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The Importance of 'the First Two Formants in the Perception f Consonants(. . \ 

i 
Ph. D. degree 

Sc~ool of Human Communic~ion Disorders 

McGilJ University 

The 1ntelligibill ty and perceptIon of place, mann,J!r and voicing 

were studied in 17 consonants with the vowels /1/ and /u/ in flltered CV 

and VC syllab les containing: 1) the fi rst and second formants at a corn-
1-- - __ 1" • ! 

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

• 1 fOT11lant 

Results 

i 
alone; ,and 4) both formants at a high 

ii~dIcated: l,) voicing and manne! :are 

~ound ~ressure level. 

weIl perèei~ed whèn'both 
( 

presen~ at a comfortable listening level, but place ~rors formant~ are 

,still occur; 2j~~ond formant ~ontalns i~portant pl~ce, manqer and 
" r , '.' 1 

XOlcing.\nforma,tion; 3) the first fonnant contains much less inform;ati()l1, 

.be~ primarily'~~ef~l f~ vOlcing distinctions, 'with sorne manner infor­

. mation for PIOSi~:~; 4) high~U~d prèssur~ ievel slightIy decreas~s • 
~. t ~ • '\ . . , . 

the accuracy with which place is perceived; 5) inteJligibility and p~r-
----~ 

cep:t~~n 6!. the three fe:tures ~--;ry -aS- a fun~t ion of the ,we l enviro~men.s 
anq 'the positIons' ef the consonants; and 6) ~nvariant\ energy and tran-,r 

~ \ . 
sitions carry important information for consonan~ perc~ption. 
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! 
o L' rntellîgibili té e,t la perceptIon du lieu d' articulatiOI)! du 

mode àe production et ~u voisement fur~nt étudiés dans 17 consonnes aveç 

les voyelles lIl'et Iqj·dans des syllabes CV et VC filtrées contenant: 
/ 

1) le prdl'er et le deuxi~e formant à un niveau d'e~tente confortabl~ 
~~ 

2) seulement le deuxIème formant; 3) seulement le premier formant; 
r " 

4) les deux f6rmants à un niveau de haute pressIon sonore. ,Les résulta1;s 
• , 1 

'-. / 
7 

1 

indiquèrent que: 1) le VOlsement et 'le mode sont bIen perçus lorsque les / 

deux formants'sont présents à un nivepu d'entente confortable, mais qu'il 
~ . ' 

y a encore des erreur~ de lieu; 2) le deuxième formant contient des 

renseignements importants en ce q\ll 'concerne le lieu 7 le mode et le voise­

menti 3) le premIer formant co~tiynt beaucoup mo~de renseignements' 
/ 

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

de ~ode pou.s plosives;· 4). le ni~eau de haute-p:z:.eillon sonore au&,unte 
-Cl 

légèrement le nombre d'erreurs de lieu; 51 l'lntellig~bilit~et la 
'\ 

perception des troIS traits ,var~ent en fonction du contexte vocalique 

et des positions des ~;~n'e~/ et que 6) 1; énergi'e Invarilble et le~ 
transi~ions contiennent des renseIgnements importants pour la perception 

des consonnes. 

1 
/ 
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INTRCDUCTI ON 

'\ ~ \' , " . 
Consonan~ 'sounds are produced by rapid l'and precise adjustments 

. - -
of the vocal tract. The dimensions of ad]ustment essential for their 

production have been descnb~d as distinctive features (Jakobson and Halle, , . 
, 

1956), ~ith the assurnpt10n that correlate~ of these features ar~ to,b~ 

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

auditory). Descript~ons o~ the acoustic corre1ates of distinctlve 0 

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

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

practical apptbach, which is applicable to(both natura! and synthetic 

[--,;;;",;.a....-

, --

. , 
speech, consists o~ using the broader features of place,-~anner and 

voicing, which appear to be essential Ifor consonant 1dentification. 

PI~ce of articulation refers to the are a of major constriction in the 

vocal tract, such as labial, alveolar, interdental, labiodental, palatal 

--and velar. Manner of production specifies the type of articu!~tion, such 

as piosive, fricative, nasal and liq~ld. The voiced~voiceless opposition 

indicates whet;her 'the Ivocal cords ,vibrate when the,. consonant is produced. 
. . 

It has been shown thflt l>'o~h confusions (Miller and Nicely, 1955; Pickett, 

,1968) and jud&ements of si~ilariiy among conso~ants (Denes, 1~63; Peters, 
~ J' 
1963) can be o adequate1y e~plained in terrns of these three dimensions. . 

i ( 
Acoustic analysi~ of speeQq sounds shows< that the majo!rity of '# 

Eng1ish consonants c~rticulated with vowels consist of short periods Gf 
\ . 

relatively invariant,energy within certain broad frequency banas, as wel~ 

as periods of rapi~ changes in relatively narrower frequency bands • 
~ 

These concentrations of energy in,certain bands of frequency are known as; 

fo~mants and are the result of the resonating properties of the vocal 
fi' 

J " 
'\ 

\ 

.. 
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tract. Al though the term 'formant' is mospy used in con] unction wi th vowei 
\ • 0 

sounds, formant structures are aiso apparent in the invariant part of the 
" 

â .. • 
spectrum of consonàTrts-{Jasse~, 1965; Fant, 1968). The i.hriant energy 

. 
of Consonants 1s the result of the breath stream WhlCh is impeded by th~ 

closures produce~ by the articulators, and the rapid frequency changes or 

formant transItIons occur as a natural consequence of the c~articula\ion 

f h . h h d f' ,. d'ff a one p oneme Wlt anot er an. vary or a glven consonant ln l ereht 

vowel environmen~s. 

\ 
One view,of speec~erception, bas~d on research with synthetic 

sy,eech, emphasizes the importanc'e of transitions and, m~re,~'particuIar~y 

second formant transitions, as cu~s for p1ace of articUlation and suggests 

that the second formant t~ansition is probably the single mo~t Important ~ 

" 

____ r 

carrier Qf linguistic informatIon (Liberman, 1957; 1970; Liberman, Cooper, 
AIr 

Shankweller and Studder(-Kennedy , 1967). However, the results of studies 

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

• • as invariant energy (Fant. 1967a; Cole an'd Scott, 1972; 1~73a) afld overall 
~. 

spectrum shape (Fant, 1968), are more important for consonant perception, 

than band-limited cues, such as single formant transItions. 
b 

There have been as yet no studies involving natural or synthetic ~ 

speech that have systematically assessed the contribution of single 

formants.to consonant intelligibility. This was accomplished in the 

" present studY· by band-pass fil tering the consonan~; ~\P', b, t, d, k, 'g. f, 

v, s, z,., J, " e, 5, m, n, 1/ .in CV and VC syllables of natural speech' 

'"', . in such a way that cues to consonfULt-..perception contributéd by the firs't 

,formant alone and by tne second formant alone could be compared with the 

inteiligibility of consonants when both formants were present. The , 
results were analyzed not only in terrns o~ overall intelligibility, but 

, ! 

J 

) 
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,also with-respect to t~e amount of place, manner and voicing information 

'contributed by each formant. As the filtering wasbased on the flrst and 
. 

second form~nt frequenoy T'eg.lons, the mO~,e broad-ban~ lnfo~ tIon 'from 

invarl~nt ene~gy, such as bursts for Plos~ves and fri~tlon noises for 

, fricati~~;.: ~as reducçd. ln the case of n~\als and liqulds which have 

,'resonant'e' \:haracteri"sti cs analogous to thorf' ,of the Vowe 1s, the spectruln 

reduction caused by, thè filt~~ing was slwilar-~~ that occurving fot the 

vowels. / 
lne results of this study contribute to knowlèdge concernlng 

/ 
/ 

the role of acoustie eues in speech perception and to the r~soluti;n of . 
s~me of the seemingty parado~cal disparlties between acoustical charac­

~~;::;,C: ~f th'- speech wav{ an~ the identif1~ation 'of conson~nt s~unds • 
The\follow~ng is a review of the literature relevant ta the 

choice of parameters ·in the present study. The flrst sectIon reviews 

~- the indirect evidence f~r the importance of the flrst and second formants 

in natural speech às seen from the resu~ts of amplitude and frequency 

distortion' studles. The second ~ection reports the resul ts of studies 

dealing with the effec~s of distortion on place, manner a.d voicing, 
, 

distInctions. In the third section, the important cues for the iden-

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

. used ln the present study are reviewed. FiJallY, the last section shows 

evidence for the possible masking ri! second formant information by the 

first formant~un~~r adverse listening CO~di~O~S such as high sound 

pressure l:vels. 1/-;-0' .!-\ \ 
'" 

} 

( 
\ 

, 
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REVIEW OF RELEVÂNT· LITERATURE 

, 
VIbration of the'vocal cords results in the production of a 

( 

complex sound char~cteri~ed by a funJamental frequency whic.h corresponds 

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

structure. The vocal tract, which has variable resonant \requencIes, 

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

frequencies (Denes and hnson,' 1963). 'The frequencies of vocal tract 

resonances are ~lled formants and range from 270-739 Hz ,for the flrst 
.. 

formant, 840-,2290 Hz for -the second formant and 1699-3010 Hz for the third 

formant, for male adul t speakers (P~terson and Barney, 1952) .,' 

o 0 

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

" Ear1'y research on 0 the inform~tïon.-beanng parts of speech was 

largely influenced by th~demands of te1ephonlc communication; its aim 

was to estimate how much distortion could be ~mposed on the speecQ wave 
. 

by' frequency bandwidth reduction (F letchêr, 1929 i) French and Steinb~rg, 

1947) or amplitude peak clipping (Licklider, 1,946; Licklicler and Pollack, 

l,?48; Licklider and Miller, 1960) wi thout reducing i ts intelligibili ty. 

, " 

Frequency distortion studie~ 
1 
\ 

, " 

.. p 

~-'The' relative côntnbution . of fr~~uency bands to speech intel-
(. , . * 

ligibility has been studied by determin'fii~ tne ,loss ot in'tflligibili ty 
,~' ,( , 

occurring when relatively large portions 9f the'frequency spectrum are 
l , 

removed by filtering, wit~ l~W' ~réqUe~~i~~ eliminated by high-'I;àss 
.. : . , 

fil tering, .g.igh frequencies eliminated bY.flow-pass fil tertng, and both 
":' 

•• 

'. 

.. ' 

(' 
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'.sefected low and higll ·frequenCles ehminated by band-pass fI 1 tering. An 

,important .charaetenstic of foilters IS tb,û reJect\on slore wh,~ch refers ta . 
the,rate of attenuation df frequencies beyond the fllter eut-oft points, 

" 
Q 

French and Steinberg (1947) determined the Inte11lg1bJlity of ,.. 
nonsense sy11a.bles·, as a function of the eut-off frequencies of hlgh-pa~s and 

'" 
low-pass filters for adûlt'speeeh. The lnteiligibiiity of the recelved 

speech sounds was measured in terms of a quantity called .thé artleu1ation 

score w~ch varied between 0 and 100%. An abrupt Increase ln Intelllglbiiity . . , -------' 
l , 

was obs~ved as more of the second formant ~ange was Ineluded by the fiiter 

when approached from eltber the low or high frequency dIrectIon. French and 
1 

Ste~nberg di vided the total rtinge of spèeeh frequ~ncies (2S0~7000 ftz) wt.o 
... 

20 contiguous frequency bands each of WhlCh contributed 5% to the artieu-
, ,,~~ t" 

(J 

latlon index. A ,~t~l 9f ten bands fell within the second formant range. 
, - , 

With respect ta th~ low frequencies fharacteristic of ~irst f~rmants, the 

virtua1 eilmination of low frequency informatIon by variation of the fllter 

, cut-off frequency up ta' 800 Hz caused Iess than 10% decrease I~ articulation 
1 

score. Similar resul ts had been obtained by Fletcher (1929). who illgh-pass 

fil tere~ speech" at 1000 Hz and obtained an 80% reductlon of speech 'power 1 

antl only-a 10% reduction of the artIculation score. Results of thts nature 

'- led ta the c1assica1 description of the relatIve contrIbution 6f inte1-
~ , 

ligibility of .the various parts of the speeèh spect~~ch de'signates 

the high frequencies as infbrrnation-bearing and the low frequencies, as the , 

energy-bearing portions of the speech signal. 
a 0 

In an carly study of band-pass flltering, E~an and' Wiener (1946) 

uS:d a singl~ band-pass filter ta determine articulation scores for nonsense 

.syllables spoken by a ~ale and in the presence of a mas~lng nOIse 40 dB • . . 
less than the 'average speech level. Since 70% of the nonsense sj1lables 

• 

" ., , " , .. 

" 



1 

• 

• 

, 

( 
"~ 

~ 

were correctly perce~ved when the band-pass covered the frequehcles 870-

2500 Hz, Egan and Wiener concluded that the frequencles of the speech ln 

the 1central range' were more important for,;ntelliglblilty than the low or 
1 
I~ 

lhlgh frequencles. The frequency range from 870-2500 Hz covers most of the 
,~ 

sec~~d fprmant range for male speakers. 
'J 

A later study by Kryter (1960) lnvolved the use of as m~ny as 
~ 

three band-pass fllters each wlth a bandwidth of 500 Hz and a re]ectlon 

• 
slope of 70 dB/octave. The highest artIculatIon score for any sIngle band-

pass was obtalned wlth the 1250-1750 Hz band, confirming the conclusIons 

of Egan and WIener WhlCh lndlcated that the frequencles contrlbutlng.mos~ to 

Intell1g1bllity were ln the second formant range. When Kryter presented. 

speech ,ln two band-passes~ the hlghest scores were achleved wlth a centre 
\ 

,frequency on one band at 50b or 750 Hz and the centre frequency of the other 

band-pass elther ln the reglon 1500-1750 H~ or 2S00-2750~. In addition to 
1 

1 
contrlbutlng great1y to the Intelllglbllity of the speech SIgnal, the 

10wer bands also made the speech sound natural, glving lt a 'voiced quallty'. 

These results lndlcate that the 10w frequencies of first formants do con-
, 

trlbute to intelllgibllIty. 

Slmilar results have beeQ found ln other studies presenting speech 

ln two filtered bands, many of which have lnvolved attempts ta develop 

audiornetric tests for the dlagnosls of leslons of the centr~l avditory 

pathways (Matzker, 1962; LInden, 1964; Palva, 1965; Hayashij Oh\à and 

Morimoto, 1966). The alm of these tests was to present speech in a combin-

• 

~tion of two bands and ta compare the results with the dIscrimination obtained 

fot each band separately~ In a normal subJect the dlscrlminatïon valué'for 

& 
the two-band condition exceeded the arithmetlc sum of the discrimination 

.e ". 
scores for each band. Before selectin~the band-passes for'his test, Paiva 
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) 
(1965) Investigated band-paSs combi tions takeh from the frequency areas 

between 400 an~~lOOO Hz and betwee 1200,and 3000 Hz. He found that the 

fr~uencies most Important f~r dise 

Finnish words were contained within the reg~ons 500-700 Hz and 1300-
1 

2000 Hz. Bànds selected from these two frequency regions aiso provided 
~, ) 

the best summation effect. Palva concluded that the summatlon depended 
, 
f,. 

mainly on the rel,t-~Qnship between th?, 'formant structure 
.',If f '4'J ,- ~ 

of the words and 
;, , ~ , 1 

the frequencies '01 the bartds empldYEl'd~ ând 6. that the best SU1nmatlon was _ J' 

~. f 

obtained when the frequencles ln a pâir of bands coincldedUwlth the flrst 

and second vowel formants. 

FranklIn (1969a; 1969b) studied the effect of a lpw frequency 
/ 

band of speech on consonant discrimination by normal~hearing listeners 

using the FaIrbanks Rhyme Test (Fairbanks, 1958). A'hlgh band of 1020-

2040 Hz (fil ter s lope: 60-70 dB/octave) 1 rich 1 in consonant Information 

was presented at threshold and a low band of 240-480 H~ contalning 'mInimum 

consonant InformatIon' was presented at threshold and also at 20 and 40 dB 

sensatIon level. When the hIgh'band was presented alone, consonant dis-

crimlnatlon was 40%. When the low band was added at 0 dB, 20 dB and 40 dB 

sensation level, discrimination $c~res were 55, 61 and 38%, respectlvely. 

Thus, the additIon of the low band to 1'.fe high band contributed to lntel­

ligibility when added at 0 and 20 dB sensation level, but dld not have the 

same effect on each of the consonants of the study . o 

. None of the band-pass filter stu?Jes 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 the second formant. Although the low frequencies do not function 

efficiently as a bearer of information when presented aIone', they do 



• 
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Improve recognitIon when presented together with hi~h frequencies. ,,1 

Amplitude dIstortion studles 

One klnd of amplItude distortIon is the InfinIte amplItude 

cllpping of a speech sIgnal 50 that the orIgInal speech wave lS reduced , 
ta a rectangular wave whose aXIS crossings represent the last vestiges of 

the. original waveform. Speech IS~lghly resistant tù' thlS hnd of distor-

tion. Lickllder and Pollack (1948) demonstrated that Inflnitely clipped 

speech is 52% understandable and that speech which lS given a high frequency 

emphasls by filter n~tworks prior .to cllpping is 92% discrimlnable. This 

latter form of clipped speech lS termed differentlated. Subsequent to 

the experiments of Lickllder and Pollack, Chang, Pihl and Wlren (1951) 

observed that the average rate of aXIS crossings for dlfferentlated speech 
~ 

corresponded reasonably closely to the second fGrmant frequency, wh~le the 

rate of unflltered speech prior to clipping could be Identlfied.wlth the 
1 

flrst formant frequency. Based On these observatIons, Thomas (1966; 1968a) 

hypothesized that the high intelligiblllt~ of differentlated speech mlgbt 

be related to the second formant frequency information retained in the 

distortlon process. As spectrograms of cllpped or differentlated-clipped 

---speech reveal that Whlle one formant is clearly predominant, aIl of the other 
• 

formants are present, Thomas proceeded to 'isolate' the first and second 
,.'1 

formants by band-pass filterlng before the clipping operatIon. ,Using a 
...... 

band-pass fllter with an attenuation slope of 24 dB/octave, and maximum 

ga,n at the approximate logarithmic centre of 1500 Hz fO~ the S~d for­

mant, extraction and of 500 Hz for the first formant extraction, Thomas. 

..fi ltered Egap' 5 phonetically balanced words (Egan, 1948) and presented t:hem--

to subjects for identification. The results for the clipped 
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containing 'only second formant information '" gave a 70.1%' discrimination of 
'­

the words. The int~lliglbility of clipped speech containlng 'only first for-

mant information' was 7.6%. Thomas concluded that speech ln Whlch aIl for-

mants but the second have been suppressed 1S st1l1 highly lnte lliglble. He 

attrlbuted the inteliigibility of differentIa~ed-cllpped speech ta the sur-

vival of the second formant frequency Information and hypothesized that 

the intelllglb11ity of speech which has been subjected to any combination 

of amplItude, ~requency or noise dIstortIon is largely determined by the 

extent to wh1ch second formant frequency Information survives the distortion 

process. However, the' phonetlcally balanced words WhlCh were used in thlS 

study conta~n different vowels and therefore probably had a range of first~ 
,"" 

and second formant frequencies. It seems unlikely that with band-pass 

fllters wl·th fixed eut-off frequencies and with a re]ection slope of 

24 dB/octaye, listeners were being presented with 'only second formant 

information', and with 'only first formant information'. The 24 dB/octave 

rejection slope would only moderately attenuate the frequencies beyond the 

eut-off points Qf the band-pass. 

As a more dIrect test of the major contributIon of the second 

formant to Intelligibillty, Thomas (1966; 1968b) proceeded to generate 

synthetic speech from 'only' second fotkant information by using the extrac-

ted second formant information from natural speech to generate the synthetic 
• 

speech signal. The same band-pass and clipper were used as in the prevlous 

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 
1 

the inte11xgibi1ity of a speech signal. 

<~ 
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Effects of DistortIon on Place, Manner and Voicins Distinctions 
1 

Temporal segmentation 

Sharf (1971) presented syUables containing lnit/ltt fricaltves 

an~ stops to·listeners and had them rank the consonants on the perceptual 
, 

parameters of duratlon, loudness, ~requency, sharpness and contact. The, 
~\ . 

sc ale values were compared on the basis of place" manner and 

trasts of articulation. The results indicated that duration 

voicing cot~: 
iY' 
) . . 

lS an appro-

priate perceptual parameter tor the categorization of manner distInctions. 

LIkewise, ~tudies involving' temporal truncations of sy11ables have demon-
t 

strated that manner is the phonetic feature least resistant ta this kind 
. 

of distortion (Gerstman, 1956; Barrs, 1963; Grimm, 1966; Cole and Scott, 

1973b). Duration is necessary to distinguish among classes of sounds 

produced at the same place of articulation. The sequential elimlnation 

of segmen!s of the initial part of a CV syllable contalning a fricative 

will transform the consonant into an affncate and then into\a stop 

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

has also been found to have an effect on voicing distinctions for.lnitial 

plosives, ~iceless plosives being heard as voiced with increased deletion 

of the initial part of syllables (Barrs~ ~~63; Grimm, 1966). Of tne three 
;- :") 

phonetic features of place, manner and .• V'()1cing, 'place is the most resistant 

feature ta temporal segmentation '(Gr~~:~,- Singh, 1966). 
o 

Random noise and frequency distortion 

'Miller 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, e, 5, J, 

!& a 

'. 
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, .. , 
" " m, ni paired with the vowel lai, ~der conditions of random nOIse and 

lowPand high-pass flltering. Accordlng to the feature system used by 

Miller and Nlcely, affricatlon distinguished th( frIcatives fr~~ the o~her 
1 

consonants, as was the case of nasality for nasals; thus, both affrication 
t 

and nasality represented the feature of manner of productIon. Duration 

further di fferentiated Is, z, J, 9 from ,aH other stImuli. The resul ts 

for the random noise conditIons indlcated that vOicin& ~nd nasallty were 

much less affected by noise than the other features, followed by affri-

cation and duration which were somewhat more reslstant than place. Both 

voicing and nasality were discriminable at a signal-to-nois~ ratIo as 

poor as.-12 dB while place was hard to distinguish at ratios less than 

6 dB. The results for the low-pass conditions showed considerable corres-

pondence with those of the random noise conditions, the most striking 

similarities being for place and voi~ing. The results for high-pass fil-

tering indicated that aIl featu~~s'deterloraifd in about the same way. 

High-pass filtenng removed most 'of the acoustic power of conson'ants, 

leavlng them inaudible and consequently producing quite random confusi~~\. 
The criticai frequencies for the features studied were 450 Hz for nasa~tYr 

f 
500 Hz for voicing, 750 Hz for affrication, 1900 Hz for place and 2200 Hz 

for duration. 

Gay (1970), in a study on the intelligib\'ity of the consonants 
-~--

Ip, t, k, b, 
1 -~ 

dt g, s, f,' l, v, w, j, r, 1, m, ni 11) çliff,erent vowel 

environments and under condit~ons of low-pass filtering, also found that 

place errors accounted for most of the confusions regardless of filter 

eut-off frequency, and that additional error types in the order of manner, 

voicing and nasality occurred at the lower cut-off frequencies 

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

,.. 
1 
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, 
perception of the phonetic featur~s;of place, manner and voicing seem to 

indlcate that t1me and frequency ire the most imp~dime~]ons for manner 
~ 

and voicing dlstinctions while the parameters for Pla~ident~fication lie 

only along the frequency continuum. With respect ta lntensity, the place 
t 

feature appears ta be relatively weak as it is most affected by masking 
. 

noise, whi1e voiclng is very resistant ta ~is kind Pl distortion. 

" Important Perceptua~ues 

ln addition ta the broader distortion studles described above 

which relate the phonetic features of place, manner and voicing to the-

dimensions of tlme, frequency and lntenslty, research has been carrled out 

to identify the critical acoustical varIables or eues (Haggard, 1972) 

responsible for particular distinctions. Three experimental technlques 
> 

have been commonly employed lrr determlning the important cue~ of speech: 

ana1ysis of natural speec~production of synthetic spéeeh, and finallYI 

the splicl~g and gatlng out of segments of natural speech. Analysis of the 

speetrurn of natural speech has flourished sinc~e development of the 1 
1 

\ 

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

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

and has enabled the association of particular spectrographie patterns with 

particular phonemes (Potter, Kopp and Green. 1947). Synthesis has been an~ 

important tool for testing the relative importance of the various aspeet~ 

of the sound pattern seen in the spectrogram (Fant, 1962a; Haggard, 1972). 

Much of the research on.acoustic cues has been perforrned at ~a~kin~' 
Laboratories, using synthesizers of the pattern-playback type which Jecon-

, 

vert the visual patterns of the spectrogram into sound after appropriate 

l 
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sImplifications and modifications (Cooper, 1950; 8orst, 1956). The assurnp-. , -
tion behind this method is that the spectrogram disp1ays most prominent1y 

> 

. .. 
ta the eye those features which are of greatest Importance ln auditory 

perception (Cooper, Liberman and Borst, 1951). There are severa1 kInds 

of speech synthesIzers (Cooper, 1964). Another approaeh invo1ving vocal 

tract ana10g synthesizers (Stevens, Kasowski and Fant, 1953; Fischer-
1 

Jorgensen, 1961; Cooper, 1962; Fant, 1960; 1962a) has been used to study 

the relatIons bet~en the articu1atory and physIcal aspects of the sounds, 

but this method lS not oriented towa;ds the identification of the percep-

tual1y Important parts of the speech spectrum. Research on the important 

acoustic eues with natura1 speech has most1y 1nvo1ved the sp1icing and 

recombin1ng of recorded utterances and has been c~rried out to correct or 

corroborate the conclusions drawn from synthetie speech studies. The 

fo11owing lS a review of studies on the important cues for p1osives, frIc~ 

atives, nasa1s and 1iquids, invo1ving the three methods mentioned above . 
• 

Manner dIscrimination 

In English, the manner feature is u~ed more than any other 
~ 

articu1atory cri terion ror distinguishing words from one ano'ther (Oenes, 

1963). In spite of the i~portance of ~ner dist~nctions, the acoustic 

correlates of manner cues have been 1east exp10red (Fant, 1967a). 

P10sive manner eues. The invariant energy for p10sives or 

stop consonants is characterized by a burst preceied by silence (Halle, 

Hughes and Radley, 1957). Rules for~synthesizing ploslves also usually 

calI for a silent interva1 followed by a burst, although plosives' can be 

synthesized withdht these parameters (Liberman, Ingemann, Lisker, De1aftre 

and Cooper, 1959). Anotherlimportant parameter fbr the synthesis of 

• v 
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p1oS1ves lS the first formant transition (Delattre, 1958; 1962). W1th the 

pattern-playback sy~hesizer, the b~st stop consonants ar~ produced when 
1 :' 

th,e first formant starts at 240 Hz, the lowest frequency availab le on the 

synthesizer (Delattre, L1berman and Cooper, 1955). Stevens and House .(1956) 

confirmed these findings by demollstratlng, wIth a vocal tract analog, that 
~ 1 

when closure is made in the vocal tract, as in the case of a plosive, the 
1 

lowest natural frequency of the system 1~ a Hz. 

The 1mportance of the first formant for naturâl plosiv~s was 

demonstrated by Halle, Hughes and 'Radley (1957). Listeners were presented 

with closed monosyllables conta1ning the vowels li, Q, ul followed by each 

of the six stops and with open monosyllables containing the same ~~wels, .... .,' 

but without final plos1ves. The syllables with the f1nal stops were ter-

minated after the vowe 1 by means of an ~l~c!tonic gate, 50 Jthat, no bur5t 

appeared in the test. The subJects were asked ta identify the end of the 

syllable. Halle et al. '5 results agree with thé results from Haskins 

Laboratories and 1ndicate "that the transition of the first formant plays a 

significant raIe in the identifIca~ion of stops as a class. Furthermore, 
4-

their results show that the extent of the trans1tion 1S an important factor 

when eonsidering the cue value of the first formant transition ln natural 

speech. When the first formant was high and free to move downward, closed \ 

syllables were infrequently judged ta be open. In contrast, sy~ables with 
1. 

low first formants were often judged tlo be open. 

The importance of the speed of formant transItions as a eue for 

distinguishing stops from other classes -G:f-phonemes has been,studied by 

Liberman, Delattre, Gerstman and Cooper (1956). The syllables IbEI and 
>----. 

IgE/ containing stops were synthesized and the duration of first and second 
,-
'formant transitions was varied in la msec. steps to determine whether changing 

.-
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transition speed was sufficient to convert the sy\lables in~o /wel ~ and 

/je/ containing seml-vowe1s, ~nd then into vowe1s of changing colour, 

namely luel and lie/, as th~ speed of change further Increased. The 2h nge 

from Ibl to Iwl o~curred wh~n the duration of the transljlons'reached 

40 msec., whrle Ig/'changed to~;jl around 50~60 ms~c. These results/ ndica~ 

ted that listeners were able ta use the speed of flrst and,stcond formant 

trans~tl~ns as a cue for distingulshlng between stop consonant, semi-vowel 

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

duration aspects' of transiti~n speed. Th'e dIstInction between Ib/ and /w/ 

was studied in differept vowel contexts. Plots of transition rate and . . ' 

~uration agai~st liste~er jUdgement,s, indicated th,at tratlOn rather than 

rate provided ~osufficient cue ror distingulshIng\between the two classes 

of phonemes. 

FrIcative manner eues. In natural spe~, the Invariant ~nergy 
of fricatives is characterized by a friction nOIse which is the result of 

turbulence and other nonlinear processes ln a vocal tract of complicated 

shape (Fant, 1960). Manner rules for the synthesis of frIcatives calI for 

an interval of band-limited noise (Liberman et al., 1959; Delattre, ~ 

Liberman and Cooper,' 1964) and for a first formant transitIon 

from a higher frequency than the stops (De1attre, 1958). The 
, 

. 
origmatmg 

~ 
impbrtance of 

transition duration has not'been systematically studied in the differe~-

tiation of fricatives from other classes of consonants. In natural speech 

a secondarYj cue for frIcatives may lie in the acoustlcal characteristics of 

adjacent vowels. ~e1s in fricative environments are longer in duration, 

lowe~ in fundamental frequency and greater in relative power than vowels in 

plosive environments (House and Fair~anks, 1953; Lintz and Shermàn, 1961). 

\ 

/ 
i 
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Nasal manner eues. 
, 

Nasals are charactJrized Dy the presence of 

nasal resonances in t?: invariant part of the s 
, ' 

1968) . For 

the synthesis of nasals, t~ intensi ty of nasal ha! Jess 
, ~?,. 

intense than those used to,producè synthetic vowels (Llberman, Delat~) . " 
#' ( ~~/ 

Cooper an~Gerstman, 1954; Delattre, ~958). Experiments w1th vocal tract 

analogs (Plckett, 1965) and with nasals ~ynthesized by~n analys1s-' , 
.synthesis-computer scheme (FU]lmUra, 1962) indlcate that the presence of 

r 
nasal output lS a very effectJve parameter for differentlatlng nasals 

from other classes. FUJimura fQund that the common charac\eristics of 

nasal murmurs were the existence of a very low flrst formant located 

around 300 Hz, weIl separated from the upper formant structure. 

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

of first formant transition~ (Liberman et al., 1954). The speed of tran-
/ 

\ 

~~tions appearsto contribute to the plosive-nasal dIstinction. Pickett 

\ (1965) usi~ a seriaI t~act analog syntheslzer found that the more-graduaI 

transition of nasals oaused by the 'Slugglsh movement typica~ velar 

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

and /d/. 
J 

A secondary cue for manner in final nasals 1S a nasalization of 

the adjacent vowel CLatlf, Ga11agher, Goldstein and Dani1off, 1971). One 

of rhe effe ~s of,the nasalization of a vowel is a\damplng (Delattre, 1954) 

and a, s ~quent increase in the bandwldth of the first formant (Nakata, 

195. " 
\) \ 

Liquid nî~nner eues. IJlquids ,in natural peech contaip a vocalic ) 
• 

like segment in the invariant part of the. spectrum 1968). This is 

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

only begin at the luti, but remain there 30-50 msec. before proceeding ta 
• 9 

\ 
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.' 

the steady-state positions 
,~ "-1. J 

De1attre and. Cooper~ 1957). 

o~h.e vowe1 CQ'Gonnor, Gerstm,an, Liberman, 
- ~. 

Manner rules for liqUlds aiso calI ~Qr a-. .. . " 

high~r start1ng frequency. of the fHSt formant transition' (360-400 "Hz) 
< ,,-.. 

th'an for any other c1ass of; cotlso~n~s, In addItIon formants shouid have 
• " q 

ye'lati<ve Ir slow transItIons 0 (75-100 msec. J drawn 50 as to be c;,ontinuous 
U ". ( 
with the lo'cus formants De1attre: 1958;. Llberman ct af., '1959). This 

1 

• 
~ontinuity, according t f~rther distinguishes the 11q~id6 .. , 

from the eady-state qnsets typically differ in. frequency' 
, . 

from the svirt1ng pOlOt 0\fthe transitions (Cooper, D:lattre, Llbe'rman, 

Barst and Ger5<tman, 1952; '.CQnnor et al" <>1957)." "This .fmdp.ng disagrees 
" 

with Nakata's (1959), ,who successfully ~ynthe5ized nasals with'a t~rmina1 

ana1t>g synthesizer in whidl the forlllants moved contlnuou~ly from the consonant :" 

ta 9owe1 se~ment. "TIns discT6pancy may. be the resJll t 0: dif,fçrenç~ in 

the synthe~izers uscQ in the two studies, ~not~er factor WhlÇh may p1ay a 

~ole ln the nasal-llquid di:tinctl~ls 

formant or the resonant por~l~n (CoQper 

the frequency posItIon of th~~low 

et al., 1952). 
-'\ 

J 

In summary J manner cues are C found in bath the invariant and 

. , . 
voca1ic parts of the spectrum of consonants. With respect to the vocalic 

~ G a 

part, 't'he Hrst formant transj tIOn and ~hc duration of tranSl tid'ns contribute' 

ù) ma'nner distinctions", for' sorne classes of consonants', The ll'\fonnation .. con-; 
c. 

, tift of single first formants wlth r.espect to the ~annerqfeature has not 

been assessed in natura! speech, 
1-

(, 

, . 
Place discrimination 

" 0 

Research with synthetic speech has mostly investigated6 the impor-
~ 

tance of transitions, while natural speech s~udies have éom~ared the place' , 

cues contained in the invariant and voca1ic parts of the s~ectrumY Place 

o 

. ... 
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~ S 
eues have been more ex~ensivel, studi~d in plosives thaQ in any other clas§ 

of consonants. 

