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»

The intelligibility and perception of place, manner and voicing

-

were studied in 17 consonants with the vowels /I/ and /u/ in filtered CV

and VC syllgoles'containing: 1) the first and second formants at a com-
- « L ! :

fortable listéning level; 2) the second formant alone; 3) the first

y formant alone, and 4) both formants at a high sound Rressure Ievel.

.

-

Results 1‘d1cated 1) voicing and manner ‘are well perceived when ‘both
formants are present at a comfortable listening level, but place exrors

+still occur; Zj\{hsz;gdond formant contalns 1mportant place, manner and
o .,
V01c1ng‘ﬁnformat10n, 3} the first formant contains much less information,

[}

-befﬁg primarily'usefyl fok voicing distinctions, with some manner infor-

L4 «

mgtlon for plosivéé; 4) higH sound préssuré level slightly decreases
the éocuracy with which place is perceived; 5) intelligibility and per-

——

R T . . .
ception 4f the three features vary as a function of the zywel environment
! 3

and 'the positions ef the consonants; and 6) invariant, energy and tran-.~

. ye
sitions carry important information for comnsonant perception.
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L'rntelligibilité et la perception du lieu d'articulatiog% du

[+

mode de production et du voisement furent étudiés dans 17 consonnes avec

)

les voyelles /I/' et /y/.dans des syllabes CV et VC filtrées contenant:

1) le prc’er et le deuxiMne formant d un niveau d'entente confortabl(;(
" ) sty
2) seulement leldeux1éme formant; 3) seulement le premier formant;

- ¢ L I J

4) les deux formants @ un niveau de haute pression sonore. -Les résultats
. ! |

indiquérent que: 1) le voisement et \le mode sont bien pergus lorsque les /

>

deux formants sont présents 3 un niveau d'entente confortable, mais qu'il
P ! q

~ ¢ ’
Yy a encore des erreurs de lieu; 2) le deuxiéme formant contient des

Tenseignements importants en ce qui ‘concerne le lieu, le mode et le voise- '

! |
) ’ \ s f

ment; 3) le premier formant contignt beaucoup monine renseignements oo

- /

mais est utile pour faire les distinctions vocales, et les distinctions '

TTTe——

de mode pou‘es plosives; 4) le niveau de haute-pression sonore augmente

¥

‘.
1égérement £§ nombre d'erreurs de lieu; 5) 1'intelligibilitéeet la

perception des trois traits varient en fonction du contexte vocalique ;
£y ’ ' /

et des positions des 592%0nnés;vet que 6) 1l'énergie 1nvarieb1e et 1e§’ /

transitions contiennent des renseignements importants pour la perception /

des consonnes. | - , /
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. INTRODUCTION  ° ' .

< N v ' 1 o .
Consonant, 'sounds are produced by rapld’and precise adjustments

- - e

of the vocal tract., The dimensions of adjustment essential for their

production have been described as distinctive features (Jakobson and Halle,

”

1956), with the assumption that correlates of these features are¢ to be
\

found at every level of the speech process (articulatory, acoustic,

J

auditory). Descriptions of the acoustic correlates of distinctive

-

features have been refined to the extent where they no longer provide

.

a sufficient basis for practical application (Fant, 1962a). A more

practical apprbach, which is applicable tofboth natural and synthetic

4 .

speech, consists of, using the broader features of place,-manner and

o

voicing, which appear to be essential for consonant identification.

Place of articulation refers to the area of major constriction in the
vocal tract, such as labial, alveolar, interdental, labiodental, palatal
and velar, Manner of production specifies the type of articulation;‘sucﬁ
as plosive, fricative, nasal and liqdld. The voicedivoiceless opposition
indicates wheghef'the[vocal cg?ds,vibfate when the consonant is produced.
It has been shown that both confusions (Miller and N}cely, 1955; Pickett,

1968) and judéements of s{milarify among consopants (Denes, 1963} Peters,
1963) can benadbaﬁately explained in terms of these three dimensions.
.‘g: 7
Acoustic analysis of speegh sounds shows that the majokity of -

English consonants CQarficulated with vowels consist of short periods of
. \ ‘
relatively invariant.energy within certain broad frequency bands, as well

LY
as periods of rapid changes in relatively narrower frequency bands.

ﬁ ¥ 0 . + 0
These concentrations of energy in certain bands of frequency are known as.

" . S~

formants and are the result of the resonating properties of the vocal

¢

J * ' . .
& } I .

—
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- tract. Although the term'formany is mostly used in conjunction with vowel
v . - 4 -

sounds, formant structures are also apparent in the invariant part of the

» -

. - [
spectrum of consonamts--{Jassem, 1965; Fant, 1968), The il&ariant energy

of tonsonants is the result of the breath stream which is impeded by the
closures produced by the articulators, and the rapid frequency changes or

formant transitions occur as a natural consequence of the coarticula%®ion

A} .

4
\: . of one phoneme with another and vary for a given consonant in different

~

-

\ . . vowel environmen@s.

{ . . . -
! One view.of spee%h'perceptlon, based on research with synthetic

- -

speech, emphasizes the importance of transitions and more _particularily
it . .8 ©

’

second formant transitions, as cues for place of articulation and suggests

o s . . ¥
that the second formant transition is probably the single most important

. carrier of linguistic information (Liberman, 1957; 1970; Liberman, Cooper,
| Shankweiler and Studdeﬁf-Ken;;dy, 1967). Hoy?ver, the results of studies

. with natural speech indicate that other aspects of, the speech wave, such

as invariént ene;gy (FaSt, 1967a; Cole amyd Scott, 1972; 19733) and overall

spectrum shape (Fant, 1968), are more important fg} éﬁnsonant perception

ihén band-l1imited cues, such as single formant transitions.,

. There have been as yet no studies involving natural or syﬁthetic

»

[ ’ speech that have systematicaily assessed the c0ntribuﬁ?on of single
formants to consonant intelllgibilify. This was accoﬁblished in the .
.. present studf-by band-pass filtering the consonangg 25, b, f, d, k, g, f,
l V, S, 24 J, 3, 6, 8, m, n, 1/ in CV and VC syllables of natural speech’
X in such a way that cues to consonant_perception contrjbuted by the first
« formant alone and by tHe second formant alone could be compared with the

< od . ey s g M ,
. ¥ intelligibility of consonants when both formants were present. The
\ s

results were analyzed not only in terms of overall intelligibility, but

n
] .
-
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,also with respect to the amount of place, manner and voicing information

?

¥

‘contributed by each formant. As the filtering was ‘based on the first and

second formant frequenocy regions, the more broad-band 1nf0ﬁ§;t10n from

-~

invariant energy, such as bursts for plo;xVes and frigtion noises for
fricatives, wWas reducgd. ln the case of néﬁals and liquids which have
.’,— |

“‘resonance’ %haracterlstlcs analogous to tho§e .of the vbwels, the spectrufm

b

reduction caused by thé filtening was 51m{1ar to that occurring for the

vowels, // g X
' / )
The results of this study contribute to knowlédge concerning
7
. y )
the role of Gcoustic cues in speech perception and to the résolution of

&

some of the seemingly paradoyibal disparities between acoustical charac-
¢ .

teristics ;f the.speech wave and the identification-of consonant squnds.
Thé\following is a review of the literature relevant to Fhe
choice of parameters -in the present stpdy; The f}rst section reviews
the indirect evidepce for the importance of the flTSF and second formants
in natural ;peech as seen from the results of amplitude and frequency
distortion studies. The second section reports the results of studies
dealing with the effectls of distortion on place, manner awrd voicing.
distinctions. In the tﬁird section, the important cues for the iden-

tification of the features of place, manner and voicing for the consonants

- used 1n the present study are reviewed. FiJally, the last section shows

evidence for the possible maskingﬁ{g'sécond formant information by the

first formant”ungpr adverse listening condiﬁions such as high sound

«
pressure levels, : - *~\\ \
. * -
; .
H
{Qf f 5
‘. F 4 ’ )
R
’ . Y




REVIEW OF , RELEVANT- LITERATURE

. Vibration of the vocal cords results in the production of a

complex sound characterized by a fundamental frequency which corresponds

to the frequency of vibration of the vocal folds, and by a related harmonic

? . ~

|
i
! | e °
’
|
|
|

structure. The vocal tract, which has variable resonant frequenC1es,

s +

emphasizes the harmonlcs of the vocal cord wave at a number of different

frequencies (Denes and Plnson; 1963). 'The frequencies of vocal tract

[

. resonances are called formants and range from 270-739 Hz for the first
il 2 ! < 4

formant, 840-2290 Hz for -the second formant and 1690-3010 Hz for the third

L]
[ v -

- -

formant, for male adult speakers (Péterson and Barney, 1952).f

*
° o

Indirect Evidence for the Importaﬁce of the First and the Second Formant

Y

Early research on the informéfionfbearlng part; of speech was
. largely influenced by'thekgeﬁands of teléphon;c communication; its aim
was to estimate how much distortion could be }mbosed on the speech wave ¢
by:frequency bandwidth reduct{on (Fletcher, 1929i;ﬁ}ench and‘Steinb?rg,
1947) or amplitude peak clipping (Licklider, 1946; Licklider and Pollack,

1948; Licklider and Miller, 1960) without reducing its intelligibility. (

a L

, :
. K . - I
Frequency dlsgortlon studies '

& \ ! b ! a o

‘e “"The relative contribution of freﬂuency bands to speech intel-
<. .
ligibility has been studied by determlnymg the loss of 1nt6111g1b111ty
- r,
. . occurring when relatlvely large portlons of éhe frequency spectrum are

. removed by filtering, w1th low frequex{cles eliminated by hlgh-hss -
{

f11ter1ng, pigh frequencies eliminated byjlow-pass filtering, and both

f » A
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v

‘.selected low and high frequencies eliminated by band-pass filtering. An

t
»

. important characteristic of filters 1s the re;ect%on slope whach refers to

»

the,réte of attenuation Jf frequencies beyond the filter cut-off points.

. . .
a French and Steinberg (1947) determined the intelligibility of
o . -~
nonsense syllables- as a function of the cut-off frequencies of high-pass and
P 4 . < .

t "

low-pass filters for adu¥t speech. The intelligibility of thg received

speech sounds was measured in terms of a quantity called thé articulation

«

score whrich varied between 0 and 100%. An abrupt increase in intelligibility °
R S A

s

was obsgrved as more of the second formant range was 1ﬁc1uded by the filter

when approached from either the low or high frequency direction. French and

{ y
étegnberg divided the total range of speech frequencies (250-7000 Hz) into

< ]

20 contiguous frequency bands each of which contributed §%4to the articu-

. ~ o
lation index. A total of ten bands fell within the second formant range.

With respect to tht low frequencies Fharacteristié of first formants, the
1
virtual elimination of low frequency information by variation of the filter
¢ cut-off frequency up to 800 Hzicaused less than 10% decrease 1f articulation

score. Similar results had been obtained by Fletcher (1929), who high-pass

.

filtered speechrat 1000 Hz and obtained an 80% reduction of speech 'power'

and only-a 10% reduction of the articulation score. Results of this nature

~

led to the clas$ical description of the relative contribution 6f intel- /
IQ + ]
* ligibility of the various parts of the speeEh specgggm\fyich designates
the high frequencies as information-bearing and the low frequencies:as the

energy-bearing portions of the speech signal.
a L

In‘an early study of band-pass filtering, Egan and Wiener (1946)

used a single band-pass filter to determine articulation scores for nonsense

@

.syllables spokén by a male and in the presence of a masKing noise 40 dB .

, less than the average speech level. Since 70% of the nonsense syllables
4 4 | R . . 4 , A\
A i .o " N
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were correctly perceived when the band-pass covered the frequehcies 870-

2500 Hz, Egan and Wiener concluded that the frequencies of the speech in

b .+ the ‘central range' were more important for. intelligibility than the low or
: I

¥
3ﬁfgh frequencies. The frequency range from 870-2500 Hz covers most of the

secq&g fprmant Eange for male speakers. !
A later study by Kryter (1960) involved the use of as manx as
three band-pass filters each with a bandwidth of 500 Hz and a rejection
slope of 70 dB/octave. The highest articulation score for any single b:;d—
pass was obtained with the 1250-1750 Hz band, confirming the conclusions
of Egan and Wiener which indicated that the frequencies contributing. most to
— L intelligibility were in the second formant range. When Kryter presented. '
. . speech in two band-passes, the highest scores were achieved &1th a centre
1freque;cy on one band at 500 or 750 Hz and the centre frequency of the other
band-pass either in the region 1500-1750 Hz or 2500-2750q5?. In addition to
contributing greatly to the intelligibility of the speech151gnal, the
« " lower bands also made the speech sound natural, giving 1t a 'voiced quality'.
These results indicate that thg’low frequencies of first formants do con-
tribute to intelligibility. ' ) »
i ~ Similar results have been found 1n otﬁef studies presenting speech
in two filtered bgnds, many of which have involved attempts to develop
audiometric éests for the diagnosis of lesions of the central auditory
. pathways {Matzker, 1962; Linden, 1964; Palva, 1965; Hayashi; Oh'ta and
Morimoto, 1966). The aim of these tests was to present speech in a combin-
ation of two bands and to compare the resglts with the d1scri$ipation obtained
{ for each band separately. In a normal subject the discrimination valué- for
‘ - tﬁe two-band condition exceeded the arithmetic sum of the discrimination

) o . .
‘'scores for each band. Before selectingsthe band-passes for' his test, Palva
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)

iy o -

(1965) 1nvestigated band-pass combi tions takeh from the frequency areas
between 400 and“1000 Hz and between] 1200, and 3000 Hz. He found that the
fréauenc1es most important fgr disc lhination of phonetically balanced
Finnish words were contained within the regions 500-700 Hz and 1300-
fOOO Hz. Bands selected from these two frequency regions also provided

. s

the best summation effect. Palva concluded that the summation depended

4
é P

mainly on the relﬁcqonshlp between the-'formant structure of the words and
ra A

the frequenciesﬁdf t%e bands empi&yéd: and that the best §ymmat18n was
obtained when the frequencies 1in a pair of bands coinc1$;d°w1th the first
and second vowel formants.

Franklin (1969a; 1969b) studied the effect of a lgw frequency
band of speech on consonant discrimination by normal-hearing listeners )
using the Fairbanks Rhyme Test (Fairbamks, 1958). A high band of 1020—'
2040 Hz (filter slope: 60-70 dB/octave) 'rich' in consonant information
was presented at threshold and a low band of 240-480 Hz containing 'minimum
consonant information' was presented at threshold and also at 20 and 40 dB
seﬁsatlon level. When the high band was presented alone; consonant dis-
crimination was 40%. When the low band was added at 0 dB, 20 dB and 40 dB
sensation level, discrimination sEores were 55, 61 and 38%, respectively.
Thus, the addition of;the low band to nbe high band contributed to intel-
ligibglity when added at 0 and 20 dB sensation level, but did n;t have the
same effect on each of the consonants of the study. ¢

None of the band-pass filter studies involved a precise removal of
formant information, as was done in the present study. However, the results
of these studies do demonstrate the importance of higher frequencies in the
region of tﬁe second formant. Altﬂéugh the low frequencies do not function

¢ {
efficiently as a bearer of information when presented alone, they do ;

i I



improve recognition when presented together with high frequencies.
“I
Amplitude distortion studies
One kind of amplitude distortion is the infinite amplitude

!
clipping of a speech signal so that the original speech wave 1s reduced

to a rectangular wave whose axis crossings represent the lasl vestiges of
the original waveform. Speech 1s-fi1ghly resistant to this kind éf distor-
tion. Licklider and Pollack (1948) demonstrated that infinitely clipped
spee;h is 52% understandable and that speech which 1s given a‘high frequency
emphasis by filter networks prior .to ;llpping is 92% discriminable. This
latter form of clipped speech 1s termed differentiated. Subsequent to
the experiments of Licklider and Pollack, Chang, Pihl and Wiren (19515
observed that the average rate of axis crossings for differentiated speech
corresponded reasonably clogzly to the second formant frequency, while the
rate of unfiltered speech prior to clipping could be 1dentified.with the
first formani frequency. Based on these observations, Thomas (1966; 1968a)
hypothesized that the high intelligibility of differentiated speech might
be related to the second formant frequency information retained in the
distortion process. As spectrograms of clipped or differentiated-clipped
speech reveal that while one formant is clearly predominant, all of the other
formants are present, Thomas proceeded to 'isolate' the first and second
formants by band-pass filtering before the clipping operation. ,UsinE a

N
band-pass filter with an attenuation slope of 24 dB/octave, and maximum
gain at the approximate logarithmic centre of 1500 Hz for the second for-
mant extraction and of 500 Hz for the first formant extréction, Thomas

£iltered Egap's phonetically balanced words (Egan, 1948) and presented them-

to subjects for identification. The results for the clipped speech



containing 'only second formant information' gave a 70.1% discrimination of

~
the words. The intelligibility of clipped speech containing 'only first for-
mant information' was 7.6%. Thomas concluded that speech in which all for-

mants but the second have been suppressed 1s still highly intelligible. He

. attributed the intelligibility of differentiated-clipped speech to the sur-

vival of the second formant frequency information and hypothesized that
the intelligibility of speech which has been subjected to any combination
of amplitude, frequency or noise distortion is largely determined by the

extent to which second formant frequency information survives the distortion

‘v

-~

process. However, the phonetically balanced words which were used in this

study contain different vowels and therefore probably had a range of first"“
"and second formant frequencies. It seems unlikely that with band-pass
filters with fixed cut-off frequencies and with a rejection slope of ‘

24 dB/octaye; listeners were being presented with 'only second formant
inforhation‘, and with 'only first formant information'. The 24 dB/octave
rejection slépe would only moderatgly attenuate the frequencies beyond the
cut-off points of the band-pass. '

As a more direct test of the major contribution of the second
formant to intelligibility, Thomas (1966; 1968b) proceeded to generate
synthetic speech from 'only' second forfant iﬁformgtion by using the extrac-
ted second formant information from natural speech to éenerate the synthetic
speech signal. The same band-pass and clipper were used as in the previous
experiment. Voice-excited synthetic speech resulted in an intelligibility
of 64% for PB words. These results further confirmed that the second for-
mant plays a 'predominant' role as a bearer of information, relating to

|

the intelligibility of a speech signal,
| 3
i

| - |
. ‘ Y
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. Effects of Distortion on Place, Manner and Voicing Distinctions

|

Temporal segmentation

§harf (1971) presented syllables containing 1nifﬁ§t fricat}ves .
and’ stops touiisteners and had them rank the consonants on the perceptual
parameters of dLratlon, loudness, ffequency, sharpness and contact. Th$,
scale values were'compared on the basis of place, manner and voicing'%pgﬁé

{
Yo oo
trasts of articulation. The results indicated that duration 1s an appro-

\\\‘\;;\‘4/{/’-\\\ priate perceptual parameter for the categorization of manner distinctions.

Likewise, étudies involviﬁg‘temporal truncations of syllables have demon-
strated that manner is the phonetgc feature least resistant to this kind
of distortion (Gerstman, 1956; Barrs, 1963; Grimm, 1966; Cole and Scott,
1973b). Duration is necessary to distinguish among classes of sounds B
produced at the same place of articulation. The sequential elimination
of segments of the initial part of a CV syllable containing a fricative
will transform the consonant into an affricate and then intoga stop

3 (Gerstman, 1956; Barrs, 1963; Cole and Scott, 1973b). Temporal truncation

) has ai;o been found to have an effect on voicing distinctions for,initial
plosives, vwoiceless plosives being heard as voiced yith increased deletion
of the initial part of syllables (Barrs, 1963; Grimm, 1966). Of the three
phonetic features of place, manner éganvﬁgcing,‘place is the most resistant
feature to {emporal segmentation (Gr{ﬁmf igéef’Singh, 1966) .
Random noise and frequency distortion

sMiller and Nicely (1955) studied the perception of the phonetic

. features of voicing, nasality, affrication, duration and place of artic-

: ulation in the initial consonants /p, b, t, d, k, g, f, v, s, z, 8, &, J,

. 1
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{ ’ " . .
'l" . v _ o ) o
%, m, n/ paired with the vowel /a/, J&der condifions of random noise and

i ' .

low”and high-pass filtering. According to the feature system used by ~

%

Miller and Nicely, affrication distinguished ths fricatives frop the other
consonants, as was the case of nasality for nasals; fhus, both affricaéion
and nasality represented the feature of manner of production. Duration
. further differentiated /s, z, I, z/ from all other stimuli. The results
f;r ihe random noise conditions indicated that voicing and nasality were
much less affected by noise than the other features, followed by affri-
cation and duration which were somewhat more resistant than place. Both
voicing and nasality were discriminable at a signal-to-noise ratio as
o éoor as,-12 dB while place was hard to distinguish at ratios less than
6 dB. The results for the low-pass conditions showed considerabl; corres-
pondence with those of the random noise conditions, the most striking
similarities being for place and voieing. The results for high-pass fil-
tering indicated that all featuygs'deterloraafd in about the same way.
High-pass filtering removed most of the acoustic power of consonants,
leaving them inaudible and consequently producing quite random confusioqs.
The critical frequencies for the features studied were 450 Hz for nasafity
500 Hz for voicing, 750 Hz for affrication, 1900 Hz for place and 2200 Hi‘
for duration.
: Gay (igzgg, in a study on the intelligijs&ity of the consonants
| /p, t, k, b, d,‘g; s, f[‘i, V, Wy, j, ry, Iy m, n/ 1y d;ffprent vowel
environments and under conditions of low-pass filtering, also found that
| place errors accounted for most of the confusions £;gardless of filter
’ cut-off frequency, and that additional error types in the order of manner,

|
‘ “
' voicing and nasality occurred at the lower cut-off frequencies

The results of these studies on the effect of distortions on the

1 -~
-
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/ -

. / . .
. indicate that time and frequency are the most 1mp91:anf/61men510ns for manner

and voicing distinctions while the pa}ameters for place identification lie

A

I

!

I .

perception of the phonetic features, of place, manner and voicing seem to
\

\

\

|

| only along the frequency continuum. With respect to intensity, the place

L4

feature appears to be relatively weak as it is most affected by maskiﬁh

noise, while voicing is very resistant to this kind of distortion.
g y

\\\\\ § J

} . : Important Perceptud@’tues

*

In addition to the broader distortion studies described above
which relate the phonetic features of place, manner and voicing to the-
dimensions of time, frequency and intensity, research has been carried out
to identify the critical acoustical variables or cues (Haggard, 1972)
responsible for particular distinctions. Three experimental techniques
have been commonly employed im determining the important cues of speech:
analysis of natural speech, production of synthetic speech, and finally,
the Splic1qg and gating out of segments of natural speech. Analysis of the
spectrum of natural speech has flour%shed sincg,the development of the { *

\

spectrogram (Koenig, Dunn and Lacey, 1946), which provides a display of

the speéch signal along the dimensions of time, frequency and intensity,

Fow

and has enabled the association of particular spectrographic patterns with
particular phonemes (Potter, Kopp and Green, 1947). Synthesis has been an
important tool for testing the relative importance of the various aspectdﬁf,ﬂ'ﬂﬂ
of the sound pattern seen in the spectrogram (Fant, 1962a; Hagg%rd, 1972).
Much of the research on_acoustic cues has been performed at ﬁaékin;

.’ o Laboratories, using synthesizers of the pattern-playback type which recon-

.

vert the visual patterns of the spectrogram into sound after appropriate

: w
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simplifications and modifications (Cooﬁér, 1950} gors;, 1956). The assump-
tion behind this method is that thé spectrogra@ displays most prominently
to the eye those features yhich are of greatest impoffance in auditory
perception (Cooper, Liberman and Borst, 1951). There a;e several kinds

of speech synthesizers (Cooper, 1964). Another approach involving vocal
tract analog synthesizers (Stevens, Kasowski and Fant, 1953; Fischer-
Jorgensen, 1961; Cooper, 1962; Fant, 1960; 1962a) hag been used to study

the relations between the articulatory and physical aspects of the sounds,

but this method 1s not oriented towards the identification of the percep-

“tually important parts of the speech spectrum. Research on the important

acoustic cues with naturdl speech has mostly involved the splicing and
recombining of recorded utterances and has been carried out to correct or
corroborate the conclusions drawn from synthetic speech studies. The
following 1s a review of studies on the important cues for plosives, fric-

atives, nasals and liquids, involving the three methods mentioned above.
[}

Manner discrimination "

In English, the manner feature is used more than any other
articulatory criterion %or distinguishing words from one another (Denes,
1963). In spite of the importance of ner distinctions, the acoustic

correlates of manner cues have been least explored (Fant, 1967a).

Plosive manner cues. The invariant energy for plosives or

stop consonants is characterized by a burst preceJ;d by silence (Halle,
Hughes and Radley, 1957). Rules for“synthesizing plosives also usually
call for a silent interval followed by a burst, although plosives’ can be

synthesized withotit these parameters (Liberman, Ingemann, Lisker, Delattre

and Cooper, 1959). Another /important parameter for the synthesis of

TN
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- \
plosives 15 the first formant transition (Delattre, 1958; 1962). With the

--' pattern-playback synthesizer, the best stop consonants ar® produced when

! v °
the first formant starts at 240 Hz, the lowest frequency available on the
synthesizer (Delattre, Liberman and Cooper, 1955). Stévens and House (1956)

confirmed these findings by demonstrating, wrth a vocal tract ana}og, that

.
when closure is made in the vocal tract, as in the case of a piosive, the{
! o

lowest natural frequency of the system 1s 0 Hz. 4.,
Frs

_ The importance of the first formant for naturdl plosives w%s
demonstrated by Halle, Hughes and‘Radléy (1957). Listeners were presented
with closed monosyllables containing the vowels /i, a, u/ followed by each
of the six stops and with open monosyllables contain%gg the same %pwels,
but without final plosives. The syllables with the final stops were ter-
minated after the vowel by means of an eléc%?bnic gate, so ‘that, no burst
appeared in the test. The subjects were asked to identify the end of the
syllable. Halle et al.'s results agree with the results from Haskins
Laboratories and indicate that the transition of the first formaqttplays a
significant role in the identification of stops as a class. Furthermore,
their results 2how that the extent of the transition 1s an important factor
when considering the cue value of the first formant transition in natural
speech. Wheé the first formant was high and free to move downward, closed |,
syllables were infrequently judged to be open. In contrast, syﬁﬁables with‘
low first formants were often judged to be open. “ D
The importance of the speed of formant transitions as a cue for
distinguishing stops from other classes -of phonemes has been studied by
Liberman, Delattre, Gerstman and Cooper (1956). The syllables /be/ and

.
/ge/ containing stops were synthesized and the duration of first and second

‘formant transitions was varied in 10 msec. steps to determine whether changing

' A
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transition speed was sufficient to convert the syllables into /we/ . and

/je/ containing semi-vowels, and then into vowels of changing colour,
‘namely Jue/ and /ie/, as thk speed of change further increased. The change
from /b/ to /w/ Qgcurred‘whgn the duration of the tran51?10n$\}eached

40 msec., while /g/Jchanged to%/j/‘around 50-60 msec. These results , ndica-
ted that listeners were able to use the speed of first and\s?cond formant
trans%thns as a cue for distinguishing between stop consonant, semi-vowel

and vowel of changing tolour. A second experiment separated the rate and

duration aspec%§ of transition speed. The distinction between /b/ and /w/

" was studied in different vowel contexts. Plots of transition rate and

3

duration against listener judgements indicated that 7urat10n rather than

3

rate provided A sufficient cue for distinguishing between the two classes

w ™

of phonemes.

Fricative manner cues. In natural speZé\, the invariant energy

of fricatives is characterized by a friction‘no1se which is the result of
turbulence and other nonlinear processes 1n a vocal tract of complicated
shape (Fant, 1960). Mhnnei rules for the synthesis of fricatives call for
an interval of band-limi;ed noise (Liberman et al., £959; Delattre, fj,
Liberman and Cooper, 1964) and for a first formant transition originating
from a higher frequency than the stops (Delattre, 1958). The impbrtance of
transition duration has not “been systematically studied in the differen-
tiation of fricatives from other classes of consonants. In natural speech
a secondary, cue for fricatives may lie in the acoustical characteristics of
adjacent vowels. Vowels in fricative environﬁents are longer in duration,

lowey in fundamental frequency and greater in relative power than vowels in

plosive environments (House and Fairbanks, 1953; Lintz and Shermdn, 1961).

t
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: Nasal manner cues. Nasals are charactgrized by the presence of

- ’

nasal resonances in the invariant part of the s

Ctrum \(Fant, 1968). For

-

the synthesis oY nasals, t?ﬂ intensity of nasal formants is hat;}ess
ﬂ)“
- . 1]
intense than those used to\produce synthetic vowels (Liberman, Delattzge,
2, n‘?/ _

Cooper and~Gerstman, 1954; Delattre, 1958). Experiments with vocal tract

Ld

analogs (Pickett, 1965) and with nasals synthesized by“an analysis-'
L]

n

synthesis-computer scheme (Fujimura, 1962) indicate that the presence of

nasal output 1s a very effective parameter for differentiating nasals

from other classes. Fujimura found that the common characgpristics of

o

nasal murmurs were the existence of a very low first formant located
around 300 Hz, well separated from the upper formant structure.

Manner rules for the synthesis of nasals also call for an absence

of first formant transitions (Liberman et al., 1954). The speed of tran-

- °

fations appearsto contribute to the plosive-nasal distinction. Pickett
(1965) usimg a serial tract analog synthesizer found that the more-gradual
transition of nasals caused by the 'sluggish movement typicaL_af velar

articulation' was an important factor for the differentiation between /n/

and /d/. - .

. A secondary cue for manner in final nasals 1s a nasalization of
the adjacent vowel (Latif, Gallagher, Goldstein and Daniloff, 1971). One

of the effects of the nasalization of a vowel is a\damé}ng (Delattre, 1954)

and a sykSequent increase in the bandwidth of the first formant (Nakata,

1959 . C

Liquid manner cues. L}lquids \in natural

.

like segment in the invariant part of the. spectrum {(Fant
A

peech contaip a vocalic

1968). This is

Ay

represented in pattern-playback studies by steady-sta ormants which not

frae

only begin at the loci, but remain there 30-50 msec. before proceeding to

~_ /7
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s the steady—étate positions d“%hﬁ Vowel (Q'Connor, Gerstman, Liberman, *

:. \'\) ° ’ .4A : »
Delattre and. Cooper; 1957). Manner rules for liquids also call for a

by - -
. higher starting frequency of the first formant transition- (360-460 cHz)

- than for any other class of consoqengs. In addition formants should have
a ¢

°

if}atiwely"slow transitions_(75-100 mseec.) drawn so as to be continuous
e ¢

with the lobug formants f{Delattre, 1958; Liberman et al., 1959). This
;ontinuify, according t& Haskins' research, further distinguishes the liquids
-~ B - ‘
from the nasals, where The cady-state onsets typically differ in frequency-
e ¢

from the starting point gf~the transitions (Cooper, Delattre, Liberman, »
Borst and Gerstman, 1952;°0"'Caonnor et al., <1957). 'This flné?ng disagrees

with Nakata's (1959), -who successfuily synthesized nasals with'a terminal

-

K analog synthesizer in which the formants moved continuougly from the consonant ¥
to fﬂ%?Vowel segment. This discrepancy may be the result of diffgrences in

the synthesizers used in the two studies. AhotQer factor whigh may play a

¢

{ % “role in the nasdl-liquid distinctlan\ls the frequency position of the’low

o }ormant of the resonant portion (Cogper et al., 1952). . s

o

- - -

In summary, manner cues are’found in both fhe invariant and

- A

- vocalic parts of the spectrum of Comsonants. With respect to the vocalic
a @

part, tRe first formant transition and the duration of transitidns contribute -

° .

- to manner distinctions’. for' some classes of consondnts. The ‘informationecong
« . . o

3 . ”»

"‘ tﬁnt of single first formants with respect to the manner’feature has not

&

been assessed in natural speech. ’ . .

n l——_

° o v °

Place discrimination . ’ . °
- .o
B .

Research with synthetic speech has mostly investigated, the inipor-

> . ¥ ﬁ
tance of transitions, while natural speech studies have compared the place .
Q

cues contained in the invariant and vocalic ‘parts of the spectrum., Place

Y

o
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_seen to contribute to place discrimination (Harris et al., 1958). The

C

i n
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cues have been more extensively studied in plosives than in any other clas$

"

of consohants.

o

Plosive place cues.- Both trap$itions.and bursts have been

o -
3 B

studied as place cues in plosives. The great majority of experiments on the

. N i . .

importanee of single transitions in stops have involved the use of pattern-
. . . . \
playback synthesized speech. These experiments have systematically varied

'

one parameter, such as second formant transiticns (Cooper, Delattre, Liberman,

Borst and Gerstman, 1952; Libérman, Delattre, Cooéer and Gerstman, 1954; )

[

Delattre, llberman and’ Cooper, 1955) and third formant transitions (Harris,
Hoffman, Liberman, DeIa{Ere and Cooper, 1958), and have studied how these

variations affect the perception of stops. The results of studies with
t f“, -
second formant transitions added to two formant patterns of vowels indicate
‘ .

thdt the direction and degree of second forﬁpnt t;én;itlons cangg%rve.as

cugs for the aurally perceived distinctions among both voicéd and voiceless
stops, subject agreement being greater for voiced stopsj Rising transitions
were generally heard as /p/ or /b/,\and falling transitions e;e generally
heaxd as /t, d/ or /k, g/ depending oﬁ the size of the tranéq}ion and the
vowel with which 1t Qas paired (Cooper et al., 1952, Liberma&lgg_gl., 1954) .
Where second féfmantg failed to achieve unanimous agreement ;mong listeners$

-t

k4 I ! .
as 1n the case of alveolars with some front vowels, third formant$s were

3

-

pattern playback, however, cannot present isolated third formants in order
to obtain a direct measure of the effect of this cue alone, as third formants
must be presented with the first and second formant transitions in order to

produce intelligible sounds. In pattern-playback studies, formagt transi-
/
tions were thought of as movements from an acoustic locus representing ghe

place of articulation of a consonant to the steady-state level of the vowel
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and the perceptual importance of this locus requared that transitions point,
\ 2 .
but not necessarily start, at the locus frequency (Delattre et al., 1955).

Second formant locus frequencies were fixed- for stops produced at the same

-

place of articulation and were independent of vowel context. Results of

-

~
experiments with vocal tract analogs agree with the second formant locus

R
' v 3

values found with the pattern playbgck for alveolars, but fail to <onfirm
the single locus frequencies for labials and velars (Stevens and House,
1956). Similar irregularities have been noted in spectrcgraphic studies

. of natural speech (Halle, Hughes and Radley, 19%%;“Lehlste and 'Peterson,

v

e_)r~ 1961; Ohman, 19662 Flsher-Jorgenseq,'L§72c). The‘1mportance of transitions
in rfatural speech has been studled‘in syllablealcontalninﬁ unreleased final
plosives (Andresen, 1960; Fisher-Jorgengen, 1972a) and final plos;ves in

which the bursts have been géted out (Halle, Hughesiand.Radley;'19%7). All

these studies indicate that"the value of all formant transitions as percep-
1

tual cues for consonants seems to depend on the magnitude of the formant
. !

movements which in turp depends on the articulatory°p051t10n of the ~
&
particular vowel and consonant involved. These observations have also been

made by Wang (1959) and Wang and Fillmore (1961).

. In a%dition to transitions, Gursts have been studied as p6551b1e
place cues in plogives: Liberman, Delattre and Cooper (1452) presentéa“x
bursts synthesized with theﬁﬁattern playback, to listeners for identif;% l

cation & /p, t/ or /k/. Bursts above 3240 Hz produced 21/ before any v@@el

}
v

whereas bursts at very low frequencies (360 Mz) produced /p/ befbnq‘any A

>

vowel. Bursts in the middle frequencies produced e1ther /p/ or /k/ deﬁén—
. ' . Q'
. , ding on the following vae}. Liberman et al. concluded that although bursts

may act as cues in ambiguous caseé, the vowel played the critical part in
the auditory perception of stops. Schatz (1954) confirped these results

5 [ -
- (28

«
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for the burst portion of the phoneme /k/“u;ing‘réal speech. The burst from
/k/ taken from syl}ables with /1, a/ and'/u/ was heard as different .stops
when spllceq with each of the véwels /1, a/ and /u/. With the exception
of velars, Cole and Scott (1972; 1973&) showed that when bursts from 1nitial
stops were spllceh onto the transitionless steady state of the vowel from_
which the Burst was originally removed or of a different vowel, listeners
were able to correctly 1dentify the stops. These results demonstrated that
- the engrgX spectra which accompanies natural. stop consonants 1n different
vowel contexts contains invariant perceptual information. Similar ré;ults
weré also found 6y Malécot (1958) with final plosives. Malécot 1n§erchanged

. 8
bursgﬁxand,steady states of vowels containing transitions. His results

.

indicated that bursts dominated everywhere even in cases where bursts were .
’.appended to f1r5tfsegm%nts in which a different stop was involved. Malécot
concluded that place cues contained %p plosive bursts, and more particularly’

u voiceless plosive bursts, weré more poweréul than those contained in the
) final transitions of the preceding vowel. Wang (1959), using a similar
technique, also conflrmeé Malécot's results. With respect to voiceless

‘, plosives, Scheib and Winitz (1972) and Winitz, Scheib and Reg@s (1972) found

that the importance of the burst was in the order of /t, p/~and finally /k/,

and that bursts 1solated from conversational speechs could be identified by

°%

-listeners. Halle, Hughes and Radley (1957), Malécot (1958) and Cole and

Scott (1972;’19733) also obtained correct identifications of plosives from

2

bursts isolated from syllables. These results indicate that bursts contain

more powerful cues than the results of patterntplayback studies had suggested.’

o .

