ The F31 s affected llsteners responses* for low
F2i' s, low F3i' s were heard as /g/, whlle hlgh F3i' s
. were heard as /b/. For high F21»S,‘10W'F31,S cued /g/f“
while hlgh F3i' s cued /d/ Also, /b/ responses never
" greatly. exceeded /g/ responses. ) |
3. For F2v=1450 Hz, low F21 s were heard as /v/, whlle
. ;“higher Fii's wére'heard as /g/ or /d/ Agaln, F31i was anl
| 1mportant factor. 1n stlmull wh1ch had hlgh F21. For- |
Athese stlmull low F3i's were heard as /g/, wh1le high .
hF31 s were heard as /d/

- 4. For F2v= 1650 Hz, low: F2i's were heard malnly as /b/, but

»x
o

could also be heard as /d/ i f F31 was hlghffIntermedlate

"values of F21 produced malnly /d/ respon‘esﬂ though low

C . F3i values could Shlft majorlty responses to /g/ ngh
lF21 values were heard as /g/ ' " '

The results obtalned for. F2v 1650 szare 51m11ar to
results obtalned by Hoffman (1958) for the vowel /w/ where
the F2v was approximately 1650 Hz) In the present .
experlment however, a rad1cally dlfferent synthe51s iﬁ%ﬁl
technlque was used (cascade formant synthe51s as opposed to
thelharmohlc synthe51s done by the_Pattern-Playback in
Hoffman, 1958). |

Do the results of thiS"study reflect-patterns in
production data? Both in and F3i contribute to place of - g
4 afticUlation’categorization. Thevmeasurement‘Study‘of

Lo
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Chapter Zlklso showed that F21 and F3i were d1fferent
4depend1ng on place of artlculatlon. For low F2v values, lOw
F2i' s are heard as /b/ or /g/, whlle high F2i's are heard as
/d/. In natural data measurement (see Figures 2. 8 and 2.9)
low'F2v's have low Fz;.s.fo; /b/ and /g/,[andvhlgher F2i' sl
for /d/ Thus, perceptioﬁ results correspond‘to some degree.
w1th measurement of natural data. For hlgher F2v s;
measurement showed that /g/'s had hlgh F2i's, while /d/ had p
: lower F2i's. Aga1n, the perceptlon study reflects thlS
. pattern 51nce hlgh F21bs were - heard as /g/ s whlle low

F21 S were heard as /d/'s when F2v was high (for F2v—1650

Hz). Measurement also showed that /g/'s have lower F3i's.

“h than /da/! s, and /b/'s have lower F31 s than /d/ s at the F3v -

?value which was used here - (F3v—2350 Hz), a pattern that is
also reflected in this perception study

ResultE generally concur w1th prevapus studles
} ,
-(Blumsteln and Stevens, 1980, .Cooper\et'al., 1952) though
9
in this. study, major1ty /b/ responses ‘were not. obtained for

o

'low F2v with low F2i values, as expected Blumsteln and -

v Stevens (1980), for example obta1ned a weak majorlty of /b/v
responses (over 60%) - for F2v-1100 Hz . (vowel /u/) with a

synthetlc burst present ‘and a ma]or1ty /b/ response of

- close to 80% for tran51t10n only stlmull (1 e, w1thout a -

dsynthetzc burst). However it should be noted that Blumsteln

"and Stevens (1980) also manlpulated other aspects pf the

| s;gnal, ‘'such as transition duration, which may‘also‘be .

affecting listeners' responses. In'addition,.their lowest



87

F2i appended onto this F2v value (1100 Hz) was slightly
lQWer than in this experiment (800 Hz in their'Studywas
ooposed to 900 Hz in this study). 'In this experlment,l
perhaps lover F21 s could have been 1ncluded for the vowel
sets having lower F2v's, and then more /b/ responses could
have possibly emerged. The results of Cooper‘et al, (1952)
'also showed ma]orlty /b/ responses for low F2i onsets in
front of vowels /o/ and /u/ (Whlch have low F2v' s) though
/g/ resgonSes were also frequent in the1r study. |

However, the main empha51s of thlS study was the ,

crossover Tof /d/ and /g/ responses, dependlng upon changes

in F2v. This exper1ment showed that perceptlon follows
neasured data 1n th1s regard high F21 s cued /d/, when
followed by -low F2v s, but cued’ /g/ when followed by high
. F2v's. Furthermore, this change 1n perceptlon 0ccurred
approxlmately at the F2v cutoff' p01nt that was found in-
measurement (1 €., cutoff from male measurement data in_
Flgure 2.8 was F2v—1550 Hz, change 1n perceptlon ocurred for
st1mu11gw1th_F2v—1650-Hz.) | ' |

With regard to the.'/d/e/g/ crOssoVer','the results'of‘
*thls perceptlon study corroborates Cooper et al s 11952)
results. They found that onsets before vowels hav1ng low
_QF2v s were percelved as /d/ when ‘the onsets were low and as
/g/ when the onsets were hkgh whlle onsets before vowels
hav1ng h1gh F2v s were percelved as /g/ when the onsets were

low and /d/ when ‘the onsets were h1gh In this exper1ment

usl‘ng a_comp)etely different synthes:s technique, different
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F2v values, and ha\'/vlng F3 pnesent, subjects' responses were
‘1qu1te parallel to Cooper et al 's results: For lower F2v‘s,
low onset values were heard as /g/ and high onset values

were heard as /d/,‘while for higher-FZv;s, low onset values

were heard as /d/'s and high onset values were heard as

/9/'s. S y ! I,d re
3.2. 4 1 Analy51s of Acoustlc Features
What features were beang attended to by listeners?
Certalnly, F2i, F3i. and F2v influenced llsteners stop
consonant. categor1zat10n. Could responses be’ 1nterpreted
as if subjects were somehow 'track1ng the regressmon
lines of formant onsets in relation to vowel |
steady-states? Or could SubjECtS' responses be"
1nterpreted as a response to gross spectral shape at
stlmulus onset (Stevens and Blumstéin 1980) ‘a relatlve
' change 1n‘gross spectral shape.(Lahlrl and Blumsteln,
‘1982), or perhaps,a temporai track of spectgal shapes
(Kewley~ Port, 1980)7 )
" The . fact that in thls‘%tudy the '/d/ /g/ trossover’
(i.e., change in /4a/ and /9/ responses as a functlon of
. vowel steady—state) was~Simi1ar to,the~study done by
Cooper et al. (1952) suggests that it is formant
frequency relatlonshlps that are 1mportant ~since. Cooper
et al.'s synthetlc st1mu11 were constructed without F3
and thus the onset spectral shapes could npt have been |
highly diffuse. However, eﬁaét’onset spectral shapes of
-~ their synthetic stimuli can not be-reconstrUCted'from

-~ .



89
these early experiments.
_An examination of the roles of formant information-

)

and spectral shape was dpne,for all stimuli. It is
impor#ant to néte‘that, ig cascade synthesis, the ;
f&rmant onset§4énd onset spectral shape aré not entirely
independent. 1f, for example, a stimulus had F2 and F3
formaht onsets'théﬁ were closé togéther, its onset
spectral shape would be more 'compact'. High formant
onsets would tend to produce rising onget spectra and
low formant- onsets wouid tend to produce falling
sﬁectra. Nevertheless, for%aﬁt'and spectral shape
information are treated as sebégapé cues sihce spectral
~and férmant.informétion can be ﬁade to provide
éonflicting cues when parallel sYntheéiétisvuSea
(Bluﬁstein et ai;; 1982; Walléy énd Carrel, 1983).
Inrordef to test the role of fo%mant‘ihfbrmatién(‘
‘bfedictions-of conSonahtbcategorizafions weﬁ?.madé based 
}oh thevfofmaht meésufement study of Chépter}?.;The»rolg
of:spectral shapévwas:inVestigatéd'by,fitting spectral
shape templa£es to £ﬁe synthetiC's;imuli. LPC 3-D |
»funning plpts (simiiar to those used by Kewley-Port,
_1980) of-;he.first'éq msec of each §timuli were done
using»programs.writﬁen S} Dr. T. M; Nearey.‘The window
“length was ‘'set to ‘16 héeq,‘Eight,speCtrai‘shapes were
plottéd for each stimulué,vtaken 5 héec abart, Following‘
Stevens and Bl@mstein (1979),'well—identified stimuli

were compared with non—wgl;—identified stimuli in order
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to see which features were important for listeners. If
80% or more of subjects identified a sfimulUs;as
belonging to a particular consonant category, that.
stimulus was considered to be well 1dent1£1ed or a
'good' token. If a stlmulus was identified by
-approximately half of the subﬁects as one consonant, and
by the other half as anotner consonant, that stimulus
was considered to be poonly\}dentified, of an
'ambiguous’ token. Some stinuii_were ambiguous between -
all three categories. J
,Figufes 3.4 through 3.8 show examples of stimuli

that Qere both well and’poorly‘identified for each F2v
value. Figure 3.4 shows three 'good' tokens of /go/,'
eech of which obtained 91% of the number of subjeots'
resoonses, a 'good' /do/ which obtained 95i responses
and an'example'of an 'ambiguous' stimulus between /d/
‘and /g/ (denoted as [d*g])_which‘obtained.50% /d/
responses end 41% /g/ ;esponSes. Three 'good' /g/.tokens
were chosen since they had rather different formant
onset values'and it was of intefest to compare their
‘onset spectral shapes. | W |

, Figure 3 5 shows good tokens of [go/gU] (which =
obtained 91% responses); and [do/dUﬂ (95% responses), an \3—
"ambiguous' [d- g] (45% /d/ and /q/ responses) and an N
fambiguous‘, [b- d gl (36% /d&/ and /g/ responses, 28% /b/
reSponses).~Note that for 'ambiguous' stimuli 1n‘th;s
CF2v set,.both the oonsonant;and‘vowel ere ambiguous.

s
®
o
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Vowel /E/

-

(F2v=1650 Hz)
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Figure 3.6 shows 'good' tokens'of /qu/ (82%
responses) and /dU/ (100% responses), and 'ambiguous'
stimuli [qU/bUJ (55% /g/ responses, 45% /b/ responses),
[du/qul] (50% /d/ responses and 50% /97 responses), and
[bU/qu/du] (41% /b/ responses, 32% /g/ responses and 27%
/d/ responses). Also shown is a token of /bU/ that,
while it did not meet the B0% criterion,,nevertheless
rece%ved 70% of the subjects' responses.

Figure 3.7 shows 'good' tokens of [bU/be] (91%
responses), [dU/de] (91% responses) and [qU/ge] (82%
responses), as well as 'ambiguous' [b/d/g] (4;% /g/
regponses, 32% /b/ responses and 27% /d/ responses),
"ambiguous'{d/g] (50% /g/ regponses, 41% /d/ responses)
and- [b/d] (55% /b/ responses and 36% /d/ re;ponses).lFor
"ambiguous"stimu{i in this vowel set, both the
consonant and vowel are ambiguous,

Eigure 3.8 shows 'good' tokens of /be/ 1100%
responses), /de/ (100% responses) and /ge/ (86%
responses), as well as 'ambiguous' [be/de] (55% /d/
responses, 45% /b/ resppﬁses), "ambiguous' [de/ge] 55% .
/d/ responses, 45% /g/ responses) and 'ambiguous'
'[bs/ds(ge] (36% /d/ and /gq/ responses, 28% /b/
responses). °

Inspection of these plots shows that formant onset
values, as well as onset spectral shapes, both play an '
important role in the identification of these stimuli.

The role of formant onsets in relation to the vowel
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-
steady- state w1ll f1rst be dlscussed followed by an

) evaluat1on of the gross spectral shape at stlmulus

3:2&5‘The bse of Formant Informatxon
From thexregresslon‘llnes of Figure 2.8 (male
~measurement data) predicted values of F21i and F3i.fordb; a,
and g were calculated for each F2v and F3v. (Slnce f3y,wasf

‘"kept constant, the predicted F31 remalned constant for'each

sh

o

~ tons nant category). The predicted values are -shown in Table
Re o o

3.1.

;J ooklng_a;mthose stimuli Wthh were well and poorly.
"1dent1f1ed in Flgures 3.4-3.8, it can be seen that these
rpred1ct10ns are good only for high F2v s (i. e., F2v 1650

Hz). Tables 3.2-3.6 (for F2v=900 Hz, 1050 Hz, 1200 Hz, 1450
sz ;nd'1650&Hz,?respectively)‘show the observed category.
tresponse and the‘predicted category responselfrom dhe
;hmeasurement data for each of the “oood' and lambiguous'

stlmull. The regre551on 11ne whlch had the minimum dev1at10n

'from the s 1mulus value was the predlcted category

Dev1at1on of the stamulus onset values from the regresslon
llnes were calculated 1n terms of Hz dlfference and
percentages. The F21 ‘and F3i values of. each stlmulus are

f also glven. The detalls of this examination are presented

"below,

F2v 900 Hz (Vowel /o/)

For F2v=900 Hz we would expect that a st1mulus with F21
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TABLE 3.7

Ptedigted Values of F2i and F3i From Male Formant Méasurementé;‘ :

“F2v Experiment
E

' -Z*<§¥#
Fa2v. RSV -

900 2350

F2i, - B
935 2346
1448 2525
. g 1083 - 249]

a o

1062 . 2346
1518 . 2525
g 2600 . 2491

o o B

1050 2350

200 230 . b 1190 2346
8 ~ 1590 2525
g 1398 2491

1450 2350 b - 1402 ' 234
S o | 1706 - 2525
g 1660 . - 2491
1650 2350 b 159 - 2386
S - d 1780 2s05
g 1818 2497 |



Obtained

) Good /g/
F2i=700
F3i=1600

.Géod /Q/

F2i=1000 .
~ F3i=1500 -

Good /g/
F21=1600
"F3i=1700

‘Good /d/
F2i=1400
\F3i=2400

Ambiguous
[d-g]
F2i=1100
F3i=2400

‘kuz

TABLE 3.2

Category ..

Obtained ¥s. Predicted Response Categdries From

Male Formant Measurements; F2v Experiment;

Vowel /0/  (F2v=900 Hz ) ,
Predicted : vDey{étfon
Category _ -
F2i . F3i F2i% F2i F3i
— 31 R .
G Hz % Hz - %
/b/ /b/ /b/ b =235 25.1 747 32.0
- d -748 51.7 -925° 37.0
‘g -383 35.4 ° -89 .36.0
b/ b/ /b/ be 65 6.95 8477 36.0-
- 4 -448 30.9. -1025  40.6
g -83 7.6 -991 39.8
/d) /b/ - /d/ b 665 71.1 -646 27.5
- .~ d 152 10.5 -825 32.7
g 517 47.7 -791  31.8
4/ /bJ /d/ b 465 -49.7 54 2.3
Sd-48 332 -125 4.95
g 317 20.3 =91 3.7
Jo/ /b/ Jg/ b 165 17.7. 54 2.3
S d  -348 24.0 -125  4.95
¢ 17 1.57 =91 = 3.7

' 99.

<
Y ;

F2i &

wF3d

_Hz

982
1673 .
1274

912 -
1473
1074

1317
977
1308 -

519
173
408

- 219
473 -
108



Obtained
Categorx

. Good /d/
F2i=1400

F3i=2400

Good /g/
- F2i=1000
F3i=1700

-~ Ambiguous
[d-g]

- F2i=1400
F3i=1700 -

Ambiguous

[d-b-g]
- F2i=1300
F3i=2100

- TABLE 3.3

Obtained vs. Predicted Response -Categories From - -

Male Formant Measurements; F2v Experiment; .
Vowel [0-U] (F2v=1050 Hz )

L

Predicted =~ - . . Deviation
Category = _ o
F2i F3i F2i & F2i F3i
Hz % Hz %
/d/ /b/ /d/ b 338 31.8 54 2.3
. d -118 7.8 -125 4.95
g 160 12.9 - 91 3.7
/b/ /b/  /b/ b. -62 5.8,  _646" 27.5
: - d =518 34.1° -825 3.7
g -240 19.4  -791 3.8
/d/ /b/ Jd/ Q 338 31.8 - -646 27.5
o ‘ 'd =118 7.8  -825.32.7
‘ 9~ 160 12.9  -791 31.8

/b/ e/ b 238 22.4  -246 10.5
| d =218 14,7 -425 T6.8
"9 60 4.9°

~
[{a]
~

=391 15.7 .

100



- -F2i=13000

TABLE 3.4

101

Obtained vs. Predicted Response Categories From -

,MaTe'Formaht‘MeaSurements; F2y'Experimeht;'
~ Vowel /U/ (F2v=12%0 Hz )

'Obtainéd
- Category
F2i

.~ Predicted ..
Category
F3i F21 &

F3i

. Good /b/
F2i=1100
F3i=2300 ’

/b/

‘Good /d/
“F2i=1700
F31=2400

Good /g/
F3i=1700

. Ambiguods
fd-g}
F2i=1700 .
F3i=2000

Ambi guous
[b-g] *./b/
F2i=900~
F3i=2400:

Amb1i guous
(b-d-g]

F2i=1300
F3i=2000

/b/

/d/
/bl

/d/

/b/

~/b/

/b/+

/b/

/b/

/b/

/b/

/d/

/b/

/d/
/b/

n/b/-_

oo wao waoc

O a o

v oo

v o o

F2i

- Hz

-190
=490
-298

510
110
302 .

M0
©2290.
~-98

510
1o
302

-290
- -690
-498

110
290
_98

42.
21,
24,
43
35.

LW

A0 O

oMW

(oA l¥ e RVe] oN W

(SR SR

-492

Deviation
CF3i
Hz r
46 1.9
2225 8.9
2192 7.7
56 2.3
2125 4.95
L9l 3.7
646 27.5
825  32.7
-791  31.8
36 14.7
-525  20.8
-492 19.7,
54 2.3
2125 4.95
291 3.y
346 14,
525 " 20,
19,

TN oo~

F2i &
F3i -

F

236
715
490

564

235
393

756 .
1115
889

856
635
794

344
815
589

456

815
590



Obtained
Categorx.

Good /b/

F2i=1200 .

F3i=2000

Good /d/
© F2i=1600
F3i=2400

Good /g/
F2i=1700
F3i1=1900

Ambiguous
[b-d] -

F2i=1500
F3i=2300

‘Ambiguous \

[d-g]
F2i1=1600

F3i=2000 -

n‘Ambiguous

[b-d-g]
F2i=1500
 F3i=1900

fTABLE3.5-

i

Obtained vs. Pred1cted Response Categor1es i‘

Male Formant Measurements F2v Experiment;

Vowel [U-€]  (F2v=1450 Hz )
Predicted Deviation -
Category ' - :
Fi F3i F2i & F2i F3i
F3i . .
Hz % Hz. g
/bl /b/ /b/ b =202 14.4 -346 14.7
- d =506 29.7 :525 20.8
g -460. 27.7 -492 19.7.
/9/ /b/ Jg/ b 198 141 - 54 2.3
S d -106 6.2 -125 4.95
| 9 60 3.6 -91. 3.7
/d/ /b/ [deg] b~ 298 21.3 -446 19.0
g d =~ -6 0.4 -625 24.8
9 40 2.4 591 237
/b/ /b/ /b b 98 7.0 -6 1.9
© o d -206..12.1° -225 8.9
g -160" 9.6 -192° 7.7
/a/ /b/  /b/ b 198 14.1  -346 14.7
- ' ~d =106 6.2 -525 20.8
g <60 3.6 -492 19.7
/b/ /b/ /o b 98 7.0 .-446 19.0
' ©d -206 12,1 -625 24.8
g -160 9.6 -591 23.7
J

102

Foi &
F3i

'Hz

1031
952

1.
231

151

744

631

- 144

431

631

352 .

. 544

631 -
552

- 544

" 831

', 751
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» . Obtained vs. Predicted Response Categories From

Male Formaﬁt Measurements; F2v Experimént;
- Vowel /€/  (F2v=1650 Hz )

“Obtained Predicted " Deviation
Category  category | r
- F2i F3i F2i &  F2i F3i. . F2i.&
- L CF3i
- _Hz %  Hz 4 . Hz
‘Good /b/ - /b/ /b/ /b/ . b -129 8.4 146 6.2 275 -
% F2i=1400 . - d -380 21.3 -325 12.9 705
\ i F3i=2200 09 =418 23.0  -291 11.7 709
Good /d/ /d/ /d/ /d/ - b 171 11.2 254 10.8 425
F2i=1700 d -8 4.5 75 3.0 155
F3i=2600 - | g -118 6.5 109. 4.4 227
Good /g/ " /g/ /b/ /9/ b 471 30.8 . -146 6.2 617
© F2i=2000 - . d 220 12.4 . -325 12.9 545
F3i=2200 . .. S g 182 10.0 . -291 11.7 473
Ambiguous , 1 ' - » ' _ o
[b-dl* - b/ /9/ /b/ - b -29 1.9 154 6.6 1183
F2i=1500 . d -280.15.7 . 25 1.0 305
© F34=2500 . g -318 17.5 9 0.4 327
Ambiguous DT ,
[d;g% ©/9/ /b J9/ b 371 24.3 54 2.3 425 .
F21=1900 d 120 6.7 -125 4.95 245
F3i=2400 g 8 4.5 -91 -~ 3.7 173
Ambiguous' : ' | » - ' :
[bsd-g]  /df /b/ /b/ b 171 1.2 =146 6.2 . 317
F2i=1700 . d =80 4.5 °-325 12.9 405
g -118 6.5 7 409

F37=2200 =291 11,

3
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.close to 930 Hz and F3i close to 2346 Hz would provide a
clear /b/; in fact, we find no majority /b/ responses in
this whole set. The stimulqs with.the'closestvformant |
requlrements for predlcted b in fact ylelds either a
majority /g/ response or an amblguous [d g] reponse.
Cleaﬁgy, subjects are not solely re1y1ng on formant patterns
from measurement as reflected in the regre551on model

However, the stlmulus onset values that were” used here

are not actually found in actual measurements of stops (see »

Chapter 2 where none of the measured data had such low onset
values ) Thus, the /b/. predlctlons for stlmull hav1ng these
" low onset values were based on+an extrapolatlon of the /b/
regre551on line. It is also interesting to note that where,,l
thereﬁyas'a 'gap' of.F3i‘vs. F3v measured valuesvfoﬂ‘/b/
~stops (i. é;, at low F3i and F3v levels) subjects respond_
‘with major1ty /g/ responses, thus, the scarc1ty of /b/
responses may be related to the lack of low F3 values for
-,/b/"s in natural data. °* (The scarc1ty of /b/ responseS‘ln‘;'
general will be more fully dlscussed below, ) |

‘The /q/ responses for this set also do not c01nc1de
wlth predicted formant values of g. Three.examples of goodl
/g/ s are shown in F1gure 3.4. Two of‘these'/g/’s have F2i
‘and F31 values that 11e closest to the b regre551on line
(i. e., category response would be predlcted to be b). The

other 'good' /g/ has FZ; value closest‘to d, and F3i. value

*More complex models of the d1str1but1on of natural data
might hold some promise. Such models, however, are beyondg
the scope of the present work :
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closest to b. However, the second choice predicted by both
F2i vs. F2v and F3i vs. F3v for all three examples of 'good' .
/9/ is g.

| The F2i of 'ambiguous'’ [dfg]‘is‘closest to predicted g,

thoﬁgh this value does fall beéween the predicted d and g

-

values.
- F3i predictions for all of these stimuli favor /b/.
3 , .

Thus for this vowel set (F2v=900), correct predictions based
oﬁ.FZi formant measurmentsvare obtained only for 'good' /d/
‘and 'ambiguous' [d-g], while predictions based on F3i
formant measurements are thaiﬁed ohly for fhe /b/ stimuli(

Predictions based on both F2 and F3 information A

combined are also presented in Table 3.2 for fhis vowel- set.
The absdlute va1ues of‘the deviations in Hz from_both;FZi

vs. F2v aﬁd>F§{ vs. F3v ére:summed:.the category for which

the smallest §alue is obtained 1s considered to be the
'predicted/ cateéory. Results show that, in all cases for

this vowel set, the predicted éategory from F2i information
alone and the‘predicted“categéry from F2i and F3i ' ’ A

information combined are identical.

F2v=1050 Hz (Ambiguoué»VQQel [o-U])

For F2v=1050; wé would predict that a stimulus with F2i=1062
ﬁé and F3i=2346 H# would obﬁain-a>majority /b/ responsé;
again we find few /b/vresponses for‘any,of these stimuii. -
’Thé only stimulus that showed sbmer/b/ responseé wasbthe

stimulus having an F2i value of 1300 Hz and F3i value of {5\

2100 Hz and was ambiguously identified as either /b/, /d/ or
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N

/g/, for this case, F2i is closest to predlcted F2i of g, “

.an? F3i is closest to (although lower than) the predlcted
F;l of b. .

The ambiguous [d-g] stimulus ﬁad F2i=1400 Hz, whieh is
closest to predlcted d, although it 11es between the |
'predlcted d and g values. agaln, the amblgu1ty may be due to’
va}ues which are between two regresslon lines.

The"éoed /q/' stimulus had F2i=1000:Hz, which is
" closest tO'ﬁredicted b, and F3i=1700 Hz, which is mich lewer
than any of the predicted F3i values»for b, d, or g (but is
closest to b). For this vowel set, as in the previOus set, b
predictions are heard as /g/ s,,though second ch01ce |
predictions are for /g/'s. The 'good /d/' in this se;ies had
| F2i=1400 Hz and F3i=2400 Hz; here, F2i is closest tplthe ‘ ¢
predicted F2i value of d. | | | |
| Agaln, F3i predlctlons favor /b/ responses for all
these stimuli. However, second choice predlctlons'from,FBi
information (as indicated by the second'smallest'velue in
dev1at10ns from the regress1on 11nes) are for /g/'s.

» © Thus for this set of stimuli (F2v=1050 Hz), predicted.
" F2i values are obtained for the gooa /d/ and‘émblguous [a- g]
cases, but are not obtained for the /b/,orm/g/ responses. As
in ehe;the’previous<§gv set, F3i predictions are obtained
only for the /b/ stimuli.
‘Pqediqeionsvfor.FZisand F3i combined‘(shoﬁn in Table
3.3) are identical to F2i predictions:for all stimuli in

this vowel set.
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F2v=1200 Hz (Vowel /U/)

For F2v=1200 Hz, /b/ is predicted for a stimulus with F2i
near 1190 Hz and F3i near 2347 Hz; the stimulus value with.
F2i=1100 Hz aﬁd F3i=2300 Hz in fact gets over 70% /b/ r
responses, which closely follows the expected result.