Plosiv~ place eues.- Both ~rap~ltions.and bursts have be~n 1 ;. 
studled as pl.ac..e cues in pIOSl ves. The ,great m.aJ-ori ty of expe,runents' on the 

'... .. .. ... ,. ,'. 
~po~tanee ot si~gle trànsltlons ln stops have involved' the u~e of pattern-, 
play~a~k synthesized speech f

• Th'ese expenments havê systematically ~~ried 

one parameier, such 9S secbRd f~rmant transitions (Cooper, Delattre, Llberman, 

Borst and Gerstrnan, 1952; Lib'erman, De 1 att,re , Cooper and' Gerstman, 1954; ) 
. " " 

Delattte, Llberman and' Cooper, 1955) and third formant transItIons (l1arris', 
~ >-

Hoffman, Llberman, Delattre and Cooper, 1958), and have studled how these 

variations .affect the perception of stops. 
l 

The results of studies with 
ry ',' 

second formant transitions added to two formant patterns of vowels lndlcate 

that. the direction and degree of second forn'i~t tz:.~nsi tlOns can ferve' as 

c~s for the aurally perceived distinctIons among both voicéd and vOlceless 

stops, subJect agreement being greater for voiced stops. Rising transitions 

were general1y heard as Ipl or Ibl,~d fal11ng transitions fere genera1ly 

heand as It, dl or Ik; gl depending oA the size of the tran~!tion and the 
~'U 

vowe1 with which lt was paired (Cooper et al., 1952, Liberma~' et al., 1954). 
" 

Where second formants f~iled to achieve unanimous agreement among 1isteners 
-'3 ! 

t J ( r 

as ln the case of a1veo1ars wlth sorne front vowels, thlrd formants were 

seen to contribute ta place discrimination (Harris et al., 1958). The 
" 

pattern playb~ck~ however, cannot present isolated third formants in order 

to obtaln a dIrect measure of the effect of thIS eue alone, as tnird formants 

must be presented with the first and second formant tranSItions ln order ta 

producc intell~gible.sounds. In pattern-playback studies, formaut transi-
1 

tians were thought' of as rnovernents frorn an acoustic locus representiug the 
• 1.-' , 

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 requ~red that transItIons pOInt, 
\ 

but not necessarily start, at the locus trequsncy (Delattre et al., ~955). 

Second formant locus frequencies were flxed o for stops produced at the same 

pl~ce of a~tIculatlon and were independent of vowel context. Rcsults of 

"-
experlments with vocal tract analogs agree with the second formant locus 

values found with the pattern playb,ck for alVeolars, but fall to ~onflrm 
t • " 

the single locus. frequenC1es for lablals and velars (Stevens and Bouse, 

1956). Similar irregularit1es have been noted in spectrographie studles 

of ~atural specech~ (Halle, Hughes an~, RadIer, .191\; 'Lehlste and' PetE;rson, 

1961; Ohman, 1966; Fisher-Jorgensen, lj72c). The Importance of transItions 

~ 

in rfatural speech has been studled~ in syllables. contalninp unreleased fInal 

ploslves (Andresen, 1960; Fisher-Jorgensen, 1972a) and flnal ploslves in 

whleh the bursts have been gated out (Halle, Hughes and. Radley, '195-'7). AU 

these studles lndicate tha~he ~alue of aIl forma~t transItions as percep­

tuaI eues for consonants s~ems to depend on the ma~nitude of the for~ant 
, { , 

movements Which ln turu depends on the artieulator/ pOSltlOn of the .r, 

partlcular vowel and consonant involved. These observatIons have also been 

made by Wang (l.9S~ and Wartg and Fillm<?re (1961). 
~ 

In ~itjon to transitions, bursts have been studied as possIble 
J , 

place eues, in pl~ives: Liberman, Delattre and Coope,-!" (l~'2) present~'~ 

bursts synthesIze&-with the~~ttern playback, to listeners for identifi1 
.,1 

cation ~s /p, ~/ or /k/. 
" 

Bursts above 3240 Hz produeed f,t/ before any v~""el 
• 1 

-{ \\ 

whereas bursts at very low frequencies (360 Hz) produced /p/ bero~e, any > , . 
, ("" 

- .. 

.. 

v 

vowel. Bursts in the middle frequencies produced èlther /p/ or /k/ d~en­
~ 

ding on the following vowet. Liberman et ai. concluded that although bursts 
," 

may ~ct as cues in ambiguous cases, the vowel played the critical par~ in 
l 

the auditory perception of stops. Scbatz (1954) confir~ed these re~ulfs 
~ 

" 
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for the burst portlOn of the phoneme Ik/..using' rea1 speech. The burst from 

Ikl taken from syllables 'lflth Il, al and lui was heard as different"stops 

when spllced wlth each of the vowe1s /1, al and lui. Wlth the exception 

of velars, Cole and Scott (1972; 197~a) showed that wh~n ~ursts from InItial 

stops were spllcea onto the transitionless steady state of the vowel from 

which the burst was orlglna11y removed or of a di'fferent vOd'Jel, llsteners, 

were ab'le to correctly Identlfy the stops. These resu1ts demonstrated that 

l(' the e~ergr spectr'a WhlCh accompanles naturaI- stop consonants ln di~ferent 

vowe1 con-texts contains Invariant perceptual infbrmatlon. Slm11ar results 

.. 

. 
were a1so found by ~la1écot (1958) with flnal ploslVes. Malécot lnterchanged 

~ 
burst!, and .steady states o,f vowels contalning tr~nsition6. HIS resul ts 

indicated that bursts dom~nated everywhere even in cases where bur~ts were 

'" , appended to fast, segments ln Whlch a dlfferent stop was invo1 ved. Ma1écot 

conc1uded that place cues contained in p10sive bursts, and more particularly' 

vOlceless ploslve bursts, weré more powerful than those contained in the 

final transitions of the preceding,vowel. Wang (1959), using a slm11ar 

technique, a1so conflrmcd MaIécot's results. With respect to voic~less 

ploslves, Scheib and ~jnlt4 (1972) and Wlnitz, Schèib and Re~~s (1972) found 

that the importance of the burst was ln the arder of It, p/~nd flna11y Ik/, 

and that bursts lsolated frorn conversational speech'cov1d be identlfied by 

-listeners. Halle, Hughes and Rad1ey (1957), Malécot (1958) and Cole and 
<' 

Sc~tt (1972; 'l973a) a1so obtalne~ correct 'ldentiflcations of p10sives from 

bursts is01ated from sy1lab1es. These resu1ts indicate that bursts contgin 

more powerful cues than the results of poatternLplayback studi~,s had suggested.' 

The discrepancy may lie in the ~act that synt~etic bursts are ~ot represen-
, c 

tativ~ of natural 

and of aSPi;~ion .. 

• .' 1 

S eech. In naturai speech.duration of the plpsive burst 
(;) ~'-~:. 

v ry for the dlfferent stops (Fisher-Jorg~nsen, 19S4). and 

.-

-
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,,1 

the frequency concentrations' of the bursts cover a wlder range than the 

'teardrop' shape bursts of synthetIc speech. Labia1s ln natura1 speech 
\ 

were found to have a primary concentration ln the 10w frequencies (500-

1500 Hz), the alveo~ars were found to have a fIat spectrum pr one ln which 

the higher fr~quencles (above 4000 Hz) predomlnated, and the velars showed 
~ -

strong concentrations of e1nergy in IntermediatEY frequency regions (Halle 

et 'al., 1957). Cues that make possible the identlf1cat1on of the bursts as 

dlfferent 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 informatlon, sorne 

studies have been designed to ~etermine the relative importance of these 
. 

two eues. Experiments with pattern-playback synthesized speech have been 
~ ~ 

unaqie to assess the relative contrIbution Qf second formant transitIon, 

thlrd formant transitIon and burst ln the perception of place, because of 

the strong influence of the second formant transition (Hoffman, 1958). 

~x~~iments with other speech syntheslzers (Ainsworth, 1968~ and with 
1 

natura1 speech (Fisher-Jorgensen! 1972b; 'lg72e) have indicated that the 
\ 

relative importance of various féatures depends on the following vowel. . ,-

These studies-~ave investigated the relative contribution of the overall 

pattern of transitions and of, the burst, and have shown that when there is 

rnuch tongue movement in, coarticulation, the tranritions are extensive and 

their~tual importance greater. When there is litt1e tangue movement, 

airflow is turbulent and a weIl defined and perceptually important noise 
, . 

bu~st is produced. Voic~less stops depend strongly on the noise bursts 
~ . 

which play an important ro1e in perc~ptioh (Ainsw6~h, 1968a; 

/ 

1/ 
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Flscher-Jorgensen, 1972d). 

Fricative place cues. Sharf (1968) tested the disti~ctiveness 
/ 

of the plaçe of articulation feature ln fricatIves by presenting an exten-

• sive range of frIca1;lVes to listeners for identlficatlon. flis results 

indicate that llsteners have consIderable difficulty. ln Identifying fnea-

tlves from auditory eues when 
1. j 

Both transItIons and friction 

artIculatIon ln fricatives. 

th~ u~al conte~tual cues are not avaliabie. 

nOlse~ave been studied as cues for place of 
\ 

Harns ('Î95'4; 1958) using natural speech, combined the noise 

portion from one spoken frIcative vowel syllable with the vocallC portion 

from anot~er fricatIve vowel syllable. Her results indlcated that the 

important cues for the distinction- betweer /5/ and If/ were given by the 

no~ part of the syllable,' but th.at the differentiation of If 1 and Îê! 
was accomplished primarlly on the bas~s of cues contained in the transition' 

part of the syllable, whether from natural or pattern-playback synthetic 
( . 

speech (HarrIs, 1954). These results were confirrned by vocal tract analog 

(HeInZ and Stevens, 1961) and natural speech studles (Cole and Scott, 1973b). 

Voiced fricatives were st1..ldied in a Similar w<\y" (Harrl~, 1958) by recornb1ning 

friction noises and vocalic portions frorn diffe,rent syllables -in, natJ:lral 

speecb. The results were similar to those fo~ the voiceless frIcatives, 

though not as clear. The phonemes Izl and 1)1 behaved iike their unvoiced , 

counterparts. Howeve~ the results 0i Ivl and /5/ were variable for dif­

ferent vowels and were thought to be attributed to the diffieulty of spli~ng 

at the jOl~ of friction and vocalic portions. When the importance of the 
\ . , 

fricative noise is neutralised, formant transitions contrlbute to the iden- _ 

tification of place in voiced fricatives. Delattre, Liberman and Cooper , . 
(1964) using the pattern-playback synthesizer found that both second and 

,--< 
" 



• 

• 

23 

third formant transitions acted as cues for the voiced fricatIves depending\ , 

on vowe1 context, b~t that the cue value of formant transitions did not seem 

overwhe 1mmg. 

Wlth the exception of lf- el and Iv- él , fricatIves are clearl)' 

j identifiable when vowe~ transitions are removed from fricative vowel . 

. ' 

s)'llables (Harns, 1958; lIeinz and Stevens, 1961; Cole and Scott, 1973b), 

and when frIction nOlS sare presented in isolation (Hughes and Halle, 1956; 
t J"'-'l 

" r .' , _, 
, '. .J' \ '1 - 1 

Strevens,: '1960) . / /1hesa ser,,:atlOfis have led lnvesttgators ta speculate O' 
~ t," , ~ f> ~ \ 

.r ..that the important cues for he dIstInctIon between fricatives reside in 
~ 

the most prominant repon of the' ~rlCt10n nOIse: The fIl tering of synthetIc 

voiceless 'fricatives (Harris, 1956) and the analysis of natural fricatives 
\ , 

(Hughes and Halle, 1956; Strevens 1960; Jassem, 1965) ~ lndicated that 

151 has st~ concentrations of energy abov. 3600 H. WhllZ IJI never has 

concentration a~o\ve this frequenc)'. Th~ energy tor Ifl an~,{eÎI'S-. çoncen:­

trated in the mid fTequencies. The relatIve levels of frequenèy peak~ ~" 

the spectrum of natura1 frjcatives can be considered as formants. Analysis 

of leve1s and frequencies indicates that If, v, e; and /ô/ have thelr main 

concentration of energy in the second formant CI f, vi: 1550 Hz;'; e/ : 

1590 Hz; ;é/: l46~ Hz), that II; and 1)1 are most concentrated in the,third 
\ 
\ 

formant repon CI LI \ 2610 Hz; /"31: 2650 Hz), while Isi and Iz/ have 

concentrations in the' four th formant (/s/: 3950 Hz; Iz/: 39'29 Hz) 

(Jassem, 1965). In freq~ency regions ~er th an 1000 Hz, the spectra of 

voiced fricatives do not 'differ appreciably from those of the unvoiced 

(Hughes and Halle, 1956). There has been no studY'wrich has isolated the 
• 

formant regions of natural fricatives in arder to study their perceptual 

importance. In addition to concentrations of energy in various frequency 
1 • 't\. .. 

regions, other spectral features! sueh as spectr~ shape (Jassem, 1965), 
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spectrum length (Strevens, 1960) and the Intenslty of the noise ~~ to 
~ 

·the vowel (Harris, 1956; Hughes and Halle, 1956; S~rev~ns, 1960), may play "'-., 

a role ln the differentiatl0n of the various fricatives . ... 
Nasal place cues. Experiments wi th the pattern-playbaé'k-I'synthesizer 

, , 

have Indicated that second formant transitions -were cues for the perceived 

distinctions among /m, n, Q/ (Cooper, Delattre, Liberman, Borst and 

Gerstman~ 1952). Final nasa1s synthesized wlth neutra1 resonances were 

_ studie.d as cognates to both vOlced and voice1ess p10si ves. Rising' formant 

transitIons which had been heard as /b/ or /p/ were now heard as /m/. A 

comparable crossover ln which /n/ paralle1ed /d/ or /t/, and /Q/ paralleled 

/g/ or /k/ was also seen. A comparison of the results of nasals with those 
1 1 

of plosives indicated that second formant transitIons were probab1y somewhat 

1ess effective as cues for nasals than for stops. Consonants articulated 

at the sam~ place wete found to have the s·ame locus values for both classes 

of sounds. Experiments with termInal analog synthesized speeçh have can-

firmed the importance of second formant transItions for distinctions among 

nasa1s, but have found that second formant lOCI approp~late for the 

different nasa1s were not flxed, but somewhat dependent upon the adjacent , 
vowe1 (Nakata, 1959). Wl th respect to the.. starting frequencies of the)secorid 

formant, vocal tract ana10g studies have shawn that when conson;~s were 
'\., 

Identified as /m/, the second formant started between 800~1300 Hz, while 
\ 

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

2000-2500 Hz for /Q/ ;CHecker, 1962)., ' '" 
\ , 

The importance of nasal resonances in isolation for the dist~nc-

tion between lm, n, ~/ has been studied with vocal tract analog syntbetic 
. 

speech CHouse, 1957; Nakata, 1959) and with natural speech (Malécot, 1956). 

Nakata using a vocal tract analog found' that the maximum response,s for Im/, 

" 
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, 
Inl and IQI were 64, 52 and 41~ respectively at,frequencies 1100 HZ, 

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

Iml was the most IdentifIable resonance. while /Q/ was the mûst difflcult 

to identify. ,Jn generà1, synthetlc resonances (House, 1957; Nakata, 1959) 
\ 

are more readIly Identifi~ble than naturaI ones (Malécût, 1956). ThIS 
"\ 

result may be exp1alned by the fact that reson~nces are better deflned iil 

synthetic speech than ln nat~ speech, because of the hlgh damping caused 
"-

by the soft walls and lnvolved ge'ometry of the natural nasal caVl ty. Bath 
~ 

studles wlth natural and synthetic speech Ind~cate that there is a tençency 

for llsteners ta ldent1fy aIl resonances as Im/._ Lxperiments'wlth naturai 
-; 

CV and VC syltàbles ln Whi,h transItIons have been removed sho~ results 

very similar ta expenments ln whi~h resonances were presented ln isolation 

(Mal écot , 1956). 

Studies which have ~pught ta d'ctermlne whether transi tians or 
, ' 

~ \'d 

resonances were most importa~t~~erceptually have shawn that when resonaijces 

and transitions were lntercha~ed.,n SYllable; containlng nasals, stimuli 

contaln1ng an /m/. factor, whether transltron or resonance, were heard as 

Im/. ThIS was also the case for !~/, aithough ta a lesser extent, while 

/8/ required both transittons and resonances ta be identifled correctly 

(Malécot, 1956). 

Llquid place cues. The place cues for liqUlds will not be 
, 

reviewed aS /1/ waS th~ only li~uid ~sed in the present study. The liquid 

Irl which lS dist1nguished from /1/ by thlrd formant transitions (O'Connor, 

Gerstman, Llberman, Delattre and Cooper, 1957; Lisker, 1957; AInsworth; 1968b), 

was eliminated from the corpus of stimuli because of the inability of .. 
sufficient1y attenuating unwanted formants by band-pass filtering. 



) 

• 

26 

Consonant position effects on place discrIminatIon. Experiments 

wlth synthetlc speech of the pattern-playback type represent flnal tran-

. sitions as mirror Images of initIal ones and seem to Indicate that the per-

ceptuili importance of transItIons ln bath posltions IS the same (Liberman, 

Ingemann, Llsker, Delattre and Cooper, 1959). Analytlc studles of natural 

speech reveal that transItIons dlffer considerably depending upon the 

posItion of the consonant relative to the vowel (Stevens, flouse and Paul, 

1966; Broad and Fertlg, 1970), and that locus values for fInal consonants 

show great fluctuatIons (Lehlste and Peterson, 1961). Experlments wlth 
... 

naturai speech deql1ng with the identification of vOlced plosives from 

syllables ln whlch explosions have been removed (Fishcr-Jorgensen, 1972c) 

and with the identification of voiceiess pIoslves from bursts ta which vowel 

segments were added (Wln1tz, Scheib and Reeds, 1972) Indlcate that tran-

\ si tions contnbute more to the IdentIficatIon of final consonants. These 
\ 

tr' '\~eSUl ts agree W1 th the observatIon that place ln naturai speech 15 easier 

to perceive in the fInal, than ln the Initl~l position (Ahmed and Agrawal, 

1969; Gupta, Agrawal and Ahmed, 19ft9). 

Beiter and Sharf (1972) tested the identifIcatlon of consonants 

from CV and VC vowel transitions from tapes played forward and backward. 

VC transitions were slgnificantly 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 ln the con-

sonants Ip, bJ t, d, k, g, f, v, s, z, J, "31 paued wlth the vowel lai. 

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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X 
of correct IdentIfications wa~_considerably ~reater than chance for aIl 

sounds except voiceless stops, and that there were signlflcantly more 
1 

correct identifications made of VC than of CV transitions. The flndings 

were explalned on the basls of eoarticulation. It was suggested that the 

effeet of forward coartieuiatlon on the assimllatlon of consonant features 

by vowels would make VC transitIons more suffIcient eues than CV transitions. 

In surnmary, research wIth pattern-playback synthetIc speech has 
J 

indicated that the second formant transit!on is the most lmportant carrier 

~ of place informatIon for ploslves, sorne fricatlves and nasals. These 

been obtalned wIth a technique WhlCh has kept aIl parameters 
1 

and varlod only second formant tranSItIons. In addItion, this 

5 neutrallzed the invariant parts of the spectrum such as bursts,' 

nOlses and nasal resonanc~s in arder ta fully study the effect 

of second formant tranSItIons on perceptIon. Research with natural speech 

is unable to use this approach and has concentrated on comparlng place eues 
< , 

in the entire invariant part of the spectrum ta eues ln the entIre vocalic 

(y~~el steady state and tranSItion) part. These comparisons show that there 

are more place cues-ifi-tR~_ in~arlant part of the spectrum than the results 

with pattern-playback synthetic speech-Trlâr-eite~_a!ld that the relatIve 

-------lmportance of vocalic and invariant parts is dependent on th~-êXtent 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 percepti'on because of the very strong eue effect 

of the second formant. There has been no study with natural speech which 

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

frequency areas in the invariant part ~~the spectrum, relative to the 
~ 
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place feature [' 

/ 

Voicing discrimination 

Plosive voicing eues. Voicing, âspiration and artieulatory force 

have aIl been cited as a baSIS for separating the stop categories of natural 

'English. The compeiling reason for the selection of_voleing as the most 

preCIse dimension"for separating the two groups of stops is that aspiration 

has a contrastive value limited to particular contexts, while artlculatory 

force has no agreed-upon physical cotrelate (Lisker and Abramson, 1967a). 

As seen in speetrograms, vOlcing yields harmonic exCl tation of a low" 

frequeney band known as VOlee bar, during the interval of oral closure. 

This voice bar is aiso a prerequisite for the synthesls of voieed stops 

(L~erman, Ingemann, Lisker, Delattre and Cooper, 1959). Beeause of the 

several dIstInctions between the groups lb, d, g/ and /p, t, k/, researchers 

sorne single best measure by whieh to separate the two phoneme 

It was discovered that the relation between VOlee 

nset and the release of occlusion could a basis for separating 

the stop categories in various languages a d Abramson, 1964a; 1964b) 

and could lead ta perceived differences in stops (Abramson and 

Lis.ker, 1965; Lisker and Abramson, 1967b). The cho ce of the voice onset 

time mea~ur~ as an appropriate dImension for separating the two categories 

of stops does not mean that stops differ only with respect ta the feature 

-of pu1sing. Voice onset time is the glottal mechanism which controls 

voicing and is responsible for generating aspiration and articulatory 

force (Fant, 1960). Aspiration is presurned to be re1ated ta the attenu-

ation and cutback of the flrst formant. 
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, 
Experiments with pattern-p1ayback synthetic speech had lndicated 

1 that strong voiced stops cou1d on1y be synthesized by starting the flrst 

formant transition very low on the frequency sca1e tCooper et al., 1952; 

Llberman, De1attre, Cooper and Gerstman, 1954; Delattre et al., 1955). 

This observation led ta expefiments which systematica11y e1iminated a 
1'" 1 

portion of the first formant transition and successfu11y transfo~d vOlced 

stops into their vOlce1ess, cbgnates, lndicating that the de1ay ln the first 

formant was a suffieient eue for distinguishing between vOlced and voiceless 

stops (Liberman, De1attre and Cooper, 1958). The de1ay ln the first for-

~an~s a natura1 consequence of 1engthening voice onset time. In addition, 

the sub~itution of nOlse in the second and third formants du:ing the dur­

ation of'the flrst formant cutbaçk seemed to produce a greater lmpresslon 

of voiee1essness than the first formant cutback a10ne. NOlse in the reglon 
1 

of second and th~rd formants 15 an acoustlC corre1ate of a~plration. 

Both VOl~e onset time and flrst formant cutback were studied 

~simu1taneous1y ln experiments with synthe tic speech (Stevens and K1att, 

1971; 1974; Haggard and Summerfield, 1972; Summerfle1d and Haggard, 1972). 

These experiments have manipulated both cues independent1y and have indi~ 

cated that both cues share in' the perceptlon of voiclng èStevens and K1att, 

1971; 1974; Haggard and Summerfield, 1972). The presence of a first for-

mant transitlon aets as a eue for voielng and a negatlve eue for voieeless-

ness (Stevens and K1att, 1971; Summerfie1d ,and Haggard, 1972; Haggard and 

Summerfield, 1972) whl1e long voice anset times represent a major cue for 

voicelessness. A significant trading re1ationshlp exists between the two 
\ 

eues (Stevens and K1att, 1974) . , 

Fricative voic.ing eues. The important eues for voicing ln frica-

tives have not been as systematica11y studied as in p1asivek. Sorne 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 that the Interval of band-limited noise necessary for manner, be 

o~ low intensity, have a duration of 100 msec. and be accompanlcd by a 

voice bar (Delattre, 1958; Libennan et aL, 1959). In' addHion, low mten-

sity forma~s are required to run through the friction (Delattre, Liberman 

and Cooper, 1964) ~ 

In thé spectra of natural vOlced fricatives, there exists a 
" 

strong component in the region below 700 Hz, w}Hch is never prominent in 
./ 

voiceless frIcatives. In the regian greater than 1000 Hz, the spectra of 

voiced fricatives do not differ appreciably from those of the unvoiced 
~=-

fricatives. In àddition, vOlced fricatives are characterized by less hiss 

and less power than voiceless frIcatives, since the breath stream is Inter-

rupted and redu~ed in flow by the actIon of the vocal cords (Hughes and 
"" 

Halle, 1956; Strevens, 1960). 

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

Ambler and Callow (1970), that chan~s in pi tch 'at the onset of glotta.II 
e 

vibratlon may distinguish voiced and voiceless stops for some listeners. 

Experiments on the identIfication of ambiguous syllables differing only 

in the pitch curve at vOlcing onset show that a low rising pitch leads to 

the perception of initial voiced sto~s, whl1e a high falllng pltch leads to 
~ 

the perception of- voicelessness,' Haggard et al. (1970) éÜSO expected 
... 

pitch to àssist the voicing distinction in some frIcatives. 
'.,. 

In addition ta pitch, vowel duration preceding final voiced 

consonants has been found to be much longer than vowel dur~tions preceding 

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

1955; Hàlle, Hughes and Radley, 1957; Peterson and Lehiste, 1960; Lintz 
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and Sherman, 1961; Broad and Fertig, 1970). On the other hand, the 

duration of voiceleSs consonants is mu ch longer than the duratlon of voiced 

consonants. By recording the ward /Juz/ three tlmes, and spIIcing the 

three Iz/ endings onto the vowel, Denes (1955) was able_ to transform the 

ward /Juz/ into /jus/. StImuli synthesized wlth the pattern p1ayback, also 

showed that the duration of vowels and final consonants had a definite and' 

consistent influence on the perception of vOlcing, but that the~e factors 

r- -remained effectIve only in meaningfui connected speecb. 

Raphael (1972) investlgated the effeet of varying preceding vowel 
y 
1 

duration upon the perceptIon of word fInal stops, fricatives and clusters 

ln synthetic speech. His results lndleat~~hat regardless of the eues for 

vOlcing or voieelessness used in the synthesls of the final consonant or 
1 

clusler, listeners percelved the final segments as voiceless when they were 

preeeded by vowels of short' duration and as voiced when they were preeeded 

by vowels of long duration. Durati6n·was a more effective cue for stops 
~ 

and clusters than for fricatives. 

VOleed consonants also have the effect of lowering the fundamen-
• 1 

tal frequency and i~reaslng the power of the adjacent vowel CHouse and 

FairbanKs~ 1953). 

In surnmary, the research evidence indicates that the important 

cues for voicing in plosives .are the voice bar, first formant tranSition 

1 • 
and the tImIng relatIon between vOlce onset and the release of OCclusIon 

whîch is aceompanied by noise at the level of the se~ond formant. For 

'frièative~,"the voicing cue3 have not been as extensively studied as in 

ploslves,. but lie in the voice bar, in the presence of a strong eomponent 
~ 

in the invariant part of ~he spectrua and in the duration. When both 

classes of consonants are in the final position. vowel duration is an 

• 
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effective cue for voicing. There has been no study w1th natural speech 

which has assessed the éontribution of ~ingle f1rst formants to voicing . 

. 
The Low Frequencies as a Masker 

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

second formant (Peterson and Barney, 1952; Fant, 
1 

listeners have ~ hear1ng 10ss it lS necessary to 

f 
19679)' In cases whe~e 

presJnt spe~~h at a 
J 

high sound pressure level. It has been shown that when complex sounds 

such as speech sounds are arnplified, the hlgh tones begln to be masked 

by the~nes (Fletcher, 1929; French ana;Steinberg, 1947; Pa1va, 1965). 

Similarly, when speech is presented in nar!ow bands, thére is the possi-

bility of one band of speech masking another (Kryter, 1960). Hause, 

Williams, Hecker and Kryter (1965) in the development and evaluation of 

a new speech i1felligib1lity test also found that the speaker differences 

observed in their study could be tentatively eXplained by the masking of c • 

. , 

consonants by te vocalic porti~n'of a word in one speaker. ~ 

Fren h and Steinberg (1947) found that the two low frequency , 

bands Gf 250-3 5 Hz and 375-505 Hz caused the grettest amount of 1nterfer-

ence with-the higher bands. Slmi1az1y, Franklin (l969a; 1969b) found that 

a 240-480 Hz frequency band of speech acted as a masker for most consonant~ 
,ry 

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

bands contain first formant Trequencies. , ., 

According to Marti~, t~bergero and Pickett (1972),. Martin, Pickett 

and Col ten (1971.), Danaher, OsbJrger and Pickett (1973) and PÙkett and 
ô 

Danaher (1973), the upward spread of masking which occurs at high soun.Q;. 
",'. 

_ pressure levels in the presence of low,frequency energy has been in'part 
... , . 
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responslble for ,he reduced dIscrimination ablilty found in most subjects 

witn sensorlneural losses. MartIn, Plckett and Colten (1972) studleo the 
., 

ù 

discrimination of synthetic formant transItIons ln llsteners wlth severe 
• 

sensonneural losses. Second formant s, were presented alone and 'In the ,. 
presence of flrst formants. In the second formant alone condItion, most 

, , 

sUbtlcts had low discrlmination thresholds. However, when the subjects 

had,to dlscrlminate the frequency of the second'formant ln presence of the 

\ fust, then dIscriminatIon was reduced and thelr thresholds were hlgher. 
\ 

When the flrst and second formants were clo~in fr~~uency, ~he reduction 
, i/' 

ln dIscrIminatIon was gr~at. The auth~(nterpreted these flndlngs ~s 

(. 'ln~icapng that low fT'~quency vowel formants can protluce masklng which 

reduces the ablllty to dlscriminate cues' Hl the hlgher frequenCles. When 

normal ~aring listeners were tested at sound pressur€ levels of 95-105 dB, 

substantial amounts of m~sking also occurred and Martln, Vldett and 
, 

Colten (1972) concluded that a reduced discrImInation ablilty characteriz6s 
\ " 

most subJects who llsten at high sound pressure levels. Other variables 

were found to influence masklng, namely the frequency reglan in which the 

second formant transitions occurred, the relatIve amplitudes of first and 
" 

'~ second formants, and tinally the pre~ehce'Of a transitIon ln the flrst 

fo~nt (Danaher t Osberger a~d Pickett, 1973). First formant transitIons 

were found to give ~he stimuli a'more speech-like quality, but alsa to 

produce a masking of a different nature than that produced by the first 

formant' ste'ady state. These resul ts could be re1aJ;ed ta ,the reduced dis-

crimlnatlon\thatOnormally occ6rs within phoneme boundarles (Llberman, 

Harris, Hoffman and Griffith, 1957). First fo~mants which bid been sucees-
" 

- ?i ve ly eut baek, as in VOlee less stops, were also seen to pt'oduee a type .. , 
of backward masking which could reduce the discrimination of frequency 

~ 

/ 

, 
l' 1 4 
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\ c 

transitioRs which preceded them (Da~aner and Plckett, 1973; Plckett,ànd 

Danaher, 1973). Each of the se. masklng effects Was aiso found in normal 
, \ 

• ~ , \ f~ 
hearlng subJects who were tested,at hIgh sound pressure leveis. 

\ 

Methods to re,duce the maskIng ef;fect of the fust tormant have 

been stud~ed by Pickett and DanaQer ~1973) who presented synth~tic first 

and second formants dlchotlcally and obtalncd improvements ln second fot-

mant transition discrimination. A diçhotic presentatIon of natural, speech 

flltered ln low and hign frequency bands has alsà been foundJto decrease 

,t~-masklng effeet and lmprove speech discrimInatIon (Franklin, 1969a; 

h969,b; 1972). 

Another approach,tO the problem of masklng by low\frequencies 

been to reduce the en~rgy of th~first formant. Ù~naryer, os~erger a~d 
, ' 

Pickett (lg73) found that synthetlc second formant transItion thresholds 

improved when the energy of the flrst formant was reduced. The auth~rs 

has i 

dld not conslder attenuating the first formant compietely since ~t contains 

" 
'Important'speech information'. \ 

\ 

With natural speech, enhancement of spe~;h 
\ 

conditions of masking,sucq as high noise levels, has 

intelli~ibiJity ln 

been obtalned by a 

'remQY~L'_ of_the fust formant and subsequent InfInite peak clipping of ~e 

speec~ signal (Thomas and Niederjohn, 1968; 1970; Thomàs and Ravindran, 1971). .. . 
These studies involved the fIlterIng of PB words wIth a high pass filt~: 

having a eut-off frequency of (1l00 H~ and a,t tenuation s lopes of 24 dB/ oct~ve 

(Thomas and Nlêderjohn, 1968) and 12 dB/octave (Thomas and Niederjohn, 1970; 

Thomas and Ravindran, 1971). The filter characteristl s and the stimulus 

material indicate that the flrst formant was not 'elimin ted i , but.moderately' 
-''----------

at,tenuated. 
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In view of the improvements in discrimination given by the fIltered 

clipped speech in a masking sItuation, Thoma~ and Sparks (1970; 19~1) used 

the same method ta test sub]ects with hearing lasses. The results indicated 

that hig_h~r l.ntelligibi lit Y scores were obtained for the IDodified speech 
L 

'and the authors concluded that the use of filtered clipped speech with the 
1 _ 

first formant 'ellminated' was an effective means of IncreasIng speech dis-

'~rlminatlon for' subJects wi th various types of hearing impairment. In 
'. f 

subsequent research it was dIscover~d that high-pass filtering and clippIng 

, offered little advantage oVer sImple hlgh-pass flltering with respect ta 
t 

improvement in Intelligibility in noisy conditions (Thomas and Ohley~ 19ï2) 

and by hearing-impalred subjects 1ffannebecker, 1972). 
\ 

In summary. 'studies wi th synthetic and natural speech indicate 

that the hlgh sound pressure-levels ~hich represent the listenIng conditions 
, , 

"of deaf 'listeners lead ta a spread of masking- of high frequency information 

by low frequencies. One approaçh to this problem has been the attenuation ' 
. \, 

and the possible ellIDlnation of t~e first forma~t. It~ems that the inior-
: . 

mation content of tR-é- first formant of natural- speech should ~et', a~sessed .. 
before such measures are "taken. 

'\ 

' ... . ', 

1 , 

\ 

\ 
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RATIONALE FOR THE STUDY 

Research w~th synthetic speech has indicated that the ,second 

formant transitIon is the predominant carrier of place informatIon for 
" 

most 'consonétnts, and that the first formant transItion contains both 

manner and vOicing InformatIon. Resea~ch with synthetlc spee~ has also 
.., ,1' 

indlcated that at high sound pressure.leJels the first formant frequencies 

produce a masking of second formant transitions. 