The discrepancy may| lie in the fact that synfhetic bursts are not represen-

. tative of natural speech. In natural speech, duration of the 'plpsi\'/e burst
. and of aspirqlion vary for the different st0p§°(Fisher-Jorgénseﬁ; 1954), and

i
- -
¢
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the frequency concentrations: of the bursts cover a wider range than the
-~

'teirdrop‘ shape bursts of synthetic speech. Labials in natural speech
were found to have a primary concentration in the low frequencies (500-
1500 Hz), the alveotars were found to have a flat spectrum or one in which
the highe;_frqquenc1es (above 4000 Hz) predominated, and the velars showed
strong concentrations of energy in intermediate/ frequency regions (Halle
et ‘al., 1957). C;es that make possible the identification of the bursts as
different stops must reside in the spectrum. There has been no study -inves-
tigating which parameters of the spectrum, such as overall spectrum shape
or frequency regions corresponding to formants, are necessary for accurate
perception.

As both bursts and transitions carry important information, some

studies have been designed to determine the relative importarice of these

two cues. Experiments with pattern-playﬁack synthesized speech have been
-

-

unagie to assess the relative contribution of second formant transition,
third formant transition and burst in the perception of place, because of
the strong influence of the second formant transition (Hoffman, 1958).
Eﬁ?é;iments with other speech synthesizers (Ainsworth, 1968a) and with
hafural speech (Fisher-Jorgensen, 1972b; -1972c) have indicated that the

, +
relative importance of various fgatures depends on the foilowing vowel,
These studles-have invéstigaéed the relative contribution of the overall
paftern of transitions‘and of the burst, and have shown that when there is
muqb tongue movement in cparticulation, the tran;itions are gxtensive and
theif\ﬁérceptual importance greater. Wheﬁ there is little tongue movement,
airflow is turbulent and a well defined and perceptually important noise
burst is produced. Voiceless stopé depend strongly on the noise bursts

b .
which play an important role in perceptioh (Ainsworth, 1968a; -

[
<

‘
'y »
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Fischer-Jorgensen, 1972d).

Fricative place cues. Sharf (1968) tested the distinctiveness |

of the place of articulation feature in fricatives by presenting an exten-
sive range of fricatives to listeners for identification. His results
indicate that listeners have considerable difficulty 1in identifying frica-

#

tives from auditory cues when the uxl contextual cues are not available.
I
Both transitions and friction noise

ave been studied as cues for place of |
articulation i1n fricatives. )

Harras (T§SA; 1958) using natural speech, combined the noise
portion from one spoken fricative vowel syllable with the vocalic portion
from another fricative vowel syllable. Her results indicated that the
important cues for the dlstinctionﬂbetweep /s/ and /f/ were given by the
n;jgé\part of the syllable,‘but that the differentiation gf /f/ and ;5}
was accomplished primarily on the basis of cues contained in the transition
part of the syllable, whether from natural or pattern-playback synthetic

&
speech (Harris, 1954). These results were confirmed by vocal tract analog

(Heinz and Stevens, 1961) and natural speech studies (Cole and Scott, 1973b).

Voiced fricatives were studied in a similar wqy’(Harr1§, 1958) by recombaning

friction noises and vocalic portions from different syllables -in natural
¢
speech. The results were similar to those for the voiceless fricatives,

.

though not as clear. The phonemes /z/ and /3/ behaved Iike their unvoiced .
counterparts Howeven the results oi /v/ and /8/ were variable for dif-
ferent vowels and were thought to be attributed to the difficulty of sp1131ng

at the joid of friction and vocalic portions. When the importance of the
.\‘ *

i

fricative noise is neutralised, formant transitions contribute to the iden- ’
tification of place %n voiced fricatives. Delattre, Liberman and Cooper .

(1964) using the pattern-playback synthesizer found that both second and

\
"y 3



e

[‘\\

23

v

third formant transitions acted as cues for the voiced fricatives depending:
on vowel context, byt that the cue value of formanp transitions did not seem‘
overwhelming.

With the exceﬁtion of /f-8/ and /v-3/, fricatives are clearly
identifiable when vowel éransitions are removed from fricative vowel
syllables (Harris, 1958; lleinz and Stevens, 1961; Cole énd Scott, 1973b),

and when friction noisgs are presented in isolation (Hughes and Halle, 1956; ‘

ok j,,\ - A s ’

Strevens,:1960). . “Fhese. servations have led investigators to speculate
. XS s .

¢

that the important cues for the distinction between fricatives reside in

the most prominant region of the friction noise. The filtering of synthetic
voiceless fricatives (Harris, 1956) and the analysis of natural fricatives

. \ \

(Hughes and Halle, 1956; Strevens 1960; Jassem, 1965) has indicated that

/s/ has stxong concentrations of energy above 3600 Hs wh}le /[/ never has

N~ .
concentration abqye this frequency. The energy for /f/ ané\{é7\is\concenr

trated in the mid frequencies. The relative levels of frequency peaks iﬁ\\\

the spectrum of natural fricatives can be considered as formants. Analysis N

of levels and frequencies indicates that /f, v, 6/ and /d/ have their main

Kl t -

concentration of energy in the second formant (/f,v/: 1550 Hz; /6/:

1590 Hz; /8/: 146Q\Hz), that /f/ and /3/ are most coﬁ;entrated in the\third‘
formant region (/L/}\ 2610 Hz; /3/: 2650 Hz),’while /s/ and /z/ have
coficentrations ;n the fourth formant (/s/: 3950 Hz; /z/: 3§€¢ Hz)

(Jassem, 1965). In frequency regions ﬁig'mer than 1000 Hz, the spectra of
voiced fricativeé do not:differ appreciably from those of the unvoiced
{Hughes and Halle, 1956). There has been QP study’ which gas isolated the“

formant regions of natural fricatives in order to study their perceptual

importanoce. In addition to concentrations of energy in various frequency
L) ‘h‘-

regions, other spectral features, such as spectrum shape (Jassem, 1965),

-
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spectrum length (Strevens, 1960) and the intensity of the noise ;;I;?iug\to

‘the vowel (Harris, 1956; Hughes and Halle, 1956; Strevens, 1960), may play ™

\
a role 1n the differentiation of the various fricatives.

A

Nasal place cues. Experiments with the pattern-playbaékJSynthesizer

&

have indicated that second formant transitions were cues for the‘perceived
distinctions among /m, n, n/ (Cooper, Delattre, Liberman, Borst and
Ge?stman; 1952). Final nasals synthesized with neutral resonances were
studied as cognates to both voiced and voiceless plosives. Rising formant
transitions which had been heard as /b/ or /p/ were now heard as /m/. A
comparable crossover in which /n/ paralleled /d/ or /t/, and /q/ paralleled
/g/ or /k/ was also seen. A c?mpafison ?f the results of nasals with those
of plosiveé indicated that second formant transitions were probably somewhat
less effective as cues for nasals than for stopij Consonants articulated
at the same place were found to have the same locus values for both dia§ses
of sounds. Experiments with terminal analog synthesized speegh have éon—
firmed the importance of second formant transitions for distinctions among‘
nasals, but have found that second formant loci appropriate for the
different nasals were not fixed, but somewhat dependent upon the adjacent
vowel (Nakata, 1959). With respect to the starting frequencies of thq}secoﬁd
formant, vocal tract analog studies have shown that when consoné%(s were

N
1dentified as /m/, the second formant started between 800-1300 Hz, while

\
the starting frequencies for /n/ were between 1500-2000 Hz and between

v £y -

2000-2500 Hz for /n/ (Hecker, 1962). ' "

\

1
The importance of nasal resonances in isolation for the distinc-

tion between /m, n, n/ has been studied with vocal tract analog synthetic

speeéh {House, 1957; Nakata, 1959) and with natural speech (Malécot, 1956).

Nakata using a vocal tract analog found that the maximum responses for /m/,
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/n/ and /n/ were 64, 52 and 41% respectively at\frequeﬁcies 1100 Hz,

1700 Hz and 2300 Hz. Malécot (1956) using natural speech also found that

/

/m/ was the most identifiable resonance, while /n/ was the most difficult
to identify. In general, synthetic resonances (House, 1957; Nakata, 1959)
are more readily 1denti;}ﬁble than natural ones (Malécot, 1956). This
result may be explained by kbe fact that resonénces are better defined in
synthetic speech than 1in natural speech, because of the high damping caused
\
by the soft walls and involved geometry of the natural nasal cavity. Both
studies with natural and synthetic speech 1indicate that there is a téndency
for listeners to identify all resonances as /m/. Lxperiments with natural
CV and VC syllé%les in whiQh transitions have been removed show results
very similar to experiments in whith resonances were presented 1n isolation
(Malécot, 1956)}.

Studies which have sought to determine whifher tragsitions or
resonances were most importadtﬁﬁerceptually have shown that Jﬁen resonagces
and transitions were 1nterchaQ\ed-An syllables gontainlng nasals, stimuli
containing an /m/, factor, whether transitron or resonance, were heard as
/m/. This was also the case for\7q/, although to a lesser extent, while

\

/n/ required both transitions and resonances to be identified correctly

(Malécot, 1956). g

Liquid place cues. The place cues for liquids will not be

reviewed as /1/ was the only liQﬁid used in the present study. The liquid

/r/ which 1s distinguished from /!/ by third formant transitions (O'Connor,

Gerstman, Liberman, Delattre and Cooper, 1957; Lisker, 1957; Ainsworth, 1968b),

was eliminated from the corpus of stimuli because of the inability of

-

sufficiently attenuating unwanted formants by band-pass filtering. !

+



v

“’)

AN

Consonant position effects on place discrimination. Experiments

with synthetic speech of the pattern-playback type represent final tran-
.sitions as mirror images of initial ones and seem to indicate that the per-
ceptual importance of transitions in both positions 1s the same (Liberman,
Ingemann, Lisker, Delattre and Cooper, 1959). Analytic studies of natural
speech reveal that transitions differ considerably depending upon the
position of the consonant relative to the vowel (Stevens, louse and Paul,
1966; Broad and Fertig, 1970), and that locus Qalues for final consonants
show great fluctuations (Lehiste and Peterson, 1961). Experiments with
natura} speech dealing with the identification of v01:éd plosives from
syllables 1n which explosions have been removed (Fisher-Jorgensen, 1972c¢)
and with the identification of voiceless plosives from bursts to which vowel
segments were added (Winitz, Scheib and Reeds, 1972) indicate that tran-
sitions contribute more to the identification of final consonants. These
‘\\fesults agree with the observation that place 1in natural speech 1s easier
to perceive in the final, than in the 1nit1g1 position (Ahmed and Agrawal,
1969; Gupta, Agrawal and Ahmed, 1969).
Beiter and Sharf (1972) tested the identification of consonants
from CV and VC vowel transitions from tapes played forward and backward.
VC transitions were significantly better cues to consonant identification
than CV transitions whether heard forward or backward. /
Sharf and Hemeyer (1972) determined the relative importance of
CV and VC formant transitions in the identification of place in the con-
sonants /p, bJt, d, k, g, f, v, s, z, [, 3/ paired with the vowel /o/.
The noise portions of the consonants were eliminated from the syllables,

and listeners were asked to identify the formant transitions as labial,

alveolar, palatal or no consonant. The results indicated that the number
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of correct identifications was considerably greater than chance for all

sounds except voiceless stops, and that there were significantly more
f

correct identif;cations made of VC than of CV transitions. The findings
were explained on the basis of coarticulation. It was suggested that the
effect of forward coarticulation on the assimilation of consonant features
by vowels would make VC transitions more sufficient cues than CV transitions.
In summary, rese;rch with patteﬁn—playback synthetic speech has
indicated that the second formant transitfon is the most important carrier
of place information for plosives, some fricatives and nasals. These
results\ have been obtalnep with a technique w£1ch has kept all parameters
constant)and varied only second formapt transitions. In addition, this
method has neutralized the invariant parts of the spectrum such as bursts,:
fricat{on noises and nasal resonancds in order to fully study the effect
of second formant transitions on perception. Resgarc; with natural speech
is unable to use this approach and has concentrated on éomparlng place cues

in the entire invariant part of the spectrum to cues in the entire vocalic

(vowel steady state and tramsition) part. These comparisons show that there

—

are more place cuéé‘iﬁ*the\inygrlant part of the spectrum than the results

with pattern-playback synthetic speech indrcate, and that the relative

——

importance of vocalic and invariant parts is dependent on the extent of
transitions as related to the coarticulation of the consonant with the
adjacent vowel and to the consonant position relative to that vowel. Research
with pattern-playback synthetic speech has been unable to assess how several
cues share in the control of perception becaus; of the very strong cue effect
of the second formant. There has been no study with natural speech which

has assessed the importance of single second formants or of band-limited

frequency areas in the invarian} part Qf_the spectrum, relative to the

r~



place feature ' . .
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Voicing discrimination

Plosive voicing cues. Voic¢ing, dspiration and articulatory force

have all been cited as a basis for separating the stop categories of natural
‘English. The compelling reason for the selection of voicing 3s the most -~
precise dimension,for separating the two groups of stops is that aspiration
has a contrastive value limited to particular contexts, while articulatory
force has no agreed-upon physical correlate (Lisker and Abramson, 1967a).
As seen in spectrograms, voicing yields harmonic excitation of a low ™
frequency band known as voice bar, during the interval of oral closure.

This voice bar is also a prerequisite for the synthesis of voiced stops
(Li{erman, Ingemann, Lisker, Delattre and Cooper, 1959). Because/of the
several distinctions between the groups /b, d, g/ and /p, t, k/, researchers

hay€ sought some single best measure by which to separate the two phoneme

cptegories. It was discovered that the timigg relation between voice

nset and the release of occlusion could serve a basis for separating

the stop categories in various languages (Lisker akd Abramson, 1964a; 1964b)
and could lead to percéived differences in synthet1 séops (Abramson anh
Lisker, 1965; Lisker and Abramson, 1967b). The chofice of the voice onset
time measure as an appropriate dimension for separating the two categories
of stops does not mean that étops differ only with respect to the feature
-of pu1§ing. Voice onset time is the glottal mechanism which controls
voicing and ispresponsible for generating aspiration and articulatory

force (Fant, 1960). Aspiration is presumed to be related to the attenu-

ation and cutback of the first formant.
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Efberiments with pattern-playback synthetic speech had indicated
. )

thﬁt strong voiced stops could only be synthesized by starting the ffrst
formant transition very low on the frequency scale {Cooper et al., 1952;
Liberman, Delattre, Cooper and Gerstman, 1954; Deiattre et al., 1955).
This observation led to expe%iments whicﬂ systematically eliminated a |
portion of the first formant transition and éuccessfully transfowmed voiced |
stops into their v01Ce1ess|cbgnates, indicating that t%e delay 1in the first
formant was a sufficient cue for distinguishing between voiced and voiceless
stops (Liberman, Delattre and Cooper, 1958). The delay in the first for-
mant,is a natural ébnsequence of lengthening voice onset time. In addition,

~
the subiti;ution of noise in the second and third formants during the dur-

ation of the first formant cutback seemed to produce a greate; impression

of voicelessness than the first formant cutback alone. Noise in the region
, of second and third %ormants 1s an acoustic correlate of aspiration.

B;th voigce ogset time and first formant cutback were studied

« Simultaneously in experiments with synthetic speech (Stevens and Klatt,
1971; 1974; Haggard and Summerfield, 1972; Sﬁmmerfleld and Haggard, 1972).
These egperiments have manipulated both cues independentlyﬂand have indi-
cated that both cues share in the perception of voicing (Stevens and Klatt,

1971; 1974; Haggard and Summerfield, 1972). The presence of a first for-
mant transition acts as a cue for voicing and a negative cue for voiceless- .
ness (Stevens and Klatt, 1971; Summerfield ,and Haggard, 1972; Haggard and i
Summerfield, 1972) while long voice onset times represent a major cue for

voicelessness. A significant trading relationship exists between the two
\

cués (Stevens and Klatt, 1974). - ,

e

Fricative voicing cues. The important cues for voicing in frica-

tives have not been as systematically studied as in plosiveg. Some of the
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important parameters for voicing in these consonants can be drawn from the

minimal rules necessary for their synthesis. The voicing rule for fricatives

requires fﬂat the interval of band-limited noise necessary for manner, be
of'low intensity, have a duration ;f 100 msec. and be accompanied by a
voice bar (Delattre, 1958; Liberman et al., 1959). In addition, low inten-
sity forman{s are required to run through the friction (belattre, Liberman

and Cooper, 1964).

] - - -~
In the spectra of natural voiced fricatives, there exists a .
[N -
strong component in the region below 700 Hz, which is never prominent in
v
voiceless fricatives. In the region greater than 1000 Hz, the spectra of

3

voiced fricatives do not differ appreciably from those of the unvoiced

o

fricatives. In addition, voiced fricatives are characterized by less hiss

and less power than voiceless fricatives, since the breath stream is inter-

«

rupted and reduced in flow by the action of the vocal cords (Hughes and
. A

Halle, 1956; Strevens, 1960). o

General voicing cues. It appears from the results of Haggard,

Ambler and Callow (1970), tha} changes in pitch at the onset of glottal
vibration may distinguish voiced and voiceless stops for some listeners.
Experiments on the identification of ambiguous syllables differing only

in the pitch curve at voicing onset show that a low rising pitch leads to
the perception of initial voiced stops, while a high falling pitch leads to
the perception of-voicelessness; Haggard et al. (i970) 31§o expected

p:;ch to assist theuvoicing disginction in some fricatives.

N In addition to pitch, vowel duration p}eceding final voiced
consonants has been found to be much longer than vowel durations preceding

voiceless consonants in natural speech (House and Fairbanks, 1953; Denes,

1955; Hdlle, Hugﬁes and Radley, 1957; Peterson and Lehiste, 1960; Lintz

-




fri%ative§,uthe voicing cues have not been as extensively studied as in

and Sherman, 1961; Broad and Fertig, 1970). On the other hand, the

duration of voicele$s consonants is much longer than the duration of voiced
consonants. By recording the word /juz/ three times, and splicing the
three /z/ endings onto the vowel, Denes (1955) was able to transform the
word /juz/ into /jus/. Stimuli synthesized with the pattern playback, also
showed that the duration of vowels and final consonants had a definite and’
consistent influence on the perception of voicing, but that these factors
remé;nedrgffeEtxve only in meaningful connected speech.

Raphael (1972) ihvest1gated the effect of varying preceding vowel
duration upon the perception of word flnal:Ztops, fricatives and clusters
in synthetic sp;ech. His results indicate that regardless of the cues for
voicing or voicelessness used in th? synthesis of the final consonant or
clusyer, listeners percelvedtthe final segments as voiceless when they were
preceded by vowels of short duration and as voiced when they were preceded
by vowels of long duration. Duratién-was a more effective cue for stops

.- 4 ’
and clusters than for fricatives. ’
Voiced consonants also have the effect of lowering the fundamen-

~ Ll
tal frequency and increasing the power of the adjacent vowel (House and

I~ -

Fairbanks, 1953). . '

In summary, the research evidence indicates that the important
cues for voicing in plosives are the voice bar, first formant transition
and the timing relation between voice onset and the ;elease of occlusion

which is accompanied by noise at the level of the second formant. For

z

plosives,. but lie in the voice bar, in the presence of a strong component

in the invariant part of the spectrum and in the duration. When both
¢ 2
classes of consonants are in the final position, vowel duration is an

° -
L1

&

s / ~
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effective cue for voicing. There has been no study with natural speech

which has assessed the contribution of single first formants to voicing.

-

The Low Frequencies as a Masker

The first formant of a vowel is always more intense than 1ts

/

L J
second formant (Peterson and Barney, 1952; Fant, 196735. In cases where
listeners have -a hearing loss it 1s necessary to pres

nt spegtﬁ at a

high sound pressure level. It hag been shown that when compiex sounds ,
such as s?eech sounds are amplified, the high tones begin to be masked

by the/}gﬁ/;ones (Fletcher, 1929; French anagéteinberg, 1947, Palva, 1965).
Similarly, when speech is presented in narxowAbands, thére is the possi-
bility of one band of speech masking anotger (Kryter, 1960). House,
Williams, Hecker and Kryter (1965) in the development and evaluation of

a new speech iqielligibllity test also found Epat the speaker differences
observed in their study could be tentatively eXplained by the masking of °

!

gonsonants by. xe vocalic portion of a word in one speaker.' .
Fren¢h and Steinberg (1947) found that the two low fr§quency
bands eof 250-375 Hz and 375-505 Hz caused the gr%?test amouﬁt of interfer-
ence with the Ligher bands. Similaxly, Franklin (1969a; 1969b) found that )
a 240-480 Hz frequency band of speech acted as a masker for most consonants.

when presented at 40 dB SL to a 0 dB SL high band of speech. All three

bands contain first formant frequencies. : .
Ty

-

According to Martim, Ysberéer"and Pickett (1972), Martin, Pickett
and Colten (I972), Danaher, Osbérger and Pickett (1973) and Pickett and

Danaher (1973), the upward spread of masking which occurs at high sound
ol

. pressure levels in the presence of low frequency energy has been'invpart
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. r responsible for ‘he reduced discrimination ability found in most subjects y;
- <3

with sensorineural losses. Martin, Pickett and Colten (1972) studied the

discrimfnation of synthetic fo;mant transitions in listeners with severe
sensorineural losses. Second formants were presented aléne}aﬁd ;n the
presence of first formants. In the second formant alone copdltip;, most
subaﬁcts had iow discrimination thresholds. However, when the subjects
had'to discriminate the frequency of ihe second” formant 1n presence of the
\ first, their discrimination was reduced and their thresholds were higher. a
t When the first and second formants were closg?in frequency, the reduétion
' 1n\d1scr1minat10n was grdét. The authg;S/{;terpretéd these findings as
| t\lndicaxlng that low fféquency vowel formants can produce masking which g
reduces the ability to discriminate cuesﬁln the higher frequencies. When
normal Rearing listeners were tested at sound pressure levels of 95-105 dB, K
substantial amounts of masking also occurred and Martin, Piclett and

4

Colten (1972) concluded that a reduked Qiscrlmlnation abi1lity characterizes

a

most subjects who listen at high sound pressure levels. Other variables ‘

.

-

were found to influence masking, namely the frequency region in which the
second formént transitions occurred, the relative amplitudes of first and
] second form;nts, and finally the presphcekﬁf a transition in the fairst
formant (Danaher, Osberger and Pickett, 1973). First formant transitlons
{ were found to give the stimuli a more speech-like qqality, but also to
produce a masking of a different nature than that produced by the first

formant. steady state. These results could be related to the reduced dis-
ra

\that‘normally occlirs within phoneme boundaries (Liberman,

L

- crimination

Harris, Hoffman and Griffith; 1957). First onmants‘which ‘had been succes-
. ) ‘ - sively cut back, as in voiceless stops, were also seen to produce a type
N
l~ - of backward masKing which could reduge the discrimination of frequency
\ |
‘ Y
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transitions which preceded them (Daraher and Pickett, 1973; Pickett, dnd

Danaher, 1973). Each of thesq'masklng effects'\a§ alsp found in normal
hearing subjects who were tested:at high so;ﬁg pressure leézls. o

) Methods to reduce the masking effect of the first fbr;ant have
been studied by Pickett and Danaher Q1973) who presented syﬁthgtic first
and second formants d1chot1caliy and obtained improvements in second for-

mant transition discrimination. A dighotic presentation of natural- speech

filtered 1n low and high frequency bands has also been found!to decrease

-the masking effect and improve speech discrimination {(Franklin, 1969a; 5\

1969b; 1972). . ‘ :

e Another approach -to the problem of masking by low frequencies has: )

been to reduce the enérgy of thqpfirst formané. ﬁénaher, ngerger agd

Pickett (1973) found that synthetic second formant transition thresholds

improved when the energy of éhe first formant‘was reduced. The dutﬁg;s

did not cénsgdér attenuating thg first formant completely since “t contains

'1mportant’speechﬂinform;tion'. “\‘ { h
With na£ura1 speech, enhancement of Speééh intelli%ibijity in

conditions of masking, such as high noise levels, hgé been obtained by a

'removal' of the first formant and subseiuent 1nf1nite peak clipping of gpe'

speech signal (Thomas and Niederjohq: 1968; 1970; Thomas and Ravindran, 1971i.

These studies involved the filtering of PB words with a high pass filter

having a cut-off frequency of.1100 Hz and attenuation siopes of 24 dB/octgvé

{Thomas and Niederjohn, 1968) and 12 dB/octaQe (Thomas and Niederjohn, 1976;

Thomas and Ravindran, 1971). The filter characteristigs and the stimulus

material indicate that the first formant was not ‘elimin ted?, but moderately’

e

attenuated. ‘ .
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In view of the improveméhts in discrimination given by the filtered
clipped speech in a masking situation, Thomas and Sparks (1970; 1971) used
the same method to test subjects with hearing losses. The results indicated

that higher 1intelligibility scores were obtained for the modified speech

[

“and the authors concluded that the use of filtered clipped speech with the

. ) - .
first formant 'eliminated' was an effective means of increasing speech dis-
‘ p

bl

erimination for subjects with various types of hearing impairment. In
’

s

subsequent research it was discovered that high-pass filtering and clipping

-

offered little advantage over simple high-pass filtering with respect to

u

o ¥
improvement in intelligibility in noisy conditions (Thomas and Ohleyy; 1972)

and by hearing-impaired subJects X{fannebecker, 1972).

In summary, 'studies w1th synthetic and natural speech indicate

’

that the high sound pressure levels which represent the listening conditions

~of deaf'lisfeners lead to a spread of masﬁing of high frequency information

by low frequencies. One approach to this problem has been the attenuation -

Tk

and the possible elimination of the first formapt. Itémeems that the infor-

/ . :
M

mation content of the first formant of natural- speech should be/.assessed
e

°

) 1
L4
before such measures are taken.
kY

. B
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RATIONALE FOR THE STUDY

Research with synthetic speech has indicated that the second
formant transition is the preéominant carrier of place information for
most -consonants, and that the first formant transition contains both
manner and voicing information. Research with synthetic speeéh has also

» ¥

indicated that at high sound pressure\leéels the first formant frequencies

produce a masking of second formant transitions.

Research with n;tura; speech'has indirectly shown that fre-
quencies in the second formant raﬁge hre the main contributors to intel-
ligibility, and that,first formant frequencies aid in recogpltion. ;)éce
cues have been found in both invariant and vocalic parts df‘the speé%rum,
the relative 1mp6rtance of each part depending on ‘contextual facto;;,such
as vowel and position. Manner and voicing cues have not been as extensively ’
studied as place cues, but have been associated with the invariant part of
the spectrum and with duré&idnal features. High levels of presentation

~~have also been feund té cause a decggase in intellig;bilitx with the attenu-
ation and 'posgible elimination' of first formants allevia@ing the préblem.

There have been as yet no studies which have asségsed the con-
tribution of isolated first and second formants to consonant intelligi-
bility and to the pexrception of %he features of place, manner and voicing,
and which have investigated the efféct of both formants together at com-

« 8

fortable and high sound pressure'lé&éﬁs on intelligibility and on the per-
t
ception of the three phonetic, features.

It is the purpose of the present investigation to study the
intelligibility and the perception of the features of place, manner and
]

voicing in the consonants /p, b, t, d, k, g, f, V, s, 2z, |, %z, 8, 6, m, n/

\
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o £
and /1/ in filtered CV and VC syllables containing both formants at an

-~

*rall comfortaple level .(€Condition F12L), the second formant alone
(Condition F2), the firsx‘forman; alone (Condition F1) and both formants
at a high overall sound pressure level (Condition F12H). The front vowel

/1/ and back vowel /u/ were used in the study, and were mainly chosen

’

because they enabled adequate attenuation of unwanted formants by band-

v

pass filtering. In addition these two vowels differed in the frequency
i
proximity of their first two formants.

It was hypothesized that, of the filter conditions, Condition F12L

would be the most intelligible condition, Condition F1 the least intelligible,

and that Condition F12H would show a decrease in intelligibility relative
to Condition F12L.

With respect to thé place feature, 1t was hypothesized that
Conditions F12L and F2 wduid show the smallest number of place errors, with
Condition ﬁl having the highest number of place errors. It was also hypo-
thesi;ed that Condition F12H would show an increase in‘blbce eTrrors
relative to ﬁiﬁ} and that this increase wéuld be greater\for consonaqts in
the /u/ environment than in the /I/ environment because of the proximity of
the first two formants in the vowel /4/. It was also hypothesized that, '
for all conditions containing the second formént, place errors would vary
as a function of consonants, vowels and consonant position.

Since manner cues are found imy the first formant'transition and’
in the invariant part of the\spectrum, it was hypothesized that the smallest
number of manner errors woqld occur in those c9nditions containing the
first fdimént and invariant energy at the level of the first two formants,
namely Conditions F12L and F12H. It was also hypothesized that in

Condition F1 manner would be best perceived in those classes of consonants

o
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cued by the first formant transition and that in Condiéiqn F2, manner would

* be best perceived in those classes of consonants cued by invariant energy
- '{
. I
Voicing cues are found in the voice bar, first/formant transition, A

v

at the level of the second formant.
»

and in the invariant part of the spectrum. It was hypothesized that the
smallest number of voicigg errbrs would occur in those filter conditions

> containing both of these cues namely Conditions F12L and F12H. It was also
hypothesized that in Conditi;n F1, voicing would be bes£ perceived in those
consonants cued by low frequencies, and that in Condition F2, voicing would
be best perceived in those consonants cued by invariant energy and by‘ |

-

durational characteristics at the level of the second formant.

/ »
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w? ’ . PROCEDURE

This study involved the binaural presentation of eight lists of
/ CV and VC sylgébles to twenty normal hearing listeners under four filter
Aonditions ;nd one unfiltered condition. The experimental design is sum-~ ,
marized in Table 1. (

Each list of 68 items was formed by .four repetitions of the 17 l
consonants /p, b, t, d, k, g, f, v, s, z, f, %3, &, 0, my, n, 1/ in a syllgblé
with a constant vowel. The eight lists were formed by pairing the con-
sonants pre- andspostvocalically with the vowels /I/ and /u/, and by using

two Speakers to record the stimuli. \V,/’

i

!
i The filter conditions are labelled according to the presence or

| ¥

absence of first and second formants:

. ' / Condition F12L: Both first and second %ormants present at
/ ’ an overall comfortable listening level.
. ' Conditioanl: First formant‘present, second formant absent.
Condithd F2: Second formant present, first formant absent.

7 . 0

Condition F127: Both first and second formants present at an
/ overall high sound press:ge level.

The terms fi#st and second formant refer t; filtered utterances
coftaining predomingntﬁy first and/or second formants, in which unwanted
formants have been seyerely attenuated.

In the listening tests, after each stimulus presentation the

\ subject was requirqd to write down thi consonant he heard. Aftexr the pre-
sentation of \Qf yAsts under all four flgter conditions, ~phe subjects were

. given the same Nts in the uylltered state.

\



Summary of Experimental Design

Design: Repeated measures

{ S

R Variables: "

‘Speakers: Two males, JD and RS

Consonants: 17 consonants:
»6 plosives /p, b, t, d, k, g/
8 fricatives /f, v, s, z, [, 3, 6, &/
2 nasals /m, n/

1 liquid /1/
Vowels: /I/ and /u/
‘Positions: Initial, final.
Conditions: Condition F12L: Fl at 66 dB ‘SPL
F2 at 46 and 50 dB SPL
Condition Fl: F1 at 66 dB SPL
Condition F2: F2 at 46 and 50 dB SPL

Condition F12H: F1 at 100 dB SPL
F2 at 80 and 84 dB SPL
Unfiltered Condition: 66 dB SPL

:

Subjects:* 20 normal-hearing listeners

Composition of the eight lists of 68 items in which each syllable was
repeated four times in random order:

List Speaker Vowel Consonant Position

1 JD J1/ cv
2 *JD /1/ vC
3 JD Ju/ cv
4 JD Ju/ , Ve
5 RS /1/ cv
6 RS J1/ Ve
7 RS Ju/ cv
8 RS Ju/ Ve

« Listening tests:

Each list was given under each of the four filtered conditions
and the unfiltered condition, totalling 40 tests (eight lists by five
' conditions) per subject. '

-




41

!
The procedure is described in detail under five headings:

1) speech materials, 2) recording of syllables, 3) spectrographic analysis,

4) preparation of filtered stimulr and 5) subjects and test presentation.

Speech Materials

Seyenteen consonants comprising six plosives /p, b,wt; d, k, g/,
eight fricatives /f, v, s, z, [, z, 6, df, two nasals /m, n/ and one
liquid /1/ were chosen for the study. Initially the liquid /r/ was also
included in the test material, but the very low third formant of the
invar?ant part of the spectrum for this consonant (Potter, kopp and
aGreen;1947; O'Fonnor et al., 1957; Fant, 1968) made the filtering-out
of unwanted formants impossible.

The criteria for the selection of the vowels were as follows:

) a) a spacing-out in frequency of the first thre; formants which

¢ ,
would permit the extraction of a single formant by fi'lters with fixed
centre frequency for t%e duration of the whole syllable,

b) approximately the saﬁe amplitude of the second formant rela-
tive to the first, but with difference§ 1in the frequency separation of
the first two formants for the two vowels. These criteria would eﬁable
the study of the effect;of the upward spread of masking of the second
formant by the first, relative to formant frequency proximity (Martin,
Pickett and Colten, 1972). \

The vowels /I/ and /u/ were found to meet these criteria
1]

(Peterson and Barney, 1952), as shown in Table 2.



Summary of characteristics

Barney (1952), male voice).
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TABLE 2

of vowels /I1/ and /u/ (from Petérdon and .

\7'

—r

R
. : I ) .
Frequency (Hz) Intensity (dB SPL) Ly
. | .
Vowel F1 F2 F3 F1l F2 F3
/1/ 390 1990 ‘2550 65 ' 45 . 41
3 8
I
/u/ 300 B70 2240 ° 65 49 25
/
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«
Recording of the Syllables g\

Syllables spoken by two English speaking males, JD and RS, were
recorded on tape in a soundproof room (IAC Model 1203-A). The stimuli
were spoken into a Unidyne III Model SM 56 microphone, placed eight inches
in front of the speaker and above the level of the mouth in order to avoid
the breath stream. The speakers were trained{to read the stimuli in a
natural manner and to maintain a single }evel of loudness, even intonation
and the same duration for all syllables. During the recording of the
syllables,t%he recording level was adjusted to produce a VU meter reading
between 0 and -3 dB. The material was recorded on two quarter track of
11 mil mylar tape, at a speed of 3-3/4 ips on a Revox Model 77-A tape
recorder.

Each syllable was recorded three times, and the best recording

in terms of clar%ty, duration and intonation was selected for use in the

N hY

study. Eight taﬁes designated as Tapes A were made by dubbing eaéh of

the seventeen selected syllables four times in random order to make one

list -of 68 syllables. Each list contained syllables with one vowel in

the same consonant position and were spoken by the same speaker (Table 1).
s

Sﬁectrogrgphic Analysis

Wide band (300 Hz) spectrograms (Kay Elemetrics Sonagraph
Model 6061-B) with an 80-8000 Hz frequency range were made of all the
original 136 syllables used in the study. Male speakers were chosen

because 9f the more clearly defined patternsof~forﬁants obtained with
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broad-band analysis. Female voices often show a mixture of formant and -
harmonic structure (Fant, 1968). N

/ / ~

In order to check the accuracy of the filtering, the 272 fil-/ )

-3

tered utterances were also analyzed on the spectrograph. When the’results -
from the wide Eand analysis were not well defined, narrow band (45 Hz) )
recordings and contour displays were made. Figure 1 shows an example of
the wide band épectrogram of the syllables /pl/, /bI/ and /ml/ taken from‘
List 1. .

Before making the spectrograms, the spectrograph was calibrated
for frequency, intensity and the duration of the signals with a
specially prepared tape. Precautions were always taken to prevent over-
loading and intermodulation effects by carefully regulating the input level
to the spectrograph (Fant, 1962b; Lindblom: 1962) .