The 'good'./d/ stimulus has F2i=1700 Hz which'is
closest to the predicted F2i value of d. The good /9/
stimulus (F2i=1300 Hz and F3i=1700 Hz) has both F2i and F3i
closest to the predicted b Qalués.vThus, for the 'googd' '
stimuli, F2i predictions are correct for /b/ and /d/, but
not. for /g/ and F3i predictions are bnly correct for /b/. C}

The F2i of the ’;mbiguous' [d—g]létimg}us is closest to ’
predicted d.‘The.;ambiguous‘ {b-g] stimulué (F21=900 Hz,
F3i=2400 Hz) has in'and F3i values closest tovp:edhcted b.
The ‘ambigﬁous' tb—d—g] Stlmﬁlus (F2i=1300 Hz, F31=2000 Hz)
also has F2i and F31 values closest to predicted b. Here,
the 'ambiguous' stimpii show at least one of the response
categopies'predictéaugy F2i while F3i predicﬁions again
con51stently predlct a /b/ response for all of the stlmull.
Thus the F2i vs. F2v regre551on lines (of Figure 2.8) seem
to makesbEtter predlctlons of category response than do the
F3; vs. F3v regression lines.

-Predictionslfrom.FZi and F3i combinéd are identical to
the predictiohs of FZi..It is intefesting to note that for
all vowel sets with lower F2v's (i.e. F2v=1200 Hz or less),

- the comblned F21 F3i pred1ctlons were 1dent1cal to F21

predictions alone;



\ : | 108

F2v=1450 Hz (Ambiguous [U-g] Vowel)

/ o .
For F2v=1450 Hz, the F2i of 'good' /b/ (F2i=1200 Hz), lies
closest to predicted b..quevér, the 'good' /4/ is predicted

,J’
%, be g and the 'good' /g/ is predicted to be d. However,

“Re d and g ‘predictions are very .close to each other here
(only 46 Hz apart as shown in Table 3.1). As in the preyioué
‘'vowel sets, F3i predictions consigtently favor /b/'s.

The F2i of 'ambiguousfX[b-d] (F2i=1500 Hz) lies closest
to predicted‘FZi of b but lies between b and d.ﬁSimilarly,
‘the F2i of 'ambiguous' [b~d—g]‘(FZi=1500 Hz) lieq'closest'to
preaicted b but lies between b.and g). Thus, for this set of
F2v values; reasonable F2i predictions are supported for the
'good' /b/ stimulus and the 'ambiguous' [b-d] stimulus, but
the F3i predictions are not géod. |

Pfedictions from F2i and F3i combined are shown in
Tagble 3.5. The only predictions wﬁich.are different from
predictions obt&iggé Qith'in alone are\fof'the 'good' /g/
and ambiguous [d-g] stimuli. Combined F2i and F3i predictsx ?
the 'good' /g/ stimulus would be‘ambiéuoﬁs between /d/ and’ '
/a/, Qhereas the F2i predicts that subjects wqﬁld hear this:
stimulus as a /d/. Thus the combinéa pfédiction seems to be
a slightiy more appropfiate’measure fdr‘this particular
case. Ho&ever, the 'ambiguous [d-g] stimulus is predicted by
F2i t6 be heafd as a /g/, but the combined F2i and‘F3i
prediction is that subjects would hear this stimulus as a 
»/b/. Thus, for‘this case, the F2i prediction alone‘seems3t0"

be slightly,more agpropriate.- o ’
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F2v=1650 Hz (Vowel J&/) | _ )

For F2V*1G§Ovﬂaq ~#he F31 vs. F3v lines make better
predlctlons than for the other F2v sets. In fact, this is
the only set of stimuli where both F21 and F3i make fairly
good predlctlons. The 'good' /b/ stlmulus (F2i=1400 Hz,
F3i=2200 Hz) has both F2i -and F3i closest to predicted b.
vThe ;good' /d/ stimulus (F2&=1700'Hz,.§3i;2660 Hz) has both
F2i and F3i closest to predicted d. The "good' /g/ stimhlus.
(F2i=2000 Hz, F3i=2200 Hz) has F2i closest to predicted.g, =
but F3i_closest to predicted b.

| Thel'ambiguous' [b—d] stimulus (F2i=1500 Hz, F31i=2500
Hz) has F2i closest to,prediéted b, and F3i is closest'to-
predicted g'(buf falls between d and g). The 'ambiguous'
[d- g] StlmUlUS (F2i=1900 Hz, F3i=2400 Hz) has F2i closest to
predlcted g. The | 'ambiguous' [b-d-g] stimulus (F2i=1700 Kz,
F31=2200 Hz)"has F2i élosest toipredictéd d (though it falls
between‘d and b, Yand F3i closest to~pfedicted b. | |

Prédicfgons from combinéd F2i and F3i are idenEical to’

preaictions from Féi*alone except for the 'ambigubus'

[b-d~-g] stimulus; here, F2i‘prédicts that’;ubjects wil{ hear
ja /d/, while the combined F2i and F31i prediction is that
sUbjécts will hear a /b/. For this case, it is difficult to
say whlch of the two types of predlctlons are more | |

appropriate, since the actual stimulus was amblguously heard

as either /b/, /d/ or /q/.

i
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3.2.5.1 Summary of Formant Information

Formant information, at least as reﬁresented by the
regression liéés of Figure 2-.8, is clearly not the only
information that l{steners attgnd to when they must
ca&egorize the'place of articulat;on in stop consonants.
Considered separately, F2i vs. F2v predictions are
ciearly better than F3i vs, F3v predictions. For low
F2v's, the F3i predictions consistently predicted a /b/
category response, whereas listeners responded with |
other categories (mairly /q9/'s). The formant predictions
for F2i"and F3i 4re very good only at high F2
steady-state values (e.g., F2v=1650 Hz.)

When  F2i and F3i information i; combined, the
predictions are almost identical to the predictions
;obtained from.FZi aloﬁe. It is thus reasonable to
éuppose that, if subjects are relying on formant
.relationships as rgpresentéd by the regression lines,
F2i ;ould be a 'stronger' cue than F3i (a¥ least for
these stimuli). In fact, F2i made many more correct
predictioﬁ§¥§pan did F3i, when F2i and F3i were
considered separately. .

This stddy showed the extent to which a
formant-based prediction of consonant category responses
is correct. The specific failures of formant-based
information were aiso addressed. In the following ‘

section, the role of spectral shape information is ~.

discussed.



3.2.6 The Use of Spbbtral Shape Informat1on
The role of spectral 1nformat1on_w 1 be dlscussed in
terms of threevprevions'stoélesa - |
T. the Steven s and Blumsteln templates (1979)
2. Lahiri- and Blumsteln templates (1981) and-

3. Kewley Port features (1980).

3. ,2.6. 1 Stevens and Blumsteln Templates
Tables 3.7-3.11 show the predlcted vVS. obtalned
category responses usxng Steven s and Blumsteln K- dnset
spectral shape templates for vowels /o/, [o ul, /u/,
[U-s], and /s/,,respectlvely A /b/ response %s
' prgdicted when the~onset spectral shape is diffuse
"wfalllng, a /d/f response is pred1cted when the onset
.spectral ‘'shape is dlffuse rising; a /g/ response 15,
predicted when the onset spectral shape 1s compact in
the m1d frequency range.
The Stevens and Blumsteln templates were - f1t to the
B 'onset spectra in F1gures 3 4-3.8. If more than one
-.template.fittan'onset-spECtrum,*that stimulns.was
'considered'to have'an hambignous"prediction.
The results in Tables 3.7-3.1%v show that these
onset spectral shape templates made. good predlctlons
only for the stlmull set which had hlgh F2v's. For

st1mu11 hav1ng lower F2v' s these templates{correctly

predlcted‘ good‘ /g/ s when the formant onsets'gg these

stimuliawere close together (less than 500 Hz apart).

However, it is important to keep in mind that'formant;

;
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- TABLE 3 7

Pred1cted Regponse Categor1es From Stevens

112 -

and B]umste1n Onset Spectra1 Shape Templates F2v Egggr1ment, .

pre] /o/

(FZV 900 Hz )

/" .

 !0biéined Category
. Good /g/,_'”

L F2i=700 =
F3i=1600°

: GOOd /g/
F24=1000

F39=1500

‘Good /g/

F2i=1600
. F3i=1700
'~ Good /df

F21=1400

F3i=2400

‘Ambi guous

- [d-q]

F2i=1100

F31=2400

b/

b/
T

- /b/

'Preditted‘cétégory

-y .

B

. Features

compéct
diffuse

.+ diffuse

compact
diffuse

+ diffuse

- ~¥ Compact

:diffuse
diffuse

. //’ .
coqpact

diffuse

- compact
diffuse.
+ diffuse

‘diffuse.

4 .

C,

rising.
falling

risigg .,
B
risfnd
falling =

rising

falling

rising.
fa]Ting
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. » TABLE 3.8 » |
Obtained vs. Predicted Response Categories From Ste&ens
and Blumstein Onset Spectral-Shape Temp1étes;,F2v Experiment ;
| * Vowel [0-UT (F2v=1050 Hz ) -

~ Obtained Category . Predicted Categony' | "Features

Good /d/ | Y - compact -
F2i=1400 - _ - o - - diffuse rising
F31=2400 | - | + diffuse falling

~ Good /g/ ’ /b/ - compact
F2i=1000 o o ¢ < diffuse rising s

- F3i=1700 | | -+ diffuse falling
Ambiguous - . .

- [d-g] , e/ + compact
$2i=1400 B 7 - diffuse rising
F3i=1700 D | .- diffuse falling
.Aﬁbiguous - . : :
[b-d-g] , ' /b/ : , - compact -
F2i=1300 | e - diffuse rising

F3i=2100 457 . - | -+ diffuse falling

ar
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- ‘ TABLE 3.9 '
Obtained vs. Predicted Response Categories From Stevens
and. Blumstein Onset §pectra14$hape'Tempiates; F2v Exberiment;'
| Vowel /U/ (F2v=1200 Hz ) - - |

3

Obtéined Categony Predicted Category Features
Good /b/ _ - S
(70%) - /b/ .. - compact i
F2i=1100 : ' R ‘ - diffuse rising
F3i=2300 , . : _ + diffuse falling
, ) . 2 .

© Good /d/ - /b/ : .- compact
F2i=1700" - : : - diffuse rising -
F3i1=2400 om ' + diffuse falling
Good /g/ /9/ + Compéct :
F2i=1308* Y : - diffuse rising
F3i=1700 , _ - diffuse falling
Ambiguous : ’ ’
[d-g] /9/ % + compact =
F2i=1700 ‘ - diffuse rising
F3i=2000 : , - diffuse falling
Ambiguous : K

“[b-g] /b/ - - compact
F2i=900 ‘ _ - diffuse rising
F3i=2400 : , ' + diffuse falling
Amb i guous S ; ' '
[b-d-g] oo~ Ib/ : g - compact
F21=1300 T \ - - diffuse rising

- F3i=2000. | & + diffuse falling



TABLE 3.10 :
" Obtained vs. Predicted Response'Categories From Stevens

115

and Blumstein Onset Spectral-Shape Templates; F2v Experiment;

" Obtained Category

Vowel [U-£] (F2v=1450 Hz )

Good /b/
F2i=1200
F3i=2000

~ Good /d/
F2i=1600
F3i=2400

N ////T;;:a /a/
: F2i=1700.

F3i=1900

"~ Ambiguous

- [d-b]
F2i=1500
F31=2300

Ambiguous
[d-g] -

F2i=1600
F3i=2000

Ambiguouéi :
[b-d-g]
F2i=1500

F3f&1900 - -

ngdicted Category .

/bl
/b/
/9
/b/ .
/9/

K /9/"

Features

compact
diffuse

+ diffuse

compact
diffuse
diffuse

compact

diffuse
diffuse

compact
diffuse

+ diffuse

compact

diffuse
diffuse

compact

- .diffuse

diffuse

rising
falling

rising

falling

rising
falling

rising '
falling

rising
falling .

rising.
falling
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Predicted' Response Categories From Stevens
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and B]umste1n Onset Spectral-Shape Templates, F2v Exper1ment,

- Yowel /&/ gf2v~1650 Hz )

Obtained Categony

Good /b/
F2i=1400
F3i=2200

Good /d/ -

F2i=1700
F3i=2600

Good /g/
F21=2000
F3i=2200

Ambiguous
[b-d]
F2i=1500
F3i=2500

Ambiguous

[d-g]-

F2i=1900
F3i=2400

‘Ambiguous
[b-d-g]
F2i=1700
F3i=2200

N

R

b/

;

I

/g/ '
[b-d]
/b

[b-d-g]

Prediéted Category -

+ diffuse
-~ diffuse

Features -

compact- -

- diffuse
+ diffuse

cohpact

compact, -
- diffuse
'diffuse

: compéct '
- diffuse

diffuse’

~compact

diffuse
diffuse

rising
falling.

»r1s1ng

fa1]1ngv"

rising

falling

risjng.
falling

rising
falling

compact

.diffuse
diffuse

rising
falling
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- onsets and onset'spectral shape are’not independentain
“ cascade synthes1s. The F2 and F3- formant trans1t10ns
- were manlpulated 1ndependently,»but the onset spectral
shape was not an 1ndependent var1able. The dlffuse
falllng templates fit many ‘of the stlmull,,51nce the
stimul{ were synthe51zed with wvoicing at stlmulus onset,
Jhow1ng to the cascade synthesis technlque and the glottal.
source spectrum, this generally resulted in falllng
spectra at StlmUlUS onset. It should be noted that only »
two synthetlc st1mu11 f1t the diffuse. rlslng template |
(for F2v=1600 Hz) If ‘dlffuse r1s¢ng (as def1ned by
Stevens ‘and Blumsteln templates) is a cue for /a/" s,';
,none of these synthetlc stimuli at lower F2v's should
>have been heard as /a/" s,\51nce they had d1ffuse falllng
spectra. However, majority responses to. /d/ were found
~even when the onset spectral shape was d1ffuse fall1ng
It is 1nterest1ng to note that st1mu11 which were
categorlzed as 'good' /d/ S were: often predlcted to be
/d/'s by formant parameters, but were, pred1cted ‘to be .
'/b/ s by the templates. Thus, formant parameters seem to
- make better predictions for good‘ /d/ s than the |

Stevens‘and Blumstein templates.

3.2.6.2 Lahiri and Blumstein Ratios v
Tables 3.12-3.16 show'the obtained and predicted

response. categorles from the rat1o values proposed by

Lahiri and Blumsteln for vowels /o/, lo- U], /U/ [U e]

P”and /e/,_respectlvely Lah1r1 and Blumsteln used a
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'Obtained VS.

~ TABLE 3.12 -

v

Pred1cted Response Categories From -
Lahiri and Blumstein Features, F2v Experiment;

Vowe1 /o/ jva—9OO Hz )~

0bta1ned Category

Good /g/
F2i=700
F3i=1600
Good /g/
F2i=1080
F3i=1500 -

Good /g/
F21=1600

Y F3i=1700

“Good /d/
F2i=1400

- F3i=2400 .
Ambiguous [d-g]
F2i=1100
F3i=2400 -

'Pred1cted Category.

ol
. ” /ol
‘l/b/':
o/

A

Ratio Va]Ue

‘1.16_.
.89

00
.?9

75

118
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Obtained vs. Predicted Response Categories From
- Lahiri and Blumstein Features; F2v‘Experiment;
. Vowel [0-U] (F2v=1050 Hz )

., . Obtained Category Predicted Category | Rétio Value
- Good /d/ | |
F2i=1400 S /b .93
F3i=2400 ' '
.~ Good /g/ S : - ,
F2i=1000 - . b/ e

F3i=1700

Ambiguous [d-g] _ - _
F2i=1400 = - b/ .42
F3i=1700 o '

| Ambiquus [b-d-g] : : _ . ,
F2i=1300 N T, | .76
F3i=2100 ' ’ '

g—
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| ~ TABLE 3.14 .
Obtained vs. Predicted;Response Categories From
Lahiri and Blumstein Features; F2v Expériment;

Vowel /U/ (F2v=1200 Hz ) | |

Obtained Category Predicted Category Ratio Value

Good /b/ - |
- F2i=1100 o /b/ - e
F3i=2300 ‘ ' A
Good /d/ | o |
F2i=1700 - /b .63
F3i=2400 '
Good /g/ , T o ,
F2i=1300 - /b/ 1.27
F3i=1700
 Amngdou§ [d-gF _
F2i=1700. - /b/ ' 1.11
F31=200Q o
' AmeguOUs [b-g] , _
F2i=900 . - | - /bl , .82
" F3i=2400
~ Ambiguous [b~é-g] D ) . _
F2i=1300 o | /bl ’ "1.13
- F3i=2000 |
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‘TABLE 3.15 . - " ‘
-~ Obtained vs. Predicted Response Categories From '

Lahiri and Blumstein Features; F2v Experiment; -

- * Yowel [U-€] (F2v=1450 Hz )

Obtained Category ‘Predicted Category  Ratio Value
Good /b/ ' . ‘ .
F2i=1200 ' /b/ 1.24
F3i=2000 = | .

Goqd /d/ . _ .
F2i=1600 : , /b .65
F3i=2400 | |

Good /g/ ‘ ) |
F2i=1700 /b/ 2.71
F3i=1900 A ' | . o
Ambiguous [d-b]

F21=1500 | /b/ | . 88
F31=2300 ,
Ambiguous [d-g] v

F2i=1600 . ) /b/ 1.0

F3i=2000

7

Ambiguous [b-d-g] .
F2i=1500 . , /b/ ” : 1.5
F3i=1900
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‘ . TABLE 3.16
Obtained vs. Predicted Response Categories From.
Lahiri and B]umsfeih Features; F2v Eprniment;
Vowel /€/ (F2v=1650 Hz )

Obtained Category Pfedicted_Categoﬁy Ratio Value

Good /b/ | | |

§31=1400¢ \ /b A .88 ;
F3i=2200

Good /d/ . _ .

F2i=1700 : /d/ | .48 -
F3i=2600

Good /g/ , : '

F2i=2000 /b | 1.4

F3i=2200 '

Ambiguous [b-d]«' , , \

F2i=1500 - /b/ 65 ©

F3i=2500 )

Ambiguous [d-g] N

F2i=1900 | /b/ .80
F3i=2400

Ambiguous [b-d-g]

Fi=1700 - ' - /b/ 71
‘ F31=2200
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revised definition of 'diffuse falling' and 'diffuse \
rising' (though they did not discuss the feature
'compact'). This revision was done in order to account
for French alveloar and Malayalam dental and alveolar
stéps. Alveolars, tﬁey suggested, had a 'predominance of
high frequency energy at the onset relative to the
latér—occurring energy distribution at the onset of
voig}ngi, while for labials, 'there does not seem to be*
a change in‘thg relative distribution of energy in the
high ana low fréquencies from the bﬁrst rélease to the
oﬁset of voicing'. Thef 'drew a line' getween the F2 and
F4 peaks of the %&rst’spectrum and the épectrumpat
voicing onset; the ratio of the difference ih e;ergy ’
from the burst to theionset of voicing was then
calculated, using 1500 Hz for the 'low' frequency and
3500 Hz for the 'high' frequenéy. 1f tﬁe ratio was
greater than .5, this indicated a labial consonant. An
alveolar consonant had a'ratio less than .5 (or a
negative value).

Although the synthetic stimuli did not have a
.disxinéfjbufst and voiéing Onéet~was always at stimulus
’onset, the Lahiri and Blumstein ratios were calculated
for these stimuli using the onset spectrum af_the &
'.burst' spectrum and the specrum after four frémes (20
msec) as the “voicing onset' spectrum. It was felt that
if these.ratios are important cues, they should be

)
5

apparent in synthetic stimul¢*-hs well as natural
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o . .
stimuli; subjects, after all, were able to categorize
the syn;hetic stimuli, so it is not unreasonable to
check ratio values for these stimuli, These ratios’are
really only designated as alveolar and labial cues;
however, all of the well and poorly identified stimuli
vwere analyzed, }ncluding velars.

As can be seen in'Tables 3.12 - 3,16, these ratios
'qorrectly predict only one 'good' /d/ stimulus, and make
/b/ predictions for all other stimuli. Again, the high
ratios reflect the falling spectral patterns of these
synthetic stimuli:.due to the voicing excitation and low
F1 at stimulus onset, résulting’in a falling spectral

shape due to the cascade synthesis technique. It was

felt that if these ratios were important cues to
" ,

consonant cated@ization, the proper ratios for 'good'

- tokens should]
5

3.2.6.3 Kewley—é;rt Features

Tables 3.17-3.21 show predicted vs. obtained
response categories from Kewley-Port's features
(Kewley-Port, 1980), for vowels /o/, [o-ul, /u/, [U-¢],
and /e/, respectively. These features are:
1. ‘rising vs. falling onset speqtral shape,
2. léte onset of low frequency energy and
3. mid-freguency peaks over time.
'Late onset of low frequency energy' isvessentially a
measure of VOT (voice onset time!. Since all the

synthetic stimuli had 'voicing' immediately at stimulus
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o o TABLE 3.17
~ Obtained vs. Predicted Response Categories From

.oKew1gx¢Port?Features; F2v Experiment;

: ~ Vowel /o/ . (F2v=900 Hz )
Obtained - Predicted - v ‘ Features
Category Category - ‘
;... . ‘ X . R ‘-‘-':
‘Good /g/ | /b/ , + Falling spectrum v
F2i=700 = . _ ' - Late onset of low frequency energy
v F3i=1600 - - - Mid-frequency peaks over time
: Good'/g/ ' /b , . + Fa111ng spectfum .
F2i=1000. S - Late onset of Tow frequency energy
F31=1500 P - 5 Mid-frequency peaks over time
viedod /9a/ h /g/ o + Fai]ihg specfrumf
-F21=1600 PR - + Late onset of low “recuency eneragy

- F3i=1700 . - .. '+ Mid-frequency peaks over time

~ Good /d/ ~  /b/ f +'Fa111ngvspéctrdm '

- F2i=1400- o " - Late onset of iow frequency energy
-F3i=2400 = . S --Mid-frequency peaks G/er time
Ambiguous L o - -

[d-g] - /b/ | + Falling spectrum

"~ F2i=1100 S - Late onset of low frequency energy

F3i=2400 SN 3 A‘Midrfreguency'peaks over time .
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‘TABLE 3.18 - R
Predicted Response Categor1es From ’

" Obtained
Category

Good /d/

F2i=1400
F3i=2400

Good /g/
F2i=1000
 F3i=1700

Amb1iguous

[d-g]
F2i=1400
 F3i=1700

~ Ambiguous

[b-d-g]

_F2i=1300

F3i=2100

Kewley- Port Features, F2v Exper1ment

Vowe1 [o u] j;Zv 1050 Hz )

Predicted
Category

/®/
Y
/b/

/b/

: Features.:

fFa111ng spectrum
- Late onset of low frequency energy
A M1d frequency peaks over time .

Fa111ng spectrum

- Late onset of low frequency energyf
- Mid- frequenCy ‘peaks over time -

LR

Falling spectrum.

- Late onset of low frequency energy

M1d frequency peaks over time

Fa111ng spectrum '

- Late onset of law frequency energy

Mid- frequency peaks ‘over time -
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TABLE 3.19

Obtained.

Category..

| Good /b/

(70%)
F2i=1100.

‘F3i=2300

" Good /d/

F2i=1700

- F3i=2400

Good /q/.
F2i=1300

© F3i=1700°

'Ambi%uous
[d-g

F29=1700

F3i=2000

~ [b-g]
F29=900
'F31§2¢00

‘Ambiguous

[b-d-g]
F21=1300

'F3i=2000

Predicted Response Categor1es From
Kewiey,Port Features; F2v Experiment;

Vowel /U/

(F2v=1200 Kz )

Ambiﬂuous_ -

Predicted
yvﬁategory

/b

/b/

/b
By
Ve

by

Features

[

Falling spectrum

Late onset of low frequency energy' '

Mid- frequency peaksvover_t1me

Falling spectrum

- Late onset of low frequency energy

Mid=frequency peaks over time

_ Fa]]ing spectrum
- Late onset of low frequency energy

Mid-frequency -peaks over time

Fa111ng spectrum . o

- Late onset of Tow frequency energy
Mid-frequency peaks over time

Falling spectrum

- Late onset of low frequency energy

Mid- frequéncy peaks over time

Fa111ng spectrum

- Late onset of low frequency energy

Mid-frequency peaks over time
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- . TABLE 3.20 4 :
Obtained vs. Predicted Response Categories: From

F3i=1900

Kewley-Port Features; F2v Experiment ;

R

'Mid-frequency.peaks over time

Vowel [U-€] (F2v=1450 Hz )
Obtained Predicted ' Features
Categorz Categorx ‘
" Good /b/ " /b/ + Falling spectrum
F2i=1200 - Late onset of low frequency energy
F3i=2000 - MTd-frequénngpeaks over time
Good /d/ /b/ + Falling spectrum . o :
-F21=1690 - - Late onset of Tow frequency energy
F31=2400 - -:é - Mid-frequency peaks over time
Good /g/ VR g) + Falling spectrum .
F2i=1700 - - Late onset of low frequency energy
F3i=1900 ‘ Mid-frequency peaks over time -
: vAmbf uous h - S
[d—b% . /b/ + Falling spectrum _ S
F2i=1500. - ° : - Late onset of lTow frequency. energy
F3i=2300 =« - Mid-frequency peaks over: time R
Ambiguous : _ : B % o
- bd-g] /b/ + Falling spectrum S
F2i=1600 ' - Late onset of low frequency energy
F3i=2000 - Mid-frequency peaks over time.
<AmbfguoUs - » S L
[b-d-g] /b/ + Falling spectrum - el
F2i=1500 - Late onset of low frequency energy$®.