Research wi th natura] speech has indITectly shawn that fre-. 

quencies in the second formant range kre the main contributors to intel­

ligibility, and that Jirst formant fr~quencies aid in recogr ltion . V-ce 

cues qave béen found in both invariant and vocalic parts of the speitrum, , 
1 ,. 

the relative Importance of each part depending on contextual factors ,such 

as vowel and posItion. Manner and vOlcing cues have not been as extensively 

studied as place eues, but' have been associated with the invariant part of 
'" 

the spectrum and with dur~ional features. High levels of presentation 

~·have also been feund to cause a deç~ase in intelligibility, with the attenu-
, 

ation and 'possible elimination' of first formants allevia.~ing the problem. 

There have been as yet no studies which have asse\~~ed the' con-

tribution of isolated first and second formants to consonant Intelilgi-, 

bility and to the perception of ~he features of place, manner and voicing, 

and which have investigated the effêct of both formants together at èom-
.; .• ~f f 

fortable and high sound pressure' lè~eïs on intelligibility and on the per-

ception of the three phonetic,features. 

1t is the purpose of the present investigatIon to study the 

intelligib1lity and the perception of the features of place, manner and 

voicing in the consonants /p, b, t, d, k, g, f, ~, Sl z, J, ~, e, 0, m, ni 
\ 
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and /1/ in filtered CV and VC syllables containing both formants at an 

~rall comfort~le level ,(~6nditidn FI2L), the second formant alone 

(Condi tion P2), the firs,t' formant alone (Condition FI) and both formants 
1 

at a high overall sound pressure level (ConditIon F12H). The front vowel 
'4" 

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

because they enabled adeq~ate attenuation of unwanted formants by band-

pass filtering. In addition these two vowels differed in the frequency 
1 

proximity of theIr tirst two formants. , 

It was hypothesized that, of the filter conditions, Condition FI2L 

would be the most intellIgible condition, CondÙion FI tht Ieast intellIgible, 

and that Cond1tion F12H would show a decrease in intelli~ibility relatlve 

to Condition F12L. 

With respect to th~ place feature, It was hypothesized .that 

Conditions Fl2L and F2 would show the smallest number of place errors, with 
~ 

Condition FI havln~ the highest number of place errors. It was also hypo-. , 
thesized that ConditIon F12H would show an increase in place errors 

relatIve to ~12L and that this increase wbuld be greater for consonants in 
'tt..... '-

the /u/ environment than in the /1/ environment because of the proximity of 

the first two formants in the vowel /ù/. It was also hypothesized that, 

for aIl conditions eontaining the second formant, place errors would vary 

as a function of consonants, vowels and consonant positIon. 

Since manner eues are found i~ the first formant transition and' 

in the invariant part of the speetrum, it was hypothesized that the smaIIest 
"-

number'of manner errors would oeeur in those conditions eontalning the 
1 

1 

first formant and invariant energy at the level of the first two formants, 

namely Cond,i tions F12L and Fl2H. It was also hypothes~zed that in 

Condation FI manner would be best pereeived in those classes of consonants 
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. 
"'-- \-

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

• be best perceived in those classes of consonants cued by invariant energy 

at the Ievel of the second formant. 
... 
f 

Voicing cues are found in the voice bàr, first, formant transition, 

and in the invariant part of the spectrum. It was hypothesized that the 

smallest number of voicing errors would oecur in those filter conditions 
~ , 

o èontainlng both of these cues namely Conditions Fl2L and F12H. It was aiso 

hypothesized that in Condition FI, voicing would be best ~erceived in those 

consonants cued by low frequencies, and that in Condi tiorr-'F~, voicing wouid 

be best perceived in those consonants cued by invariant energy and by 

durational characteristics at the levei of ~he second formant. ~) 

, 

... 

t 
( 
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PROCEDURE 

This study involved the binaural presentation of eight lists of 

CV and VC SYlÇ~leS to twenty normal hearing listeners under four f~lter 
- ./ 

~onditions and one unflltered condition. The experimental design is SUID-

marized in Table 1. e 
, ' '1 

\ 
Each list of 68 items was formed by.four repetitions of the 17 \ 

consonants Ip, b, t, d, k, g, f, y', s, z, J, ?' e, 0, m, n, 1/ in a syllablé 

with a constant vowel. The eight lists were formed by pairing the con-

sonants pre- and'postvocallcally with the vowels /1/ and lu/, and by using 

two speakers ta record the stImuli. V 
The filter conditions are labelled according to the presence or 

of first and second formants: 

Co~ition F12L: Both first and second formants present at 

Condition l FI: 
1 

Condit~~? F2: 

Condition Fl2T 

an overall comfortable listenlng level. 

First formant present, second formant absent. 

Second formant present, flrst formant absent . 

Both first and second formants present at an 

overall high sound pressure level. 
lit! 

• 0 

The terms fi~st and second formant refer ta filtered utterances 

co~tai~ing predominantfy first and/or second formants, in WhlCh unwanted 

formants have been se!erelY attenuated. 

In the li;tening tests, afte~ each stimulus presentation the 

subject was requir~ to write down th1 consonant he heard. Afte~ the pre­

senta tion of~.. Jsts under a,11 fOu) (y,-tet conditions. 11:)1e subi ects were 

given the same ~ts in the u)1iltered\state. 

.. 
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TABLE l 

Summary of Experimental Design 

Design: Repeated measures 

Variables: \ 

'Speakers: 

Consonants: 

V.owels: 
'Pos i tions: 
Conditions: 

1 , , 
Subjects: 

" 

Two males. JD and RS 

17 consonants: 
',6 plosives Ip, bl' t. d, k, gl 
8 fricatives It. v, s, z. J. ?' e, 01 
2 rtasals lm, ni 
l liquid III 

1 Il and lui 
Inittal, final. 
CondItion F12L: FI at 66 dB ùSPL , 

F2 46 and 50 dB SPL at 
Condition H: FI at 66 dB SPL 
Condition F2: F2 at 46 and 50 dB SPL 
Condi tlOn FI2H: FI at 100 dB SPL 

F2 at 80 and 84 dB SPL 
Unfi1tered ConditIon: 66 dB SPL 

20 normai-hearing Iisteners 

CornEosition of the eight lists of 68 items in which each slilable was 
reEeated four times in random order: 

List Speaker Vowei Consonant Posltlon 

l JD III CV 
2 'JD 11/ VC 
3 JD lui CV 
4 JD lui VC 
5 RS III CV 
6 RS 11/ VC 
7 RS lu/ CV 
8 RS /ul VC 

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. ' r 
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The procedure is described ln detai1 under five headings: 

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

4) preparation of flltered stimulI and 5) subJects and test presentation. 

Speech Materials 

1 • 

Seventeen consonants comprlsing six plosives /p, b, t, d, k, g/, 
1 

eight frIcatives /f, v, s, z, J, ?, e, 8/, two nasals /m, n/ and one 

liquld 11/ were chosen for the study. Initia1ly the llquid Ir/ was also 

included in the test material, but the very low third formant of the 

invariant part of the spectrum for this consonant (Potter, Kopp and 

Green, 1947; O'Connor et al., 1957; Fant, 1968) made the fl1tering-out 

of unwanted formants impossible. 

The cri teria for the selection of the vowels were as follows: 
1 

a) a spaclng-out ln frequency of the fust three fotmants which 
# 

would permit the extraction of a single formant by fi~ters with fixed 

centre frequency for the duration of the whole syllab1e, 

b) approximately the same amplitude of the second formant rela-
1 

tive to the first, but with differences ln the frequency separation of 

the first two formants for the two vowels. These criteria would enable 

the study of the effectlof the upward spread of rnasking of the second 

formant by the first, relative to formant frequency proxirnlty (Martin, 

Pickett and Col ten, 1972). 

The vowels /1/ and lu/ were found ,to meet these criteria 

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

\ 
\ 

\ 
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• TABLE 2 

Summary of characteristics of vowe1s III and lui (from Petèd,on and 

Barney (1952), male voice). 

1 

Freqùency (Hz) 
~ 

Intensity (dB SPL) l 
.... 

" .. 

VoweI FI F2 F3 FI F2 F3 

/11 390 1990 '2550 65 , 45 41 

lui 300 8'70 2240 65 49 25 

1/ 

• f . 

\ 

\ 
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Recording of the Syllables 

Syllables spoken by two Engllsh speaking males, JD and RS, were 

recorded on tape in a soundproof room (lAC Mode1 1203-A). The stimuli 

were spoken into a Unldyne III Model SM S6 mIcrophone) plaeed 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 ta read the stimuli ln a 
1 

natural manner and to maintain a single level of loudness, even Intonation 
\ ,. 

and the same duration for aIl syllables. During the reeordlng of the 

SYllables,'\he recording level was adJusted to'produce a VU meter reading 
li 

between 0 and -3 dB. The matenal was r,ecorded on two quarter track of 

l! mil my1ar tape, at a speed of 3-3/4 ips on a Revox Madel 77-A tape 

recorder. 

Each syllable was recorded threè~times) and the best recording 

in terms of clar~ty, duratlon and intonation was selected for use in the 
~-

study. Eight tapes designated as Tapes A were made by dubbing each of 

the seventeen seleeted syl1ables four times in random order to make one 

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

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

Spectrographie Analysis 

Wide band (300 Hz} spectrograms (Kay Elemetries Sonagraph 

Model 6061-8) with an 80-8000 Hz frequency range were made of aIl the 

original 136 syllables usep in the study. Male speakers were ehosen 

because çf the more clearly defined patternsof-formants obtained with 

/ 
( J 
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broad-band analysis. Female voices often show a mixture of formant and 

harmonic structure (Fant, 1968). 
1 

In order to check the accuracy of the filtering, the 

tered utterances were also analyzed on the spectrograph. ~~en 

l '1 

272 fil-/ \ 
, \-, 

the Tesults 

from the wlde band analysis were not weIl deflned, narrow band (45 Hz) 

recordings and contour displays were made. Flgure 1 shows an example of 

the wide band spectrogram of the syllables /pI/, IbII and Iml/ taken from 

List 1. 

Before making the spectrograms, ~he spectrograph was callbrated 

for frequency, Intensity and the duration of the slgnals wlth a 

speclally prepared tape. Precautions were always taken to prevent over-

loadlng and intermodulatjon effects by carefully regulating the input level 

1 
to th~ spectrograph (Fant, 1962b; Lindblom, 1962). 

The spectrograms were first analyzed by segmenting them into 

sections following Fant's (1962a) speclficational system b~sed on manner 

of production. The vowe1 formants and formant transitions were grouped 
. 

in one segment, and the invarlant features formed another segment. Thin 

1ines were then drawn marking the centre~he first, second and third 

formant bars as se~h in the spectrograms (Ohman, 1966). The averag~ 

error found by Lindblom (1962) using the Kay Sonograph with a 300 ~z 

analyzing bandwidth and a frequency scale of 2000 Hz/inch was less than 

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

From the voca1ic segment (vowel steady state and transition): 

Ci) The fundamenta1 frequency. This was derived by counting 

the number of periods for the tirst centiseconds (! inch) of 
t 

l ',}. 

the steady state Qf the v~e~ f~rmant; 
~ , 

.. 

-
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- '"', (H) t1'!e hlghest céntre frequencies of the, first and second 

vowel formants in their steady or transltlonal states; 

(iii) the lowest centre frequencies of the second" and third 
~ 

vowel formants in thiir steady and transitional states. 

From the invariant segment (bursts of stops, frictlQn noises of 
! . 

fricatives, nasal resonances and vocallc likè resonances of 

liquids) : 

(iv) an attempt was made to read the first, second and~thlrd 

formant frequencies of the invariant part of the energy spectrurn, 

by fo1lowlng Fant's acoustic correlates of manner of pro~cti6n 

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

was placed on reading the frequencies for the second formant or 

'hub' CPotter, Kopp and Kopp, 1966) ln order to inc1ude ~hese .. 
" frequencies ln, the second formant band-passes. 

'- "-.. ' 

Not aIl features 1isted above were weIl defined for each utterance. 

Since sounds articu1ated at the ~ame place show formant pattern transltions 

that are almost identlcal (Fant, 1960), the syllables,of each 1ist which 

contained consonants that were produced in the same manner were grouped 

and the same eut-off frequencies of the filters were used for aIl syllables 

in the same group. The nasa1s wêre grouped with the plosives~as they are 

often thought of as being 'nasal stops (Malécot, 1956). The syllables of 

each list fell into eighti groups: Ip, b, ml, It, d, ni, Ik, 9/, If, vi, 

15, zl, 1 J ~ ':5/, le, 51 and 1/11 which formedqa' sepa~ate group. ,When the 

second formant of the invariant part could not be seen in any of the eon-

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

1966) were included. The results of the spectrographie analysis for the ~ 
f 

136 syllables are shown in Appendix A. 

, ". 

.0 
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Preparation of Filtered Stimuli 

The prepa'ration of the fIl tered matenal consisted of filtering 

the first 'and second formànts of each utterance separately and recdrding 

these on two different quarter tracks of a magnetic tqpe. eut-off fre-

quencles of ~he band-pass filter were determined from the spectrographie 

u analysls of each utterance and th~ re j ectlon s lope of the fil t~r. 

1 

Determlnatlon of the ~and-pass filter cut-off frequencles 

For the extraction of the second formant, th~ follo~ing frequen-

cies were read from the spectrograms (vocalic and invariant segments) of 

the syllables of the same group: 

a) the lowest and highest second formant centre frequenciès, 

b) the highest first formant Centre fr~quency, 

c) the lowest third formant centre frequency . .. 

" 

An example is shown in Table 3. These frequencies were then plott~d along-

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 frequ~ncies were plotted alongside the frequency response of the fllter: 
~ 

a) the lowest fundamental frequency, 

b) the highest first forrna~t centre frequency, 

o c) "the lowest second formant centre frequency (Figure 2). 
1 

,/ Centre frequencies were judged adequate because of the relatively 

narrow ba~dwiJths of the first two formants (Dunn, 1961; Fant, 1967b). Two 

cri teria were set up for the selection of each band-pass .. The first cdn­

A minimum attenuation of 
1 

cerned the attenuation of unwan~ed signaIs. 
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TABLE 3 f 
( 

DeterminatlQn of filter.cut-off frequencies for flrst and second formant band-pass (syllab1es pI-bI-mI, 

~ist 1), . J 

, 
Original Final 

High FI Invariant Low F2 Hlgh F2 Law F3 
. "-

Band-Pass eut-Off Band-Pass eut-Off 

Consonant C,Hz) .1 FZ ,(Hz) (Hz) (Hz) (Hz) Frequencies (Hz) Frequencles (Hz~* 
1 • . 

;. 

x ~ ... p 

<Il' 
0 

P . -. 1 520 1020 R 2000 2040 2760 FI: 140-560 Fl: 140-520 

b 560 1020 R 1800 2000 2640 F2 ~ 870-2040 F2: 900 -1950 

m 560 870 R 1800 2'000 2500 ., 

-', 

* meeting criteria of minimum attenuation. JI 
---;R: Reported value (Potter, Kopp and Kopp, 1966) 
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Figure 2: Determination fràm frequency response of filter (7adB/oetave) of eut-off frequeneies (or first 

and second formant band-passes for syllàble group /pI, bI; mV:-- (List 1) 
J" 
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30'dB of third formant centre frequencies and of 50 dB of first formant 

centre frequencies was required relative to th6 centre frequency of the 

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

third formants, Slnçe fit~t vowel formants are more intense than any other 

vowel formants (Pet~rson and Ba!ney, 1952; Fant, 1967b). ~ minimum attenu­

ation of 50 dB for second formant centre frequencies relative ta the 

centre frequency of the Erst formant band-pass '",as alsb required. When 

bhèse criteria were met the spectrograms of the filtered utterances clearly 
, 

displayed only the first or second formants (Figures 3 and 4).. In extreme 
\ 

cases, if the previously selected eut-off points did not pr~vrde the 

required attenuation, the eut-off points were ~ifted to rneet the criterion 

which, of course,resulted ln the decrement of the bandw1dth of the filter 

and an attenuatiQn of the prevl0usly selected eut-off frequencies (Figur~ 2). 
1 1 

The second criterion required that the bandwidth for any band-

pass shouid not be 1ess than 200 Hz. This assured \reasonable temporal 

resolution of the fil~er.-
" 

~ The, frequeney eut-off points .. of the first \nd 

band-passes fare shown in Appendix A an~ the attenuat~\n 
\ 

band-passes is given in Appendices Band C. 

Preparatfon of the taFes for the filtered stimuli 

second formant 
a. 

proVlded by the 

The filtering was accomplished by playing a tape on· a R~vox 

Model 77-A r,ecorder, whose output was passed through two Rock1and active 

filters Modeis 1042-F and 1000 connected in series. The filters were 

Butterworth prototypes and proVlded. a combined roll-off of 72 dB/octave. ., 

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

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

- 1 
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Figure 4: Filtered second formants of syllables Ipll, Ibll and ImI/. (List 1) 
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analyzer (Ceneral RadIo Model 1900A). 

Since the fInal test tape had the flrst and second formants of 

each syllable on separate tracks j the fil terlng process was carried out 

in two stages. In the first stage, Tapes A contalnlng the elght 11Sts 

were used as the Input to the fllters. Second formants were extracted 

and recorded on one trad. of a tape whlle on the second track the unfi 1-

tered syllables \'Jere dubbed. ThIS tape 15 referred to as' Tape B. Tape B 

was used ln the second stage, WhlCh conslsteù of flltering and recording 
~ 

the first formant on one track of a tape while dubbing the second formant 

on the other, glvlng rlse to Tape C. ThIS procedure was necessary to 

ensure synchronization of the two formants. Tape C then contained the first 

formants o~ one track and the second formants on the othcr. A 10w Input 

level anù a consIderable weakenlng of the sIgnal after fllterlng neces-

sitated the use of amplifIcatIon by settlng the comblned gaIn of the fl1-

ters to 80 dB for second formants and to 60 dB for flrst formants. The 
1 

recording level of the tape recorder was always adJusted to keep VU meter 

readlngs between 0 and -3 dB for dubb~g and recordlng of the filtered 

signaIs. Four copIes of Tape C were made, each contalnlng aIl filtered 

IlstS with an lnterstlmulus duration of three seconds between utterances. 

These coples were called Tapes Dl, 02, 03, 04 and each was used for an 

equal number of tlmes in the testlng of subJects. ThIS ensured that the 

quality of the recordlngs would remain acceptable and not deteriorate 

because of tape stretchlng. A summary of the preparatIon of the flltered 

~b tapeg 15 shown in Table 4. The syllables in Tapes 0 were Îlot 

numbered, but cach llSt was divided into four sections containing 17 items . 

A copy of Tape A was used to present the unfiltered material ta the 

subJects. 
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TABLE 4 

Surnrnary of the preparation of the filtered speech tapes. 

1 

\, 

Original recording 

, 
Tapes A: Each sy~lable dubbed fo~r times in random order. 

~ 1 
T~"B: Second formant on one track, unfiltered signal 

, 

l 
, , 

" 
~ 

~ 

Tape l 

on other trac~. 

Second formant on one track, first formant on 

l other track. 

Tapes Dl-4 : Three second interstimulus duration, four-
\ 

sections per list. 

l, 

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

give the same VU readings on the tape recorder as the average peak values 
/ 

of tJl~lltered sy11ables. The calibration tone for the first formant 

was a 400 Hz pure tone and that for the ~econd formant a 1500 Hz pure tone. 

These reptesent the average centre frequencies for the flrSt and second 

formant band-passes. For the unfiltered material, a 1000 Hz pure tone 

was used. 

Training tap..e 

A training tape was made WhlCh included 80 syllables, ten 

syl1ables chôsen randomly from each filtered list. The training- tape thus 

comprlsed the filtered first and second formants on separate tracks. 

/Subjects and Test Presentation 

Subjects 

The su~ects were 20 paid university students, fifteen women 

and five men, ranging in age from 18 to 2S years. AlI sub)ects had 

normal hearing as indicated by a screening test at 15 dB HL '(ANSI-1969), 

for octave frequencies between 250 and 4000 Hz. .. 
AlI subJects listened to the syllables binaurally and recorded • 

their responses on a printed response sheet. Each subje~t was tested 

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

additional training period which lasted approximately 2S 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 ch~nnel speech"audlometer Model 162. Depen-
" 

ding up~n' the test condItion, the speech audiometer del1vered each signal 

// indIvIdually or both sIgnaIs mixed to the two earphones (Telephonlcs 
~ 

Model TDH-39 mounted ln MX 41/AR cushlons), located Ins1de a soundproof 

room where the subJects llstened. 1t was possible to control t~e syllable 

level for first and second formants separately by means ùf the gain control 

and attenuators on the speech audiometer. 

Instructions for the subJects 

14· Instruct10ns for the listening 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 
~ 

the y heard. They were further Instructed to make a guess if t~y were not 

certaIn what consonant they had hcard, and were urged that under no circum-

stances should a response space on the sheet be left blank. A card with 

th~17 consonants used ln the study was avaliable for reference throughout 

the tests. Those who had no experience in phonetics were instructed to 

writt down special characters corresponding to certaIn sounds, for example 

/sh/ for Ifl, Ithl for I~/, ITh/. for lél and /jl for I~/. 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 FI. During the training 
" 
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immediate' feedback was given. The subjects were informed that the purpose 

of the traIning tape was ta give them experlence in Ilstening to filterèd 

speech and that these results would not be included in the final score. If 

a subject left blankp or 1ncluded consonants which were not used 1~the 
. (he was g1Ven further instructlon. ,,' • "1 

study, 

Test sessions .. 
After the training period, the sûbJect was tested for five 

sessions. Each of the first_four consisted of the presentation of the 

eight 1i5t5 under the four filter conditions. In the fifth session the 

unfiltered material was presented in order to study the intelligibility of 

the consonants and estabilsh a basellne for comparison. 

The four experimental conditIons were as follow'5: 

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

conversational speech) and second formant~ presented at the 

corresponding relative amplitudes, namely 46 dB SPL for syllables 

with the vowel II/ and 50 dB SPL for syllables with the vowel 

lui (Peterson and Ba~~y, 1952); 

Condition FI: First formants presented at 66 dB SPL; 

Condi tion F2: - -Second formants presented at 46 dB SPL, (syllab les 

with III) and at 50 dB SPL (syllables wIth lui). 

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 vowei III and 84 dB for 

syllables wit~ the vowel lui . 

A pilot study had indicated that a possible learning effect 

occurred when Condi~ion F2 was preceded by Condition F12L. In order to 
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control for thi.: four orders of presentation ,~~~'><\~ 
each condition occurred once in each position: 

arder 1: Conditions Fl~ F2, F12L, F12H 

arder 2: Conditions FI2H, FI, F2, F12L 

arder 3: Conditions FI2L, F12H, Fl, F~ 

Order 4: éonditions F2, F12L, F12H, FI 

in 
'" 

" . 

• 

such a way that 

"'" 

". 

For a particular arder, the eight lists were randornized within 

'each condition. Five subjects were assigned to each order. ~àch.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 

exarnple: 
I~ 

... 
Session Ctmdition F12L Condition F12H Condition FI Condition F2 

~ 
p . 

1 . List 7 (lst list) Loist 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 Â List 7 List' ·4 W;s.t- 6 -1 

3 List B d List 6 .,., .... "'List 5 Li~t 5 
.e~ 

List 3 
. .,.~~.,. ... '"" 

.- ...... .Li·s1;-.. ·S· . List 1 List 1 

4 List 4 List 4 List '8 List 2 

.i List 5 
1 

List 1 List 3 List 8 

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

J 1 r J 

in random order . 1 

; , ) - / 

'. 
"-
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Data Ana1ys1ê 

1 
In preparation of the stImulI, two different speakers had been , 

used to ensure generali ty of the resu1 ts. Spearman' s coeffIcient of rank 

correlatIon (Ferguson, 1971) was calculated between the two speakers for 

the palred ranks of the seventeen consonants for each experlmental con-

dition. The coefficIents of rank correlatIon were sufficiently high for 

each condition (Rho: 0.809, 0.775, O.72~nd 0.850 for ConditIons Fl2L, 

FI, F2 and F12H, respectively) to indicate uniformity ln the responses t6 
"'-" 

the stImuli spoken by the two speakers. This uniformlty can also be seen 

by the comparlson of consonant tanks listed in Table 5. For aIl further 

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

The data were analyzed in two ways: 

Separate analyses of vanance (NEW" 08V Analysù of Varian~e 
, , 

<. / ! 
Program,. BIomedIcal Computer progranis, W. 1. Dixon CEd.), 1970) were 

. calcu1ated ln terms ~ the number of correct consonant identifIcations and 

the number of errors wlth respect to each of the three phonetic features . 

of place, manner and vOlcing. The number of c~rrect co~onant Identifications 

was used as a mea5ure of intelli&lbility. The three phonetlc feature5 were 
, 

st~dIed indepenclently, altho~gh 'i~ 15 recognized that an lflcorreét resl'0nse 
\ ( 

may differ from the stImulus in onè';. two or three of the features. Place 
""" 

errors were responses WhlCh differed i~lace of artitulation from'that of 

t~e stimulus, regardless of manner of productIon and voicing. Manner and 

vOicIhg errors were determined in,a slmilar way. Table 6 lists the six 

places of articulation, the four manners of productIon and the vOlced-

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

It should b~' noted tjlat- these features were not equally distributed for 

al! sÜmuli. With ~respect to the place feature. the consonants were 





61 ,. 
TABLE 0 6 

.. 
Place of articulation, manner of production and vOlcing for the 17 consonants 

employed in the present study. 
<,' ~:J 

Place of Manner of 
V' • Consonant ArticulatIon Production olcIng 

..-'~ 

, 
p bilabial piosive voiceless 

b bilablal p10sive voiced 

t alveolar 
1 

plosive vOlceless 

d alveo1ar plosive voiced 

-k velar . plosive voiceless 

9 velar , plosive voiced 

f labiodental fricatIve voiceless 

v labIodental fricati ve voiced 

s alveolar fricative voiceless , 
~ 

z alveolar fricative voiced 

J palatal fricative voiceless 

~ palatal fricative voiced 

e interdental 
r, 

fncati ve vOlceless 

5 interden.tal fricati ve voiced 

m bi labial nasal voiced 

n alveolar nasal voiced 

~lveolar l:i:quid voiced 

I~ 
" 1 • ' / 

~ 
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f 

divided into three bllablals, SIX alveolars~ two velars, two labiodentals, 

two paiatais and two lnterdentais. ,With respect to mallner of productIon 
, J 

there were) SIX plOSlves, elght fricatlve~, two nasals and one llquid. 

VOlclng divlded the sounds into ten voiced and seven vOlceless consonants. .. . 
A total of twenty analyses of yariance_ were performed. These 

are Ilsted ln Table 7. The first four comprlsed four filter conditlons-

" ' "-by-17 consonants· analyses performed separate ly on each of the dependent 

- ~ariables, namely th~ number of correct consonant IdentIficatIons and the 

nu~ber of place, manner and voicing errors. The subsequent sixteen 
" 

analyses (Analyses 5-20 of Table 7) comprised a 17 consoriants-by-two 
• • 
vowels-by-two pOSItIons analysIs for cach dependent v\rIable.and eRch 

fiiter condItion. 
~ 

The .01 level of confldenqe was adopted wlth signlfl~ce Ieveis 
-\ - , 

futther evaluated by the conservatlve test recommended by Greenhouse and 

Gelsser (1959). The ,cQnservative test invo~vesothe U5e of reduced degrees 
1 

of freedom Slnce there i5 a posslblilty of vlolatlng the assumption of 

~omogenei ty .of' covariance and posi tively biasing the r-test wi th a repeated 

measures deslgn. MultIple compar~sons of means for significant main' 

effects and l~teractions were carried out uSlng Tukey's proceâure 6f honestly 

sigmfl:Cant d,ifferences (Winer,' 1971) . In the" case of s-ignificéfnt inter-
~ , 

actIons, the critical differences between means were calculated using thé 
- ( 

combined mean square erro~ and the degrees of freedQ~ computed with·the 

Satterthwa~te app~o~im~tion as recommended 'by Winer (1971). The .01 level \~ 

of confid"ence was also adopted for the 'res.ul tS of the Tukey procedure of 

honestly significant difference . 
1 , 

(2) The con~onant confusions ",ere analyzed by the:generation 

),' 
" 

.' , 
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TABLE 7 

\ 
, 1'" 

-1 " 
LIst -of analyses of variance performed in the preSent study. , , 

....... --- - ~----~--~ 

'" Ana1ysIs Independent Variables Dependent Variables 
e ., 1 

" AIl Conditions l 4 conditionS-x-17 consonants consonant identIfic'atIons 
2 4 conditions-x-17 consonants place errors 
3 4 ~onditions-x-f7 consonants , m'ann,er . errors 

, - 4 4 conditions-x-17 consonants voicing errors 
.It 

-" (~ondition F1 
~ 

5 2 ~owels-x-2 positions-x-17 consonants conSOnant identificatIons 
6 ..2 vowel~-x-2 p'osi tions-x-17 consonants place errors 
7 2 vQwels-x-2 positions-x-17 consonants manner errors ..... . ' .. 
8 2 vowels-x-2 positions-x-17 con'sonants vOlcing errors 

...... t- ~~ 

0-

9 . ~~, - , 
lN Condition F2 Z vowe1s-x-2 positiQns-x-17 consonant"s':. consonant identifIcatIons , 

• .. 10 2 vow~ls-x-2 positions-x-17 consonants.- place errors 
11 2 vowels-x-2 ~ositlons-x-17 conson~nts manner errors , : 

/ 
12 2 v~wels-x-2 positions-x-l~ consonants vOlcing errors 

Contlition FlZL 13 Z vowelsf'x-z~sitions-X-17 consonants çonsonant iderrtification~ 
... 14 Z vowe1s-x-2 positi~ns-x-17 consonants place errors 

,-~-- 15 2 vowels-x-2 positions-x-17 consonants, manner errors 
16 2 vowels-x-2 positions-x-17 consonants vôicing errors 

A • Condition F12H 17 2 vowe1s-x-2 positions-x-17 cOnsonants consonant identIfications 
18 Z vowe1s-x-2 posltions-x-17 consonants place errors .. 
1:9 2 vowels-x-2 positions-x-17 consonants manner errors 
20 2 vowels-x-2'positions-x~17 consonants voicing errors 

.~ 

-~ ,. 

.. 
" 
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of confusion matrlces for each filter condition. ~le data for the'two 

vowels and two positions were pooled to pro~lde a more,stable eS1imate of 

the consonant confus~ons under each filter condition. A spatial rep~~sen-
, J 

tation of the perceptual structure of the 17 consonants was then carr~ed 
! 

out for.each filter condition by uSlng 'Kruskal's {1964a) no~-metric multi-
l 

dimensional scaling procedure (MS-SCAL computer program (Kruskal, 1964b)1~ 
j 

",,' , 

.. 
l), .-.-

"'" 
"\ '-. 

• 
. - -

fIIIII* 
~~ 

) 

.. 
\ " 
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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 III or lui, under filter condItIons where the 

subJects he~rd both formants at a norm~l listening level (FI2L) as cpm­

pa~éd with conditIons containlng only the first formant (FI), only the 

sec~d formant (F2), and both formants at a ,high level of pres'entatlon 

(F12H). Within each condItion the errors in consonant perception were 

studied as related to the thre~ phonetic features of place of artlculation, 

-manner of production and voiclng. A fi/th conditIon, in ~hich listeners 

heard the unfi1tered material, enabled a comparlson with CondItion F12L, 
~ ~ 

whIch was the filter condition most closely resernbhng natural speech. 

The results for the unfiltered con~tion are given fIrst. Of 

the four fil ter condItions, the results for Condition Fl2L are always pre­
<-

sented first wIthin each ,analysis, and the results of the remainIng three 

• fi1ter conditions are th en compared with those for Condition F12L. 

Unfiltered Materlai 

Whe~e test stimuli were prese~ted with no fi1tening, overall 
7 

intelligibility was high (93.3%) and there was little,variation as a 
, ~ . \ 

functioIT of vowe1s (93.18% for III a~d 93.42% for lui) ~r positlQI (93.30% 
t 

tor initiai lnd 93.28% for final). The least Intelligible consonants were 

le, C, f, v, pl and the main substItutions for these ~sonants involved 

place confusl~ns (Table 21, ~. 92). Because of the~gh scores, statistics 

were not perfo~d ory the data for the unfiltered materia1. The results 

, .......... 
J 
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fior Condition F12L will be compiired to those for the unfiltered material 

in separate paragraph~ at th~ end of the Analyses of Variance and Analysis 
l 

of Consonant Confuslons sections. 

Analyses of Variance 

'. The twenty analyses of variance performed provide a very detailed 
1 

account of the effect of filterlng, and only those comparisons most relevant 
., 

to the main nypotheses are presented . 
• 

The four,filter contlitions-by-17 consonants analyses were carried 

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

interaction. The 17 consonants-by~two vowels-by-two positlons analyses 
" , .. 

were earried out toassess the consonant main effeet for each condition, , 
which wi 11 be interpreted in the cori~ext of 'sigmficant eondition-by-

consonant (F x C) interactlons in the'-:preceding analyses, and si~~ificant 

vowel-by-eonsonant (V x C) and significant posltion-by-consonant (P x C) 
, " 

i~eractions for the four eonditlons. Significant vowel-by-position (V x Pj 

and vowel-by-position-by-consonant CV x p x C) interactions, althoug~ not 

'of • , primary importance for this study, are reported briefly in Appendlx G. 

Summaries of the analyses of variance are presented in Appendix 0 

GCh the levels of significance are listed for the reduced degrees,of 
J 

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

nificancer(p <.01) are rlported as different in the text. 
~ 1 

Mai~ effect of filt~ring 
'/' ) 

In the four analyses which assessëd the çonsonants undèr the 

four filter conditions, all main effeets for conditions and'consonants 

b 

.. 
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and aIl condition-by-consonant interactions were signifi~ant. The differen-
• 

tial filter effect on the consonant me an scores and the differences between 

consonants within each filter condition WIll be reported in the followlng 

sections. 

The intelligibility and error percentages for each dependent 

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

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

conditIons are shown in Appendix E. 