The spectrograms were first analyzed by segmenting them into
sections following Fant's (1962a) specificational system based on manner
of production. The vowel formants and formant transitions were grouped
in one segment, and the invariant features formed another segmeni. Thin
lines were then drawn marking the centre of the first, second and third
formant bars as seén in the spectrograms (Ohman, 1966). The average
error found Py Lindblom (1962) using the Kay Sonograph with a 300 Hz
analyzing bandwidth and a frequency scale of 2000 Hz/inch was less than

S0 Hz. The following points were then read for each utterance:

From the vocalic segment (vowel steady state and transition):

(i) The fundamental frequency. This was derived by counting

the number of periods for the first centiseconds (3 inch) of

/ 'f'J-
the steady state of the vowel formant;
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Wide band spectrograms of syllables /pl/, /bl/ and /ml/.
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(1) the highest céntre frequencies of the first and second

‘'

vowel formants in their steady or transitional states; N

4

(iii) the lowest centre frequencies of the second-and third
vowel formants in their steady and transitional states.
From the invariant segment (bursts of stops, frictipn noises of

~ -
fricatives, nasal resonances and vocalic liké resonances of

1 -

liquids): -
(iv) an attempt was made to read the first, second and third
formant frequencies of the invariant part of the energy spectrum,

by following Fant's acoustic correlates of manner of production

Yot

and ‘place of articulation (Fant, 1960; 1962a; 1968). The .emphasis

.

g
was placed on reading the frequencies for the second formant or
'hub' (Potter, Kopp and Kopp, 1966) in order to include Ehese

u

frequencies 1iny the second formant band-passes.

Not all feagurgé 1istedyabove were well defined for each utterance.
Since sounds articulated at the same place show formant pattern transitions
that are almost identacal (Fant, 1960), the syllables of each list which
contained consonants that were produced in ihe same manner were grouped
and the same cut-off frequencies of the filters were used for all syllables
in the same group. The nasals were grouped with the plosives.as they are
often thought of as being nasal stops (Malécot, 1956). The syllables of
each 1ist fell into eigﬁﬁ'groups: )p, b, m/, /t, d, n/, [k, g/, /1, v/, °
/s, z/, /[, 3/, /6, 8/ and'/|/ which formeda separate group. .When the
second formant of the inva;iant part could not be seen in any of the con-

sonants of the same group, the reported values (Potter, Kopp and Kopp,

' 1966) were included. The results of the spectrographic analysis for the §_
4
: 1

136 syllables are shown in Appendix A.

{
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Preparation of Filtered Stimuli

4

- . .

The preparation of the filtered material consisted oflfiltering
the first -atd second formants of each utterance separately and recording
these on two different quarter tracks of a magnetic tape. Cut-off fre-
quencies of the band-pass filter were determined from the spectrographic

» analysis of each utterance and the rejection slope of the filter.

7
i
I
]

Determination of the band-pass filter cut-off frequencies
For the extraction of the second formart, thé folld@ing frequen-
cies were read from the spectrograms (vocalic and invariant segments) of
the syllables of the same group:
a) ' the lowest and ﬁighest second formant centre frequenciés, .
b) the highest first formant centre frequency,
ST ' g) the lowest third forﬁant centre frequency.
An example'is shown in Téble gi These frequencies were then plotted élong-
side the frequency response of the filter (72 dB/octave), as shown in
Figure 2.
In a similar manner, for the first formant condition the follow-
ing frequéncieg were plotted alongside the frequency response of the filter:
a) the lowegt fundamental frequency,
b) thg highest first formaﬁf centre frequency,
o c) ,the lowest second formant centre frequency (Figure 2).
. Centre frequencies were judged adequate because of the relativeiy
narrow baﬁdwiéths of the first two formants (Dunn, 1961; Fant, 1967b). Two
‘ criteria were set up for the selection of each band-pass. " The first cc/n-

L7

! ;
cerned the attenuation of unwantied signals. A minimum attenuation of



TABLE 3 [ '

' M '
Determination of filter. cut-off frequencies for first and second formant band-pass (syllables pl-blI-mI,

»

List 1). - . ] ‘ y
R . Original Final
- High F1 Invariant Low F2 High F2 Low F3 Band~Paoss Cut-Off Band-Pass Cut-Off
Consonant (Hz) //FZ,(HZ) (Hz) {(Hz) (Hz) ‘ Frequencies (Hz) Frequencies (Hz)*
. . .
) A l .
p. = 520 1020 R 2000 2040 . 2760 Fl: 140-560 Fl: 140-520
2 ) B~
b 560 1020 R 1800 2000 2640 F2: 870-2040 F2: 900-1950 oo
’“ ‘ m " 560 870 R 1800 2000 2500
. 9
* meeting criteria of minimum attenuation. k/
‘R: Reported value (Potter, Kopp and Kopp, 1966) -
. - ) - J
= ; /'_




B — F1 Band-pass F2 Band-pass =e===== QOriginal filter cut-

off frequencies determined by
results of spectrographic
analysis. (F1: 140-560 Hz,
F2: 70-2040 Hz)

o=  Final filter cut-off
frequencies meeting criterion
of minimum attenuation. -
(Fls 140-520 Hz, F2: 900-

1950 Hz) )

6v

¥

Frequency in Hz 8 C
L4 ® -

Figure 2: Determination from frequency response of filter (72dB/octave) of cut-off frequencies for first

and second formant band-passes for syllable group /pl, bl; mIit\\ttist 1)

&
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30 dB of third formant centre frequencies and of 50 dB of first formant

°

_centre frequencies was required relative to thé centre frequency of the

second formant band-pass. More attenuation was required of first than of

third formants, since first vowel formants are more intense than any other

vowel formants (Petergoﬂ,and Barney, 1952; Fant, 1967b). A minimum attenu-
ation of 50 dB for second formant centre frequencies rélative to the

centre frequency of the first formant band-pass was alsb required. Wﬂen
‘dhese criteria were met the spectrograms of the filtered utterances clearly
dispfayed only the first or second formants (Figures 3 and 4). In extreme
cases, if the previously selected cut-off poin%s did not provide the
reqﬁ?;ed attenuation; the cut-off points were Mifted to meet the criterion

which, of course, resulted in the decrement of the bandwidth of the filter

and an attenuation of the previously selected cut-off frequencies (Figure 2).

/ i
The second criterion required that the bandwidth for any band-

pass should not be less than 200 Hz. This assured reasonable temporal

resolution of the filter. I i

|

\

¢ The frequency cut-off points of the first §nd second formant
’ s
band-passes fdre shown in Appendix A and the attenuatign provided by the

\ e

band-passes is given in Appendices B and C. )

Preparation of the tapes for the filtered stimuli .

" The filtering was accomplished by playing a tape on- a Revox
Model 77-A recorder, whose output was passed through two Rockland active
filters Models 1042-F and 1000 connected in series. The filters were
Butterworth prototypes and provided.a combined roll-off of 72 dB/octave. 4

The output of the filters was recorded on an Ampex Medel 620 tape recorder.

The overall performance of the filters was first checked on a wave

5

'

w
N2



&s co. PINK BNOOK. N.J. | gLgMETRICS €O, PINK BROOK. N. J e .
. , -
. - / B
- - T ‘
. . ' }
S L " T
\
\ »
\T"“.

"L' " ,’m 33‘:

Figure 3: Filtered first formants of syllables /pI/,'AbE/ and /mI/. (List 1)
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analyzer (6eneral Radio Model 1900A).
Since the final test tape had the first and second formants of
each syllable on separate tracks; the filtering process was carried out
in two stages. In the first stage, Tapes A containing the eight 1lists
were used as the input to the filters. Second formants were extracted
| . and recorded on one track of a tape while on the second track the unfil-
tered syllables were dubbed. This tape 1s referred to as Tape B. Tape B
was used i1n the second stage, which consisted of f115ering and recording
the first formant on one track of a tape while dubbing the second formant
on the other, giving rise to Tape C. This procedure was necessary to
ensure synchronization of the two formants. Tape C then contained the first
formants on one track and the second formants on the other. A low input
level and a considerable weakening of the signal after filtering neces-
sitated the use of amplification by setting the combined gain of the fil-
ters to 80 dB for second formants and to 60 dB for first formants. The
recoréing level of the tape recorder was always adjusted to keep VU meter
readings between 0 and -3 dB for dubbgmg and recording of the filtered
signals. Four copies of Tape C were made, each containing all filtered
¥ lists with an interstimulus duration of three seconds between utterances.
Thesé copies were called Tapes D1, D2, D3, D4 and each was used fér an
equal number of times in the testing of subjects. This ensured that the
quality of the recordings would remain acceptable and not deteriorate
because of tape stretching. A summary of the preparation of the filtered
’fzggggch—xapes~rs*shUWﬁ“ih Table 4. The syllables in Tapes D were not
numbered, but cach list was divided into four sections containing 17 items.
. A copy of Tape A was used to present the unfiltered material to the

subjects.




TABLE 4

Summary of the preparation of the filtered speech tapes.

/

Original recording

v

\

-

Each syllable dubbed four times in random order.

[

Second formant on one track, unfiltered signal
on other track.

Second formant on one track, first formant on

other track.

Three second interstimulus duration, four-

sections per list.




Two calibration tones were put on the Tapes D, each matched to

give the same VU readings on the tape recorder ai the average peak values
of thg-fi1ltered syllables. The calibration tone for-the first formant

was a 400 Hz pure tone and that for tﬁe second formant a 1500 Hz pure tone.
These represent the average centre frequencies for the first and second
formant band-passes. For the unfiltered mhteriﬁl, a 1000 Hz pure tone

was used,

Training tape
A training tape was made which included 80 syllables, ten
syllables chésen randomly from each filtered list. The training tape thus

comprised the filtered first and second formants on separate tracks.

N Subjects and Test Presentation

1

t
i

Subjects
The subjects were 20 paid university students, fifteen women
and five men, ranging in age from 18 to 25 years. All subjects had
normal hearing as indicated by a scréening test at 15 dB HL '(ANSI-1969),
for octave frequencies between 250 and 4000 Hz. -
All subjects listened ta.fhe syllables binaurally and recorded
their responses on a printed reséonSe sheet. Each subje;t was tested

for five sessions lasting one hour each. The first session included an

additional training period which lasted approximately 25 minutes. ‘}

Equipment for listening tests

The taped lists of the filtered syllables were played on a

~
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Revox Model 77-A two channel tape recorder, the two outputs of which were

fed into a Grason-Stadler two channel speech audiometer Model 162. Depen-

+

ding upoﬂ*the test condition, the speech audiometer delivered each signal

~~ individually or both signals mixed to the two earphones (Telephonics

Model TDH-39 mounted in MX 41/AR cushions), located inside a soundproof
room where the subjects listened. It was possible to control ‘the syllable
level for first and second formants separately by means of the gain control

and attenuators on the speech audiometer.

Instructions for the subjects

Instructions for the %istening tests were given by means of a
written statement. Subjects were asked to listen carefully to each sound
presentation and to write down on a response sheet the consonant that
they heard. They were furtherhlnstructed to make a guess if thgy were not
certain what consonant they had heard, and were urged that under no circum-
stances should a response space on the sheet be left blank. A card with
the 17 consonants used in the study was available for reference throughout
the tests. Those who had no experience in phonetics were instructed to
writs,down special characters corresponding to certain sounds, for example
/sh/ for /[/, /th/ for [e/, [Th/, for /B/ and /j/ for /z/. Examples were
given and the examiner made sure the subjects understood the task before
starting the test. |
Training session -

A training session‘!&s given to the subjects to provide experience
in listening to filtered speech. The training tape was presented.at 66 dB

SPL, first in Condition F2 and secondly in Condition Fl. During the training !



he was given further instruction.

Test sessions

sessions.

57

immediate feedback was given. The subjects were informed that the purpose
of the training tape was to give them experience in listening to filter®d
speech and that these results would not be included in the final score. If

a subject left blanks or included consonants which were not used ij the study,
L}

A

-
After the training period, the subject was tested for five

Each of the first_ four consisted of the presentation of the

eight lists under the four filter conditions. In the fifth session the
unfiltered material was presented in order to study the intelligibility of

the consonants and establish a baseline for comparison.

The four experimental conditions were as follows:

Condition F12L: First formaﬁts presented at 66 dB SPL (normal

conversational speech) and second formanty presented at the
corresponding relative amplitudes, namely 46 dB SPL for'syllables
with the vowel /I/ and 50 dB SPL for syllables with the vowel

/u/ (Peterson and Barmey, 1952);

Condition Fl: First formants presented at 66 dB SPL;

Condition F2:  Second formants presented at 46 dB SPL, (syllables

with /I/)and at 50 dB SPL (syllables with /u/).

Condition F12H: First formants presented at 100 dB SPL and

second formants presented at the corresponding relative amplitudes,
namely, 80 dB SPL for syllables with the vowel /I/ and 84 dB for
syllables with the vowel /u/.

A pilot study had indicated that a possible learning effect

occurred when Condition F2 was preceded by Condition F12L. In order to

v

s !

- O -




" each condition occurred once in each position: o s

/ ‘', Order 1: Conditions Fl, F2, F12L, FI12H
Order 2: Conditions F12H, F1, F2, F12L
Order 3: Conditions F12L, F12H, F1, F@ \\"/
Order 4: Conditions F2, F12L, F12H, Fl
~ For a particular order, the eight lists were randomized within
‘each condition. Five subjects were assigned to each order. ﬁéch.subject

~ was tested with eight lists during one session and the order of conditions

was repeated twice. The test presentation for Subject 1 is given as an

] . -
example:
p o
) -y

Session Condition F12L Condition F12H Condition F1  Condition F2
. 1 . Iist 7 (1st list) Lisf 2 (2nd) List 6 (3rd)- List 3 (4th)
List 6 (5th) : List 3 (6th) List 7 (7th) - List 4 (8th)

2 List 1 ) List 5 - List 2 List 7
List 2 List 7 List 4 List 6 -

3 List 8 * List 6  .~"List S List 5

List 3 o List-g List 1 List 1

4 List 4 List 4 " List'8 List 2

j' . 1 . ’ . .
List 5 List 1 List 3 List 8

f
S

In the fifth and final session the eight unfiltered lists were administered

i 1

>~ i
in random order.

i
i
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Data Analysis ' .
” ) .

—~

In preparation of the stamuli, two different speakers had been
used to ensure generality of the results. Spearman's coefficient of rank
@prrelatlon (Ferguson, 1971) was calculated between the two speakers for
the paired ranks of the seventeen consonants for each experimental con-
dition. The coefficients of rank correlation were sufficiently high for
each condition {(Rho: 0.809, 0.775, 0.723;and 0.850 for Conditions F1l2L,

F1, F2 and F12H, respectively) to indicate uniformity in the responses to

5

the stamuli spoken by the two speakers. This uniformity can also be seen

by the comparison of consonant ranks listed in Table 5. For all further

3

analyses, therefore, the data for the two speakers were summed.

The data were analyzed in two ways:
-

(1} Separate analyses of variance (NEW 08V Analysis of Variance

Pfogram,[Blomedlcal Computer Prograﬂs, W. I. Dixon (Ed.), 1970) were [

6

"calculated in terms -of the number of correct consonant identifications and

the number of errors with reSpect‘to each of the three phonetic features .

’

of place, manner and voicing. The number of correct consonant identifications
»

was used as a measure of intelligibility. The three phonetic features were

.

stﬂdled independently, altho&gh }§ 1s recognized that an incorrect résponse
may differ from the stimulus in oAé}\}wo or three o% the’}eatures. Place
errors were responses which differed in place of artitula}ion from-that of
t@e stimulus, regardless of manner of production and voicing. Mahner and

voicihg errors were determined in.a similar way. Table 6 lists the six
\a »

places of articulation, the four manners of production and the voiced-

voiceless distinctions for the 17 consonants used in the present study.

—

It should be noted that these features were not equally distributed for

all stimuli. With respect to the place feature, the consonants were
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TABLE

5

* « » Consonants ranked with respect to intelligibility for each speaker (JD

RS -

. ) and‘RS) under each experimental condition, along with Spearman's rank
* différgnce correlation for the four conditions.
. ) . g .
7
Conditions h
- F1 ’ F2- Fl2H
. ” Consonant Jp RS . D RS JD RS JD
p 11 10 5 8 2 13 10
: . b 3 7 1 9 7 12 1
"t 16 11 6 2 13 8 14 11
-/ 6 6 2 4 5 6.5 3.5 .7
k 4 3 1 N
‘ g 2 9 5 5. 3.5 6
£ 10 8 11 6 10 6.5 8 10
" v 14 13 10 7 11 15 13
. s 17 - 15 12 12 16 14 17 17
z 15 14 14 13 14 - 10 16 14
T 8 17 15 2 6
7 5 16 17 5 9 4
. o 13 16 15 14 17° 16 12 15
. . B 12 17 i3 16 15 17 13, 16
m 5 9 7 11 3 .7
, noo\ & 3 3 1 4 5 3
‘ g 9 - .12 8 10~ 11 iﬁ§~ 12
Correlation . Rho .= 0.809 Rho = 0.775 Rho = 0.723 Rho = 0.850
Coefficient .
t = 5.%323% t = 4.743% t =4 2 6.:247*

-

’ s

.

.076* t

/

*. p<.001
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TABLE .6

Place of articulation, manner of production and voicing for the 17 consonants

. employed in the present study. ‘
o« ' B <3
' Place of Manner of ﬂ
Consonant Articulation Production Voicfgg
p *  bilabial plosive voiceless
b bilabial ' plosive voiced
t. alveolar/ plosive v61ce1ess
d alveolar plosive voiced
.ok " velar - plosive voicélesg
g velar ° plosive voiced
* f " labiedental fricative voiceless
v labiodental fricative voiced
s alveolar . fricative vo;celess
; z alveélar fricative voiced
J palatal fricative voiceless
% palatal fricative voiced
6 interdental | " fricative voiceless
) interdental fricative voiced
m ) bilabial nasal voiced
RN n alveolar nasal voiced
- | alveolar . l1iquid voiced




r .
divided into three bilabials, six alveolarsl two velars, two labiodentals,

!

—~

two palatals and two interdentals. .With respect to manner of production
there were six plosives, eight fricatives, two nasals and one liquid.

Voicing divided the sounds into ten voiced and seven voiceless consonants.
v IR 2 s
A total of twenty analyses of variince were performed. These

are listed in Table 7. The first four comprised four filter conditions-

v 7

by-17 consonants analyses performed separately on each of the depengent
éariaﬂles, namely the number of correct consonant identifications and the
number of place, manner and voicing errors. The subsequent sixteen
analyses (Analyses 5—20:3f Table 7) comprised a 17 consonants-by-two
vowels-by-two positions analysis for each dependent valable,and each
filter condition.

!
The .01 level of confidenge was adopted with 51gn1f1Q\pce levels

»

further evaluated by the conservative test recommended by Greenhouse and
Geisser (1959). Theconservative test invogvesathe use of reduced degrees

of freedom since there is a possibility of violating the assumption of
|

homogeneity of covariance and positively biasing the F-test with a repeated
measures design. Multiple comparisons of means for significant main’

effects and 1interactions were carried out using Tukey's procedure 6f honestly

significant differences (Winer,*1971). In the" case of éignificqnt inter-

-

o & 1 . >
actions, the critical differences between means were calculated using the

¢
Y

. . ¥ 4
combined mean square error and the degrees of freedom computed with .the
Satterthwaite approximation as recommended by Winer (1971). The .01 level

of confidence was also adopted for the'result$ of the Tukey procedure of
honestly significéntndifference. '
! . J

(2) The consonant confusions were analyzed by the/ generation

-
- . ) P .
‘ o
-
3 . . KA . v
)

o -

v

A



TABLE 7
| o | :
List 'of analyses of variance performed in the present study.
7

3 v
-~

X ==,

r—a

N

Analysis Independent Variables

&2 —

Dependent Variables

All Conditions 1 4 cond*tions-x-17 consonants
: 2 4 conditions-x-17 consonants
3 4 conditions-x-17 consonants
" ) 4 4 conditions-x-17 consonants
7 Condition F1 5 2 vowels-x-2 positions-x-17 comsonants
. 6 -2 vowelg-x-2 positions-x-17 consonants
’ - 7 2 vowels-x-2 positions-x-17 consonants
’ = 8 2 vowels-x-2 positions-x-17 consonants
Akt
2 vs_’ -
Condition F2 9 Z vowels-x-2 positions-x-17 consonants™.
T ] a 10 2 vowels-x-2 positions-x-17 consonants..
‘ i 11 2 vowels-x-2 positions-x-17 consonants
. 12 2 vowels-x-2 positions-x-17 consonants
Condition F1ZL 13 2 vowels!§-2“pbsitions—x—17 consonamnts
- 14 2 vowels-x-2Z positions-x-17 consonants
A : p 15 2 vowels-x-2 positions-x-17 consonants
. 16 2 vowels-x-2 positions-x-17 consonants
Condition F12H 17 2 vowels-x-2 positions-x~1; consonarnts
- 18 2 vowels-x-2 positions-x-17 consonants
. 3 2 vowels-x-2 positions-x-17 consonants
20 2 vowels-x-2-positions-xel7 consonants

T

consonant identifications
place errors
manner errors
voicing errors

E 2
consonant identifications
place errors
manner errors tn
voicing errors

consonant identifications
place errors

manner errors

voicing errors .

consonant idermtifications
place errors .
manner errors

voicing errors

consonant identifications
place errors

manner errors

voicing errors

5

-t

£9
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of confusion matrices for each filter condition. The data for the two

vowels and two positions were pooled to provide a more stable estimate of

the consonant confugions under each filter condition. A spatial represen-

oo
tation of the perceptual structure of the 17 consonants was then carried

~

out for.each filter condition by using Kruskal's {1964a) non-metric multi- ™~

«

dimensional scaling procedure (MS-SCAL computer program (Kruskal, 1964b)).
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L RESULTS
The purpose of this investigation was to determine the intel-
ligibility of 17 consonants presented in initial or final position in .
the context of the vowel /I/ or /u/, under filter conditions where the
subjects hea?d both formants at a normal listening level (F12L) as com-
\ pa}éﬁ with csnditlons containing only the first formant (F1), only the
secgad formant (F2), and both formants at a high level of presentation
, (F12H). Within each condition the errors in consonant perception wefe
studied as related to the three phonetic features of place of articulation,
“manner of production and voicing. A fifth condition, in which listeners
. heard the unfiltered material, enabled a comparison with Condltiqp F12L,
which was the filter condition most closely resembling natural speech.
The results for the unfiltered cond}tion are given first. Of
the four filter conditions, the results for Condition F12L are always pre-
sented first within each analysis, and the results of the remaining three

.

. filter conditions are then compared with those for Condition F12L.
/ - \ .
' N \‘

Unfiltere& Material

A4
N

v

- When-the test stimuli were presented with no filtering, overall
, :
intelligibility was high (93.3%) and thg;e was little.variation as a
' functioﬁ“of vow?ls (93.18% for /1/ aqé 93.42% for /u/) gr positiog (93.30%
for initial And 93.28% for final). The least intelligible consonants were

/8, 8, f, v, p/ and the main substitutions for these cqQusonants involved

[}

. place confusions (Table 21, p. 92). Because of the&igh scores, statistics
. . 1 , \
‘ were not perforMd on the data for the unfiltered material. The results
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for Condition F12L will be compared to those for the unfiltered material

in separate paragraphs at the end of the Analyses of Variance and Analysis

-

N

]
of Consonant Confusions sections.

Analyses of Variance

", The twenty analyses of variance performed provide a very detailed

account of the effect of filtering, and only those comparisons most relevant

’

"
to the main hypotheses are presented. |

‘

L
The four filter conditions-by-17 consonants analyses were carried

out to assess the effect of filtering and the filtering-by-consonant (F x C)

interaction. The 17 coqsonants—bfktwa'vowels-by-two positions analyses

were carried out to assess the consonant main effect for each condition,
. . )

which will be interpreted in the coﬁtext of 'significant condition-by-
consonant (F x C) interactions in theapreceding analyses, and sigbificant
vowel-by-consonant (V x C) and significant position-by-consonant ;P x C)

. idkeractions for the four conditions. Signif'icant vowel-by-position (V x P} -

and vowel-by-position-by-consonant (V x P x C} interactions, although not

. ' - ~
of primary importance for this study, are reported briefly in Appendix G.
Summaries of the analyses of variance are presented in Appendix D

[;';;;ch the levels of significance are listed for the reduced degrees of
l 7

freedom. Only those differences which reached the required level of sig-

nificance®(p <.01) are réfported as different in the text.

/ S e

sl

Main effect of filtering -

op !

In the four analyses which assesséd the consonants undér the

four filter conditions, all main effects for conditions and'consonants
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and all condition-by-consonant interactions were 51gnif{8ant. The differen-
tial filter effect on the consonant mean scores and the differen;es between
consonants within each filter condition will be reported in the following
sections.

The intelligibility and error percentages for each dependent

variable and each condition appear in Table 8, and the rank order of con-

sonant mean scores and results of the Tukey procedure for differences among

v
1§ o

conditions are shown in Appendix E.

\ "of thé four condition$, Condition F12L in which listeners heard
both formants at a normal level of presentation gave the highest overall |
consonant intelligibility, and Condition Fl which contained only the first
formant gave the lowest overa#l intelligibility. The overall intellagibility
of consonants was not different in Condition F2 in which listeners heard
only the second formant, from Condition F12H in which both formants were
presented at a high level. With respect to the errors for the three
phonetic features, Conditions F12L and FZ gave the smallest number of
place errors followed by Condition F12H and finally Condition F1 had £he
highest number of placg,e;rors. The numbéf of manner errors was highest
in Condition F1, and did not differ for the three remaining conditiﬁns.

There were fewer voicing errors in both Conditions F12L and F12H than in
Conditions F1 and F2 wh1éﬁ did, not differ from one another with respect

to this feature. A comparison of Condition F12L and F2 indicates that the
removal of the first formant had the effect of decreasing overall intel-
ligihilipy andglncreasing the number éf voicing errors, but did not ’
affect the overall perception of manner and place. The removal of the

second formant as seen by comparing Conditions F12L aAd F1, decreased

intelligibilityr~and increased the number of errors for all three phgnetic

-~
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TABLE 8 -
Intelligibility and error Re{rcentages for the four filter .conditions.
] .
\ A
- Conditions %
F12L F1l F2 F12H
¢ /’ \
14
. v
1 .
A \\
™
éorrect cOorsonant ;?’
identifications 61.7 K 2:’3:2 “ 56.0 56.4
o
Place errors: 33.9 69.2 35.0 38.8
y
Mahner errors 9.6 35.3 10.8 13.3
‘ l ) 14,
~ - o
Voicing errors 3.9 9.7 11.2 3.8
. {
. /
f
e '\-—’r"""
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features. A comparison of Conditions F1l and F2 indicates that both first
aﬂd secorid formants contained equal voicing information, but that Condition
F2 contained more place and manner information. The effect of a high level
of presentation as seen by comparing Condltlogs F12L and F12H had the effect
of decreasing intelligibility and increasing the number of place errérs,

éut did not change the overall perception of manner and voicing. Although

the three phonetic features could not easily be cOmpared statistically,

it sholild be noted that the number of place errors .exceeded the number o

he predicted
in terms of the different values for eacﬁ/figgurc’fféble 6, p-61).

A -

Differential filter gjﬁkﬂﬁff/

//

—

The percentages of intelligibility and errors for each consonant
under the four filter conditions are shown in Table 9. The consonant mean
scores across the four conditions were compared i1n order to investigate
which consonants were affected by the removal of the first formant as seen

3

in Conditions F12L and F2, by the removal of the second formant as seen 1n
Conditions F12L and F1, and by amplification as seen 1in Conditions F12H
and F12L. Furthermore, the relative information content of first and *
second formants with reference to the three phonetic features was assessed
for each, consonant by cpmparing Conditions F1 and F2. Multiple comparisons
of consonant mean gcores across filter conditions were performed with the
Tukey procedure. The results appear in Table 9 and in greater detail in
Appendix F. Only the comparisons relevant to the hypothesis w111‘he
reported 1n the text. Thejfemalnlng comparisons are presented in tgble

‘ ‘ >
form in Appendix F, for those readers who may wish to make a more thorough

study of the differential effect of filtering on the consonants.

A . -



i — TABLE 9

TN
Intelligibility and error percentages for the three phonetlév?eatures, 17 consonants and four lter conditions.

(Tukey range: 10.97% for correct consonant 1dentifications, 10.81% for place errors, 8.84% for manner errors,

6.28% for voicing errors.)

Correct Consonant L
. Identifications Place Errors Manner Errors Voicing Errors

- Consonant F12L Fl F2  F12H Fli2L F1 F2 F12H Fi12L F1 F2 F12H F12L F1 F2 F12H

p 55.8 28.3 43.4 58.8 42.3 69.2 52.2 40.2 1.7 16.6 4.1 1.4 4.8 13.9 9.1 2.8
b 85.0 40.8 54.7 83.3 13.1 56.1 27.2 15.2 3.8 14.2 23.6 3.8 1.3 9.2 19.1 2.3
t 42.3 33.3 47.8 42.3 55.8 58.1 49.2 57.3 2.7 22.7' 6.1 1.4 3.8 12.2 8.8 1.6 N
- d 83.6 42.0 66.4 78.4 46.3 57.5 20.0 20.8 0.8 2.2° 13.8 0.0 0.8 1.6 11.7 0.9 =
k 96.6 36.1 93.3 92.8 1 62.8 4.8 7.0 0.2 9.4 0.8 0.0 1.3 7.8 2.3 0.2
g 88,4 27.0 51.7 79.7 9.8 72.0 25.5 17.8 0.9 6.3 7.7 3.6 2.0 2.5 28.4 2.7
f 63.4 24.8 57.0 58.6 32.3 70.6 35.3 37.8 6.3 50.0 10.3 13.1 7.8 17.5 18.4 9.8
v 40.6 24.1 53.3 34.1 58.6 75.6 40.6 65.2 26.7 50.5 8% 39.1 5.3 6.9 13.8 6.3 .
s 23.0 16.9 30.0 13.6 74.8 62.0 65.3 84.4 20 39.2 44 2.5 5.6 22.5 7.3 5.5
z 37.7 8.9 41.1 53.3 59.5 53.1 59.1 10.3 54.7 .2¥21.9 6.6 4.4 12.0 5.5
J 77.2 4.7 78.4 78.4 18.6 94.5 11.6 20.8 0.8 32.3 1.3 0.5 6.1 17.7 12.2 2.7
2 74.5 5.6 72.3 69.5 24.8 94.2 12.2 29.8 11.4 54.8 5.0 18.6 1.7 9.4 18.0 3.1
8 31.6 7.7 25.6 31.3 65.5 92.0 70.9 67.2 6.3 47.8 8.3 5.0 8.4 12.7 13.1 5.3
5 3 30.2 8.9 24.7.27.2 65.3 87.7 70.2 67.3 22.0 50.6 14.5 29.2 6.1 7.3 7.5 7.0
. m 75.2 22.5 83.3 63.1 10.8 69.1 12.7 19.2 16.6 42.2 9.2 23.6 0.9 7.2 0.3 1.3
) n 86.6 40.3 .75.5 77.7 6.6 46.9 11.9 15.8 7.3 28.9 16.7 9.5 0.2 4.2 2.0 1.1
i 56.7 22.5 52.7 47.2 25.0 47.7 32.0 35.5 43.3 77.5 47.5 52.8 3.8 8.8 5.9 7.3
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A comparison of Conditions F12L and F2 indicates that the plosives

/p, b, d, g/ and the nasal /n/ were less intelligible when only the second

formant was present,while the voiced fricative /vﬁtwas more 1intelligible

withfonly the second formant., The remaining consonants showed no change

in 1ntelligibility when the first formant was removed. The absence of

the first formant_decreased the number of place errors in /v/ and /%/,

but increased the number of place errors for the voiced plosives /b/ and

/g/. Manner errors also decreased in Condition F2 relative to F12L for

/v/, but increased for the voiced plosives /b/ and /d/, and the nasal )n/.
| With respect to voicing errors, the absence of the first formant‘ﬁad the

effect of 1ncreasing the number of errors for /b, d, g, f, v, 3/. These

comparisons indicate that the first formant contained some place infor-

mation for /b/ and /g/, manner information for /b, d, n/ and voicing infor-

mation’ for the voiced/ plosives and the fricatives /f, v, 2/. The presence

of the first formant was detrimental to the perception of place and manner

)

L
y 5“"

for /v/ and of place for /z/..
\ | A comparison of Conditions F12L and Fl indicates that all con-

*  sonan'ts except /t/ and /s/ became les; 1htélllg1ble in the absence of the
second formant. With respect to the three phonetic fe;ture;, the removal
of the second formant increased the number of place errors for all con-
sonants except /t/ and /z/, the number of manner errors for all consonants
except /d/ and /g/, and the number of voicing errors for the voiceless
plosives, the voiceless fricatives /f, s,;f/ and for the voiced consonants

\ /b, %, m/. These comparisons show that the second formant contributed
‘

v
place and manner infogmation for almost all of the consonants and vaicing

. information for about half of the 17 consopants.

\

~
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A comparison of Conditions F1 and F2 indicates that all consonants
wgre more 1ntelligible 1in the condition containing the second formant alone.
than in the condation contélning the first formant alone. In addltion,
place ertors were fewest in Condition F2 for all consoﬁants excépt /f, s, z/,
which showed no difference in place errors betweeﬁ/fl and F2. There were
fewer manner errors in F2 for the voiceless plosives /p, t/, all fricatives,
the nasals and /I/, but more manner errors for the voiced plosives'/b, d/,
and no difference for the plosives /k/ and /g/. There were more voicing
errors in Condition F2 than F1 for the voiced plosives /b, d, g/ and the
Qoiced fricatives /v,z, 3/, but fewer errors for /s/ and /m/, with no
difference for the remaining consonants. For the two formants, therefore,
the secoﬁd contained more place information for the majority of consonants,
more mannervlnformatlon for the voiceless plosives /p, t/, all fricatives}
the nasgls and /1/, -and more voicing information only for /s/ and /m/;
while the first formant contained more manner information for the voiced

P
plosives /b, d/, ané more voicing information for the voiced plosives /b,
d, g} and voiced fricatives /v, z, z/. Both formaﬁgs contained as much

y 3
. i
information with respect to place for /t, s, z/, fnner for /k, g/ and

voicing for /p) t, k, f5 [, 6, & n, 1/.
veor ' R
The effects of relatively high sound pressure level of the two

formants can be seen by cbmparing Conditions F12L and F12H. Only the con-

sonants /z/ and /m/ were less 1intelligible in Condition F12H than in F12L.
. .
With respect| to place errors, there were no differences i1n the number o

place errors| for individual consonants. Manner errors increased in

Condition F1PH for /v, z, |/ and the individual consohants shdyéé/qo dif-

ferences between F12L and FI12H With respect to voicing errors. Increasing

sound pressure level had the effect of‘ecreasing intelligibility -and

-
!
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increasing manner errors for a minority of consonan{g, But did not increase

'
-
e

the number of place or voicing errors for any of the ‘consonants.
-~
/

-
LXS

Differences between consonants within each filter condition

The effect of consonpgnts within filter conditions was significant

for each of the four dependenft variables with the excdption of voicing ,

errors for Conditions F12L any F12H. ' In order to assess the relative infor-

mation of each condition for each consonant, multiple comparlsgns'were
carried oé} using the Tukey procelure. The detailed results are shown in
Appendix E and Table 10 shows the significant consonant groupings for each
dependent variablé under each condition.

The consonant g;oups obtarned for Condition F12L indicate that

»
the 1ntelligibility of the voiceless plosive /k/, the voiced plosiygs, -the
nasals and the fricatives /j, 3/ tended to be hlgﬁer than that'of the
voiceless plosives-/p, t/ and the fricatives /s, &, 9, z, v/,, the intel-
ligibility of /f/ and /I/ being of intermedrate accuracy. Consonant
intelligibility was 1nf1uen$ed by the accuracy with which the place feature
was perceived, as seen by the similar consonant groupings for place errors
and iﬂtélliélbillt&. With respe;t to the manner feature, thére were rela-
tively fewer errors for all plosives, the voiceless fricatives and the
nasal /n/ than for the nasalJ;m/, the voiced fricatives and the liquid /]/.
It should be noted that any error response for the liquid /1/ was considered
a manner error ‘since /I/ was the only gﬁ;sonant of its class. The consonant
\ ¢ .

/k/ was the most intelligible consonant in Condition F12L with the least

N
number of place and manmer ertors. No significant differences among con- °

L]

sonan?;\gccurred with respect to the voicing feature in F12L.

o
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TABLE 10 . ' .

Groups of consonants not diffeéing signleoéntlx\fzjé one another as found with the Tukey procedurqi\\\‘
. > , .