-
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TABLE 3.21
Pred1cteghResponse Categor1es From

Obtained

Category

Good /b/
F21=1400
F3i=2200

Good /d/

F2i=1700

© F3i=2600

is

~ Good /g/

F2i=2000
F3i=2200

' AmbiQuOus

- [b-d]

F21=1500
F3i=2500

Ambiguous
[d-g]
F21=1900
F3i=2400

Ambiguou§

[b-d-g]
F2i=1700
F3i=2200

Kew1ey Port Fe&fﬁ?es, F2v. Experiment;

Vowel /€/  (F2v=1650 Hz )
“Predicted
-Category‘
/b/ +
Cyd +
/9/ +
/b/ +
brd]
. .
/b +
{

O
Features \ \m'\

Fa]]inq épectrum '
Late onset of low frequency energy:
Mid-frequency peaks over time

Rising spectrum

Late onset-of low frequency energy :

Mid- frequency peaks over time

Falling spectrum
Late onset of low frequency energy .
Mid-frequency peaks over t1ne

g

Falling spectrum '
Lapg onset of low frequency energy
Mid= frequency peaks-over time - -

7

~ (+ Flat spectrum) -

Late onset of low ffequency energy'
Mid-frequency peaks over time
\ - R C

Fq%%qng spectrum .
Late onset of low fre ncy energy
Mid- frequency peaks owér t1me
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‘onset, this feature d1d not vary. _

Results in Tables 3.17- 3 2i show that thev
Kewley Port spectral features make good predlctlons only
‘for-higher F2v's (Table 3.21). For lower F2v's, these :
features consistently predict /b/ rEsponses for the
.synthetlc stimuli hav1ng a ’dlffuse onset spectrum. The
'amplltude synthe51s parameters forced a falllng onset
.spectrum; nevertheleSS, subjects identified some of
these stimuli as"good' /d/;s,.even though the‘spectrum
‘was not 'rising'. It was felt that if thlS were a /d/ -
vcue, subjects would not have responded w1th majorlty /a/
responses for those stlmull'hav1ng a dlffuse.falllng
spectrum. The Kewley-Port features also predisted'/g/'s
when F2i_ and F3i were'gggi close'together (less than 200
Hz-apart). HoWeQer;.subjects_reponded with majority./g/
responses for stimuli whose F2i- and F3i were much |
fagther apart than 200 Hz (e. g.; for st1mul1 which had
F2v=900 Hz, one good' /g/ stlmulus had F2i= 700 Hz andi
F3i=1600 Hz, and anotherd‘good /g/ stimulus had _
F2i=1000 Hz and F3i—t500 Hz) .In addition; some of the
st1mul1 which were categorlzed as 'good' /g/;s had a .
promlnent m1d frequency peak only at stlmulus onset and
this peak d1d not 'extend through time.' Agaln, 1f thlS
feature was a hecessary cue for /g/, subjects should not
have responded with a majority /g/ response 1f.the peakk
did not extend through tfme. | B
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v3.2 7 Summary and Comparison |
Tables 3.22~ 3 26 show a summary and comparison of the
formant and spectral predictions for the vowels /o/,.[o ul,
/U/, [U*s] and /s/, respectively Results show that both -
formant and spectral shape 1nformat10n are Reeded and,
furthermore, a redefinition of some of the“spectral shape-
cues seems to be necessary. It is also of interest to see
where formant and spectral‘predictions make’similar |
predictions, and where they make differing predictions..l
‘those cases where different predictlons are made by formant
and spectral shape parameters,bit is of interest to see
'which;parameter set is’more.appropriate (i.e., whichs‘.
parameters correctly predict the categories which vere

obtained;in,the perception experimenti nf, ’ Al
A ‘dorrect prediction‘ of a Stevens and Blumstein
template indicates that a template appropriate to the: .
i majority . response f1t the onset spectral shape of the
stimulus wh1lekno.other template falsely accepted that
stimulus.bThe Lahiri<énd'Blumsteinvratios are considered‘to'
.make correct predictions only if the ratio'ualues are above
.5 for stimuli with. a maJOrity response of /d/, and below .5
~for: stimull heard as /b/ Kewley Port features .are
1con51dered to make correct predictions if the spectral shape
features are appropriate ?as defined by Kewley- Port) to
subjects dominant respt 5es. Finally, 'correct predictions‘

‘ of the formant based regression lines (of Figure 2. 8)

_indicatesvthat the stimu. :s' values were closer to the



Obtained
"Categorz

Good‘/g/
F2i=700
F3i=1600

Good /g/
F2i=1000
F3i=1500

Good /g/ -

F2i=1600

. F3i=1700

Good /d/
F2i=1400 -
F3i=2400

Ambiguous

132
TABLE 3.22 :
Summary and Comparisons of Obtained and Predicted
Response Categories; F2v Experimenf;‘Vowél /o/
Predicted Categories )
‘F2i vs. F3i-vs. Stevens & ~ Lahiri & Kewley- -
F2v F3v Blumstein . Blumstein Port
/b/ /b/ /b/ /b/ /b
;
/b/ /b/ A b/ b/
/d/ /v /gl /b/ 19/
/d/ /b/ '/b/ /b/ /bl
g9l b /b) I/

F3i=2400
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A TABLE 3.23
Summary and Comparisons of Obtained and Predicted
Response Categories; F2v Experiment; Vowel [o0-U]

Obtained - ' Predicted Categorig;-
. Categorx :
F2i vs. F3i vs. Stevens &  Lahifi &  Kewley--
] . F2v © F3v ‘Blumstein ‘Blumstein - Port:
Good /d/ - | | |
F2i=1400 . /d/ /b/ ‘ /b/ , /b/ /bl
F3i=2400 o - '
‘Good /g/ RN . ' :
F2i=1000 /b/ /b/ ' /b/ . "~ /b/ - /b/
F3i=1700 o : : R
'Ambiguou§
[d-g] ' : o
" F2i=1400 /d/ /b/ /9/ /bl /b/
F3i=1700 ~ B ,
Ambiguous , .
F2i=1300 -'/g/ /b - /b/- ' /b/ : /b/

F3i=2100
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TABLE 3.24 _
© " Summary and Comparisons of Obtained and Predicted
Response Categories; F2v Experiment; Vowel /U/

Obtained : ‘  Predicted Categories
Category s

F2i vs. F3i &s: Stevens & Lahiri & Kewley-
F2v F3v Blumstein Blumstein = Port

Good /b/

(70%) : ‘

F2i=1100 /b/ /b/ © 7 /b/ /b/ /b/
F3i=2300 . _

Good /dy : -
F2i=1700 /d/ /b/ /b/ , /bl /b/
F3i=2400 S : :

~ Good /g/ | ; |
F2i=1300  /b/ /b/ /a/ /b /b7
F3i=1700

~ Ambi guous
[d-g] | : |
F2i=1700 .. /d/ /v .. 9/ /b/ - ./b/
F3i=2000 ' . ' '

Ambiguods

[b-g] _ . :
F2i=900 /b/ - /b/ /b/ /b/ /b/
F3i=2400 ’ -

Ambiguous ‘
[b-d-g] : ‘ R

+ F2i=1300 ®. /b/ /bl - /b/ /b/ /b/
F3i=2000 . o : A '



TABLE 3.25

Summary and Comparisons of Obtained and Predicted

Response Categories; F2v Experiment; Vowel [U-E]

Obtained
Categorz

Good /b/
F2i=1200
F3i=2000

Good /d/
F21=1600
F31=2400

Good /g/
F2i=1700
F3i=1900

Ambiguous
[b-d]
F2i=1500
F3i=2300

Ambiguous
[d-g]
F2i=1600
F3i=2000

Ambiguous
[b-d-g]
F2i=1500
F31=1900

I\

Predicted Categories

135

F2i vs.  F3i vs. Stevens &  Lahiri & Kewley- °
Fev F3v Blumstein ~ Blumstein  Port '
/b/ /b/ /b/ /b/ /b/
/9/ /b/ /b/ /b/ /b/
74/ /b/ /9/ /b/ /ol
£ _J
/b/ /b/ /b/ /b/ /b/
/o /b/ /sl /b/ /b/
N\
/b/ /b

/bl 9/ /b/
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TABLE 3.26

Summary and Comparisons of Obtainedland‘Prgiﬁcted

‘Response Categories; F2v Experiment; Vowel /€]

Obtained
Categorz

Good /b/
F2i=1400
F3i=2200

Good /d/
F2i=1700
- F3i=2600

Good /g/
F2i1=2000
F3i=2200

~ Ambiguous
[b-d]
F2i=1500 .
F3i=2500

Ambiguous
[d-g] -

F31=2400

Ambiguoué

[b-d-g]
F29=1700
F3i=2200

F2i vS.

Predicted Categories

F3i vs. Stevens &  Lahiri & Kewley-
F2v F3v Blumstein Blumstein Port

” ‘ 0 ‘\

/b/ b/ /v /b/ /b/ %
9/ il VR
/9/ Y /9 - /b/ /9/
/b/ /9l [b-d] LAY,

/a/ /b/ /b/ /b/

/d/ /b/ [b-d-g] /b/ b/
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appropriate regression line than to any of the other
regreésion lines.
vowel /o/

For the vowel /o/ (Table 3.22), the Stevens and
Biumstein compact template correctly’identified only one of
the 'good' /g/ stimuli; the other ‘good‘ /g9/'s were
1ncorrectly predicted to be /b/'s by the spectral s“apeg
feature sets (i.e., fit only the diffuse falllng t%ﬁplate)
The formant onset values of these st1mu11 were closer to
elther the /b/ and /a/ ;egress1on lines than to the /g/
regression line. The 'good' /d/ stimulus, on the other hand,
was closest to the /d/ regression lines (for F2i vs. F2v or ~
when F2i and F3i were combined). The 'ambiguous' [d-g]
stimulus was close;tvto the /g/ F2i vs. F2v regression line,
but was accepted'by the /b/ spectrél ‘shape parameters. |

‘. 1t should be noted than none of the parameter aets
'predict both well and poorly identified stimuli for all
consonant categories, and that neibﬁer the fdrmant?based

T w

regre551on 11nes nor specbral shape parametégﬁ coﬁrectly

predlcted one of the good' /9/ stlmuli’(l e.
accepted by the compact template) whlle:F&'
1nformat10n correctly predlcted the @oodf

(i.e., the 'good' /d/ stlmulus was cgosast to the F21 vs

F2v /d/ regression line).
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As was noted above, this stimulus set did not receive
majority /b/ responses, which was an unexpected result: Why
did subjects consistently label predicted /b/wgtimuli
(prediéled by both formanf and sbectrél shape parameters) as ‘y
/g/'s? Some plausible explanations for the lack of /b/
reponses are as folfﬁws: |
1. Perhaps the oyerall amplitude characteristics of of
these stimuli were too high at stimulus onset, which
would cue alveolar orlvelar consonants (cf. Repp, 1978).
Alternatively, perhaps other aspects of the synthetic
stimuli of Stevens and'Bluﬁstein (which we;e manipulated
differently dépending on the consonant) cued more /b/
‘responses; such‘aséects include rate of formant
transitions and F1 values.

2. Perhaps subjects were not responding with many /b/'s in
this ;owel set because the F3i values were lower than is

N fnormaliy found'iﬁ'natural déta. Recall that in natural

¥

measurement, there was a 'gap' of low F3i values for

measured /b/'s, except when F3v was low (i.e., before

" the vowel /a/)?mlnﬁyeasuremeﬁts, /g9/'s béfore»vowels
. £ N ¥y

Fear this F2v value (F2v=900 Hz) had low F3i's. Thus[

perhaps subjects were responding to the overall
. 7]

distribution patterns of formant measurements found .in
natural data (cf. Nearey, Hogan and Roszypal, 1979).

3. The 'compact' onset spectral shape was not compact at

mid-frequencies, but rather was compact at low

¢

frequencies. Thus a velar categorization was obtained,

EYRY
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| 51nce there was compactness ‘towards the F1 range
(1nstead of compactness 1n the F2 and F3 range). This'
'exten51on of the range of‘compactness would be an
\“ 1nterest1ng feature to test in further 1nvestlgat10ns.

N

4;‘ An addltlonal aspect of the compact feature that would
‘be 1nterest1ng to test is an extens1on of the bandwldths
’ of the proposed compact templates. For the. 'good’ /g/
stlmulus w1th F21-1000 Hz and F3i=1500: Hz (Flgure 3.4),
none’ of the compact templates fit the onset spectrum.‘
However the onset spectrum has a compactness 1n the-n'
) sense that there 1s 51gn1f1cant energy in a 11m1ted band

of frequenc;es (w1th1n 700~ 1500 Hz) and above thlS band

there ‘are no 51gn1f1cant energy peaks.

’Vowel [o U] , _ | _ |
" For the vowel [o u) (rable 3.23), the,'good‘"/d/ was
‘hclosest to the /d/ regre551on ‘lines. 'Goodlf/g/'s arengain
'-_predlcted to be /b/ s by both spectral shape and formant
v(parameters (i. e.,‘are accepted by the dlffuse falling
'_template, and lie closest to the /b/ regreSS1on 11nes) The

amblguous [d-g] stlmulus was predlcted to be /g/ by the.

-,Stevens and Blumstein templates, and /d/ from the F2

regress1on llnes. For this case .then, the amblgu1ty of the .
b51gnal may be a result of a conflict 'in formant and spectral
shape cues. As in the vowel /o/ set, both spectral~and
formant 1nformat:bn seem to be- playlng a perceptual role.

+ . Again, pred1cted /b/ s are categorlzed as /g/ s by

SUbjects; a,redef1n1t1on of compact' as outllned above also

. g TR
W
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seems in order for this vowel.set.'

owel(U{ ' _ N | o .-
For the vowél /0/ s ‘(Table 3.24), both spectral shape

ict the ‘good' /b/ e

and formant parameters correctly

'stlmulus The 'éood' /d/ stimu@, H,es dloser to. the /47
'regre551on 11nes thanffb the other regre551on llnes. The_v

good' /9/° stlmulus f1ts the approprlate compact Stevens and :

P

&bBlumsteln template. The amblguous [d g] stlmulus is

_pred1cted to be /d/ by the regre551on llnes and /g/ by the [
. L
-Stevens and Blumsteln spectral templates Perhaps the

amb1gu1ty ig a result of confllctlng spectral shape and
formant cues. The other amblguous stlmu11 are predlcted to

'ber/b/ by.allcmodels.

)

For the VOWel [u- el. (Table 3. 25) “the éoodl /b/ is
‘-correctly predlcted by both spectral and formant ~
'Q1nformatlon.. The good' /da/ was closest to the /g/ F2
hregre551on lxnev(cf Table 3. 5) but the /a/ and /9/.
fﬁregre551on llnes of F21 vs. F2v were very close, OW1ng to
] e '/d/- /g/ crossover near th1s F2v value (see Flgure
2.8). ~The 'good' /q/ stlmulus had the approprlate compact

spectral shape at’ stlmulus onset..
_-w_f:l/e/ T |

For the vowel /e/ (Table 3. 26) both formant and’
spectral parameters seemed to make fa1rly 'good predlctlons
of the subjects’ response categor1es. In part1cular, F2

‘information, the Sgevensﬁandvﬁlﬁmstein_(spectral) onset
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templates and the Kewﬁéy—Portv(speétral) features correctly
predict all 'good' tokens. Th¥, both formant and spectral
models make the same predigtions};.r_

. .‘ .
BV

3,2.7. 1. Conclu51ons
‘None of the models made correct consonant category
predlctlons for every vowel set. The good' /b/ st1mu11
were predlcﬂbd to be /b/ by both formant and
spectral shape parameters However, /b/ s were only
_._rellably heard at hlgher F2v" s- for these hlgher F2v s,

8

' both the formant and Stevens and Blumstein templates

ycorrectly predlcted these stlmull to be /b/ However,‘at;

lower. F2v's, st1mu11 predlcted to be /b/ by both formant
and spectral shape parameter sets were not heard as /b/,

but rather, were heard as /g/ Formant predlctlons

(based on the regre551on llnes of F1gure 2. 8) made more

correct /a/ predlctlons than d1d spectral shape SR
pred1ct10n5° of the five. good“/d/ stimuli four were
closer to the /a/ regreSS1on 11nes than to - ‘the other
regress1on llnes, but only,one of the f1ve “good' /d/

7 5%
Stlmulﬁ had the approprlate dlffuse rlslng onset

' spectral shape. Flnally,,four.out of the seven "good'
- /q/ stimoii fit theiappropriate_compa@t»template, but
only one of these stimuli:was closest to the /g/’
regression'lines.AThese results seem to suggest'thatv
formangrbased information is useful for predicting /d/'s

'aha spectral-shape‘informationtis:useful for predicting

/a/'s.

o
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What was the role of F2v? For low F2v s,
A

'compactness' ‘of the onset spectrum seemed to cue /g/'s,

(_,n

while formant Jnformatlon seemed to cue /d/'s; /b/'s
.were not'reliably heard at iow Fév's,'contrary to both -
spectral shape and formant based predlctlons. Thus, at
low FZV's, formant and spectral 1nformatlon made
' different predlctlons. At 1ntermed1ate F2v s, .
‘however’both formant«and spectral-shape 1nformation made
_correct predlctlons for the /b/ category However, forb

these F2v' S, speotral shape and formant 1nformat10n ‘made

dlfferent predrdﬁxons for~ /d/ 5. and /g/ s; agaln

=,

»formant predlctlons seemed to be better for /d/'s and

spectral shape 1nformat;0n seemedstoﬁmake better
4

predlctlons for»/g/ s‘ At the thhest F2v, however, both

formant and spectral shape 1nformatlon made the same

¢

(correct) predlctlons for all of the ,good‘~consonant

CateQOrles. : T e

My

In this chapter, i s’tic-p‘honEtic features were

~analyzed. The roles” of - mﬁpt 1nformat10n and spectral

" onset 1nformatlon wvere dlscussed and 1t was felt that

-both parameters were 1mportant cues for llsteners. In

B

“the followlng chapter,‘spec1f1c 1nteractlons;of@both

-acoustlc and phonetlc factors Wlll be addressed

,\/

= -



4..PHONETIC ANb.AcousTic INTERACTIONS IN co&souxxm
- o CATEGORIZATIONS - :

In the iast chapter, it was shown that acoustic context
was 1mportant. Slnce the acoustlc context 1nf1uenced '
snbjects' consonant-categorlzatlons, 1t can be argued that
the 'unit of perceptlon must be context sensitive. What is

the nature of this context sen51t1v1ty7 Does. the perceptual

system requ1re a phonetlc label of the vowel context or

does it only requ1re some acoust1c information (e. g., F2v or
F3v)7 1s thlS 1nformat10n requlred before a consonant

categorlzatlon dec151on is made (i. e, 'h1erarch1cal ) or

+ are the consonant and vowel decisions made 51multaneously

N
(i %f,_v1a a syllablc template)7‘
& There are four types of perceptual un1ts wh1ch can be

described:

1. context-free, acoustic based segment units .

2. context—sensitive, acoustic-based segment units (i.e.,

acoust1cally tuned)

3. context sen51t1ve, phonetlcally based syllable yﬁits,
R Ay
'Whereby'dec151ons are made h1erarch1cally andv

|

4.  context sen51t1ve, phonetlcally based syllable units,'

a

-whereby dec151ons are made 51multaneously (i. e.,
| »syllable templates)
In this chapter the role of context sen51t1v1ty is
dlscussed Are»subjects _context sen51t1wq responses based:

on prior vowel 1abel' decisions, or can”thelr responses be

descrlbed in terms of acoustlc factors in the follow1ng

T o

143 -
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voWel7 The aspect of 'hierarchical' vs. 'simultaneous’
dec1sxons w1ll not be addressed What is of 1nterest here 1s
the '1eve1 of proce551ng'- are subjects respomdlng on the

.

‘ba51s of the aCOUStICS of the- vowel context or are they

respondlng on the ba51s of the vowel 1abe1? In the ma1n

. perceptlon experlment of Chapter 3 subjects were also asked?;

‘-to identify the vowel of the CV synthetic stlmull. Slnce ‘the
F2v continuum also contained 'ambigupus’ [o-U] and [U e]

: vowels, the role of vowel labelllng could be 1nvestlgated A
n ontlnuum of formant onsets for these amblguous vowels was
tested to see if they obtained response patterns 51m11ar to
non- amblguous vowels and also ‘to get an 1n51ght 1nto the
'level of proce551ng . Th1s point w1ll now be more fully

-

discussed below. )

It was of interest to see if'there‘éere any‘
interaotions»between‘oonSOnant responses, vowel responses,_
and a stimulns:charaoteristicr In particular, the . |
categorization of ambiguons'voweLs depend . upon preViodsly
presented syilables,(owingfto a contrast effect), and thus )
‘the same acoustic inﬁormation’could be heard as one vonel at
one time; and another vowei at ahbther‘time (see Thompson
"and Hollien,;1970). How‘w0u1d this atfect the pattern of
consonant classifications7’would the pattérn of consonant '
responses to the stlmulus parameters (i.e., formant onsets)
shift as a funct1on of the label of the amb1guous vowel or

g

‘would patterns of response be 1dent1cal regardlezg}of how
: 8

H

the vowel context was categorized?

ao . .
e ” ’ . 4
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Thepspecific Fév:values that ﬁefe ehosen‘in the'v
perceptual study of Chapter 3 provide‘an extremely good-test
of the change‘of patterns of.resansevas a'function‘bf}vowel
label far.the following reason. For low F2v's (e.g.;‘the
vowels /o/ or /U/), low Ezi's-were.categorized.as 7b/ Qr'/g/
whiievhigh F2i's nere categorized as /d/; the patfefn of
ﬁesponse for this‘case was therefqre';[b—g]vto,/d/'. For
high:fzn's, on the other hana,.low’FZi‘s were categorized as
"/b/, intermediate F2i yaluesnwere categerized as,/d/band the
hiéhest Fzﬁ;s were heard as £9/: hefe, the pattehnbof
response nas,'/b/ to' /d/ to‘/g/'..Thus,:as'the'FZV wasv.
raised the ordinai pattern of consonant catégdrizatibn
responses shifted from a '[b-g] to /d/' pattern to a '/b/ to
/4/. to /g/"response pattern. If an amblguous vowel is
‘labelled as a-low F2v vowel, will the consonant responseh
pattérns'reflept"the-{[bfg] to /d/' pattern of responses?
.Similarly, if the same ambiguous vowel is labelled as‘a
vowel with a high F2v, will the '/b/ to /d/ to /g/’"response
pattern emerge7 ' ‘

If the pattern of consonant‘responses rehalned
1ndependent of the follow1ng vo}el label then subjecte
could be responding to-purely audltory features of the
vowel. However, if an interaction was fonnd for consonant
‘categorization; vowel catégorization‘andva stimulus ‘ |
.chéraéteristic (e.q. F21 or F3i), subfectsncould be

respondlng in. part to the phonetlc label of the vowel

H
.

[*]
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In this chapter; the interaction of several factors are

addressed, since the basic effects of F2i and'EBi on

_gonsonant categoriza.on are ‘gener.ally well established. ¢

1. - The 1nteract10n of F2i and F31i on the consonant
categorlzatlons- Hoffman (1958) and Harris et al. (1958)

suggested that F2i-and F3i make  independent

contrlbutlons to the categorlzatlon of stop consonants.

‘ Wlll the categor1zatlon results obtalned from the

o 'experlment reported in Chapter 3 show F21 and F31

oo

'1ndependenoe?

2. The 1nteractlon of the vowel label with consonant

,categorlzatlons, dlsregardlng spec1f1c stimulus
characterlstlcs' Mermelsteln (1978)" tested for thlS

““alnteractdon for final consonant categor1zat1ons. In his
study, the duratlon of the preceedlng vowel was altered
and subjects were asked to categorlze both the vowel and
flnal‘consonant. He‘tested for a Vowel x Consonant
interaction.and\found thatf\overall;-there,was'no such -
-interaction,’hut subject differences were apparent.ron-
the other hand Massaro and Cohen (1983) found a
Consonant X Consonant 1nteractlon when subject wereit
'asked to categor1ze two consonants 1n an 1n1t1al

consonant‘cluster. A CV 1nteractlon in the present study

-

could;be 1nd1cat1ve of a blasgtowards a partlcular
syllable{ or perhaps an indication that‘the_vowel_label

e i — ———

¢ Quantitative analyses support thlS assumptlon- the ,
deletion of either F2i or F3i leads to highly 51gn1f1cant
changes in the goodness of fit.

B
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has an effeCt on consonant categorization, irreSpective
of F21 and/or F3i. Will the results of the perceptlon
study of initial consonants done in Chapter 3 show
similar results to that of Mermelstein's (1.e;, no
category by category 1nteract10ns) or results similar to'ﬂt
- Massaro -and Cohen s (i. e., a 51gn1f1cant category by
category interaction)? | |
3. The interaction of the vowel label, consonant
categorlzatlons and a stimulus onset character1strc
(e.g., F2i or F3i); as mentioned above, this type of
interaction would be 1nd1cat1ve of an effect of vowel “
labelllng on ‘the pattern of Pesponses which is not
merely a response b1as towards a partlcular syllable but
is rather affected by the acoustlc onset characterlstlcs
of the stimulus. Massaro and Cohen (1983) in thelr
study done on the perceptlon of 1n1t1al consonant .
‘clusters, showed that a model whlch had a category by
‘category by stimulus%ﬁwracterlst1c 1nteractlon-was not -
a 51gn1f1cant 1mprovement over a model wh1ch only had a-
category by category interaction. Would this study show
s1m11ar results (i.e., no 51gn1f1cant 1nteract10n of

Consonant X Vowel x Stimulus Characterlstlcs)g%% _
.3

o

A quantltatlve method to address the 1ssues of the

!

effects of stimulus varlables on categorlzatlon.and of

'1nterdepende1c1es of category labels 1s prov1ded by the

log-linear approach to mult1var1ate c‘ gorlcal responses

i

. 1 9
with more than two categorles, Such_m%}ﬁbds are discussed by
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vFienberg, 1980 (pp. 111—{16- see also Haberman, 1979, pp
369-443). The follow1ng d1scu551on of the appllcat1on of
log—linear‘analySis of data from phonetic categorlzaton‘
experiments has been sdggested to me by T. Nearey.

It seems reasonable to assume that response profiles to
stimuli from a single subject are multinomially»distributed
and that responses to successive stimuli are.independent
(see Bock 1975, p.’SS?). In this case, log-linear methods
are directly applicable to the data of a single subject.

There are two types of statistical tests associated‘
with log—llnear models. The flrst of these is the overail
goodness of fit test of a single model The second is the
test of the improvement of degree of fit between two

'nested' models (i.e., between a 51mpler model and a more
-+ complex model that includes all the terms of the simpler.
umodel ) Unfortunately, no standard significance tests are
avallable for overall goodness of fit when there are a large
number of cells with small expected values, as 1s common 1n"
multi-category phonetlc experlments. However, tests of the

s1gn1f1cance of the dlfferences between nested models are

st1ll appllcable in such cases (see Haberman, 1979, p._421
or Flenberg, 1980,,pp. 174- 176 for a dlSCUSSlOH of these
polnts.) Therefore, only this latter type of test will be
reported here. “

Another problem arises in deallng with data from more
than one subject, s1nce no 51mple statlstlcal technlques

appear to be avallable for repeated measures categorlcal



data (Bock, 1975, p. 552), even for the compariSon of nested
models. While log-linear procedures are strictly applicable

only to data from single listeners, it was nonetheless

decided ﬁo’report exploratory analyses'on data pooled across
speakers for two experiments. This is because the large
stimulus set required for investigations of the type
»dlscussed in Chapter 3 preclude the possiblility of J  ‘
collectlng large numbers of responses to each stlmulus from
individual subjects. In the analysis of such pooled data,
the ordinary tests of significance associated with
log-linear models are valid onlf nnder tne strong and
unlikely assumption of subject homogeneity (i.e. that there
1s no dlfference between sub]ects in their responses to any
of the stimuli.) In no case are any substantative
conclusions based solely on such nom1nally significant
results. Rather such statlst1cs are used to give some
indication of the relat1ve magnltude of certa1n effects, té
compare with graphic analyses and to concentrate artentlon
on specifie issues for further experiments.