" Of the four condItIons, ConditIon Fl2L in which listeners heard~ 

both for~nts at a normal level of presentatIon gave the hIgh&st overall ~ 

t consonant intelilgibillt~, and CondItIon FI which contained only the first 

formant gave the lowest overall intelllglblllty. The overaii intellIgibility 

of consonants was not dlfferent in CondItion F2 ln WhlCh listeners heard 

only the second formant, from Conditj~n Fl2H ln whlch both formants were 

presented at a high level. With respect to the errors for the three 

phonetic features, Cond~tlons F12L and F2 gave the smallest number of 

opIace errors followed by C~ndition F12H and finally ConditIon FI had the 
'f 

?ighest number of plac~.errors. The number of manner errors was hlghest 

in CondItIon FI, and did not dIffer for the three remalning conditions. 

There were fewer vOlclng errors ln bath ConditIons Fl2L a~d F12H than in 

" 
ConditIons FI And F2 WhlCh dld; not differ from one another with resp~ct 

to this feature. A comparison of CondItIon F12L and F2 indlcates that the 

removal of the flrst formant had the effect of decreasing overall intel-

ligibility and"lncreasing the number of voiclng errors, but did not 

affèct the overall perception of manner and place. The removal of the 

second formant as seen by comparing Conditions Fl2L a~d FI, decreased 

Intelliglbllity~nd increased the number of errors for aIl three po~netic 
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TABLE 8 

Intelligibi1i ty and error ~e/rcentages for the four filter ,conditions. 
\ ~ ,'-

Conditions 

F12L Fl F2 F12H 

• ï 
\ 
\\ 

\ 
.~* 

L Correct CONsonant ' l, 

identifications 61.7 23 :2 
'-'.1 

56.0 56.4 
-

\' 
Place errors\ 33.9 69.2 35.0 38.8 ! 

.,A 

Manner errors 9.6 35.3 10.8 13.3 

~ 
i~ 

~ 

Voicing errors 3.9 9.7 11.2 3:8 

;, 

'" 

• 

, i 
1 

• 
, , 

" '\, 



------------------------............ ~ 

• 

• 

69 

features. A comparison of ConditIons FI an~ F2 Indicates that both first 

and second formants contalned equal vOlcing InformatIon, but that ConditIon 

F2 contained more place and manner information. The effect of a hi~Ùl level 

of presentatIOn as secn by companng CondItIons Fl2L an'd Fl211 had the effect 

of dccreasing Intelllglblilty and lncreaslng the nurnber of place errors, 

but did not change the overall"perceptlon of manner and vOlclng. Although 

the three phonetlc features could not easlly be càmpaxed statlstlcalIy, 

it should be noted that the number of place errors ~xceeded the number 0 

manner errors and vOlclng errors for aIl conditions, as ml )e predicted 
.---;:-;:~ 

ln terms of the dlfferent values for each~e (Table 6, p. (1). 

DifferentIaI flIter ~~ 

~-~--

The percentages of intelliglbllity and errors for each consonant 

under the four fllter COndJtlons are shown ln Table 9. The consonant mean 

scores across the four condItIons wer~ comparcd ln order to Investlgate 

which consonants were affccted by the removal of the flrst formant as seen 

ln CondItions F 12L and F2, by the removal of the second formant as seen ln 

CondItIons F12L and FI, and by amplifIcation as see~ ln CondItIons F12H 

and F12L. Furthermore, the relative information content of first and· 

second formants wi th rererence to the tqree phonetlc features was assessed 

for eac~consonant by crmparing CondItIons FI and F2. MultIple comparlsons 

" of consonant mean ~cores across filter conditIons were performed with the 

Tukey procedure. The results appear ln Table 9 ând ln greater detail in 

Appendix F. Only the comparisons relevant to the hypothesis wlil Qe 

reported ln ihe text. The-)remalmng cornparisons are presented in table 
f 

1-
form in Âppendlx F, for thÛse readers who may wish to make a more thorough 

study of the dlfferential effect of filterln~on the consonants. 
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TABLE 9 

~ 
Intelligibility and error percentages for the three phonetl~eatures> 17 consonants and four" lter cond>tions. 

8.84% for~anner errors, 

. :; 

(Tukey range: 10.97% for correct consonant IdentifIcations, 10.81% for place errors, 

6.28% for voiclng errors.) 

Correct Consonant 
_ ~entiflcations Place Errors Manner Errors VoiCl.ng Errors 

COhsonant F12L FI F2 Fl~H F12L FI F2 F12H F12L FI F2 F12H F12L FI F2 F12H 

P 

b 

t 

d 

k 

9 

f 

v 

5 

z 

f , 
e 
a 
m 

n 

55.8 28.3 ~3.4 58.8 42.3 69.2 52.2 40.2 1.7 16.6 4.1 

85.0 40.8 54.7 83.3 13.1 56.1 27.2 15.2 3.8 14.2 23.6 

1.4 4.8 13.9 9.1 2.8 

3.8 1.3 9.2 19.1 2.3 

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 

83.6 42.0 66.4 78.4 ~6.3 57.5 20.0 20.8 0.8 2.2' 13.8 0.0 0.8 1.6 Il.7 0.9 

96.6 36.1 93.3 92.8 3.1 62.8 4.8 7.0 0.2 

,88~4 27.0 51.7 79.7 9.8 72.0 25.5 17.8 0.9 

9.4 0.8 0.0 
, .. -

6.3 7.7 3.6 

1.3 

2.0 

7.8 2.3 0.2 

2.5 28.4 2.7 

63.4 24.8 

40.6 24.1 

23.0 

37.7 

77 .2 

16.9 

8.9 

4.7 

5.6 

.. 
57.0 58.6 32.3 70.6 35.3 37.8 

53.3 34.1 58.6' 75.6 40.6 65.2 

30.0 

41.1 

78.4 
1 
~
3.6 ll.8 62.? 

22. 53.3 59.5 

/8.4 18.6 94.5 . .. 
72:3 69.~ 24.8 94.2 

65.3 

53.1 

11.6 

12.2 

84.4 

59.1 

20.8 

29.8 

6.3 50.0 

26.7 50.5 

2 :--0 
1 

10.3 

(J.8 

11.4 

39.2 

54.7 

32.3 

54.8 

ro.3 13.1 

8~ 39.1 

~B 2.5 

1.'Z·Y21.9 

1.3 0.5 

5.0 18.6 

7.8 

5.3 

5.6 

6.6 

6.1 

1.7 

17.5 

6.9 

22.5 

4.4 

17.7 

9.4 

18.4 

13.8 

7.3 

12.0 

12.2 

18.0 74.5 

31.6 

30.2 

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 

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 

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 
~ 

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 

9.8 

6.3 

5.5 

5.5 

2.7 

3.1 

5.3 

7.0 

1.3 

LI 

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 

• 

-....] 

o 
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A éomparison of Cond1tions F12L and F2 indIcates that the ploslves 

Ip. b, d, gl and ~he nasal Inl were less intelligible when only the second 

formant was present,while the vOlced fricative Iv~, was more IntellIgible 

with' only the second formant. The remainlng consonants showed no change 

in Intelligibility when the flrst formant was removed. The absence of 

the first formant.decreased the number of place errors in Iv/ and /~. 

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

19/. Manner errors also decreased in CondItion F2 relatIve ta F12L for • 
Ivl, but Inc~eased for the voiced plosives Ibl and /d/, and the nasal/ni. 

With respect ta voicing errors, the absence of the first formant had th~ 
.1 

effect of Increasing the number of er'rors for lb, d, g, f, v, ")1. These 

comparisons Indlcate that the flrst formant contained sorne place infor-

mation for Ib/ and Igl, manner informatIon for lb, d, ni and voicing infor-

mation' for the voiced/plosives and th~ fricatIves If, v, )/. The presence 

of the first formant was detrimentai to the perceptloh of place and manner 

for Ivl and of place for 1)/., 

A comparison of CondItIons r12L and FI indlcates that aIl con-
.' . 

sonan/ts except It/ and 15/ became less Ihtelllgible in the absence of the 
t 

second formant. Wlth respect to the three phonetic features, the r~moval 

• 
of the second formant increased the number of place errors for aIl con-

sonants except It/ and Iz/, the number of manner errors for aIl consonants 

except Idl and 19/, and the number of vOlcing errors for the vOlceless 

plosives, the voiceless fricatIves If, 5,l fi and' for the vOlced consonants 

lb f ?, ml. The'se comparisons show that the second formant contnbuted 
j ~ 

place and manner info~mation for almost aIl of the consonants and vQicing 

information for about haif of the 17 consonants. 
" 
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A comparifion of Conditions FI and F2 Indicates that aIl consonants 
1 

were more IntelligIble ln the condltlon containlng the second formant aloneo 

than in the condItIon contalning the flrst formant alone. In addItion, 

place ertors were fewest ln ConditIon F2 for aIl conso~ants exc~pt It, s, zl, 

WhlCh show~d no dlfference ln place errors betwee~'Fl and F2. There were 

fewer manner errors ln F2 for the voiceless ploslves Ip, t/, aIl fricatives, 

the nasals and III. but more manner errors for the vOlced plosives'/b. dl, 

and no dlfference for the plosives Ikl and /g/. There Were more vOlclng 

errors in Condition F2 than FI for the vOlced plosives lb, d, gl and the 

voiced fricatives Iv,z, ,l, but fewer errors for 151 and Iml, wlth no 

differeDce for the remaining consonants. For the two formants, therefore, 

the second ~ontalned more place Information for the majority of consonants, 

more manner InformatIon for the vOlceless plosives Ip, t/, aIl fricatives, 

the nasils and III, ,and more voiClng mformatlon only for Is/.atld./m/; 

whlle the flrst formant contained more mannér InformatIon for the vDlced 
, 

plosives lb, dl. and more voicing informatIon for the vOlced plosi ves lb, 
1 

d, gl and vOlced fricatives Iv, z, "JI. Both forman\s contained, as mu ch 
) .1 

'Information with respect to place for It, SI z/, nfoner for Ik, gl and 

voicing for Ip': t, k, f ,. J:. B: .5, n, 1/.· \ 

The effects of telatively high sound pressure level of the two 

formants can be seen by cemparing ConditIons F12L and F12H. Only the con­

sonants Izi and Iml were less Intelligible in CondItion Fl2H than in F12L. 

With respect to place errors, there were no differences ln the number! 

place errors for indlvidual consonants. Manner errors Increased ln 

Condi tion F 1 H for Iv, z, Il and the indi vidu~l consohants Sh~ n,O dif-

ferences between Fl2L and F12H 'With respect to voicing errors, Increasing 

sound pressure level had the effect of :tecreaSing intelllgibillty~nd 
" 

o 
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\ 
1 , , 
! 

-! 
1 
1 

consona~) ~ut did not increase 
. ~J" 

increasing manner errors for à minority of 

the '~~nsonants. 
-,-

the number of place or voicing errors for any of 
r 

1 

DiEfer~nces between consonants within each filter condItion 

The effect ts within filter conditions was significant 

for 'each of the four depende t with t~e excJptlon of voicing 
.~.." -

. errors for COndItions El2L an ordet to assess the relative infor-
\ . 

mation of each condition for ea consonant, multIple comparlsons were 

carried out using the Tukey proc~ ure. The detalled results are shown in 
(\ 

Appendix p and Table 10 shows the slgnificant consonant sroupings for each 

dependent varlablè under each condItIon. 

~h~ consonant group's obtarned for CondItIon Fl2L inda.cate that 

the Intel1ïgibility of the vOlceless ploslVe Ik/, the voiced plosiyçs, .the 
1 

- nasals and the fricatIves II. ?/ tended ta be higher than that of the 

voiceless plosives /p, t/ and the fncatives /5, d, ,~, z, vi,., the intel-

ligibillty of Ifl and /11 be\ng of intermedlate accuracy. Consonant 

inteiligibiiity wa~ Influenced by the accuracy with which the place feature 
1 

was perceived, as seen by the simllar consonant groupings for place errors 

and intelliglbillty. With respect to the manner feature, there were rela-

tively fewer errors for aIl plosives, the voiceless frIcatives and the 

../ nasal Inl thari for the nasal Iml, the voiced frIcatives and the liquid III. 

It should be not~d that any error response for the liquid III was considered 
) , 

• r 

a manner errorisince /11 was the only c..onsonant of its class. The consonant 
t· 

Ikl was the most Intelligible consonant ln Condition F12L witn the least 
, 

number of place and manner er'tors. No ,$,Igmficant differences among con-

sonan~s occutred wLth respect to the vo{cing f&ature in F12L. 
/" 

\ 

• 
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.,Groups of con~onants not differing signiuoont 
1 . ' " 

CONDITION fl,?L 
high low 

k 9 n b d J m ? f P t v z è Ô 5 

r 
low " high -

k n 9 m b d f ? 1 f P z t V Ô e 5 

'k J d~g pst b e f n z ? m 0 V 

No significant differences among 
consonants. 

~ 

CONDITION F2 
higp' ,-,":::' ,/ low 
f~n)dfbvI9tPzseô 

Fe 
~--

low ' , hlgh 
k r{ ? m d 9 bit v,t p Z 5 Ô e ... 
,/ '" 

k f z P 5 ? t 9 e V m f Q Ô n b. 1 
~. 

~ / 
~~ 

m n k 1 5 Ô t P d z l ev? t,b 9 

\ 

e\. 
TABLE 10 

from one another as found with the Tukey procedur 

Correct Consonant 
Identifications 

Place Errors 

Manner Errors 

Voiclng Errors 

Correct, Consonant 
Ide,nti fi cations 

Place Errors 

Manner Errors 

VOlclng Errors 

" 

CONDITION FI 
hlgh , ' 

d b n k t p 9 f V 1 m 5 z ô.e ? J 
Iow 

low hlgh 
nib cl t z 5 k m p f 9 V Ô e ? l 

.. 
, d,:g k b p:t n J' 5 m e f v Ô z ? 

---' d 9 n z v m Ô k 1 b ? tep f J 5 

.... 
CONDITION F12H ~ 

hJgh Iow 
k b 9 J d n ? m p f t,veozs 

, Iow high 
Js...bngmSd?1 fptzveôs 

k d J t p 5 9 ben f ? z m Ô V 1 

~o signiflcant differences among 
-~========~~~~~~~~==~;:::= cons@nants. /~ r J 

-?' • 

--.-J 
~ 
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The consonant groups obtalned for Condition FI showed that a~l 
- , 

piosives and the nasal In/ formed the most Lntelllgible groups of consonants. 

and the frIcatIves II, ~, e, 6, z, ?I the least IntellIgIble group of 

consonants., The intelliglbility of lm, 1, v, f/ was of IntermeJlate 

accuracy. Slmilar consonant grouplngs occurred wlth respect to place 

errBr~. wlth the exceptIon of Il, z, 51, being part of the group with the 

d smallest numwr of plàce .errors. -Manner errors were r~latlvely few for 

plbsives and hlgh for,most frlc~tlves and the llquld 11/, the Identlfl-
t î.' , 

catI on of manner for 't'!Jc nasals and for the fncaq.'Ve$ 1 J 1 and 151 being of 
~ :.w.. 'i 

lntcrmedlatc accuracy. The gross groupings for vOlclng indlcateJ that 

accuracy was highe'~ for aIl vOlceJ sounds together WI th ,the voice less 
r 

plosive Ik/'jand the lowest for the remalning vOlceless consonants. 

TNc groups of conso~ant5 obtalned for ConditIon F2 showed that 
( 

the plosive Ik/, th,~'~hasals: tht- frIcatIves II, 'JI and the ploslve Id!- w~re 

the most IntelligIble consonant~ wlth the fewest pl~ce errors, and that 

the frIcatIves 15, z, e, ôl were the least IntellIgIble consonants wlth the 

.,., 
hlgncst number of place errors. No systematic cl~sterlng of plosives or 

fricatIves occurred wlth respect ta Inteiligibllity and place errors. 

Manner errors were fewest for aIl fricatlves except là/, for the vOlceless 
~ 

ploslves, for /gl ~nd the nasal Iml, a~:were hi,ghest for Id, d, n) b, Il. 

No s1stematlc grouplng of vOlced and vo celess consonants occurred wlth 
,1 • If, 

. ) 
respect to vOIclng errors. Voicing was weIl ldentlfied in the nasals, the 

llquidJI/, the voiceless p\osives and the fricatives 15, ô/. The co~-

" sonants 1'7;, Of, b, gl gave the most vOl~lr~g errors ln Condition F2. 

~e groups of.consOfiants in Condition F12H were very slmilar to 

those obtal'ned in Condition "f12L. 
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Effects of vowel context 

The depcndent varIables fur WhlCh the effect of vowels and tnè , . 
'vo'1e1-by-consonant InteractIo,n were slgnlf1cant appear ln Table Il, and 

the IntelllglHlllty and error percentagcs for each consonant in the two 

vowel enVlronments arc'shown ln Tables 12 ta 15 for the four depegdent 

varIables and four fllter condItions. ln Tahles 12 to 15 the slgniflcant 

dlfferenccs ln mean scores ~tween the two vowcl enVITomnents ~ as o~alned 
• t ~r 

~lth th~ Tuk~y procedure, are InUlcated for the dependent variables and 
1 .. .. 

condltlons~r WhlCh the V x C -lnteractIon, was slgnlfieant. 
'(î 

In \Conditlon F17L slgrnflcant JIfferences between vowels were 
1 

found for aIl Eour dependent vprlables, and the vowel-by-consoqant inter-
/- ~ 

action was SI nlflcant for aIl depe/de~t ~ariables exceFt vOlclng erro~s. 

Overall Int~l 19iblilty and the overall perception of place, manner and 

t ' 
vOlclng we~e Jore -acute for consonants ln the ,III environment than in the 

lui envir,onment. With 'r~spect ta IndlvIdual fonsonants, intel1igibllit~ 
Was hlgher and 'place errors fewer WI th /II for Ip,' f, I, 7;1 and wd:h lül 

o 1 
" ... 

for Id, 5, z, ~/. The consonant /t/ was mare IntelligIble wIth /1/, but" 

showad no sigrü1fl.cant dlfference in the number of place errors betweett-' 

the two vowel environments. Although t~ overall percepti~n of manner 
,'fi"" 

.,!O,was mbre a'cute for the II 1 envlTonment, analysis of indi vldual consonants 

reveals that thlS was only t~e case for' Iv, ), m, Il, whl1e only là/- had 
~ 

fewer manner crrürs wlth lui. 
.. 4-

In ConditIon FI, differences between vowels wereiiound for aIl 
~ 'C~~ 

dependeQt variables except voicing errors, and 'the vowel-by-consonant 
.. .' 

interact~on was slgniflcant for manner and vOlcing errors. Ov~rall intel-

ligi~~llty and overa11 perceptIon of the place feature were more acute 
, J 

• 
for consonants ln the IlL envlronment, than~in the lui environment. With 

, 

, f 

, 

. . , 
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TABLE 'll 

S1gnificant V and V x C "interactions. 

" 
.: 

, 
FIL TER 

• c' 

Depelldent 
Variaole 

~" 

Correct 
Consonant 
Identifications 

" 
... 

F12L' 

------- "'. 

v v x le-- - V 

-' 

7 t 
----------- 1 

/ 
.' 

/ 
/x· 

/./~ 

. / 

" x x 

.~ -' 

FI 

~' ""\ \ 

- .. .. 
.2J,!iCe Errors - \~ 

Manner Errors x 
, 1 

( 
, '" 

Voi dhg Errors x ~. 
o 't / . .(~ 

'\ 
- , ... 

x 
~ , 

9 

x 

.... 
o 

,-

x 

x 

// 

. ~ 

v x C 

x 

" 

x 
! 
r 

CON..oITIOt\S 

\ / 
Ft .' 

V \ x C 

~. 

'" 
x 

x 

x 

".,. 

"- . 
.. -'~ 

v 

x 

x 

• 
;/ 

l' 

Fl2H 

v..)( C 

~ 

,~~-

x 

f"T-. 

X 

x 

~ 
/' 

". 

cr. 

! 
1 

1 
1 

... 1 
: , 
1 

1 

1 
, , 
, 
1 
1 
1 

1 

:j\ 

i 

• 

\, 
. \ 

1 

.... 
... --- .... ~ - .. 

i 
l, 
1 - ! 
1 

1 
1 ~ 
1 
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• TABLE- 12 
. 

Intell1g1bil1ty percent ages for each tonsonant l~ the two vowel 

environments. 

F~2L FI F2 F121! 

/Il luI /II luI /II luI /II lui 
0 

p 68.8 42'.8* 31.6 25.0 ' 60.9 25.9* 69.1· 48 :ll-r 

b 91.6 . 78.4 42.5 39.1 S3.8 55.6 84:4 82.8 

t 45.0 39.7 29.4 37.2 49.7 45.9 48.1 3'6.6 

d 73..4 93.8* 4~.5 , 41.6 52.5 SO.3* 65.0 91.9* 
1 

'" k )95.0, 98.1 47.5 24.7 92.5 94.1 87.5 98.1 

~ 
.. 

1 

t 9 86.9 90.0 42.8 Il. 3 . 57.2 46.3' 79.4 80.0 

f 72.8 ~' 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 ILS 37.5 44.7 14.1 30.9* 

f 97.2 57.2* 7.5 . 1.9 91. 3 65.6« 98.4 . 58.4* j 

J ? 97:8 51. 3-- ~ 8.1 3'.1 84.1 60.6* 92.5 46.6* 

e 20.0 43.1 .6 9~7 11. 9,' 39.4* 6.9 56.6*' .. 
0 26·t 34.l ; 9.1 19..1 .... 30.3 16.9 37.5* .. 

, ... m 81.6 68.8 
f 

J.9.7 78.4 88.1 68.1 ;;8.1 
'. l 

" '.' ·81.6 91/6 50.9 'f;9.! -:; 66.,6 84.4* 6S
c

.4 86.9* n 
.... ~ ' ... 

-~ 

~ 69.1 44.4* 22.8 - 22.2 68.4 36.9* 60.6 ~3.8* 
---. 

~ " .• ~ :1 . 0 

* slgnlficant dif~erence, between the two vowel envlronment;s Cp <~" 01). 0 0", 
, 

\() '-

Tukey ~,range . ,cross vowels: 13.5% f'o'; F12L, 13.63% for F2, 14.0% 'for F12H. . , 

" . , 
'" 

/' 
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• TABLE 13 
..., 

'), 
Place error percentages for each consonant in the two vowe, enVlronrnents. 

J 
-j F12L FI f.Z F12H 

/1/ lui /II luI /II lui /II lui 

p 29.7 5'5.0* 6S.~ 73~4 32.8 71.6* r 3O
.
0

, 
50.3:" - '-

D 7 J5 18."8 53.8 58.4 20.3 34.i* 12.8 17.5 
~ 

" t 53.1 5~.~ 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.ff.1L 

k 5.0 1.3 51.6 74.1 5.9 3.8 12.2 1.9 

9 13.1 6.6 56.6 87.5 -19.4 ' 31: 6 20:3 15.3 

f 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 61.3. 69.1 

84.1 65.6* 64.7 59.4 83.8 46.9* 90.0 " 7~L8 s 
, 

z 60.6 45.9* 56.3 62.8 , 57.8 48.4 63.4 54.7 

l 2.5 34.7* 92.2'~6.9 1.3 21.9* 1.3 40.3* 
. 

24 _ r* ? 1.6 48.1 * 91.6 6.9 0.3 6'.6 53.1 * 

e 79.1 51. 9* 94.1 , 90.0 86.'3.1 55.6* 92.~ 42.2* 

" 85~ ô 69.4 61.3 &9.4 75.9 64.4 78.8 55.9* 

~ 
C' _J,' 

1 

m 11.9 72.2 65.9 21..3 4.1,* , 25.9 . 12.5 , , ,.,. 

n 11.6 1.6 " , 42.2 51.6. 18.1 5.6 U.1 ~7 .5* 

19.4 30.6 50.3 45.0 25.9 38.1 32.8 38.1 • 

* " signlficant diff~re.nce between the two vowel eJlvi~onments Cp < .oq . 

• . 
Tukey range across vowels: 1_ 75% for F12L,. 13.13% for F2, 13.75% ...... for F12H_ 

( , , 

, . ,-
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(_/ 
TABCE 14 

Manner errot percentages for each consonant ln the two vowe1 enVlronments. 

p 

b 

t 

d 

k 

9 

f 

v 

5 

z 

e 

m 

/II 

1.3 

0.9 

2.5 

o.\) 

o 0.3 

0.9 

3.4 

6.6 

0.3 

12.8 

0.6 

0.0 

7.2 

31.6 

10.0 

F12L 

lui 

2. :z. 

6.6 

2.8 

0.6 

0.0 

0.9 

~ 9 .• ri 

46.9* 

3.8 

7.8 

0.9 

22.8* 

,5.3 . 

12.5* 

23.1 * 

FI 

/II /" lui 

15.0 

14.4 

20.0 

1.9 

5.0 

3.8 

46.9 

53.1 " 

29.7 

55.9 

29.4 

48.1 

~o 

60.6 

_ 26.3 

18.1 

14" 1 
1\ 

25.3\ 

13.8 

8.8 

53.1 

47.8 

48.8* 

53.4 

35.3 

(rl.6* 
" 

. 45.6 

40.6* 

F12H , 

III lui /II lui 

1 

6.6 1.6 0.9 1.9 

25.0 22.2 1.6 5.9 

8.8 3.4 0.6 2.2 

17.5 10.0 0.0 0.0 

1.3 0.3 0.0 0.0 

7.8 . 7.5 6.9 0.3 

9.1 11.6 3.8" 22.5* 

4.7 12.8 24.7 53.4* 

4.4 4.4 0.9 4.1 

0.9 3.4 27 .2 16.6* 
.' 

0.6 1.9 0.3 0,6 
. 

0.3 9.7* 1.6 35.6* 

13.4 3.1* 4.4 5.6 

21. 3 
~ 

36.6 21.9'" . 
,.." 

10.0 12.2 35.0* , 

• 

n 6.9 7.8 14.1 43.8* '~1~.4 .15.0 8.8 10.3 -,.:;-~ 

: 1 30.~ 5$.6" 77.2 77 .8 63.1* 39.4 66.3* 

* signiflcant differ<?nce between\ the! two vowe1 envir.onments Cp <::01jr-, 
Tukey range across vowe1s: 7.25%\for, F12lJ, 10.5% fol' FI, 8.38% for F2, " 

9.25% for F12H. ' 
.,~ 

\ 
1 

, 

1 
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TABLE 15 

, 
, 

Voiclng error percent ages for each consonant In;the two vowel env~onments. 

J 
F12L FI 

/II lui III lu/ 

p 3.1 f6.6 18.8 9.1* 

b 1.6 0.9 13.1 5.3* 

t 1.9 5.6 12.2 12.2 

d 0.9 0.6 0.3 2:8 
, b 

k 1.3 1.3," 1 6.6 9.1 

9 0.3 3.8 1.9 3.1 

f 3.S 11.9 18.8 16.3 

v 5.6 5.0 10.3 3.4* 

5 3.4 7.8 9.7 35.3* , 

z 7.8 5.3 4.4 4.4 

f 0.3 11.9 10.9 24.4* 

? ' 0.6 
1 

7.8 2.8 10.9 

e 14.7 5.3 20.0* 

ô 5.9 8.8 5.9 

m 0.3 1.6 /', '7.2 7.2 

n 0.0 0.3 2.8" 5.6 
1 

0.3 7.2 4.7 12.8* 

F2 

/lI \ lui 
\ 

/II 
\ 

10.0 

26.6 

9.4 

15.6 

29.7 

14.1 

10.9 

3.8 

10.0 

7.8 

15.9 

12.2 

6.9 

, 0.0 

2.5 

3.1 

\.8.1" 3.4 
\ 

\ 

\\ Il.'6 3.4 
l ' 

,1 ~ 
8.1 0.9 

7.8 0.3 

2.2 O.~ 

0.3 

22.8 4.4 

16.6 8.4 

10.9 1.3 

14.1 6.9 

16.6 

20.0 2.8 

- 14.1 3.r 

8.1 6.6 

0.6 " 1.3 
, , 

1'.6 

8.8 

0.6 

0.3 

F12H 

lu/ 

2.2 

1.3 

2.2 

1.6 

0.0 

5.0 

15.3 

4.1 

9.7 

3.4 

7.5 

7~5 

o 1.3; 

1.6 

14.4 

0' 
f 

* significant difference between the t/ô vow~1 environment~ (p< .01) . 

Tukey rangè across vowe1s: 6.63% for FI. 

G 

i 

, 
, 

\ 

.. , 
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1 
;. 

respect ta manner of production, onl}' the conson!nts /s, ~" m. n,' !'-hO\H'd 

fCher errors "'lth /lI, as/has the case \\lth /u/ fC'r r'!, \C']('lni: "as 

better pcrcclved \\lth III for 1 r 
1'" , 

, 
e, J, 

, cancelling out the \'OI'cl maIn cffect. 

1/ anJ \'lth !u,! for '~, t. \// , 

In CondItion F~, ~hcte "ere no d]ffe~ence~ hetheen \ohels for 

tl1u"-

any of the dependent varIables and the \o"el-by-cansûndnt IntcTélC't Ion .... :Js 

Sl&nlflcant for aIl dependent \arlahles except \Olclng errers. _ hlth 
1 • 

respect to Intelllglb111t) and to the perceptIon of the place fe<lture, Lll-ge 

dlfferences for the thO \o .... el~ occurred for sorne consonant~, Inte!11phll-

, Î 
lty and the perception of the place fe"turc werf' Slt;lIi Clcant 1: /)10 ',~ .JeLlte 

-
ln the /I/ t:llVlTOnment f?1' !p, f, "-51 and ln the /u / emnonml",t for Id, <;:,1 

In addl tlOn, the1'e \,ere fe~cr place errors- \~l th /ul for /b/ and "1 th 1 1 / 

for Im/. but the lntelllgihlllty of these two consonants was not,dlffcrent 

for these t~o vowels. Wlth respect to manner errors, there were fcwer 

- , 
errors wlth II/ for 1), '1/, the latter eonsonant also Q,eing morG-~ln-t-elhglblc 

in the /1/ cnvlronment, and wlth /131 for le, dl. Thus, ln Condltlon F2 

lntell~giblllty was highest and the perceptIon of place and manncr more 
.. 

acutf for sorne consonants wlth III and for ethers wlth lui, thus cancelling 

out any vo\vel maIn effec.t. 

In C:ondltiori Fl211, differences between vowels wcrc found for 
» ~-

, \ 
manner and vOlclng errors, and the vowel-by-copsonant Int~ractlon was 

slgnl'flcant for a11 dcpèndent vanables except.g· err~rs. The over-

aIl perceptIon of manner and vOlclng ,was more acute for con<;onants ln the 
\ 

III e\.Vlronment than ln the lui environment. Inte 1 hgl b'll1 ty was higher 

and place errors fewer wlth /II for Ip, f , f, "1;1 and Wl th lui for Id, e. ' " 

:t, 
G -, 

o. ni. The cojsonant ILl was more intellIgible 
\ , 

Wi th respect t, manner errors, there were f.ewer 

with lui and /11 wlth Ill. 
A 

errors with /ll for If, v, 

! \ 

1 
{ 

1; 

JI! 
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3, m, Il and ~lth lui for Iz, ~/. 

In summary j for the tlnce cond1 tIons WlllCh Incl uùed the second 

, formant, the vowc I-by-consonant 1 nte ract 10ns fo llowed the' same trends for 

consonant 1ntclllgibIllty and for the perceptlon of place. In CondItion rI, 

ovcrall tntclllglhlllty and the ovcrall perceptIon of place ~crc mast 

acute ln the III envlronment, and the InteractIons non-slgnJ(lcant. 
... 

Generally, m,~nner wag as (e 11 pc l'Cel voJ·· for màst consonants .] n both vowe 1 

environments'/ilhth the exceptlOn of a mlf1o~ity of consonants WhlCh show cd 

fc"cr mannel,- error fI th /II. the JI ff c rence s bel ng 1 a rge 1 cnongh to mak c 

the vowel ellfect slgl!.lf!cant ln ConJ1tlons Fl2L, Fi and ·fl2H. In CondltlOfi 

F2. cach vowf'l E'nhanced the perccptlon of manner fm an equal numbell of 

consonants and the vowel maIn effcct was cancellcd out. 

,~ 

DIfferences in vowcl cOT)text effe~s for ConJltlOnsjI'L~"L,'~ncy1.12l!. 1. 

lhe resul tSr:tor the consonant maIn eff.ects (TaJ: 8) Indj cate.cl 

that consonants bccame less 'lnteltlglble ,md the perceptIon of place an,d 

• 
"mannE'r less acute ln ConditIon Fl2H relatIve ta H2L. Tt has been suggested 

that an u!n\ard spread of masklng of second formant tranSI tIans may occur ln 

the presence of low frequepcy energy, such as flrst formant encr~y, and .that , \ -
the frequency proxlmlty of vo~tl formants may ~c a factor ln d~termlnlng ,-
the degrce' of maskln~ (Danaher, Osberger and Pickett, 1973). As the vowels 

~ 

u~ed ln thlS study Jiffered ln the relatIve proxlmlty of thelr first two 

formants, 11/ havlng c a larger frequency separatlon between the two formants 
1 

than lu/, the scores for cOT\sonants exhlbltlng d~Jenoratlons ln Fl2H ~-re 

examIned ln both vowel enVlronments ta study the effect of the vowcls on 
, . 

the dlfferences 6bservcd. The p~rcentagc dlfferences ln Intelliglbility, 
\ 

), and~:~~:·'.rr{ m~nner errors are shown }~ Table 16 for consonants ln both 

J ~ "" 

.. ,~ 
1 

/1 

• 
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Examlnatlon of the differences ln scores ln Table 16 
v' 

Indicates that deterloratlons occurr~d ln ConditIon F12H relatlve to Fl2L 

for consonants ln both vowel enVlYOnments and that, ln general; the extent .. 
of the differences was slnlllar for the two vowels. 

[ffects of consonant posItion 

The dcpendent vanaiJlc$ for WhlCh. the cffect of posItion and die 

posltlon-hy-consonant Interaction were slgnlflcant appear in Table 17. The .... 
Intelhglbll1ty and error percentag-cs for each consonant ln the',ITlltlul and 

"fInal posltlOns are shawn ln Tables 18 to 20, for the dependent varIables 
\ 

and filter ('onr\]tIOI1S, fOl whu_h the position cffect and posltlon-by-

consonant interact1.on were sj gniflcant. In..:rables 18 to 20, the dlffer-

ences ln,mean scores between the two consonant pOSItIons as obtalned wlth 

the~ Tukcy proyedure are Indlcated. 