[ O

A

-r
—— )

.~ CONDITION FI12L - CONDITION F1
high ' low . high . low
kgnbd [mzfiptvzeds Ccrrect Consonant dbnktpgfvimszades]|
= Identifications
low - . ) high ' low . . high
kngmbd [31 fpztvdes Place Errors ‘nibdtzskmpfgvdesz]
‘k [dgpstboefnzzmdv ! Manner Errors S dgkbptnfsmefvdzzl
. . o . - . - ~
No significant differences among Voicing Errors dgnzvmdk!ibztepf [s N
consonants. ' _—
\ - ..
CONDITION F2 : ;o CONDITION F12H ,
high ™ .= - low ' " : high low
Tkemw n/;,d fbvigtpzsed Cortect. €Eonsonant kbgldnampfltvedzs
X = Identifications = :
low °/// high ) + low high
k[ "3mdgbl fvtpzs 8,6 Place Errors kbngmjdzlfptzveds
-~ ~ ) ' y A
\/kj.zpsgtgevmfdénfb,l Manner Errors kd[tpsgbenfzzmdvl
L) R . pr——
/. . v 7 - -
[ — 7 .
mnkisdtpdz[ev 2 f£bg " Voicing Errors No significant differences among

T consenants. A~

7 ~
3

>

t ¢ -
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The consonant groups obtained for Condition Fl showed that atl

. - /
plosives and the nasal /n/ formed the most intelligible groups of consonants,

~

and the fricatives /f, %z, 8, 0, z, s/ the least intelligible group of
consonants, The intelligibility of /m, |, v, £/ was of intermediate
accuracy. Similar consonant groupings occurred with respect to place

*

errers, with the exception of /I, z, s/, being part of the group with the

‘smallest number of place errors. -Manner errors were relatively few for

T~
plosives and high for.most fricatives and the liquid /1/, the identifi-

e

LA .
cation of manner for ﬂﬁc nasals and for the frlcat;VCS /f/ and /s/ being of
- L)

intermediate accuracy. The gross groupings for voicing indicated that

accuracy was highe;%;for all voiced sounds together with the voiceless

. 4

plosive /k/,/and the lowest for the remaining voiceless consonants.

The groups of consonants obtained for Condition F2 showed that

{ =~

the plosive /k/, théwhasalsf the fricatives /f, 3/ and the plosive /d/ were
the most intelligible consonants with the fewest place errors, and that
the fricatives /s, z, 8, &/ were the least intelligible consonants with the

highest number of place errors. No systematic clustering of plosives or

>

fricatives occurred with respect to intelligibility and place errors.

Manner errors were fewest for all fricatives except /3/, foy the voiceless
TR
plosives, for /g/ and the nasal /m/, arn@ were highest for /d, &, n, b, I/.

/

No systematic grouping of voiced and volceless consonants occurred with
' {

£
b

respect to 601cfng errors. Voicing was well identified in the nasals, the

°

lzquid /1/, the voiceless ptosives and the fricatives /s, &/. The con-

sonants /3,‘f, b, g/ gave the most voiding errors in Condition F2.
- L2

< The groups of.conspnants in Condition F12H were very similar to
{

L

those obtained in Condition f12L.

]
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Effects of vowel context

‘-
a -

The depondeﬁt variables far which the effect of vowels and the . -

- Ly

*voyel-by-consonant interaction were significant appear in Table 11, and

.

the 1ntelligiBility and crror percentages for each consonant in the two

vowel environments are‘shown in Tables 12 to 15 for the four dependent
variables and four filter conditions. In Tables 12 to 15 the 51gnif{cant
differences In mean scores #etween the two vowel env1ronments; as oPtained
QWlth Ehg Tukey procedure, are 1inllicated for the dépendgnt“variables and
condltlons\f§r which the V x C nteraction was significant. -
v In&Conditlnn F1721 significant difflerences between vowels were

found for alll four dependent variables, and the vowel-by~conso%fnt inter-
/1

action was significant for all depepdent variables except voicing errors.
. - L)

-

-

Overall intel 1gibility and the overall perception of place, manner and

»

voicing wete more acute for consonants in the./I/ environment than in the

¥

/u/ environmen. With‘respect to individual consonants, intelligibility

1

was higher andiplace errors fewer with /1/ for /p, f, [, z/ and with /4/ ° .

\ N
for /d, s, z, Q/. The consonant /1/ was more intelligible with /I/, but

‘f‘
showed no significant difference in the number of place errors betweefi '/
the two vowel environments. Although t® overall perception of manner

was mbre acute for the /1/ environment, analysis of individual consonants

revea}s that this was only the case for /v, 3, m, I/, while only /5/-haé
fewer manner crrors with /u/. , ) ‘ ] ‘

" In Conditfhn%Ff, differerices betweé; vowels were f:rnd for all
dependept variables except voicing errors, and‘the vowel-by-consonant
interactdon ;as s;éhiflcant for maﬁner and voicing errors. Ov;rall intel-

ligibality and overall perception of the place feature were more acute ’
, 3 ,

‘ ] - .
for consonants in the /1/ environment, than.in the /u/ environment. With
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TABLE 11

1
Significant V and V x C -interacdtions. -
' " -~ I3 3
L} . , N f
FILTER CONDITIONS .
+* R N
. : F12L* ‘ " F1 F2 i F12H
. _ -
Dependent ! ’ )
Variable v V xiC- -V VxcC Y vV x C v Vx C
- s —. 1 ¥ »
N
2. —— f ;
. . | _
Correct o . ’1 - 3
Consonant s Toow . o
Identifications X X X . X -~ . X )
A} ’ \/, ‘ '\,‘ _ - v -
. - *i \ g i . " tr ~
R}ace Errors - x X b " X * X
‘ ) E] ~ 3 K] . - - ! -
- A 4
Manner Errtors }x X X X . x . X x
( i ’ . dl ~ ! ~ ’d\_\
: . . . . . -
Voicihg Errors x Tox . X T o g
o P - / . / o
Q ! - 4 T "
- — - e S w— = v
,% “og
. T R 0 .
< - n i °
—~ ’ - : = !// > ‘i”‘ “ “




N

-

78

TABLE

|

Intelligibility percentages for each consonant

in. the two vowel

A 3
environments. <
F12L F1 F2 Fi21 -
] . N
/1/ /u/ /1/ /u/ /1/ /u/ /1/ /u/
\ o
1]
P 68.8 =~ 42.8* 31.6 25.6 ' 60.9 25.9% 69.1- 4873%
' b 91.6 °  78.4 '42:5 39.1 , 53.8 55.6 844 82.8
t  45.0 39.7 29.4 37.2 49.7 45.9 48.1 36.6
) d 73.4 93.8%  42.5 41.6 52.5 80.3* 65.0 91.9*
A 95.0, 98.1 47.5 24.7 92.5 94.1 87.5 98.1
\ ! A . . ’
- R g 86.9 90.0 42.8 11.3 57.2 46.% 79.4 80.0
t.  72.8 s471% 1 28.1 21.6 63.4 50.6 75.3 41.9*
v 41.3 ‘40,0 20.9 27.2 51.6 55.0 37.2 30.9
)
s 15.6 ' 30.3* 19.4 14.4 15.3 44.7% 9.7 17.5
z 27.8 47.5* 9.1 8.8 37.5 44.7 14.1 30.9*
[, 97.2 57.2% 7.5 1.9 91.3 65.6% 98.4 - 58.4*
J 3 9778 51.3*% 8.1 3.1 84.1 60.6* 92.5 46.6*
6 ,20.0 43.1 .6 9,7 11.9 39.4% © 6.9 55.6%%
‘ 3 zs.g 34.1 8.8 4 9.1 19.1 ¥ 30.3 16.9 37.5*
3 . m 81.6 68.8 ¢ 3 19.7 78.4 88. 1 68.1 58.1
L ‘ ' .
' Ao 81.6 91,6  50.9 , 29,7 66.6 84.4* 68.4 86.9*
| Ca [ 69.1 44 .4* 22.8 - 22.2 68.4 36,9* 60.6 33,8*
o ; ) e ’ ’ Cd "
" l“! by ‘;~ . ] \
6. * significant difference between the two vowel environments (p<-01),.
0y <

.

e

P

.

W

! Tukeytrange'ﬁcross Vowels: 13.5% for F12L, 13.63% for F2, 14.0% for F12H.
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Place error percentages for eacth consonant
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TABLE

~

in the two vowel environments.

- F12L F1 F2 F12H
11/ /u/ )/I/ /u/ /1/ /u/ /1/ Ju/
P 29.7 55.0% 65.0  73.4 32.8 71,6 30.0 50. 3%
3 715 18.8 53.8  58.4 20.3 34.1% 12.8 17.5
St 53 58.4 60.9 - 55.3 46.6 51.9 .. 51.9 62.8
d 26.6 5.9% 56.9 58.1 28.8  11.3* 35.0 6. 6% -
k 5.0 1.3 51.6 74.1 5.9 3.8 12.2 1.9
g 13.1 6.6 56.6 87.5 19.4 ' 31.6 20.3 15.3
£ 25.6 39.1% 66.9  74.4 31,9 38.8 23,4 52,2
v 57.5 59.7 78.8 72.5 44.7 36.6 61.5.  69.1
s 84.1 . 65.6* 64.7 59.4 83.8 46.9* 90.0 78.8
z 60.6  45.9*  56.3 62.8 57.8 48.4 63.4 54.1
) 2.5 34.7* 92.2 “\..96.9 1.3 21.9* 1.3 40.3*
2 1.6 48.1¥  91.6 6.9 0.3 24.1» " 6.6 53.1%
6  79.1 51.9* 94.1 90.0 86.%  55.6% 92.2 42.3*
5  69.4 61.3 89.4 g5 75.9 64.4  78.8 ., 55.9*
m ,_,,Af?;/“\‘ 11.9 2.2 659 2L3 C4ax. 259 125
T 1.6 2.2 sl6. 181 5.6 24..1 7.5%
| 19.4 30.6 50.3  45.0 5.9 38.1 32.8 38.1

* sigmificant difference between the two vowel epvironments (p < .01).

-«

Tukey range across vowels:

12.75% for F12L,

-

f

13.13% for F2,

.- C

13.75% for F12H,

-
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TABLE

14

o
Manner error percentages for each consonant in the two vowel environments.

F12L F1 Spo FI2H . |
% ‘ /1 YA VA A VRV Ju/ /1/ ful
\ .
P 1.3 2.2 15.0 8.1 6.6 1.6 0.9 1.9
b 0.9 6.6 14.4 14.% 5.0 22.2 1.6 5.9
e 1 2.5 2.8 20.0 25.3, 8.8 3.4 0.6 2.2
_ .
. . d 0.9 0.6 1.9 2.5 17.5 10.0 0.0 0.0
k.0 0.3 o.o. 5.0 13.8 1.3 0.3 0.0 0.0
5 0.9 0.9 3.8 ¢ 8.8 7.8 7.5 6.9 0.3
{ .
ﬁ¢i 3.4 YQ,d - 46.9 53.1 9.1 11.6 3.8 _  22.5%
\ .
v 6.6 46.9* 53.1« 47.8 4.7 12.8 24.7 53.4%
. s 0.3 3.8 25.7 48 .8* 4.4 | 4.4 0.9 4.1
z 12.8 7.8 55.9 53.4 6.9 3.4 27.2 16.6*
fw 0.6 0.9 29.4 35.3 0.6 1.9 0.3, 0.6
2 0.0 22.8* 48.1 61.6* 0.3 9,7* 1.6 35161
0 7.2 5.3 5.0 . 45.6 13.4 3.1% 4.4 5.6‘
3 31.6 12.5* 60.6 40.6* 21.3 , 7.8%"°  36.6 21.9%
m 10.0  23.1* 26.3 sg " j§f4 ™ 100 12f; 35.0%
n. 6.9 7.3 14.1 43.8* '¥>\18.i ©.15.0 8.8 10.3 ~
. y 30.9 55.6% 77.2 77.8 ‘%1.6 63.1% 39.4 66.3* ‘
« g /
= S
. ' * significant difference betweenix ti\e" two vowel environments (p <1\’.01;)‘ ‘
. . . ",[‘Lkey range across vowels: 7.25%lfon F12L, 10.5% for F1, 8.38% for F2, {

9.25% for F12H. " e
Nt
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4 TABLE 15
- * «
Voicing error percentages for each consonant 1n‘ihe two vowel envifronments.

2

F12L ’ _F1 F2, F120 ‘
VRV Y
/ \

p 3.1 '%.6 18.8 9.1% 10.0 \.8.1 ¥ 3.4 2.2
b 1.6 0.9  13.1 5.3% 26.6 $1I¥Q 3.4 1.3
t 1.9 5.6 ‘12.2 12.2 9.4 lt8.1 " 0.9 2.2
d 0.9 0.6 0.3 2.8, 15.6 7.8 0.3 1.6
k 1.3 1.3,v‘ 6.6 9.1 2.5 2.2 0.3 0.0
g 0.3 3.8 19 3.1 29.7 27.2 0.3 5.0

3.8 11.9 18.8 16.3 4.1 22.8 4.4 15.3
v 5.6 5.0 10.3 3.4% 10.9 16.6 8.4 4.1
s 3.4 7.8 9.7 35.3* 3.8 10.9 1.3 9.7
z 7.8 5.3 4.4 44 1000 14.1 6.9 4.1
I} 6.3 11.9 10.9 24.4* 7.8 16.6 0.3 5.0
5 . 0.6 2.8 10.9 7.8 15.9 20,0 2.8 3.4
8 &2 14.7 5.3 20.0* 12.2° -14.1 3.1 7.5.
3 6.3 5.9 8.8 5.9 6.9 8.1 6.6 7.5
m 0.3 1.6 | 7.2 7.2 . 0.0 0.6 7N 1.3 1.3,
n 0.0 0.3 2.8 5.6 2.5 16 0.6 1.6
I 0.3 7.2 4.7 12.8* 3.1 8.6° 0.3 14.4

———

—

L

* significant difference between the tfo vowel environments (p< .01).

Tukey rangé across vowels:

6.63% for Fl.

f
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respect to manner of production, only the consoqgnts /s, %, m, n./ showed
fewer errors with /1/, as/aas the case with yu/ for /&/. \‘oicing was
) better perceived with 71/ for /s, €, [, 1/ and with /u/ for ‘g, t, v/, thus
» cancelling out the vowel main effect, ‘
In Condition F2, there were no differencet between vowels for

; any of the dependent variables and the vowel-by-consonant 1nteraction was

significant for all dependent variables except voicing crrers. hith

\ L] * [
+ respect to intelligibility and to the perception of the place feature, large
differences for the two \owelg occurred for some consonants. Inteiligibil-

! ‘ y ! (
1ty and the perception of the place feature were significantly go-e acute
") N

‘ in the /1/ environment for /p, [, z/ and 1n the /u / emviromme~t for /d, s/

. In addition, there were fewer place errors-with /u/ for /b/ and with /1/ |

A N .

. for /m/, but the intelligibility of these two consonants was not,different 4

for these two vowels. With respect to manner errors, there were fewer

errors with /1/ for /3, 1/, the latter eonsonant also heing moreﬁié%elllglble

in the /1/ environment, and with /u/ for /6, &/. Thus, 1n Condition F2
1n1elligib111tf was highest and the perception of place and manner more

. ;
acute for some consonants with /I/ and for others with /u/, thus cancelling

| out any vowel main effeat. .
- , In Condition F12H, differences between vowels were found for
1 » v d‘-

manner and voicing errors, and the vowel-by-consonamt intéraction was '

51gnff1cant for all depéndent variables except: g errors. The over-

- ~ all perception of manner and voicing was more acute for consonants in the A
| : . \

/1/ ewvironment than in the /u/ environment. Intelligibhility was higher

and place errors fewer with /1/ for /p, f, . 5/ and with /u/ for /d, @, e -

i8]

v * :
' 5, n/. The cohsonant /z/ was more intelligible with /u/ and /}/ with [1/.
4 '\ ]

With respect td manner errors, there were fewer errors with /1/ for /f, v,

\ « ’ f
. \ \ »

-t
. »
)
) . . 3
- B +
R R
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z, m, I/ and with /u/ for /z, %/.

In summary, for the three conditions which included the second
formant, the vowel-by-consonant interactions followed the same trends for
consonant 1ntelligibility and for the perception of place. In Condition P,
overall fntelligibility and the overall perception of place were most

acute 1n the /1/ environment, and the interactions non-significant.

D ~.
Generally, manner was as yell perceived. for most consonants un bhoth vowel

' A
environments ‘with the exception of a minority of consonants which showed

fewer manner errors Mith /1/, the differences being large‘enough to make P

the vowel efifect significant in Conditions F12L, ¥l and 112H. 1In Condition

F2. each vowel enhanced the perccption of manner for an equal numbery of

consonants and the vowel main effect was cancelled out. ' Y
4 . -~

W,

Differences in vowel contexf effects for Cond1t10nsjbliur nd/F12H. .

The results—~for the con:Lnant main cffects (TaPle 8) indicated
that consonants became less antelfigible and the perception of place ;nd
manner less acute 1; Condition F12H relative ;o F12L. Tt has been suggested

s

that an upward spread of masking of second formant transitions may occur 1n
the presence of low frequepcy energy, such as first formant energy, and.that
tﬁe frqufncy proximity of vowkel formants may be a factor in dpterminlng

the degreeigf masklng (Dana%er, Osberger and Pickett, 1973). As the vowels

used 1n this study differed in the relative proximity of their first two

formants, /I/ having.a larger frequency separation between the two formants
' j
than /u/, the scores for consonants exhibiting deteriorations in F12H were

examined 1n both vowel environments to study the effect of the vowels on
) | 4
the differences dbserved. The pércentage differences in intelligibility,

Ay . .
and*pladeé mu(rmnumr errors are shown in Table 16 for consonants in both
\p le l‘ . { ;'1

» L}
Jo w7 N
. Ve
o

4 1
St ! N f



Percentage differences betweerl Conditions F12L and F12H for correct

TABLE

16

t
A
1

consonant identificationsand place and manner errors for the. 17 consondnts

!
in, both vowel environments.

Fi2L - F12H-

Correct Consonant

Identifications Place ‘Errors Manner Lrrors

/1/. u/ /1/ fu/ VAN
Y .- 0:3 - 5.6 0.3 - 4.7 - 0.4 0.3
b 7. - 3.8 5.3 - 1.3 0.7 -]0‘7

- 3. 3.1 - 1.2 - 1.9 - 0.6

-

d 8. 1.9 8.4 t 0.7 - 0.9 - 0.6
K 0. el 0.6 7.2 - 0.3 0.0
g 7. 100 7.2 6.6 6.0 - 0.6
f - 2. 12.2 - 2‘2%“*&\1.3”..1 0.4 13.4
v 4. b 9.1 3.8 9.4 6.6 6.5
s 5. - J2.8 5.9 13.2 0.6 0.3
z 13. 16.1 2.8 8.8 14.4 . "8.8
[ 1. - 1.2 - 1.2 5.6 - 0.3 - 0.3
3 5. 4.7 5.0 5.0 &1.6 12.8
6 13. -12.5 13.1° + - 9.7 v 2.8 0.3
5 9. - 3.4 9.4 5.4 "';‘5.0 9.4
m 13, "10.7 10.7 " 0.6 2.2 11.9%,
n 13, 47 ™ 12.5 i» 5.9 1.9 2.5
| 8. 10.6 13.5 765 8.5 10.7
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!
vowel environments. Examination of Ehe differences 1in scores in Table 16

indicates that deteriorations occurred in Condition F12H relative to F12L

B

for consonants 1n both vowel environments and that, in general, the extent

-

of the differences was similar for the two vowels.

1

’ -

The dependent variables for which the effect of pésltion and the

Effects of consonant position

p051t10n—2y—consonant interaction were significant appear in Table 17. " The
intelligibility and error percentages for each consonant in the',initial and
final positions are shown in Tables 18 to 20, for thec dependent variables
and f{lter conditions, foir which the position effect and posxtlén-by-
consonant interaction were significant. In_Tables 18 to 20, the d1ffer—

ences 1n_mean scores between the two consonant positions as obtained with
3

»~

the. Tukey prodedure are indicated. . :

. In Condition 112L, differences between the two positions were
f

found for all dependent variables except voicing errors. Overall consonant
€

intelligibility and fhe overall perception of the place feature were most

acute for final consonants, and manner best perceived i1n initial consonants.

The p051t10n—by-con56nant 1nteraction was significant for all dependent

variables except voiging errors. Tﬂbre were more correct identifications
- 17

‘and fewer place.errors for /p, t, d, z/ ip the :>nal ponglon and for /v, &/

«1n the i1nitial position. The cgpsonant /g/ also showed more correct den-
!

tifications’ in the final position, but did not differ in the number of 4

o
p%ace‘errors between the two positions. With respect to, the perception of
manner, there was no diffeﬂ*um be’qecn the two positions foff most consonants

with the exception of /v, s, z, 8, 3/ which had fewér hanner errors in the

initi1al position, the differences being large enough to make the position
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.S TABLE ‘17 - .
Significant P and P x ¢ interactions. ‘ ‘ . . °
. B
\ P : DT
FILTER CONDITIONAMS ~ ,
) . o,
Y ! Y -
" . !
. N - i
- . F12L F1 F2 F12H
. ) - N ‘ i
—_—
Dependent . > . ) . . . X
Variable - -~ P “~Prx s -+ p P xcC P. " . P xcC p P xC !
-7 A “ .
T T g :
o m
N - - [0
Correct - -~ ‘ / P
-_ Consonant . > 4 :
. ° Identifications > x x x x X X. R ,
4 B -~ o :
* - ’ T ' "
, . - . } -
"Place Errors x x X x . X b3 X x T
' ) s . - ‘ - T :
- 4 , . N ’. .’L . - ) E
Manner Errors X X x x b x x :
e © e F 4 . Cs ;o
- § -~
_ < : ‘ . : P
< . - i
’ V91c1ngf/rrors . .. . o
- L4 N i Al :‘
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Intelligibility percentages for each congonant in the two pOSlthQé.
¥
‘ . @

°

e

'
|

TABLE 18

=
F12L - Fl F2 F17H

Initial Final Initial tinal Initial Final Initial Final

b 25.0 86.6%  21.6 35.0%  17.8 69.1%  27.2 60.3*

b 86.3 83.8 38.4 43,1 54.7 54.7.  77.8  88.8
¥ 31.9 52.8%  31.6 35.0 37.2 58.4*  30.6 54.1%

4 71.3 95.9%  32.2 51.9%* ..51.9 80.9*  68.8 88.1*

Kk 95.3  97.8 58.8 3.4 90.0 96.6 88.4 97.2

g“ 83.1 93.8 25.9 28.1 44.7 58.8 65 /6 193.8;

£ 64.7 62.2 © 39.7 10.0¢  53.3° 760.3 56.9  60.3

k v 54.7 26.6%  39.7 8.4*  50.9 55.6 6.9 1.3+

s 23.4 - 22.5 20,6 13.1 30.3 29.7 13,8 13.4

, z  20.3 55.0%*  10.6 7.2 . 23.8 5g.4% . 10.3 34,7
[ 76.9 77.5° 4.1+ 5.3 77.2 N 797 68.4 88.4%

77 1.3 77.8 5.0 6.3 70.9 73.8 s 56.9 82.2%

. e 35.0  28.1 6.5 ' 9.] 31,6 19.7 341 28.4°
8w 1ne 13 8.7 o384 . 10.9% 344 200

’ m 68.8 8.6 30.6 14.4%  82.5 84:%é 51.9 é%kga
. n o 80.6 ' 925 41.9 38.8 71.9.  79.F _ (69.7 °  85.6%,
I . 578 ss. 35.0 10.0%  39.7 65.6%  37.2 57.2*

+

—

¥
-
- " Iy

* zngiiE}cant difference between the two posi

LA

t.i‘ops (p< .01).

Y

Tukey\range across positions: 13.13% for FlZL,.lZ‘FS% for F1, 15.88% ___

for F2, 14.38% for F12H.

‘ /
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Place error percentages for each consoﬁant in the 1nitlall(l) and final (F)

A}

t
TABLE 19

]

positions.
yd
L
, 7.
F12L . F1 F2 § F12H
: ' r | o *
: i "
F Y, -1 o R I
\ ' i
S « »

p 74.7 + ¥10.0* 76.9 . 61.6* 81. - 23.3* 72.2 L 8.1%

b 12.2  14.1 ’'55.6 56.6 31.9 22, 19.1 . 11.3

t 67.2 44 4% 61.9 54.4 60. 37.5% 69.4 45,3

lj" \
d - 28.8 3.8 67.5 47 5% 35. 4.7% 31.3 10.3*
»
K 4.7 \ 1.6 40.0 85.6* 9 00 , 116 2.5
/ ] }1"'
g 16.9 ©  2.4* 73.8 70.3 50. 0.3* 34.1 1.6%
- =

£ 30.9 33.8 55.0 86.3* 38. 31.9 37.8 37.8

v 45.3 71,9* §0..0 91.3* 48.4 , 32.8* 51.9 78 . 4%
L3 '4 ) v

s 75.6 74.1 66.6 57.5 65. 65.6 ' 85.6 83.1'

z 77.2 29.4+ 68.8 50. 5 73. 32.5% 77.2 ¢ 40.9*

I 22.2 15.9 '95.0 94.1 13. 9.4 31.3 10.3*%

% 28.8 50.1 94.7 93.8 1s. 9.4 42.8  16.9%

N ‘
) 61.3 69.7 93.1 90.9 . 63. 78.1 = . 64.1 70.3
5  51.3  79.4¢+  81.6  93.8 52. 87.8%  57.8  76.0%
. * f '
m 6.6 15.0 57.8 BO.3* 10. 14.4 15.9 22.5
o P 2 o

n 6.9 6.3 51.6 42.2 30. 13.8 22.2 9.4 7
. | 19.4 30.6  44.1 51,3 .39. 25.0  38.1 32.%

. 3 /\‘l / / -

y

~™* significant difference;between' the

S

two positions (p<.01).

©

. Tukey range across positions:- 12,'2"335 for F121, 14.0% for F1, 14.75% for F2,

13.75% for F12H.

H '

!
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‘ TABLE 20 )
“

Manner error percentages for each comsonant 1n the 1nitial (1) and final (F)

.

positions.
; F12L . R P2 \ f F12H
— v “y
I F I F I ' I F
] \ ;
D 3.4 0.0 12.2 = 20.9 7.8 0.3 "5 o
b 5.3 2.2 27.2 1.3 39.4  7.8% 7.2 0.3
t 1.9 3.4 9.1 26.3 7.5 4.7 '1.9 1.3
| ¢ 16 0.0 2.2 2.2 23.8 3.8 0.0 0.0
| Kk 0.0 "« 0.5 - 14.4 - &4 1.6° 0.0 " 0.0 0.0
g 1.9 0.0 7.5 5.0 15.0 0.3 7.2 0.0
f 3.8 8.8 27.8 2.2 17.2 3.4* 15.0  11.3"
. * T 1 51.6% 30.3 70.6* 4.4 13.1 . 12.5 65.6*
. s 0.9 3.1 27.5 50.9% 75 - 1.3 . 1.9 3.1
;2.8 1780 297 7995 0.9 3.4 15,9  27.8%
| ] 0.6 0.9 25,6 '39.1% . 1.6‘ 0.9 F 9.3“ , 0.6
? 3 . 10.0 12.8 ';43.1 £ 66.6* 6.6 3.4 26.6 10.6% -
| . o 1.6 10.9% 34.1 61.6% 5.8 7.F 2.5 7.5
. 5 6.3  37.8% - 30.6 , 70.6* 31 25.9%.  20.3 38 1%
' m 25.9 . 7,2%  4l.6 42.8 7.2 11.3 - 3.6/ 10.6*
. f 128 - Lor 9.4 48.4* "20.3 13.1° n.e - 7.2
| . | 42,5 a4.1 ' 65.0 90.0% 60.3 K WEIA 6§i8 ‘' 42.8
[ , ) ) . -
." " ’ * siigni;'icant difference between the two posi‘ti‘oﬁes‘(p <.01).: : ;
Y Tukéy range ;cross pgsifion;: ,7.7$%ffor FIZ}, 12.63% fér Ff, 10938%_foq FZ,Z
3 .Y, - . =t . Lt R
| 9.88% for FI2H. RS ’ L L
» N N 4, ‘ R N : f .
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main effect significant. In contrast the nasals /m, n/ were more intel-
ligible with fewer manner errors in the final position.

In Condition F1, differences in the two positions were found for
all dependent variables except voicing errors. Overall intelligibility
and the overall perception of place and manner features were most acute for
initial consonants. The position-by-consonént interaction was significant
for all dependent variables except voicing errors. The consonants /k, f,‘
v, m/ were more intelligible with fewer place errors in the initial position
as was the case of the final position for /p, d/. In addition /!/ was more
intélligible in the initial position and /z/ showed fewer place errors in.
the initial position. With respect to manner of production, there were
fewer errors for all fricatives, the nasal /n/ and liquid /I/ in the initial
position and for /b/ in the final position.

" In Condition F2, there were more correct identifications and

fewer place and manner errors for consonants in the final position. The ,
position-by-consonant interaction was significant for all dependent variables
except voicing -errors. The consonants /p, t, d, z/ were more intelligible
with fewer place errors in the final position, and intelligibility and the
perception of the placé feature were more acute for /3/ in the initial
position. In addition, the final position gave more correct identifications
for /1/ and fewer place errors for /g, v/. With reg;ect to manner of
production, there were fewer manner errors for the voiced plosives, for /f/
and /1/ in the final position and for /3/ in the initial position.

In Condition F12H, there’were more correct identifications and
less place érrors for consonants in the final position. The position-by-

consonant interaction was significant for all variables except voicing

errors. There were more correct identifications and fewer place errors in
i ~

h ” . ¢ &
-




_intelligibility in Condition F

/ 4

the final position for the plosives /p, t, d, g/ and the fricatives /z,
§» 3/, and in the initial position for the fricatives /v,8/. In addition,
/m, n, |/ wére'ﬁore intelligible in the final position. The differences
noted for manner consisted of fewer érrors in the final position for /v, 3,
m, |/ and in the initial position for /z’za/. These differences cancelled
out the main effect.

In.summary tne same trends with regard to position were seen for

consonant intelligibility and the perception of place in all four conditions.

o -~

One of the most interesting Findings regarding 'the position effect is that
both intelligibility amd the perception of place were more acute in the

initial position in Condition F1, and in the final position in conditions

containing the second formant. Manner errors were fewest in the initial

* - -

position for Condition F1 and,F12L, in the final position for Condition FZ,

and in Condition F12H the position main effect was cancelled out by some
A .
consonants which showed fewer errors in the initial and final position§ff

respectively. ' P

Comparison of Condition F12L with the unfiltered condition

/ .
Table 21 shows the percentages of correct identifications for

each consonant for the unfigxered Eondifion as compared to Condition F12L,

o A . .
_together with the percentages for each consonant in the two vowel environ-

'

ments and two positions for both conditions. Consonant intelligibility

was much higher for thg;uﬁfilt material and the largest decreases in
z::? which contained very little energy above

the second formant, occurred for /p, t, f, v, s, z, 08, 8, /. Intelliéibil—

ity remained relatively high in F12L fer /b d, k, g, [, 3, m, n/.

.
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TABLE 21

qgnsonant intelligibility percentages and percentages for consonants in

&

and Condition F12L.

-

(

\f the two vowel environments and two positions for the unfiltered condition

= ;
Vowel Position
) Unfiltered -~ F12L Unfiltered F12L
Unfiltefed‘ Fi12L /1) Ju/ /1]  Ju/ .Init%al 'Final Initial Final
N
P 91.6 <iss.8 95.3 87.5 68.8 42.8 86.6 96.6  25.0  86.6
b 97.7 85.0 9934 96.0 91,6 78.4 96.3  99.1 86.3 83,8.
t 99.7 42.3 100.0 99.4 45?5\\39.7 100.0  99.4  31.9  52.8
4 100.0 83.6 100.0 100.0 73.4 93.8 100.0 100.0  71.3  95.9
k™ 99.4 96.6 99.1 99.7 95.0 98.1 99.1 99.7  95.3  97.8
g 98.0 88.4 98.8 97.2 86.9 90.0 98.5' 97.5  83.1  93.8
£ 83.1 .63.4 91.6 74.7 72.8 S4.1 90.3  76.0  64.7  62.2
v 84.1 40.6 85.0 83.1 41.3 40.0 88.5  79.7 . 54.7  26.6
s 95.6 23.0 95.3 96.0 15.6 30.3 95.7  95.7  23.4  22.5
z 0 95.3  37.7 92.5 98.2 27.8 47.5 94.7 96.0  20.3  55.0 |
I 99.2 7.2 99.7 98.8 97.2 57.2 98.8  99.7 769  77.5
3 99.2 74.5 99.1 99.4 97.8 51.3 99.7 98.8  71.3  77.8
o 75.0 31.6 67.8 82.2 20.0 43.1 /65.7 84.4 35.0 28.1
3 69.5 30.2 62.5 76.6 26.3 34.1 73.5 W56 42.5  17.8
m . 98.9 75.2 98.5 99.4 81.6 68.8 99.7 98.2  68.8  81.6
n 99.8 86.6 99.7 100.0 81.6 91.6 99.7 100.0 80.6  92.5
I 100.0 56.7 100.¢° 100.0 69. 100.0 . 57.5 5.9

/V\

100.0

i

_—
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As seen in the vowel-by-consonant interactions of Condition F12L,
the consonants /p, f, I, 3, |/ were more intelligible in the /I1/ environ-
ment and /d, s, z, 6, 3/ more intelligible in the /u/ environment. These
same trends were only obvious for /p, f, 6, 38/ in the unfiltered material
and were particular to the filtered condition for the other consonants.

' With respect to consonant position, Condition F12L showed better
consonant identification in the final position for /p, t, d, z/ and in the
initial position for /v, &/. These same trends were apparent in the
unfilte;ed material only -for /p, v, &/. In addition, /;/ was better idén-

tified in the initial position and /6/ in the final position for the unfil-

tered material.

Analysis of Consonant Confusions

[N

*

The con;onant confusions having an incidence of 5% or greater
within each condition are listed in Table 22 with the complete confusion
matrices for'each of the four filter conditions presented in Appendix H.

Examina;ion of Table 22 reveals that the consonant substitutions
of Conditign F12L involved confusions of only place of articulation #{g
all plosives, all voiceless fricatives and the voiced fricative /z/, and
of both place and ma;;er for the remaining voiced fricatives, the nasals
and /1/." There were no voicing confusions with an incidence as high as
5%, In Condition F1, there were only place confusions for all voiced

e

plosi§es,'thg‘yoiceléss plosive /k/ and the nasal /n/, and both place and
. ,

manner confusions for the remaining voiceless plosives, all fricatives; the
nasgl /m/ and liquid /1/. As in ConditionnF12L, there werernovvoicing '

confusions reachipg 5%. In Condition F2, the substitutions for the voiceless

> . LY

. 2 ' !
Q . & #‘

°
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TABLE 22} s

. \\- - - ) " 5 . - .
7 Consonant confusions having an incidence of 5% or greater for the four filter conditions.
- - - i

— ——

Condition F12L Conditiom F2 Condition F1 Condition F12H
plk (28.4), t (10.2) k (36.9), t (8.3) t (29.1), k (18.8), £ (5.3)‘ k (33.9)
blg (6.6) ) p (8.8), v (6.7); g (6.1), d (34.5), g (6.3) g (5.9), d (5.3)
k (5.3) 3 ;
- < é:’r

t Ik (26.6), p (25.8) k (28.1), p (12.8) p (21.7), k (17.8), f (7.5) k (36.4), p (18.8)
d|b (13.6) b (8.9), t (6.6) b (45.8), g (8.8) b (17%0)
k|- - t (33.1), p (16.9) “t (5.3)
gld (8.3) k (22.8), d (11.9) . d (39.4), b (25.5) d (10.0)
Yo (20.6) ’ e (12.7),"s (8.3), v (7.7), t-(18.4), p (13.9), s (8.8), o (13.9), s (6.3)

2 * m (5.5) ~ o (7.8), k (7.2) .

v] 8 (20.8), g (0.0}, b (955) 5 (18.8), £ (6.1); 6 (5.9), =z (11.1), n (10.9), b (10.6), 8 (16.4), g (14.4), b (12.3),
z (7.3) z (5.6) d (9.8), gx8.4), & (6.7) I (5.0) -
s|§ (32.5), 6 (32.5), [ (5.5) “f (34.4), 0 (21.1), [ (5.9) £ (29.0), t (10.9), p (9.2), f (40.6), © (28.3), | (10.6)

- 9 (7.0)
<z | 8 (23.0), v (16.3), 3 (6.4) & (20.5), v (19.2), @ (5.3), v (21.6), g (13.9), d (12.8), B (24.5), v (18.3), 3 7.8),
"~ 3 (5.2) | (8.3), & (6.9) n (7.8), | (5.2)
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.../contd.
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TABLE 22 (contd.)

Condition F12L

-

Condition F2

Condition F1

Condition F12H

D!

-h

<

o

=}

1+

(6.9), s (5.8)
(6.7), v (6.3), z (5.2)

(39.2), s (16.3)

(22.8), z (18.9), n (13.0)

(13.2), n (8.3)
A
(6.3), m (6.1)

(11.6), m (8.0), b (5.6)

=]

(15.5)

(36.4), s (20.6)E:\~

(29.2), z (23.0), n (8.4),
(5.2) .