" Some theoretically important isszes exhibiting
nominally signficant reusults ere investigated in a final
experiment involving a subrange of'stimnli{ In this
experiment, a large number of responses is collected from
each subject for each stimulus’and analyses are cérried out
on a subject by subject basis, In this last experiment,
ordinary tests for differences between models can be applied

with no known violations of assumptions.



( ‘ 150

4.1 22 Subjects Pooled

4.1.1 Procedure
The subjects, stimuli and procedure were identical to

those in Chap. 3.
) [

4.1.2 Results ond Analysis

The two data sets with“ambigﬁous' vowels were [o-ﬁ]
and [U-¢]. An‘analysis of the Spé%ific interactions of
intérest‘was done on the two data‘sets’for 22 subjects
pooled; | | |

Table 4.1 shows thevrosults of the log-linear analysis
for the 'ambiguous' vowel [o-U). Three nodels were oompared,
corresponding to the three guestions of interest.

First of ali, F2i and F3i appear to make independent
contributions to the con50nant categorisations, sinoe.a'
model having a F2i x F31i x Consonant 1nteractlon does not
51gn1f1cantly improve the fit goodness of fit to the data as
gompnred to.a model 'in which only two—way interactions are
included. This result concurs with Hoffman's (1958) and
Harris et al.'s (1958) suggestion Of‘FZ and F3 independencs.

Table 4.1 also shows that there is a significant
improvement of the goodness of fit if he model inciudes‘s
Consonant X Vowel interaction; thlS suggests the p0551b111ty
that there are reSponse blases to part1cular syllables. ThlS
result does not corroborate Mermelsteln s (1978) result of

no overall significant category by category 1nteract1on for
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Log-Linear Analyses; 22 Subjects Pooled Ayowel I

P n.vfi. 2 g
(F2v=1050 Hz) ”Qlf_ ‘;&,‘ A
’ L & "'1. ' . \"'iﬁ,.w
, ™ ! . A A Cf e oo
Model D.F. G vt
1. ¢v, FG, FC, GC ‘ » 368 294.1 - «r ‘\gwa
2. Cv, FG, FC, GC, FV 360 287.08
. : . L i
‘3. cv, FG, FC, GC, FV, GV 352 27712
‘4. CV; FGC ‘ : o 240 156.69
s. ¢, vV, FG, FC, GC ) © 370 458.09
6. FG, FCV,GCV 320 - 243.16
, ]
Comparison of Models D.F. _g:
Model' 1 vs. Model 4 © 128 137.57°S
Model 1 vs. Model 5 \ | 2 163.9""
Model 3 vs. Model 6 32 33.96"°°

Key: C= Consonant /b/, /d/ or /g/
V= Vowel /o/ or /U/

' F= F2i
G= F3i

»

Three-way 1nteractlons include all p0551b1e two-way

1nteractlons.
n.s. indicates non-significance
* % indicates significance to the .01 level

/
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’

ﬁinal consonant categorization, but recall that he also .

found subject differences. However, Massaro and Cohen (1983)

did find such category Sigcategoggvinteractions in initial
Flnalﬁy a model w!%h a three- way interaction between
the consonant response, the Vowel response and a stimulus

& ., . . i [ N L L3 Y /
chaghcteristic did not siginificantly improve the goodness

“of fit, as compared to a model without this three-way

) L] *
interaction. As seen in Table 4.1, the ad®ition of this =«

factor was not significant; thus, the pattegns'of responses

.
AR

do not seem to be affected by the vowel‘label.. This result
is similar to that of Massaro and Cohen's f1983).

Figure 4,1 shows a plot of the marginal values of

. consonant classifications for F2i (pooled over F3i),

dependlng on the vowel response /o/ (top ﬁlot) or /U/

'5(bottom plot). Percent consonant responses were calculated

Pl

.for” each F2i value, given the vowel label. The patterns of

S response in the two plots of Figure 4.1 look similar;

subjects respond Wlth a major1ty of /g/'s at lower F2i

levels, and reépond with a major1ty of /d/ s at hlgher F2i

lévels The graphs show that low F2i's yields more /b/ ‘
Y

responses when subjects categorize the amblguous vow&ﬂ

be1ng /U/. than when they categorize the vowel as /o/.

However the level of /b/ responses in both cases is fairly

low, (below 35% of the total number of consonant responses

:when the vowel 1s labelled_[D/i and below 10% of the total

}.;number of consonant responses when the vowel is labelled

@

-
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/ol
In general the patterns of response‘mere‘Similar
whether the vowel was labelled /U/ or /o/ When sub]ects |
. label: theﬁgowel as’ be1ng /o/, major1ty responses for /d/ and
;/g/ are at a hlgher level than when the vowel 1s 1abe11ed as
' /U/, but the spec1f1c major1ty responses are the same under
both labell1ng condltlons. Responses for /bU/ are h1gher
than for /bo/, but there are only a small number of total
/b/ responses. Thus, subjects could be op.aratm’at\ an
acoust1c level' of proce551ng, sxnce phdmgt1c‘%bbe%i1qg of
the vowel dld«not s1gn1f1cantly alter their consonant B

7 . o
rfesponses. '

A

2

Table 4 2 shows the results of a log llnear analy51s

ffor the amblguous vowel [U—e] Three comparlslons of

A

3=“ﬂﬁmodels were made to test the spec1f1c quest1ons of 1nterest.r-

S " Agaln, F21 and F31 seem to be 1ndependent as suggested

Do

N

“by Hoffman 1958) Jand, Har;rs et al (1958), 85 the addltlon"

1.

s ¥
j of an%vm b F3'§" ”‘Betgctlon ”dld n% 51gn1f1cantly 1mprove

the godhness of f1t to the data.-

v

A model whlch 1ncluded a Consonant x~Vowel znteractlon’

-351gn1 1cantly 1mproved the goodness of f1t as compared to a
' r
1thomt thlS 1nteract1on. ThlS perhaps 1nd1cates a

e

;mode,,

,‘response ﬁlas to a particular syllable, wh1ch agaln, does‘

not-c0rroborate Mermelsteln S (1978) results but is slmllar

e

\‘x

to Massaro and -« Cohen 5. (1983) flndlng§ .';‘~“ ST L»jiﬁ_,'

A model whxch 1ncluded a Consonant X Voyel X Stlmulus

-

v _ax . .lg.p*
‘ Characterlstlc (1 e;, F21 or F31) in thlS case déd.ig RSP

s? T
; ] 'ffa"’;‘l;’ \% .

N . . : PR T
N ) o . U o [ ; e
. i , ‘ . ‘,"* RS R L n(. BOTEE:
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TABLE 4.2 - - ' oW

\ -Log Llnear Analyses, 22 Subjects. Pooled Vowel [U-E]

(F2v=1450 Hz) -

Model I ~ p.F.. . .Gt

,1. v, FG, ¥C, 6 216 926.29
2. o, FG, FC,G6C, BV 210 225.07

ggf-cv,’FG,*FC,'GC,4FV::CVL;;~ 204 224.28

5. ¢, v, FG, “FC, GC

[

FGC

135,35

258,57

6. ‘FG, FCV, 6oV - . 180 181.90

v

ffComparison'of Models

: . Cou o o :
~ Model 1 vs. Model 4 g 72 90.94""
Model 1 vs. Model¥5 ' © 2 - '32.28

"Model 3 vs,‘MQdel 6. . . 42.38

Key: C= Comsonant /b/, /d/ or /a/° .
" V= Vowel /u/ or‘/gg" ' .

P=F2i . . e

¥

G= F3i . - o | .

e .
Three— ay 1nteract10ns 1nclude all p0551b1e two—wax)
v»lntg/p;tlons.. : .
n.s,” ¥ndicates- nonr51gn1f1cance
* * 1nd1cates 51gn1flcance to the‘

ﬂ

;01 level

o . . . ! .
A L . S ’ L 5
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51gn1f1cantly 1mprove the goodness of f1t to the data,

. contrary to the case of the vowel [o Ul, and also contrary

5 g _ ‘
~ .wcase of’what has; 0

to Massaro and Cohen_s_(1983) resul@g.

.Figure 4.2 shows a plot of thermarginal-values of

_'consonant classifications'for EziT(pooled over F3i)

dependlng on the vowel response, /U/ (top plot) or /e/
(bottom plot) The graphs show that majorlty /b/ responses
are somewhat hlgher when the vowel 1s labelled /e/ than when

labelled as /U/ but the pattern of response for /b/

2categorlzatlons are smmllar It 1is 1nterest1ng to note that

for the amblguous [o- U] vowel /b/ responses were hlgher

when: the vowel. was labelled /U/ than when 1t was labelled

/o/, ‘here, /b/ responses are hlgher when an amblguous vowel

»

s labelled7:5,fthan whenﬁlt is label}ed /U/ Int both cases,'

referred to as the 'overshoot'

4 . ' =,
phenomenon in vowel pe ceptlon (see Llndblomgand
:Studdert Kennedy, 1967) . f' ‘ ‘,i_ o -_A Y

on. the other hand for /d/ and /g/ categor1zat1ons,'
vowel labell1ng as a, functlon of formant onsets seems to
make a dlfference as to how the subject categorlzes the
consonant At the hxgh 1eveIs of F21 (e.qg. F2l=1700" HzJL
1800 Hz) the majorlty stop consonant response is /g/ whenA
subjects label fhe amblguous vowel as belng /e/, but is /d/

when sxabjects label the Qowel as bemg /U/ - . ’g;
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F1gure 4 3 shows the plot of the F21 marglnals (gﬁoled
over F31) for the responses from the /u/ (F2v 1050 Hz) vowel

set (top plot) and for the responses from the /e/; (F2v 1650

Hz) vowel set (bottom plot) anparlng Flgures 4.2 and 4.3

it can be. seen that the patterns of response for.%,plguoUS

{u- c] look s1m1lar to patterns obtalned in the /e/ set when. -
" subJects label the amblguous vowel as belng /e/ on the
other hand wheﬁ the amb1guous vowel 1s labeled /U/, the s
patterns of response are d1fferent than when the vowel is

' labelled as /e/, but are also d1ssapllaq

in one respsect to
«4. :

the patterns of response from tha set. In

pargﬂculaa, there is ‘a majorlty + ponseS‘ih'the the -

I/U/,nbut the

' 'majorlty /b/ K -?; However,_the /d/ and /g/ response

patterns of the ! ,#labelled amblguous vovel look qu1te'
s1m1lar to the /d/’and /g/ response patterns from the /U/

vowel set.

Y

4 1 2.1 Analy51s of t!'i&ffect of the Phonet1c Label : S
Were subjects res50nd1ng on the basis of t e‘b“'ff';:
phonetlc label.ﬁﬁ khe vowel? D1d the categorlzat1qn of

‘Fbo} the vowel in some sense determIne the consonant
ﬁﬁa g categorlzat1ons7 One vay to examine the role of vowel

labelllng 1s to deflne syllable templates' (cf

. L1eberman 1979) : ‘,' ' l',

| QWOne p0551ble defxnltlon is that a- syllablc template'
’_7Q§F the avgrage value of onsets and formant tracks of -
’ | _ . ,‘v', R . ; 8 N v",f

P N
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1 s
measured syllables. Such syllabic templates can be
ea51ly obta1ned from the measurement study of Chapter 2
Examples of the F2 and F3 portlon 'of /be/, /bU/ /de/

/dU/, /ge[ and /qu/ syllables are shown in Flgure 4 4,

thCh are based on the average male onset and steady .

W

state. values measured 1n~ahapbgr 2.

\

$

Syllab1c templates evaluated s1mu1taneously would

cla581fy an 1ncom1ng 51gna1 as be1ng a partlcular

5

syllable 1f‘%he parameters (1n thls case, formant
parameters) of thlS 51gnal were closer to the. parameters

of thlS syllable S stored template than to any other

stored template. All parts of?the template would be

compared 51mu1taneously to{the hpoomlqg351gnal&“

'h1erarch1cal' evaluatlon of syllablc templates would .;

¢ i
f1rst categori!e the vowel portlon and then “match the

} formant onsets of the 1ncom1ng 51gnal to the closest )

template formant onsetvfor ‘that vowel.rThe latter -
approach will ‘be used in this analy51s, since the vowel
port1on 1s' amblguous and thus would presumably not

count in thg.dlstance from template measure, since the

vowel portlons would be' roughl?“the same distance' ‘away

o
from the two templates having the nonh- amblguous vowels_
“ . )

‘(e.g., amblguous u-e] WOuld be as far away from'

A&

ES

'good' /U/ as from good'r/e/). The F2 port;oniof the

templates is of most interest-siﬁce the vowel label is

malnly a. functlon of F2v. The F2 onset values of the

synthetlc st1mu11 are plotted on . the left hand 51de oft .

. W
o .

1

Sl
. PR 4 )—:! e
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Figure 4.4 and are labelled with the syllable which
obtained the highest number of responses.

v d . Do the categorizations reflect 'value closest to
the appropriate onset of a template'? For synthetic |
st1mu11 having F21 1200 Hz and F21»1300 Hz, the majority
’response was /be/; in fact, theSe values lie much close‘
to the /bU/ template. For the synthetic st1mu11<w1th

2 VF21 1400 Hz, and FZ2i= 1500 Hz, majorlty response was /be/
.but these onset values are closegt to template /qUu/. For

' the-synthetlc st1mul1 with F2i=1600 Hz and F2i=1700 . Hz, .
w.the majorlty response'was /dU/. In tact, F21e1600_ﬂatlsv
'fclosest to template /qu/, while'FZlel?OO Hz is_dlosest
to template /dU/‘bThe synthetic stlnnli‘wdth F2{51800-Hz_fy
obtained majority /ge/ responses,'but‘this onset value.

lies %losest to the /dau/ template ’

e ¢l
3 th
4

Thus, though there 1s SOme ev1dence of a vowel

]

f~?labe111ng factor, it cannot be ea51ly explalned in terms .

“vf the onsets of a gormant based syllable template

3’3‘ B

theory. ' o | *_,.
| In thlS study, responses vere pooled over subjects.
WOuld the overall pattern of responses be 51m11ar when
subjects were tested W1th more random1zat10ns7 In thls

experiment (with 224subjects pdbled) the amblgu1ty of_.'
the vowel was really an indication -that half of.the

v,

. . . q s o
subject® heard the"amblguous‘ vowel as a parthpular _
"Preliminary - anlaly51s 1nd1cates that 51m1lar results "are j
obtained when both ‘the onsets and steady-states of the :
. stimuli are compared to- the onset and steady—étate values of
" the templates. .

)
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vowel, while the other half heard it as another vowel.
1In the following experiment, replications by eight
subjects were done, so that the “ambiguity' of the vowel
also entails inﬁra-subjeco vowel ﬁabellhng_facto:s ~
(i.e., the subject ‘hea?é'nonervowel one time and

another vowel another time owing to contrast effects).
4.2‘Eight‘sobjects, Five Replications

4.2.1 Speakers P
Eight graduate llngu1st1c students; with no history of

| speech oriﬁearlng dlsorders, were used. All SUbjectS were

.‘Anat1ve_Canad1an Engl1sh speekers.

i

4. 2 2 St1mu11 and Procedure

n' _ . The stlmull and procedure we ntlcal to those

descrlbed in the Ma%n@Perceﬁilon Emperﬂment (F2v Ex@erlment)

*\mﬁfin‘Chapter 2 However, five randomlzatlons of the stlmulus

.y [ N
TG Woaagitz 7 Hd ga"

~ set were presented to each subject, one randomlzatlon at

each of five separate sittings. . Py
4.2.3 Results and Anaiy51s >

Results of each subject's consonant categorlzatlons are

glven fn\ﬁ\?ures 4.5-4.12. Indlcatlons of .subject *

-

dlfferences “are eV1dent,;though it should be noted that only
tentatlve conclu51ons can be reached since the number of

data points for each, stimulus item is sﬁall (only five

L4 N ¥

P
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randomizations wete done). ‘ , .

Subjects $S, TR, PA, BC and RH 2Eigures 4.5-4.9,
respectively) have rather similar consonantvéetegorizations'
sincef for these subjects, changes in the F3i produoe
consonant’categori;ation_changes. Subjects MM, Tb and JS
(F1gures 4.10-4.12, respectively); on the other hand, snow
less: consonant category change as F3i changes, and seem to
'respond more to F2i changes. Thus, there seems to be subject
dlfferences with regard to the strength of F3i cues.

In general, the patterns of response $hown by the large
group .of subjects, pooled together in the main experiment,
are also evident in these resull\. F2v, F3i and F3i all
contrlbute to consonant categor1a§tlon, though, as mentioned
above, F3i seems to be a weaker cue for some subjects than ﬁ,
for others. It should be noted that other 1nvestlgators have
also found similar.subject differences (e.g., Walley and
_Carol, 1983). |

Did vowel oategorization affect consonant
categorization? Owing to the small nuJberofkreplications,
this guestion was not addressed on a subject-by-subject
basis. However, pooling.all éight subjects with f1ve
«randomlzatlons each (giving 40 data points per cell),
log-linear analyses.were done, as in thewprev1ous section;

Although this pooling proceddre constitutes a violation of
the iog-linear'requitements, nevertheless, it was felt that

D v
at least an indication of interaction patterns could be

obtained. Thus, though these results are not definitive by
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any meané, they may.sHOW‘general trgﬁds of responses which
could then be more fully investigated. |

The resultssof awlog—linea; aﬁalysis for the
'ambiguous' vowel [o-U) are shown in Table 4.3. These show

\ : .
that the addition of a F2i x F3i interaction is significant,

which doéé not support the idea of F2i and F3i independence
propoéed by Hoffman (1958) and Harris et al. (1958).
Preliminary analysis indiéates that stimuli having high
F2i's and low F3i's deviate considerably from.values which."
are predicted by a moéel'of independence. These are
pfecisely the stimuli which would have a 'compact' spectrai
onset shape (see énalysis.of Spectral shape in Chapter 3). .

“Table 4.3 also shows that the Consonaht‘x Vovel
interaction significaﬁtly improves the goodness of fit; this
is again perhaps an indication of a fésponse<bias to a
particular syilable contrary to Mermelstein's (1978) overall
result of no significant CV interaction, bﬁt wﬁich "
corroborate Massaro and Cohen's (1983) result of a Consonant
x Consonant interaction in the perception of initial l
consonant'clusters; '

Finally, results show that addition of a three-way
interaction of consonant response, vowel response and

*

stimulus characteristic is non-significant, which is similar’
spreliminary analysis of the other vowel sets also indicates
that those having low F2v's are more adequately modeled with
F2i and F3i interactions, while those having high F2v's are -
adequately modeled_by'iﬂdggggignt F2i and F3i's. Cell
analysis of low F2v sets indteates that stimuli with high
F2i's and low F3i's (those with "compact' shapes) deviate
considerably from those predicted by models of independent
F2i and F3i's. '
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i TABLE 4.3 &
Log~-Linear Analyses; 8 Subjects x 5 Replications (Pooled)

Vowel [0-U] (F2v=1050 Hz)

‘ ‘ \ 2
Model D.F. . G
* 1. c¢v, FG, FC, GC . 368 o 536.50
2. Cv, FG, FC, GC, FV 360 . 527.03
3. “¢Cv, FG, FC, GC, FV, GV . 352 519.74
. . o
4. CV, FGC : - 240 277.09
5. ¢, vV, FG, FC, GC 370
6. FG, FCV, GCV 320
Comparison of Models D.F. c*
J LD.r.
- *
Model 1 vs. Model 4 0 128 259.41
‘ - . * %
Model 1 vs. Model 5 ' 2. 240.11
Model 3 vs. Model 6 | 32 ~ 1s5.06™°S:

Key: C= Consonant /b/, /d/ or /g/
V= Vowel /o/ or /U/
F= F21i

G= F3i

Three-way interactions incldde all possible two-way
interactions.

n.s. indicates non-significamce

*x indicates significance to the .01 level



175 .

to Massaro and Cohen's (19835’results.

F2i marginal values for the ambiguoug [o-U] vowel are
shown in Figure 4.13. The résponse pagterns look similar
regardless of the label of the ambiguous vowel. /b/
reSponsésiare higher when the vowel is labelled /U/ than
when it is iabelled /o/, but there are few /B/'s in general. -~

Table 4.4 shows tﬁe‘resuits of ghé log-linear analysis
of the [U-e] vowel set. These are
1. the addition of an F2i x F3i intefactién does.not

sigﬁificantly improve the goodness of fit, which
supports the idea of'F2 and F3 indepedence;-

2. the addition of a Consonant x Vowel interaction
significantly improved the goodness of fit to the data
(contrary to results of Mermelstein, 1978, but .
cofroborative of Massaro and: Cohen's results, 1983),
perhaps indicating a response bias to a particular
syllable; and B

3. the addifion f three-way intergction between Consonant
x Vowel x Stimulus Characteristic was not significant
indicating that the patterns of conSonanf responses were
not significantly different depending on the vowel label
(which is similar to Massaro and Cohen's findiﬁgs!
1983). |
Marginal values of responses of F2i pooled over F3i for

the ambiguous [U-e] vowel are shown in Figure 4.14. Majority

responses are similar, regardless of whether the vowel is

| 4

labelled as /U/ or /¢/, though there are feweéﬁ/d/'s in -the
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TABLE 4.4

Log-Linear Analyses; B8 Subjects x 5 Replications (Pooled)

vowel [U-€] (F2v=1450 Hz)

Model , . D.F. ct
1. CV, FG, FC, GC 216 3¢s.59
2. cv, FG, FC, GC, FV 210 259. 44
3.} cv, FG, FC, GC, FV, GV 204 241,25
( :
4. CV, FGC 2 144 227.46
5. C, V, FG, .FC, GC 218 335.73
6. APo 208.68
Coﬁgafison of Models D.F. c*
n.s.
Model 1 vs. Model 4 72 91.13
‘ ¢ i * %
Model 1 vs. Model 5 . 2 '17.14
Model 3 vs. Model 6 24 32,5708
Key: C= Consonant /b/, /8/ or /g/
V= Vowel /U/ or /€/
F= F2i v
G= F3i

Q

Three-way interactions include all possible two-way
interactions..

n.s. indicates non-significance

LRk indicates significance to the .01 level
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/¢/ case than when the vowel is labelled Ju/.

Figure 4.15 shows the F2i marginals for the /U/ yowel
set (top plot) and the /c¢/ vowel set (bottom plot) for eight
subjects with five repetitions. These plots show response‘
Qatierns similar to those obtained for /U/ and /c¢/ with 22
subjecté pooled (Figure 4.3). J‘ )

A comparison’ of Figu}é 4,14 (ambigﬂous [U-¢e]) with
Figure 4.15 (vowel /U/ and vowel /¢/) shows that consonant
responses when the ambiguous VQwel is labelled /e/ do not

show similar response patterns to those obtained in the /e/

vowel set, and consonant responses when the ambiguous vowel

AN
is labelled /U/ also do not show similar reponse patterns to

those obtaned in the /U/ vowel set. Note that the patterns
of conspnant responses are fairly similar (i.e., show the
same trends) r;gardless of vowel categorization, unlike the
response patterns obtained with 22 pooled subjects. However,
response patterns of this sgbject group wéré similar to
those of the 22 subjects pgéled for the /U/ and /e/ vowel
sets. In other words, the response patterné of the 'good'
vowel sets were replicate%, but not the response patterns of
this 'ambiguous' vo‘.ﬁ set. Though some violations of the
log-linear analysis occurred (because of the poéling
process), it ds interesting to noﬁe that, with the group of
22 subjects, vowel categorization affected the pattern of

consonant categorization, while with this subgroup of eight

'subjects, no such interaction was found. It is felt that if

this interaction was a very strong factor in consonant
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perception, it should have manifested itself for any subject
group, w1th or W1thout repllcatlons. | |
The next sectlon describes ‘a subsequent test which was
done ‘with five subjects, analyzed separately, and more
reolications‘per'subject. Oprarticular interest was the
spec1f1c control of vowel response, since, in the
experlments teported thus far, vowel amblgu1ty was a result

of.'uncontrolled'vorder of presentatlon effects (1.e;,

stimuli vere simply randomized) .

4.3 Subject Differences in the influence of Vowel Label

The follow1ng test was done in order to more fully test
the 1nfluence of vowel labelling on the patterns of
consonant categorlzatlon for separate subjects.-A suff1c1ent
number of repllcatlons were carried out on individual
subjects so that the log llnear analy51s could be done on
each subject's data, in thlS case, the log- llnear -‘ﬁ‘ /
assumpt1ons are more adequately met (see Bock, 1975). In/
.thls study, vowel contrast was more str1ngbntly controrled
so that vowel- labelllng sh1fts were totally systematyé.‘
Thus, pretrlals of syllables having good tokens of//U/
forced the subjects subsequent vowel choice to be /s/ *when
syllables having amblguous [U-e] were presented Slmllarly,
pretrials of 'good tokens of /e/ syllables forced syllables
“having anbiguous [U-e] ‘to be categorized as /U/ (see Fry,
/Abramsdn, Eimas and Libérman, 1962 andvThonpson and Hollien,

1970) .. Though the same- acoustic information was being

B3
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presented in the ambiguous vowel case, would the . change in

vowel label affect consonant categorlzatlon, or not7 Do all

4
subjects resgond in a similarimanner, or are there subject

\

differences?