In CondItIon 112L, olfferences between the two pOSItions were 

founa for aIl dependent varIables except vo~clng errors. Overall consonant 

~ intell1gibll~ty and the ovcrall perception of the place feature wcre most 

acute for final consonants, and manner b0st percelved ln lnltiai consonants. 

'The posltlon-by-consonant lnteract'ion was slgnificant for aU dependcnt 

variables exccpt voi~ln~ errors. T~cre 
t 

'. 
and fewer place.errors for Ip, t, d, li 

were more correct loentif.lcations 

ip tHe ~nal po}~tlon and for Iv, ôl 

,-'ln the Jnltial posItion. The cOjsonant Igl also showe~ more correct llden-
y. • t b 

, 

tIfications" in thé fwal' pOSItIon, hut did not dlffcr ln the number of 
----r-,. 

p~ace 'errors betwecn the two pOSitIons. Wlth respect to;the percept\on of 

manner, there was no d,iffe~ce b~~~en the two posItions fol most consonants 

with the exceptIon of Iv, 5, z, e, 01 which had fewéY fllanner erroTS in the 
, 

initIal position, the differences being" large enough to make the pos'ition 

/ 

, 

- 1 

1 
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TABLE '17 

Significant P and P x C interactions. 
~ 

'. -
, , 

, 
i ~ 

,-
FIL TER CON D l T l 0 ~ S 

» ,) te 
~ , 
ï-

'- " F12L Fl • F2 F12H \ .. 
( 

'Dependent 
~ 

'. Il 
Variable / P .~p..-x-~',":'.t. P p' x C p. • p x C P P x C ? 

/ t /' . 1. /< 
" /" ~."! 

00 

Correct 
/' C]\ 

- Consonant." 
/ ~ Identii:ications . x x x X x x x,. ~x ... 

1,-
~ 

. ~ 'Place Errors x x x x x x x x ~ ~ 
v ,j 

'" ~ 

Manner Errors x x x x x x X 

',- < ""<-- , 

1 
\ ~ 

....".; 1 

1 

. V 
· .' Vgicin~j'rrors 

b 1 

r' 

-, 

r 
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\. TAB.LE 18 \ \ 

lnte 11 igib 111 ty - for each the pOSI tlonà. pe,Tcentages con~nant ln two 
l' - ~ " 

,\ .. " 
il , 

) 
\ l 

Fl2L FI F2 f'ltil 

,,," 

lni Hal Flnal Initial hnal InItIal Final lm tial FluaI 

#.J 

~O.3* P 25.0 86.6* 21.6 35.0* 17 .8 69.1* 27.2 

b 86.3 83.8 38.4 43.1 54.7 54.7- 77 .8 88.8 

't 31.9 52.8* 31.6 35.0 37.2 58.4* 30.6 54.1 * 
p 

• 
d 71. 3 95.9* 32.2 51.9* .. 51. 9 80.9* 68.8 88.1 * 

'. k 95.3 97.8 58.8 13.4* 90.0 96.6 88.4 97.2 . 
)1 

gP 83.1 93.8 25.9 28.1 44.7 58.8 65 r6 93.8* 
"À. 

d. 

f 64.7 62.2 39.7 10.0* 53.3 ; 60.3 56.9 60.3 .. 
~, 

v 54.7 26.6* 39.7 8.4* 50.9 55.6 46.9 ~1.3* .. 
-

5 23.4 22.5 20.6 13.1 30.3 29.7 13'.~ 13.4 
1 \ ..... ' If' 

z 20.3 '55.0* 10.6 7.2 ~3.8 58.4* 10.3 34.7* 
J 

J 76.9 77 .5 4.1 5.:r 77 .2 " 79.7 68.4 88.4*' 
~ ~ . :r: 71. 3' 77 .8 5.0 6 .. 3 70.9 73.8 11 56.9 8.2.2* 

\(,. 
" 

28.4' '. 9 35.0 28.1 0.3 9. ) 31.6 19.7 34.1 , l,: 
,=, 

34 :~i) ô 42.5, 17 .8* 13.1 4.7 ,.t>-38.4 ·a 10.9* 2(1:.0* 

m 68.8 81.6 30.6 14.4* 82.5 84.1J 51.9 i'4- ./t.-"! 
;' 

n 80.6 \ 92.5 41.9 38.8 71. 9 . 79.1' 169.7 85.6*, 
- .~' , \ , 

'. ,57.5 55.9 35..0 10'.0* 39.7 65.6~ 37.2 57.2* 

IJ· " 
, 
~ , 

• * .-Sl.~cant difference between the two positio!\s Cp < .01) • 
0 . .. 

t •. ". 
Tukey'range aCToss pôsitibns: 13.13% for FI2L, .12.75% for :1 ~I' t5 .88~. 

, fôr F2, 14.38% for F12H. 1 
; -_-.l.~-, 

,# • 
---_-:-"~. - --! 
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• TàBLE 19 
~ 

Place error percent ages for each consonant In the InitIal (1) and fInal (F) 

posItIons. 
;/ 

.\} 'l . -.: 
.. 

Fl2L . FI F2 ! F12H ." 
\' 

,. , 
o " , 

:"~ 1 • 

l Ft • .0'1 ~ F ---<,1-- - - ., F l F , 1 
1 

'{ .. ,. 
. .' 61.6* P 74.7 ''10.0* 76.9 81.3 

- 23: r 72 .2 1 8.1* 

b 12.2 14.1 ' 55.6 56.6 31.9 22. 19.1 Il. 3 

t 67.2 44~4* 61.9 54.4 60.9 37.5* 69.4 45.3* 
.~ \ 

d 28.8 3J3* 
l, 

67.5 47.5* 35.3 4.7* 31'.3 10.3* ... 
k 4.7 

1 \'1-1, 
~ .6- 40.0 85.6* 9.7 0.'0 11.6 2.5 • . , " 
2.8* 9 16.9 73.8 70.3 50.6 0.3* 34.1 1.6* 

Ir 
f 30.9 33.8 55.0 86.3* 38.8 31.9 37.8 37.8 

v 45.3 71. 9* 20.·0 91. 3* 48.4 JI 32.8* 51.9 78 .. f*' , , 
75.6 74.1 66.6 57.5 '65.0 65.6 85.6' ~ 

5 83.1 ~ 

z 77.2 29.~* 68.8 50.5* 73/.8 32.5* . 77.2 • 40.9* 
1 , 

J 22.2 ls.? 95.0 94.1 13.8 9.4 31.3 10.3-* 

'5 28.8 20.~ 94.7 93.8 ~15 .0 9.4 42. 8~ 16.9* 
• 

e 61.3 69.7' \~3.1 90.9 63.8 78.1 ,64.1 70.3 
1 

., 
~ ô 51. ::t 79.4~ 81.6 93.8 52.S c 87.8* 57.8 76.0* 

m 6.6 15.0 57.8 80.3* 10.9 1.4.4 15.9 '22.5 .. ~ .. 
~ 

n 6.9 6.3 51.6 42.2 ~O.O 13.8 r 22.2 9.4 y 

". 

• 1 19.4 30.6 44.1 51,3 ,39.1 25.0 38.1 32.~ 
, 

j\' •• ~ 
dif~erence betweèn the 

. . 
----,* significant two position!? (p < .01). , . ,;. 

'J , Tukey range ucross positions:· 12.63% for F12L: 14.0% for FI, 14.75% for r2, . . ' 

13.75% for Fl2H. 
~ 

') 
1 

, T • 
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TABLE 20 .... 
... , 

Manncr error percentages for each consonant ln th'e In1 Ua1 ( 1)' and fInal CF) , 

posItIons. 

If 

F12L FI 
\ - F2 F12H 1 , 

'>E 
. l F l F l " F l F • 

. 
" 

P 3.4' 0.0 12..2 .. 20.9 7.8 0.3 '2.5 O.l-

0 

b 5.3 2.2 -n.2 1. 3* 39.4 7.8* '7.2 0.3 

t 1.9 3.4 19.1 26.3 7.5 4.7 1.6 1 . ~ 

d 1.6 0.0 2.2 2.2 23.8 3.8* 0.0 0.0 , 
, 

k 0.0 ""- O.~ • 14.4 • 40:4 1.6- 0.0 . 0.0 0 . .0 

.:' 9 ~'.9 0.0- 7.5 5.0 ù.5.0 0.3* 7.2 0.0 
" . 

f 3.8 8.8 27.8 72.2* 17.2 3.4* 15.0 11.3 \ 

• 1.9 51.6* 30.3 70.0* 4.4 13.1 12.5 65.6* , v 
" , 

p s 0.9 3.1 27.5 50.9* 7.5 1.3 1.9 3.1/ 
-, 

Z 2.8 17.8* 29.7 79.7~ 0.9 3.4 15.9 27.8* 
" 1 

J 0.6 0.9 25.6 '39.1 * 1.6 0.9 ~.3 0.6 .. , " 1a 10.0 12.8 43.1 '66.6* 6.6 3.4 26.6 10.'6 .. 
0) 

" e 1.6 10.9* .34.1 61.6* 8.8 7'f 2.5 7.5 

ô 6.3 37.8* . 30.6 J 70.,6* 3p1 25.9* ~ 20.3 38tl* .. 
" m 25.9 7'0. 2*' 41.6 ,42.8 7.2 11.3 - 36.6/ 10 .6'*, 

... 
ri 1i.8 1. 9'* 9.4 48.4* 20.3 13.1' Il.·9 -7.2 

42.5 44.1 65;0 90.0* 60.3 3~~ __ .. ' 6t.8 42.8* 
( 

.,'~ , " 1 ~ 
* significant difference between the two positions' Cp < .0"1). 1 

/0 , 
f6r 

l> 

Tukey raoge across p,95i tions: .7. 75~ :for F12L, 1 t. 63% FI, 10 f38~. fol', F2, , 
.' 1 .' r ; lJ ,<;)"'~ 

~ 
./ 

9.88\ for F12H: " 
f V· .. .... 

4 r 

a, . 1 , 
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main effect significant. In contrast the nasals lm, n/ were more intel-

ligible with rewer manner errors in the final position. 

In Condition FI, differences in the two positions were found for 
• 

aIl 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-consonant interaction was significant 

for aIl dependent variables except voicing errors. The consonants /k, f, 

v, ml were more intelligible with fewer place errors in the initial position 

as was the case of the final position for /p, dl. In addition 11/ was more 

intelligible in the initial position and /zl showed fewer place errors in. 

the initial position. Wi th respect to ~anner of production, there" ,were 

,: fewer errors for a11 fricatives, the nasal In/ and liquid Il/in the initial 

position and for /b/ in the final position. 

In Condition FZ, thete were more correct identifications and 

fewer place and manner errors for consonants in the final position. The 

posi tion-by-consonant interactlon was significant for al! dependent variables 

except voicing'errors. The consonants Ip, t, d, z/ were more intelligible 
~ 

wit~ ,fewer pla~e errors in the final position, and intelligibility and the 

perception of the place feature were more acute for /ôl in the initial 

position. In addition, the final position gave more correct identifications 
'i't 

for III and fewer place errors for Ig, vi. With respect to manner of 

productio~there were fewer manner errors for the voiced plosives, for If/ 

and III in the final position and for /01 in the initial position. 

In Condition FI2H, there were more correct identifications and 

less place errors for consonants in the final position. ~e position-by­

consonant interaction was significant for aIl variables except vOicing 
. .' 

errors. There we~e more correct identifications ~ fewer place errors in 
l 
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the final position for the plosives Ip, t, d, gl and the fricatives Iz, 

I, ,l, and in the initial positio,n fol' the fricatives Iv, 51. In addition, 

lm, n, Il were 'm,ore intelligible in the final position. The differences 

noted for manner consisted of fewer errors in the final position for Iv, ;~ 

m, Il and in the initial position for Iz, 51. These differences cancel~ed 

out the main effect. 

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

consonant intelligibility and the perception of place in al~ four conditions . 
.... 

One of the mast interesting Jindings regarding the position effect is that 

both intelligibility and the perception of place were more acute in the 

ini tfal posit/ion in Condi tion FI, and in the final position in conditions 

c~ntaining the second formant. Manner errors were fewest in the initial 

position for Condition FI an~).FI2L, in the final position for Condition F2', 

and in Condition F12H the position main effect was cancelled out by sorne 
41 ' 

, consonants which showed fewer errors in the initial and final positionS;' 

respectively. 

Comparison of Condition. F'l2L with the un fil tered condition 
1 

Table 21 shows the percentages of correct identifications for 

each consonant for the unfi~tered condition as compared to Condition Fl2L, 
- '!~ 

together with the perce~tàges for each consonant in the two vowel environ-
'1 ' 

ments and two positions for both conditions. Consonant intelligibility 

was much higher for the:~filt~ material and the largest decreases in 

, intelligibility in C~~ition FM, whi(:h contained very little energy above 

the second formant, occu~red for Ip, t, f, V, s, z, 9, a, 1/. Intelligibil­

ity remained relati~ely high in F12L for Ib~ d, k, 9, l, ;, m, ni. 

l, 



- ô -
t' 

~ 
.. , 

92 

• -" TABLE 21 

Sinsonant inte11igibility percentages and percentages for consonants in 
.l, 

, the two vowel environments and two positions for the unfiltered condition 
\ '" { 

and Condition FI2L . 

• Vowel Position 

Unfiltered ~ F12L Unfiltered F12L 

Unfi 1 tered' F12L /1/ /u/ /1/ lui • Initial Final Initial Final 

(55.8 

""-

P 91.6 -95.3 87.5 68.8 42.8 86.6 96~6 25.0 86.6 
~-

b 97.7 85.0 --99-:4 96.0 91~.4 96.3 99.1 86.3 83.~ 

t 99.7 42.3 100.0 99.4 45.0 .7 100.0 99.4 31.9 52.8 

d 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 
J 

9 98.0 88.4 98.8 97.2 86.9 90.0 98.5 1 97.5 83.1 93.8 

f 83.1 .63.4 91.6 74.7 72.8 54.1 90.3 76.0 64.7 62.2 , 
v 1 84.1 40.6 85.0 83.1 41.3 40.0 88.5 79.7 54.7 26.6 
" 

. ~ 5 95.6 23.0 95.3 96.0 15.6 30.3 95.7 95.7 23.4 22.5 
i' 

Z 
. 95.3 37.7 92.i.... 98.2 27.8 47.5 94.7 96.0 20.3 55.0 1 

J 
, 

99.2 17 .2 99.7 98.8 97.2 57.2 98.8 99.7 76,9 77.5 
.. ' 

~ 99.2 74.5 99.1 99.4 97.8 51.3 99.7 98.8 71.3 77 .8 
1 

e 75.0 31.6 ,67.8 82.2 20.0 43.1 65.7 84.4 35'.0 28.1 " 

,"- . 5 69.5 30., 62.5 76.6 26.3 34.1 73.5 ~65.6 42.S 17.8 
J' \ i 
'\1. '~ m· , , 98.9 ( 75.2 98.5 99.4 81.6 68.8 99.7 98.2 68.8 81.6 

l' -, . 
n 99.8 86.6 99.7 100.0 81.6 91.6 99.7 100.0 80.6 92.5 

• 1 

100./0 56.7 100.o(f 100.0 69.1 100.0 100.0 57.5 55.9 . 
G> 

- • 
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As seen in the vowel-by-consonant interactions of Condition F12L, 

the consonants /p, f, J, ?, 1/ were more intelligible i~ the /1/ environ-

ment and /d, s, z, e, 5/ more intelligible in the /u/ environment. These 

~ame trends were only obvious for /p, f, e, 5/ in the unfiltered rnaterial 

and were particular to the filtered condition for the other consonants. 

With respect to consonant position, Condition Fl2L showed better 

consonant identification in the final ,position for /p, t, d, z/ and in the 

initial position for /v, 5/. These same trends were apparent in the 
• 

unfiltered material onlyrfor /p, v, 5/. In addition, Ifl was better iden-

tified in the initial position and le/ in the final position for the unfil-

tered rnaterial. 

Analysis of Consonant Confusions 
\, 

,1 

The consonant confusions having an incidence of S% o~ greater 

wiihin'\ach condition are listed in Table 22 with the complete confusion 

matrices for'each of the four fil ter conditions presented in Appendix H. 

~xamination of Table 22 reveals that the consonant SUbsti~ns 
1 

of Condition F12L involved confusions of only place of articulation ~ 

aIl plosives, ,aIl voiceless fricatives and the voiced fricative Iz/, and 

of both place and manner tor the rema~ning voiced fricatives, the nasals 

and /IJ.' There were no voic~ng confusions with an incidence as high as 

5%. In Condition F.l, there were only place confusions for àll voiced 
, .. 

1 

1 plosives,t~~.~oiceless plosive /k/ and the nasal/nI, and both place and 

manner confusions for the remaining voiceless plosives, aIl fricatives; the 
- . . 

naS'al Im/ and liquid /1/. 
. ' 

As in Conditio~FJ2L, there werelno voicing . ' . 
confusions re~ 5%. .In Condition F2, t~e substitutions fo~ the voicel~ss 

. . 
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TABLE 22 ':.' .;. 

- z 
~ /~onsonant confusions~in~ an incidence of S% or greater for "the four fi1ter conditions • 

. -
Condition F12L 

p 1 k (2~.4). t (lO.~) 

b 9 (6.6) 

t Ik (26.6)~ P (25.8) 

d b (13.6) 

k -
9 d (8.3) 

f e (20.6) 

~-;;;--

\ 
"' 1 

" 

Condi tiOl\" F2 

k (3~. 9 L t (8. 3) . 

P (8.8), v (6.7); 9 (6.1), 
k (5.3) ~ 

k (28.1), P (12.8) 

b (8.9), t (6.6) 

• 

Gondition FI 

t (29.1). k (18.8). f (7.3) 

d (34.5), 9 (6.3) 

Cr 
p (21.7). k (17.8). f (7.5) 

" Q (45.8), 9 (8.8) 
.,. ~. ... ~ 

t (33.1), p (16.9) 

d (39.4), b (25.5) 

• 

Condition r12H 

k (33.9) 

9 (5.9), d (5.3) 

k (36.4), p'(18.8) 

b (17\0) 

- t (5.3) 

d (10.0) 

... jcontd. 

... 

t.O ..,. 



~~ ~~., 

" • , 
" 

Condition F12L 
" -,,,, 

'- " 
• .Ii 

l è (6.9), s (5.8) 

~ m (6.7), v (6.3), z (S.2) 

e f (39.2), 5 (16.3) 
.. ' ,-, 

- 51 v (22.8), z (18.9), n (13.0) 

Dl 1 b (13.2), n (8.3) 

l 
n 1 1 (6 • 3), m (6 • 1) 

n (11.6), m (8.0), b (5.6) 

. ç "-. 

" 
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TABLE 22 (contd.) 

Condition F2 

, (10.0), s (5.5) 

l (15.5) 

f (36.4)" 5 (20.6) L 
v (29.2), z (23.0), n (8.4), 
e (5.2) 

n (7.5) 

m (7.8) 

n (10.2), 0 (9.4), m (8.0) 

. --. 

.. 
Condition FI Condition F12H 

.... .. 
(32.5), s (15.0), t (10.8), e (8.0), f (7.8) 
(8.6), e (7.5) 

v (19.8), d (9.8), m (8.9), -"/(12.3), v (5.0) 
9 (8.6), b (5.6) . 

f (27.0), t (21.1), P (14.5), f (44.7), s (12.3) 
s (11.4) 

v (22.0), z (11.4), b (10.8), v (21.9), n (13.4), z (13.1), 
d (10.8) a (5.5) 

n (35.3), 1 (11.1), b (6.9), b (17.2), n (13.3) 
v (6.4) 

m (30.8) m (12.8) 

m (22.0), n (20.6), b (9.8) n (13.9), m (11.7), v (7.5) 

.. 

t> 

ID 
Vl 
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consonants Ip, t, si and lei, and for the nasals Iml and Inl involved only 

place confusions. Those for the voiced;consonants Id, g, v, l, ~I and for 

tne voiceless fricative Ifl involved confusions of both place and voicing, 
~ 

and the error responses for If, b, 01 an~11 comprised confusions. for aIl 

three phonetic features. In Condition Fl2H there were place confusions only 

for aIl plosives, aIl voiceless fricatives and for the nasal In/; both 

place and manner confuslons for the voiced frlcative~the nasal Iml and the 
~ 

liquid 11/~and no voicing confusions reached 5%. 

The patterns of confusion among consonants listed in Table 22 

ca~ be more clearly visualized by a method of analysis which plots the data 

in terms of the 'perceptual distance' between consonants along one or more 

dimensions. Such a spatial representation of the perceptual structure of 

the 17 consonants was determined for each fllter 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 lntelligibility 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 pFOcessing that 

underlies consonant perception under each filter condition. 

Since the MD-SCAL procedure reqJi es that the spatial proximity or 

perceptual distance between two stimuli be t e same in both directions, it 

W8$ necessary to make the confusion matrice 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 ta these same two 

stimuli. For examp1e, the entries for the consonants (pl and /t/ of 

Table 1 in Appendix H became: 65 + 165 = 0.367 in the symmetrica1 matrix. 

357 + 271 " 
\ . 
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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 abjects 

(consonants in the present study) that minimizes a measure of fit des1gnated 

as ~tress' between data and computed values. The stress measure 1S used not 

only ta find the best configuration for a fixed number of dimenSIons, but 

also to determirte 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 w1th 

a maximum of 50 iterat10ns for CollAitions FI, Fl2L and Fl2H 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 c~nfigura~ion. ~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 we~ noted at three dimensions in Condition 

F12L and at two dimensions in Conditions FI, F2 and F12H. In order to 
/ 

estimate the statistical significance of these results, the stress values 

were compared to those obtained with randem dàta ~er a similar pumber ef 

points ~nd corresponding dimensions (Klahr, 1969). This comparison 
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• indicated that the stress value for the dlmensions chosen for each condi-

tion would occur less than 5% of the time with random data. 

As the initial coordinate system is arbitrary (Kruskal, 196~a), 

the coordinates obtained for each filter condition were rotated to permit 

a more meaningful interpretation of the dimensions (Singh and Woods, 1971). , t 
For Conditions FI, F2 and F12H, the 17 consonants were p1otté8 with the 

coordinate values for the two dimensIons. The two initially-arbitrary axes 

were then rotated by hand, keeping the same orig~n, untll the consonant 

distribution was oriented in a way permitting an interpretation of the 

dimensions in terms of the three phonetic features. For Condition F12L, 

in which the e1bow 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-d~mensio~al spatial representatlon of the 
, " 

consonants. The figures lilustrating the perceptual distance for the con-

sonants under each filter condition are based on the rotated coordinates. 

It should be noted that the rotation of axes and the subsequent naming of 

dimensions serves mere1y to enhance the interpretation of the spatia11y 

, distributed points and to elucidate the relationships of the confusion 

matrix. The named dimensions have no more 'reality' than the factors 
" 

deriVed from factor analysis (Overall, 1964). 

Condition F12L 

• The perceptual distances of the consonants for the three dimen-

sions of Condition FJ2L are illustrated in Figure 6 where a three-

dimensional plot is shown. The three two-dimensional plots from which 
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Fiaur~ 6: Spatial representation of the 17 consonants for the three 

di.ensions of Condition F12L . 
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this 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-p~osives along a second dimension. Finally, 

a third dimension designated as resonance and non-resonance separated the 

consonants Im"nl and III from the other consonants. Within this ~hree~ 

dimensional plot, sma11 groups of consonants are apparent, namely tne 

nasals lm, ni and liquid 11/, the voiced plosives lb, d, g/,~icel~ss 

plosives I~, t, kl, voiceless fricatives ~f, 5, S, el, and the voiced 

fricatives Iv, z, 3' 51. AlI groups are formed by consonants sharing the 

same manner of production and voicing features. with the exception of III, 

which was spatially close to Iml and In/. The spatial contiguity of con-
1 

sonants within these groups was, therefore, the result of confusion of 

place of articulation, indicating, as did the statistical analyses, that 

place conf1,.Jsions accounted for the maj ority of errors under this condi,tion. 

However, the degree of ~patial dispersion of the consonant~ as weIl as the 

parallel ordering of the plosives I~~~p, tl an~ of the fricative III in 

relation to théî.r voiced cognat es 19, b, dt; and 131, indicates that dis-' 

tinetions of place of articulation were partially preserved in Çondition 

Fl2L (Shepard, 1972). 

The results of the multidimensional analys~s shown in Figure 6 

clearly illustrate the mai~ confusions undeT Condition ~12L' listed ih 
o 

Table 22. No voicing errors oeeurred with an ~eideneé of 5% or more for 

any consonant, as is apparent in the weIl defined voicing ~imension found 

" with the MD-SCAL procedure. The main subs~tutions for aIl plosives and . , 

aIl voiceless fricatives involved plaée confusions, as seen by the groups 

formed by the voiced plo,ives,_vo~eel~ss plosives and voice1ess fricatives, 

where the phonemes within éach gr~~ differed ,?RI; in place 6f articulation. 

," 

f>· , 
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Altheugh manner confusions ~ere relatively.infrequent. as indic~ed by the 
1 

consonant groupings 'in Figure 6, sorne substitutions for the voiced fricative . -' 

/'1/ included manner 'confusie)'ls with the voiced plosives /g/ and /b/. and 
. . 

the spatial proximity' of /bl and /v/ is apJ?arent if! Figure 6. Likewise, the 

most frequent substitution for the' nasal Iml was 

whlch ~as closer to I~I than any oth&r~onsonant 
o 

and 11/. 
o 

Condition FI 

., 

the voiced plosive /b/. 

w~th the e~ception of Inl 

In Condition FI (Figure 7),' the two rotated coordinates partitioned 
~ 

the 17 consonants into those representing the voiced and voiceless consonants 
() 

along one dimension and those representing the plosives and non-plosives 
, 

,along the other. The voicing di~tinction was weIl preserved in this con-

dition, but the plosive distinction was preserved mostly for the voiced 

sounds. As in the three-dimensional plot for Condition F12L,'the groupings 

of voiced plosives lb, d, gl, voiced fricatives Iv. z, Ô, ~I and the /m, n.," 
Il group are clearly evident. Ho~ever, the voicelesS plosive Ik, p, tl and' 

.... '"'- '; 

voicèless fric~t~ve If, e, f, s/ groups" although not overlapping~ do not 

forro two separate groups. In fact, Ik/, is quite i'solated and Ip, tl and /f( 
, 1 > 

forro the only appar~nt grouPing. The fotmation of ~he voiced fricative 

group and th~,/mt n, Il group indicates thài the fe~tures of fricatïon and 
• 

of resonance were partially retainèd. In addition, the compactness of the 
" ' 

consonant g!oups illustrates the poor place disérimination in ConditiOn FI. 

, ,,~1 The 'resul ts of the mui tidimensional analysis for Condition Ft cati 
~ . 

• 

be xerified by examining the main consonant substitùtions ~Qr this cond~tion . 
j J - 1 

r~ 

in Table 22. Only place confusions occurred ,for thè".pati~lhy-iso~ated 

voiced pfosives, demonstrating the correct identificaiion'of'ma~rter,and 
, ',~ \ 

~ D ';'ft 

\ ' 

f) " 

( 
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voicing in these consonants. The most f~equent cdnfusions for the /m. n. 1/ 

group. which was also spatially isol ed, were'place confusions of /m/ and 

/n/, as weIl as /m/ f1nd~l/nl confusion /1/; there were. in addition. 

relatively infrequent confusions inv the voiced plosive /b/ and the 

voiced fricative /v/, the feasons for which are not graphically obvious. 

The voiced fricatives /z. 5. ?, v/ whi~h formed a group situated between 

the voiced plosives and the /m, n, 1/ group, showed come confusions involv-

ing these two adjacent groups. 
/-

Except for the spatially-isolate~ voiceless 
e 

plosive /k/, the voiceless plosives showed a higher incidence of manner 

confusions than did their voiced counterparts. The substitutions for the 

voiceless plosives ,fp/ and /t/ included a small incidence of /f/ ëonfusions 

and also represented the most frequent confusions for the latter consonant, 

as is apparent in the spatial proximity of the three consonants in Figure 7. 

Although the most frequent errors for the remaining voiceless fricatives 

/e. I. s/ were place confusions. sorne manner confusions with the voiceless 

plosives also occurred for these consonants. This can be seen graphically 

by their spatial proximity to the consonants /p/ ftnd /t/. 

In summary, there was less separation between voiceless fricatives 
D 

and plosives in Condition FI than in F12L, and the dimension separating the 

resonants /m, n, 1/ from the other consonants and more particularly from 

the voiced fricatives was not as app~ent. In addition, the place feature 
1 -', 

which was only parti.lly present in F12L was eve~ less evident in ~l. 
'i 

Otherwise, the features of voicing and 'p~osiveness' were quite weIl ~ 
~ 

preserved in Condition FI • 

.' 

... 
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Condition F2 

'In Condition P2 (Figure ,18) , the mast appropriate rotation of the 

axes was not as obvious as ln other conditions largely because of the over-

lapping of the voiced consonants I?I and Igl 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 voièed and 

voiceless consonants along the other. The voicing dimension was ,not as 
, 

cleaT as in Condition FI, because of the proximity of 1'; and Igi with the 

voiceless consonants. Although the grouping of consonants was otherwise 

less obvious in this condition than in FI, indicating better place discrim-
• 

ination, the following loose groups can be seen: lm, n, Il, Iv, 5, zl, 

I~, fI, le, 5'0 fi, It, k, p, g/ and lb, dl. These groupings indicate the 

preservation of manner for plosives and of resonance for the lm, n, Il group. 

In addition, voicing was iny,ariant within aIl groups except the groups If, 

,; and It, k, p, gl which contained the pairs of consonants If, ,; and Ik, 
, 

gl produced in the same manner and articulated at the same place, but 

opposite in voicin~ indicating that the/place feature was partially preserved. 

The resul ts of. the multidimensional analysis for Condition F2 are 

in agreement with the consonant substitutions (Table 22) observed for this 

condition. Within the lm, n, Il groupin~, the nasal consonants Iml and /nl 

had only infrequent place confusions with each other; and III was infrequen-

tly confused with two adjacent voiced fricatives, as'well as with lm! and 

In/. The loosely-grouped voiced fricatives Iv, a, zl w~r~ most often con­
Ji 

fused with one another, with relatively infrequent cQnfusions involving 

the nasal Inl and the voiceless fricatives /el and /f/. Similarly, the 

voiceless fricative grauping le, f, 51 primarily involved internaI con~ 

fusions, with infrequent nasal ImI, voiced Iricative Ivl and III confusion~ 
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The grouped cognates Ifl and 1,1 were confused primarily with orle another 

and at low frequency with 15/. Within the plosive group Ip, t, k, 9/, 
. 

therè were no err6rs fUr the voiceless plosive Ikl and the substitutions 

" 
for the voiceless plo~ives /pl and Itl involved only place confusion~; the 

", .. 
~patial proximity of the voiced plosive 19/ with these voiceless plosives 

') 

is reflected by its mos~ frequent substitution being Ik/. The relatively 

inf:tequent substi tut~.pns for the voiced plosi ve grouping of 1 bl and 1 dl 
, ~ .. 

included both voiced' and unvoiced plosives, as weIl as the voiced fricative 
c 

Ivl, as is apparent from the spatial location of Ibl and Id/. 

~ ~n'summary, the most noticeable difference between Conditions F2 
, " 

and Fl2L was a weakening of the voicing distinction. Although plosiveness 
. 

and re~onance app~area as dimensions in Condition F12L, these distinctions 

were equally preserved in Condition F2. Place was a1so discriminated about 

as weIl in both conditions. A comparison of Conditions FI and F2 shows a 

we~ening 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. 

Condition 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 I~d, g/, the voiceless plosives 

/ p, t, k/ and the voiceless fricatives 1 s, e, f, Il. The voiced fricatives 

/ ~ l, - 6, v/ were not well separated from the resonants lm, n, 1/, indicating 

that the features of frication and resonance were only partiaIIy preserved 

in this condition. The compactnes5 ~f the plosive and fricative groupings 

:-'~. 

-

• 
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indicates relatively poor discrimination of the place feature. 
, / 

The confusion matrix results (Table 22) confirm the three definite, 

groups formed by the voiced plosives, voiceless plosives, and voiceless 

fricatlves, since only place confusions occurrep within each group. Within 

the remaining loose grouping, the voiced fricatives were confused with aIl 
.' 

J 

consonant classes except voiceless plosives, a~d the resonant consonants 

were confused with other voiced consonants. 

The voicing and plosive drstinctions were weIl preserved in 

Condition Fl2H. and the voieeless ;rieativés we~ adequat. Ir separ~ 
but the place distinction was ev:n less apparent and the distinction of 

vOlced fricatives and resonPnts was greatly weakened as compared wlth 

Conditlon F12L. A compar~son of Conditi~ns Fl2H and FI shows a sharpening 

of the voiceless fricative-voiceless plosive distinction along with better 

place discrimination ln FI2H. The most noticeable differences between 

Conditions F2 and Fl2H were weakening of the fricati~~ distinction and 

sharpening of the VOiCl~g distinctions in FI2H. The spatial representation 

.. of the consonants was less compact in Condition Fl2H t'han in FI, indicating 

better place discrimination, but more compact than in F2 and F12L, indicating 
/ 

a weakening of place distinctions. 

In summary, the main factors underlying consonant distinctions in 

Condition F12L were voicing, martner 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 consid~rable weakening of the resonant, fricative and place 
/' 

distinctions, but a good pres~rvation of voicing and plQsive features • . , 
~,-

Condition F2 which did n6t contain the tirst formant; showed a weakening 

of'the voicing distinction, but the rete~t~on of the place featur&, 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 Fl2H, resulted in a weakening of the nasal, fricative and place 

distinctions, with very good preservation of voicing and plosive features. 

1. Consonant substitutions in Condition Fl2L as compared with the unfiltered 

condition 

"', Table 23 ~hows the substitutions occurring with an incidence of 

S% or greater for the consonants in Condition Fl2L and in the unfiltered 

condition. A much greater number of 'substitutions oc~urred for consonants 

in Condition Fl2L than in the unfiltered condition. Only the consonants 

Ip, f, v, el and 151 showed substitutions occurring with an incidence of 

st or greater for the unfiltered material,while Ik/ was the only consonant 

in Condition Fl2L for which there were no substitutions equalling 5%. AlI 

substitutions for the unfiltered consonants involved place confusions, and 

the error responses for these consonants also represented the Most freq~ent 

e~ror responses for these same consonants in Condition FI2L. 