(7.5)

(7.8)

(10.2), 3 (9.4), m (8.0)

, (10.0), s (5.5) ‘ f

[ n <

a <

(32 5), s (15 0), t (10.8), B (8.0), f (7.8)

(8.6), 8 (7.5)

(19.8), d (9.8), m (8.9), "hiclz 3), v (5.0)

(8.6), b (5.6)

(27.0), t (21.1), p (14.5), f (44.7), s (12.3)

(11.4)

(22.0), z (11.4), b (10.8), v (21.9), n (13.4), z (13.1),

(10.8)

(35.3), | (11.1), b (6.9),
(6.4)

(30.8)

(22.0), n (20.6), b (9.8)

8 (5.5)

b (17.2), n (13.3)

m (12.8)

n (13.9), m (11.7), v (7.5)

1!

S6
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consonants /p, t, s/ and /6/, and for the nasals /m/ and /h/ involved only
place confusions. Those for the voiced! consonants /dy g9, v, z, 3/ énd for
the voiceless frzcative /I/ involved coﬁfusions of both place and voicing,
and the error responses for /f, b, 3/ ané//l/ comprised confusions, for all
three phonetic features. In Condition F12H there were place confusions only
for all plosives, all voiceless fricatives and for the nasal /n/; both

place and manner confusions for the voiced fricatives,the nasal /m/ and the
liquid /! /¢yand no voicing confusions reached 5%.

The patterns of confusion among consonants listed in Table 22
can be more’clearly visualized by a method of analysis which plots the data
in terms of the 'perceptual distance' between consonant? along one or more
dimensions. Such a spatial representation of the perceptual structure of
the 17 consonants was determined fo¥ each filter condition by using Kruskal's
(1964a) method of non-metric multidimensional scaling, employing the MD-SCAL
computer program (Kruskal, 1964b). This method has proved useful in pre-
vious analyses of consonant intelligibility under less-than-optimal listening
conditions (Shepard, 1972). The multidimensional scaling procedure renders
the initially-obscure structure of the confusion matrix more readily
apparent, and should lead to a greater understanding of the processing that
underlies consonant perception under each filter condition.

Since the MD-SCAL procedure requiges that the spatial proximity or
perceptual distance between two stimuli be the same in both directions, it
was necessary to make the confusion matriceg/for each condition symmetrical.
This was achieved by dividing the total number of confusions for each pair
of consonants by the total number of correct responses t;‘these same two

stimuli. For example, the entries for the consonants /p/ and /t/ of

Table 1 in Appendix H became: 65 + 165 = 0.367 in the symmetrical matrix.

357 + 271
L4 .:g% . o . ) .(
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Morgan (1973) recommends that information regarding assymmetry should not
be disregarded when interpreting the multidimensional analysis. In the
present analysis, therefore, the MD-SCAL results for each condition will be
interpreted with reference to the pattern of confusions shown in Table 22,

For a given number of dimensions selected by the experimenter,
the MD-SCAL program finds the configuration of the experimental objects
(consonants in the present study) that minimizes a measure of fit designated
as ‘'stress' between data and computed values. The stress measure 15 used not
only to find the best configuration for a fixed number of dimensions, but
also to determine the number of dimensions most appropriate for the analysis
of the data. To the latter end, a plot of stress against the number of
dimensions often shows a sharp drop and then a leveling-off or 'elbow' at
the number of dimensions that is most appropriate for the analysis (Kruskal,
1964a). Four dimensions were found to be sufficient for initial analysis of
the confusion matrices of the present study. The scaling was performed with
a maximum of 50 iterations for Conﬁi%ions F1, F12L and F12H and 100 iter-
ations for Condition F2.

The output of the MD-SCAL computer program consisted of a stress
value for each of the best configurations in one, two, three and four
dimensional spaces, and a,list of the coordinates of each consonant on the
dimensions of each best configuration. #igure 5 shows the stress values as
a function of the number of dimensions for the four conditions. The most
acute 'elbows' in the curves were noted at three dimensions in Condition
F12L and at two dimensions in Conditions Fl, F2 and F12H. In order to
estim;te the statistical significance of these results, the stress values
were compared to those obtained with random data for a similar pumber of

points and corresponding dimensions (Klahr, 1969). This comparison
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indicaté& that the stress value for the dimensions chosen for each condi-
tion would occur less than 5% of the time with random data.

As the initial coordinate system is arbitrary (Kruskal, 19643),
the coordinates obtained for each filter condition were rotated to permit
a more meaningful interpretation of the dimensions (Singh apd Woods, lqgl).
For Conditions F1l, F2 and F12H, the 17 consonants were plottdﬂ with the
coordinate values for the fwo dimensions. The two iﬁitiaily-arbitrary axes
were then rotated by hand, keeping the same origin, until the consonant
distributkon was oriented in a way permitting an interpretation of the
dimensions in terms of the three phonetic features. For Condition F12L,
in which the elbow was noted at three dimensions, the rotation was performed
for two coordinates in the same way as for the other conditions. New coor-
dinate values were then read for each of the 17 consonants on these two
dimensions, and these in turn were used with the coordinate values of the
third dimension to plot the three-dimensional spatial representation of the
consonants. The figures 1llustrating the perceptual distance for the con-
sonants under each filter condition are baseq on the rotated coordinates.
ft should be noted that the rotation of axes and the subsequent naming of
dimensioys serves merely to enhance the interpretation of the spatially
distribuiéﬂ points and to elucidate the relationships of the confusion

matrix. The named dimensions have no more 'reality' than the factors

deriyed from factor analysis (Overall, 1964).

Condition F12L
The perceptual distances of the consonants for the three dimen-
sions of Condition F}2L are illustrated in Figure 6 where a three-

dimensional plot is shown. The three two-dimensional plots from which

o

Yo
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tpis graph was derived are given in Appendix J. The rotated coordinates
partitioned the consonants into voiced and voiceless consonants along one
dimension and plosives and non-plosives along a second dimension. Finally,
a third dimension designated as resonance and non-resonance separated the
consonants /m,.n/ and /|/ from the other consonants. Within this three-
dimensional plot, small groups of consonants are apparent, namely the
nasals /m, n/ and liquid /|/, the voiced plosives /b, d, g/,“voicelgss
plosives /p, t, k/, voiceless fricatives J/fs s, j, 6/, and the voiced
fricatives /v, z, 2, 8/. All groups are formed by consonants sharing the
same manner of production and voicing features, with the exception of /|/,
which was spatial}y close to /m/ and /n/. The spatial contiguity éf con-
sonants within these groups was, therefore, the result of confusion of
place of articulation, indicating, as did the statistical analyses, that
place confysions accounted for the majority of errors under this condition.
However, the degree of gpatial dispersion of the consonants as well as the
parallel ordering of the plosives /Ki/p, t/ and of the fricative /[/ in
relation to théir voiced cognates /g, b, dé and /z/, indicates that dis-
tinctions of place of articulation were partially preserved invqéndition
F12L (Shepard, 1972). ' ' |

The results of the nultidimensional analysis shown in Figure 6

a

clearly illustrate the main confusions under Condition F12L listed ih
- ! 0

Table 22. No voicing errors occurred with an incidence of 5% or more for

any consonant, as is apparent in the well defined voicing dimension found

_with the MD-SCAL procedure. The main substdtutions for all plosives and

3

all voiceless fricatives involved place confusions, as seen by the groups

formed by the voiced plosives;avoice1§ks plosives and voiceless fricatives,

where the phonemes within each group differed only in place of articulation.

{
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A{though ﬁﬁpner confusions were relatively.infrequent, as indigéted by the
consonant groupings in Figure 62 some substitutions for the voiceg fricative
/v/ included manner confusiops with the voiced plosives /g/ and /b/, and
the spétial froximity of /B/ and /v/ is appa}ent in Figure 6. Likewise, the
most frequeA; substitution for the nasal /m/ was the voic;d plosive /b/,

whichawas closer to /m/ than'any other/gonsonant with the exception of /n/

and /t{/. s
0 - / . * "—ML\,____..J
. * N,
Condition F1 %

° "

In Condition F1 (Figure 7), the two rotated coordinates partitioned
14 . . "

Kl

< .
the 17 consonants into those representing the voiced and voiceless consonants

e 3 3 . o ) .
along one dimension and those representing the plosives and non-plosives

along the other. The voicing di'stinction was well preserved in this con-

v

dition, but the plosive distinction was preserved mostly for the voiced

5

sounds. As in the three-dimensional plot for Condition F12L;'the groupings

*

of voiced plosives /b, d, g/, voiced fricatives /vy, z, 6; z/ and the /m, n

|/ group are clearly evident. However, the voiceless plosive /k, p, t/ and

voiceless fricét;ve /f, 8, I, s/ groups,. although not overlapping& do not

form two separate groups. In fact,)k/fis quite isolated and /p, t/ and /f/,
~ ~ I t ' .
form the only apparent grouping. The formation of the voiced fricative .|

-

group and the ./m, n, |/ group indicates that the features of frication and

of resonance were partially retainéd. In addition, the compactness of the

) ° & !

consonant groups illustrates the poor place disérimination in Condition F1. s
" The results of the multidimensional analysis for Condition Fi cé%

. o

P4 ¢
be verified by examining the main consonant substitutions for this condition .
] S 4 < '

. . » .
in Table 22. Only place confusions occurred for the gpatiallly-isciated

voiced plosives, demonstrating the correct identification of mapner. and

'
: h ' ' ' I
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3

voicing in these consonants. The most fwequent confusions for the /m, n, |/
group, which was also spatially isolated, were'place confusions qf /m/ and
/n/, as well as /m/ and-/n/. confusions with /|/; there were, in addition,

v
relatively infrequent confusions invd¥ving the voiced plosive /b/ and the
voiced fricative /v/, the yéasons for which are not graphically obvious.
The Qﬁicéd fricatives /z, 8, 3, v/ which formed a group situated between
the voiced plosives and the /m, n, |/ group, showed come confusions involv- ’
ing these two a?jacent groups. hExcbpt for the spatially-isolated voiceless
plosive /k/, the voiceless plosives showed a higher incidepc; of manner
confusions than did their voiced counterparts. The substitutions for the
voiceless plosives /p/ and /t/ included a small incidence of /f/ confusions
and also represented the most frequent confusions for the latter consonant,
as is apparent in the ;ﬁatial proximity of the three consonants in Figure 7.
Although the most frequent errors for the remaining voiceless fricatives
/6, f, s/ were place confusions, some manner confusions with the voiceless
plosives also occurred for these consonants. This can be seen graphically
by their spatial proximity to the consonants /p/ and /t/.

In summary, there was less separation between voiceless fricatives
and plosives in Condi%ion F1 than in F12L, and the dimension separating the ‘
resonants /m, n, |/ from the other consonants and more particularly from
the voiced fricatives was not 35 apparent. In addition, the Place feature
which was only partiali; preseﬁt in F12L was even less evident in Fl.
Otherwise, the features of voicing and 'p;psiveneés' were quite wel& w

preserved in Condition F1. .

LS

\.,
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Condition F2

‘In Condition F2 (F;gureUB), the most appropriate rotation of the
axes was not as obvious as in other conditions largely because of the over-
lapping of the voiced consonants /3/ and /g/ with the unvoiced consonants.
The rotation that was finally arrived at divided the consonants into the
fricatives and non-fricatives along one dimension and the voiced and
voiceless consonants along the other. The voicing dimension was not as
clear as in Condition F1l, becéase of the proximity of /3/ and /g/ with the
voiceless consonants. Although the grouping of consonants was otherwise
less obvious in this condition than in F1, indicating better place discrim-
ination, the following loose groups can be seen: /m, n, I/, /v, 3, 2/,
/% [l, /o, s, ¥/, /t, k, p, g/ and /b, d/. These groupings indicate the
preservation of manner for plosives and of resonance for the /m, n, |/ group.
In addition, voicing was invariant within all groups except the groups /j,
3/ and /t, k, p, g/ which contained the pairs of consonants /[, z/ and /k,‘
g/ pro&uced in the same manner and articulated at the same place, but
opposite in voicing, indicating that the,place feature was partially preserved.

The results of the multidimensional analysis for Condition F2 are
in agreemént witﬂ the consonant substitutions (Table 22) observed for this
condition. Within the /m, n, |/ grouping, the nasal consonants /m/ and /n/
had only infrequemt place confusions with each other; and /|/ was infrequen-
tly confused with two adjacent voiced fricatives, as well as with /m{ and
/n/. The loosely-grouped voiced fricatives /v, &, z/ w§§s most often con-
fused with one another, with relatively inf;iquent confusions involving
the nasal /n/ and the voiceless fricatives /¢/ and /f/. Similarly, the
voiceless fricative grauping /0, f, s/ primarily involved internal con-

N

fusions, with‘infrequent nasal /m/, voiced fricative /v/ and /[/ confusions—

f
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The grouped cognates /[/ and /z/ were confused primarily with orfe another

and at low frequency with /g/. Within the plosive group /p, t, k, g/,

I, S

there were no errdrs for the(voiceless plosive /k/ and the substitutions
for the vo}celegs plosives /p/ and /t/ involved only place confusiong; the
. " .
spatial proximity of the voiced plosive /g/ with these voiceless plosives
}s reflected by its mos£ frequent substit&tion being /k/. The relati;ely
infrequent substitutipns for the voiced plosive grouping of /b/ and /d/
Encludeg both voiced’ and unvoiced plosives, as well as the voiced fricative

/v/, as is apparent from the spatial location of /b/ and /d/.

_ In’ summary, the most noticeable difference between Conditions F2

N 2 n

and F12L was a weakening of the voicing distinction. Although plosiveness
and resonance appeared as dimensions in Condition FliL, these distinctions
were eﬁually preserved in Condition F2. Place was also discriminated about
as well in both conditions. A comparison of Conditions F1 and F2Z shows a
weakening of the voicing distinction and a sharpening of manner distinctions
for the fricatives and voiceless plosives, and of the resonance and place
distinctions in Condition F2.

/

Conditiqn F12H

”

In Condition F12H (Figure 9), the rotated coordinates divided
the consonants into voiced and voiceless consonants along'one dimension,
/
and plosives and non-plosives along the second dimension. The apparent

groupings were the voiced plosives /b,d, g/, the voiceless plosives

/p, t, k/ and the voiceless fricatives /s, 6, f, I/. The voiced fricatives

/3 z,AS, v/ were not well separated from the resonants /m, n, |/, indicating

that the features of frication and resonance were only partially preserved

in this condition. The compactness of the plosive and fricative groupings

- | :

v
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indicates relatively poor discrimination of the place feature.

‘The confusion matrix results (Table 22) confirm the three definiée,
groups formed by the voiced plosives, voiceless plosives, and voiceless
fricatives, since only place confusions occurred within each group. Withiﬁ
the remaining loose grouping, the voiced fricatives were confused with all

o
consonant classes except voiceless plosives, and the resonant consonants
were confused with other voiced consonants.

The voicing and plosive distinctions were well preserved in

Condition F12H, and the voiceless fricatives wefﬂgadequately separ%:fgf/"h_—

but the place distinction was even less apparent and the distinction of
voiced fricatives and resonants was greatly weakened as compared with
Condition F12L. A comparison of Conditiqns F12H and F1 shows a sharpening
of the voiceless fricative-voiceless plosive distinction along with better
place discrimination in F12H. The most noticeable differences between
Conditions F2 and F12H were weakening of the fricatiyg distinction and
sharpening of the voic1ﬂg distinctions in F12H.’ The spatial representation
“of the consonants was less compact in Condition F12H than in F1, indicating
better place discrimination, but more compact than in F2 and F12L, indicating
a weakening of place distinétions.

In summary, the main factors uﬂderlying consonant distinctions in
Condition F12L were voicing, manner of production for plosives and fri-
catives, the perception of resonance and the partial preservation of the
place feature. The absence of the second formant, as seen in Condition Fl,
resulted in a considerable weakening of the resonant, fricative and place
distinctions, but a good ﬁresqrvation%of voicing and plqsiye features.
Condition F2 which did nét contain the first formant; showed a weakening

of the voicing distinction, but the retention of the place feature, manner

-
*
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distinctions for plosives and fricatives and of the resonance feature. The
effect of a high level of presentation on both formants, as seen in
Condition F12H, resulted in a weakening of the nasal; fricative and place
distinctions, with very good preservation of voicing and plosive features.
Consonant substitutions in Condition F12L as compared with the unfiltered
condition

Table 23 shows £he substitutions occurring with an incidence of
5% or greater for the consonants in Condition F12L and in the unfiltered
condition. A much greater number of ‘substitutions occurred for consonants
in Condition F12L than in the unfiltered condition. Only the consonants
/p, f, v, 8/ and /3/ showed substitutions occurring with an incidence of
5% or greater for the unfiltered material, while /k/ was the only consonant
in Condition F12L for which there were no substitutions equalling 5%. All
substitutions for the unfiltered consonants involved place confusions, and
the error responses for these consonants also represented the most frequent

error responses for these same consonants in Condition F12L.

—
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e TABLE 23

Consonant substitutions occurring with an incidence of 5% or greater for

Condition F12L and the Unfiltered Condition.

~

————— e —

Unfiltered Condition

Condition F12L

¢y 5

p k (5.2) 0 " (28.4); t (10.2)

b . g (6.6)

t k (26.6), p (25.8)

d : b (13.6)

K _

g d (8.3) ?;

¢ 6 (11.7) 6 (20.6)

v 5 (10.2) 5 (20.8), g (10.0), b (9.5),
z (7.3)

s hd t (32.5), 0 (32.5), J (5.5)

z 3 (23.0), v (16.3), % (6.4)

J 6 (6.9), s (5.8)

3 m (6.7), v (6.3), z (5.2)

0 f (15.3) £ (39.2), s (16.3)

8 v (7.2), z (5.5). v (22.8), z (18.9), n (13.0)

m - b (13.2), n (8.3)

n 6.3, m (6.1)

n (11.6), m (8.0), b (5.6)




DISCUSSION

It was the purpose of this study to assess the contribution of
isolate§ first and second formants to consonant intelligibility and_ to
determine’ the information content of each formant with respect to the
features of placg, manner and voicing. The effects of both formants
presented at a comfortable level and at a high sound pressure level were
also studied. The findings of the present study will be discussed in
the following way: 1) the results of the four filter conditions will be

. ms
compared to the results of other filtered speech studies; fa‘the infor-
mation content of frequencies above the second formant, of the second
formant and of the first formant will be related to the imporéant percep-
tual cues identified in both synthetic and natural speech; 3) the effect
of high sound pressure level as seen in Condition F12H will be compared
to the effect of high sound pressure level on‘synthetic formants; 4) the
differential effects of vowels and positions will be related to similar
findings with natural speech experiments; 5) the perceptual importance of

the phonetic features of place, manner and voicing will be evaluated with

respect to the findings of the multidimensional scaling procedure; 6) the

findings of théfbresent study will be related to current theories of speech

perception; and finally, 7) implications of these findings will be discussed

with reference to hearing impairment.
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Comparison of the Results of the Present Study

With Other Filtered Speech Studies

~
-~

Table 24 summarizes the results of the present study for ‘the -
four conditions, as compared with the results of other studies using
similar filter cut-off frequencies.

It had been hypothesized that intelligibility would be higher for
consonants in syllables containing both first and second formants at a
comfortable listening level than 1in syllables containing the second
formant alone or in syllables containing both formants at a high sound
pressure level. It had also been hypothesized that consonants in syllables -.
containing only the first formant would be the least intelligible. The
results of the present study confirmed these hypotheses.

Condition F12L, in which listeners heard both formants at a
comfortable level, comprised band-passes ranging in frequenc& from 130-

680 Hz for the first formant and froﬁ 800-2200 Hz" f6r the ;econd formant.
The intelligibility score of 61.7% agrees with the ;esults (61%) of

Franklin (1969a; 1969b), but is slightly lower than the percentages obtained
by French and Steinberg (1947), Miller and Nicely (1955), Kryter (1960) and
Palva (1965). This discrepancy may be attributed to the shallow rejection
slope (24 dB/octave) of the filter used by Miller and Nicely, and to the
speech materials used by Palva and Kryter. Both Palva and Kryter used
phonetically balanced words which are more intelligible than nonsense
syllables (Hirsh, Reynolds and Joseph, 1954). Furthermore, Miller and
Nicgﬁi; and French and Steinberg used low-pass filters wﬁich include all

frequencies below a certain frequency, while in the present study the

nonsense syllables were presented in two band-pass filters.
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TABLE 24

b

Comparison of results of the present study with other filtered speech studies.

Filter Cut-Off

Filter Rejection

~ Study Frequencies (Hz) Slope (dB/octave) ' Speech Material Intelligibility

CONDITION F12L

”Present study 130-680 " 72 CV & VC syllables 61.7%
800-2200 .

French § Steinberg low-pass: 1950 Not given Nonseﬁse syllables " 68.0% °

(1947) : t

Miller & Nicely low-pass: 2000 24 CV syllables 68.0%

(1955)

Kryter (1960 250-750 70 PB words 72.0%

—1250-1750

Palva (1965) 480-720 60 Finnish PB words 78.3%
1800-2400

Franklin (1969a, 240-480 60-70 Fairbank's 61.0%

1969b) . 1020-2040 Rhyme Test

CONDITION F1

Present study 130-680 72 : CV § VC syllables 23.2%

French & Steinberg low-pass: 750 Not given Nonsense syllables . 15.0%

(1947)
X .

~

- bI1




TABLE 24 (contd.)

»
Filter Cut-Off Filter Rejection .
Study Frequencies (Hz) Slope (dB/octave) Speech Material Intelligibility
. CONDITION F1 (contd.) * ’
Miller § Nicely low-pass: 600 24 CV syllables 48.0% .
(Y955) .. 1
' - Kryter (1960) - 0-500 70 PB words 13.0%
“ g 500-1000 70 PB words 32.0%
Palva (1965) . 480-720 60 Finnish'PB, words 25.7 * 10.4%
Franklin (1969a, 240-480 60-70 Fairbank's Unintelligible
1969b) Rhyme Test
Y CONDITION F2 : o
Present study 800-2200 72 CV & VC syllables 56.0%
Kryter (1960) - 1250-1750 70 PB: words 37.0%
1500-2000 79 PB- words 36.0%
" Palva (1965) - 900-1800 60 Finnish PB words 52.0 ¥ 12.6%
) Franklin (1969a, 1020-2040 60-70 Fairbank's 40.0%
1969b) Rhyme Test

e
. - \‘,*W

~——
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) TABLE 24 (contd.) - . .
Il i ° 1 - 7 R
? - = = ' - — T -
° ' s Filter Cut-Off Filter Rejection ‘ R
S‘tudy ° Fx:eqpencies (Hz) Slope (dB/octave) _ Speech Material # Intelligibility
CONDITION F1ZH S ) - o .
Present study T 130-680 2 s CV § VC syllableés - 56.4%
, . (100 dB SPL) -
800-2200 ’ .
. (80 & 84 dB SPL) " -
® . . . ﬁ; \ Cl 9
7 French & Steinberg ~  low-pass: 1950 . ot given . Nonsense syllables 65.0%
(1947) . (30 dB orthotele- '
7 . phonic gain (1))
*" .. Franklin (1969a, '240-480 60-70 o - Fairbank's 38.0% =
1969b) (40 dB SL) . Rhyme Test ’ *
e v ? 1020-2040 : i . -
© . J 0 8 . Y
D - ’ ‘( 95 8L - R .
‘ s S 4 ﬂ"“ . 7 ‘

-~ - I

' _(1) "By definition a telephone system has an orthotelephonic response of 0 dB when-it can be replaced by a .

" «%+ , 7 one’meter air path, between talker and listener without changing the loudness of the received speech at .~ S
' - . any frequency." French § Steinberg (1947), pp. 98. - S
. > N i , -
. P : ‘ - ‘!‘ .
A h -
5 :?; ‘
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The results obtained for Condition F1 (23.2%) are lower than
tﬂose obtained by Mil}er and Nicely (48%). This disc;epancy can again
be attributed to théwshallow rejection slope used by Miller and Nicely.
With respect to other studies, the results of the present investigation
are higher than those obtained by Kryter with his 0-500 Hz band, by
Frenchﬂand Steiﬁberg, and by Franmklin. It is difficult to accurately
m?ke comparisons with the reﬁhlts of Kryter because ofothe fi;;d 500 Hz
bandwidths used in his study, and with French and Steinberg because the

qrejegtion slope of the filters is nét reported. Franklin only reported
that her low 240—486 Hz band was 'unintelligible'. The results of the
present study for Condition Fi agreé with those of Palva. S -

The results for Condition F2 (56.0%) are élso in good agreement

- with thoseqof Palza (1965) who used a filter with a similar rejection
slope, but are higher than those obtained by Kryter (1960) with awfixed
500 Hz bandwidth. With respect to Franklin's study, the disagreement may
lie in the levels of presentation. In the present study, Condition F2

was presented at 46 and SO dB SPL while Franklin presented her high band

at threshold (0 dB SL).

ot

Condition F12H showed an overall decrease of 5.3% in intel- L
ligibility as compared with Condition’F12L. French and Steinberg (1947) i
found a decrease of 3% at 30 dB orthotelephonié gain relative to 0 dB
orthotelephonic gain. The decrease noted by Fraﬁklin was more considerable
’ gwing to the respective levels of presentation of the two bands. Her high w

band was presented at threshold and the low band at 40 dB SL. These

( }
levels do not correspond directly to a high level of presentation, but
o . ,
show the decrease in 7intélligibility which occurs when the low banq is more
A

Lo

intense JTan the ﬁkﬁh. In-.the present study, the same relative difference

P

~ A 4 v - '
£
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between formant intensities was maintained in Conditions F12H and”F12L.
This comparison of the results of the present study with the

results of other filtered speech studies demonstraté; that similar percen-

tageéﬂof overall intelligibility were obtained relative to similar filter

cut-off frequencies, regardless of the speech materials used. The only

stu@y which would have permitted a direct comparison with the present

§tudy with respect to formant frequencies is Epat of Miller and Nicely

who used consdnants with one vowel (/a/). Because of the shallow rejection

slopes of their filters, this comparison becomes impossible.

N

\ L :
The Informition Content of Frequencies Above the Second Formant,

-

and of the Frequencies of the Second and First Formants

As the band-pass cut-off frequencies of the filter used in the
‘present study were fixed for the entire duration of the syllables, it is

¢
necessary, when discussing the results of individual consonants, to take”

‘27 Xr' ;'
into accountrthe invariant energy included by each band-pass filter. A

more elegant method would have extracted the second formant and second

formant transition of the vowel together ﬁith the corresponding region

in the invariant energy (Atal and Hanauer, 1971; Olive, 1971). The

present method resulted in a wider bandwidth of the filtered signal than

would have been obtai;;d with a tracking technique, and g;nsequently more

invariant energy was included in the filtered utterance. If all invariant

energy had been elimingted in the syllables prior to filtering, this would
/ ,

have modified the durational characteristics of the sounds and reduced”

the four classes of consonants to & class similar to plosives (Gerstman,

1956; Barrs, 1963; Cole and Scott, 1973b).
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Frequencies above the second formant

Place bf articulation. It had been hypothesized‘fhat Condition

F12L would be the most intelligible filter condition and that the smallest
number of place errors would occur in Conditions F12L and F2. These hypo-
theses were confirmed. A comparison of place confusions in Condition F12L
with those of the unfiltered conditign (Table 23, p. 111) indicated that
the second formant frequencies did 3 contain all the necessary place
information. This is also apparent in the number of place errors in
Conditions F12L (33.9%) and F2 (35.0%) (Table 8, p. 68). These results
agree with Miller and Nicely (1955) who found that the elimination of
frequencies above 1900 Hz produced a deterioration in the perception of the
p&&ce feature. |

When the frequencies above the second formant were eliminated,
the least intelligible consonants were /p, t, f, v, s, z, 6, 8, I/
(Table 21, p. 92), which also showed the highest number of place errors
(Table 23, p.111). The increase in place errors in Condition f12L
relative to the unfiltered condition may be attributed to the absence of
the third formant transition (Harris et al.,c1§58; Ho%fman, 1958;
Delattre, Liberman and Cooper, 1964) and to the absence of invariant energy
above the second formant. The two vowels used in the present study were
a front vowel /I/ which has a relatively intense third formant, and a baci
vowel /u/ which has a weak third fo‘mant (Peterson and Barney, 1952). The'
importance of the third formant transition will be assessed when discuss%ng
the vowel effectsf;

The large increases in place errors for /p/ and /t/ when the

frequencies above the second formant were absent indicate that the second
r'd

formant transition was not a sufficient cue for the accurate identification
\,

~
-

3

/

1



of these plosives. Cooper et al. (1952) and Liberman et al. (1954)

stated that second formant transitions served as cues for aurally
perceived distinctions among both voiced and voiceless staps. In pattern
playback studies; the only distinction between the two categories of con-
sonants is the extent of first formant transition, the second formant
transitions being gqually represented for voiced and voiceless stops. In
natural speech, however, very little second formant transition is seen
after /p, t, k/, as most movements of the speech organs from the consonant
to the vowel take place during the aspiration phase (Fischer-Jorgensen,
1972a). The present results suggest that the invariant energy above

2200 Hz, which was the highest cut-off frequency of the second formant
band-passes, is important for the identification of /p/ and /t/. The
importance of bursts for voiceless plosives is well documented in the
literature on natural speech (Halle, Hughes and Radley, 1957; Malécot,
1958; Wang, 1959; Ainsworth, 1968a; Cole and Scott, 1972; 1973a; Fischer-
Jorgensen, 1972d; Scheib and Winitz, 1972; Winitz, Schéib and Reeds,
1972). The present results are in agreement with Liberman et al. (1952)
and Halle et al. (1957) for /t/, but in disagreement for /p/, which has
been described as having a burst concentrated in the low frequencies.

This suggests that either the high frequency aspiration noise is important

for the identification of /p/ (Fischer-Jorgensen, 1972c¢) or the burst for

/p/ is not concentrated, but neutral, hgx&,t an even distribution of
* J

energy at all frequencies (Fischer-Jorgensen, 1954). When both formants
were present at a comfortable level, the most frequent substitutions for
/p/ and /t/ were /k/. Similar results were obtained by Fant (1968) who
low-pass flltered speech at 2000 Hz and found that bursts from both /t/

and /p/ became more concentrated and similar to /k/. The second formant

-
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transition is thus not a suff%cient representation of relevant acoustic
information for these two phonemes and Liberman et al's (1967) conclusions
in this regard are not necessarily valid for real speech.

The fricatives /f, v, s, z, 6, &/ were also among the least
intelligible consonants (Table 21, p. 92) with the highest number of place
errors (Table 23, p. 111) when the frequencies above the second formant
were absent. Transitions have been shown to be important in differentiating
/¥/ from /8/, and /v/ from /3/, and noise important for making /s-[/ and
/z-2/ distinctions (Harris, 1954; 1958; Heinz and Stevens, 1961; Cole and
Scott, 1973b). Both /s/ and /z/ have their main concentrations of energy
above 3600 Hz (Harris, 1956; Hughes and Halle, 1956; Strevens, 1960;
Jassem, 1965), and the increase in place errors when only the first two
formants were present can be explained by the elimination of these fre-
quencies. The most frequent substitutions for /s/ and /z/ under these
circumstances were the fricatives /f/ and /8/, respectively, which have
concenérations of energy in the mid frequencies (Jassem, 1965).

Although the main concentrations of energy for /f, v, 6, 8/
were included in the second formant band-passes, these sounds were conf;sed
with one another within the same voicing category. The second formant
transition and the invariant energy included in the band-passes were
therefore not sufficient acoustic cues. These four fricatives were alsé
the least intelligible consonants in the unfiltered condition, indicating,
as found by Sharf (1968), that they are generally weak in acoustic cues.

Mannier of production. The elimination of the frequencies above

&

the second formant did not markedly affect the perception of manner

(Table 8, p.68), which is in agreement with the results of Miller and

Nicely (1955) and of Gay (1970). An analysis of the confusions for the
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individual consonants revealed that the voiced fricatives showed a slight
increase in manner confusions in the absence of high frequencies (Table 23,
p. 111). Manner cues for fricatives have been attributed to invariant
energy (Liberman et al., 1959; Fant, 1960; Delattre et al., 1964) and to
the first formant transition (Delattre, 1958). The present results ‘
suggest that the invariant energy above 2200 Hz contains some manner infor-
mation for the voiced fricatives. Blesser (1972) found, as in the present
study, that voiced fricatives were often perceived as nasals in speech

which had been filtered with a 200-3000 Hz band-pass, prior to spectral
transformation.' The absence of frequencies above 3000 Hz or 2200 Hz

causes the low frequency component of voiced fricatives (Hughes and Halle,
195¢) to be perceived as a nasal resonance. The perception of voiced
fricatives as voiced plosives in the absence of high frequencies may also

be due to the perception of the low frequency band and to the shorter
duration of voiced fricatives than voiceless (Denes, 1955).

The liquid /}/ showed an increase in manner errors in the absence
of high frequencies. This consonant was at a disadvantage, however, since
it was the only consonant of its class, and any error response for /|/
constituted a manner error. The important manner cues for liquids are
the steady-state formants, which remain at the loci for 30-50 msec.
(O'Connor et _al., 1957), the first formant transition/(Delattre, 1958) and
the slow transitions which distinguish nasals from liquids (Cooper et al.,
1952; O'Connor et al., 1957). The most frequent substitutions for /I/
were the nasals indicating that the higher resonances may in fact contribute
to the nasal-liquid distinction. .

Voicing. The perception of the voicing feature was not markedly



affected by the absence of frequencies above the second formant. These

results are again in agreement with those of Miller and Nicely (1955) and

Gay (1970).

The second formant frequencies

It had been hypothesized that the filter condition which did not
contain the second formant would show the lowest intelligibility and the
highest number of place errors. It had further been hypothesized that
removal of the second formant would result in an increase in manner and
voicing errors, since it was thought that both features would be best
perceived when both formants were present. The results of the present
study confirmed these hypotheses. When the second formant was eliminated,
intelligibility decreased from 61.7% in Condition F12L to 23.2% in
Condition F1, and the perception of place, manner and voicing became less
acute (Table 8, p. 68). These findings were apparent in the more compact
multidimensional spatial distribution of the consonants, which also
revealed a reduction in consonant class distinctions in Condition F1
relative to Condition F12L (Figure 7, p. 103).

The information content of the second formant for each consonant
éan be derived by comparing the results of Conditions F12L and F1 to deter-
mine the information lost by the elimination of the second formant fre-
quencies; by comparing Conditions Fl and F2 to determine the relative
information contributed by the first and second formant; and by studying
the differences between consonants within Condition F2 to assess the extent
to which consonants can be identified when only second formant frequencies
are heard. |

Place of articulation. The results of removing the second formant




frequencies, as seen by comparing Conditions F12L and F1, indicated that

the second formant frequencies contained place information for all conson-
ants except /t/ and /z/. Similarly, the comparison of Conditions F1 and
F2 indicated that the second formant contained more placeé information than
the first for all consonants except /t, s, z/. As was discussed in the
preceding section, these three consonants depend on high frequency energy
above the second formant for identification.

The place information contained by the second formant frequencies

must be discussed with respect to the in;ariant energy included in the
band-pass filter and to the importance of the second formant transition.
The results of the Tukey test of honestly significant differences between
consonants in Condition F2 showed that the second formant frequencies
contained more information for some consonants than for others (Table 10,
p. 74). The most intelligible consonants with the smallest number of place
errors were those characterized by second formant transitions and by
invariant energy included by the band-pass filter. This was the case for
/k/ which has a burst in the mid frequencies (Liberman et al., 1952;
Fischer-Jorgensen, 1954; Halle et al., 1957), for /f/ and /3/ which have
concentrations of friction noises in the mid frequencies (Jassem, 1965),
for the nasals and for the voiced plosives. Although some place infor-
mation was contained in the second formant frequencies for /f, v, t, p,
s, z, 8, 8/, the low intelligibility and high number of place errors for
these consonants indicated that they depended on high frequency invariant
energy for identification (Table 10, p. 74).

A comparison of the results for voiced and voiceless plosives

indicates, that the place information content of second formant frequencies

was not the same for both ca /gories of stops. Voiceless plosives depend
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strongly on noise bursts (Ainsworth, 1968a; Fischer-Jorgensen, 1972d) and
the only burst included in the band-pass filter was the burst of /k/.

The second formant transition was not as sufficient a cue for /g/ as was
the burst for /k/, while the transitions for /d/ and /b/ enabled a more
accurate perception of place than the transitions for /t/ and /p/. These
results show that the importance of the second formant transition is not
tﬁe same for voiced and voiceless plosives in contrast to the results of
pattern-playback studies (Cooper et al., ﬂQSZ; Liberman et _al., 1954).