F1ve subjects were chosen from the ‘Pllot Vowel Test'-
(1n Chapter 3) whose vowel: boundarles for [U-e] were nearly

1dent1cal Subjects were chosen ‘who altered their vowel

categorlzatlons for amblguous [u-e] from /U/ to /e/, upon

hearing a prev1ous good token& of /U/, and, of course, who

altered their vowel categorization from /e/ to /U/ for thls

'amblguous vowel when previously presented w1th a. good"/e/-

Four sub]ects 1n1t1a11y in the study were not’ 1ncluded s1nce:

they did not meet these requ1rements. All subjeh@

graduate llngu1st1cs students w1th no hlstory of speech or

- hearing gifficulties. L ’hiﬁi hf, f\\,

E

"4.3.2 Stimiuli o

Three series of stimuli were_ synthe51zed u51ng the
Klatt (1980) Synthesizer. The 'good /U/' series had F2v= 120%;
Hz, F1=180-480 Hz with a 20 msec ramp, and F3v—235Q_Hz. Six

stimdli were generated'havrng F2i=1500 Hz and 1700 Hz fully.

‘ crossed,Vith‘F3i=1800 Hz, 2100 Hz and 2400 Hz with

transitions moving up to F2v within 30 msec. F1 was at 120

Hz. The 'good /e/' series had F2v=1750 Hz, F1=180-480 .Hz

with a 20 msec ramp, F3v=2350 Hz, and F0=120 Hz. Nine

#
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stimuli were generated having F2i=1850 Hz, 2000 Hz and 2150

Hz fully crossed with F3i=2200 Hz, 2400 Hz and 2600 Hz with
¢ . ,

a 30 msec .ramp. *

o The 'ambiguous' [U-e] series consisted of 16 stimﬁli,
ﬁgth F2v=1609 Hz . (ThlS F2 value was close to the vowel
boundary for all five subjectsﬂ) FO was set at 120 Hz,f
F1=180-480 Hz with a 20 msec ramp, and F3v=2350 Hz. The
valﬁés of F2i were 1700 Hz, 1800 Hz, 1900 Hz and,2odd Hz and
were fully crossed with four Fji values: 2100 Hz, 2200 Hz,
2300 Hz, and 2400 Hz. F2 and F3 transitions w;re 30 msec

long.

4.3.3 Procedure o
A 'Subjects were first presénted with one of the 'good"'
vowel series and instructed to press abprépriately'labelleg/
switches on a switch box as be1ng “either /d/ or /g9/. Ten
randomlzatlons of this pretrial were glven. Immedlately
follow1ng the pretrlal, the 'ambiguous sgrles was given and
subjects agéin responded by appropriately pressing /d/ or
/q/ switches. Ten raﬁdomiza;ighé of the 'ambiguous series’
were also given.ASomg subjects first heard ‘the 'good /U/'
series,:follbwed by the ;ambiguou§ series',.While others'
started out with the *good /e/' series, followed by the
fambigﬁous series'. After a brief rest period, the subjebts
who had already had started with the. 'good /U/' series héw'
li;tenedito&the ‘good'/s/’~sggieé, followed by the

'ambiguous series', and the other subjects listened to the
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'good /U/' Series followed py_the 'ambiguous series'. A
td;al.of_four tests were given to each subject, yielding 40
responéeé per cell for the ;ambigubus series' (10
randomizations.each),

All subjects reported a shift in their perception of
the vowel in the 'ambiguous series’, without realizing that
the same acoustic information had been presented both times.
Under one condition, then,-theyvreported the vowel in the
'ambiguous'series' as‘beiﬁ; /U/, andfin'éhe other condition,
.vthey'reported hea:ing the vowel as being /e/. Responses of
consonant categg}ization were éuéomatically scored.

4.3.4 Results

. Results are4shOWn in Figures 4.16-4.20 for each 3
subject, PA, RH,*KT,\CL, and,ML, respectively. Some subjéCt
differences are apparent.?Subjéct"MD seems to be résponding'
mofe to F2i changes than the other subjects. In addition,
‘shebresponded with fewer /g/ responses‘than'the other
subjeéts. éubject PA, on the otherihand,};esponded with
fewer /d/'s than did ofher équects. .

Figures 4.21—4.25_Show ;Be marginals_of‘in with F3i
'ﬁoéled for each;subject.-The influence of vowel labelling
cg%Jbe more clearly seen in ﬁhésé Eigures. Subjects PA and
RH ({Figure 4.21 and Figure 4.22) show no difference in y
conéonant categorization,depending)upﬁn vowel |
categgrizat}oy, Subjects KT ahdjcgﬂigjéufe 4,23 and'Figure

4.24) show only minor differences of consonant
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categorization whenbthe vowel is labelled differently; KT

" ‘tends to label hlgher F2i's as being /g/ when the vowel is
Hheard as /U/ and as belng /da/ when the vowel is heard as
/s/. CL, onvthe other hand, tdhd% to the opp051te d1rect10n,
namely, for the highest F2i. (F21=2000 Hz), she tends to
label the consonant as /d/ when the voweh rs heard as_/u/
and /g/ when the vowel is ‘heard ‘as’ /s/ %hbject MD (Flgure
4,25) shows the most 1nfluence of vowel labelling . on
consonantvcategorlzatqon;lthls subject alsottends to label
high'F2i‘s'as /d/ when“thervowel {e heard‘as /U/ and as /g/
- when the vowel is heard as /e/. ‘

'Ifg'in fact, vowel 1abellingbhad a strong influence in
consonant‘oategorization, we would expect that'all'subjecte
should be influenced in the'same way by a change in yowel-
category However, we see that subjects behave dlfferently
Some subjects are not 1nfluenced by ‘the vowel label at a%l
fwhlle other subjects seem to be at least somewhat 1nfluencedh
by the label Among those subjects who do show ‘some sllght
vsh1ft in consonant categorlzatlon due to ‘vowel category
_changes, the trends of categorlzatlon are different between
subjects. Some SUb]ECtS tend to label hlgher F2i's as /g/
when the followlng vowel 1s heard as /e/, but.as /d/ when
‘the following vowe; is heard as /U/, whlle others do the
freverse (i.e. label hlgher F21 S as /d/ when the. follow;ng

vowel is heard as /e/, but as /g/ when the follow1ng VOwel

 is heard as /U/). R o
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Log- linear analyses were done separately for each

subject's data in order to see if these consonant
categorization shifts were statistically significant. The
assumptions of the logfliﬁear analysis are better met»in
’this'case since there'were no 'reﬁeated measures'fin'the
'de51gn. Models were f1t to the data which spec1f1cal&y
tested the addltlon of a vowel labelling factor on consonant
responsé patterns: either an F21 x Cononant x Vowel Label
interaction term or an F3i x Consonant x Vowel .Label
‘interaction term was adde% to several models to{see if the
'goodness of fit of the 'original' model s1gnlfﬁcantly
1mproved with -the addltlon of this factor. Recall that ‘these
interactions test specifically for the change in response,
patte:ns whenvthe fambiguous‘ v?wel is labeled as one voﬁél
' compared‘to the situation whenAthe 'émbiguous‘ vowel is
labeled as;aepther vowel. The results are shown in Tabie
4.5, | |

‘The log-linear analysis indicatesvthat'only one
subject, MD, sﬁows_statisticélly'significant changes in her
" consonant categorization when the vowel is labelled
differently. Thusuﬂphough the same acoustic st1mu11 ﬁad been
presented, this subject apparently altered her responses
vaccording to which label she had attaehed to the following
vowel. Allﬂother subjecté'bcansonant categorizations did not
51gn1f1cantly céange, regardless of how they labelled the |

*

following vael Thus, four out of the five subjects seem to

be operating at an acogstic‘level of perception, while one,
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Models Fit
1. FG, FL, cL, FC
2. Fr
3. L, CL, GC
4. FG,
5. FGL, GC, FC
6. FGL, GC, FC + CL
7. roL, ool
8. FGL,
9, FGL,
10.  F6L,
, 11, FGL,
12.  FGL,

TABLE 4.5

.Log-Linear Analysis Of Vowel-Label Experiment

to the Data:

FL, CL, FC + FCL

GL, CL, GC + GCL

G*lc, CL + FFCL

GC, FC, CL + GCL

FGC, FL, GL

FGC, FL, GL + CL

FGC, FL, GL, CL + FCL

FGC, FL, 6L, CL + GCL

Where F = F2i, 6 = F3i, C = Consonant /d/ or /g/,
and L= Vowel Label "/U/ or /£/.v '

0dé

M
1vs. 2
3VS. 4
5VS. 6
6 VS, 7.
6 VS. 8
9 VS, 10
10 vS. 11
10 vS. 12

* indicates significance to the

D.F.

-+

W W W W e Www

Subject
cL KT PA
& & .6
2.56 1.61 2.06
2.07 4.18 3.93
0.12  2.45.. 1.48
4.06 2.1%% 2.44

- 2.17  4.36 .7.06
0.13 2.52 1.52
4.52 2.15 2.50
2,21 4.63 7.53

.05_1eve1‘

—_w O WO N

f F,Jgg :

(o]
o

H =W W =N
 B»w O w o

.34

MD_

12.39%
7.33
8.78*

19.71%
7.74
8.72%

18.30
8.81
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‘subject seems to be intluencea by the label associated with
‘acoustic information. | . ”_\ v
1f, for subject MD, the vowel label affected consonant
categorizatlon, was this change in consonant response a type
of fheirarchical syllable~¢od1ng‘? Referring back to Figure’
4.4 (the syllablc templatesl, we can see that the onset of
F2i=1800 ﬁz wonld be closer'to the onset of the /deg/ '
template than the onset of the /ge/ template 1f the vowel
was first identified as /e/, and would be closer to the
onsetuof the /du/ template than to the onset of the /qU/
template lf the yoWel‘was first identified as /U/. In fact,
“there mete more’/g/ responses when thecvowel was labelled
/t/ and more /d/ résponses when the vowel was labelled /U/.
The templates predict that there should have been more /d/
responses when the vowel was labelled /g/, and not, more /g/
_responses, as Mas the case; the templates also predlctxthat
’thete should have been more /d/ responses when the vowel was
labelled /U/, which was obtained. Thus, template predlctions
are correct in one'case, but incorrect in the other case.
Thus, .this subjetts responses cannot be adequately explained
R 3 terms of a hierarchical syllable based unit.
In fact, the stimulus value that_could.be a 'test case'’

of hieratchical phonetic decisions did not affect any
subjects response categorlzatlons in the direction predlcted
by the onsets of the syllabic. templates of Flgure 4.4; the .

onset value of F2i=160Q Hz is closer to the onset of

template /de/ than to the onset of template /ge/ if the
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r“\ . . 1
Vowel is first identified as /e/ but closer to the onset of

* .
the‘templaté /gU/ than to the onset of the template [ﬁU/ if
the.vowel is first identified as /U/. o

Mermel;tein,(1978)_also reported some subject
differenées‘iﬁ his experiment on the effect of vowel
labelling on final consonant cétegorization, when using
'duratién as the variablé stimulus parameter. However, he,
tested for a category by category interaction; which could
also be interpretted aé.a response bias towards a particular
syllabie.‘ﬁn his stud&, eight out of ten subjects showed no
‘significant‘Qowel iabelling effect; the two subjects who did
show significant vowel and consonant iabel interactions had
opposite trends of résponse. It is interesting. to note that
in Mermelstein's study, though some sﬁbjects showéd a vowell
label effect, most subjects did not. The étudy reported here
alsqiéhowed that most subjects cétegérization response
patterns were not affected by vowel label.

_Mermelsteihhalso demonstrated that vowel label effects
could not be accounted for on the basis of syllabic coding,
since the subjects who showed vowel label effects gave
opposite trénds of respohses.,Similérly, this study
déﬁbnstratgd that the vowel label effecEéton consonant
catégorization response patterns are not easily’accountable
in terms of 'syllabic—coding'.‘ | |

Massaro and Cohen (1983) also sthed that a model which
had a three-way interaction of Cafegory xiéategory X |
Stimulus Characteristic in the perception of initial

t
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‘consonént éausterS'was not an improvement over a modél which
only had a two-way Category x Category interaction. Thus,
this study corroborates Massaro and Cohen's findingSQ

In snmmary, this study showed that vowel label
dec151ons did not influence the majority of subjects
consonant category response patterns. The responses of the
one subjegt that did show some vowel label influence in
cdnsonant'categofization'reponse patterns could not be
explaqned 1n terms of h1erarch1cal syllablc unit processing.
_Slnéb ‘there were only five subjects 1nvolved in the study,
it is impossible to generalize to the population as a whole.
However, thig, study has poirnted out that there may be
different listening strategies, and that pooling all
Subject;' data can hide some interesting aspécts of

perceptual behavior. .

4.4 Summary

Pooled subject détaninditatedwthat subjects' consonant
response patterns wefe affected by the phonetic labelling of
the following vowel for the ambiguous [U-e] vowel set. When
the ambiguous vowel was labelled /e/, response patterns
looked similar to those obtained for the_/s/ vowel set; when
the ambiguous vowel waé 1abel§ed )U/, however, response
patterns were not similar for /b/ responses; but were for
/d/ and*/g/.résponses.

Results of data from eight subjects with five ..

replications showed no significant interaction effects
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between consonant response, vowel response and a stimulus
characteristic.
\ . 13 .

When the vowel category response is more stringently

controlled, most subjects show no vowel label effect on
_ , T T M

their response fpatterns, and thus seem to 'be attending to
the acoustic parameters of the sig@:}, regardless of

phonetic label. The responses of the one subject who did

LR
1%

show an effelt of vowel label on her cohéonant respoﬁses
could not be accounted for on the basi; of énsets of
formant-based syllable templates. This indicates that the
acoustic parameters discussed in Chaptér 3 Eén be agtsessed
without a priori ¢ategorization of the vowel context.
Further research is required, howéver, particularly
_acfoss language systems. Qross—lingydstic tests could o
pﬁovide interesting iﬁsigﬁts into the question of 'phonetic’
vs., 'auditory' perceptual procesées;.lt woufd be interegting
to tést yowéi label éffects }n five-vowel language systems
’ so that the Fév.rénges over only two vowel'eatego;ies (a
back vowel and a front vowel), rather than three vowel

categories as is the case in English.
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5. FORﬁANT AND SPECTRAL SHAPE CUES IN NATURAL SPEECH

In the preceeding chapters, the role of. formant and
spectrél shape information were compared for synthetic
stimuli, In this chapter, natural speech is anéiyzed in
order to see if the features that appeared to be important
in the perceptidn of the synthetic stimuli are evident @n
natura} speech. | | ; '

The raw experimental data was collected by linguistics

: Y
students enrolled in a

graduate'phonetics course at the
University of Alberta. This data is reanalyzed in terms of
formant and spectral information. The first section will

describe the role of onset spectral characteristics when

i brief portions of the stimulus onset was presented; the

second section will describe the roles of formant and
spectral information when response shifts were evident as

. Al
more of the signal was apg?nded.

5.1 Onset Spectral Characteristics

5.1.1 Subjects’

Five native English listeners with linguistic training

‘ygge used in this experiment. None of the subjects had a

{ .
history of hearing difficulties.

5.1.2 Stimuli

Spoken tokens from Chapter 2 of four speakers. (two

male, PFA and RAH, and two female, TMD and MLD) were:

N . 202
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"windowed so that 4 msec of the”éignal after the initial

burst had full ahplitude;'an additional 8 msec of the signal

& :
was included which was windowed by a linear offramp. Thus,

12 msec of the signal was -played to listeners, but only the

first 4 msec had full amplitude. Stimuli were presented in a
~ < o .

guiet laboratory.

5.1.3 Procedute \ )
Subjects heard two randbmizations of'these stimuli in
separate. se551ons. They were instructed to press
appropriately marked switches connected to the PDP 12 if
- they heard a /p/ or /b/, /t/ or /d4/, and /k/ or /g/

Subjects were allowed to hear the stimuli as often as they

wiShjd and thus controlled the rate of presentatlon.

5.1.4 Results
Table 5.1 shows the correct identification rates of
/b/, /d/ and /g/ for each vovel, averaged over speaker,

N listener and triale. Results show that /b/ is more poorly
retognized than either /d/ er /q/ for these brief stimuli.
/9/'s, however, are weil identified. This is rather
surprising in light of the fact that Steven's and Blumstein
found that, for brief synthetic stimuli, /b/'s were
well~identified'.wh11e /g/'s were poorly-identified.

Table 5.1 also shows the effect of vowel context on

{”*\identification of these-brief stimuli; clearly, vowel

“context is influencing the identification rates. /b/'s



204

8°96
0°96
£°96
1°86
S°86
6°L6
9°26
£°68
§°C6
16
1°16

(1]

9°L6="d
9°86 L°66
00l 9°66
Z°L6 001
9°66 001
8°96 1°66
0°66 00t
L°86 001
8°'L6 L°86
1°86 001
Q0L 9°66
1°66 00!
L°86 001
5
S ERTNAS

v 96

1°66
S°t6

9°66 .

9°66
1°66
9°66
G°96
0°6L
L°16
£°G8

S°L6

‘s

¥°L6="Q
6°L6 6°86 ¥°G6
9°66 00l £°66
00l 9°66 8°96
9'66 00l 00l
9°66 €£°66 001
00L 9°86 9°66
9°66 L°86 |°66
6°96 L°S6 B°Z6
0°86 00% 0°S¢
1'66 066 1°S6
6°96 0°86 S'L6
8°L8 L°86 6°L6
b P q
J95uW 91

yabuay snnuiag

v v6="Q
G5°96 1°G6 G°16
8°86 L°Ll6 T°L6
0°66 9°66 £°68

00l £°88 Z°96
€°66 L°86 8°86
9°66 £°66 0°96
9°66 L°86 0°96
€°L6 T°%8 0°L§,
6°96 v°86 £°9¢L
£°%6 L°L6 9°'L8
0°%6 8°16 L°E6
£°28 6°L6 9718

b o) m%

J9su g

€10( Le4n1el 4O U0L3edL4L3Uap] 393440)

L°G 378Y

1°68='Q
£€°26 L°26 6°28
£°p6 Z°LB 0°G6
G°L6 6°16 1°88
51°66 6°98 6°88
2°86 0°L6 Z°16
$°86 6596 8°'G6
8°G6 L°S6 £°€6
6°96 9L 0768
G°8R 0°86 9°€9
6°G8 6°96 L°€9
6°68 ¥°06 9°89
£°GL 7°86 9° %L
b P 9
J9sw P

A

[k

M QW NO®OOODDH



205

before front vowels are not well-identified (72% correct
average identification), but /b/'s before back and central

vowels are well-identified (92% correct average

ident%ﬁﬁcation). /a/'s before high and mid-high vowels are
L

s

identﬁé%ed better than /g/'s before back vowels.

The low error rates of these brief./g/ stimuli indicate
that .Stevens and Blumstein's idea that a longer time (i.e.
more than 40 msec) is needed to 'byild up' a representagion
of spectral compactness may not be necessary; similarly,
Kewley-Port's feature of 'compact through time' seems to be
unnecessary. |
5.1:5 Analysis

The onset spectra ére shown in Appendix 1. An analysis
of spectral shapg properties was done usihg Stevens and
Blumstein onset spectral shape templates (1379), and
features from Kewley-Port (1980) wﬁich pertain ¥o the onset

spectral shape.

5.1.5.1 Stevené and Blumstein Templates

A Stevens ana Blumstein templates were fit to the
onsets of each of these brief stimuli. Results are shown
in Tables 5.2-5.5 for each of the speakers, PFA, RAHG’
(two males) TMD and MLD (two females), respectively.
Pluses indicate that the spectra fit the template,

minuses indicate that the spectra did not fit the

teﬁﬁigze.
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Natural Data (4 msets onset); Stevens & Blumstein Templates;

Subject PFA
! ' Front Vowel (ortext

\ i 1 e £
compact + - - -
diffuse rising - + +
diffuse falling - - -
dominant response  /b/ [b-d] [b-d] [b-d]
compact - - - -
diffuse rising + + + +
diffuse falling - ‘- - -
dominant response /d/ /d/ /d/ /d/

© compact : - + o+ +
ai?guse rising - - .- -
diffuse falling - - - -
dominant response /g/ /a/ /9/ /a/

Central Or Back Vowel Context
A C 2 9 u - u
compact - - - - \ -
diffuse rising + -, ¢ +
diffuse falling - + - t -
dominant response  /b/ - /b/ - [b-d]  [b-d] /b/
compact -, - + + s
diffuse rising + E + -¢ -
diffuse Taliing - - - - -
dominant response  /d/ /d/ /d/ [d-9]  [d-g]
compact ’ + - ++ .ot L.

diffuse rising, - - - - -
diffuse falling + + + - +
dominant response  /g/ /q/ /9/ /9/ /q9/

++ indicates that the compact templates fit in two
local areas of the spectrum

dominant response: > 80% response for the category

aprropriate spectral shapes are: diffuse falling for /b/,
diffuse rising for /d/, compact for /a/

+

/9/

1y

+
/b/

[d:gJ

++

/9/

206
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Natural Data (4 msecs onset): Stevens & Blumstein Templates,
’
Subject RAH
" Front Vowel Context
i 1 , & - 3 %
compact - - - - +
diffuse rising t + + + -
diffuse falling - - - + +
dominant response [b-d-g] [b-d-g] [b-d] [b-d-g] [b-d]
compact + - + + .
diffuse rising + + + + +
diffuse falling - - - + -
dominant response /d/ /d/ /d/ /d/ /d/
compact + + + + +¥
diffuse rising - - - . SN -
diffuse falling - - - - -
dominant response *3 /g/ /q/ /9/ /a/ /9/
Central Or Back Vowel Context

A 2 ° y u g
compact - - - - + -
diffuse rising R ' - - -

diffuse falling - ; . : : X
dominant response  /b/ /b/ /b/ /b/ /b/ /b/

compact, - - - - + - +
diffuse rising + + + + + +
diffuce falling - - - - - W

dominant response  /d/ /d/ /d/ '/d/ /d/ /&/

comgact . - ++ + ++ ++ +
diffuse rising - - - -

diffuse falling + - - - - +
dominant response /a/ /q/ /9/ /q/ /9/ [d—g]

++ indicates that the compact templates fit in two
local areas of the spectrum

dominant response: > 80% response for the category
A

appropriate specf}aT shapes are: diffuse falling for /b/,
diffuse rising for /d/, compact for /g/ ‘
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TABLE 5 4

-

onset); Stevens &. B]umste1n Temp]atesl

compact .

- diffuse. rising
diffuse falling
dominant response

compact

diffuse rising
diffuse falling
dominant response

. compact ‘
*diffuse rising
diffuse falling
dominant response

compact
diffuse rising
diffuse falling

- dominant response

©

compact ,
" diffuse-rising
diffuse falling

dominant response .

compact v
diffuse rising
diffuse falling

gdominant response

Subject TMD
Front Vowel Context

i 1 e £ %
+ - + - -
- + + + -
T+ + + R , -

lb-d-g] [b-d]  [b-d]  [b-d]  /b/
+ + - +
+ + - +
- - N -
/d/ [d-g] /d/ /d/ [d-g]
+ vf“ﬁ+ g + + ++
/9 9/ lel o l9l

‘Centré1 Or‘Back Vowe1 Context

A2 o U

le

o -+ - -
- % + . - '

‘ + +
/bl /b/ /b/ - /b /b [b]

+ - - T+ + .-
+ 0+ + + +

A T A TR L TR

++ indicates that the compact temp]ates fit in two
local areas of the spectrum

domwnant response: > 80% response for the category

~appropriate spectral shapes are:

diffuse fa111ng for /b) 7

d1ffuse rising for /d/ compact for /q/
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TABLE 5.5

N

4 Natural Data (4 msecs  onset); Stevens 8 B1umSte1n Templates;

Subject - MLD

Front Vowel Context

u I L e £ ®
B compact = . - .- + - +
diffuse rising + + + -
diffuse falling - + - - - -
dominant response /b/ /b/ ~ [b- d] [b-d] /b/
D compact o+ 4 . + -
diffuse rising + + + + -+
diffuse fa111ng BN - L - .
dom1nant response /d/ /d/ - /d/ - /d/ [d-q]
G comgact v R, + + +
- diffuse rising P - -
diffuse falling CL . - - ' - -
" dominant response  [d-g] [d-g] [d-g] [d-g] /q/
Central Or Back VoweT‘Context
A 20 o U u g
B - compact + - - - - -
diffuse rising + + C- ot + +

diffuse falling - - - + - - ‘
dominant response” [b-d] /b/  /b/ /b [b-d-g] /b/~

D compact - = - - + -0 -
diffuse rising + + +. + + +
diffuse falling .- - - - - -
dominant response  /d/ /d/  /d/ /d/ . /d/ /d/

G compact ++ 4 + -
diffuse rising - C- - Co- - -

" diffuse falling. - - - - - -
" dominant response /g/ - - 7/9/ 19/ /9/ - /9] - ./9/

“

y

* ++ indicates that the compact ~plates fit in two
local areas of the spectrum

'dom1nant response: > 80% response for the category

appropr1ate spectral shapes are: diffuse falling for /b/,
d1ffuse rising for /d/, compact for /g/

&
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As can be seen in Tables 5.2-5.5, two of the
Stevens and-Blumstein templates often fit the onset
 spectra of these stimu&i (e.g., compact and diffuse %-
rising templates both fit the onset spectral shape of
/d/ in the context /o/); thus, although there is correct
acceptance of a particular template, there is‘also a
high incidence of false alarms. |

some of the onset spectra fit both the diffuse
rising and diffuse falling templates. Clearly, the
notion of 'diffuse rising' and 'diffuse falling' should
be redefined. It seems inappropriate to have two
seemingly conflicting spectral templates both fit these
‘spectra. : R ¢ |

A closer eXamination of the /d/ and /b/ spectra in

‘

Appendix I reveals that many of the spectra actually
both rise and fall in a-typé of 'hump shape'. However,
the peak po1nts in the spectra are at dlffzf}ng
frequency locations for /d/ and /b/ spectra and,

‘ furthermore, the slopes of the rlse and fall dlffer for
these two stop categories. /b/ spectra seem to have a
gradual sloping rise to a peak, and then have a: fairly
steep drop-off of high freqnency energy. (This is
consistent with the feature 'grave? .i.e., presence of
low frequency energy, pré!bsed by Jakobson, ant and
Halle, 1952.) /d/'s, on the other hand, have a sharp’
rise to a frequency location often situated at or near

. \
the 'locus' value (D%;attre, et al., 1955), with only a

an
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small eloping drop-off in high frequency energy. (This
is cchsistent with the featpre 'acute', i.e., presence
of ‘high frequency energy, prcposed by Jakobson et al.,
1952.) | |
| In addition, the compact spectrum for /9/'s
 (especially for /b/'s before back vowels) often display
two local 'prominent peaks', one in the mid-frequency
range descrlbed by Kewley-Port (1980) and one ;%
approximately 5000-6000 Hz, so that two of theﬁcompact
templates fit %n two 1oca1_areas of the spectrum.