" 

•• 
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TABLE 23 

Consonant substitutions occurring with an incidence of 5% or greater for 
'-

Condition F12L and th~ Unfiltered Condition. 

P 

b 

t 

d 

k 

9 

f 

v 

s 

z 

l 

9 

m 

n 

Unfiltered Condition 

" % 

k (5.2) 

e (11.7) 

a (10.2) 

f U5.3) 

.J . 

v (17.2), z (5.5)" 
. , 

Condition F12L 

'" (28.4), t (10.2) 

9 (6.6) 

k (26.6), P (25.8) 

b (13.6) 

1'-
\ 

, ... 

d (8.3) ," 
, 

e (20.6) 

5 (20.8), 9 (10.0), 
z (7.3) 

f (32.S), e (32.5) , 

5 (23.0), v (16.3), 

e (6.9), 5 (5.8) 

rn (6.1), v (6.3), z 

f (39.2), s (16.3) 

b (9.5), 

l (5.5) 

; (6.4) 

(5.2) 

v (22.8), z (18.9), n (13.0) 

b (13.2), n (8.3) 

(6.3). m (6.1) 

n (11.6), m (8.0), b (5.6) 

" 
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DISCUSSION 

It was the purpose of this study ta assess the contribution Ot 

isolat~ first and second formants ta consonant intelligibility ànd/to ., .. .. 
determine( the information content of each formant with respect to the 

features of place, 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 fiiter conditions will be 
, ,.." 

#< 
compared to the results of other filtered speech studies; 2~ 'the infor-

mation content of frequencies above the second formant, of the second 

formant and of the first formant will be related to the lmportant percep-

tuaI cues identified in both synthetic and natural speech; 3) the effect 

of high sound pressure level as seen in Condition fl2H 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 similat 

findings with natural speech experiments; 5) the perceptual importance of 

the phonetic features of_~lace, manner and voicing will be evaluated with 
:: 

respect ta the findings of the multidimensional scaling procedure; 6) the 

findings of th~present study will be related to current theories of speech 

perception; and finally, 7) implications of these findings will be discussed 

with reference to hearing impairme~t. 

, 1 
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Co~arison of the Results of the Present Study 

With Other Filtered Speech Studies 

Table 24 sumrnarizes the resul ts of the present study fOl?, t,h~ 

four conditions, as compared with the results of other studies using 

similar fiiter'cut-off frequencies. , 
It had been hypothesized that intelligibility would be higher for 

consonants in syl1ables containing both first and second formants at a 

comfortable 1istening level than ln 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 Fl2L, in which listeners heard bath formants at a 

comfortable level, comprised band-passes ranging in frequency from 130-

680 Hz for the first formant and from 800-2200 Hz fér the second formant. 
,1 

The intelligibility score of 61.7% agrees with the results (61%) of 

Franklin (1969a; 1969b), but is slightly lower than the percentages obtained 

by French and Steinberg (1947), Miller and Nice1y (1955), Kryter (1960) and 

Palva (1965). This discrepancy may be attributed to the shal1pw rejectiort 

slope (24 dB/octave) of the fllter used by Miller and Nicely, and ta the 

speech mater'ia1s used by Pal va 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 
'I$j{l-

Nicely, and French and Steinberg used low-pass filters which include aIl 

frequencies below a certain frequency, while in the present study the , -, . 
nonsense sylla~tes ~ere presented in two band-pas! fiiters. 
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TABLE 24 

Comparison of results of the present study with other filtered speech studies. 

Filter Cut-Off Filter Rejection 
Study Frequencies (Hz) Slope (dB/octave) Speeçh Materia1 

CONDITION F12L 

Present study 130-680 72 CV & VC syl1ab1es 
800-2200 

French & Steinberg low-pass: 1950 Not given .Nonsense syllables 
(1947) 

Miller & Nice1y low-pass: 2000 24 . CV syllables 
(l955) 

Kryter (1960 2S0-7SQ 70 PB words 
1250-1750 

Palva (1965) 480-720 60 Finnish PB words 
1800-2400 

Franklin (1969a, 240-480 60-70 Fairbank 's 
1969b) 1020-2040 Rhyme Test 

~ONDITION FI 

Present study 130-680 72 CV & VC syllables 

French & Steinberg low-pass: -750 Not given Nonsense sy11ables 
(1947) 
~ .;. 

• 

Intelligibility 

61.7% 

68.0% . 

68.0% 
~ 
~ 

+>-
72.0% 

78.3% 

61.0% 

2~.2% 

.' 15.0% 
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Study 

CONDITION FI (contd.) 

Miller & Nicely 
(1'955) 

·-Ir)rter (1960) 

.... 

'. 

Paiva (196S) . 

Franklin (1969a, 
1969b) .. 
CONDITION F2 

Present study 

Kryter (l960) 

" 

Palva (1965) ~ 

Franklin (1969a, 
1969b) 

" 

-(' 

" 

Filter eut-Off 
Frequencies (f-!z) 

p. 

low-pass~ 600 

0-500 
500-1000 

480-720 

240-480 

800-2200 

1250-1750 
1500-2000 

900-1800 
:.. 
1020-2040 

.--=:~~ 
~- ~. 

TABLE 24 (contd.) 

Filter Rejection 
Slope (dB/octave) 

24 

70 
70 

60 

60-7~ 

72 

70 
70 • 
60 

60-70 

, ,~ 

Speech Material 

ev syllables 

PB words , , 
PB words 

Finnish PB. words 

Fairbank 1 s 
Rhyme Test 

ev & ve syl1ables 

PB~words 
PB-words 

Finnish PB wor-ds 

.~ Fairbank 1 s 
Rhyme Test 

• 

Intelli.gibi li ty 

'-, 

48.0% . . ' . 

13.0% 
3.2.0% 

25.7 ± 10.4% 

Unintelligible ..... ..... 
VI 

56.0%' 

37.0% 
36.0% . 
+ 52.0 - 12.6% 

40.0% 
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" Study 
! 

CONDITION F12H 
p 

Present study 

• French & Steinberg -
1 (194.7) . 

Franklin (1969a, 
1969b) 

" 

" 

~ 

TABLE 24 (contd.) 

Co 
- --- --- ------ - ---- -- ---.--.------l"J,~-- ----, 

Filter Cut-Off 
F~eq~encies (Hz) 

130-680 
(100 dB SPL) 

800-2200 
(80 & 84 dB S?L) 

low-pass: 1950 
(30 dB ortho~ele­
phonie gàin:.Cl)) 

240-480 
(40 dB SL) 
1020-2040 

(0 dB SL) 

Filter Rejection 
Slope (dB/octave) 

>-

-...12 

lot given 

60-70 

" 

~iI., • 

~ 

Speech Material 

CV & VC syllapH~s . 

Nonsense syllables 

" 

Fairbank's 
Rhyrne Test 

1">" --

• 
'" 

/ Intel~ig1bility 

56.4\ 

65.0\ 

38.0\ 

.".t • ..: 
':-r 

t' 
(1) "Dy definition a telephone system has an orthotelephonic response of 0 dB when' it can be replaced by a _ 

on~ter air p~hJ between talker and listener without changing the loudness of the received speech at 
~y freq:uency.lt -French & Steinberg (1947). pp. 98,. 
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Th~ resul~ obtained for Condition FI (23.2%) are lower than 

those obtained by Miller a~.d Nicely (48%). This discrepancy can again 
"Ji' 

be attributed to the shallow 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 wi th his 0-500 Hz band', by 

French and Steinberg, and by Franklin. 1t is difficult to accurate1y 
t 

o 

make comparisons wit~ the results of Kryter because of the fixed 500 Hz , 

bandwidths used in his study, and with French and Stei~berg because the 

~rejection slope of the filters is not reported. Franklin only r~ported 

that her low 240-480 Hz band ~as 'unintelligible'. The results of the 

present study for Condition FI agree with those of Palva. ~ 

The results for Condition F2 (56.0%) are also in good agr~ement 

with those of Pa1va (1965) who used a fi1ter with a sinyi1ar re'jection 

slope, but are higher than those obtained by Kryter (1960) with a fixed 

500 Hz bandwidth. With respect to Frank1in's study, the disagreement may 
, 

lie in the 1eveis of presentation. In the present study, Condition F2 
"\ 

was presented at 46 and 50 dB SPL while Franklin presented her high band 

at threshold (0 dB SL). 

Condition F12H showed an overail decrease of 5.3~ in intel- ".' , .! r, • 

lïgibili ty as compared wi th Condition" F1~L. French and Steinberg ,(1947) 
, 

found a decrease of 3\ a~ 30 dB orthotelephonic gain relative to 0 dB 

orthotelephonic gain. The ,decrease noted by Franklin was more considerable 
1 

owin~. to the respective leveis of presentation of the two bands'. Her high 

band was presented at threshold and the low band at 40 dB SL. These -
l ' 

( 

levels do not correspond directly to a high level of presentation, but 
, ",r' " , 

show the decrea~e in 1ntélligibility whieh occurs w/~n the low ban~ is !fore 

the hfgh. In.the present study, the same relative difference . __ .'iotense 11111 .. 
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between formant intensities was maintained in Conditions Fl2H and~l2L. 

This comparison of the results of the present study with the .. 
results of other filtered speech studies demonstrates ~hat similar percen-

tages of overall intelligibility were obtained relative to similar fi1ter 

eut-off frequencies, regard1ess of the speech materia1s used. The only 
'. 

study which would have permi tted a direct comparison wîth thè present 

study with respect to formant frequencies i5 ~at of Miller and Nicely 

who used consOnants with one vowel (/Q/). Because of the shallow rejection 

slopes of their filters, this comparison becomes impossible. 

/-...., 
The tn/ormation ~ontent of Frequencies Above the Second Formant, 

) 

and of the Frequencies of the Second and First Formants 

As the band-pass eut-off frequencies of the fi1ter used in the 

'present study were fixed for the entire duration of the syllab1es, it is 

necessary, ~h~n discussing the resu1ts of individua1 consonants, to taker 

1: 'l'; 
into accoun~~the invariant energy inc1uded by each band-pass fi1ter. A 

more elegant method wou1d have extracted the second formant and second 

formant transition of the vowe1 together with the corresponding region 

-in the invariant energy (Ata1 and Hanauer, 1971; OH ve, 1971). The 

present me th ad resulted in a wider bandwidth of the fi1tere9 signal than 
1'" r 

would hav~ been obtained with a tracking technique, and consequently more 

invaria~ergy was included in the filtered utterance. If aIl invariant 

energy had been eliminated in the sy1lables prior ta filtering, this would 
ï , 

Jtave modified the durational characterist1cs of the sounds and reduced" , 

the four classes of consonants to a c1ass simi1ar ta plos~ves (Gerstman, 
., 

1956; Barrs, 1963; Cole and Scott, 19730). 

P""t 
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Frequencies above the second formant 

Place of articulation. It had been hypothesized ·fhat Condition 

F12L would be the most intelligible filter condition and that the srnallest 

number of place errors would occur in Conditions Fl2L and F2. These hypo-

theses were confirmed. A comparison of place confusions in Condition F12L 

with those of the unfiltered condit~n (Table 23, p. 111) indicated that 

the second formant frequencies did n~ contain aIl 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 J 

p~ce feature. 

When the frequencies above the second formant were eliminated, 

the least intelligible consonants were /p, t, f, v, s, z, e. a, Il 

(Table 21, p. 92), which also showed the highest number of place errors 

(Table 23, p.lll). The increase in place errors in Condition Fl2L 

relative to the unfiltered condition may be attributed to the absence of 
• 1 

the third formant transition (Harris et al., 11958; Hoffman, 1958; 

Delattre, Liberrnan and Cooper, 1964) and to the absence of invariant energy 

above the second formant. The two vowels used in the present study were 

a fronr vowel III which has a relatively intense third formant, and a back 

vowel lui which has a weak third fOJIDant (Peterson and Barney. 1952). The' 

importance of the third formant transition will be assessed when discussfng 
, 

the vowel effects '. ~ 

The large increases in place errors for Ipl and It/ when the 

frequencies 'above t\e second formant were absent indicate that the second 
." 

formant transition was not a sufficient cue for the accurate identification 
\, .... ,....".- ... , 

J 

/ 
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of these plosives. Cooper et al. (1952) and Liberman et al. (1954) 

stated that second formant transitions served as cues for aura1ly 

perceived distinctions among both voiced and voiceless stqps. In pattern 
, 

playback studies, the on1y distinction between the two categories of con-

sonants is the extent of first formant transition, the second formant 

transitions being equally represented for voiced and voice1ess stops. In 

natura1 speech, however, very litt le second formant transition is seen 

after fp, t, kI, 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 eut-off frequency of the second formant 

band-passes, is important for the identification of /p/ and /t/. The 

importance of bursts for voieeless plosives is weIl documented in the 

literature on natura1 speech (Halle, Hughes and Rad1ey, 1957; Ma1écot, 

1958; Wang, 1959; Ainsworth, 1968a; Cole and Scott, 1972; 1973a; Fischer-

Jorgensen, 1972d; Scheib and Winitz, 1972; Winitz, Scheib and Reeds, 

1972). The present resu1ts are in agreement with Liberman et al. (1952) 

and Halle et al. (1957) for ft/, 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 i5 important 

for the identification of /p/ (Fischer-Jorgensen, 1972c) or the burst for 

/p/ is not concentrated, Jbut neutra1, h~~ an even distribution of 

energy at aIl frequencies (Fischer-Jorgensén, 1954). When both formants 

were present at a comfortable 1eve1. the most frequent substitutions for 
• 

Ipl and Itl were Ik/. Similar results were obtained by Fant (1968) who 
low-pass ffltered speèch at 2000 Hz and found that bursts from both /t/ 

and /p/ became DlOre concentrated and similar to /k/. The second formant 
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, 
transition is thus not a sufficient representation of relevant acoustic 

information for these two phonemes and Liberman et a1's (1967) conclusions 

in this regard are not necessarily valid for real speech. 

The fricatives. If, v, 5, z, e, 01 were also among the least 

intelligible consonants (Table 21, p. 92) with the highest number of place 

errors (Table 23, p. Ill) when the frequencies above the second formant 

were absent. Transitions have been shawn ta be important in differentiating 

Ifl from lei, and Ivl from loi, and noise important for making 15-JI and 

Iz-'; distinctions (Harris, 1954; 1958; Heinz and Stevens, 1961; Cole and 

Scott, 1973b). Bath Isi and Izi 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 on1y the first two 

formants were present can be explained by the elimination of these fre-

quencies. The most frequent substitutions for Isl and Izl under these 

circumstances were the fricatives Ifl and /é/. respectively, which have 

concentrations of energy in the mid frequencies (Jassem, 1965). 

A1though the main concentrations of energy for If4 v, e. 01 
p 

were included in the second formant band-passes. these sounds were confused 

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 also 

the least intelligible consonants in the unfi1tered condition. indicating. 

as found by Sharf (1968), that they are generally ~eak in acoustic eues. 

Manner of production. The elimination of the frequencies above 
} 

the second formant did not markedly affect the perception of manner 

(Table 8, p.68), wh~ch i5 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 fri~atives showed a slight 

increase in manner confusions in the absence of high frequencies (Table 23, 

p. Ill). 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 resu1ts 

suggest that the invariant energy above 2200 Hz contains sorne 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 speçtral 

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 p10sives in the absence of high frequencies may also 

l be due to the perception of the low frequency band and to the shorter 

duration of voiced fricatives than voice1ess (Denes, 1955). 

The liquid /1/ showed an increase in manner errors in the atsence 

of high frequencies. This consonant was at a disadvantage, however, since 

it was the only consonant of its class, and any error response for /1/ 

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 
1 

the slow transitions which distinguish nasals from 1iquids (Cooper et al., 

1952; O'Connor et al., 1957). The most frequent substitutions for /1/ 

were the nasa1s indicating that the higher resonances may in fact contribute 

e' 
to the nasal-liquid distinction. 

Voicing. The perception of the voicing feature ~as not markedly 
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• 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 freq~enc~es 

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 FI, 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 FI 

relative to Condition Fl2L (Figure 7, p. 103). 

The information content of the second formant for each consonant 

can be derived by comparing the results of Conditions F12L and FI to deter-

mine the information lost by the elimination of the second formant fre-

quencies; by comparing Conditions FI and F2 to determine the relative 

information contributed by the first and second formant; and by studying 

) 
the differences between consonants within Condition F2 ta 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 

e' 

". 
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• frequencies, as seen by comparing Conditions Fl2L and FI, indicated that 

the second formant frequencies contained place information for aIl conson-

ants except Itl and Iz/. Similarly, the comparison of Conditions FI and 

F2 indicated that the second formant contained more placé information than 

the first for aIl consonants except It, 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 invariant 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 sorne 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 ISI and I?I which have 

concentrations of friction noises in the mid frequencies (Jassem, 1965), 

for the nasals and for the voiced p1osives. A1though sorne place infor-

mation was contained in the second formant frequencies for If. v, t, p, 

s, z, 5, e/, the low inte11igibi1ity and high numbet of place errors for 

these consonants indicated that they depended on high frequency invariant 

energy for identification (Table 10, p. 7~). 

• A comparison of the resu1ts for voiced and voiceless plosives 

indicates i that the place information content of second formant frequencies 

was not the saae for both ~gori.S of stops. Voiceless plosives depend 

", 
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strongly on noise bursts (Ainsworth, 1968a; Fischer-Jorgenseri, 1972d) and 

the only burst includeo 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 Id/ 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 

the same for voiced and voiceless plosives in contrast to the results of y 

pattern-playback studies (Cooper et al., 1~52; Llberman et al., 1954). 

Manner of production. With the second formant removed as seen 

~ in Condition FI, manner errors increased for aIl consonants except Idl 
~ 

and /9/, indicating that the second formant frequencies contalned manner 

information for most con$Onants. This was also apparent in the comparison 

of Conditions F2 and FI which showed that Condition F2 contained more 

manner information than FI for aIl fricatives, nasals, /1/ and the voice-

less ploslves /p, t/. Both conditions contained equal information for 

Ik/ and /9/. Manner eues 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 

c1ass of fricatives to plosives (Gerstman, 1956; Barrs, 1963; Cole and 

Scott, 1973b), this suggests that transition duration is a very weak eue 

for manner in these consonants. The present resu1ts show that manner 

information was contained for fricatives in the invariant energy at the 

level of the second formant frequencies. The results a1so ,suggest that 

a 
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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 noticeab1e for 

the fricatives, the results for the vOlceless plosives Ipl and Itl also 

indicated that the invariant energy at the level of the second formant 

contrlbutes to manner distinctions. Both the first and second formants 

contained the sarne amount of manner information for Ik/ and Ig/, this 
""'" 

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 elirnination of 

the second ,nasal resonances and also perhaps to the absence of transition 

rate of the ~econd 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 (Fujirnura,.1962), and than the 

absence 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 III (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 Ip/ and Itl showed a small incidence of Ifl 

responses, and the nasal Inl was consistently confused with lm l, indicating 

that manner information for these consonants was not exclusively containedl 

in the second formant frequencies. 
J 

'. 

-
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'n "' 
. Voicing. The effect of the absence of the second formant on the 