Manner of production. With the second formant removed as seen

in Condition F1, manner errors increased for all consonants except /E/

and /g/, indicatiﬁgffhat the second formant frequencies contained manner
information for most consonants. This was also apparent in the comparison
of Conditions F2 and Fl1 which showed that Condition F2 contained more
manner information than F1 for all fricatives, nasals, /I/ and the voice-
less plosives /p, t/. Both conditions contained equal information for

/k/ and /g/. Manner cues at the level of the second formant frequencies
are found in the invariant energy contained by the band-pass filters and
possibly in the duration of transitions (Liberman, Delattre, Gerstman

and Cooper, 1956). The consonants which were most affected by the absence
of second formant frequencies were the fricatives. Transition duration has
not been studied in the differentiation of fricatives from other classes
of.consonants, but since the elimination of invariant energy reduces the
class of fricatives to plosives (Gerstman, 1956; Barrs, 1963; Cole and
Scott, 1973b), this suggests that transition duration is a very weak cue
for manner in these consonants. The present results show that manner

. information was contained for fricatives in the invariant energy at the

level of the second formant frequencies. The results also suggest that

-
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there is very little manner informa;ion for fricatives in the first formant
transition.

Although the increase in manner errors was most noticeable for
the fricatives, the results for the voiceless plosives /p/ and /t/ also
indicated that the invariant energy at the level of the second formant
contributes to manner distinctions. Both the first and second formants
contained the same amount of manner information for /k/ and /g/, thii
information being contained in the burst and temporal aspects of the
invariant energy in the second formant frequencies.

The increase in manner errors for the nasals in the absence of

the second formant frequencies may be attributed to the elimination of

-

the second nasal resonances and also perhaps to the absence of transition
rate of the Second formant (Cooper et al., 1952; O'Connor et al., 1957).
As more manner information was contained in the second formant frequencies
than in the first, the results suggest that these cues are perceptually
more important than the first nasal formant (Fujimura,,1962), and than the
qpsence of a first formant transition (Liberman et al., 1954). Similarly,
the steady-state formant remaining at the locus and the continuity of the
second formant appear to be the main contributors of manner information
for /1/ (Cooper et al., 1952; O'Connor et al., 1957).

When the second formant frequencies were absent, the substitutions
for each fricative included nasal or plosive responses, clearly indicating
the importance of these frequencies for making fricative distinctions. On
the other hand, the plosives /p/ and /t/ showed a small incidence of /f/
responses, and the nasal /n/ was consistently confused with /m/, indicating
that manner information for these consonants was not exclusively containedtﬁ

in the second formant frequencies. ‘
. | .
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: fVoicing. The effect of the absence of the second formant on the
perceg:}on of the voicing feature 1s shown by the increase in voicing
errors f;; the voiceless fricatives /f, s, f/ and the voicedrconsonants
/b, 3, m/ in Condition F1. The important cues for voicing at the level
of the second formant frequencies are the voice onset time for plosives
(Abramson and Lisker, i965; Lisker and Abramson, 1967b), the noise duripg
the second formant transition for voiceless plosives (Liberman, Delattre
and Cooper, 1958), and the frequency and durational aspects of the invariant
energy for fricatives (Denes, 1955). The increase in voicing errors
for /m/ is related to an increasglln manner errors. Although phonetic
features are perceived almost independently of one another (Miller and
Nicely, 1955), it has been shown that under certain conditions of distortion,
interaction may occur between two features (Pickett and Rubenstein, 1960).
This may explain the increase in voicing errors fﬁr /m/:

A comparison of Conditions F1 and F2 for voicing errors indicated
that the second formant frequencies contained less voicing information than
the first formant for the voiced plosives and for the voiced fricatives,
but more information for /s/ and /m/. The voicing information for /s/
was contained in invariant energy and the perception of voicing for /m/ was
related to the perception of manner. The increase in voicing errors in
Condition F1 was not apparent in the spatial representation of the conson-
ants (Figure 7, p. 103), nor in the pattern of éonsonant confusions (Table 22,
p. 94). These r;sults indicate that although the overall number of voicing
errors increased when the s;cond formant frequencies were eliminated, some

of the information contained by the second formant was also present in the

first formant frequencies.
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The first formant frequencies

It had been hypothesized that absence of the first formant fre-
quencies would not increase the number of place errors, but would decrease
overall intelligibility and the perception of manner and voicing. The
results of the present study confirmed the hypothesisﬁfor intelligibility,
place and voicing, but not the hypothesis for manner. Intelligibility
changed from 61.7% in Condition F12L to 56.0% in Condition F2. The
number of place and manner errors were similar in both conditions, although
it had been hypothesized that manner w;uld be best perceived when both
formants were present. Voicing errors increased from 3.9% in Condition F12L
to 11.2% in Condition F2 (Table 8, p. 68). These results were apparent
in the spatial representation of the consonants in Condition F2, which
showed good preservation of place and manner distinctions, but a weakening
of the voicing dimension (Figure 8, p. 106).

The same approach was used to assess the information content of
the first formant frequencies as was used to determine the content of the J
second formant frequencies. Comparisons were made between Conditions F12L
and F2, and between Fl and F2, and the differences between consonants in
Condition F1 were also examined. l -

Place of articulation. A comparison of individual consonants

indicated that although the absence of the first formant frequencies did
not alter the perception of place for the majority of consonants, place
errors increased ;lightly for /b/ and /g/. This might be explained by the
fact that the burst for /b/ contains energy throu;hout the frequency

range (Fischer-Jorgensen, 1954) and the removal of the first formant fre-
quencies was eliminating part of the burst. A more likely explanation is

that the weakening of the perception of the other features influenced the
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perception of place in‘the§e consonants (Pickett and Rubenstein, 1960).
A comparison of Conditiohs F12L and F2 showed.that the elimination of the
first formant improved the perception of place in the voiced fricatives
/v/;and /2/ which was probably related to the improved manner discrimination

for these sounds in the absence of the low frequencies. ¢

Manner of production. Although it had been hypothesized that

the perception of manner would deteriorate in the absence of the first
formant, this hypothesis was not confirmed. Manner cues contained in the
first formant frequencies are found in the first formant transition
(Delattre, 1958)7, and in the low frequency invariant energy such as nasal‘
resonances (Fujimura, 1962). When the first formant frequencies ﬁere
absent, manner errors increased only for /b/, /d/ and /n/. The filtering
out of low frequencies eliminated the low frequency nasal resonances which
did not affect the perception of manner for /m/, and although manner errors
increased for /n/, this was not apparent in the confusions for this con-.
sonant (Table 22, p. 94). A comparison of Conditions F1 and F2 indicated
that more manner information was contained in the first than in the second
formant only for /b/ and /d/ and that the first and second formants contained
equal manner information for /k/ and /g/. These results indicate that the
first formant transition is an important cue for plosives and in particular
voiced plosives, and are in agreement with the results of Delattre et al.
(1955), Stevens and House (1956) and Delattre (1958; 1962).

The spatial representétion of the consonants in Conditions F12L
and F2 indicated that although manner errors increased\for /b/ and /d/
when the first formant frequencies Qere absent, the distinction separating

plosives from the other classes of consonants was very well preserved

(Figure 6, p. 100; Figure 8, p. 106). This is also seen in the only
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( manner confusiln for plosives which was the sm?ll percentage of /v/ respdgses

for /b/. o | - < e

The elimination of the first formant improved manner perception
for /v/ and although the 'result was not significant, a similar trend was
seen for /3/. When only the second formant frequencies were present,

/ these two phonp@ps.weré confused with fricatives, ﬁhiléxthe? showed
1Y

plosive and uasglﬂconfusions in Condition F12L. Thi§ indicates, as found

by Blesser (1972), that the presence of the low frequency voicing resonance

.- interferes with the perception of mannerlﬂﬁzn higher frequencies are
-~

1

eliminated. ‘ g
Voicing. ?he marked weakening of the voicing dis?)nction in thé
absence of the first formant frequencies was apparent in the increase in
voici:é errors for the voiced plosives and for /f/, /v/ and /z/ in Condition
}s F2, In addition, a comparison oﬁ Conditions F1 anq F2 indicated that the
first formaﬂf frequencies contained mére voicing information than the
sécond formant frequencies for the voiced plosives and for thegyoicéd
fricatives., The important Eues for voicing contained in the first formant
frequehcies are the voice bar and more particularly the fifst"formant
. ~.
transition for plosiyes (Cooper et al., 1952; Liberman, Delattre, Cooper
Y and Gerstman, 1954; Delattre et al., 1955; Liberman, Delattre and Cooper,
1958; Stevens and‘glatt, 1971; Haggard and Summerfield, 1972; Summerfield
and Hagggrd, 1922),and the'voice bar and low intensity formants running
through the friction for voiced fricatives (Huglies and Halle, 1956;
; Delattre, Liberman and'Cooé;r, 1964): :
The number of voicing errors in Léth Conditions F1 and F2 was
© relatively W,, probgbiy betause voicing identification involves o:f:liv a

binary decision and also because acoustically, voicing is well fepresented

Y ‘ '... -
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at the level of both first and second formants. An interesting finding is
that alth;ugh both conditions did not differ appreciably with respect to
the number ;f overail voicing’;rrors, they did in fact differ with respect
t6 the perceptual saliency of the feature as seen by the weakening of the
voiciég dimension in Condition F2. This was apparent in the spatial
répresentation of the ‘consonants and in the increase in voiéing confusions
for that condition. The most frequent responses in Condition F2 for /b/,
/g/ and /z/ were their voiceless cognates. The /%/ response for /j/,and

/v/ and /m/ responses for /f/ cannot be adequately explained, but may be the

result of distortion occurring in the filtering process.

Effect of High Sound Préssure Level

:

In view of the work of Martin, Pickett and Colten (1972),
Martin, Osberger and PicKett (1972), Danaher, ésberger and Pickett (1973)
and Pickett and Danaher (1973), it had been hypothesized that a decreasé
in intelligibility and an increase in place errdrs would occur in Condition
F12H relative to Condition F12ZL. The results of the present study con-
firmed the hypothesis as illustrated by the more compact spatial represen-
tation of the consonants in Condition F12H (Figure 9, p. 108).

Since Martin, Osbergeruand Pickett (1972) had found that at

a high sound pressure level thglpresence of the first formant interfered

A

i

with the perception of second formant transitions, it was thought that . .

/ ’
those consonants cued by second formafit transitiong would show the largest

increase in plaée errors in Condition F12H relative to Condition F12L. An

anal&éis of consonants (Table 9, p. 70 and Appendix F) revealed that no

~ individual consonant showed a significant increase in place errors, although

A
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the overall number of place errors in Condition F12H was significantly
greater than in Condition F12ZL. These results may be explained by the

f;ct that the second formant transitions were not the only place cues
present, but that the invariant.energy included by the band-pass filters
also contributed to consonant idlentification. It had also been hypo-
thesized that a greater increase in place errors would occur in consonants
in the /u/ environment than in the /I/ environment in Condition F12H
because of the frequency proximity of the first two formants in this vowel.
This hypothesis was not substantiated (Table 16, p. 84). Although fre-
qﬁency proximity had been stated as an important factor in e spread of
masking of second formant transitions by first formants, Danaher, Osberger
apd Pickett (1973) later showed that the relative amplitude of the first
and second formants ﬁad a greater effect on discrimination than the proximity
of the formants. The two vowels /I/ and /u/ used in the present study, had
similar reiative amplitudes of their first two formants (Peterson and
Barney, 1952), and therefore the rdsults for the two vowels are not

surprising. 4

- ’ \J; ! s
An unexpected findipg was” the increase in manner ‘errors for

T
/v, z, |/ in Condition F12H, which is illustrated by the spatial proximity
of the resonants and voiced fricatives in Figure 9 (p.108). This trend
was also apparent for the voiced fricatives in Condition F12L, and is due

to the presence of the low frequency resonances in the invarignt energy and

3

to the absence of the higher-frequencies (Blesser, 1972).

5 S .. ,
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Vowel and Position Effects

Vowels
The two vowels /I/ and /u/ used in the present study were primarily
selected because they enabled an adequaée attenuation of unwanted formants
by band-pass filtering. As the results of natural speech studt?s had
indicated that the perceptual importance of formant transitions was related
“to the magnitude of formant movements (Andresen, 1960; Ainsworth, 1968a;
Fischer-Jorgensen, 1972a; 1972b; 1972c), it was hypothesized that for all\
conditions containing the second formant, place errors and therefore intel-
ligibility would vary as a function of vowels. This hypothesis was
confirmed.
Table 25 shows the vowels which gave the,.smallest number of

place errors and highest intelligibility scores for the consonants in the
three conditions containing the second formant. The differences in intel-
ligibility and in éhe perception of the place feature for the consonants
in the two vowel environments can be explained as follows:

- 1. The vowels /I/ and /u/ represent a front and a back vowel
and the extent of the transition depends on the place of articulation of
the adjoining consonant relative to the vowel. In addition, /I/ is a iax
vowel while /u/ is tense. Lax vowels have been described as having short
targets and long transitions while tense vowels have longer targets and "~
relatively shorter transitions (lLehiste and Peterson, 1961).

- 2: The vowels /I/ and /u/ differ in the relative amplitudes of

their third formants, /I/ ﬁaving a‘relatively intense tﬁird formant while

the third formant for /u/ is relatively weak (Peterson and Ba;qu, 1952).
{ ~

Ay
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TABLE 25
Vowels giving She smallest number of place errors and highest intel-
1igibility scores for the consonants in the three conditions containing

the second formant. ¥

Condition .
F12L F2 F12H
- } -2
p < I* I ) I R
b © - o <
t N
d u u ‘ i u T
[ ] k ( . :"h'
g .-
f I* / 1 -
v
, s u u
z * u*
] I I I
—_— 3 I I I
e u* u
- . d * u
m
;
n

.
“;

N

f
* Trend also apparent in the unfiltered material.

\

N.Eff\nlgnks indicate that the differences in scores for the consonants *# .

in the two vowel environments were not significant.

IR

1
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Third formant transitions have been shown to be important cues for place
perception for some consonants in front vowel environments (Harris et al,
1958; Delattre, Liberman and Cooper, 1964). In the present study, the
absence of perceptually important third formant transitions would be
expected to show a greater effect for consonants in the /I/ enviromment:
than in the /u/ environment.

- 3. The vowels /I/ and /u/ differ in the frequency of their
second formants, /I/ having a higher second formant than /u/ (Peterson
and Barney, 1952). As a result of the method sed in the present study,
the filtering of consonants in the /I/ environment may have included more
invariant energy than for consonants in the /u/ environment. Table 26
shows the high cut-off frequencies of the second foermant band-passeé for
the groups of ‘consonants in the two vowel environments.

The difference in the extent of the transitions for the two
vowel environments can explain the more acute perception of place and there-
fore intelligibility for /p/ with /1/ and /d/ with /u/. These results are
in agreement with Halle, Hughes and Radley (1957), Harris et al (1958),
Wang and Fillmore (1961), Ainsworth (1968a), and Fischer-Jorgensen (1972a),
and have been explained by the small transitions of bilabial plosives with
/u/ and of alveolars with /I/. The perception of /p/ was found to depend
heavily on high frequency energy, put the differences in the perception of
place for the two vowel environments suggest that the second formant tran-
sition contributed to perbeption with the vowel /I/. It has been shown
that the perception of place in /d/ is enhanced by the(presence of third
formant transitions (Harris et al., 1958). The more acute perception of
place for this consonant in the /u/ environment may also be the result of

the absence of the third formant in the front vewel /I/.
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TABLE 26

1
t

High cut-G6ff. frequencies of the second formant band-passes for the

groups of consonants in the two vowel environments.

-y

Vowels
Consonant
Group , /1/ /u/
p-b-m 2040 1480
i |
t-d-n 2200 1800
k-g 2200 1700
( -
T ey 2100 1600
s-2 2200 1700
» [-3 2200 1800
8-8 2200 1700
Q,‘ Kl
2160 1600
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The extent of transition may also explain the more acute percep-
tion of /4/ with /1/, and of /s/ and /z/ with /u/. As both /s/ and /z/
depend on high frequency invariant energy, a better performance would be
expected with the vowel /I/ since the band-pass filter is including more
invariant energy. The results suggest that the transition contributed
to the perception of these consonants as was suggested by Delattre,
Liyerman and Cooper (1964). The extep; of the transitions was also greater
with /u/ for /6/ and /&/, therefore enhancing the perception of place, and
these trends were also apparent in the unfiltered material.

The fricatives /[/ and /2z/ had consistently fewer errors in the
/1/ environment, which also produces smaller transitions thaﬁ /u/. Both
/J/ and /3z/ are dependent on invariant energy and the improved performance
with /I/ was the result of a greater inclusion of invariant energy (Table 26,
p. 136) by the band-pass filter.

The results for manner and voicing had not been anticipated. In
conditions containing the secogd formant, manner was best perceived f§¥
some consonants in the vowel environment which had’also given the most
acute perception of place and intelligibility. These results indicate
that the perception of one feature influenced the perception of another
(Pickett and Rubenstein, 1960). Manner was best discriminated for /m/
and /1/ with /I/ and can be attributed to the inclusion of the third
formant resonance for /m/ (Potter, Kopp and Kopp, 1966) and to a more
optimal transition rate for both /!/ and /m/ with /1/ (Cooper(és;jgb,
1952; O'Connor et al., 1957).

When only the first formant was present, the smalier number of

manner and voicing errors which occurred with the vowel /I/ for some

fricatives and resonants were probably the result of the higher cut-off
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frequency of the band-pass filter for /I/ (Appendix A). The more acute-
voicing perception of /p/ and /b/ with /u/ cannot satisfactorily be explained.
It is possible that the rate of first formant transition for /u/ was more
optimal for the pe?ception of voicing in these two consonants (Summerfield

and Haggard, 1972). .

Positions

In view of the findings of natural speech studies which indicated
that transitions contribute most to the identification of place in final
consonants (Beiter and Sharf, 1972; Fischer-Jorgensen, 1972a; Sharf and
Hemeyer, 1972; Winitz, Scheib and Reeds, 1972), it had been hypothesized
that differences in place errors and therefore intelligibility would occur
between the two positions for those conditions containing the second for-
mant. The differences encountered for the consonants in the two positions
substantiated the hypothesis. Table 27 shows the positions which gave
the most acute intelligibility and most acute perception of blace for the
consonants in the filter conditions containing the second formant. The
upper cut-off frequencies of the second formant band-passes were also anal-
yzed for the two positions. The results indicated that the cut-off fre-
quencies were very similar for the two positions and therefore that the
results obtained were not a consequence of the technique used.

The consonants /p, t, d, z/ showed consistently fewer place
errors and a higher intelligibility in the final positign for all three

. ~.

conditions (Table 27). These results agree with those ofﬁﬁharf and Hemeyer
(1972). /p/, /t/ and /z/ were seen to depend on invariant energy, most
of which was remoygd by-filtering. The improved discrimination in the I

final position indicates that the transition contributes more to the

b4
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TABLE 27
Positions giving the smallest number of place errors and highest
intelligibility scores for the consonants in the.three conditions

<

containing the second formant.

Condition
F12L J F2 FI2H

p Final* Final Final
b .
t Final Final Final
d Final Final Final
k
g Final

; f
v Initial* Initial i
s
z Final Final Final
J j Final
3 Final
]
) Initial* Initial In%}ial ’/
m

/ n

| .
. J{“@';’;‘."ﬁm

* Trend also apparent in the unfiltered material.
N.B. Blanks indicate that the differences in scores for the consonants

in the two positions were not significant.
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identification of place in the final than in the initial position. The
consonants /g/, /[/ and /3/ only showed a more acute place discrimination
in the final position in Condition F12H. /v/ was more intelligible with
fewer place errors in the initial position for Conditions F12L and F12H,
while /8/ showed this same trend for all}three conditions. Both /v/ and
/3/ have been shown to depend on second formant transitions (Harris, 1954;
1958). 1t has been suggested that a more acute perception of the place
feature in the initial position is related to the importance of invariant
energy (House, Williams, Hecker and Kryter, 1965; Sharf and Hemeyer, 1972).
As some of the invariant energy was preserved in the filtered utterances

of the present study, the results with respect to position are not as

clear as those obtained by Sharf and Hemeyer (1972). Sharf and Hemeyer

‘eliminated the invariant energy and presented the transition and vocalic

segments to listeners. It is interesting to note that the most acute
perception of place in the final position occurred in the present study
£or those con;onants which had most of their, invariant energy eliminated
by filtering. Sharf and Hemeyer explained their results on the basis of
greater phonetic assimilation in forward coarticulation than in backward
coarticulation. The span in the articulatory movement included in the CV
transition is not as great as that included in the VC transition.
Differences in the perception of manner for the two positions
were also found. Manner was best perceived in the initial position for
/v, s, 2, 6, &/ in Condition F12L indicating the importance of invariant
energy (House, Williams, Hecker and Kryter, 1965; Sharf and Hemeyer, 1972).
In Condition F12L manner and intelligibility were more acute for nasals
in the final position possibly indicating the importance of transitionms,

although the trend did not occur for the other conditions. In Condition F2,
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the voiced plosives were more intelligibf& in the final position }ﬂ‘accor—
dance with a general tendency for these sounds to be more accurately
identified in that position.

' In Condition F1, when differences occurred, intelligibility, and
the perception of place and manner were most acute in the initial con-
sonants, indicating the importance of invariant energy in this condition.
The exceptions were the plosives /p/, /d/ and /b/, which could have

depended more on the first formant transition than the remaining consonants.

Perceptual Importance of the Phonetic Features of Place,

Manner and Voicinga

The results of the multidimensional scaling procedure indicated
that in all four filter conditions, the most important dimensions under-
lying consonant perception were those of manner and voicing. Condition F12L
contained a dimension separating the plosives from the non-plosives and a
dimension separating /m, n, |/ from the remaining consonants. Condition F2
contained a dimension separating the fricatives from the other consonants,
and although the-.resonance feature did not appear as a dimension, the
groupings of consonants indicated that manner for /m, n, |/ and for the
plosives was well perceived. Figure 5 (p. 98), which shows the plottinér
of the stress values relative to the number of dimensions for each filter
condition, indicates that although the most acute elbow in the curve for
Condition F2 occurred at twg dimensions, three dimensions could als& have
been chosen to interpret the data. Most probabiy the dimensions would have
been similar to those obtained for Condition F12L. 1In Conditio? Fl1 and

F12H, the dimension separating the plosives from the other consonants was

/
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also apparent. Voicing was the other prominent dimension, occurring in
all the filter conditions. Although the overall number of voicing errors
was significantly greater in Conditions Fl and F2 than in the other two
filter conditions, the weakening of the dimeEsion was only apparent in
Condition F2 as seen by the spatial proximi;y of voiced and voiceless
cognates. This is explained by the first formant frequencies which
contained more voicing information than the second formant frequencies for
some consonants, therefore systematically changing the patterns of con-
fusions as seen in Table 22,(p. 94). 1In all filter conditions the place
feature was only apparent in the distance between consonants, not being
represented as a separate dimension, even though there were significantﬁy
fewer place errors in Conditions F12L and F2. TWOﬁipssible considerations
arise, the fir;t being that although place errors were fewest in
Conditions F12L and F2, they were still more numerous than in the unfiltered
condition; and the second being that perceptually place is never a promin;nt
feature. The results of Condition F12L, which most closely approximated
normal speech, were compared to Shepard's (1972) spatial representation of
Miller and Nicely's (1955) data for their wide band (200-6500 Hz) con-
dition. Shepard pooled the Miller and Nicelf data for the six conditions
of noise (S/N: -18 dB, -12 dB, -6 dB, 0 dB, 6 dB, 12 dB), even though the
different noise conditions affected the number of overall confusions and
more particularly place éonfusiqns. He found that the increased number of
confusions had little or no effect on the internal pattern of those con-
fusions and that the dimensions'of voicing and nasality (manner) accounted

for most of the variance in the data. These results therefore also indicate

that the place feature is not a perceptually salient feature. It has been
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shown in a study of short-term memory recall, that consonants are coded

not as units, but as a set of distinctive features (Wickelgren, 1966) .

" Peters (1963), using the multidimensional technique analysed the"results

of consonant similarity rating by subjects, and found that in general,
phonemes were first sorted out according to manner, followed by voicing, and
that for some trained indﬁviduals, place was also important. Peters (1967)
also found that consonant pairs played forward or backward provided similar
distance measures, indicating that the spectral characteristics of a sound
contributed‘greatly to the degree of similarity.

The lack of prominence of the place feature in this and other
studies may be attributed to several factors. If speech is performed by
a series of binary decisions, no grouping of consonants into a binary
place feature will succeed, since there are more places of art%fulation
than manners of production ard voicing possibilities (Klatt, 1968).
Acoustically the place feature is the least redundant of the three features.
This is seen in the results of the present study, which indicate that most

of the place information is contained at the level of the second formant,

- while both first and second formants contained some voicing and manner

information. Finally, in the English languége, manner of production is
used more often than any other articulatory criterion (Denes, 1963) to
distinguish words from one another. Manner, therefore, seems to carry
the greatest perceptual load, followed by voicing and then place, suggesting

that as listeners we are least trained in making place distinctions.
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Implications of the Results of the Present Study )

With Respect to Current Theories on Speech Perception

The rapidity with which we perceive speech has been attributed
by somé investigators to the restructuring or encoding of phonemes at the
acoﬁstic level (Liberman, Cooper, Shankweiler and Studdert-Kennedy, 1967;
Liberman, 1970). Acoustically, the encoding is represented by the formant
transitions, which havé:mostly begn stuéieq in relation to synthetic
plosives (Cooper et al., 1952; Liberman et al., 1954; Dglattre et al,,
1955; Harri§ et al., 1958). Variation of the second formant transition
leads to differences in aurall& perceived distinctions among stops.

Variation of the first formant changes the voicing characteristics of -

-

plosives (Liberman, Delattre and Cooper, 1958) and although the first
formant transition hq§ not been systematically studied with respect to
manner distinctions, i% contributes to g more accurate synthesis of the
different classes of consonants (Delattre, 1958; 1962).

" The iﬁcregse in manner errors in the present study in the absence
of the first formant for some consonants and particularly for the voiced
plosives indicates that the first formant frequencies contain a certain
amount of specific manner information. A comparison of Conditions Fl and
F2 and of the spatial representation of the consonants in both these
conditions (Figure 7, p%\103, Figure 8, p. 106) showed that the first and .
the second formant frequencies each contain important maﬁner information

. .

for plosives. Mamner identification in the remaining consonants and more

o

specificakly the fricatives is dependent on the invariant energy at the

. level of the second formant. ' ‘ J
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 The fi?st formant frequencies contain more voicing infﬁrmation
than the second formant frequencies for the voiced plosives and some
voiced fri;atives because of the presence of the first formant transition,
voice bar and low frequency invariant energy. Voiciﬁg, however, was still
relatively well discriminated in the absence of the f%ﬁ:t formant,
indicating that the'invariant energy also contained important voifing cues.
Most of the place information was‘conta%ned in‘the second formant
frequencies. S8ince some of the consonants which showed the fewest number
of place errors in Condition F2 were characterized by important invariant
energy, this suggests that,the amount of invariant energy contained in the
band-pass filter was an important factor.in determining the accuracy with
\\Q which place was perceived. In addition:lthe importance @f transitions as
seen in other natural speech studies appeared to be influenced by vowel
context and consonant position. Only the consonants /b/ and /d/ seemed to
be cued ﬁﬁstly by second formant transitions.

As discussed in the preceding section, listeners process sPeech
by making manner distinctions, followed by voicing and finally place dis-
tinctions. An encoded theor& of speech perception would indicate that
manner is encoded and therefore thatqthe first formant transition ﬁlays

é an important role in the qe?ally perceived distinctions among different
classes of consonants. The results of the present study, however, indicate
that invariant energy is more important than transitions for the iden-

tification of mapner. Similarly, invariant ‘energy plays an important

part in the accurate identification of voicing and place., Transitions do

——

. contain information which contributes to the identification of consonants,

. but it may be questioned if this is their primary function. The results

L
°

of the present study seem to be in greater agreement with the results of
] )

: P ~
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Cole and Scott (1973b), which showed that the invariant energy of con-
sonants contains more information, than with the results of research at

the Haskins Laboratories. Cole and Scott (1973c) and Scdtt and Cole (1973)
have suggested that transitional cues serve primarily to preserve the
temporal order of acoustic segments in rapid ongoing sppé;h.

One objection to the present study is that ;he importance of the
first two formants was studied in isolated syllables, which are less encoded
than running speech (Liberman, 1970). However, the importance of transitions
in synthetic speech has also been studied inAsyllables with steady-state
vowels. Spectrographic'anal;ses of natural running speech -reveals wide
variations in patterﬁs of transitions for identical consonants, overlapping
patterns for different consonants (Lehiste apd Peterson, 1961; Ohman, 1966)
and rarely occurring §teﬂdi-state vowels (Shearme and Holmes, 1962). 1In
addition the anticipation of a following vowel (Lehiste and Shockey, 1972a;
1972b) or of a following consonant (Kuehn and Moll, 1972) may result in a
modification of a transitional pattern. Although transitions are more
visually prominent and invariant energy less salient in running speech, -
very little research has been perforﬁéd'on the-role of these transitions
in the identification of consonants. It is not known if trarsitions and
invariant energy carry less information for consonants in running speech
than in nonsense syllables. Syllables are less/intelligible than running

speech which depends on important contextual ckes for identification

(Lieberman, 1963; Pickett and Pollgck, 1963).

N
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ImplicaPions of Findings for Hearing Impairment

The interpretation of synthetic speech studies, which have stated
that the second formant transition is probably the most important carrier
of linguistic information, have had an impact on reéearch aimed at finding
new ways of presenting speech ‘to hearing-impaired listeners (Thomas and(
Sparks, 1971; Pfannebecker, 1972). Severely impaired listeners generally
pirceive low frequencies better than high frequencies which may not even
be within their audible range. Listeners having a hearing loss make more
consonant errors than vowel errors and also have more difficulty in dis-
tinguishing the place feature than manner and voicing features (Rosen,

1562, Cox, 1969; P4ckett, Martin, Johnson, Smith, Daniel, Willis and Otis,
1972). It has been shown that deaf listeners use the same cues for iden-

tifying voicing, manner and place as do normal-hearing 1isten;rs (LaBenz,

1956; Coxg 1969; Pickett et al., 1972; Bennett, 1973).

The discrimination of synthetic second formant transitions has
been studied in deaf listeners to gain insight in their poor place dis-
¢rimination abilities (Martin, Osberger and Pickett, 1972; Danaher, Osberger
and Pickett, 1973). The resultf of the present study suggest that the
ability of deaf listeners to perceive various forms of invariant energy
should also be studied. In a&dition,the present results indicate that a
de-emphasis of the first formant in natural speech which has been attempted
with deaf listeners (Thomas and Sparks, 1971; Pfannebecker, 1972) would in
fact be eliminating veryilittle information.- The information contained
in the first forﬁan£~frequéndies is very much poorer than that contained in
the secomd formant frequencies. Severely deaf listehers~are therefore

limited by the information content of the sounds they can perceive. The 7
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. second formant frequencies might provide much more information if they were

3

presented ¥n the audible range of deaf listeners. Blesser (1972) trans-

formed the high frequency‘energy'of ;ﬁeech to low frequency energy and
vice versa. The speech s;:ctrum was initially limited to a 200-3000 Hz

\ , -
band and then rotated around a centre frequency of 1600 Hz. According
to Blesser, this kind of transformation did not obscure the information
contained in the frequency spectrum, but rearra#ged it to create a new @
signal which had a one-to-one correspondence to the old”signal. After
some practise, listeners were able to communicate wifh one another using the
spectrally transformed speech. It would be interesting to see if such a

technique, which would bring the second and third formants into the first

formant range, would improve the discrimination of profoundly deaf listeners.

a

Y
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CONCLUSIONS -

(

The first and second formants when presented together at a
comfortable listening level provide enough information for about 60%
accuracy in the identification of consonants in CV and VC syllables.

The features of voicing and mannfr are accurately perceived, but place
distinctions are less accurate in the absence of higher formants.

Not all consonants are affected to the same extent by the loss of fre-
quency information above the second formant, as can be predicted from

the different distributions qf energy in the invariant part of the spect-
TUMm.

The consonants in CV and VC syllables can be identified with
about 25% accur#cy on the basis of firg; formant information alone, and
elimination of the first formant decreagés intelligibility by only
about 6%. The first formant transition a&é‘low frequency invariant
energy primarily serve to contribute voicing information for voiced
plosives and fricatives. The first formant also contributes! some manner
information, particularly for plosives, but contains very little place
information. Therefore, it can be concluded that the first formant
does make a small, but definite, contribution to consonant intelligibility

—~
and although much of this information may be redundant, it would be of use
under difficult listening conditions.

The second formant provides enough information for about 55%
accuracy in the identification of consonants in CV and VC syllables,
and intelligibility decreases by almost 40% when the second formant

frequencies are eliminated. The second formant frequﬁhcies, therefore,

contribute important information to conQY?ant ideptification. Some

N N
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place information is available from the second formant transition and
associated ihvariant energy for the majority of consonants. The second
formant frequencies serve to distinguish fricatives from the other
classes of consonants, and also contribute to plosive, nasal and

liquid distinctions. This manner information is contained in the

invariant energy and perhaps in the duration of the second formant

“transition. Although some voicing confusions are apparent when only the

sécond formant is heard, voicing distinctions are relatively well
perceived in terms of invariant energy and durational characteristics.
The first and second formants contain redundant voicing information,
since the elimination of either formant did not drastically reduce the
perception of this feature.

When both formants are amplified and presented at a high sound
pressure level, consonants are still well identified, with a decrease in
accuracy of only about 5% relative to the comfortable level of presentation.
The high sound Egessure level has the general effect of increasing place

R
confusions. Voicing and manner distinctions remain as accurate as in the

=
comfortable level condition, although some manner confusions do occur for
the voiced fricatives.

In all filter conditions, intelligibility and the accuracy with
which the place, manner and voicing features are perceived depends on
information carried by transitions and invariant energy. The relative
importance of each of thése cues varies as a function of the vowel
environment and the position of the consonant.

The present study was original in that consonant information in

’

isolated first and second formants was systematically assessed in natural

speech for the first time. The results of this investigation are in very
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close agreement with other filtered speech studies (Miller and Nicely,
1955), as well as natural speech studies which have assessed the relative
importance of transitions and invariant energy for consonant perception
(Malécot, 1956; 1958;.Wang, 1959; Fischgr-Jorgensen, 1972a; 1972b; 1972c¢;
Cole and Scott, 197%3)1 These previous results, together with the present
results, indicate :;e necessity for caution when generalizing from the

¢

conclusions of synthetic speech to natural speech.

In natural speech a listener hears both invariant and transitional

cues. » The present results indicate that both types of cues carry infor-
mation, but transition cues may not be as crucial to consonant perception
as suggested by the results of synthetic speech studies. Since the
band-pass filters used in this study did not permit precise isolation of
the formant patterns, it would be interesting to repeat the experiment
using a tracking technique (Atal and Hanauer, 1971; Olive, 1971), which
would permit the comparison of cues in isolated formant patterns for both
syllables and running speech. Further investigators might also take into
consideration the question of whether other spectral attributes such*as
overall_spectrum sﬁape (Fant, 1968) and envelope cues (Cole and Scott,

1973b) may be more basic to perception than band-limited cues contained

in formant patterns.

. Ao
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-\ \\ TABLE 1 : .
y List 1 (CV/1/JD) . ‘ B .
- 3 s
' o Vocalic
Band-Pass €ut-QOff
Consonant High F1 (Hz) Invariant F2 (Hz) Low F2 (Hz) High F2 (Hz) Low F3 (Hz) Frequencies (Hz)
. " p - 520 1020 R 2900 2040 2760 F1: 140-520
b 560 1020 R 1800 2000 2640 2. 900-1950
m 560 870 R 1800 - 2000 2500
F
. 1 520 1920 1920 2000 2760 Fl: 140-560
X d 480 1720 1840 2000 2640 2. 1720-2000
..n 560 1800 1920 2040 2600 ]
Tk 440 2500 < ~\’ 1800 - 2160 2680 Fi: 140-600
g 600 1 2500 2000 2200 2720 F2: 1800-2100
f 600 '1020 1960 1960 2680 F1: ‘140-600
v 600 1600 1880 1880 2600 F2: 1020-196Q
b s 600 . 1800- 2040 2800 Fl: 140-600
z 560 1600 - 1600 1880 2800 F2: 1600-2040
f 600 2000 1800 2000 2520 Fl: 150-600
-+ 3 600 2000 1640 1640 2720 F2: 1640-1900
° 6 .t 600 1840 2000 2800 Fl: 140-600
5 600 1520 4 1600 1920 2680 F2: 1520-2000
P 520 1320 1520 140-520

1920 2800 FI:
’ F2: 1320-1920

-

R = Reported value (Pottér, Kopp and Kopp, 1966).
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©.  List 2 (VC/T/JD) »

s

. " i g - - .
“TABLE 2 )

* P~ 4 r - | ; N ‘

o S / , l‘
7 5 ~Z . ,{
. -7 Vocalic B ‘ -
e
LA Band-Pass Cut-Off v _

Consonant High F1 (Hz) Invariant F2 (Hz) Low 52 (Hz) -High F2 (Hz) -Low F3 (Hz) Frequencies (Hz)

fod s

»

[

560

¢

1680 2240 2600

F1: 140-640

p
s 640 1000 1520 2360 2440 F2: 1000-1900° .
) m < 560 1160 . 1480 . 2200 4 2520
- t 640 . 1600 T 2200 -7 2920 Fl: 130-640 !
a 520 1880 1720 2200 . - 2960 F2: 1400-2200
n 520 1400 1600 2200 3000 ) -
© K 520 2000 2008 2240 © 2400 F1: 130-520 “o
g 320 2320 2000 2240 2800 F2: 1700-1900
£ 560 ¥ 1000 1520 2080 2600 Fl:f 130-560
v 44u 132‘0 1440 2120 2400 F2: 1000-1800
s 520 1720 R 1640 2080 2800 Fl: 130-520
2" 440 1720 R 1600 2200 2800 F2: 1600-2200
I 52'0 ‘ 21'00 1920 2160 2800 Fl: 130-520 -
5 . 400 2160 1800 2100 2800 F2: 180072160 ¥
o 600 , 1680 _ 2200 2720 F1: 130-600  , °
5 400 1440 1680 2200 2680 . | F2: 1440-2100
| 480 920 2120 2600 F1: 130-480

2120
: F2: 920-2000




List 3 (C¥/u/JD)

A

- TABLE

3

H
.