'One additional aspect of the Sté@en‘s and Blumstein
templates which need further revision is the fact'that
the dlquse rising template allows for a freguency peak
in the locus area, but this peak often fits the compact
specéral template as.well. Thus the compact template’
falsely accepts /d/ onset spectra.'Perhaps a |
hierarchical application of the templ could help,
whereby the diffuse rising templates ?first fit to
‘the spectra, and then the c@mpact templates are fit only
to those spectra which d1d not fit the dlffuse rising
‘template at the extended locus area f{as deflned by
Stevens and Blumstein, 1979).

The onset spectral shape of these stimuli can not
always be related to the domlnant responses of
listeners; for‘example, some st1mu11 have diffuse rlslng

ehapes, but are heard as /b/' . However, most tokens

with majorlty /g/ responses fit the compact templates.
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Thus.the’cempacf feature seems to be an important cue
for velars in natural speech as well as in the synthetic
"speech perception experiments that were done in Chapter
3. |
Results also indicate that vowel contexﬁ is
- important. The results for eaehvspeaker are presented

below.

Speaker PFA (Table 5.2)

For this speaker, onset cctral shapes for each
step categery was aﬁfected“by'vowel context. The spectra
of /d/ and /g/ before front vowels fit the appropriate
diffuse rising and.compact templates without being
falsely accepted by the other templates; however, for
both /d4/ ahd /g9/ in back vowel contexts, fouf out of six
spectra were falsely accepted by other templates. /b/'s
before back vowels more often had the appropriate
'diffuse falling' onset spectral shape (three out of
six) than dd /b/'s before front Yowels (one out of
flve).

1t can be seen that the-‘fit to appropriate
Spectral shape templates' does not seem .to fully account
for the 'dominant response’ of listeners to all of these
‘brief sfimuli. Stimuli having majority /b/ responses
often do not have the 'appropriate’ diffﬁse fallihg‘
sHape; Stimuii having majority /d/ responses, on the
_other hand, do have the approprlate diffuse rising

shape. Many of the stimuli whlch obtained dominant /g/
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responses approprietely fit the compect spectral
template, though many of these stimuli were falsely
accepted by other tééplates. Moreover, most of the
stimuli which Were-'ambigUOus' for 1isteners could not.
be interpretted in terms of fitting two or more
templates;. only one ambiguous stimulus, the /bU/ token
‘(which was ambiguously heard as [b4d]).fit both the
diffose rising and the diffuse falling templates.

A compact template often fits two local are;s of
the spectra for /g/‘s}'particulariy /a/'s before back
vowels. | |

Speaker* RAH (Table 5. 3)

For speaker RAH (Table 5.3), the influencelof vowel
context is also evident. For poth /b/'s and /d/'s in
backﬁvowei contexts; four out of six haVe\the
appropriate diffuse shape (i.e., diffuse risiﬁg for
' /a/'s and diffuse falling for /b/'s) with no false
acceptences by the other templates.’However, for /b/'s
in-front vowel context, there are no spectra which only
fit the ;;proprlate diffuse falling template, for /d/'
in front vowel context only one out of the five spectra
fit only the dlffuse rising template The spectral shape
of /d/'s before front vowels often fit both the diffuse
and compact templates, owing to prominant peaks near the
"locus' value (four out of five spectra fit both

templates). The onset spectra of some /g/'s before back

vowels are falsely accepted by the diffuse falling
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template (two out of six spectra), but therelare no such
'false : alarms with /g/ s before front vowels. As with
speaker PFA, the compact templates fit some of the /g/
spectra (four out of .eleven) in two local areas of the
spectrum, particularly for /g/'s befote back vowels.

Again, the onset spectral shape characteristics

seem to be unable to account for all of the dominant

responses of listeners wvhen presented with these brief
tokens. Some of the tokens which obtained majority /b/
responses had the'appropriate'diffuse falling shape,

while others fit the diffuse rising template. Every

token which obtained a dominant /a/ response fit the

'dlffuse rlslng template, but there were also many false

alarms. Most tokens with majority /g/ responses fit the
compact templatés.

" None of the ambiguous tokens fit two or more of the

“apprdpriate templates. For example, the token /g/ was

- ambiguously heard as [d-gl, but the onset spectral shape

of this stimulus did not fit both the compact and
diffuse rising templates; rather, it fit the compact and
diffuse falling templates;

Speaker TMD (Table 5.4)

-

4

For speaker TMD; vowel context affected the onset

spectral shape. /b/'s and /d/'s before central or back

vowels generally have the appropriate falling and rising

diffuse spedttal shape, respectively, without also

fitting another inappropriate.template (four out of six
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/b/'s and three out of six;/d/'s in this ;owe} context).
However, there were no tokens of /b/'s and /d/'s before
front vowels which had the appfooriate diffuse shapes
without also fitting an inappropriate template. /q/'s
‘before front vowels were never falsely accepted by other
templates, whereas /9/'s in two back‘vowel contexts had
'false alarms'

The compact templates sometimes fit in tﬁo local
areas of the spectrum for /g/'s (three spectra-out of
eleven), partlcularly before back vowels. In addltlon,
this subjects /d/‘s also fit the compact template
'eé§t;1ally before front vowels, where the template was
picK¥ng up the' peak near the 'locus' value.

The Stevens'and Blumstein template fits do not
reflect dominant response categories ofhlisteners forl
all tokens Somg stimuli which obtained majority /b/
responses had the apprépriate dlffuse falling onset
spectra, while others had diffuse rising spectra. Most
stimuli which obtalned majority /d/ responses fit the
diffuse rising template but also were falseiy accepted.
by other templstes (though, as mentioned above, some of
these faise alarms were due to a compact template
fitting a peak near the 'locus' value). Stimuli which
obtained majosity /q/ responses all fit a compact
template and, in some cases, a compéct template fit two
local areas of the‘spectrum. Only two /g/ tokens were

falsely accepted by other templates. o .



216

_Stimuli which were ambiguous under this short
presentation condition did not, in general, fit two or
more of the approprlate spectral shape templates. Only
‘one amblguous token, the syllable /bl/ (which was heard
ambiguously as a /d/ or a=/b/) fit.both the diffuse
rising and the diffuse falling templates.

Speaker MLD (Table 5.5)

For speaker MLD (Table 5. 5) onset spectral shapes
were only slightly affected by vowel context. The
spectra of /d/'s before front vowels had more 'false
alarms' (three out of five false alarms) w1th the
‘ compact template than /d/'s before back vowels (one out
of six false alarms); here‘agaln, the compact template
was picking up’the spectral peak near the 'locus' area.
It is interesting to note, though, that /d/'s before .
front vowels often have a peak‘at the locus, while /d/'s
before - back vowels do not necessarily have this locus
peak (cf. Blumstein and Stevens, 1980).

Listeners' dominant responses.to these shortened
tokens can not be all accounted for on the basis of
onset spectral shape characteristics. Tokens with
majority /b/ responses often fit the dlffuse rising
template, 1nstead of the approprlate diffuse falllng
tempiate; Stimuli with majotﬁty /d/ responses all fit
the diffuse rising template, but are often falsely
accepted'by the compact templates as well (particularly.

before front vowels). Almost all of the .stimuli which

@y
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obtained majority /g/ résponses were accepted by a
compact template, and were no£ falsely accepted by the,
other templates. .

Stimuli which are ambiguously heard are also not
adequately accouhted for on the basis of their onset
spectral shape charaqteristic; None of the 'ambiguous'
tokens fit the appropriate templates'(i.e., appropriate
for both of the'categories with which subjectg are
responding).
Summary

The Stevens and Biumstein templates do not seem to
capture the important differences in-onse? spectra asla
fundtion of fhe vowel context. More onset spectra of
consonants before back vowels fit the appropriate
templates without fal;e alérms than do onset spectra of
tonsonants before fropt vowels (28 of the 60 cases, or
46%, across all subjects for frént vowei context vs. 59
of the 72 cases, or 53% fd? back and central ‘vowel
contexts). If a hierarchical application of the diffuée
riSing-and compact templates were aoné, 36 of the 60
'front vowei conﬁexts,ior-GO%, would fit the ;ppropriate'
témplates without false alarms vs. 39 df the 72 back
vowel contexts (64%).
| In addition, tHese templates do not account for all
of ¢the doﬁinaht responses of listeners. In éeneral, the

compact template fits onset spectra which are identified

as /g/'s by listeners, with no false'alarm§ (30 out of

e
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N

39, or 77%, of such cases). Stimuli which obtained
majority /d/ responses almost always fit the diffuse
rising template (36 out of 38, or 95%); however, the
compact template often falsely accepts ﬁhese /d/ stimuli
as well (42% of the time), pafticularly for /d/'s before
froﬁt vowels, which more often have a peak'near the
'Tocus' value. Thus, for unambiguous /d/'s, only 20 out
of 38 stimuli (or 53%) appropriately fit only the
diffuée rising templéte.'There were 26 stimuli which
~ obtained dominant /b/ responses; of these, 11 had the
appropriate-diffuse falling shape (42%) without fitting
other templates.
Some suggested revisions of the Stevens and
. “ﬁzg;gﬂéih templates are presented below:

t. The diffuse, rising template could be fit before the
compact template, especially before front vowels, so
that spectra having a peak at the locus /d/ value
would not also be categorized as /g/'s (i.e., those
épeetra'which fit the diffuse rising téhplate in the
locus area would not be fit with a compact
template). Of those stimuli which obtained clear
/b/, /d/ and /g/ dominant responses (103 cases), 57%
fit-the appropriate templaﬁes (with no false alarms)
without hierarchical template-fitting, and 73% did
so With hieraréhical témplate—fitting.k"

*Percentages of stimuli with dominant /d/ responses

appropriately fitting only the diffuse rising template
increased from 53% to 97% with hierarchical fitting; stimuli
with dominant /g/ responses which fit only the compact

-~
L)



2. The diffuse rising“aqg diffuse falling templates
could be redefined in terms of peak I;vquency
location, and spectral slope values bf lines fit to
the rising and falling portions of the onset
spectra, éo that spectra would not fit.both a
diffuse rising and a diffusevfalking spectrum at the
same time. Perhaps a fdif;;se flat' template could ’
be devised in order to test for 'ambiguous' [b-d]
stimuli. ) W

3. The templates could be 'tuned' to context sensitive
acoustic information (such as F2 transition

¢ information). This notion of 'Semplate' indicates
that some ;spécts of the acoustic context must be
included in fhe templates; thus, a continuous family
of templates (analagous to the '/g/-family' of
compéct templates of Blumstein and Stevens, 1979)
could be devised for each étop qonsoﬁant category,
which would be tuned to an acoustic aspect of théf
vowel context, though not in a hieraqchiéal fashion
(i.e., vowelAcatégorization information would not be
required a priori). i
Application of the first‘suggeqteg revision yielded
an improvement of the total number of stimuli which fit

an appropriate template withoqt false alarms (57%

without hierarchical template—fittihg, 73% with

'hierarchical template—fitting)/ Unfortunately, it is

*(cont’d) template 1ncreased from 77% to 79% with °
hierarchical fitting.

i
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beyond the scope of the present wbrk to implement the

other two suggested revisions. Clearly, an automatic
~1 Lo : . .

template~fitting procedure is required 1in ordef to

properly assess these template revisions.

5.J.5.2 Kewley-Port Features

Tableé 5.6~5.9 show the application of Kewléy—Pért
features to the onsets of these short stimuli. The
features of 'rising spectrum at onset', 'falling
"spectrum at onsét‘ , and ‘prominenbkmid-frequency'peaks'
were used in the andlysis. Although Kewley-Port defined
one of these featpres as requiring a time dimension
(mid-frequency peaks eﬁtending through time), this
feature was nevertheless tested in order to see if it
was evidenp'at the onset.

Results show that the Kewley-Port features do not
adequately account for all of the dominént response
categories. Of the }6 uhambigubué'/b/ cases, only two
had a falling spectfal onset shape (or .approximately
8%). However, 2f the 38 unambiguous /d/ cases, 35 (or
92%) had a rising spectral shape; the other three
stimuli had a rising spectral shape, but also had
mid-frequency peaks. Thus, 100% of the stimuli which
obtained dominant /d/ responées in fact had a rising
spectral shape, bué th;re we:: three false alarms.
Hierarchicél application of these featurei would raise
the percentage of appropriate fiﬁilfrom 52%‘to 100%.

i

Similarly, of the 39 unambiguous /g/ cases, none of the

¢



TABLE 5.6

Natural Data (4 msecs

onset); Kewley-Port Onset Features;

Subject PFA

rising spectrum
falling spectrum
mid-frequency
, peaks

dominant response

1+ |-

/b/

rising spectrum

falling spectrum

mid-frequency
peaks

dominant response

rising spectrum

falling spectrum

mid-frequency
peaks

dominant response

rising spectrum

falling spectrum

mid-frequency
peaks

dominant response

rising spectrum
falling spectrum
mid- frequency
peaks ’
dominant response

rising-spectrum

falling spectrum

mid-frequency
eaks

dominant response

/9/

Front Vowel Context

s o+ |

o e
|+|%

1+

(b-d]

+

+
[b-d]

(b-d]

/d/

/9/ /9/ /a9/
| Central Or Back Vowel Context

v

t

+

[b-d] -

[b-d] /o)

/9/ /a/ /9/ /9/

++ indicates that the compact templates fit in two
local areas of the spectrum

dominant response:

> 80% response for the category

appropriate features are: falling spectrum for /b/,
‘rising spectrum for /d/, mid-frequency peaks for /a/

221

/b/

/9/
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TABLE 5.7

‘Natural Data (4 msecs onset) ; Kewley4Port Onset Features;

e

B rising spectrum
falling spectrum
“mid-frequency
-peaks -

Subject RAH

"Front Vowel Context

e

—

4+

+. =
Vo4

1+ e
o+

domin?nt response. [b-d-g} [b-d-g] " [b-d] [b-d-g]  [b-d]

. D rising spectrum
falling spectrum
mid-frequency

peaks . .
-dominant response

G rising spectrum
- falling spectrum
- mid-frequency
peaks
dominaqt'YESPonSE

" B rising spectrum.
falling spectrum.
mid-frequency

peaks '
‘dominant response-

"D 'rising spectrum
falling spectrum
mid-frequency -

peaks

- dominant response

6 rising-spectrum .
falling spectrum .
mi d-frequency
- peaks
dominant response

+ +- o+ L+ +
/d/ /d/ /d/ /d/ /d/
+ + +
+ + + 4 +
ol e/ -9/ - /g/ /9/
' Central Or Back Vowel Context
A2 ° v w9

. . ’A;vy;‘
o/ 1949 19/ /9/ [d-glo

.++‘indicatés:that thevcompact templates fit in two -
Tocal areas of the spectrum. ‘

~ dominant response:”

> 80% response for the category

_appropriate features are: falling spectrum for / R
rising spectrum for /d/, mid-frequency peaks forgmd/

™\ ;
\ . §



Natural Data (4 msecs

TABLE 5.8

onset); Kewley- Port Onset Features;

223

" rising spectrum
falling spectrum
mid-frequency

, peaks ‘

. . dominant response

rising spectrum

~ falling spectrum

mid-frequency
peaks

dominant response

rising spectrum
falling spectrum
mid-frequency

- peaks

~dominant response

rising spectrum
falling spectrum
mid-frequency
peaks
dom1nant response

ris1ng spectrum

falling spectrum

mid-frequency
peaks

" dominant response

rising: spectrum
falling spectrum
mid-frequency

. eaks - g
- dominant response

Subject TMD.

ifbfd-g]

1>

-

/a/

g/
4+ indicates that the compact. templates fit in two

Front Vowel Context

1 4 |

[b-d]

/9/

S N B 1

. [b-d]

/9l
Central Or Back Vowel Context

o+ e

(b-d]

/9/

v
(=4

local areas of the spectrum .
> 80% response for the category
falling spectrum for /b/,

- dominant response:

‘appropriate features are:

/a9t

l9/

=

rising spectrum for. /d/, mid- frequency peaks for /g/-

U+ N

/b/
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" TABLE 5.9

msecs
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onsét); Kew]ex-Port Onset Features;

rising spectrum
falling spectrum
mid-frequency
peaks
dominant response

D" rising spectrum

falling spectrum

mid-frequency
peaks _

dominant response

risiﬁg_spectrum
falling spectrum

- mid-frequency

peaks
dominant response

~rising spectrum
falling spectrum
- mid-frequency
peaks
dominant response

rising spectrum

falling spectrum
mid-frequency

" peaks

* dominant response

. rising:spectrum
falling spectrum
mid-frequency
eaks o
dominant regponse

 ++ indice¥es that
Tocp) “areas of

dominant résponse:

Subject MLD

1
N

/bl

‘/g/

.y:'

Front Vowel ConteXt

17 e £
+ + +
Ty - T
o - o+ -
/o) [b-d]  [b-d]
+ 4+
/d/ /d/ /d/
W . . \
+ + +
[d-g]  [d-g)  [d-g]
Central Or Back Vowel Context
> o U u
+
b/ /b /b [bed-g)
+ Ty +
- - - & -
 /d/ /d/ /d/ /d/
+ +
+ - + +
18 19/ 9/ /4l

the compact templates fit in two
the spectrum .

appropriate features are:

rising spectrum for /d/, de-frequency peaks for /g/

3%0% response for the category

falling spectrum for /b/,

&

y + 1N

/b/

/a9/ "

104

/b/



R
( .. . 225

stimuli only had the appropriate mid-freqguency peaks;

however, 29 of these stimuli had both mid—frequency'

peaks and rising sbectra (i.e., 74%). Thus, hierarchical

application of the mid- frequency and rising spectrum

features would raise the the percentage of approprlate

" fits (with no false alarms) from 0% to 74%.

In general,hthe Kewley-Port features were not an

‘improvement over the Stevens and Biumstein templates;

using hlerargh}cal fitting in both cases, the Stevens

and Blumsteln t ?@hs approprlately f1t 73% of the

"d W ,{7.‘

unamblguous st1mu11 whereas the Kewley-Port features fit

61% of these st1mu11 In partlcular, the feature that
was designed to separate out labials from alveolars

(i.e., fallingfspectra) was not evident; most of these

\'stimUli had 'riséﬁg-spectra',cbut were categorized as
/b/ by listeners. If, in fact, the rise or fall of the

onset spectral shape cued the difference'between'/b/‘s

and /d/'s, listeners should have heard only two /b/ S;
in fact, the st1mu11 with falling spectra were
ambiguods. |

The feature 'mid-frequency peaks' was; in fact,

‘ev1dent for many of the st1mu11 ‘which obtalned a

majority /g/ response (74% of the cases) However, there

were some cases whlch did not have ‘a promlnent‘ peak in

this. mld—frequency range, but rather also had a smaller
,peak nearby - (see Appendlx 1): in most cases, these

spectra would have fit a Stevens and Blumstein compact
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template.

In this sectlon, the. énSet character1st1cs of
natural speech were descrlbed In the following sewtlon,
aspects of presenting a longer portion of the s@gn l\a;e

discussed.

5 2 Natural Data With Response Sh1£ts

:Aﬂ' In this sectlon, natural stimuli w1th longer portions
of the signal are tested; those stimuli which obtain
category response shifts are analyzed in terﬁs of spectral

Tt

and formant properties.

5.2.1 Subjecfs and Procedure
S . ‘ S
The subjects and procedure were identical 'to those

mentioned in the previous section.

5.2.2 Stimul&

Stimuli werekide;ticai to those %gmthe previous
section, althodéﬁighe‘duratidn of theisigqal was lengthened
to four duration levels. The stimuli had full amplituae
‘values°for 4, 8,l16, or 32 msec; fof all stimuli; an 8 msec

'llnear offramp was prov1ded Thus, the full stimuli

duratlons were 12, 16, 32 and 40 msec

5.2.3 Results and Analys1s L

W

An analysis was done only on those stimuli which

obtained less than B80% correct recognitiOn, or for those
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which had response shifts as more of the signal was added. A
response shift is defined as a shift in response from an
'emb{guous' categorization to'a majority‘respoqse (i.e.,‘the
categorization of a token heard ambiguously when presented'
with a short stimulus vs. the categorization of this token:
heard unambigugusly when‘mofe bf‘the signal was appended).-A
token was considered to.be 'ambiguously' categorized if no
s1ngle category exceeded 80% correct 1dent1f1cat10n (i. e.,

" two or more categorles were needed. in order to obtaln 80% of

the consonant responses.

5.2.3.1 Analysis of Spectral Shape
_ For each of these stimuli, spectral shape
information was analysed by fitting the Stevens'and>
Blumstein tehpla;es, calculatjﬁg Lahiri and Blumstein
ratios, and applylng Kewley-Port features. Ih,addition,
formant mgasurements wére obtalned for each of these |
stimuli where possible. (At these brief presentat1on
levels, formant tracking was impossible for some stimuli
due to the longvinitial burst1portion.) Plots of these |
spectra are shown in Appendix 2. _ | |
The results -of fitting the Stevens and Blumstein
templates to these spectra are shown in Tabies“.
5.10-5.13. The results indieate that the Stevens and
;Blumstein templates bear some relation to the boint at
.which subjects are shifting their responses from one
category to another as more of“ehe sighal is presented;

but that they do. not accountvfor-all response category



TABLE 5.10  ©
Natural Data With Response Shifts;

~ Stevens and Blumstein Templates.;

Subject PFA

Syllable Stimulus Dominant

Onset Spectral

228

“a

Spectral Shape

-~

Length Response Shape at Votte Onset
/bI/A . 4 msecs [b-d]  ‘diffuse rising diffuse risingv(jVOT)'
8 msecs /b/ diffuse rising diffuse fa]]in% '
/be/ 4 msecs [b-d] diffuse rising diffuse (—VOT?
' 8 msecs . [b-d] diffuse rising diffuse :
16 msecs /b/ -~ diffuse rising diffuse falling
7bE/ 4 msecs [b-d]  diffuse rising diffuse (-VOT)
x 8 msecs [b-d] . diffuse rising diffuse
16 msecs [(b-d] diffuse rising -diffuse
) 32 msecs [b-d] diffuse rising diffuse ,
/bo/ 4 msecs [b-d] | diffuse rising diffuse rising (QVOT) . B
, 8 msecs /b/ diffuse rising diffuse falling
/bu/ 4 msecs [b-d] diffuse diffuse (-VOT). .
8 msecs /b/ diffuse -diffuse fa]]ing Al
/du/ 4 msecs [d-g] 'compact' compacf " ‘ o
: diffuse rising (-VOT)
§ msecs [d-g] compact - compact '
- : . diffuse rising (-VOT)
16 msecs /d/ compact diffuse rising
/du/ 4 msecs [d-a] compact compact - .
: diffuse rising (-VOT)
8 msecs /d/ compact diffuse rising -
/d¥ 4 msecs [d-g] compact compact
: diffuse rising (-VOT)
8 msecs [d-g] compact ~compact '
~ ‘diffuse rising (-VOT)
16 msecs /d/ compact diffuse rising :
[,

(-VOT): no voicing onset; third or ‘ourth frame used for

‘spectrum at voicing onset’



TABLE‘5.11
Natural Data with Response Shifts;

Stevens and Blumstein Templates;

Subject RAH

229

Syllable Stimulus Dominant Onset Spectral Spectral'Shape
Length Response Shape ~ at _Voice Onset
/bi/ 4 msecs .[b-d-g] diffuse rising diffuse rising*
8 msecs- /b diffuse rising diffuse rising *
/bl/ 4 msecs  [b-d-g]  diffuse rising
‘8 msecs /b/ diffuse rising diffuse rising
| , ! ‘ p
/be/ 4 msecs [b-d% diffuse rising diffuse riéq;g*
' 8 msecs b-d diffuse rising diffuse r1s1ng*
16 msecs [b-d] diffuse rising diffuse r1s1ng
32 msecs [b—d] diffuse rising d1ffuse rising *
, L
/bE/ 4 msecs  [b-d-g] -~ diffuse : diffusef
8 msecs —f[b-d% diffuse rising diffuse*
16 msecs [b-d] diffuse rising diffuse™
32 msecs. [b-d] " diffuse rising diffusex*
/b%/ 4 msecs [b-d] | compact - compact
‘ diffuse falling diffuse falling*
8 msecs [b-d] diffuse falling diffuse™*
16 msecs [b-d] diffuse falling diffuse *
32 msecs [b-d] diffuse falling diffuse*
/93 4 msecs <[d{b]!7 ’ éompact compact
' " R .diffuse falling diffuse fa111ng ( VoT)
~ 8 msecs /9/ compagct compact
S diffuse falling diffuse fa111ng (-voT)
(-v0T) no vo1c1ng onset; th1rd or fourth frame used for

*

'spectrum at voicing onset"

- voicing onset at consonant release



TABLE 5.12
- Natural Data with Response Shifts;

Stevens and Blumstein Temp]ate$;

Subject TMD
syllable Stimulus  Dominant

Onset Spectral :

Spectral Shape

Length - Response Shage at Voice Onset
/bi/ - 4 msecs [b-d-g] compact compact
‘ diffuse falling diffuse falling
8 msecs [b-d-g] compact compact
o : - diffuse falling diffuse falling.
16 msecs /b/ compact compact
diffuse falling diffuse falling
/bl/  4'msecs’  [b-d] diffuse © diffuse
8 msecs /b/ diffuse diffuse falling
/be/ 4 msecs [b-d] compact compact '
' diffuse diffuse rising
8 msecs /b/ compact - diffuse falling
diffuse )
/bt/ 4 msecs [b-d] diffuse rising = diffuse rising
8 msecs /b/ diffuse rising diffuse falling
/dl/ 4 msecs [d-g] compact - compact.
’ diffuse rising diffuse falling
8 msecs [d-g] compact ' compact '
o diffuse rising diffuse falling
16 msecs /d/ compact - diffuse rising
diffuse rising o :
) -/ d%/ 4 msecs [d-q] compact compact (-VOT)
- 8 msecs [d-g] compact compact_ (~VOT)
16 msecs /d/ - compact diffuse‘fa]]ing

(-voT): no'voicing onset; third or fourth frame used for
'spectrum at voicing onset'

230 P

(-vbf)‘
(-vOT)
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TABLE 5.13
Natural Data With Response Shifts;
Stevens »nd Blumstein Templates;

Subject MLD

Syllable Stimulus - Dominant Onset Spectral Spectra1 Shape .
: Length Response Shape : at Voice Onset
/be/ 4 msecs [b-d] compact comEact .
’ » . . diffuse - diffuse
8 msecs /b/ compact = ‘compact
diffuse diffuse
/bE/ 4 msecs [b-d]¥ diffuse rising diffuse rising
8 msecs [b-d] diffuse rising -diffuse rising
16 msecs /b/ diffuse‘rising diffuse falling
/bA/ & msecs [b-d]  diffuse © diffuse *
8 msecs [b-d] diffuse diffuse * :
16 msecs /b/ ~ diffuse diffuse falling *

/bu/ 4 msecs [b-d-g] diffuse rising . compact :
: diffuse rising (-VOT)

8 msecs [b-d-g] diffuse rising compact
, diffuse rising (-VOT)
16 msecs [b-d] diffuse rising compact
/ : . diffuse rising
32 msecs [b-d-g] diffuse rising  compact

diffuse rising-

4%/ 4 msecs [d-g] diffuse rising diffuse rising (-VOT)
8 msecs [d-g] diffuse rising diffuse rising
16 msecs /d/ diffuse rising diffuse rising
/gi/ 4 msecs -~ [d-g] compact . compact (-VOT)
_ 8 msecs [d-g] compact compact  (-VOT)
16 msecs [d-g] compact compact (-VOT)
} 32 msecs /g/ compact . compact
/gl/ 4 msecs [d-g] compact compact (-VOT)
' 8 msecs: [d-g] compact - compact (-VOT)
.16 msecs /9/ compact ‘ compact (-VOT)
/ge/ . 4 msecs [d-g]  compact compact (-VOT)
: 8 msecs [d-g] compact compact (-VOT)
16 msecs /9/ compact compact
/ge/ & msecs [d-g] compact . compact (-VOT)
8 msecs /9/ compact compact

(-VOT)  no voicing onset; third or fourth frame used for
‘spectrum at voicing onset’
*  voicing onset at consonant release
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a

shifts. The templatés were fit both to the onset
spectrél shape, as well as to the spectral shape at
onset of voicing., In cases Qhere there was no onset of
voicing, the spectrum at the fourth frame '°® was used as
the spectral shape at 'voicing onset'. For some of the
stimuli, particularly /b/‘s, voicing onsét was at
consonant release, so the same spectrum was used for
both 'onset' spectrum and 'spectrum at voicing onset'.