perception of the voicing feature lS shown by the increase in voicing 
~~~~ 

errors for the voiceless fricatives If. s, JI and the voiced consonants 

lb, ?, ml in Condition FI. The important cues for voicing at the 1evel 

of the second formant frequencies are the voice onset time for plosives 

(Abramson and Lisker, 1965; Lisker and Abramson, 1967b), the noise dur~ng 

the second formant transition for voiceless p10sives (L1berman, De1attre 

and Cooper, 1958), and the frequency and durational aspects of the invariant 

energy for fricatives (Denes, 1955). The increase in voicing errors 

for Iml is re1ated to an increase ln manner errors. A1though phonetic 

features are perceived almost independent1y of one another (Miller and 

Nicely, 1955), it has been shawn that under certaln conditions of distortion, 

interaction may occur between two features (Piêkett and Rubenstein, 1960). 

This may exp1ain the increase in voicing errors for Im/. 

A comparison of Conditions FI 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 Isi and Im/. The voicing information for 151 

was contained in invariant energy and the perception of voicing for Im/ was 

related ta the perception of manner. The increase in voicing errors in 

Condition FI was not apparent in the spatial representation of the conson-

ants (Figure 7, p. 103), nor in the pattern of consonant confusions (Table 22, 

p. 94). These results indicate that although the overall number of voicing 

errors increased when the second formant frequencies were eliminated, sorne 

of the information contained by the s~ond 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 

overal1 intelligibllity and the perception of manner and voicing. The 

results of the present study confirmed the hypothesis for intelligibility, 

place and voicing, but not the hypothesis for manner. Intel1igibi1ity 

changed from 61.7% in Condition F12L to 56.0% in Condition F2. The 

number of place and manner errors were simi1ar in both conditions, a1though 

it had been hypothesized that manner would be best perceived when both 

formants were present. Voicing errors increased from 3.9% in Condition Fl2L 

to Il.2% in Condition F2 (Table 8, p. 68). These resu1ts 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 ~ 

second formant frequencies. Comparisons were made between Conditions F12L 

and F2, and between FI and F2, and the differences between consonants in 

Condition FI were also examined. 

Place of articulation. A comparison of indi vidual consonants 

indicated that although the absence of the first formant frequencies did 

not alter the perceptipn of place for the majority of consonants, place 

errors increased slightly for Ibl and Ig/. This might be explained by the 

fact that the burst for Ibl contains energy throughout 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 

. " 
r ~ 
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perception of place in' the~e consonants (Pickett and Rubenstein, 1960). 

A cornparison of Conditions FI~L and F? showed;tQat the e1imin~tiOn of the 
, . 

first formant irnproved the perception of place' in the voiced fricatives 

/v/~and /,/ which ~s probably related to the improved manner discrimination 

for these sounds in the absence of the low frequencies. 

Manner of production. A1though it ha4 been hypothesized that 

the perception of manner would deteri'orate in the absence of the first 

formant, this hypothesis was not confirmed. Manner cues conta1ned in the 

first formant frequencies are found in the first formant transition 

(Delattre, 1958f: and in the low frequency invariant energy such as nasal 

resonances (Fujimura, 1962). When the first formant frequencies ,;re 

absent, manner errors incr~ased only for /b/, /d/ and /n/. The filtering 

, 

out of low frequencies eliminated the 10w 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 FI and F2 indicated 

that more manner ~nformation 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 resu1ts 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. 

f (1955), Stevens and House (1956) and Delattre (1958; 1962). 

The spatial representation of the consonants in Conditions F12L 

. \ 
and F2 indicated that although manner errors Increased for Ibl and Idl 

when the first fonnant frequencies were absent, the distinction separating 
1 

plosives from the other classes of consonants was very weIl preserved 

(Figur~ 6, p. 100; Figure 8, ,. 106). This is also seen in the on1y 
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manner confusi!n for plosives which was the smal1 percent age of Ivl resp~~ses 
,for Ib/. n 

c) 

, 
The elimination of the first formant improved manner perception 

- , 

for /vl and a1though the Iresult was not significant, a sifuilar trend was 

seen for /;/. When only the second formant frequeneies wère present, 

these two phon_ames, wer~ eonfused with fricatives, ~hil~' they showed 
" 1 ,_ 

plosive and J;lasal_.confusions in Condition F12L. This indicat9,5, as found 

by Blesser (1972), that the presence of the low frequency voicing r,esonanee 

interferes with the perception of manner ~n higher frequeneies are 
-7 eliminated. // \ 

Voieing. !he marked weakening of the voieing dis~nction in the 

absence of the first formant frequencies was apparent in the inerease in 
g.... 

voieing errors for the voieed plosives and for /f/; Iv/ and 1;1 in Condition 

F2. In addition, a comparison o~ Conditions FI an~ F2 indieated that the 

first formant frequencies conta~ped m6re voieing information than the 
;. 

second formant frequeneies for the voiced plosives and for the\voiced 
"1 

\ 

f!ieatives .. Th~ important eues for voictng eontained in the first formant 
" 

frequeneies are the voiee bar and more partieular1y the first "formant 
" .. ~ 

transition for p1os1yes (Cooper et al., 1952; Ltberman, Delattre, Cooper 

and Gerstman, 1954; De1attre et al.; 1955; Liberman, De1attre and CooHer', 

1958; Stevens and'K,1att, 1971; Haggard and Summerfie1d, 1972;'Summerfield 

and Haggard, 1972), and the voiee bar and low intensity formants running 
~ 

throügh the friction ~or yoiced fricatives (Hugnes and Halle, 1956; 
1 

Dèlattre, Liberman and -Cooper, 1964): 
1 

The number of voicing errors in both Conditions FI and F2 was 

relativelY 1ow~.probably b~cause vo~cing identification involves only a 

binary decision and a1so because acoustically. voici~g i5 weIl represented 

t ' 
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, 
at the level of both first and second formants. An interesting finding is 

that a1thovgh both conditions did not differ appreciably with respect to 

.' the number of overall voicing errors, they did in fact difter with respect 

~ th~ perceptual sa1iency of the feature as seen by the waakening of the 

vOiCifig dimension in Condition F2. This was apparent in the spatial 

representation of thè'consonants and in the increase in voicing confusions 
r 

for that condition. The most frequent responses in Condition F2 for /b/, 

/9/ and 1,1 were their voiceless cognates. The I?I respopse for III, and 

Ivl and Im/ responses for If/ cannot be adequate1y explained, but may be the 

result of distortion occurring in the filtering process. 

Effect of High Sound Pr~ssure Level 

In view of the work of Martin, Pickett and Colten (1972), 

Martin, Osberger and Pickett (1972), Danah~r, Osberger and Pickett (1973) 

and Pi~ett and Danah~r (1973), it had been hypothesized that a decrease 

in intel1igibility and an increase in place ,errors would occur in Conditio~ 

F12H relative to Condition FI2L. The results of the present study con­

firmed the hypothesis as illustrated by the more compact spatial repr~~en­

tation of the consonants in Conditfon F12H (Figure 9, p. 108). 

'" Since Martin, Osberger and ~ickett (1972) had found that at 

a pigh sound pressure leve! th~. pr~sence of the first formant interfered / 

with the perçeption of sec~nd formant transitions, it was thought that ' 
'"') , 

those consonant~ cued by second formaflt transition~ would show the largest 

increase in place errors in Condition F12H relative to Condition Fl2L. An 

analYs{s of consonants (Table 9, p. 70 and Appendix F) revealed thàt no 

individual consonant showed ~ significant increase in place errors, although 

Î 
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. 
the over~ll nurnber of place errors in Condition Fl2H ~as significantly 

g-x:~ater than in Condition FI2L. These results' may be explained by the 

\. fact that the second formant transitions were not the only place cues 

present, but that the invariant.energy included by the band-pass fiitera 

also contributed to consonant i~entification. It had aiso been hypo-

thesized that a greater increase in place errors would occur in consonants 

in the lui environment than in the III environrnent 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

quency proximity had been stated as an important factor in tiRe spread of 

mas~ing of second formant transitions by first formants, Danaher, Osbergèr 

apd Pickett (1973) Iater showed that the relative amplitude of the first 

and second formants had a greater effect on discri~nation than the proximity 

of the formants. The two vowels /II and luI used in the present study' .• had 

similar relative amplitudes of their first two formants (Peterson and 

Barney, 1952), and therefore the results for the two vowels are not 

surprising. . 
, \J: 1 

An unexpected findipg was~the increase in mann~T'errors for' 
......... 

Iv, ZJ Il in Condition Fl2H, which is illustrated by the spatial proximfty 

of the resonants and voiced fricatives in Figure 9 (p.108). This trend 

was aiso apparent for the voiced fricatives in Condition FI2L, ànd is due 

ta the presence of the low frequency resonances in the invariant energy and 
t> 

ta the absence of the highe~·frequencies (Blesser, 1972). 

·1 • 

" , 
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if"' 
Vowel and Position Effects 

Vowels 

The two vowels III and lui used in the present study were primarily 

selected because they enabled an adequate attenuation of unwanted formants 

by band-pass filtering. As the results of natural speech studies 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 aIl 

conditions containing the second formant, place errors and therefore intel-

ligibility would vary as a function of vowels. This hypotnesis was 

confirmed. 

Table 25 shows the vowels which gave the~smal1estfnumber ef 

place erràrs and highest intelligibility scores for the consonants in the 

three conditions containing the second formant. The differences in intel-

ligibili ty and in the perception of t,he place feature for the consonants 

in the two vowel environments can be explained as follows: 

- 1. The vowels III and luI 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, /11 is a lax 

vowel while luI is tefi$e. Lax vowels have been described as having short 

targets and long transitions while tense vowels have longer targets a~d 

relatively shorter transitions (Le~iste and Peterson, 1961). 

- 2; The vowels III and lui differ in the relative amplitudes of 
. . 

their third formants, /1/ having a relatively intense third formant whi1e 

the third formant for /ul is relative1y weak (Peterson and Barney, 1952). 
~ ~ 
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TABLE 25 

Vowels giving the srnalles't nurnber of l'lace- errors and bighest intel­• 
ligibility scores for the consonants in the"three conditions containing 

the second formant. ~1 

Condition 

F12L F2 F12H 

P . 1* l l 

b 

t -" 
d u u u 

k 

9 

f 1* 1 

v 

5 U U 

" Z u* 

J 1 1 1 

...... ~ l l l 

e u* u 

a * u 

m 

n 

: 

1 

* Trend also apparent in the unfiltered material. 

N.~S indicate that the differences in scores for the consonants 
, 

in the two vowel environments were not significant. 

.. ' -. ~, "'L 
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Third formant transitions have been shown to be important cues for place 

perception for sorne 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 III envir6nment' 

than in the lui environment. 

- 3. The vowels III and lui differ in the frequency of their 

second formants, /1/ having a higher second formant than /u/ (Peterson 

and Barney, 1952). As a result of the method used in the present study, 

the filtering of consonants in the 11/ environment may have included more 

invariant energy than for consonants in the luI environment. Table 26 

shows the high cut-off frequencies of the second formant band-passes 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 intelligibi1ity for Ipl 'with III and Idl with lui. 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 p10sives with 

lu/ and of alveolars with 11/. The perception of Ipl was found to depend 

heavily on high frequency energy, but the differences in the perception of 

place for the two vowel environments suggest that the second formant tran­

sition contributed to perception with the vowel /1/. It has been shown 

that the perception of. place in Idl is enhanced by the presence of third 

formant transitions (Harris et al., 1958). The more acute perception of 

place for this consonant in the luI environment may also be the result of 

the absence of the third formant in the front veweI 11/. 
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• TABLE 26 
-r; , . 

High cut-off,fTequencies of the second formant band-passes fOT the 

groups of consonants in the two vowel enviTonments. 

Vowe1s 

Consonant 

GTOUp. III lui 
1 . 1 

p-b-m 2040 1480 . 

t-d-n 2200 1800 

, 
k-g 2200 1700 

r. fO f-v 1600 

s-z 2200 1700 

I-~ 2200 1800 

e1 2200 1700 
~., 

2160 1600 

/ 

.. , . 
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The extent of transition may also exp~ain the more acute percep-

tion of Ifl with III, and of 151 and Izl with lui. As both 151 and Izl 

depend on high frequency invariant energy, a better performance wou1d be 

expected with the vowe1 III since the band-pass fi1ter is inc1uding more 

invariant energy. The resu1ts suggest that the transition contributed 

to the perception of these consonants as was suggested by De1attre, 
, 

/ 

Liberman and Cooper (1964). The exte~t of the transitions was a1so greater 

with lui for lei and 15/, therefore enhancing the perception of place, and 

these trends were a1so apparent in the unfi1tered materia1. 

The fricatives III and 1,1 had consistent1y fewer errors in the 

III environment, which a1so produces sma11er transitions than lui. Both 

III and I?I are dependent on invariant energy ~nd the improved performance 

with III was the resu1t of a greater inclusion of invariant energy (Table 26, 

p. 136) by the band-pass fil ter. 
-

The resu1ts for manner and voicing had not been anticipated. In 

conditions containing the second formant, manner was best perceived f~ 
some consonants in the vowe1 environment which had a1so given the most 

acute perception of place and inte11igibi1ity. These resu1ts indicate 

that the perception of one feature inf1uenced the perception of another 

(Pickett and Rubenstein, 1960). Manner was best discriminated for Iml 

and III with III and can be attributed to the inclusion of the third 

formant resonance for Iml (Potter, Kopp and Kopp, 1966) and to a more 

• 
optimal transition rate for both III and Iml with III (Coope~t al., 

1952; O'Connor et al., 1957). 

• When on1y the first formant was present, the smaller number of 

manner and voicing errors which occurred with the vowel /11 for sorne 

fricatives and resonants were probably the result of the higher eut-off 

a 

" 
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frequency of the band-pass filter for /1/ (Appendix A). The more acute c ' 

voicing perception of Ip/ and /b/'with /u/ cannot satisfactorily be explained. 

It is possible that the rate of first formant transition for /ul was more 

optimal for the perc~ption of voicing in these two consonants (Summerfield 
J 

and Haggard, 1972). 

Positions 

ln 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; Flscher-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 

s~bstantiated the hypothesis. Table 27 shows the positions which gave 

the most acute intelligibility and most acute perception of place for the 

consonants in the filter conditions containing the second formant. The 

upper eut-off frequencies of the second formant band-passes were also anal-

yzed for the two positions. The results indicated that the eut-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 Ip, t, d, zl showed consistently fewer place 
1 

errors and a hi~her intelligibility in the final position for aIl three 
. -

conditions (Table 27). These results agree with those of~harf and Hemeyer 

(1972). /p/, It/ and Izl were seen to depend on invariant energy, most 

of which was removed by filtering. The improved discrimination in the . ~, 

final position indicates that the transition pontributes more to the 
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• TABLE 27 

Positions giving the smallest number of place_ errors and ftighest 

intèlligibility scores for the consonants in the,three conditions 

containing the second formant. 

Condition 

Fl2L F2 Fl2H 

P Final· Final Final 

b 

t Final Final Final . ~ ... 
d Final Final Final 

k 

9 Final 

f 

v Initial· Initial 

5 

z Final Final Final 

l Final 

~ Final 

e 
5 In~tial* Initial Initial .J "< 
m 

n 

1. 

1 1~"'II"··""''f' 
: li 

* 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 sipificant. •• ...... 
~ 8 ",' 

" 

1 • 

.1 
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identification of place in the final than in the initial position. The 

consonants 19/, Ifl and 1)1 only showed a more acute place discrimination 

in the final position in Condition F12H. Ivl was more intelligible with 

fewer place errors in the initial position for Conditions Fl2L and FI2H, 

while loI showed this same trend for al~ three conditions. Both Ivl and 

lél have been shown to depend on second Tormant transitions (Harris, 1954; 

1958). 1t has been suggested that a more acute perception of the place 

feature in the initial position is related ta the importance of invariant 

energy (House, Williams, Hecker and Kryter, 1965; Sharf and Hemeyer. 1972). 

As sorne of the invariant energy was preserved in the fi1tered utterances 

of the present study, the resu1ts with respect to position are not as 

c1ear 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 
. 

fqr those consonants which had most of thei~ invariant energy eliminated 

by fi1tering. Sharf and Hemeyer exp1ained their results on the basis of 

greater phonetic assimilation in forward coarticu1ation 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 

Iv, s, z, e, él in Condition F12L indicating the importance of invariant 

energy (House, Williams, Hecker and Kryter, 1965; Sharf and H~meyer, 1972). 

In Condition F12L manner and intelligibility were more acute for Dasals 

in the final position possibly indicating the importance of transitions, 

although the trend did not occur for the other conditions. In Condition F2, 

-
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the v9iced plosives were more intelligib~ in the final position ~accor-

dance with a generai tendency for these sounds to be more accurately 

identified in that position . 

. In Condition FI, 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 wer~ the plosives Ip/, Idl and Ibl, which couid have 

depended more on the first formant transition th an the remaining consonants. 

Perceptual Importance of the Phonetic Features of Place, 

Manner and Voicing 

The results of the multidimensional scaling procedure indicated 

that in aIl four fiiter conditions, the most important dimensions under-

lying consonant perception were those of manner and voieing. Condition F12L 

eontained a dimension separating the plosives from the non-plosi~es and a 

dimension separating lm, n, Il from the remaining consonants. Condition F2 

eontained a dimension separating the fricatives from the other consonants, 

and aithough the.resonanee feature did not appear as a dimension, the , 
"!J. 

groupings of consonants indicated that manner for lm, n, 1/ and for the 

plosives was weIl perceived. Figure 5 (p. 98), which shows the plotting 

of the stress values relative to the number of dimensions for each filter 

condition, indicates that although the most acute elbow in th~ curve for 

Condition F2 occurred at two dimensions, three dimensions could also have 

been chosen to interpret the data. Most probabty the dimensions would have 

been similar to those obtained for Condition FI2L. In Condition FI and 

F12H, the dimension separating the plosives fram the other consonants was 

, , 
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also apparent. Voicing was the other prominent dimension, occurring in 

aIl the filter conditions. Although the overall nurnber of voicing errors 

was significantly greater in Conditions F~ and F2 than in the other two 

filter conditions, the weakening of the dimension was only apparent in 

Condition F2 as seen by the spatial proximity of voiced and voiceless 

cognates. This is explained by the first ~ormant 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). In aIl filter cond1tions the place 

feature was only apparent in the distance between consonants, not being 
1 

represented as a separate dimension, even though there were significantly 

fewer place errors in Conditions Fl2L and F2. Tw~ssible considerations 
• 

arise, the first being that although place errors were fewest in 

Conditions F12L and F2, they were still more nurnerous than in the unfiltered 

~ 
condition; and the second being that perceptually place is never a prominçnt 

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 Nicely data for the six conditions 

of noise (SIN: -18 dB, -12 dB, -6 dB, 0 dB, 6 dB, 12 dB), evèn though the 

different noise conditions affected the number of overall confusions and 

more particularly place éonfusi~ns. He found that the increased number of 

confusions had little or no effect on the internaI pattern of those con-

fusions and that the dimensions of voicing and nasality (aanner) accounted 

for most of the variance in the data. These results therefore also indicate 

that the place feature i5 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 sorne trained individuals, place was also impoTtant. Peters (1967) 

also found that conSOnant pairs played forward or backwar~ provided similar 

distance measures, indicating that the spectral characteris!ics of a sound 

contributed greatly to the degree of similarity. 

The lack of prominence of the place feature in this and other 

studies mày be attributed to several fact~rs. If speech is performed by 

a series of binary decisions, no grouping of consonants into a binary 

place feature will succeed, since here are more' places of articulation 

than manners of production a 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 conta~ned sorne voicing and manner 
\ 

information. Finally, in the English langua~e, 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 . 

a 
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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 perce ive speech has been attributed' 

by sorne investigators to the restructuring or enc04ing of phonemes at the 

aco~stic level (Liberman, Cooper, Shankweiler and Studd~-Kennedy, 1967; 

Liberman, 1970). Acoustical1y, the encoding is represented by the formant 
~; p 

transi tions, which have most.1y been studied, in relation to synt.hetic 

p10sives (Cooper et al., 1952; Liberman et al., 1954; Delattre et al., 

1955; Harris et al., 1958). V~ation of the second fqrmant transition 

leads to differences in aurally perceived distinctions among stops. 

Variation of ~he first formant changes the voicing characteristics of 

plosives (Liberman, Delattre and Cooper, 1958) and although the first 

formant transition has not been systematically studied with respect to 

manner distinctions, it contributes to ~ more accurate synthesis of the 

different classes of consonants (De1attre, 1958; 1962). 

, The i~crease in manner errors in the present study in the absence 

of the first formant for sorne consonants and particular1y for the voiced 

plosives indicates that the first formant frequencies contain a certain 

amount of specifie manner information. A comparison of Conditions FI and 

F2 and of the spatial representation of the consonants in both these 
\ 

condit.ions (Figure 7, Pi 103, Figure 8, p. 106) showed that the first and 

the second formant frequencies each contain important manner information 
.. 

for plosives. Manner identification in the remaining consonants and more 

specifica~ly the fricatives is dependent on the invariant eneigy at the 

level of the second formant. 

. , 
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'The first formant frequencies contain more voicing information 

than the second formant frequencies for the voiced plosives and sorne 

voiced fricatives because of the presence of the first f0rmant transition, 

voice bar and low frequency invariant energy. Voicing, however, was still 

relatively weIl discriminated in the absence of the f~t formant, 

indicating that the invariant energy also contained important voifing cues. 

Most of the place information was, contained in the second formant 

frequencies. Since sorne of the consonants which showed the fewest number 

of place er~ors in Condition F2 were characterized by importiant 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 
, ! 

which place was perceived. In addition, the importante Sf 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 mostly bl second formant transitions. 

As discussed in the preceding section, listeners process speech 

by making manner distinctions, followed by voicing and finally pl~ce dis-

tinctions. An encoded theory of speech perception would indicate that 

manner is encoded and therefore that the first formant transition plays 

an important role in thE' ~ulallY perceived distincti'ons 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 manner. Similarly, invariant 'energy plays an important 

part in the accurate identification of voicing and place.. Transitions do 
, 

contain ~nformation which contributes to the identification of qonsonants, 

but it May be questioned if this is their primary function. The r~sults 

of the present study seem to be in greater agreement with the resu1ts of 
1 

.. --.~ 
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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 sc~t and Cole (1973) 

have suggested that transItional eues serve primarily to ~eserve the 
1 

temporal order of acoustic segments in rapid ongoing sp~ech. 

One objection to the present study is that the importance of the 

first two formants was studied in isolated syl1ables, which are less encoded 

than running speech (Liberman, 1970). However, the importance of transitions 

in syntQetic speech has also been studied in'syll~bles with steady-state 
\ 

vowels. Spectrographie analyses of natural running speech~reveals wide 

variations in patterrrs of transitions for identical consonants, overl~pping 

patterns for different consonants (Lehiste a~d Peterson, 1961; Ohm~n, 1966) 

and rarely occurring ste~dy-state vowels (Shearme and Holmes, 1962). In . " 

addition the anticipa~ion o~ a following vowel (Lehiste and Shockey, 1972a; 

1972b) or of a fol10wing 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 1itt1e research has been performed on the ro1e of these trânsitions 

in the ,identification of consonants. ~t is not known if trarsitions and 

invariant energy carry less information for consonants in- running speech 

than in nonsense syllables. Syllables are less~telligible than running 

~peech which depends on important conte~tual c'es for IdentIfIcatIon 

(Lieberman, 1963; Pickett and Pollack, 1963). 
/ 

v 
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Imp1ical\ons 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 lingui~tic information, have had an impact on research aimed at finding 
1 

new ways of presenting speech -to hearing-impaired listeners (Thomas and 

Sparks, 1971; Pfannebecker, 1972). Severely impaired 1isteners generally 

perceive 10w frequencies better than high frequencies whic~ may not even 
" 

be within their audible range. Listeners having a hearing loss make more 

consonant errors than vowe1 errors and a1so have more difficu1ty in dis-

tinguishing the place feature than manner and voicing features (Rosen, 

1962, Cox, 1969; Pickett, Martin, Johnson, Smith, Daniel, Wi11is and Otis, 

1972). It has been shown that deaf 1isteners use the same cues for iden-

tifying voicing, aanner and place as do normal-hearing 1isteners (LaBenz, 

1956; Cox, 1969; Pickett et al., 1972; Bennett, 1973). , 

The discrimination of synthetiç second formant transitions has 

been studied in deaf 1isteners to gain insight in their poor place dis-

~rimination abi1ities (Martin, Osberger and Pickett, 1972; Danaher, Osberger 

and Pickett, 1973). The result~ of the present study ~uggest that the 

ability of deaf listeners to perceive various forms of invariant energy 

should a150 be studied. In addition, the present results indicate that a 

de-emphasis of the first formant in natura1 speech which has been attempted 

with deaf listeners (Thomas and Sparks, 1971 j pfannebecker, 1972) would in 

fact be eliminating very 1itt1e information_- The information contained 

in the first formant frequénèies i5 very much poorer than that contained in 

the second formant frequencie5. Severely deaf listeners -are therefore 

limi ted by the information c-ont.ent of the sound! they can percei ve. nie .r 

--
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'" .,. second formant frequencies might provide much mQre information if they were 

~resented ~ ~he audible range of deaf 1isteners. Blesser (1972) trans­

forrned the hig)l frequency" energy' of speech to lo~, frequency energy a~t .. 
vice versa. The speech spectrum was initia11y lirnited to a 200-3000 H~ 

'1 , . 
band and then rotated around a Fentre frequency of 1600 Hz. According 

to Blesser, this kind of transformation did not obscure the information 

contained in the frequency ~pectrum, but rearranged it to create a new 

signal which had a one-to-one correspo~dence to the ol~signal. After 

! ' 

sorne practis~ listeners wer~ able to communicate with one another using the 

spectrally transformed speech. It would be interesting to see if such a 

technique, which wou1d bring the second and third formants into the first 

" . 

formant range, would improve the discrirnjnation of p~ofoundly deaf listeners . 

... 
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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 ~ CV and VC syllables. 

The features of voicing and manner are accurately perceived, but place 
1 

~ distinctions are less accurate in the absente of higher formants. 

Not aIl 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 of energy in the invariant part of the spect-, 
rurn. 

The consonants in CV and VC syllables can be identified with 

about 25% accur~cy on the basis of first formant information alone, and 

elimination of the first formant decreases intelligibility by only 
~ 

about 6%. The first formant transition and' low frequency invariant 

energy primarily serve to contribute voicing information for voiced 

plosives and fricatives. The first formant also contributestsome manner 

information, particularly for plosives, but contains very little place 

information. Therefore, it can be concluded that the first formant 
r • 

does make a smaIl, 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 frequ~Cies, therefore, 

contribute important inf01'llation\fO co~~ant~ i~~fiCation. SOIle 
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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 sorne voicing confusions are apparent when only the 

sécond formant is heard, voicing distinctions are relatively weIl 

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 a~e amplified and presented at a high sound 

pressure level, consonants are still weIl identified, with a decrease in 

accuracy of only about 5% relatIve to the comfortable levei of presentation. 

The high sound p~essure level has the general effect of increasing place 
.... '1 

confusions. Voicing and manner distinctions remain as accurate as in the 
:li 

comfortable level condition, although sorne' manner confusions do occur for 

the voiced fricatives. 

In aIl filter conditions~ intelligibility and the accuracy with 

which the place, manner and voicing features are perceived depends on 

information c"rried by transitions and invariant energy. The relative 

importance of each of these 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 

•• - "1 
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close agreement with other filtered speech studies (Miller and Nicely, 

1955). as weIl as natural speech studies which have assessed the relative 

importance of transitions and invariant energy for consonant perception 

(Ma1écot, 1956; 1958;-Wang, 1959; Fischer-Jorgensen. 1972a; 1972b; 1972c; 

Cole and Scott, 197~ These previous results, together with the present 
(' 

results, indicate the necessity for caution when genera1izing from the 

conclusions of synthetic speech to natural speech. 

In natural speech a listener hears both invariant and transitional 

cues ... The present resul ts indicate that both types of cues carry infor-

mation, but transition cues may not be as crucial to consonant perception 

as sugges~ed by the results of synthetic speech studies. S}nce the 

band-pass filters used in this study did not p~rmit precise isolation of 

the formant patterns, it would be interesting to repeat the experirnent 

using a tracking technique (Atal and Hanauer, 1971; Olive, 1971), which 

would permit the comparison of cues in isolated formant patterns for both 

sy11ables and running speech. Further investigators might a1so take into 
1 

consideration the question of_ whether other spectral attributes such as 

overall- spectrurn ~ape (Fant, 1968) and envelope eues (Cole and Scott, 

1973b) may be more basic to perception than band-limited eues contained 

in formant patterns. -
-.' 

J 
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THE SPECTROGRAPHIe ANALYS1S 

THE 136 SYLLABLES 
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TABLE 1 

List 1 (CV/I/JD) \ 
..- .... 

'iF 

Vocalic 
Band-Pass t~t-Off 

Consonant High FI (Hz) Invariant F2 (Hz) Low F2 (Hz) High F2 (Hz) Low F3 (Hz) Frequencies !Hz) 
r 
~ 

"v' 

p - 520 1020 R 2000 2040 2760 FI: 140-520 
b 560 1020 R 1800 2000 2640 F2: 900-1950 
m 560 870 R 1800 2000 2500 

t 520 1920 1920...., 2000 "\ 2760 FI: 140-560 
d 480 1720 1840 2000 2640 F2: 1720-2000 "', -
n 560 1800 1920 2040 2600 

, .,.. . -, 

k 440 2500 c î 1800 J 2160 2680 FI: 140-60'0 

60p ~ 
...... 

9 2500 2000 2200 2720 F2: 1800-2100 ....... 
N 

; 

f 6010 1020 1960 1960 " 2680 FI: '140-600 

v 600 1600 1880 1880 2600 F2: 1020-1960 
\.. 

S 600 1800" 2040 2800 FI: 140-600 

z 560 1600 1600 1880 2800 F2: 1600-2040 

l 600 2000 1800 2000 2520 FI: 150-600 

2 600 2000 1640 1640 2720 F2: 1640-1900 

e 600 1840 2000 2800 FI: 140-600 

5 600 1520 1600 1920 2680 F2: 1520-2000 ,. 
J 

520 1320 1520 1920 2800 FI: 140-520 
F2: 1320-1920 

~ . 
R = Reported value (Potter, Kopp and Kopp, 1966). . . 
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TABLE 2 ' 

List 2 (VC/r/JD) • al 1 f 1 
'~ 0 • ~o 1 

.-
C> .. 

__ __ " 1 
) , 

~ 
.. Vocalic 

; ,/ 
V 

~onsonant High FI (Hz) Invariant F2 (Hz) Low f2 (Hz) 'High F2 (Hz) 'Low F3 (Hz) 
• 

Band-Pass eut-Off 
Fl'equencies (Hz) 

P 

b 