Consonant High F1 (Hz) Invariant F2 (Hz)

Vocalic

Low F2 (Hz) High F2 (Hz) Lowl§3 (Hz)

Band-Pass, Cut-0ff
Frequencies (Hz)

f

=T

b 400 1080 1200 2120
b 480 1000 1040 1200 2040 Fl: 140-480 \
m L . 420 800 1080 1320 2200 F2: ,800-1320 .
t 360 1920 860 1640 2160
d - 400 : 1000 1760 2200 Fl:  130-400
n 400 1740 ' 880 1600 2120 F2: 880-1700 S
k 400 1400 840 1280 2200 F1: 140-400
g 400 1400 © | 1000 1000 2240 F2: 840-1400
- 400 800 1280 2200 TFl:. 140-400
v v 400 1320 1000 1400 2200 * F2: 800-1400~
s T 400 ‘ 1000 1680 2280 Fl: 130-400 -«
Sz 400 . 71680 1080 1680 2200 F2: 1000-1680
T 440 2000 1000 1800 2200 F1: 150-440
1 440 2000 1000 1800 2200 F2: 1000-1700 8
o 400 "1000 1640 2200 F1: 140-400
k] 360 . 1520 1000 1520 2200 F2: -1000-1640
- 480 1480 1000 1600 2280 - F1: 150-480

F2: 1000-1600




List 4 -(VC/u/JD)

-

Band-Pass Cut-0ff

Consonant High F1 (Hz) Invariant F2 (Hz) Low F2 (Hz) High F2 (Hz)- Low F3 (Hz) grequenéies (Hz)

p 400 920 1040 2260
b 400 1480 1000 1160 2200 F1: . 140-400 °
‘m 400 800. 1080 1080 2200 F2: 800-1480 -
t 400 880 1200 2280
d 400 1880 1080 1240 2280 Fl: 150-480
n 480- 1160 1240 2280 F2:  880-1800
k 400 1520 1000 1120 2200 F1: 150-400
- g _400 1840 960 1120 2200 F2: 960-1700
¥ 560 1080 1200 2280 Fl: 150-560
v 480 1480 1040 1160 2200 F2: 1040-1480
s ¢ 440 1120 1240 2200 F1: 160-440
2 460 1800 1080 1280 2200 F2: 1080-1700
T 200 2000 1120 1240 2280 F1: 160-400
3 400 2000 960 1040 2280 F2: 960-1800
o 480 1600 1120 1800 2240 F1: 150-480
) 400 1600 960 1080 2200 F2: 960-1700
| 400 880 880 960 2200 F1: 150-400
F2: 800-1000

p— e —————— ——— L
-
i

SL1




List 5 (CV/I/RS)

TABLE 5

Vocalic

Band-Pass Cut-0ff"

Consonant High F1 (Hz) Invariant F2 (Hz) Low F2 (Hz) High F2 (Hz) Low F3 (Hz) Frequencies (Hz)
b 600 1760 1840 1960 2640
b 520 1400 1800 1 2000 2200 Fl:  170-600
m 600 1000 1680 2000 2320 F2: 1000-1700
t 600 - 1720 R 1960 2000 2760
d 600 N 1720 R 1840 2040 2800 El: 170-600
n 600 1720 R - 1840 2200 2840 F2: 1720-2200
k 600 2320 2080 2160 2800 Fl: 170-600
g - 600 . 2480 1920 2200 2880 F2: 1920-2200
f 680 1020 R 1720 2000 2640 F1: 170-640
v 600 1020 2080 2080 2200 F2: 1050-1720
s 640 1520 2120 2120 2880 F1: 140-640
z . 640 1600 1720 2160 2960 F2: 1520-2160
) 600 2440 2040 2040 2800 Fl: 150-600
3 600 2280 2000 2000 ‘quo F2: 2000-2200
.9 600 1600 1760 ' 2200 2800 F1: 140-680
3 - 680 1600 2200 2200 2760 F2: 1600-2100
I 680 1720 2160 2160 2880 F1: 140-680
- F2: 1720-2160

L 7A
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TABLE 6 o
List 6 (VC/I/RS) )
7 .
i Vocalic )
. Band-Pass Cut-Off
Consonant High F1 (Hz) Invariant F2 (Hz) Low F2 (Hz) High F2 (Hz) Low F3 (Hz) Frequencies (Hz)
p 600 1000 1520 2120 2400
b 600 1440 2160 2160 2600 F1: 150-600
m 600 1360 2200 2200 2520 - F2: 1000-1500
t 600 2000 2160 2880
. d 600 1800 2080 2080 2800 ™ F1: 160’600_
n 600 1700 2040 2100 2720 F2: 1700-2100
K 5% 2000 .2120 2240 2600 Fl: 160-520
g 520 2480 2240 2240 2680 F2: 1800-2000
f 600 1800 2160 2800 F1: 160-600
v 600 1800 2200° 2200 2720 F2: 1800-2100
s 640 1600 2080 2200 2920 ‘F1: 160-640
oz 520 1640 2200 + 2200 2840 F2: 1600-2200
i 600 2040 2040 2280 2760 F1: 170-600
2 " 520 \ 2320 2320 2800 F2: 1900-2100
8 640 1600 2080 2200 2920 F1: 160-640
5 520 1640 2200 2200 2840 F2: 1600-220Q
1\ 600 1120 2080 2080 2800 F1: 170-600

™

F2: 1120-2080 _

<

/

LLT
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TABLE 7
List 7 (CV/u/RS)
L H
Vocalic
Band-Pass Cut-0ff

Consonant High F1 (Hz) Invariant F2 (Hz) Low F2 (Hz) High F2 (Hz) Low F3 (Hz) Frequencies (Hz)
'] 480, 1200 1400 2520
b 440! 1000 1200 1360 2280 Fl: 160-480
m 440 900 1320 1320 2200 F2: 900-1400
1 480 1760 1320 1320 2280
d 480 1720 1320 1320 2400 Fl:  180-480
n 480 1520 1280 1640 2400 F2: 1280-1760
K+ 480 1680 1000 1400 2240 Fl: 170-560
g 560 1680 1320 1320. 2000 F2: 1000-1500
f 580 ~_ 1020 1400 2400 F1: 180-580
v 560 1120 1400 1400 2400 F2: 1020-1400
s = 480 1500 1640 2520 F1: 180-4%0
z 480 1320 1520 1700 2600 F2: 1320-1700
i 560 2000 1320 1320 Y 2208 F1: 180-560 .
3 520 2000 1200 1200 2400 F2: 1200-1700
) 520 -« 1200 1120 1600 " 2400 F1: 160-520 -
3. 480 1280 1480 2480 F2: 1120-1600
| 480 1040 1320 1480 2400 F1: 180-480

F2: 1040-1480

N
/

-»

8L1




List 8 (VC/u/RS)

3

>

»r

TABLE 8

Vocalic

-

Band-Pass Cut-Off

Consonant High F1 (Hz) Invariant E2 (Hz) Low F2 (Hz) High F2 (Hz) Low F3 (Hz) Frequencies (Hz)
p-iT, 520 880 1000 2200
b © 480 840 920 1000 2200 Fl: 160-520
m 480 800 1000 1000 2200 F2: 800-1000
t 520 1800 1120 1520 2480
d 480 1600 1000 1000 2200 Fl: 180-520
n 440 1120 1320 , ° 2200 F2: 1000-1700
K 400 1200 800 960 2200 F1: 180-440
g 440 1800 . 1000 1200 2200 F2: 800-1700
£ 440 1600 1080 1200 2200 F1: 170-440
v 0" 1520 1200 1360 2200 F2: 1080-1600.
s 40 1640 920 14¢p 2280 F1: 160-480
z 480 1520 1200 1200 2200 F2: 920-1640
i 440, 2000 = 1200 1200 2180 Fl: 160-480:
3 480 2000 1000 1320 2200 F2: 1000-1700°
o 480 1800 1040 1400 2200 F1: 160-480
5 480 1440 1200 1200 2200 F2: 1040-1700
| 440 900 920 1000 2400 Fl: 190-440
900-1100

F2:

6L1
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.,
] ’ TABLE 1
List 1 (CV/1/JD) \
== ——— = 7
AT T°E NUATION (dB)*
] . € B,
' Vocalic J
Band-Pass Cut-0ff Invariant
Consonant Group Frequencies (Hz) High F1 § F2 9 Low F2 High F2 Low F3
- p-b-m 900-1950 50 6 Q** 10 30
- - t=d=-n 1720-2000 75; 3~ . 0 9.6;7 30 N
k-g 1800-2100 75+ 20 3 9 30
U 2 1020-1960 57 3 3 3 33
- S~z . 1600-2040 75+ 3 3 3 43
-3 1640-1900 75+ 8 3 8 30
-8 1520-2000 75+ 3 0 3 ,;6
| -/ 1320-;326) © 75+ 3 0 3 46
* Relative to centre f;éﬁhency of second formant band-pass. ‘!

** Attenuation. less” than 3 dB (cut-off frequencies) listed as OdB.
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‘ * TABLE 2
- . ) . T \

List 2 (VC/I/RS) , i

e
——

ATTENUATION (dB)

12 A
< Vocalic
. t ‘ Band®Pass Cut-Off Invariant
. Consonant Group  Frequencies (Hz) High F1 " F2 . -~ Low F2  Tigh F2  Low F3
- —~ - - :
N { + -
p-b-m . 1000-1900 50 3 0 20 30
> - - ’ :
. * t-d-n ‘ 1400-2200 75+ 3 0 3 36
e d N { ,[ {‘;
k-g .. 11700-1900 | 75+ 22 11 21 30
; P S [
f-v 1000-1800 64 3 0 20 30
5-2 . \\)600-2200 ,L 75+ ? 0 3 3 30
I-3 1800-2160 rﬁ’ 75+ '3 3 3 = 36
‘ 6-3 ¢ 1440-2100" 75+ ‘3 0 10 30
- -
S

A 920-2000 70 '3 10 10 30

‘ X A .

441
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List3 (CV/u/JD)

t

N -
-~ - “

e o

——

ATTENUATION-™ (dB)

s Vocalic
" = =
. Band-Pass Cut-Off Invariant
Consonant Group -Frequencies (Hz) High F1 F2 Low F2,  High F2 Low F3
p-b-m 800-1320 57 3 0 . 3 50
t-d-n <. " 880-1700 75+ 14 5 7 30
" k-g 840-1400, 75+ - 3 3 0 50
f-v 800-1400 75 .0 - 3 . 3 50
.
. s-2 - 1000-1680 75+ . 3 3 3 30
I-3 1000-1700 75+ 18 3 6 30
-8 1000-1640 75+ 0 3 . 3 36
| ] \/ 1000-1600 75+ 0 3 3 38
-
\ l

£81
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TABLE 4

3 ——— — e —— — e
2 - . ’ - ATTENUATION (dB)

£3

. ) Vocalic
. .
Band-Pass Cut-Off Invariant ’ : '
. TConsonant Group Frequencies (Hz) High F1 F2 Low F2 High F2 Low F3
L4 = a
p-b-m, 800-1480 75 3 0 0 43
i - ~ - N
t-d-n 880-1800 ' 70 8 3 0 30 - §
k-g . 960-1700 75+ 12 3 0 30
fov 1040-1480 66 3 3 0 46 -
: ' s-z ‘ 1080-1700 75+ ¢8 3 0 30 ’
- I-3 960-1800 75+ 14 3, 0 30
8-8 ., 960-1700 75 s .0 3 8 30
F 4
| - 800-1000 .75 0 ~ 0 0 75+
v




P4
oy , , TABLE 5 ~
List 5 (CV/I/RS) j ; :
' . \ L . )
ATTENUATION (dB)
n \
, Vocalic \ L
. : ¢ \\
Band-Pass Cut-Off Invariant ) \
- Consonant Group Frequencies (Hz) High F1 F2 Low F2 o High F2 Low F3 .
’ + p=b-m 1000-1700 56 6 10 18 30
t-d-n 3§ 1720-2200 75+ 3 7 0 3 32 &
- k-g 1920-2200 75+ 17 3 ¢ 3 30 '
T f-v » 1050-1720 54 6 23 23 30
¥ " il
s-z 1520-2160 75+ 3 0 3 30
f-3 2000-2200 75+ 14 3 3 300\
L} N
. s 0-3 1600-2100 75+ 3 8 8 30 \
~~— - * N
s - * oy v \\ !
o _ 1720-2160 L 75+ 3 3 3 30
¢ = T v \\\\
3 ) . : ' b4 \\
o i . Ll &4 \\\
> ! - . \\
.. .. R : - \
- . - i \\
) - ~ : \ . < . J\f\' - o
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L
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4
4 ATTENUATION (dB) L
- ) ' .
. X4 Vocalic
L Band-Pas's Cut-Off Invariant :
Consonant Group : Freqxb'encies (Hz) High F1 F2 ° “Low F2 High F2 ., Low F3
. . - . 9
“p-b-m 1000~1900 58 3 18 18 30
- =den 1700-2180 75+ <3 0 6 L
- ¥ - “-. "t_\ )
k 1800-2000 ., 75+ 24 15 15 30 “
- -9 B ’ N v e \\
T ey » . 1800-2100 75+ 3 6 6 30 , o
. L - R _
s-2- . 1600-22007 ‘>, 75+ C 3 3 3 30°
f-3 1900=2100 75+ . 0 S 14 14 30 .
L 8-3" 4 " 1600-2200 75+ 3 3 3 30 -
3 ' i - 2
ooy . 1120-2080 68 3 3 3 " 36
.“\); ' - L N 9 " AS
- b >
, / ) . s \s
. ° . v : )
\
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, T TABEEL- 7. . -
. List 7 (CV/u/RS) . . ) - -
) — = = ===
) o _ ) _ ATTENUATION (dB) L. -
- e - , ‘ Vocalic. T " e
o Band-Pass Cut-Off Invariant B - . ~
. Consonant: Group Frequencies (Hz) _  High F1 F2 Low F2 High F2 . Low F3 s
’ p-b-m/ . 900-1400 68 3 ‘o
t-d-n -, 1280-1760 75+ . 3
: ; k-g 1000-1500 66 ° 13 3
o f-v 1020-1400 . 63 0 3
) s-z 1320-1700 75+ . | 3 0
-3 1200-1700. 5+, 21 3
| -3 " 1120-1600 75+ 0 3
: 1 " 1040-1480 . 75+ 3 0
5 %




TABLE 8

ﬂ &

‘ ATTENUATION (dB)

~ Vocalic
Band-Pass Cut-Off In;arianf -, ,
Consonant Group Frequencies (Hz) High F1 ‘ F2 Low F2 High F2 Low F3
" p=b-m 800-1000 53 - - 3 3 . '3 75+
t;d-n | 1000-1700 .73 "8 3 3 30
‘ k-g 800-1700 72 7 3 0 30
v 1080-1600 754 3 3 0 38
sz 920-1640 71 3 3 0 33
I-3 1000-1700 75+ 20 3 0 30
i' 6-8 1040-1700 75+ 8 3 0 30
o 900-1100 _ 75+, 3 0 0 75+

881
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TABLE 1 & .
A
List 1 (CV/1/JD)
. Z
ATTENUATION (dB)N
~ [ |
N Band-Pass Cut-Off p
Consonant Group Frequeniies (H2) High F1 Low F2
¥ é-
- i
/. / » ‘
p-b-m 140-520 10 so -
it -d-n 140-560 . 3 75+
[ \
k -g 140-600 3 75+
/
f-v 140-600 3 - 60
/
s -z 140-600 3 75+
ll
[ -3 150-600 3/' 75+
' A
0 -8 . 140-600 3 75+
I .
| <t 1404520 3 75+
§
—

[ 3

* Relstive to centre frequency-af, first formant band-pass.
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TABLE 2

List 2 (VC/1/JD)

ATTENUATION (dB)

! Band-Pass Cut-Off

Consonant Group Frequencies (Hz) High F1 Low F2
p=~b-m 140-640 . 3 54
t-d-n 130-640 - 3 T+

k- g 130-520 3 754

f-v i 130-560 3 64

5 ~ 2 : 130-520 3 75+
,

f-3 130-520 3 75+

0~ 130-600 3 ; 75+
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. / " . TABLE 3

List 3 (CV/u/8D) : ‘é

ATTENUATION (dB)

Band-Pass Cut-Off
l Consonant Group Frequencies (Hz) High Fl Low F2

‘ - p-b-m 140-480 3 56
l N
t-d=-n 130-400 3 75+ .
! {
. / ‘
k=-g° 140-400 - ¢ 3 75+
f-v 140-400 .3 75
s -z ' 130-400 3 ’ 75+
- \\:
P \
li . .
| -3 150-440 ' 3 - 75+
~— - /
~ 6 -8 ) 140-400 - 3 L 75+ ;
;
| ., . 150-480 ~ 3 . 75+
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TABLE 4
r . E .
List 4 (VC/u/JD). . )
Z . . LN 9
¢
’ - ATTENUATION (dB) w
/ \
‘ Band-Pass Cut-Off - .
/;éonsonant Group Frequencies (Hz) High F1 Low F2

| (

* p-b-m 140-400 o 3 T
/4 -~ : : RN \ . X
4 )
4 Vo
t-d-n- 150-480 i T Y :
~y
’ . ]
k=g 150-400 3 75+ | *
< ' ' L
/ / 3>
f-v 150-560 3 68
7 ’ :
s -z 160-440 ' 3 754 .
/ /
/ ~
7 - 160-400 ~ 754
SR ° . 7
6 -8 150<480 3 75
/ &
o _ 150-400 ) 3 754

~ o ~ - -
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TABLE 5

' A

List 5 (CV/I/RS) ,

¥ o

¢ ATTENUATION (dB)
3 o )
Band-Pass Cut-Qff
Consonant Group Frequencies (Hz)}~——- High F1 Low F2
p-b-m 170-600 3 587
v /-
t-d-=-n 170-600 3 75+
k-g 170-600 . 3 75%
f £ -v 170-640 g 50
s -z 140-640 3 75+
e i
i
* f-37 150-600 3 75+
. 8 -8 140-680 3 75+
.):
L l 140-680 -3 ) 75+ '
.ik\\ ' o
¥ ¥ - . ‘ ‘
\( e
gre
4 ’ ‘
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TABLE 6

List 6 '(VC/I/RSY -
N ~" .

‘——————zﬁ.'w

' ATTENUATION (dB)

H

- N

>
Band-Pass Cut-Off o
Consonant Group Frequencies (Hz) High F1 Low F2
, p=b-m 150-600 3 56
[} -
t-d-n , 160-600 3 . 75+
2
k -g ‘ 160-520 3 75+
A \\ v
otby © 160-600 b Y3 75+
/ “
s -z 160-640 3 - 75+
| ‘ !
! / - .
[-3 170-600 ok 75+
V4 o
\ ’
. 9.=-d 160-640 3 75+
oy
v ,/
| ) 170-600 . .3 © 69
! ' ..‘\
SR ' /
1 \.}" w“ . -
'« N “
e
, r
! -
d 4 ‘&) '



"N ‘ 196

N TABLE 7°

/List 7 (CV/u/RS)

Band-Pass Cut-Off

ATTENUATION (dB)

Consonant_Gfoup Frequencies (Hz), High F1 Low F2
. /
/
p-b-m 160-480 "3 70
t-d-n 180-480 3 75+
[
k- g 170-560 3 63
1}
B 180-580 3 63
/ -
/ s -z : 180-480 3 75+
T J-3" 180-560 3 754
0-3 160-520 3 75%
-
! 180-480 3 75+

fy w

.
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o | ‘
TABLE 8
. List 8 (VC/u/RS)
o ' ATTENUATION (dB) -
; : . ‘Band-Pass Cut-Off . .
’1 ' < Conspnant Group . Frequencies (Hz) Low F2
. ) ‘ 3 - J
/ r
’ P
: ‘ e
. p<b=m 160-520 150
) ]
N t+d-n 180-520 70
k- g 180-440 68
. f - \ RN 170-440 75+
s -2z ’ 160-480 .72
[ -3 160-480 75+
, :
\ e c 9«8 160-480 75+
' \
|' ‘ 190-440 75+

et
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TABLE 1

-y * .

Summary of the an&l'ysis of variance for the number of correct consonant

4

" identifications as a functjon of cofditiops of filtering (F) and of

-

consonants (C). ° ) ‘ .
3 I R . N
P N l' ' .'
Sburce - df MS " F
. .o » ‘ﬁ
. \ / |
Subjects (S) : 19 . 106.1685
v Q ll
Comitions of filtering (F) 3 .. 10776.18 v 570.2113*%
Consonants (C) . , 16 2687.618 77.8629*
SxF T A 18.898};6 )
, «1 Lo
SxC ; 304 34,51731
;o -, '
- [ 3 - L . < »
F xC 48 280.8401 24 ,0490*
'S x F x C : 912°, " 167782 .
= . \ / *
Y A -
g * p<.01 /
- ‘ ° [4
. / C’fl ’ A .
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,‘ L : TABLE. 2 - ’
AV »
@ . Summary qf the %nalysis"bf variance for the number of place errors. as a

function of cofditions of filtefihg (F) and of consonants (C).

¢ - = T N — A )
' Source df - MS F
Subjects (S) . ' 19- 58.42612
- ¥
. ' N \ n
Conditions of filtering (F) 3 {" 9780.388 T 679.2465*
" «g}; . N
Consonants f;) ’ 16 2707.605 84.2604*
y S xF - < 57 14.39888
‘- ' o % ! /
] ..S8x¢C - 304 32.13376 3
LY h L]
~
' FxC 48 3&2.65591‘7 #730.3768*
3 N / ’
SxFxC - 912 11.61069
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>

t 'ffr K]
TABLE 3 /

-~
.

- L . /
Summary of the analysis of variance for the number of/manner errors as

L4 Iad

a function of conditions of filte17ié (F) and of cdnsbnants (C). -
‘:\ ¢ ,
Source . MS _F
‘\y -
1]
"
Subjects (S) ) 19 76.12674
Conditions of filtering (F)~ 3 5118.392 203.6569*
o ' ‘ ) .
/
Consonants (C) \ 16 1415.306 107.3358*
S xF , : 57 + 25.13242
S '
S xC J) 304 13.18579
1 . o . { ’
FxC ' ‘48 172.5170 v 26.8069%
‘ i 3 o 1 - Y
SxFxC 912 ~ 6433542 r
) | )
7 /: Jf
- * p<.01 - &
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. TABLE 4

{‘I
Summary of the analysis of variance for the number of voicing errors as

a function of conditions of filtering (F) and of consonants (C).
[ ]

i~

v W

Source e df MS F
Subjects (S) 19 61.59206
. o /
. Yo ! /
\ i v

. Conditions of filtering (F) 3 . 515.2596 54.1848*

Consonants (C) ” 16 76.10018 - 10.7485*

: o i
/' ' u{‘r
SxF . 57 © 9.5093 ‘
. . - ‘ . \)
. .4
S xC 304 7.080059
F xC . 48 41.70435 11.6166*
4
SxFxC . 912 ~ 3.590058
| h ,
8 { I 4 ‘“"
- ) S p<.0l -
2!
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TABLE 5
Summary of the analysis of variance for the number of correct consonant
identifications in Condition F12L as a function of vowels\(V), con-

sonant positions (P) and consonants (C).

Source df MS F
Subjects (S) 19 13.82272
Vowels (V) 1 - 56.41838 14.6237*
. .  Consonant positions (P) 1 2107.8596 28.4249* ‘
Consonants (C) 16 288.6202 73.3552*
S xV 19 3.858011
S x P 19 © 3.704544
5 VxP 1 88.53603 24.8425*
i S xC 304 3.934558 :
| Vxc o 16 56.46837 17.2955*.
| PxC 16 . 57.03768 18.8638*
/ ' SXVxP 19 3.563893
SxVxC 304 3.264919
, " SxPxC ~ " o304 3.023655
VxPxC 16 39.52040 \ . 14.2997%
SXVxPxC 304 2.763728
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‘ , TABLE 6
| ! ;
Summary of the analysis of variance for the number of place errors in

Condition F12L as a function of vowels (V), consonant positions (P)

and consonants (C).

) 1
4 l

Source df ¢ MS F
; . :
. ' Subjects (S) ' 19, 7.788351 )

Vowels (V) ! 1 12.23603 4.8480
Consonant positioms (P)‘ ' 1 86.50661 25.9046*

- / " Consonants (C) | T 16 292.6046 85.6101*
SxV 19 2.523955
S xP ) 19 3.339435
VxP | 1 78.62426 1 26.3539*
SxC 304 3.417875 )

A VxC 16 49.31260 16:7487*

// PxC 16 72.32068 25.5300*
SXxVxP ' 19 ) 2.983398 )

o~ " 8§xVxC i 304 2.944268

_\ . SxPxC . 304 2.832773 .

. VXPxC 16 34.37583 13.7336*
SXxV xP x¥8~ 304 2.503052
13 . ” .
. . { Jﬁ “;j——-
.~ s .
‘:I'I'l ", - * p .01
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TABLE 7

¢

Summary of the analysis of variance for the number of manper errors in

Condition F12L as a function of vowels (V), consonant positions (P)

and consonants (C).

Source df MS F
Subjects (S) 19 5.009713
Vowels (V) 1 63.12426 27.9251*
Consonant po;Qtions (P) 1 47.81250 22.2708*
Consonants - (C) 16 69 .86866 ”60.§513*
S xV 19 2.260488
SxP 19 2.14685
VxP 1 23.03603 16.0484*
S xC 304 1.153875
VxC 16 23.22582 28.1230*
PxC 16 31.56719 32.0873*
SxVxP 19 1.435410 o
SxVxC )304 0.8258659
 SxPxX ¢’ 304 0.987896
S VikpPxc 16 31.07509 36.5816*
SxVxPxC 304 0.8493727
4
G

-4
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- TABLE 8 .

v
- . ¥
4

. Summary of the analysis of variance for th? numbexr of ﬁclng errors in

Condition Fi2L a function of vowels W, consonant Bsitions (P)
46 P
\ K . . ;

and consqnants «Q. k Lo
» /\
' - — \,r . _;_____;_
Source + ' . ¢ dfpn - . Ms - ) . F
ENE P
P B )
-Subjects (S) S N | 3.838816 .
4 M Y %‘ . I -
Vowels (V) 7 " 21.50074 : 10.9497*
\ Cor@?nant positions (P) 1

. J(\;\\‘;>4.359558 ' 3.7587
Consonants (C) 16 3.626562 6.3008
!

SxV A 19 1.963583
S x P 19 1.159868 \
“ VxP 1  1.359558 2.1565
SxC T 304 0.5755757 ’
VxcC | ‘ 16 2.446048 5.7286
‘ PxC 167 0.8454963 1.7871
SxVxP 19 0.6304566 .
e Sxvxc , 304 0.4269882
‘ TsxPxC o 304 0.4731085 -
VXxPxC: 16 0.8142863 - © 2.4177
\ SxVxPxC | 304 0.3367889
. | | N
/
‘I" \ * p<c.0l -
o
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< TABLE 9

B oo
Y -

Summary of the analysis of variance for. the number of correct consonant

PO by

! ) identifications in Condition F1 as a function of vowels (V), consonant

positions (P) and consonant$ (C).

o { ) :
Sourc df MS F
\ , o
s ;
\ Subjects (S) 19 2.909598
) Vowels (V) =1 70.66176 26.5779*
Consonant positions (P) 1 110.6941 . 65.8214* . "
Consonants (C) ) 16 ., 83.55799 18.4733*
. SxV - 19 2.658669
S xP 19 1.681733
N V xP _ .31 21.25000 9.5363*
S x C ) 304 *  4.523166
VxC : 16 | 13,9@?33%{/ o 7.5949
¢ ' PxGC - ,” 16 37.61756 . 12.0761*
¢ - -
' S xVxP. 19 : 2.228328
L4 / ’ ’
SxvxCcC ’ 304 -1.838520
S x.PxC 304 /  3.115039
| - : vﬁ v ’
- VxPxC (6 7.032812 4.0849
: w . i v
| 'S xVxPxC 304 1.721667
| =
* . »
\ yr
° N ? <
[4
] , * p< .01
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TABLE 10

)

Summary of the analysis of vari%nce for the number of place errors in <

Condition F1 as a function of vo

t

consonants (C).

t

n

Qels (V), consonant positions (P) and " -

Source df ‘ MS . F
Subjects (S) 19 3.135603
Vowels (V) 1 31.81176 9.4424*
Consonant positions (P) 1 30.59999 21.6845*
Consonants (C) 16 120.3313 22.9462*
SxV 19 3.36904Q
S x P ’ 19 . 1.411145
VxP 1 29.41176 9.2593*
sxC 304 . 5.244074
Vxc 16 13.93208 7.30s1™\,
PxC 16 ‘ 45.77655 12.1786*
SxVxP 19 ~ 3.176470
SxVxC 304 1.907115
SXPxC 304 . 3.758761
VxPxC 16 7.607077 3.7847
- SxVxPxC 304 2.009940 .
. =— — :==:————===r—f:====é===============£===============f==
_t l“.
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TABLE 11

Summary of the analysis of variance for the number of manner errors in

Condition F1 as a function of vowels (V), consonant positions (P) and

consonants (C).

Source df MS F

Subjects (S) 19 13.58123
Vowels (V) 1 71.11838 16.9562*
' Consonant positions kPl 1 701.8594 185.1921*
Consonants (C) 16 225 . 8082 67,1963

, SxV 19 4.194233

' S x'P 19 3.789899
VxP 1 68.40073 16.6877*

‘ S xC 304 3.360124
B V x| C 16 20.43244 11.5557*
P x(C ; 16 " 58.44861 20.6560*

SxVxP f 19 4.098877

SxVxC 304 1.768165

SxPXC 304 2.829620
.V'x PxC 16 12.03355 6.3243

"SxVxPxC D 304 1.902743
==

* p«.01
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TABLE 12

Summary of the analysis of variance for the number of voicing errors ih

Condition F1 as a function of vowels (V), consonant positions (P) and

consonants (C).

Source df MS F '
Subjects (S) 19 7.256966
Voweis'(V) ) 1 10.94412 7.6855*%
Consonant positions (P) 1 15.24706 7.0475%
Consonants (C) 16 16.69365 11.6706*
S xV 19 1.423993 {
S xP 19 2.163468 /1
V xP 1 6.497058 5.2131*
S xC 304 1.430403 -
V xC ) 16 10.25193 14.3642%
P x E T 16 4.945496 5.1221
S xVxP 1 19 1.246285
SxVvx¢C 304 0.7137142
S xPxC ‘ 304 0.9655234
VxPxC 16 2.542371 3.4026
SxVxPxC . 304 0.7471894

* p<.01 /

€4
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TABLE 13

M

Summary of the analysis Jf variance for the number of correct consonant

-

identifications in Condition F2 as a function of vowels (V), consonant

positions (P) and consonants (C).

’

Source

df MS F
Subjects (S) 19 14.03003
~ ~
Vowels (V) 1 0.2382353 0.0578
Consonant positions (P) 1 212.8265° 36.3057*
Consonants (C) 16 206.6514 44.0314*
1 N
SxV 19 4.122136
SxP 19 5.862074
J
VxP ‘////1 17.89411 4.4794
SxC ) 304 4.693271
VxcC 16 53.78354 , . 16.3599*
PxC \ 16 43.26241 9.6555%
SxVxP 19 3.994737
$xVxcC 304 3.287514
S x- P %C , 304 4.480578
. f e
VxPxC 16 22.47693 8.3627*
SxVxPxC:' 304 2.687746
* p<.01

Lt 1
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TABLE 3

f

Summary of the analysis of variance for ti¥ number of place errors in .

° VA

Q *

Condition F2 as a function of vowels (V}, “consonant positions (P) and

~

consonants* (C).

P

e
2 K Source : df T MS k F
Subjects. (S) S 18 7.814396
Vowels (V) AN 1.176470 . 0.2283
Conso‘nant? positions (P) : \’\1 338.003Q 81.4465*
Consonants‘(C). . T g6 . 246.4951 59.8805*
SxV ,‘ - 19 5.153251
Sx P \ . 19 . 4.1500 -
Vx P 1 43.77646 13,6445
S x € ' 304 4.116452
. V'x C 1‘;. ¢ \51.13115 17.5873*
PxC T e O 69.27637 17.5394*
sxVvxP 0 19 3.208359
\s x¥xC 304. 2.90728 ‘ J,
© Sxpa C;,?-‘ e R PR 3.949753 "
VP a;,'q S BT 12.39366 5.4686
5xVxPxC: 304 ' 2.266336
a ‘l‘ . i '
5% SN I,
. . ‘ * p<.0l Q )
\ o B '
: : 3 -



«Condition F2 as a function of vowels (V),_ consonant

Y

| consonants (C).
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TABLE

A}

Summary of the analysis of variance for «the number of manner errors in
y \ .

hY)

L]

positions (P) and

AR :
g ‘ Source af MS F
§

Subjects (S) 19 ® 12.40290

\ "Vovels (V) 1 0.4595588 . ' '0.3405‘
Consonant positions (P) 1 72:03603 17.7461%
Consopantsc(C) 16 63.62114 37.4074*
S x V' 19 1.349652 .
S xP ) 19 4.059249 ;
VxP 1 7.206618 4.3900 -
S xC 304 1.700764
VxC 16 12.64081 9.9841%
P xC 16 21.59227 12.3475%
SxVxP 19 1.641602 )

‘ s 8xvxc 304 1.266099

SxPxC 304 1.748722
VxPxC 16 6.409743 5.8816
SXxVxPxC . 304 vosez

K — e e

p< .01 . l
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\ "TABLE 16 S

Summary of the analysis of variance for the number of voicing errors in.
. wdf ’ N
Condition F2 as a function of vowels (V), consonant positions (P) and

: /
consonants, (C).

-

éource " . df . M§ . F

Subjects (S) ‘ 19 9.103095

Vowels (V) 1 2.473529 1.9185
Consonant positions (P) 1 \23.29706 5.4669
Consonants (C) ’ 16 26.14862 14, 2608*
SxV 19 : 1.280518 ’

S x P . 19, | 4.261455 ‘
VxP N 1 0.9529411 0.5332
sxC , 304 © 1.833606 .
VxcC 16 4688467 5.6270
PxC 16 6.642371 4.3570
SxVxP ’ 19 1.787306

SxVxC 304 0.8324032

SxPxC 304 1.524531 "
VxPxC / 16 12.78265 12.8009*
SxVxPx¢§ . n 304 . 0.9985730

, ,
= . _
.'” ( a
0 " pgl0l \ . e
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( TABLE 17 /'

Summary of the analysié of variance for the number of correct consonamy

identifications in Condition F12H as a function of vowels (V), consonant

positions (P) and consonants (C).