It is interesting to note that in most of the casés
for Speakers PFA and MLD (8 out of 8 for Speaker PFA and

-7 out of 9 for Speaker MLD), the templates appropriately

fit the specatral shapes at voicing onset fér the
unambiguous,vlonger stimuli. However, the templates
often did not fit the appropriate stimulus onset
spectral shapes, as outlined in the previous secfion.

For Speaker PFA, five out of eight ambiguous tokené
ﬁit.the two 'appropriate' templates at the third or

o

fourth frame when there was no voicing onsét for the\
very short stimuli; as more of the stimulus was
appended, the spectral shépe at voicing onset was
apbropriate,to the changed dominant response. Thus, for
ﬁhis'spéakeé only, response shifts could perhaps be
interpreted as a response to. the change in spectrall
shape-before voicing onéef, though not at stimq]us onset
vs. spectfél shape at voicing onset. This Qould be a

- —— —— ———— ———————————

"°When the amplitude of the spectrum was clearly too low at
the fourth frame (i.e., peak values did not reach 30 dB),
the spectrum at the third frame was used as the spectral
shape at 'voicing onset'.
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very interesting aspect to test in further experiments.

Tables 5.14-5.17 show the Lahiri and Blumstein
ratios for each of the stimuli which had'reponse shifts.
These ratios require 'spectrum at voicing onset';
however, for some of these brief stimuli, particularly
/d/'s and /g/'s, voicing was not present. For these
cases, the spectrum at tﬁe third or fourth frame was
used. Results indicate that the Lahiri and Blumste%p
ratios do not generallxvaccouht'for,the category e
response shifts; for example, of a total of 13 cases
where thefe was a responseé shift from ambiguous [b-d]
to /b/, only two caées show the appropriate change in-
the rétio values for the shorter stimuli as compared to
the longer stimuli, |

Tables 5.18-5.21 show the resulfs of applying

Kewley-Port's features to these stimu.i. Results

indicate'that these features also do not generallY»
account for the category response shifts. Of a total of
24 cases where a responsevshiff was obtained as. more of
the signal was appended, only two cases have different
Kewley-Port features for the longer stimulus compared to
the shorter stimulus, and in neither case is this
vdifference appropriate to the reéponse shift.

Tables 5.22-5.25 show a summary and comparison of
the Stevens and Blumstein templates, the Lahiri énd
Blumstein ratios and.Kewley—Portfs features. Results

show that of the three spectral shape feature sets,'the
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TABLE 5.14

Natural Data With Response Shifts; Lahiri and Blumstein Features;

Subject PFA
. 7
Syllable Stimulus Length Dominant Response  Ratio Value

1

/bl/ 4 msecs [b-d] . -.91 (-voT)
8 msecs /b/ =2.1 ;
/be/ 4 msecs . ;b-d% ¥ 2.5 (-vOT)
8 msecs ‘  b-d .5
16 msecs /b/ -0.1
/bE/ 4 msecs [b-d] 2.5 (-VOT)
8 msecs [b-d] 6.0
16 msecs & [b-d] .42
32 msecs [b-d] .54
/bo/ 4 msecs [b-d] 1.0 (-VOT)
8 msecs /b/ ‘ -4.0 .
/bU/ Bmseds . o [b-d] .84 (-VOT)
8 msecs /b/ 2.4
/du/ 4 msecs [d-g] .12 (-voT)
8 msecs [d-q] . .47 (-VPT)
16 msecs /d/ .08 -
/du/ 4 msecs [d-g] 1.0 (-VOT)
8 msecs /d/ -.33
C/dY 4 msecs | [d-g] .52 (-vOT)
: 8 msecs fd-g] - = 0.0 (-V0T)
16 msecs : /d/ S v A v

(-voT) 1nd1cates no voicing onset; the fourth fran&;
for ‘spectrum at voicing onset‘ 4 ’




TABLE 5.15

A

Natural Data With Response Shifts; Lahiri_and Blumstein Features;

Subject RAH o

Syllable Stimulus Length Dominant Response Ratio Value
/bi/ ' 4 msecs o [b-d-g] -3.75 «
8 msecs /b/ 2.5 +
/bl/ 4 msecs [b-d-g] 2.3
. B msecs /b/ .78
/be/ 4 msecs Eb-d .6
8 msecs b-d .34
16 msecs [b-d] 5o
32 msecs [b-d] .30 *
/bt/ 4 msecs [b-d-g] 1.33 ¢
8 msecs [b-d? 2.33 *
16 msecs [b-d .78 *
32 msecs [b-d] 91+
/b%¥/ 4 msecs [b-d] .33 %
8 msecs [b-d] .64 *
16 msecs [b-d] .55 *
32 msecs [b-d) J6 *
/99/ 4 msecs [d-q] .71 (-voT
8 msecs /9/ 1.67 (-vOT

(-VOT) indicates no voicing onset; the last frame
was used for 'spectrum at voicing onset’,

*

The fourth frame was used for 'spectrum at voicing

onset' since voicing occurred at consonant release.
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" TABLE 5.16
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iy

Natural Data With ﬁesponse Shifts; Lahiri_and Blumstein Features:

. syllable

. Subject TMDf

/bi/

/bl/ .

/be/

/bt/

‘/dI/. |

/d%

vy s

.

8
16

m e

;: .

o~ 00

msecs &

msecs
msecs

msecs -
msecs:

msecs
msecs

msecs

msecs

msecs
msecs

‘msecs

msecs -
msecs

‘msecs

e

Sfimu}us Length =~ Dominant Response

,Eb4d-g]“‘

b-d-q] . -

o/
[b-d]
/b/"

[b-d]
/bt

| [b-d]

/b/

[d-glk'
[d-g]
/d/

[d-g]

ld-g] -
4

no voicing onset; the fourth. spectrum
for 'spectrum at voicing onset'

Ratio VéTué; :

1.33 .
4.0 |
1.33
1.2
14.0
5
2.5
i
-8.0. .
-1.0 (-vOT)
- 22 (-vOT)
1.0 ..
4.0 (-vOT)
4.0 (-vOT)
64
was used
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* TABLE 5.17

# Natural Data With Response Shifts; Lahiri and Blumstein Features;
o . - PN ()

Subject MLD

* Syllable Stimu]us‘Length Dom{nqnt' Ratio Value
~ /be/ 4 msecs . -5 *
' 8 msecs b 3.0 *
/b€/ 4 msecs Tb-d] .80 s
8 msecs - [b-d] .44 .
3 16 msecs /b/ A
/bt 4 msecs [b-d] 1.25 *
R - 8 msecs - [b-d] 1.29 *
16 msecs ' ' /b/ .08 *,
/bu/ 4 msecs  [b-d-g] " .82 (-voT)
8 msecs - [b-d-%] 45 (-VOT)
16 msecs [b-d} .38
32 msecs - ——[b-d-g] .75
/ d/ 4 ‘msecs [d-g] .25 (-voT)
: 8 msecs . [d-g] .66 '
16 msecs - /d/ .33
/9i/ " 4 msecs [d-g] .6 (-voT) -
8 msecs [d-g] 1.67 (-VOT)
16 msecs’ Ed-g] - .88 (-vOT)
32 msecs /g 1.08', s
- /gl/ 4 msecs [d-g] .5 ( voT)
8 msecs [d-g]" 3.0 (-voT)
" 16 msecs - /9/ -1.0 - (- VOT)
 /ge/ | 4 msecs - [dfg] -1.333 (-vOT)
8 ‘msecs  [d-g] -1.33 (- VOT)
16 msecs . /9/ -.6
/9€/ 4 msets [dg] .63 (- vor)

msecs A7 ' 44
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TABLE 5.

-

Natural Data with Response Shigﬁgi’kew1gy-Port.Featukes;
. - F ~

Subject PFA

Syllable Stimulus Dominant

¥
b

“Length Response
/bl/ 4 msecs {b-d]
B - 8 msecs /b/
 /be/ . 4 msecs [b-d]
.- 8 msecs . -[E-d]'
_»16- msecs ' 'b/
/bE/ 4 msecs [b-d).
' 8 msecs . [b-d]
.16 msecs  [b-d]
32 msecs  [b-d]
/bo/ 4 msecs  [b-d]
- 8 msecs /b/-
/bu/ 4 msecs [b-d]
A 8 msecs b/
/dU/ - 4 msecs  [d-g]
- 8 ‘msecs [d-g]
16. msecs -~ +/d/
- A4u/ 4"mse¢s [d-g]
8 msecs /d/
© /49 4 méecs  [d-g
: 8 msecs  [d-g
16 msecs - /d/

‘rising
_rising

rising
rising
rising

rising
rising
rising
rising

rising

rising

rising
rising

rising

rising
rising
rising
rising
rising

rising
rising

L}
Y

.. Features

spectrum
spectrum

spectrum, mid-frequency peaks
spectrum ’
spectrum o

spectrum, mid-frequency peaks
spectrum, mid-frequency peaks
spectrum, mid-frequency peaks

spectrum, mid-frequency peaks

spectrui’
spectrum

spectrum : D
spectrum

spectrum
spectrum
spectrum

spectrum
spectrum

spectrum
spectrum -

s@@trum = |
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"TABLE 5.19

Natural Data with ReSponse Shifts; Kewley-Port Féatures;

Subject RAH , )
Sy]]ab]e Stimulus  Dominant . Features
: - Length Response '
/bi/ 4_msec§"'_[b-d¥g] rising spectrum
o -8 msecs . /b/ rising spectrum
/b1/ 4 msecs . .[b-d-g] rising spectrum
. 8 msecs . - /b/ - rising spectrum
/be/ 4 msecs [b-d] . rising spectrum
: 8 msecs [b-d] = rising spectrum
— . 16 msecs  [b-d] rising spectrum
© 32 msecs [b-d] rising spectrum ‘
/bE/ 4 msecs [b-d-g] Trising’spectrum
- 8 msecs.  [b-d] rising spectrum
' 16 msecs . [b-d] rising spectrum
. 32 msecs [b-d] rising’spectrum o
/b®/ 4 msecs ;b-d]ﬂ""Z rising spectrum
8 'msecs [b-d]  rising spectrum -
16 msecs [b-d] " rising spectrum
32 msecs [b-d] rising spectrum
19T/ 4 msecs. ‘[d—g] Fising spectrum, mid-frequency peaks
8 msecs

v

/9/  rising spectrum, mid-frequency peaks
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e
@ )
TABLE 5.20
) i - .
Nétura“ Data with Response Shifts; Kewley-Port Features;
' Subject TMD
Syllable Sfimu]us Dominant : Features
. .Length Response
. /bi/ 4 msecs [b-d-g] falling spectrum
8 msecs [b-d-g] falling spectrum
16 msecs ~ /b/ ' falling spectrum
/b1/ 4 msecs [b-d]  rising spectrum
. 8 msecs /b/ . rising spectrum
/be/ 4 msecs - [b-d]  falling spectrum
8 msecs /b/ falling. spectrum
/bE/ 1“r4‘msecé - [b-d] rising spectrum
é;%% msecs /b/ ‘rising spectrum
/AT 4 msecs  [d-g]  rising spectrum
: 8 msecs [d-g] rising spectrum
16 msecs /d/ rising spectrum
! / d®/ 4 msecs [d-g] rising spectrum, mid—freqdency peaks
' 8. msecs [d-q] rising spectrum, mid-frequency peaks
16 msecs /d/

rising spectrum, mid-frequency peaks |

EY
-



TABLE 5.21

" Natural Data with Response Shifts; Kewley-Port Featyres;
Subject MLD

Stimulus

Syllable: Dominant
‘ Length Response
/be/ 4 msecs  [b-d]
o 8 msecs /b/
/b€/ 4 msecs [b-d] "
8 msecs. [b-d]”
16 msecs /b/
/bA 4 msecs [b-d]
8 msecs [b-d]
16 msecs /b/
/bu/ 4 msecs [b-d-g]
, 8 msecs [b-d-g]
16 msecs [b-d% '
32 msecs [b-d-g]
/d / 4 msecs  [d-g]
8 msecs [d-g]
- 16 msecs /d/
/gi/ & msecs {d-q]
8 msecs [d-g]
16 msecs -[d-q]
32 msecs AT
/ql/ 4 msecs [d-g]
8 msecs [d-g]
16 msecs 19/
/ge/ 4 msecs [d-g]
8 msecs - {d-g].
16 msecs /9/
/9g/ 4 msecs - [d-g]

- 8 msecs

~
o]
LN

rising

rising.

rising

rising

rising

rising
rising
‘rising

rising
_rising
rising
rising

rising
rising:

rising

rising
rising
rising
rising
rising
rising
rising
rising
rising
rising

rising

“rising

Features .

241

¥

spectrum, mid-frequency peaks

spectrum

spectrum
spectrum

spectrum

spectrum
spectrum
spectrum

spectrum
spectrum
spectrum
spectrum

spectrum
spectrum

spectrum

spectrum
spectrum
spectrum
spectrum

spectrum,
spectrum,
spectrum,

spectrum,

spectrum,

spectrum,

spectrum,
spectrum,

mid-frequency
mid-frequency
mid-frequency

mid-frequency
mid-frequency
mid-frequency.

mid-frequency |
mid-frequency peaks

peaks
peaks
peaks
peaks
peaks
peaks

peaks



Syllable Stimulus

TABLE 5.22

Natural Data With Response Shifts;

Summary and Comparison of Spectral Paramater Sets;

Subject PFA

24jzy

Predicted Response

K
4

Obtained
Length Dominant
Response
Stevens & Stevens & Lahiri & Kewley-
Blumstein Blumstein Blumstein Port
. : - (onset) (voicing) ’
/bl 4 msecs [b-d] /d/ /d/ /d/ /d/
8 msecs /b/ /d/ /b/ /d/ /d/ .
/be/ 4 msecs  [b-d]  /d/ [b-d] /b/ [d-g]
) - 8 msecs [b-d] /d/ [b-d] [b-d] /d/
16 msecs - ./b/ . /d/ /b/ /d/ /d/
/bE/ 4 msecs  [b-d]  /d/ [b-d] /b/ [d-g]
8 msecs [b-d] /d/ [b-d] - /b/ [d-g]
16 msecs . [b-d] /d7 [b-d]. /d/ [d-g]
32 msecs [b-d] /d/ [b-d] [b-d] [d-g]
/bo/ 4 msecs [b-d]  /d/ /d/ /b/ 7d/
'8 msecs /b/ /d/ /b/ /d/ /d/
/bu/ 4 msecs [b-d] [b-d] [b—d] /bl /d/
| 8 msecs /b/ [b-d] /b/ /b/. /d/
/du/ 4 msecs [d-g] /9/ [d-g] /d/ /d/
- 8 msecs [d-g] /9/ {d-g] [b-d] /d/
.. 16 msecs /d/ /9/ /d/ /d/ /d/
/du/ 4 msecs© -[d-qg)  /g/ [d-g] /b/ /d/
_ 8 msecs /d7 /9/ - /4d/ /d/ /d/
/4% 4 msecs Ed-gj /a/. [d-g]  [b-d] /d/
| 8 msecs d-g}l " /g/ [degl /d/ /d/
6 msecs /d/ 14/ - /d/
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v - TABLE 5.23
Natural Data With Response Shifts;
Summary and Comparison of Spectral Paramater Sets;

Su t RAH

Syllable Stimulus Obtained Predicted Response
Length Dominant _
' ' Response

Stevens & Stevens & Lahiri & Kewley-
Blumstein Blumstein Blumstein Port
- {onset) {voicing) ’

/bi/ 4 msecs [b-d-g] = /d/ /d/ /4 Jd/
N "8 msecs  /b/ /d/ /d/ - /b/ /d/
1751& 4 msecs + [b-d-g]  /d/ /d/ - /b/ /d/
] 8 ‘msecs /bf /d/ /d/ /b/ /d/
/be/ 4 msecs  [b-d}  /d/ Jd/ /b/ /4
- 8 msecs  [b-d] /d/ - /d/ /d/ - Jd/
16 msecs  [b-d] /d/ Co/d/ [b-d] = /d/
32 msecs [b-d]  /d/ - /d/ /d/ /d/
“Jb€/ 4 msecs [b-d-g] ' [b-d] [b-d%' /b/ /d/
_ 8 msecs - [b-d] /d/ [b-d /b/- /d/
16 msecs  [b-d] /d/ [b-d] - /b/ /d/
32 msecs - [b-d] /d/ ~ [b-d] ' ,/b/_ - /d/
/6% 4 msecs  [b-d]  [b-g] [b-g] = /d/ — Jd/
' 8 msecs - .[b-d] /b/ [b-d] . /b/. /d/
16 msecs, - [b-d] /b/ [b-d] [b-d] . /d/
32 msecs  [b-d] /b/ [b-d] v /b /d/
g3/ 4 msecs  [d-g]  [b-g]  [b-g] b/ gl N
8 msecs 9/ [b-¢g]  [b-g]

/b/ [d-g/



TABLE 5.24

Natural Data With Response Shifts;

Summary and Comparison of Spectral Paramater Sets; '

Subject TMD

Syi]ab]e Stimulus Obtained

Predicted Response

244

Length Dominant
Response , .
 Stevens & Stevens & Lahiri & Kewley-
Blumstein Blumstein Blumstein Port
(onset) (voicing)
/bi/ 4 msecs [b-d-g]‘ [b-g [b-g] /b/ /b/
~ 8 msecs  [b-d-q] [b;g% [b-g] /b/ /b/
16 msecs /b/ - [b-g] [b-g] /b/ /b/
/bl/ 4 msecs - [b-d] . [b-d] [b-d] /b/ /d/
8 msecs /b/ [b-d] /b/ /b/ /d/.
/be/ | 4 msecs [b-d] ' [b-d-g] [d-g] [b-d] /b/
8 msecs /b/ [b-d-g] /b/ /b/ /bl
/b€/ 4 msecs [b-d] /d/ /d/ /b/ /d/
8 msecs  /b/ /d/ - /b/ /d/ . /d/
/dl/ 4 msecs  [d-g] [d-g] [b-g] - - /d/. /d/
8 msecs  [d-g] d-qg] [b-g] /d/ /d/
16 -msecs 7d/ [d-g] /d/ /b/ /d/
/d® 4 msecs [d-g] /9/ /9l /b/ [d-q)
8 msecs [d-g] /q/ /9/ /b/ [d-g]
16 /d/ /9/ /b/ /b/ [d-g]

msecs:
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~ TABLE 5.25

Natural Data With Response Shifts;

Summafy and Comparison of Spectral Paramater Sets;

Subject MLD

Syllable Stimylus Obtained Predicted Response
‘ Length Dominant :
~Response ‘ -
Stevens & Stevefs & Lahiri & Kewley-
Blumstein Blumstein Blumstein Port
(onset) gvoigingz »
- /be/ 4 msecs [b-d] [b-d-g] [b-dZg] /d/ [d-g]
8 msecs /b/ [b-d-g] [bed-g] ~ /b/ /d/~
/b€/ 4 msecs - [b-d] /d/ /d/ "/b/ Jd/
8 msecs [b-d] /d/ /d/ - /d/ /d/
16 msecs /b 14l /b/ /b/ /d/
/bA/ 4 msecs  [b-d] [b-d] [b-d] /b/Jd/
, 8 msecs [b-d] [b-d] [b-d] /b/ /d/
16 msecs /b/ [b-d] /b/ /d/  /d/
/bu/ 4 msecs [b-d-g] /d/ d-g] /b/ /d/
. 8 msecs [b-d-g] /d/ [d-g] [b-d] /d/
16 msecs [b-d% /d/ [d-g] /d/. /47
‘ 32 msecs  [b-d-g] /d/ d-g] /b/ /d/
d% 4 msecs  [d-g] /d/ /4 /44y
/ 8 msecs [d-g] /d/ /d/ v/ b/ /d/
16 msecs /d/- /d/ - ,/d/', /d/ /d/
/gi/ 4 msecs  [d-g] /9/ /9/ b/ /d/
-8 msecs . [d-g] /9/ /9/ /b/ /d/
16 msecs [d-g] ~  /d/ /9/ /b7 /d/ .
32 msecs /ef 19/ _/9/ /b/ /d/
/ql/ & msecs [d-g] 19/ ‘ /9/ [b-d] [d-g]
) 8 msecs [d-g] /9/ /9/ /b/ [d-g]
16 msecs /9/ /9/ /9/ /d/, [d-q]
/ 4 msecs  [d-g] /9/ /9/ /d/ [d-g]
/ge( ‘8'$sics [d-g] /9/ /9/ /d/ [d-g]
16 msecs /g/ /9/ # /9/ - /d/ [d-g]
d- /9/ /9/ /b/ [d-g]
o/ gmsecs  Leed e 79/ (b-d]  [d-g]

Na]
~
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Stevens and Blumstein templates fit to the spectra at
voicing 6nset acgeount for more of the obtained dominant.
responses than the other feature sets. of 81 cases, the
Stevens and Blumstein templates fit 40 of the spectra at
voicing onset (49%), but only 11 of the spectra at
stimulus onset (14%); the Lahiri and Blumstein ratios
are correct for only 16 of the 81 stimuli (20%), and the
Kewley-Port features are correct for only 15 of them
(19%). This is an indication that more complex templates
(such as those given by Stevens and Blumstein) are
requi?ed, which actually give some indi;étion of the
nature of the spectral shape, as opposed to simple

rising and falling parameters.

5.2.3.2 Analysis of Formant Information

Formant measurements for the stimuli which had
ré;ponse shifts are given in Tables 5.26-5.29. Formants
were well tracked a® these short stimulus durations for
/b/'s and most"/d/'s; but manf /g/'s had fluctuating
formant estimates, indicating fhe presence of longer
bursts in /g/'s. |

Tables 5.30-5.33 show the predicted values of F2i
and F3i from the male and female regression lines for
the two male and fémale speakers, réspeétively. Only_‘
those stimuli which showed a shift in responses category
when 24 msec was presented (i.e., 16 msec full
amplitude) were analyéed. Formant transitions were

clearly evident for these stimuli. Predictions of F2i



Syllable Stimulus

TABLE 5.26

Natural Data With Response Shifts;

Formant (F) and Forpant Amplitude (A) Measurements;

Subject PFA
Dominant Response

Length
/b1/ 4 msecs [b-d]
8 msecs /b/
/be 4 msecs [b-d]
8 msecs [b-d]
16 msecs /b/
/b€/ 4 msecs [b-d]
8 msecs [b-d]
16 msecs [b-d]
32 msecs [b-d]
/bo/ 4 msecs [b-d]
8 msecs /b/
/bt/ 4 msecs [b-d]
8 msecs /b/
/du/ 4 msecs [d-g]
8 msecs [d-g]
16 msecs /d/
/du/ 4 msecs [d-g]
8 msecs /d/
/dg/ 4 msecs [d-g]
8 msecs -[d-q]
16 /d/

- fluctuating formant track (burst position)

msecs

-

F2

1830
1830

1780
1780
1780

1720
1720
1770
1840

1100
1100

1030
1100

1720
1650

1590

1590
1530

A2

31
34

26
26
32

31
31
35
30

33
36

28
32

18
30

12

21
34

F3

2450
2340

2400
2460
2530

2520
2580
2580
2640

2400
2460

2200
2330
2460
2340
2340

2400
2330

247



Natural

Data With Response Shifts; = '

Formant (F) and Formant Amplitude (A) MeasU}éments;ft‘:»

‘ Subject RAH
Stimulus Dominant Response

Syllable
Length
/bi/ 4 msecs [b-d«g]
8 msecs /b/
/bl/ 4 msecs [b-d-g]
o 8 msecs /b/
/be/ & msecs [b-d]
Sy 8 msecs [b-d]
16 msecs [b-d]
32 msecs [b-d]
/bE/ 4 msecs [b-d-g]
8 msecs [b-d]
16 msecs [b-d]
32 msecs [b-d]
/bév 4 msecs [b-d]
8 msecs [b-d]
16 msecs [b-d]
32 msecs [b-d]
/a¥/ 4 msecs [d-3]
' 8 msecs

- fluctuating formant track (burst position)

F2

a———

2080
2150

2030
2030

1900
1960
1960
1970

1900
1960
1960

1960

1720
1720
1770
1830

A2

o ——

27
27

29

29.