I

Source df , MS v F ®
__ :
Subjects (S) 19 9.953715
e Vowels (V) # I 16.10588 2.6820
* Consonant positions (P) | 431.4838 109.. 3792*
Consonants (C) 16 _ 303.7049 71.6845*

’ S xV | 19 ) 6.005263 . |
SxP ' 19 3.944427 ’ N j
VxP 1 15.24706 4.2554 |
SxC 304 ' 4.236692 |
VxC 16 83.60744 25.9202*

L P xC /f 16 49.82416 13.5245%
SxVxP _ 19 3.582972 ,
SxVxC : ” 304, - 3.225576 —
SxPxC " 304 3.683983
VxPxC .16 35.99237 12.0199*
SxVxPxC 304 2.994403

' e e e e e e e e e e ot ]

) - \ *+ p<.01

. o
. ® :
- N \‘ N
. oy - o)



216

@ | ’

, -, TABLE 18 i .
‘ . . , .
ary of the analysis of variance for the number of place errors in
. ’ - (

't

Condition F12H as a function of vowels (V)’, consonant positions (P)

‘and gonszo;\ants ). ’ <,

>~ \
4 «
’ .
T

Source . df MS E F

w
- )
\Y{
Subjects .(S) ~ q 19 . 6.667338
\yowg;j;;;» , ; N 0.07352938 . 0.0132
/,,,-\\\ Consonant positions (P) 1 312.5765 97.9075*
. Consonants' (C) : 16 1281.9922- 71.1552*
™
S xV 19 5.581270
sxPp S 19 3.192569
.. % |
VxP o 1 38.22353 19.4367*
.l t
S xC : 304 3.963061
VxC ‘ 16 78.25478 ¥ 24.7599*
, PxC 16 61.22959 . "17.9461+
SxV xP ‘ 19 1.966563 . .
| SxVxC R 304" 3.160546 . \
} o
SxP xC N 304 3.411484
VxPxC . 16 357204 11.4681*
SXxVxPxC //A ) : 304 3.114754

“I. * p< 01 .
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TABLE 19

Summary of the analysis of variance for the number of manner errors in

\

-

Condition F12H as a function\of vowels (V), consonant positions (R) and’

consonants (C). !

l
Source- , df MS - A F
N ,
Subjects (S) S 19 6.887151
Vowels (V) §‘1 95.29412 41.3710%
Consonant positions (P) 1 0.04705882 0.0134
Consonants (C) 16 / 123.9164 64.9443*
SxV i 19 2.303405 /
SxP 19 3.508359
VxP 1 1.297058 0.5351
SxC , 304 1.90803%
VxcC f 16 25.95661 17.8269*
P xC 16 38. 18769 24.0208*
SxVxP 19 2.423993
SxVxC .. 304 1.456037
SxPxC “ 304 1.589773
VxPxC ’ 16 28.29081 W, 21.3413*
SXxVxPxC 304 1.325638 =
47“\

M

/ * p<.01
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) ~ TABLE 20 !

LSummary of the analysis of variance for the number of voicing errors in

>

Condition F&{S\as a function of vowels (V), consonant positions (P) and
consonants (C)\

' . Source Pas MS . F
| Subjects (S) 19 2.331114
[ Yovels (V) 1 12.81176 L 13.5590*
j §anson;nt positions (P) 1 0.047058 0.0306
1 ’ Consonants (C) - ® 16 3.834466 6.1551
} S xV 18 0.9448916
i ” S xP 19 1.536223
‘ VxP ' 1 . 1.838235  2.6776
: SxC ‘ 304 0.6229731 .
VxC 16 3.122702 7.9926
PxC 16 {.1/48621.- . 4.3871
SxVxP 5 n 19 0.6865325
sxvxc 304 0.3906976 _
SxPxcC ° - 304 0.4897591 -
VxPxC 16 1.902297 4.6947
SXVxXPxC 304 0.4052003
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. . - . APPENDIX E ..
i « / ’ ‘
/ [ - )
RANK ORDERED MEAN SCORES ~AND RESULTS OF TUKEY PROCEDURE
) Y ‘ FOR HONESTLY - SIGNIFICANT DIFFERENCES
BETWEEN FILTER CONDITIONS AND BETWEEN CONSONANTS
> (ANALYSES 1-20)
‘ TABLES 1-15
P
[ /
L
.’l
/
' 1
- )
L ¢
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P e oL
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TABLE 1
Rank ordered mean scores and significant differences (.01 level) among the
four experimental conditions with respect to correct consonant iden-
tification, place, manner and voicing errors, as determined by the Tukey

procedure.,

Correct Consonant Identificatiom (Tukey Range: 1.0856)

Conditions F1 F2 F12H F12L
Mean Correct 7.42353 17.90588 18.04118 19.73235
F1 - 10.48235 10.61765 12.30882
F2 - NS 1.82647
pe * F12H - 1.69117

Place Errors (Tukey Range: 0.9384)

Condi tions F12L F2 F12H F1
Mean Error : 10.84412 11.19412 12.42941 22.12941
FloL S NS 1.58529 11.28539
F2 - 1.23529 10.93529
F12H - 9.70000
» ¢ Mhnner Errors (Tukey Range: 1.2436)
Condi tions F12L F2 F12H F1
Mean Error 3.06765 3.46176 4.25294 11.29118
F12L ‘ - NS NS 8.22353
) F2 - NS 7.82942
F12H ~ . - 7.03824

" Voicing Errors (Tukey Range: 0.7774)

- ? .

Conditions ~ F12H F12L F1 F2
. Mean Error 1.22941 1.25000 . 3.11765 3.57647
J FI2H - - NS . 1.88824 2.34706
F12L . - 4.36765 2.32647

y F1 - . - NS
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- ° 'TABLE 2 ~__

~

Rank ordered consonant mean scores and significant differences émonf the 17 consonants with respect to the number of

i rs *
correct consonant identifications in Condition F12L. (Tukey Range: 1.2088)

&
s 3 ] z v t P | f 3 m f d
1.8375 2.4125 2.5250 3.0125 3.2500 3.3875 4.4625 4.5375 5.0750 5.9625 6.0125 6.1750 6.6875
1.4125 1.5500 2.6250 2.7000 3.2375 4.1250 4.1750 4.3375 4.8500
2.0500 2.1250 2.6625 3.5500 3.6000 3.7625 4.2750
l,f" | 1.9375 2.0125 2.5500 3.4375 3.4875 3.6500 4.1625
1.4500 1.5250 2.0625 2.9500 3.0000 3.1625 3.6750
1.2875 1.8250 2.7125 2.7625 2.9250 3.4375
1.6875 2.5750 2.6250 2.7875 3.3000
1.5000 1.5500 1.7125 2.2250
1.4250 1.4750 1.6375 2.1500 2.
1.6125
%

@O T T O by BN N = T 4+ < N O OO
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TABLE 3
Rank ordered consonant mean scores and significant differences among the 17 consonants with respect to the number of
place errors in Condition F12L. (Tukey Range: 1.2600)
k n g m b d | 2, | f p 2 - v 3 ) s
0.2500 0.5250 0.7875 0.8625 1.0500 1.3000 1.4870 1.9875 2.0000_2.5875 3.3875 4.2625 4.4625 4.6875 5.2250 5.2375 5.9875
4§ R
k 1.2370 1.7375 1.7500 2.3375 3.1375 4.0100 4.2125 4.4375 4.9750 4.9875 5.7375
n 1.4225 1.4750 2.0625 2.8625 3.7400 3.9375 4:1600 4.7000 4.7125 5.4625
g 1.2000 1.2125 1.8000 2.6000 3.4750 3.6750 3.9000 4.4375 4.4500 5.2000
m ’ 1.7250 2.5250 3.4000 3.6000 3.8250 4.3600 4.3750 5.1250
p 1.537% 2.3375 3.2100 3.4100 3.6370 9e1750 4,1875 4.9370
‘____’,""//, 1.2875 2.0870 2.9600 3.1600 3.3870 3.9250°3.9400 4.6875
- 1.9000 2.7700 2.9700 3.2000 3.7380 3.7500 4.5005
~— * 1.4000 2.2700 2.4750 2.7000 3.2375 3.2500 4.0000
_ 1.3870 2.2600 2.4625 2.6875 3.2250 3.2375 3.9875
- - 1.6750 1.8750 2.1000 2.6375 2.6500 3.4000
' 1.3000 1.8375 1.8500 2.6000
1.7250
1.5250
« * 1.3000

W @ Ox € ~+ N D = = N 0 O

et



TABLE" 4

Rank ordered consonant mean scores and significant differences among the 17 consonants with respect to the

number  of manner errors in Condition F12L. (Tukey Range: !0.6\540) s
- | ~
= = :
k d-J g p s t b f-0 n z 3, m 3 v |
0.0125 0.6250 0.0750 0.1375 0.1625+0.2125 0.3000 0.5000 0.5875 o.szsocb.glzs 1.3250 1.7250 2.1375 3.4625
o ‘ 0.8125 0.9000 1.3125 1.7125 2.1250-3.4500
d-f 0.7625 0.8500 1.2625 1.6625 2.0750 3.4000
g - 0.7500 0.8375 1.2500 1.6500 2.0625 3.3875
P / 0.6875 0.7750 1.1875 1.5875 2.0000 3.3250
s 0.7500.1.1625 1.5625 1.9750 3.3000
t 0.7000 1.1125 1.5125 1.9250 3.2500
b ) 1.0250 1.4250 1.8375 3.1625
-0 0.8250 1.2250 1.6375 2.9625
n - 0.7375 1.1375 1.5500 2.8750
z . 0.9000 1.3125 2.6375
3 i 0.8125 1.2250 2.5500
m 0.8125 2.1375
8 h 1.7375
v 1.3250

£t




TABLE 5

number of correct consonant identifications in Condition F1. (Tukey Range: 1.2955)

-
o
¥ — — e
P —— — ———— — e

Rank ordered consonant mean scores and significant differences among the 17 consonants with respect to the

ll

] z 8 8~z s m-| v f g p  t k " n b d’
0.3750'0.45Q0 0.6125 0.7125 1.3500 1.8000 I.QZSO 1.9875 2.1625 2.2625 2.6625 2.8875 3.2250'3.2625 3.3625
x», 1 o 1.4250 1.5500 1.6125 1.7875 1.8875 2.2875 2.5125 2.8500 2.8875 2.9875
’ L] ~1.3500 1.4750 1.5375 1.7125 1.8125 2.2125 2.4375 2.7750 2.8125 2.9125
e ) ) 1.3750 1.5500 1.6500 2.0500- 2.2750 2.6125 2.6500 2.7500
3-z ‘ 1.4500 1.5500 1.9500 2.1750 2.5125 2.5500 2.6500
S 1.5375 1.8750 1.9125 2.0125
m-1 ) 1.4250 1.4650 1.5625
1.3375 1.4375

1

TR ¥

a o 3 x ~+~ T 0 - <

.3750

vze




N

TABLE 6

M N '.- - 3 3 . -
Rank ordered consonant mean scores and significant differences among the 17 consonants with respect

place errors in Condition F1. (Tukey Range: 1.3947)

°

n f b d t z

3.7500 3.8125-4.4875 4.6000 4.6500 4.7625 4.9625 5.0250 5.5250 5.5375 5.6500 5.7625 6.0500 7.

S

Kk

———

m P

.f

g

to the

number

v

0
0125

0
7.3625

—

3
7.5375

of

I

7.5625

‘e WN @D O € @ D I3 X U N ~+~ Q T ~ I

°

1.7750 1.7875 1.9000 2.0125 2.3000 3.
1.7125 1.7250 1.8375 1.9500 2.2375 3.
1.5625 2.
1.4500 2.
.3625
.2500
.0500
.9875
.4875
.4750

b1

L]

2

2615
2000
5250
4125

3.6125
3.5500
2.8750
2.7625
2.7125
2.6000
2.4000
2.3375
1.8375
1.8250

1.7125
1.6000

3.7875
3.7250
3.0500
2.9375
2.8875
2.7750
2.5750
2.5125
2.0125

2.0000°

1.8875
1.7750
1.4875

3.8125
‘3.7500
3.0750
2.9625
2.9125
2.8000
2.6000
2.5375
2.0375
2.0250
1.9125
1.8000
1.5125

5Z¢




- TABLE 7

“ N
e
Pl

Rank ordered comsonant mean scores and significant differences among the 17 consonants with respect to the mumber of

bl

manner errors in Condition F1. (Tukey Range: 1.1167)

‘ N

.
. 3 .
.

d g k . b p 1 n ] s m - 6 - f v, 5. z z !
.1370 3.3750 3.8250 4.0000 4.0375 4.0500 4.3750 4.3875 6.2000

(7]

0.1750.,0.5000 0.7500 1.1375 1.3250 1.8125-2.3125 2.5875

?

.8250 3.8625 3.8750

d . 1.150Q 1.5375 2.1375 2.4125 2.9620 3.2000 3.6500 3 4.2000 4.2125 6.0250
q - | 1.2125 1.8125 2.0875 2.6370 2.8750 3.3250 3.5000 3.5375 3.5500 3.8750 3.8875 5.7000
K 1.5625 1.8375 2.3870 2.6250 3.0750 3.2500 3.2875 3.3000 3.6250 3.6375 5.4500
b, . 1.1750 1.4500 1.9995 2.2375 2.6875 2.8625 2.9000 2.9125 3.2375 3.2500 §.0625

p . 1.2625 1.8120 2.0500 2.5000 2.6750 2.7125 2.7250 3.0500 3.0625 4.8750
t 1.3245 1.5625 2.0125 2.1875 2.2250 2.2375 2.5625 2.5750 4.3875
n o . 1.5125 1-6875 1.7350 1.7475 2.0725 2.0750. 3.8875
{ ‘ ' 1.2375 1.4125 1.4500 1.4625 1.7875 1.8000 3.6125
s : ‘ ’ 1.2380 1.2505 3.0630
m. J . ; ' " 2.8250
) ¥ . ~ . ; 2.3750
f F,/} .+ 2.2000
v e f 2.1625
5 ' 2.1500
2 : ' ’ | | 1.8250
% ) _ s - 1.8125
' o

pr

927
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| , TABLE 8

o

o ’ . l: °
Rank ordered consonant mean scores and significant differences among the 17 consonants with respect to the

z
v
o
5

}(
.
b
3
t
)
p
£
J
s

-voice errors in Condition F1. (Tukey Range:. 0.5281)
[ f B '

number

Sva—
am———

d g n z v m 3 k | b

3

t e

¢.1250 0.2000 0.3375 0.3500 0.5500 0.5750 0.5875 0.6250 0.7000 0.7375 0.7500 0.9750 1.0125 1.

P f
1125 1.4000

I}

1.4125

1.8000

¢
9

Y
'

0.8500 Q.8875 0.
0.7750 0.8125 0.
0
0

9875 1.2750
9125 1.2000

.7750 1.0625
.7625 1.0500

0.8500
0.8250
0.8125
0.7750

e

1.2875
1.2125
1.0750

'1.0625

0.8625
0.8375
0.8250
0.7875

&

1.6750
1.6000
1.4625
1.4500
1.2500
1.2250
1.2125
1.1750
1.1000
1.0625

'1.0500

" 0.8250

0.7875

L1
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e
(
!
’ﬁink ordered consonant mean scores and significant differences among the 17 consonants with respect to the number of
correct consonant identifications- in Condition F2. (Tukey Range: 1.3193) ’ .
» . o’
- s e
3 e s z p b d 2, n ] m k-
1.9750 %.0500 2.4000 3.2875 3.4750 3.8250 4..1375 4.2125 4.2625 4.3750 4.5625 5.3125 5.7875 6.0375 6.2750 6.6625 7.4625
1.5000 1.8500 2.1625 2.2375 2.2875 2.4000 2.5875 3.3375 3.8125 4.0625 4.3000 4.6875 5.487é
1.4250 1.7750 2.0875 2.1625 2.212% 2.3250 2.53125 3.2625 3:375 3.9875 4.2250 4.6]125 5.4125
1.4230 1.7375 1.8125 1.8625 1.9750 2.1625 2.9125 3.35?5 3.6375 3.8750 4.2625 5.0625,
B ’ 2.0250 2.5000 2.7500 2.9875 3.3750 4.1750
- ‘ .1.8375 2.3125 2.5625 2.8000 3.1875 3.9875
’ 1.4875 1.9625 2.2125 2.4500‘%;8375 3.6375
1.6500°1.9000 2.1375 2.5250 3.3250
1.5750 1.8250 2.0625 2.4500 3.2500
v x . 1.5250 1.7750 2.0125%2.4000 3.2000
b, N 1.4125 1.6625 1.9000 2.2875 3.0875
f R 1.4750 1.7125 2.1000 2.9000
d ¢ 2.1500
3 1.6750
n ’ s 1.4250
I
m
k

L'}

——

8¢¢
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‘ TABLE 10

\1
:

¥
Rank ordered'conspnant mean scores and significant differences among the 17 consonants with respect to the number of
place exrors in Condition F2. (Tukey Range: 1.2355)
- . ~
k ) n 2 m d a b | f v 1 p z s 3 9
0.3875 0.9250 0.9500 0.9750 1.0125 1.6000 2.0375 2.1750 2.5625 {.8250 3.2500 3.9375 4.1730 4.2500 5.2250 5.6125 5.6750
1.6500 1.7875 2.1750 2.4375 2.8625 3.5500 3.7875 3.8600 4.8375 é.225€) 5.2875
) 1.6375 1.9000 2.3250 3.0125 3.2500 3.3250 4.3000 4.6875 4.7500
1.6%25 1.8750 2.3000 2.9875 3.2250 3.3000 4.2750 4.6625 4.72§0
1.5875 1.8500 2.2750 2.9625 3.2000 %2750 4.2500 4.6375 4.7000
P ) 1.5500 1.8125 2.2375 2.9250 3.1600 3.2375 4.2125 4.6000 4.6625
e 1.6500 2.3375 2.5750 2.6500 3.6280 4.0125 4.0750
) ﬂu~s 1.9000 2.1375 2.2125 3.1875 3.5750. 3.6375
: 1.7625 2.0000 2.0750 3.0500 3.4375 3.5000
l 1.3750 1.6125 1.6875 2.6625 3.0500 3.1125
’ 1.3500 1.4250 2.4000 2.7875 2.8500
P 1.9750 2.3625 2.4250
1.2875 1.6750 1.7375
. s g 1.4375 1.;000
1.3625 1.4250

A1

62¢




! . . - TABLE 11

& \ - —
.
Rank ordered consonant mean scores and significant differences among the 17 consonants with respect to the number of

-

marmer §rrors in Condition F2. (Tukey Range: 0.7935)
\

.a
— ——— - — S
— — — = — ]
. h . 5

k»xf‘z p s 2 t g 8 v m f d ) n b~ |

* 0.0625 ¢.1000 0.1750 0.3250 0.3500 0.4000 0.4875 0.6125 0.6625 0.7000 0.7375 0.8250 1.1000 1.1625 1.3375 1.8875 3.7875

S\\k 1.0375 1.1000 1.2750 1.8250 3.7250
o 1.0000 1.0625 1.2375 1.7875 3.6875
=z ‘ 0.9250 0.9875 1.1625 1.7125 3.6125
P / ' 0.8375 1.0125 1.5625 3.4600
s | P - 0.9875 1.5375 3.4375
3 0.9375 1.4875 3.3875 &
t ) | 0.8500 1.4000 3.3000 _
g ! 1.2750 31750

A 1.2250°3.1250
‘ 1.1875 3.0875
- 1..1500 3,0500 .
1.0625 2.9625
N " 2.6875 -
' 2.6250
- i h 2.4500
: * 1.0000

-_— T T O 8 <




© - TABLE 12

Rank ordered consonant mean scores and significant differences among the 17 consonants with respect to the number of

voice errors in Condition F2. (Tukey Range: 0.8246)

e e e e e N RRRRRRRRERERRREEEDE A eaur—————————— e —— e, —
— — —

m n k | s 3 1 P d z { 8 v zZ f b
0.0250 0.1625 0.1875 0.4750 0.5875 0.6000 0.7000 0.7250 0.9375 0.9625 0.9750 1.0500 1.1000 1.4375 1.4750 1.5250

2.2275,

m 0.9125 0.9375 0.9500 1.0250 1.0750 1.4125 1
n i’ ) 0.8875 0.9375 1.2750 1.3125 1.3625
K y ‘ 0.8625 0.9125 1.2500 1.2875 1.3375
| , ' : . 0.9625 1.0000 1.0500
’ = . 0.8500 0.8875 0.9375
0.8750 0.9250

N

O & N € ©@ s N O T ~ & 0
/

f
-

.
.
.
.

.4500 1.5000 2.2025

0650
0400
7525
6400
6275

2
2
1
1
1
1.527s
1.
1
1
1
1
1

5025

.2900
.2650
.2525
.1775
.1275

1€2



TABLE 13

Rank ordered consonant mean scores and significant differences among the 17 consonants with respect to the number

of correct consonant identifications in Condition F12H. (Tukey Range: 1.2535)
,J

e e e e e ———————
s z 3 Y v t | f p m 2 n d-J g b k
1.0875 1.8000 2.1750 2.5000 2.7250 3.3875 3.7750 4.6875 4.7000 5.0500 5.5625 6.2125 6.2750 6.3750 6.6625 7.4250

- 1.4125{1.6375 2.3000 2.6875 3.6000 3.6125

s 3.9625 4.4750 5.1250 5.1875 5.2875 5.5750 6.3375
z 1.5875 1.9750 2.8875 2.9000 3.2500 3.7625 4.4125 4.4750 4.5750 4.8625 5.6250

8 1.6000 2.5125 2.5250 2.8750 3.3875 4.0375 4.1000 4.2000 4.4875 5.2500

8 2.1875 2.2000 2.5500 3.0625 3.7125 3.7750 3.8750 4.1625 4.9250

v = - 1.9625 1.9750 2.3250 2.8375 3.4875 3.5500 3.6500 3.9375 4.7000

t 1.3000 1.3125 1.6625 2.1750 2.8250 2.88?5 2.,9875 3.2750 4.0375 E

{ 1.7875 2.4375 2.5000 2.6000 2.8875 3.6500 .
f 1.5250 1.5875 1.6875 1.9750 2.7375 -
p 1.5125 1.5750 1.6750 1.9625 2.7250 ,
m 1.3250 1.6125 2.3750

2 1

Vn
d-J ol )

. L

b

x
<
.
«
“

o]

pd




Rank ordered consonant mean scores and significant differences among the 17

TABLE 14

" of place errors in Condition F12H. (Tukgx Range: 1.2126)

consonants with respect to the mumber

k b © n g m d-J z [ f P t z v ) 3 s
0.5625 1.2125 1.2625 1.4250 1.5375 1.6625 2.3875 2.8375 3.0250 3.2125 4.5875 4.7250 5.2125 5.3750 5.3870 6,7500
k "1.8250 2.2750 2.4625 2.6500 4.0250 4.1625 4.6500 4.8125 4.8245 6.1875
b y ~ 1.6250 1.8125 2.0000 3.3750 3.5125 4.0000 4.1625 4.1745 5.5375
n yd 1.5750 1.7625 1.9500 3.3250 3.4625 3.9500 4.1125 4.1245 5.4875
g -/ ) 1.4125 1.6000 1.7875 3.1625 3.3000 3.7875 3.9500 3.9620 5+3250
m 1.4875 1.6750 3.0500 3.1875 3.6750 3.8375 3.8495 5.2125
d-J 1.3625 1.5500 2.9250 3.0625 3.5500 3.7125 3.7245 5.0875
3 2.2000 2.3375 2.8250 2.9875 2.9995 4.3625
FN 1.7500 1.8875 2.3750 2.5375 2.5495 3.9125
£, 1.5625 1.7000 2.1875 2.3500 2.3620 3.7250Q
p ) 1.3750 1.5125 2.0000 2.1625 2.1745 3.5375
t . N — 2.1625
z . 2.0250 -
v | 1.5375
) . 1.3750 -
8 N 1.3630
8

<

€€l



TABLE 15

&

Rank ordered consonant mean scores and significant differerices among the 17 consonants with respect to the

number of manner errors in Condition F12H. (Tukey Range: 08409)

-

d-k ] p-t 5 g b ) n f 2 z m 3 v oo
0.0000 0.0375 0.1125 0.2000 0.2875 0.3000 0.4000 0.7625 1.0500 1.4875 1.7500 1.8875 2.3375 3.1250 4.2250
-k ) : 1.0500 1.4875 1.7500 1.8875 2.3375 3.1250 4.2250
i i S 1.0125 1.4500 1.7125 1.8500 2.3000 '$.0875 4.1875
p-t ) 0.9375 1.3750 1.6375 }.7750 2.2250 3.0125 4.1125
s " 1.2875 1.5500 1.6875 2.1375 2.9250 4.0250
g 1.2000 1.4625 1.6000 2.0500 2.8375 3.9375 .
b 1.1875 1.4500 1.5875 2.0375 2.8250 3.9250
8 1.0875 1.3500 1.4875 1.9375 2.7250 3.8250
n 0.9875 1.1250 1.5750 2.3625 3.4625
$ 1.2875 2.0750 3.1750
3 : 1.6375 2.7375
z .3750 2.4750
m 1.2375 2.3375
. 8 1.8875
v . )

e

vee
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APPENDIX F

DIFFERENTIAL FILTER EFFECTS

PERCENTAGE . DIFFERENCES BETWEEN ALL CONDITIONS

FOR EACH CONSONANT

WITH RESPECT TG THE FOUR ﬂEP%NDENT VARIABLES

TABLES 1-4

’




Percentage differences between conditions for each consonant with respect to correct identifica

L4
(Tukey Range: 10.97%)

-

TABLE 1

ions.
-

F12L-F12H F12L-F2 F12L-F1 F2-F1 F12H-F2 F12H-F1
p - 3.0 12.4* 27 .5* 15.1* 15.4* 30.5*
b 1.7 28.6* 44.2% 13.9* 28.6* 42.5%
t 0.0 - 5.5 9.0 14.5*% - 5.5 9.0
d 5.2 . 19.2* 41.6* 24.4* 12.0* 36.4*
k' 3.8- 3.3 60.5* 57.2* - 0.5 56.7*
g 8.7 36.7* 61.4* 24.7* 28.0* 52.7*
f 4.8 6.4 38.6* 32.2% 1.6 33.8%
v 6.5 -12.7* ‘ 16.5* 29.2* -19.2* 10.0
s 9.4 - 7.0 6.1 13.1* -16.4* - 3.3
z 15.2* R - 3.4 ‘ 28.8* 32.2* -18.6* 13.6*
[ 1.2 -1.2 ., 72.5% 73.7% 0.0 73.7%
3 5.0 2.2 68.9* 66.7* - 2.8 63.9*
0 - 0.3 ° 6.0 23,9+ 17.9* 5.7, 23.6*
3 3.0 5.5 121.3*% 15.8* 2.5 18.3*
m T 12,1 - 8.1 52.7* 60.8* -20.2* 40.6*
n 8.9 11.1* 46.3* 35.2% 2.2 37.4*
] 9.5 4.0 34.2* 30.2* - 5.5 24.7%

* pg.0l

9¢e

e




TABLE 2

Percentage differences for each consonant with respect to place errors. (Tukey Range: -10.81%)

, M
T F12H-F12L F2-F12L F1-F12L F1-FZ° F2-F12H F1-F12H
— : . :
T P - 2.1 9.9 26.9* 17.0* 12.0% 29.0*
§j5”---\\\\\\\\3;;\\~ 14.1* 43.0* 28.9* 12.0* 40.9*
*‘\\N\\§\\“\ﬁ\¥““~\\\\\ 1.5~ -6.6 . 2.3 8.9 - 8.1 0.8
T 4 s a1.2+ 37.5% - 0.8 36.7*
- k 29T - L7 59.7* 58.0* - 2.2 55.8%
g 8.0 15.7% . 62.2* 46.5* 7.7 54,2%
f 5.5 ‘ 3.0 38.3* 35.3* - 2.5 32.8*
v 6.6 -18.0* " 17.0* © 30.6% -24.6* 10.4
's 9.6 - 9.5 -12.8% - 3.3 -19.1* ~22.4*
z 5.8 - 0.2 6.2 6.4 - 6.0 0.4
: | 2.2 - 7.0 _ 75.9% 82.9* - 9.2 73.7%
- 3 5.0 -12.6* 69.4* 82.0% -17.8* 64.4*
8 1.7 5.4 26.5% 21.1* 3.7 24.8*
5 2.0 ) 4.9 22.4% 17.5* 2.9 20.4*
m * 8.4 1.9 S5+ 56.4* - 6.5 49.9*
n 9.2 5.3 40.3* 35.0* - 3.9 31.1%
| 10.5 - 7.0 22.7* 15.7* 35.5* 12.2*

— vt — S—
e

P * p<.0l

Lel
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TABLE 3
Percentage differences for each consonant with respect to manner errors. (Tukey Range: 8.84%)
F12H-F12L F2-F12L F1-F12L F1-F2 F2-F12H F1-F12H
- 0.3 2.4 14.9* 12.5* - 2.7
0.0 ig.s* 10.4* - 9.4* 19.8*
’ - 1.3 " 3.4 20.0% 16.6* 4.7
. -0.8 13.0* 1.4 -11.6* 13.8*
- 0.2, 0.6 9.2* 8.6 - 0.8
T 27 6.8 5.4 - 1.4
6.8 4.0 43.7% 39.7* - 2.8
12.4* -17.9* 23.8* 41.7* -30,3*
0.5 2.4 37.2* 34.8* 1.9
11.6* - 8.1 44.4* 52.5* -19.7*
- 0.3 > 0.5 31.5% 31.0* 0.8
7.2 - 6.4 43.4* 49.8* -13.6*
- 1.3 . 2.0 41.5* 39.5* 3.3
7.2 - 7.5 28.6* 36.1* -14.7*
7.0 , - 7.4 25.6* 33.0* -14.4~
2.2 \ ©9.4% 21.6* 12.2* 7.2
9.5* . 4.2 34,2* 30.0* - 5.3
= 3
. * p<.01 '
—




Per-centage differences for . each consonant with respect to voicing errors. (Tukey Range: 6.28%)

<

TABLE 4

P — ———
—

—————

TR F2-F12L F1-FioL F1-F2 F2-F12H F1-F12H
p - 2.0 4.3 9.1* 4.8 6.3* 11.1*
b . 1.0 17.8% 7.9% - 9.9% 16.8* 6.9%
t - 2.2 5.0 8.4+ 3.4 7.2% 10.6*
d 0.1 0.9t 0.8 ~10.1* 10.8* 0.7
K - 1.1 1.0 6.5%, 5.5 2.1 7.6%
g 0.7 © 26.4% 0.5 -25.9* 35,7+ - 0.2
£ 2.0 10.6* 9.7+ - 0.9 8.6% 7.7%
v 1.0 8.5 1.6 --6.9* 7.5% 0.6
s - 0.1 1.7 16.9* 15.2* 1.8 7.0
z - 1.1 5.4 - 2.2 - 7.6% 6.5* - 1.1
I . - 3.4 . 6.1 11.6* 5.5 9.5* 15.0*
3 1.4 16.3* 7.7% - 8.6* 14.9* 6.3
0 - 3.1 . 4 4.3 - 0.4 7.8% 7.4%
3 0.9 1.4 1.2 - 0.2 9.5 0.3
m 0.4 - 0.6 6.3% 6.9* - 1.0 5.9
n 0.9 1.8 4.0 2.2' 0.9 3.1
| 5.0 - 1.4 1.5

3.5 2.1

2.9

*

p<.01

6eC
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The dependent variables for which the vowel-by-position and the

»

vowel-by-position-by-consonant interactions were significant are shown in
Table 1. -

The vowel-by-position interacéion was significant for all depen-
dent variables except voicing errors in Conditions F12L and F1, and for
place errors only in Conditions F2 and F12H. In Condition F12L, with
respect to intelligipility and to the perception of place and manner,
large differences in mean scores were noted between the two vowel environ-
ments for final consonants, but only small differences for initial con-
sonants. Consonants associated with the vewel /I/ showed a greater
increase in intelligibility and decrease in place errors in the final
position than those associated with the vowel /u/, for which there was
little difference in mean scores between the two positions. More place
errors were noted for consonants with /I/ than for those with /u/ in the
initial position. With respect to manner errors, there was a slight increase
in errors for final consonants in the /I/ environment and a much larger
increase for consonants in the /u/ environment. Condition F1 algo showed
large differences in mean scores between vowels for final consonants and
small differences in ‘mean scores between vowels for initial consonants,
with respect to intelligibility, place and‘manner. Consonants associatéd
with the vowel /u/ showed a greater decrease in intelligibility for the
final position together with a greater increase in place and manner errors.
In Conditions EZ and F12H, consonants in the /I/ environment gave more
place errors than those in the /u/ environment for the initial position,
but fewer place errors for'the final position.

The vowel-by-position-by-consonant interaction was significant

for all dependent variables except voicing errors in Conditions F12L
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TABLE 1

Significant V. x P and V ® P x C interactions.

De;pandent
Variable

- Consonant
‘ Identifitations

Place Errors

o

Manner ‘Errors
1

\?oicing Errors

s /“_J
) FILTER i{p~n DITIONS —
‘F12L , F1 F2 F12H
VxP VxPxC VxP VxPxC V-x P VxPxC VxP VxPxC
X 1 X X X X'!
> A -
X X X wX X X
X X :X X
. / ]
4 X

———
——

f"

ve
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¢ B .
and F12H,, and for consonant identifications and voicing errors in

, « . Condition F2. In general, ‘these three—way 1nteract10ns occurred because

the vowel-by-position~interactions described in the preceding paragrap‘s;§)»
and the vowel- -by- consonant and position-by- consonant interactions did not

occur to the same extent for all consonants. Th1s is illustrated in

Figure 1 for the intelligibility scores of the consonants /p/ and /b/

in the two vowel environments and two consonant positions in Condition

F12L (Analysis 13). The consonant /p/ was more intelligible in the /I/

environment and in the final position. These sam¢ trends are apparent for

each' position.and for each vowel as seen in Figure 1. The consonant /b/

, showed no difference in intelligibility in the two vowel environments,

v

arid in the two positions, but did show the trends described for the vowel-

- by-position interaction. It is beyond the scope-of this paper to go

s

into the details,ofjthese interactions.

v fo- .
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t
® = /p/ with /1/ " B = /b/ with /1/
O = /p/ with /u/ 0 = /b/ with /u/
, 8 1 .
o
7 4
2 ) .
‘ o
Mean number 6 1
of s 1 0 \
correct
. . s 4 < N J .
identifications
@ '
o 3 -y
f 2 4 oy
£ .
-~
» 1 o o )
I : .
\ | ﬁ i '
. . '\_\ Initial | Final
Y e . .
‘0
’ ‘ *Figure 1: Mean scores for the consonants /p/ and /b/ in the two vowel ) .
envi?onnents gnd two positions with respect to cprrect. 1

consonant identifications in Condition F12L. (Maximum score: 8)
. I

, '///// -
' | .
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TABLE 1.

Confusion matrix for the consonants in Condition F12L.

12
42

182

11 65

544

357

!

25

170

271

165

11

535

87

618

12

0
406

11 ) 566
11

53

24

132

21

27
260

13

133 17 10

" 10

19
208

64
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121
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TABLE 2 ) T\\k _ . f\\> i\

Confusion matrix for the consonants in Condition Fl.

p b t d k g f v s z J z ) ) m n |
i
p 181 10 186 16 120 21 47 8 6 4 1 0 10 4 6 17 3
b 12 261 11 221 4 40 18 25 8 4 - 0 1 6 6 8 7 8
t 139 15 213 8 114 6 48 11 23 3 1 .6 6 16 5
d 5 293 1 269 2 56 1 6 0 0 0 O;i 1 4 0. 1 1
k 108 5 212 17 231 7 26 5 3 2 1 0 9 2 3 8 1
g 3 163 3 252 6 173 0 15 0 3 0 0 4 7 6 4 1
f 89 13 118 10 46 4 159 29 56 4 10 3 50 9 10 22 8
v 6 68 4 63 3 54 2 154 13 71 0 18 16 43 24 70 31
'8 59 16 70 9 19 3 186 27 108 5 9 2 45 7 24 38 13
z 3 29 1 82 3 89 8 138 3 57 1 30 9 44 27 63 53
f 55 7 69 11 21 8 208 31 96 7 30 5 48 8 6 19 11
3 6 36 11 63 3 55 6 127 9 55 1 36 24 31 57 73 47
e 93 8 135 10 26 9 173 19 73 5 10 3 49 2 7 12 6
3 5 69 3 69 3 3 4 141 7 73 3 9 22 57 36 ES 15
m 10 44 4 12 2 7 9 41 10 23 0 10 11 16 144 226 71
n 4 3% 72 3 1 12 6 1 4 11 1 4 4 13 197 258 .27
| 12 61~ 18 16 3 22 13 30 6 19 0 9 4 8 141 132 144

i

vz



TABLE 3

Confusion matrix for the consonants in Condition F2.

10
22

22
39
19
15
12
331

236
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14
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146

76

18

11
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33
64
463

30
35

123

502

20

99

24
18
147

16
26
533

22
158

164
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10
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13
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26
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24
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15
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18

65

51

20

48

10




TABLE 4

Confusion matrix for the consonants in Condition F12H.
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*THREE TWO-DIMENSIONAL PLOTS
OF THE 17 CONSONANTS IN CONDITION Fl12L
FROM ~WHICH THREE-DIMENSIONAL ° PLOT (FIGURE 6) WAS DERIVED

¢

FIGURES 1-3




voiced
rotated

o

non-plosive - # .

plosive
rotated

voiceless

K ’ /

Figure 1: Spatial representagioh of the 17 consonants for plosive/ .

b

| . ‘

n sive and voiced/voiceless dimensions of Condition F12L.
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Spatial representation of the 17 consonants for the plosive/ /
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Spatial representatidn of the 17 gohsonants for the voiced/
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Figure 3:°
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voicdless snd resonant/non-resonant dimensions of

Condition F12L.