29
31
32
30

29
32
30
30

31
32
34

32.
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TABLE 5.28

Natural Data With Response Shifts;

Formant (F) and Formant Amplitude (A##Measurements;

Subject TMD

u
Syllable Stimutus Dominant Regponse
‘ Length™. ’
~/bi/ 4 msecs [b-d-g]
- 8 msecs [b-d-g]
16 msecs /b/
/bl/ 4 msecs (b-d]
‘ 8. msecs /b/
/be/ 4 msecs [b-d]
: 8 msecs /b/
/b€/ 4 msecs [b-d]
> 8 msecs /b/
/d1/ 4 msecs [d-9]
8 msecs [d-g]
16 msecs /d/
& .
/4% 4 msecs {d-q]
¢, - 8 msecs [d-g]
2 ¥ 16 msecs /d/
0 -
. !

"2

A2

———

26
27
24

28
29

30

~32

"s

F3

—

2830

2880

2950

2650

2700
. 2580

2580

2640

2640
2770
270
2780

2760
2770

]

249



Syl1ab1e ‘Stimulus Dominant Response

i
\

i
/
4

TABLE 5.29

Naﬂ&ra] Data N1th Response Sh1fts,

o

'

Length

N7

/be/

S b/

- 4 msecs

"8 msecs’

4 msecs -
8 msecs
-16-msecs

LYV

8 msecs

4 mseés

8 msecs
16 msecs
32 msecs:

4 msecs

- 8 msecs

4 msecs .

" 16 msecs”

(

16 msecs

4 msecs :
8.msecs .- .
16 mgecs
32 msecs

16 msec§

«4 msecs. -

f Formant (F) and Formant Amp11tude (A) Measurements,

. = fluctuating formant track {burst position) -

. (

- 250

ubgect MLD » _
F2 R F3 A3
— - - - — A
§ [b-d] — e e s
- [b/ 2210 28+ 2830 21
-d] 1900 ‘19 2890 , 20
2080 20 2960 16
3 2210 31 3010, 28
[b-d] el R o
[b-d] 1400 35 - 2770 25
/b/ 1530 38 20 30
[b-d-g] T
g Ebrd‘%] R U .n,_'fH
{b-d]: 1540° 36 2710 23
[b-d-g}-. - 1580 35 2770 25
[d-9] P S
[d-g] 2090 - 33 . 3080 29
/d/ 2030- 35 3020 30
[d-g] Ll :
[d—g] . - . - -
{d-g] ’ ra et e L
9/ 'r.253q 24 '%f 3070+ 26,
[d-g] L ,;“¥g?¢
[d-g1 I (ii B
[9/ e e e T
d-g] T A
[,d‘g'] ’ R T B
rel 72650 - 20. 31407 .25
18/ G - “§>. AR i
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TABLE 5. 30

251

oPredicted Values of F21 and F3i From Ma]e Formant Measurements,

© Natural Data With Response Sh1fts,

Speaker,PFA

| - T
Syllable . Obtained Formant Values

Fi ' Fof  F3i - F3f
/be/ - 1780 1780 2400 2530
/bg/ 1720 1840 2520 2640

v ,
/du/ 1720 1650 2460 2340
' .

/dy/ 15907 1530 . 2400 - 2330°

oo

Qo |

ao:

ao

Predlcted Formant'Va1ues

R 741

1682

1865
12007

189
2070

1572

1804
1870-

1470
1747

1745

1733,

F31

2839
2627
2665

' 2496
>"‘ 2689?‘ ¥

"277h%E»,

2341 -
2519 |
' 2482

233@
2514
2472
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| - ' TABLE 531 ~

', ‘Predicted Values of F2i and F3i From Ma]e Formant Measurements.
C Natural Data N1th Response Shifts; Speaker ‘RAH

Sy]]ab]e Obtained Fprmant values - | Predfctéd_Fdrmant Values
. . F2i F2f F3 RE¥ . P2 E3
, /be/* . 1900 1970 2650 2760 b 1844 2558
e ; o <. d 1956 2757
. g 2207 2886-
/bg/ 1900 1960 2640 2710 b 1835 2532
o d 1951 - 2729
g 2196 .'2838_
/bae/ 1720 1830 2570 2630 . b 1725 . 2491
S L d 1889« 2684
g 2060 2761

&
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TABLE 5.2

Predxcted values of F2i and F3i From Femd1e Formant Measurements

Natuna] Data w1th Response Sh1fts, Aqggaker TMD '

Sy]lablgf3- Obtained Formant Va1ues “" Dred1cted Formant Va]ues
“ © r2i- . F2f F3i  F3f I A F3i
/bi/ 2330 2460 2830 2950 b - 2262 - 2733
| . d 2289, 2915
' g = 2699 - 3024
d1/ | 2220 2330 2770 2780 b 2150 2642 .
s . d 2208 2840 .
g 2517 283
d/ 2080 2150 2760 2770 b 1996 2637
| X | d 213 = 2836
o ) 2330 2824"
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predicted Values of F2i and F34 From Female Formant Megsuréments;
©  Natural Data With Response Shifts; Speaker MLD ‘

Syl]ab1e‘ ~ Obtained Formant Values Phedicted‘Formant‘Va1ues
‘ F2i F2f F3i = F3f F2i - F3i
‘/be/' 1900, 2210 2890 3010 ‘b 2047 2765
, ' : o . d . 2160 . 2941
: © g 2392 3090
/ba/ 1400 1530 2770 2940 1463 2728
T P I 1891 = 2911

@aq&mac

o 1685 3012
. Jbu. 15807 1580 2710 2770 1506 2637
v s 1911 . 2836
o . 1737 . 2824
-4 YN o, :
S ORI ., ) .
- /dee/ “»2090ﬁ9Y@O§Q 3080 3020 b 1893 21N
. : " d 2089 29468 v
| . WL g 05 T30
* : : ' . g4 ' ' LG .
' ' : C# '
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‘§ba”§%d -on th

'predioted cat{g v

H £
: o SRR LW

s v

‘and F3i were based on the formant values at 16[msec;'7@§*f-

these values,»denoted as F2f and F3f, were used as ‘the

F2v and F3v- values. »

Tables 5.34-5,37 Show the deviations of the
predicted'Féi and‘F3i valoes from the actualoformanlg"
meagurements prov1ded in Tables 5.30-5. 33. The predicted

categories are based on minimum devxatlon from predlcted

§ .
values and are ’hown in Tables 5. 38 (male speakers) and

5. 39 (female speakers) Tables 5 38 and 5. 39 show’

predlcted categprles from the F2 :
F3 regre5510n dlnes, and a‘com-"

o : e
1nformatlon. ThlS comblned F2. al ", gory prediction

deviationS'fro ed ‘values. In addition; the

templates fit af“s imulus onset and v01c1ng onset are
b

prov1ded for comparison. ~

Formant information seems -to aid in dlsamblguatlng

“the 51gnal as more of th*\gnal is appended more

-_trans1tlon 1nformat10n ig Mrovided. ‘In 8 out- of 14 caseg’

(for both male and jbméle speakers) where ‘there was a

-

;esponse category shift after 24 msec of the 51gnal w%;

’§§§§presented thls'addltlon of formant 1nformatlon

?

strengthened the correct category response as measured -
/
by m1n1mum dlstance from the regregsion llnes of Flgure

-

. 2 8 Howe#@r,athe tran51tlon Slopes (i. e., rlslng,_'

falnsrg or\stralght transtlons) were approprlate in all

4
«
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TABLE5.34 %

Deviafﬁo;s of ‘Predicte,d Vaiueé From Male Formant Mé’asu}“émehfs;

* Natural bata{ With Response Shifts: Speaker PFA ’

Deviations® - i

~ syllable ~ ., i |
(e . R2i B3 F2iand 3.
ERE R Hzo % Mz ko0 Mz

]
w -
\le}

o.
oo
L}

™

no

~

w 0o —

) /bel .6 137 R ~(
.6 312 R
=227 11. 9 492 A

8
5
* 24 .0 37 L g
2 3 343 R
9 1 601 S

}

o

182}
— O,

.
S <13 0
-174 9.

-350 416,

Ibe/

]

-—

(o))

O
o oy —

148 9.4
-84 4.7 -59
2150 - 8.0

- 267
143

. /duy
| RV I

.

AU QAT .0AaT Qoo

7 184
.5 271

Poge 227

—_—
¥
(>

/43 |
-157
-155

QWO o
wonn
&y
=
—
e
T/Q;
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\ TABLE 5,35

Deviations of Predicted Values Fr6m Ma1e‘Fgrmant Measurements;
- 'Natural Data With Response Shifts; Speaker RAH

. syllable . Deviations
TR F3i ° F2i and F3i
— -, =
S o ‘ e
Vbe/ b “56 3.0 92 3.6 148
d 56 2.9 -107 3.9 163
| g’ -307.13.9  -236 8.1 543 ,
= /bE/ b 65 3.5 108 4.3 & 173 - o
o d -51 2.6 -89 3.3 - 140
: g -296 13.5  -198 7.0 494 .
b -5 03 79 3.2 . 84 -
d -169 ° 8.9  -114 4.2 .- -283
g -340.:16.5 =191  6.9:,% 53]
- AR ,«1 ‘ ’;#‘; L¥ ' o ‘h By W i PR Ay
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TABLE 5.36

Deviations of Predicted Values From Female Formant Measurements;
Natural Data Wit Response Shifts; Speaker TMD

Sy]]ab]eu : ~ " Deviations - _ °

CF2i - F3i  F2i and F3i
/bi/ b 68 3.0 97 3.5 165
b d AN -85 2.9 156
.. g -39 137 :194 6.4 . 563
L VA 70 3.3 128 4.8 198
e 4120 05 <70 2.5 82
SN 9 <297 118 65 2.3 362 . .
o R L b v a2 123 47 207 |
g2 e U ™wpdit =560 2.6 -76 2.7 132
R 9 =250 10.7, . -64 2.3 314



" peviations of Predicted Values From Female Formgnt Measurements;

TABLE 5.37

Natural Data With Response Shifts;

Speaker MLD

- Syllable

/be/

/DA .
“/bu/-

/de8/

LR

0 oo AT - aaoT v Ao

-147

. =260
-492

=63,

-491
-285

34
-371
-197

197

-115

L]

o ON

w P w

OO W

N — B

»

T4

He

125

=51
-200 -

42
-242

73
-126
-114

309
134
=21

Deviations

F3i

———

o —
o~

ESO- SEEN X
OH 0 oo

o

2

~J o~

F2i and F3i

Hz

272
311
692

¢ 105
632
527

107
497
311

506
135,
136

259
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2

Summary and Comparison”of Obtained and Predicted
Final Response Categories:

Natural Data With Response Shifts; Male»Speakers
. . <

Speaker PFA

Syllable Obtained
Category

Predicted Categories

F2i vs. F3i vs. F2 & F3 Stevens & Stevens &
F2v F3v Blumstein Blumstein
. (onset) (voicing) -
/be/ /b/ /df - /b /b/ /d/ /b/
/bE/ [b-d] /b/ /b/ /b/ /d/ [b-i%
/du/ /d/ /d/ /d/ /d/ /ol /d/
L AL VA YRR YA 4/
. 'f’v‘,l« : ' @ .
Speaker RAH |
Syllable Obtained Predicted Categories
Category ' ~ . )
x g F2i vs. F3i vs. F2 & ens & Stevens &
F2v F3v g stein Blunfstein
. o & @ _~(onset) (voicing)e
M/ : -
/be/ . [b-d] [b-d]  /b/ /b/ A (8 e,
/bE/ [b-d] /d/ /d/ /d/ /d/ [b-d]-
/ol [b-d) /o) b/ /b/ /b/ [b-d]

i

YR
S
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AL

i ‘ Summary and Comparison of Obtained and Predicted )
"Final Response Categories; .
Natural Data With Pesponse Shifts; Female Speakers

Speaker TMD.

Syllable Obtained Predicted Categories
Category : .
F2i vs. F3i vs. F2 & F3 Stevens & Steveng &
F2v F3v Blumstein Blumsikin %3
. (onset). (voicing)
/bi/ /b/ /b/ /d/ /d/ [b-g] [b-g]
/A1, 14/ /47 19/ /d/ [d-g] 14/

jdl , 1d/ /4 gl i /a/ /5/

Speaker MLD

Syllable Obtained Predicted Categories
Category

F2i vs. F3i vs. F2 & F3 Stevens & Stevens &
Fzv.  F3v . Blumstein  Blumstein
* . (onset) .'(voicing)

/be/ YA YR VAN Y AR V) /b/

/bA/ /b/ /b/ - /b/ /bl [b-d] /b/

.. /bu/ [b-d-g]  /b/ ~ /b/ /b 7d/ [d-a]

A A RN AL A L



262

‘ . !

cases.  This was pérticularly evident for /b/'s before
front vowels, which normally have long tran51t10nsx(cf.;
Dorman, et al., 1977). Append1ng more of the /b/ 51gnal
naturally included addition of formant 1nfo;matlon; in
all cases where the correct categor1zat1on of the 51oda1

\f
was strengthened, formants were r151ng (as is

appropriate for /b/'s).‘Tokens wvhich-obtained fesbé“
shifts from ambiguous [d-g] to /d/ also showed that
adding more of the formant transitions could be a
influencing subjects category responses; when mg
Tthe /ﬁgnal was appended, formants showed falling

“trajsitions for /d/ s before back vowels, and straight
~5t” even slightly tising transitions for /d/ s before
front vowels. These are the same /d/ formant trends that:

gwyefe.found in Cooper et al.'s (1952) formant perception

?Qstody, in the measurememt study in Chaptet 2 (i.e, the
regression ;ines of.Fig. 2.8) and in the perception

: study of Chapter 3.‘This %erhaps indicates that a
formant slope measurment\is required, ot that the actualy
F2 steady-state, as opposed to tpe F2f that was used
here, 1is needed..Tﬁus, it is not unreason?ble to suppoee
that the addltlon of formant 1nformatlon COuld be :

| helpful in dlsamb1guat1ng these - short stimuli. -

However, thewspectkal shape at voicing onset is

. %
also approprlate for many of the final majority

responses (10~ out, of the 14 cases) The role of spectral

lEA

"qgfqnset merlts further 1nvestlgatlon
« gl ,,;J K “; e ",."}B,'

A ,Q" [ | '«'“ L3

L] .t
' ., shape a;fyo



g Thegresults of this study indicate that fdrmant
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Howeveg,.it shduld also be noted'thet‘ﬁhis factor seems
to shew speaker differences (refer to discussion above
regard;ng §beaker PFA) It wohld also”ndt“explain the
results of theﬁsyntheﬁﬁc exper1ment of Chapter 3, in

which voicing excﬁtatlon was, sythe51zed at stimulus

v L2

_onset. . &

H

information. plays a role in natural speech as well as in
the perception studies which have used synthetlc speech.
Results also coincide with‘Dorman et al.'s (1977)
suggestion of 'cue weightingf:‘if 1onger transitions are
apparent (e.g., as in the case of /b/ t;ansitions) then
transitions are a 'stronger' cue than the burs}.'in
addition, work by Pols and Schouten (19851 indic"e that
transitions, but not bursts;~are more sali¥ht in
sentence-context than in isolation; ‘this wouid indacate
that for speech perception in. general' (in addition to
speech proce531ng in highly constrained experlments such

as these), transitions play a very important role.

i

5.2.4 Summary

Resulgs of these studies indicate that both_spectfal,

and formant information seem to be important in the

'perceptlbn of nagpiél speech Stlmull, as well as in

A
perceptlgg ‘of synthetlc stimuli (whlch waS‘tested in Chapter

3).

In partlcular onset spectral: shape seems to account

more for /g/’ responses, wvhile formantlldormatlon sa’ms to

ot o :
Yoood . B t ’ . 3



— pu— - [PUNPURS OV A - . . “
_account more for /b/ and /d/ responses. In addltlon, when a

h/d/ locus is present, thlS also appears to- cue a /4a/.
These studles are a presentatlon of pre11m1nary

analy51s of these stimuili. Further investigation is'required -

:_:as to the exact nature. of the Fole of formant and spectral

shape interactlon. of partlcular 1nterest 1s the notlon of

\'\

analy21ng the spectral shape characterlsltlcs before vo1c1ng
onset (but not at st1mulus onset) and at v01c1ng onsét.-_ N
rnfadd1t1on, several proposals for ref1n1ng the o
llspectral template shapes were glven, and mer1t further
d1nvestlgatlon. However, since formant 1nformant1om seems to
be an 1mportant cue,.subsequent template rev1s1ons should
perhaps 1ncorporate thlS 1nformatlon for those conSonant
categorles wh1ch'were most affected by formant trans1t1onsﬁ
Giie., /b/and 3/}, - | e |
Another very 1mportant reflnement should be the}'

3}

automatlzatlon of template f1tt1ng Automatlc template

o

flttlng ‘and categorlzatlon would prov1de a good test ofwthe’”

'effect1yeness of the templates. " I
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\“ - e, 'SUMMARY AND concnusxons

The present study has 1nvestlgated the role of formant\\\\;:
¥ .

onsets in var1ous vowel contexts for the perceptlon of stop

consonants. Spectral shape characterlst1cs vere. also
&
analyzed Perceptlon studles u51ng both natural and

synthetic speech showed that both formant and spectral shape
) ! x

£

information were .important factors.’ . o ‘ e
6. 1 The Role of. Formant Onsets

The measurement study of Chapter 2 showed consistent
"linear patterns when formant onsets vere’ plotted agalnst
vovel steady states for bothpmale and female speech .
Measurementsaof F2 were 1n accord w1th early perceptlon

studles/(Cooper et al., 1952)

Subsequent perceptlon studles were done on the vowels
*ranging from /o/- /U/ /z/ using cascade synthe51zed speech

r\*» Results were similar, to results obta1ned 1n early perceptlon

/

studles which had used a dlfferent synthesms techn1que and = 4

N

dlfferent vowel contexts (Cooper et al., 1952 Hoffman,
1958; Harrls et alv, 1958) . ThlS indicates that the results
of these studles using synthetlc speech are. not merely

reflectlng ad hoc perceptual strategles for spec1f1c types
. U , N\ ) [N
of synthetlc stimuli. ' S :

In general subjects respbnse categorlzatlons showed

I

that, for vowels w1th low.F2 steady states, léw and mld

/

F2i's were heard as’ /g/ and h1gher F2i's as /d/, however

/

for vowels w1th higher steady states, low F21 s’ were heard

7
. ’

‘;’5255..'
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“as /b/, mid F2i's as /d/.and high FZi's as /g/. The '/d(;/g/
crossover 1n the percept1on Study closely matched the o

' /d/- /g/ crossover in the measurement of natural data. K

Llnear trends were also found in natural data_ ) "FA
measurement for F31 vs. F3v; categorlzatlon data from\thel
perception study can al%o be related to these F3
measurements. These results were in« accord w1th the early
N s

'percept1on stud1es‘of Hoffman (1958) and Harris et al
'(1958) |

Category predlct:cns were calculated based on m1n1mum
ldistance from the regre551on-l1nes of Flgure 2.8. In
general F21 VS. F2v . made better pred1ct1ons than F3i vs.

§v. -Predictions based on F2i and F31 combined made the same
npred:ct1ons as F2i vS. F2v: this indicates the relative-
strength of’ the pred1c1tons made by F21 VS, FZG\and suggests
vthat tne F2,regre551on»11nes prov;de a stronger;_cue (seef
Dorman et al., 1977). | o |
: In general F21 pred1ct10ns for all consonant
ategorles were ‘correct for higher F2v s. At lower F2v's,
/4d/ predlct1onslwere correct but stimuli which were o
predicted to be /b/ﬁWere categorized by listeners as 79/

Results of the perception study using natural speech

indicated that response shifts could also be related to.

o

predictions based on the regression lines of Figure' 2.8.

\
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6.2 The Role of,SpeCttaltéhape

‘Spectqal'shapes of both synthetic and natural stimu}i;

were analyzed using .. o

1. Stevens and Blumsteih templates,
2 Lahirilamd'Blumstein ratios, and

o

é. 'Kewley-Port features.'
In general, the Stevens and Blumsteln templates made better
predictiois than the Lahiri and Blumstein raties and - |
Kewley-Port'ﬁeatures.:HdweVerj'automatic templatefand
feature extraction techniéues are desirable, |

| Results showed that the-shape»of the spectrum at
-stlmulus onset (for both natural and synthetlc st1mu11)
could not accpunt for sub]ects responses. St1mu11
'eategofized as /qg/ did tend to have ;eompact' spectrai
shapes but the compact templates also falsely accepged many
'stlmull that vere categorlzed as /b/'s or /a/ s by
l1steners. However “an analysis of the spectral shape at-
voicing onset, ‘for natural data only, tegded to have the-
apprppriate compfct shape for /g/, the diffuse rising shape

for /d/ and the diffuse falling shape for /b/. Further

' A

.analysis of this factor would be‘vety interesting.

Specific propesals were given‘fbf\the redefinitioh of
spectral shape'features. These included freguency peak.
locations, siépe eflthe rise and fall from peak location,
and'sqme new“interpretations for the feature 'compact' (see
Chapter'3). In addition, a suggestion of ‘hierarchical

L ’ . R : DT
template-fitting was implemented and shown to decrease the
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fnumber¢of_false;a1arms. a ; T
6 3QThe Role of the Vowel Label ;

The results of the perceptlon study presented in
Chapter 4 show fhat the role of labelllng the vowel context
is minimal and inconsistent. When the ch01ce,of the vovel
label is‘stringentlx{éont}olled;‘subject differences eﬁerged
regardingwthe‘effect of the vowel label on co;sonant
categorization. Response patterns by jﬁe majority of
' subjects were not significantly altered when the vowel
context was iebelledkas éifferenﬁ vowels (even though the

L]

same;aéoustic_information'had been_p?esented). Only one
» g v .
subject showed an effect of the vowel label on her consonant -

. . @ . -.
categorizations, but her responses did not seem to be -

intefpretable'on the basis of formant based
'syllable—coding‘ (see Lieberman, 1984).

|

6.4 The Effect of Vowel Context
‘Results show that vowel context is an important factor

'in both the productlon and percep€§on of stop cdnsonants.
Vowel context affected stop consonant categorizations for
both synthetic and natural stimuli. These.resultsla;e
contrary to‘claiﬁsﬂbf acoustic 'invariance' over vowel
categories (e.g., Cole and Scbgﬁ; 1974; Rao, 3974).

\ -
vpwel context was found to be important in formant

)

measurements (see Figure 2.8), as well as in the spectral

shape analysis that was done for natural speech tokens. For

I
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example, natural tokens of. /d/ before front vowels often had

a peak value near the '%?cus' (Delattre et. al,, '1955) -

'which was not the case with /d/'s in a back or central vowel

context . In addition, natural tokemns of /g9/ before back or

central vowels were more likely to have two prominent peaks;,

while /g/’s\in a front vowel tontéxt showed only one
prominent peak. “ |
Vowel coniexx affeéted stbp consonaht categorizagion
using both synthetié and natural speech.stimuli. The
response patterns for a synth%tlc continuum of . formant
onsets-in a 1ow F2v context were ®ifferent than™ when they

vere synthe51zed in a hlgh F2v context'(see Figure 3.3).

Ident1f1cat1ons of short natural stimuli showed that /b/'

,")

before front vowels were not as well 1dent1f1ed’as /b/ 3
before back vowels.

\ghe‘identifiéatioh of /b/'s in general, for both

synthétic and natural speech stimuli, seems to be a rather

complex matter. Both formant and spectral parameters

o

predicted majority /b/ responses for low F2i's in.a low F2v

‘context; however, subjects consistently categorized these

'stimuli as /g/'s (see apter 3 for possible explanations).

-Thé identification of brief tokens of natural /b/'s showed

‘that'/b/'s‘in a front voWél'context, whiéh has a higher F2v,

were more poorly identified than /b/ s in a back or eentral

context, which have Jower F2v's. It is preC1se1y the /b/’ s

. . L .
in front vowel contexts which requ1re more tranisition

information (i.e., obtained majority /b/ responses only
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after a longer portion of the signel was presented). Thus,
perhaps formant trgnsitiensvare'more”;mportant for /b/'s in
front vowel contexis than.in back or central vowel contexts.
:ﬁurthgr.study of‘thie question is desirable.
l.~‘ In general, botg‘spectral and formant informa;ion made
eimilar predictions of consonant~categorizations for ‘
consonants followed by vowels with high F2v's. For low. F2v
contexts, however, st1mul1 hav1ng a compact spectral shape ’
were often categor1zed as /g/'s, while /d/ categor1zat10ns
seemed to be based on formant crlterla.-Thus,nvowel context
'affeets formant and spectral shape predictioﬁsﬂ
6.5 Suggest1ons for Future Reseach

There are a number of related topacs based on the
results of this study which merit further 1nvestlgat10n.
They include cross—lnguistic siudies, manipulégion'ofnother
vowel properties, experiments using‘fiiteredhspeech, and e

st

automatic consonant categorization.’

v

A cross-linguistic study of the roles of fo;mant'and

spectral information would be very interesting. Do other

A

languages show similar formant and speet;al properties- of
‘stop’consonantsv(Fant, 1973; Fischer-Jorgenson, 1954; ' '9

Biumstein and Lahiri,_1982)? would listeners of'other

-~

language groups show the same generil response patterns as .
iEnglisheljsteners? of particular interest is the

cross—linégzngE\validation of the 'd-g crossovers' that

were found in both perception and natural data measurment in

/
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'Enélish, Frnally, what is the role of 6owe1 context
labelling in other languages,'particularly for languages
with a smaller number of vowels? . e
Studies could also be done in which other acoustic
properties could be man1pulated in various vowel contexts.
For example, the, F3 steady-state could be altered (Shammass
and Nearey, in preparat1on) or dynamic properties such as
diphthongization or rates of transition coyld be

investigated Other acoustic properties of interest .include

burst amplitude (see Repp, 1978) and Flw tht

A series of experiments ,using f11te%

recommended, as wel}. High pass filtering would tend to-“u
raise the spectral tilt, while low pass filtering would.
lower the spectral tilt. Specific questions reéarding
spectral shape could then be addressed,,such as the proposed
"feature of spectral shape at voicing onset; | |

. Finally, automatic implementation of template fitting,

as well as automatic estimation of formant ‘deviations from
the regression lines, should be encouraged. Automatic
cla551f1cat10n of stop consonants could prov1de a very
strong test of correct feature selection. Purthermokle, more
complex models of the relatlonshlp between spectralnshapep'
and formant frequency transitions are necessary. Q

The problem of invariance in stop consonants is
wide-ranging and high}y ‘topical. This research prOJect

attempted to shed some' light on the role of vowel context,

but there are many more interesting questions which could be
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Y hY

investigated. The above suggestions merely give a few
, * .

possible avenues for future research.

1

.
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Spectra of Natural Data With Response Shifts
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