m ... 

t 
a 
n 

k 

9 
f . 

v 

5 

z 

l 
~ 
S 

ô 

., .... - , 

560 

640 

560 

640 

520 

520 

52.0 

'"' 
ô 

1000 

1160 

1880 

14QO 

2000 

1680 

1520 

1480 

1600 

1720 

.. 

2240 

2360 

2200 

2200 

2200 

'2600 

2440 

,1 2520 
.. ~ 2920 

2960 

1600 22/<)0/ '3000 

2(J1j. /t240 . - -----, 2400 

Fl: 140-640 

F2: 1000-1900 

; 
FI: 130-640 

F2: 1400-2200 

FI: 130-520 

320 2320 2000 2240 2800 F2: 1700-1900 
560 -1-- 1000 ---- .. 1520--- - 208a- 2600 FI ~ 130-560 

440 .. 1320 1440 2120 2400 F2: 1000-1800 . 
520 1720 R 1640 2080 2800 Fl.; 130-520 

440' 1720 R 1600 2200 2800 F2: 1600-2200 
> 

520 2100 1920 2160 2800 FI: 130-520 ' 

400 2160 ,1800 2100 2800 f2: 1800T2160' 

600 1680 . 2200 2720 Fl-: 130-600 

400 1440 1680 
..i 

2200 2680 . " F2: 1440-2100 

ASO 920 2120 2120 2600' FI: 130-480 , 

<r 
F2: 920-2000 

. ~ 

1 
.J 

" 

fil 

r" 

.... 
-...l 
~ 

~ 

~ 
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List 3 (cYu/JO) 
~ 

Consonant Hi~ FI . (HI) 

-P 400 

b 480 

m r" _ :~20 

t 360 
d . 400 

n 400 

k 400 

9 400 
f~ 400 

v .. 400 
• s 400 -

z 400 
~ 

. ~":..."- ,I 440 
h • ,.. , 440 

) e 400 

a 360 . . • 
480 

", 

!-

" 

......... r .. _ 

,,~ " 

Invariant 'F2 (Hz) 

1000 

800 

0020 

1740 '$ 

1400 

1400 ' 

1320 

. 
- 1l68ItJ 

2000 

2000 

1520 

14'80 

" 

{/4~ 
,­

-,' 

TABLE 3 

Vocalic 

Low F2 (Hz) High F2 (Hz) 

1080 1200 

1040 1200 

1080 1320 

960 1640 

1000 1760 

880 1600 

840 1280 

1000 1000 

800 1280 

1000 1400 

1000 1680 

1080 1680 

1000 1800 

1000 1800 

' 1000 1640 

1000 1520 

1000 1600 

Low J~ (Hz) 

2120 

2040 

2200 

2160 

2200 

2120 
'" 

2200 

2240 

2200 

2200 

2280 .. 

2200 

2200 

2200 

2200 

2200 

2280 . 

• 

Band-Pas~ Cut-Off 
Frequencies (Hz) 

Iil: 140-480 

F2: .800-1320 • 
FI: 130-400 

F2: 880-170{} 1-" 
-..J 
~ 

Fl: 140-400 

F2: 840-1400 

FI:, 140-400 
-, F2: BOO-l40a---

FI: 130-400 

" F2: 1000-1680 

FI: 150-440 

F2: 1000-1700 " 
FI: 140-400 

~ 

F2: ,1000-1640 

FI: 150-480 
F2: 1000-1600 

, 
'l 
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List 4 -(VC/u/JO) 

; 

Consonant High FI (Hz) 
~ 

Invariant F2 (Hz) 

P 
b 

-m 

t 

d 

n 

k 

- 9 

f 

v 

5 

z 

J , 
e 
6 

400 

400 

400 

400 

400 

480- î 
j 

1480 

800~ 

1880 

'400~ l 1520 

400 r: 1840 
... - ----"'-"--

560 

480 1480 

f 440 

400 

400 

400 

480 

400 

400 

,.. 

1800 

2000 

2000 

1600 R 

1600 R 

880 

.,1 

TABLE '4 

Vocalic 

Low F2 (Hz) High F2 (Hz)- Law F3 (Hz) 

920 

1000 

1080 

880 

1080 

1160 

1000 

960 

1080 

1040 

1120 

1080 

1120 

960 

1120 

960 

880 

1040 

1160 ' 

1080 

1200 

1240 

1240 

1120 

1120 

1200 

1160 

1240 

1280 

1240 

1040 

1800 

1080 

960 

2290 

2200 

2200 

2280 

2280 

2280 

~200 

2200 

2280 

2200 

2200 

2200 

2280 

2280 

2240 

2200 

2200 

,r 

1 

/ 
1 

• 

8and-Pass Cut-Off 
frequenèies (Hz) 
" 

FI: 140-400 . 

F2: 800-1480 

FI: 150-480 

F2: 880-1800 

FI: 150-400 

F2: 960-1700 

FI! 150-560 

F2: 1040-1480 

. FI: 160-440 

F2: 1080-1700 

FI: 160-400 

F2: 960-1800 

FI: 150-480 

F2: 960-1700 

FI: 150-400 
F2: 800-1000 

...... 
'-l 
Ul 

4, 
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.. TABLE 5 , '" .. 
List 5 (CV/I/RS) 

Vocalic 

..... v-:.:,.-- Band-Pass eut-Off' 
Consonant High FI (Hz) Invariant F2 (Hz) Law F2 (Hz) High F2 (Hz) Low F3 (Hz) Frequencies (Hz) 

p 600 1760 1840 1960 2640 

1> 520 1400 1-800 ' 2000 2200 FI: 170-600 

• 600 1000 1680 2000 2320 F2: 1000-1700 
m 

t 600 1720 R 1960 200b 27to 

ci 600 ~ 1720 R 1840 2040 2800 
FI: 170-600 

F2: 1720-2200 
...... 

600 1720 R 1840 2200 2840 
-...,J 

n C]\ 

k 600 2320 2080 2160 2800 FI: 170-600 

9 600 1.- 2480 1920 2200 2880 F2: 1920-2200 

f 680 1020 R 1720 2000 2640 FI: 170-640 

v 600 1020 R 2080 2080 2200 F2: 1050-1720 
tt! 

5 640 1520 2120 2120 ~880 FI: 140-640 
-r-

z .640 1600 1729 2160 2960 F2: 1520-2160 

l 600 2440 2040 2040 2800 Fl: 150-600 
<. 

~o ? 600 2280 2000 2000 F2: 2000-2200 

'. e 600 1600 R 1760 . 2200 2800 FI: 140-680 

5 680 1600 R 2200 2200 2760 F2: 1600-2100 

680 1720 2160 2160 2880 FI: 140-680 
~ • F2: 1720-2160 

:. 

" 
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TABLE 6 

List 6 (VC/I/RS) 
, , 

1 

Vocalic .. ( 
!:' 

Band-Pass Cut-Off 
Consonant High F1 (Hz) Invariant F2 (Hz) LO\t-F2 (Hz) High F2 (Hz) Low F3 (Hz) Frequende's (Hz) 

P 600 1000 1520 2120 2400 

b 600 1440 2160 2160 2600 FI: 150-600 

"- F2: 1000-1900 
m 600 1360 2200 2200 2520 

t 600 2000 2160 2880 

d 600 1800 2080 2080 2800 " FI: 160-600 ..... 
F2: 1700-2100 '-..1 

n 

:~ 
1700 2040 2100 2720 '-..1 

k 2000 .2120 2240 2600 F1 : 160-520 

9 521 2480 2246 2240 2680 F2: 1800-2000 

f OClO 1800 2160 2800 FI: 160-600 

v 600 1800 2200 2200 2720 F2: 1800-2100 

5 6~ 1600 2080 2200 2920 "F1: 160-640 

z 520 1640 2200 ~ 2200 2840 F2: 1600-2200 

l 600 2040 2040 2280 2760 FI: 170-600 

? 520 2320 2320 2800 F2: 1900-2100 
"0 

e 640 1600 2080 2200 2920 F1: 160-640 , 

5 520 .... '" 1640 2200 2200 2840 F2: 1600-220Q 

"', 600 1120 2080 2080 2800 FI: 170-600 

\ F2: 1120-2080 
~ 

::.. 
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TABLE 7 

List 7 (CV/u/RS) 

Consonant 

'~f 

b 

m 

t 

d 

n 

k .. 

9 -
f 

v 

5 

z 

l 
? 
e 
5. 

'1<' 

Vocalic 

High FI (Hz) Invariant F2 (Hz) Low F2 (Hz) High F2 (Hz) Low F3 (Hz) 

48~ 1200 1400 2520 

440; 1000 1200 1360 2280 

140 900 1320 1320 2200 

480 1760 1320 1320 2280 

480 1720 1320 1320 2400 

480 1520 1280 1640 2400 

480 1680 1000 1400 2240 

560 1680 1320 1320- 2000 

580 " 1020 1400 2400 

560 1120 '" 1400 1400 2400 
-
480 1500 1640 2520 

480 1320 1520 1700 2600 
~ ..-------,------- - -- - - - - -- -- -----

560, 2000 1320 1320 j 220i 

520 2000 1200 1200 

520 

480 

480 

e 1200 

1040 

1120 

1280 

1320 

1600 

1480 

1480 

., 

2400 

2400 

24-80 

2400 

• 

-- ---
Band-Pass eut-Off 
Frequencies (Hz) 

FI: 160-480 

F2: 900-1400 

FI: 180-480 

F2: 1280-1760 

Fl: 170-560 

F2: 1000-1500 

Fl: 180-580 

F2: 1020-1400 

FI: 
.. 

180-480 

F2: 1320-1700 

FI: 180-560 . 

F2: 1200-1700 
• 1 

F1: 160-520 -

F2: 1120-1fJOO 

F1: 180-480 
F2: 1040-1480 

''\ 
/ 

• 

.. 

...... 
-...J 
00 

-
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TABLE 8 

List 8 (VC/u/RS) .. 
"". 

" 

Vocalic 

" Band-Pass eut-Off 
Consonant High FI (Hoz) Invarian~.~ (Hz) Low F2 (Hz) High F2 (Hz) Low F3 (Hz) Frequencies (Hz) 

., 
\- ~::::- 520 880 1000 2200 P ,._-.,... .. 

b 480 840 920 1000 2200 FI: 160-520 

480 800 1000 1000 2200 
F2: 800-1000 

m 

t 520 ~ 1800 1120 1520 2480 

d 480 1600 1000 1000 2200 
FI: 180-520 

..... 
F2: 1000-1700 '-l 

" 440 1120 1320 2200 "- 10 n .q 

k 400 1200 800 960 2200 FI: 180-440 

9 440 1800 1000 1200 2200 F2: 800-1700 1. ' 

- f 440 1600 1080 1200 2200 F1: 170-440 

v 0 1520 1200 1360 2200 F2 : 1080-1600L 

5 1640 920 14<f 2280 Fl: 160-480 , 

z -.- 41St) 1520 1200 1200 2200 F2: 920-1640 ., 
J 440, 2000 :..- 1200 1200 2180 FI: 160-480 ; 

'. 1000-1700' ; 480 2000 1000 1320 2200 F2: 
~ , 

e 480 1800 1040 1400 2200 FI: 160-480 

'" 5 480 1440 1200 12QO 2200 F2: 1040-1700 

440 ~oo 920 1000 2400 FI: 190-440 
F2 : 900-1100 

• 
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APPENDIX B 
~ 

.- MINIMUM ATTENUATION' OF UNWANTED FORMANTS 

_!;L' 
SY SECOND FO~T BAND-PASS 

" 

TABLES 1-8 
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List 1 (CVjI/JD) 

• 

-W' 

~ 
) 

., 

, 

TABLE 1 

t 

A T T E NUA T ION (dB)* 

" Vocalic 

., 

Invariant 
Consonant Group 

Band-Pass eut-Off 
Frequencies (Hz) High FI ~ F2 'J Low F2 

p-b-m 

~ - t-d-n 

k-g 

-- f-v 

!i-Z 

f-~ 

a-5 

900-1950 

1720-2000 

1800-2100 

1020-1960 

0 1600-2040 

1640-1900 

1520-2000 

, ) 1320-7 
., / 

----7 , 

50 6 

75+ 3-

75+ 20 

57 3 

75+ 3 . 

75+ 8 

75+ 3 

75+ 3 

* Relative to ~e~tre f~queney of second formant band-pass. 1 
** ~tten~9~~an 3 dB (eut-off frequeneies) listed as OdB. 

"" --. 

0** 

0 

3 

:) 

3 

3 

0 

0 

Hj.gh F2 

10 

6
7 

9 

:) 

3 

8 

3 

3 

,. 

) 

Low F3 

30 

30 ....... 
" 00 ...... ,. 

30 

33 
.... 

43 .. 
~o 

.,$6 
1 

46 

i 

i 
~ 



i ~ 

~J ~t 

\. -

rO , 

"r 

•• 
• 

-'" 
List 2 (VC/I/RS) 

é 

Consonant Group 

,\ . 
JI' 

. - , 

.. 
'1 

, 
8an~ass eut-Off 
F.requencies (Hz) 

-. 
~ 

"\ 
TABLE 2 , 

\\ 
A T T E NUA T ION (dB) 

,....-----_._._._-~- - .. 
Vocalic 

High FI 
Invariant 

F2 -~- Low F2 1tlgh F2 

\.- ---~--- ------~ ------...,. 
1 

p-b-m .. .Jf,.-
1000-1900 50 :> 0 

1 

20 
1 

t-d-n 

k-g _. 

f-v 

s-z 

1400-2200 
, 1 .. 

.1700-1900 
l ' 

H 

\ 
1000-1800 

}600-2200 :..,--, 

75+ t3 0 
1 

1 

75+ ~2 11 
1 

64 3 0 

75+ 
, 

:0 3 

3 

21 

20 

3 

I-~ 1800-2160 
,: 

rJ 75+ :3 3 3 
->; 

9-ô 75+ 3 0 
1 

• _____ .....::....~_J 

1440-2100 10 

10 
• 
~ 

920-2000 10 3 10 
~ 

,-
~-" -- ---- - ---~~ -----
~ 

.0 

<r 

°1 

• 

Low F3 

30 

36 -~ 
( N 

, -
30 

30 

30 

'8' 36 

30 

30 

~ 

.. 

.. 



~~!"J-~=-; 
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""""'" 
-" 101: .... 

- " .... • 
• • 
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.:J'ABLE 3 -

.. 
List-3 (CV/u/JD) 

~ 

) A T T E NUA T ION -, (dB) 

Vocdic 

(.; , 
1 It.. .. 

" Band-Pàss Gùt-Off Invariant 
Consonant Group -Frequencies (Hz) High FI F2 Low F2 High FZ Low F3 

~, ,. 
, 

p-b-m 800-1320 57 3 0 ... 3 50 
... - , -

• 
,. 

1-' t-d-n 880-1700 75+ 14 i 7 30 co 
~ 

k-g 840-1400 75+ ' 3 3 0 50 .. 
f..,v .. , 800-1400 75 (Y 3 3 50 

~~ 

\. s-z roOO-l~80 75+ 3 
.-4 

3 3 30 
\ 

I-l 1000-1700 7.5+ 18 3 6 30 
Q 

.~ 9-a 1000-1640 75+ 0 3 • 3 36 

oJ 1000-1600 75+ 0 3 3 38 
. ." 

" r ob' =1. 1 ,. 

r 1 

\J, 

.. 

c 



::"',! ", . -
~l..\'" ~ 

,. 
; 

~ 

V 1 

._ .. ~~.~ \........ , 
'-.-,. 

.. 
- -' TABLE 4 

ë: 

List 4 (Ve/u/JD) 

./ 

(---- .. - ~ - . ~- A T T E N ~~-T-I-O-;--(dB) 

\ 

... 

.. 
''Y 

'Consonant Group 

p-b-m. 

t-d-n 

k-g 
f-v 

s-z 

• 1-=s 

a-a , 

... 

Band-Pass eut-Off 
Frequencies (Hz) 

" 

800-1480 

"-880·,1800-

. 960-1700 
\ 

1040-1480 

1080-1700 

960-1800 

960-1700 

800-1000 

High FI 

-
75 

70 

75+ 
,.. 

66 

75+ 

75+ 

75 
k 

75 

Invariant 
F2 

3 

8 
~, 

12 

3 

8 

14 

, 0 

/ 
0 

i v 

,. ... 

Vocalic 

Low F2 High F2 
-- -- ... _- .. ~ 

0 0 

3 0 

3 0 

3 0' 

3 0 

3 0 

3 8 

') 0 0 

-, ,., 

" 

'" 

4 

Low F3 

43 

30 

30 

46 

30 

30 

30 

75+ 

" 
-..../ 

~~ 

~ 

~, 

• 

~ 

00 
.;:.. 

.---
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• 
List' 5 (cV/I/RS) 

~ Consonant Group 

'" p-b:-m 

t-d-n ) 

',k-g 

f-v 

s-z 

}-~ 

- a-a . 
. ~ ... 

" 

.,. 

" .. 

.~. 

~ 

• 

t· 

" 

Band-'Pass eut-Off 
Frequencies (Hz) . 

1000-1700 

1720-2200 

1920-2200 

. 1050-1720 

1520-2160 
. 

2000-2200 

1600-2100 

1720-2160 

, <.' 

,~,! , 

TABLE 5 

" 

Hj.,gh FI 
"'-

56 

75+ 

75+ 

54 

75+ 

75+ 
~ 

15+ 

~ :::....~~ 
75+ 
--~ 

• • t f 

-' 

~ 
A T T E NUA T ION (dB) 

Invariant 
F2 

6 

3 

17 

6 
, 
3 

14 

3 
• , 

3 

f' 

~ . . . 

Vocalic 

Low F2 .High F2 

10 18 

0 3' 

3 3 

2~ 23 

0 3 

3 3 

8 8 

3 3 

., 

..,. 

.,,,. 
. . 

• 
~ 

.-; ~ ...... 

Low F3 

30 

32 

30 

30 

30 

30 

30 

30 

~\ '-. 
,\ 

1, 

\ 

~ 

00 
VI 

, 

\ 

:------

\ 
\ 
\ 
\ 

\ 

"''-.. 
"-"-
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c 1 
• Q ,0 
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,;;. 

.. " 

. 
'" 

Q 

" " 

Ir 

~ 

-;t 

• - ~~ 

1t'"" 
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List 6 (ve/I/RS) 

" 

Consonant Group 

-p-b-m 

. ~-n 

k-g 

f·y 
• 

s-z· 

I-~-

1 9-a' ~" 'r I! 

17 
\ 

" ""! .,. 

.... 

! 

, 

• 

.. 

., 

/ 

.. 

Band-Pa$s eut-Off 
. Freq.fnci es (Hz) 
, 

1000-1900 

1700-2l.OO 
~ -- A "_ ... -.. ... -... 

1~860-2006 .. 
'<li ~ 

1800·Z10D 
l •• 

1600-220()"'- ,;; ., 

1900;.2100 

1600-2200 

1120-2080 
.... 

~ 

'\). 

\ . 

" 

• TABLE '6 

High FI 

~ 

58 

75+ ~'" 

75+ 

75+ 

75+ 

75+ 

75+ 

68 

\' 

" 

," 

'( 

..... 

~ 

A T T E NUA T ION (dB) 

/ Vocalic 

::: 
Invariant 

F2 'Low F2 High F2 " Low F3 

3 18 18 30 

3 Û 6 30 

14 15 lS 3Q 
"<S 

.; 

~ 6 6 30 

p 3 3 30 . 

0 14 14' 30 

3 3 3 30 
'J 

... 
3 3 3 . -36 

)t 

• 

, 

r-' 
~ 

~ -, 00 
Q\ 

/" 

~~ 
~ 

"-

'1. 

;;-

\, 



~ . 

.. 
r ... -" 

~w 1." 

~ ;.;. ' 

,:. .. 
.7!"} 

;-" 

--, 

-, 

!, .... 

". " 

" 

...... 

-r 

~': 

~ 

.' 
., 

i. 

--'. "l ~." " TAD~··1. 
.. : ~ .i 

List 7 (ty/u/RS) ". 

"' 

A T T E N Y A T 01 0 N (dB) 

Vocalic~ 
# • 

• 
Band-Pass Cùt-Off Invariant 

Consonant- Group Frequencies (H:z.) High. FI F2 Low FZ High FZ 

, 
p-b-ml 9.00-1400 68 3 1) 3 

t-d-n llaO-1760 75+ 3 3 0 

k-g 1000-1500 66' . 13 3 0 - r-

f-v 1020-1400 63 0 3 3 -

s-z 1320-1700 75+ 3 0 3 
" 
J-=5 1200-1700, 75+ 21 5 ''\ 8-6 1120-1600 7$+ 0 3 

1040-1480 75+ '3 0 3 

.) \ " 
\ ~ 

( 
,~ 

l '. '-.. 

r 
* • 0:(."-'" • 

~ Low F3 .. 
50 

> .,. -

30 

30 
'-

58. 
l' 

46 

- 30 

4<> 

S3 

..... 
00 
........ 

., 

. .. 

, . 

. '" 

" 



~~':._'-.~.~-'. -.- -
~4_"" " . , • 
;.,' 

".'~ 

~ 

.. 

('List 8 (vC/u/RS) 

Consonant Group 
.1 

~-b-m 

t-d-n 

k-g 

f-v 
~ .. 

", s-z 

I-~ 

S·a 
! ~ 

;;; . 
.;; 

.. ' 

i 

8and-Pass eut-Off 
Frequencies (Hz) 

800-1000 

1000-1700 

800-1700 

1080-1600 

920-1640 

1000-1700 

~ 
1040-1700 

900-1100 _ 

'~ 

TABLE 8 

High FI 

53 . . 
13 

72 

75+ 

71 

75+ 

75+ 

7S+'!). 

fit' 

A T T E NUA T ION (dB) 
,', 

.. 
Invariant 

F2 

3 

8 

7 

3 

3 

20 

8 

3 

~; 

Vocalic 

Low F2 High F2 
\ , 

3 '3 

3- 3 

3 0 

'3 0 

3 0 

3 0 

3 0 

0 0 

; 
1 

Low F3' 

75+ 

30 

30 

38 

33 

30 

30 

75+ 

~ . -

----

• 
1'" 

..... 
00 
00 

" 
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APPENDIX C 

l' 
MIN~ ATTENUATION OF 4NWANTED FORMANTS 

BY FIRST FORMANT BAND-PASS 

" T,ABLES, 1-8 
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au 

• 
List 2 (VC/I/JD) 

Consonant Group 

p - b - m 

t - d - n 

k - 9 

" 

f - v 

5 - z 

- ( 

. l - ~ 

e - a 

, , 

191 

TABLE 2 

Band-Pass eut-Off 
Frequencies (Hz) 

140-640 

130-640 

130-520 

130-560 

130-520 

130-520 

130 .. 600 

, 
-

" 
, 
-
~30 .. 480 

1. . f 

ATTENUATION (dB) 

High Fl Law F2 

3 54 

3 7}+ 

3 75-+-

3 64 

3 75+ 

3 75+ 

3 75+ 

" " 
3 \ 73\.. 

• 
. , 
> - , . ' 
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List 3 (CV/u/ro) 

& 
v 

Consonant Group 

p - b - m , 

t - d - n 

k - 9' 

f - v 

s - z 

l - :s 

e - a 

..,.c 

192 

TABLE 3 

Band-Pass Cut-Off 
Frequenciès (Hz) 

140-480 

, 
130-400 

140-400 

140-400 

130-400 

150-440 

140-400 

150 .. 480 

J 

) 

\ ~ 

ATTENUATION (dB) 

High FI Low F2 

3 S6 

, . , 3 75+ 

3 75+ 

3 75 

3 ~5+ 

3 ' ,75+ 
/ 

" 
3 1 \ 75+ 

1 
3 75+ 

, '( 

" 
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List 4 (Vè/u/JD). 

f 

ré0nsonant Group 

! 

•• p - b - m 
.... 

t - d - n . 

k - 9 

/ 

! 
/ , 

5 - z 

l - :s 

e - & 

... ." 

.. 

193 

TABLE 4 

1 

Band-Pass eut-Off 
Frequencies (Hz) 

140-400 
/ 

1.56-480 

" 150-400 

150-560 

160-440 

160-400 

15<ht480 

l': 

150-400 

\ 

ATTENUATION (dB) 

. \ 
High FI Low F2 , 

3 7S 
\ 

\ 

\ 

67 

3 75+ , 

3 68 

3 7S+ 

3 

3 75 

3 75+ 

\ 
, " 



, . 

• 

• 

w ',,-l~ ., 

r . 

,( 
'" (' 

{ 

!. \ 

./' 
1 

.. -
List 5 (CVlI/RS) ~ 

t 

Consonant Grdup 

p - b - m 

t - d -' n 

k - 9 

f - v 

S - z 

• l - 3 ' . 

e - 5 1 

194 

, 
TABLE 5 

/ . 

Band-Pass Cut-Off 
Frequencies (Hz~---

170-600 

170-600 

170-600 

170-640 

1# .... 

140-640 

~ 

150-600 

140-680 

140-680 

ATTENUATION (dB) 

High FI 

3 

3 

3 

9 

~ 
i , 

3 

3 

, 

Low F2 

57 

/ . 

75+ 

75+ 

50 

75+ 

75+ 

75+ 

75+ 

.................... __________ .. __ .... __ ........ __ ~G .. ----
,- ; ( 

' . 
• \, i 

.... {. "'* .. '.1 

/ 1 
:.,,: • ...f.'::t.l 
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List 6 '(VC/I/RS} 
~ 

( 

Cons onan t Group 

P - b - m 
1 

1: - d - n 

k - 9 

f L v 

s - z 

l - ~ 
\, 

i} .- 15 

\ 

. r \ 

l 
\ 

'195 

TABLE 6 

... 
Band-Pass eut-Off 
Frequencies (Hz) 

150-600 

160-600 

160-520 

160-600 1 
"-

160-640 

170-600 , 
160-640 

'{ 

170-600 

~ ... '. . 

(, 

• 

1 ArtÈNUATION (dB) 

." , . 
High FI Low F2 

, 

3 56 

3 75+ 

• 
3 75+ / 

.. 
" , 3 75+ , 

'. 3 75+ 

"p, /(:t 75+ , 
': , 

\ 

3 75+ 
, 

( 
!, 

.3 69 
'. 
" \., 

\( 

-" ,f .. :t.(t ( ,.. 

~4 ! 

t \ \ :" ' ' , 
\ , 



• 
/List 7 (CV/u/RS) 

Consonant. Group 

p - b - m 

t - d - n 

\ k - 9 

t - V 

5 - z 

l - ~ .. 

e - é5 

J 

196 

-TABLE 7 
, 

8and-Pass eut-Off 
Frequencies (Hz). 

160-480 

180-480 

170-560 

180-580 

180-480 

180-560 

160-520 

180-480 

Il 

; 

A'ITENUATION 

High FI 

3 

3 

3 

. 3 

3 

3 

. ~ 
3 

3 

(dB) 

Low F2 

70 

75+ 

63 

i3 

75+ 

75.1f. 

Il 
75+ 

75+ 

, t 

. -
'-

~ 
1 , 

" 

, 

. , 

. 

• 

"Fr 



, 
s - z 160-480 3 12 

, p 

l - =5 160-480 3 75+ 

160-480 3 75+ 's 
'II 

'\ 

190-440 3 75+ 

" . \ 

• ft 

) " 

'. 
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AP~ENDIX o 

fJ 
1 

ANALYSIS'- OF 
, Q 

VARIANCE TABLES 
, 

TABLES . 1-20 

. ' 
0 

, 

" d 

• -. \ 11>. 

.. 

0 
) 

./ 

" 
.-. .., 

1· " 
Q " 

~ 

J. 

.' 

... , 
.. ~ •. ~"- '. :J.~ 

,< 

. . 
\ . 

a. 

, 
( 

'. 

\ 

"-

, . 

• 

\ 

• 

• 

~ 

\ 

.' 

. , 

-: " 

t 
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• 1 

TABLE 1 
.... 

1 
Summary of the an~lysis of variance for the number of correct consonant 

• 
identifications as a funct!on of condit~oA1s of fil tering (F) and of 

consonants (C). , 
/ 

!à. . 
M 

1 
1 • 

, . Sburce df MS F 
r 

n- t 
'" 

. 
,~ 

..... .-
Subje~ts (S) . ~" 19 • 106. 16SS 

ct ! 

" 
. , . " of fi 1 tering (F) 57fr.2113* Conttions 3 10776.18 

. 
Consonants (C) 16 -2687.618 77.8629* 

'" 18.89816' S x F 5:7--.. /--- --- , 
.. 'l~~ 

"" 

S X C 304 34,51731 

;Y 

• 
F x'C 48 t80.8401 24.0490* 

" 
o, 

IS X F x C 912°, 11.67782 

" ". 

". 
.. .' 

("")l , 

1,",." ... ,; 
,\ '\ 

i ) Ji>, 

* P < .01 , . , .. 'ri 
>,(~" .. .j :\ l 

~, ;.,' . , 
.;·r /". ï' ,.' . ~ , ~ 

Ik,t).~ >·1 " 
~~;1t~. 11,,~}1, f H 

, 
1 .' ~~1;;:~~7'. c ~.:.. Ir \ ) " • . ~,.~ , ' . " ; ",', a. , ~04~ , .. 
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TABLE· 2 
... 

4f the analysis of variance for Summary the numbel" of place errors as a , 
function of conditions of filtering (F) and of cOhsonants (C) . 

~ , 
<-

Source 

Subjects (S) 

CQnditions of filtering (F) ... 
Consonants ,) 

S x F 

F x C 

,SxFxC 

• 
\ , , , 

1 
, '.,s •• 1, 

,1, ... ~:~ .. ~_~ ,,'~ r~ ?,:~1~~~:~~. ~:. 

<-

df 

19-

" 3 

16 

57 

~ 

364 

48 

912 

.' . 

MS 

58.42612 

~ 

( 9780.388 

2707.605 

14.39888 

32.13376 
Q 

11.61069 

, 
a ' 

J 
" ' r 

" 

'" 
F 

679.2465* 

84.2604* 
.., 

, 
, 30. 37-<i8* 

, , 

QO 

'" 
\ . 

• 'j . , 

' .. l "', 
. "''' .... ~l! l 

r • 

-~ \:Jj:_~>: ,:~;,~~~' ' 
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TABLE 
" 

Summary of the ana1ysis of variance for 
. " 

a function of conditions of 

Source 

Subjects (S) 

.. . 

Conditions of fi1tering (F) 

. 1 

Consonants (C) 

S x F 
~ 

S x C 

~ 

F x C 

S x F x C 

'\ 

19 
/ 

16 

57 

),) 
304 

/ 48 

912 

1 
1 

.'-

... 

) 
- 1· 

~he numbe~" Of[:anner errors as 

and of cons,ants (C). .. 

MS F 

, 
76.12674 

5118.392 293 .6569* 

1415.306 107.3358* 

, 25.13242 

q.18579 

172.5170 '. 26.a969~ 

" 1 
.' 

/6':"JtS~42 f : 

~ 

,!. 

4t * p< .01 
~ 

• ri, 

\ , .~; J , 
: . 

o 

t 

.-

.t' 
J .~ ~ ~ 
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TABLE 4 

, " 

",, 

Summary of the ana1ysis of variance for the number of voicing errors as 

a function of conditions of fil tering (F) and o,f consonants (C) . 
• 

Source df MS F 

Subjects (S) 19 61.59~06 

. 
1 .... " • 1 
" / l . ~: 

Conditions of filtering CF) 3 515.2596 54.1848* . . 

Consonants (C) 16 76,.10018 10.7485* 
1 

~ 
;.". 

v, "'('i 
r " 

S x F 57 9.5093 
" ---' -,) 

.~ 
S x C 304' 1 7.080059 

1 

F Jf. C 48 41. 70435 11.6166* 

• 
S..x F x C 912 3.590058 

,* p<.OI 

\ 

. ~: .. 
., 

-

'. 
• 1 -, 
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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 vowe1s (V), con-

sonant positions (P) and consonants (C). 
" 

Source df MS F 

Subjects (5) 19 13.82272 

Vowe1s (V) 1 56.41838 14.6237* 

Consonant positions (P) 1 ;) 107.8596 28.4249* 

Consonants (C) 16 288.6202 73.3552* 

5 x V 19 3.858011 -, 
S x P 19 

... 
3.794544 

V x P 1 88.53603 24.8425* 

5 x C 304 3.934558 

V x C " 16 56.46837 17.2955*. 

P x C 16 57.0~768 18.8638* 

5 x V x P 19 3.563893 

S x V x C 3B4 3.264919 

S x P x C 304 3.023655 

V x P x C 16 39.52040 14.2997* 

SxVxPxC 304 2.763728 

.. p< .01 
., 

1 _ , 
{ 

.. 
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TABLE 6 

1 

5ummary of the ana1ysis of variance for the number of p1ace,errors in 

Condition F12L as a function of vowels (V), consonant positio~s (P) 

and consonants (C). 

l 
\ 

Source 
'-' 

Sub~ects (5) 

Vowe1s (V) 

Consonant positions (P) 

Consonants (C) 

s x V 

s x P 

v x P 

s x C 

V x C 

p x C 

5 x V x P 

s x V xC 

s x P x C 

V x P x C 

SxVxPx's--­
~ 

" ' 

'f 

df 

19, 

1 

1 

16 

19 

-19 

1 

304 

16 

16 

19 

304 

304 

16 

304 

* P .01 

"' 

MS 

7.788351 

12.23603 

86.50661 

292.6946 

2.523955 

3.339435 

78.6242l> 

3.417875 

49.31260 

72.32068 

2.983398 

2.944268 

2. 8327)3 

34.37583 

2.503052 

1. 
1. 

.. 

F 

. 
4.8480 

25.9046* 

85.6101* 

26.3539'* 

';... 
16.7487~ 

25.5300'* 

13.7336* 

, 1 
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• . TABLE 7 ~ . 

Summary of the analysis of variance for the number of manner errors in 

Conditi~ F12L as a function of vowels (V), consonant positions (P) 

and consonants (C) • ., 

Source df MS F 

• * p<::. .01 
i 

/ 

• 
.... , 

• .J 
r, 

i 1 
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TABLE 8 

Sununary of the analysis of Y1ari~nce for' t~j number of ~dng erro;s in 

Condition Fl2L ~a functio of vow~ls (V), consonant p~sitions (P) 
1 \, " 

and consçnan ts (q.. • ...1 . . . 

'-., 

Source .. 

• Subiects (S) 

Vowels (V) 

Co~ant positions (P) 

Consonants (C) 

S x V >-
S x P 

V x P 

s x C 

v x C 

P x C 

s x V x p 

~ x V x C --s x P 'x C 

VxPxC, 
/ ... 

SxVxPxC 

~ . 

, 
J , 

~ df(' _ 

1\ t: 
1 C,' 

. -19 
1 .. 

I( 1 

1 

16 

19 

19 

1 

304 

16 

16""""J 

19 

304 

304 

16 

304 

MS 

3.838816 

21.50074 

>,,{ , 4.359558 

"-> 3.626562 

1.963583 

1.159868 

1.359558 

0.5755757 

2.446048 

0.8454963 

0.6304566 

0.4269~82 

0.4'31085 

0.8142463 

0.3367889 

ft P < .01 

F 

10.9497* 

3.7587 

6.3008 

2.1565 

5.7286 

1. 7871 

" 

. 2.4177 

~I 
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• '", - TABLE 9 .. 
Summary of the analysis of variance fo~ the number of correct consonant 

identifications in Condition FI as a function of vowels (V), consonant 

positions (P) and consonant~ (C). 

soûrc~, df MS F 

SubjecU3 (S) 19 2.909598 
, 

Vowels (V) -. 1 70.66176 26. 577~* 

Consonant positions (P) 1 UO.6941 65.8214* _ " ---
, 

Consonants (C) 16 83.55799 18.4733* 

S x V 19 2.658669 

S x P 19 1,.681733 

V x P 1)1 21.25000 9.5363* 
1 

S x C 304 • 4.523166 

V x (;; 16 13~333{ 
• 

7.5949 

p' x C 16 37.61756 12.0761* 

S x V x P. 19 2.228328 

" SxVx.C 304 ,.1.838520 

S x,P ~ C 304 ) ~.115039 

~6 
~" 

V x P x C 7.032812 4.0849 

)SxVxp x C 304 1.721667 
~ 

e • 
1 

.v 

l 
( 

* p< .01 

r , 'n, 

{,' 
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! ~ 
," 

i ~, 

, r' TABLE 10' 
l,1 

Summary of the ana1ysis of vari~nce for the number of p1a~e errors in 
t' 

Condition FI as a function of vo~e1s (V), consonant ,po~itions (P) and 

consonants (C) . 
Il 

G 

. 
Source df MS . 

1. 

F 
1 

Subjects (5) 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* 

S x V 19 3. 369J!.4-Q. 

S x P 19 l.411145 

V x P 1 29.41176 9.2593* 
.. 

5 x C 304 5.244074 

V x C 16 13.93208 7.30S~ 

P x C i6 45.77655 12.1786* 

S x V " P 19 ... 3.176470 

S x V x C 304 1.907115 , 

S x P X C 304 . , 3.758761 

V x P x C 16 7.601077 3.7841 

SxVxPxC 304 2.009940 

,'n' 

J' 
I~ • 

* p< .01 

t 

" 
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• TABLE 11 

Summary of the ana1ysis of variance for the number of manner errors in 

Condition FI as a function of vowe1s (V), consonant positions (P) and 

consonants CC). 

" 
Source df MS . F 

Subjects (S) 19 13.58123 

Vowe1s CV) 1 71.11838 16.9562* 

Consonant positions CP) l, 701.8594 185.1921* 

Consonants CC) 16 225.!082 67: 1963* 

S x V 19 4.194233 

S x'P 19 1 3.789899 

V x P 1 68.~3 16.6877* 

S xC' 304 3.360 24 
.. 

V T 16 20.'3244 11.5557* 

P x C 16 58.44861 20.6560* 
i , , 

S x V x P 19 4.098877 

\ SxVxC 304 1.768165 

S x P X C 304 2.829620 

V x P x C 16 12.03355 6.3243 

S x V x P x C: ) 304 1.902743 

"" 

• • p < .01 

1 (r 
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• Il . , 
TABLE 12 

Summary of the analysis of variance for the number of voicing errors in 

Condition FI as a function of vowels (V), consonant positions (P) and 

consonants (C). 

1 1 
Source df MS F . 

1-

Subjects (S) 19 7.256966 

Voweis (V) 1 10.94412 7.6855* 
• ~ 

Consonànt positions (P) 1 15.24706 7.0475* 

Cqnsonants (C) 16 16.69365 11.6706* \ 
S x V 19 1.423993 

S x P 19 2.163468 

V x P 1 6.497058 5.2131* 

S x C 304 1.430403 

V x C 16 10.25193 14.3642* .. 
P x C 16 4.945496 5.1221 

S x V x P 19 1.246285 . 
S xVxC 304 0.7137142 

S x P x C 304 0.9655234 

V x P x C 16 2.542311 3.4026 

S xVxPxC 304 0.7471894 .1 

1 

• * p < .01 

• 
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• • TABLE 13 

t Surnmary of the analysis df variance for the numbep of correct consonant J , 

identifications in Condition F2 jls la function of vowels CV}, consonant 

positions (P) and consonants (C). 

Source df MS F 

Subjects (S) 19 14.03003 

"' Vowels (V) 1 0.2382353 0.OS78 
. 

Consonant positions (r) 1 212.8265 ' 36.3057* 

Consonants (C) 16 206.6514 44.0314* 
), 

S x V 19 4.122136 

S x P 19 . 5.862074 
r 

V x p 

~: 
17.89411 4.4794 

S x C 4.693271 
, . , 

V x C 16 53.78354 , .16.3599* 

.---p x C 16 \ 43.26241 9.6555* 

5 x V x P 19 3.994737 

~'x V x C 304 3.28751'4 

S x· P ","-C , 304 4.480578 
" . \ --

V X P X C 
"1. 

16 22.47693 8'. 3~27* 

SxVxPxC' 
• 1 

304 2.687746 

, 
'-

'\ 

'.(, * p< .O~· 

'"l. \ 

~ .. : a t" / 
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Summary of the ,analysis of variance 'fzr v~' num?e.r of p1aèe err~rs in 

Condi tion F2 as a function ~f. ~owe1s- (Vi, ;"~onsonant positions (P) and 
... ,Ij 

consonants' CC) • "' 

n. 

Source df MS F 

Subjects (S) 19- 7.814396 
-, 

" 

Vowe1s (V) :\ '1 1.1764,70 0.2283 
~ . , .. '\ 

Consonant positions CP) '.1 338.003Q 81.4465* 
'. t, 

Consonants '- (C) .' '16 .246.4951 59.8805* 
4 

S X V 19 5.153251 

\ 

S JI; P 19, ... 4.1500 
, 

V x P 1 43.77646 13.6445* 

S x G , 304 4.116452 
" 

\ Vox C ~ 16 \, ,51.13115 17.5873* 
.' 

, . 
p x C' 16 69.27637 17.5394* , w 

s. X V x 'p 19 \ 
.3~ , 

'\ S .:x, V'~ C 304, 2 .. 90728 
v ' .. . , 

' .. 
S x P * C 

. .. 304 3.949753 
~ 

.} 
l, r 

. '\ " 

Vx·PJ(C 16' 12.39366 5.4686 
i ~ '", , ., 

S x V -x P xe, 304 2.2663S6 

4 , . . 
~ 

~'1; ,. ~ . 
'" ," ~" .. 

* p <.ot . 
.-

,A 

.~ 

'/, l' r 

.' . 

t 
" 1 ' 1 If 

," 
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'l'ABLE lS r " 

Sunlmary of the ana1ysis of variance for jthe number of manner e..rrors in 
, ~ 

.. Condition F2 as a fu"nction, of vowe'ls CV)" consonant positions (P) and 

conson~ts (C). .. 
P ( 

. , 

Source 

Subjects (S) 

Vowe1s (V) . 
Consonant positions (P) ., 

Consonants c (C) 

S x V, ' 

S x P 

V x P 

S x C 

V x C 

P x C 

S x V x P 

S x V x C 

S x P x C 

V x P x C 

S xV-xp'xC 

~ ... ,) ,l» .. . 

~ 

.. 

---- 1 

df MS F 

19 ~ 12.46290 
, " 

1 0.4595588 • 0.5405 

1 ,Q72 .03603 17.7461* 

16 63.62114 37.4074* 

19 1.34965~ 

19 4.059249 
1 

1 7.206618 4.3900 . 

304 1.700164 

16 

" 
12.640,s1 9.9841* 

16 21.59227 12.3475* 

19 1.641602 

304 1.266099 
1 

304 1.74,8722 

1~ 6.409743 5.8816 

304 

* p< .01 
, 
" 
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TABLE 16 1 

Summary of the analysis of variance for the number of voicing errors in" 
~J ~ 

Condition F2 as a function of vowe1s (V), consonant positions (P) and 

consonants. (C). 
( 

Source df MS F" 
0 

Il \ 

Subjects (5) 19 .1 9.103095 
.. 

VowelS (V) 1 2.473529 1. 91S5 

Consonant positions (P) ~ 1 23.29706 5.4669 

Consonants (C) 16 26.14862 1~2608* 

5 x V 19 1. 289318 

5 x P 19 ; 4.261455 " , <t '. r 

V X P 1 0.9529411 0.533:1 

5 x C 304 1.833606 
• 

V xe· 16 4.684467 5.6270 
'" 

l 

P X C 16 6.642371 4.3570 

5 x V x P 19 1.787306 
"'1. 

5 x V x C 304 0.8324932 
• . c 

5 x P x C 304 1.524531 '-

f 
V X P X C 16 12.78263 12.8009* 

5 x V x P x. 304 0.9985730 , 

,~if'" 
1 

~ 

• * p< .01 , 
• 

,< 

~ 

~. J 
. i, 

&. '1 ' 
CD 

11-'; , 
l' 1 ~~" ... ~ - "... ~ _c 11 

... -:-?l-: ", ~ CI.p ~ .. ' 
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• TABLE 17 ,,: 
/ -

Summary of the aNi1ysiJ of variance for the number of correct consonart'\ 

identifications in Condition FI2H as a function of vowe1s (V) J consonant . 
\ 

positions (P) and consonants (C) . 1 

2 1 J 

Source df MS F 
\1 

" 
Subjects (S) 19 9.953715 

\ 

~ Vowe1s (V) l r 16.10588 2.6820 

... , 
Consonant positions (P) 1 431.4838 109 •. 3792* 

~ 

Consonants (C) 16 .303.7049 71.6845* 

S x V 19 6.005263 
i ," • 

S x P 19 3.944427 

V x P l 15.24706 4.2554 

S x C 3Q4 4.236692 

V x C 16 83.60744 25.9202* 
l 1 , 

13.5245" P x C 16 49.82416 

S x V x P 19 3.582972 

S x V x C 304~ - 3.225576 ---~ 
S x P x C 304 3.683983 

V x P x C .. 16 35.99237 12.0199* 

5 x V x P x C 304 2.994403 

r- l' ! ' 
l' -", 

( ,. 
* p< .01 

I~ 
"' 

" -
1, ,. , 

'j. 

1 ! 4' " 
j; "li) " l' ' .. ~ 

" ' f 

: ! ~'-.!:,. '.. . " 
fi , ) " lA" :': .. 
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'\ _ ,. TABLE 18 ..J 

~aTY of'the analysis of variance for t~e number of place errors in 
" f ( 

Condi tion F12H as a functïon of vowels (V). consonant pos,itions (P) 

'and ,on~onants (C). 
. .! 

Source 

Subjects . (S)' 

--..Yowe~)) .,.' 

l .. 
()'-~ 

Consonant positions (P) 

Consonants' (C) 

S x V 

S x P " 

V x P 

s x C 

V'x C 

P x C 

s x V x P 

s x V x C 

s x P x C 

v x P x C 

SXVXPXC/ 

.. 

\1 

1 • 

.: 

df 

19 

\ 1 

1 

16 

19 

19 

1 

304 

16 

16 

19 

304 • 

304 

16 

304 

., 
MS '\ 

6.667338 
. 

0.07352938 

312.5765 

281.9922 . 

5.581270 

3.192569 

38.22353 

3.963061 

78.25478 

61.22959 

1.966563 

13.160546 

3.411484 

35. 72°1 
3.114754 

" 

F 

0.0132 

97.9075* 

71.1552* 

19.4367* 

.i? 24.7599* 

... 17.94~1* 

\ 

1l.4681* 

.. 
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• TABLE 19 '" 

Summary of the ana1ysis of variance for the number of manner errors in 
,. 

Condition F12H as a function of vowe1s (V), consonant poSitions (R.) and' 

consonants (C). 

1 

Sourcs- , df MS . , F 

"} 

Subjects (S) , 19 6.887151 
Ji 

Vowels (V) 
,~ 

. 1 95.29412 41.3710* 
~ 

Consonant positions (P) 1 0.04705882 0.0134 

Consonants CC) 16 123.9164 64.9443* 

S x V 19 2.303405 
-E 

S x P 19 3.508359 

V x P 1 1.297058 0.5351 

S x C 304 ) 1.90803t 

V x C 16 2S.95661 17.8269* 
• 

P x C 16 38.18769 24.0208* 

S x V x P 19 2.423993 

S x V x C , . 304 1.456037 

S x P x C 304 1.589773 

V x P x C 16 28.29081 21. 3413* 

SxVxPxC 304 1.325638....,1 
~ 

J. 
t , , 

• * P <.01 • .. 
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" 
- TABLE 20 

~ummary of the analysis of variance for the number of voicing errors in , 

.Condition ~as ~ functi~n of vowels (V), consonant positions (P) and 

consonants (C). 

Source MS F 

Subjects (S) 19 2.331114 

yowels (V) 1 12.81176 L 13.5590* 
*'; • 

Consonant positions (P) 1 0.047058 0.0306 

• . 
Consonants (C) 16 3.834466 6.1551 

S x V 19 0.9448916 

5 x P 19 1.536223' 

V x P 1 1.838235 2.6776 
l' 

S x C 304 0.6229731 
\ 

V x C 16 ~702. 7.9926 

P x C 16 .148621 4.3871 

S x V x P 19 0.6865325 , . . 
S x V x C 304 0.3906976 

--: 

S x P x C , 
304 0.4897591 . 

V x P x C 16 1.902297 4.6g41 

5 xV'X 
d-

P X C 304 0.40520'03 

( , 

* P.< .01 

\ 
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APPENDIX E 

1 
/ 

, 
RANK' ORDERED MEAN SCORES - AND RESULTS OF TUKEY PROCEDURE 

J FOR HONESTLY· SIGNIFICANT DIFFERENCES 

BETWEEN FILTER CONDITIONS AND BETWEEN CONSONANTS 

(ANALYSES 1-20) 

TABLES 1-15 

. 
.' 

. \;) 

( 

" 

. ' . 

• 
l ~ ' .. 
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TABLE 1 

Rank ordered Mean scores and significant' differences (.01 1eve1) among the 

four experimenta1 conditions with respect to correct consonant iden-

tification, place, manner and voicing errors, as determined by the Tukey 

procedure. 

Correct 

Conditions 
Mean Correct 

FI 
F2 
F12H 

Conditions 
Mean Error 

,fI2L 
F2 
FI2H 

• 
Conditions 
Mean Error 

F12L 
F2 
H2H 

F12H 
F12L 
FI ' 

"-. 

~ 

Consonant Identificatio. (Tukey Range: 1. 0856) 

FI F2 F12H Fl2L 
7.42353 17.90588 18.04118 19.73235 

10.48235 10.61765 12.30882 
NS 1.82647 • 1.69117 

Place Errors (Tukey Range: 0.9384) 

F12L F2 FI2H FI 
10.84412 11.19412 12.42941 22.12941 

. 
NS 1.58529 11.28529 

1. 23529 10.93529 
9.70000 

Manner Errors (Tukey Range: 1.2436) 

Fl2L F2 FI2H FI 
3.06765 /3.46176 4.25294 11.29118 

NS NS 8.22353 
HS 7.82942 

7.03824 

Voicing Errors (Tukey Range: 0.1774) 

F12H F12L FI F2 
1.22941 1.25000 3.11765 3.57647 

NS 1.88824 2.34706 
4.36765 2.32647 

..... NS 
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'TABLE 2 "", 4' 
~ 

Rank ordered consonant mean scores and significant differences amon~ the 17 consonants with respect to the number of 
1 1 

correct consonant ~dentifications in Condition F12L. (Tukey Range: 1.2088) ~ 

5 

a 
e 
z 

v 

t 
p 

f 

5 a 9 z v t p f :s m s d b n 9 k 

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 6.8000 6.9250 7.0750 7.7250 

'/ 

1.4125 1.5500 2.6250 2.7000 3.2375 4.1250 4.1750 4.3375 4.8500 4.9600 5.0875 5.2375 5.8875 

2.0500 2.1250 2.6625 3.5500 3.6000 3.7625 4.2150 4.3815 4.5125 4.6625 5.3125 

1.9375 2.0125 2.5;00 3.4375 3.4875 3.6500 4.1625 4.2750 4.4000 4.5500 5.2000 

1.45ÔO 1.5250 2.0625 2.é500 3.0000 3.1625 3.6750 3.7875'1.9125 4.0600 4.7125 

1.2875 1:8250 2.7125 2.7625 2.9250 3.4375 3.5500 3.6750 4.4515 4.4J50 

1.6875 2.5750 2.6250 2.7875 3.3000 3.4125 3.~375 3.6875 4.3375 

1.5000 1.5500 1.7125 2.2250 2.3375 2.4625 2.6125 3.2625 

1.4250 1.4750 1.6375 2~500 2.2625 2.3875 2.5375 3.1875 - " 
~ 

1.6125 1.7250 1.8500 2.0000 2.6500 
~ 

< ~ 1.7625 

1. 7125 

1.5500. 

Il 
..:r 

J 
d 

b 

n 

9 

k 

N 
N .... 
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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 

9 

ID". 

b 

d 

l 
~ 

f 

P 
z 

t 
v 

a 
9 

5 

k n 9 m b d J ; 
0.2500 0.5250 0.7875 0.8625 1.0500 1.3000 1. 4870 1. 9875 

1.2370 1.7375 

1. 4225 

1.2000 

~ 
.. 

r 

f p z t . v<jJ ô e 5 

2.0000 2.5875 3.3875 4.2625 4.4625 4.6875 5.2250 5.2375 5.9875 

~ 

1.7500 2.3375 3.1375 4.0100 4.2125 4.4375 4.9750 4.9875 5.7375 

1.4750 2.0625 2.8625 3.7400 3.9375 4.1600 4.7000 4.7125 5.4625 
< 

1.2125 1.8000 2.6000 3.4750 3.6750 3.9000 4.4375 4.4500 5.2000 

1.7250 2.5250 3.4000 3.6000 3.8250 4.3600 4.3750 5.1250 . 
1.5375 2.3375 3.2100 3.4100 3.6370 4~1750 ~.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 
c 

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 

N 
N 
N 
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TABLE~ 4 

Rank ordered consonant mean scores and significant differences ~ong the lq consonants with respect to the 

number'of manner errors in Condition F12L. (Tukey Range: /0.6540) ,. 

'" 
. k 

d-I -
9 

P 
$ 

t 

b 

f-9 

n 

z 

~ 
m 

e 
v 

;rr-, 
~~ 

k d-l 9 pst b f-e n z ~ m 0 " 
o 

0.0125 0.6250 0.0750 0.1375 0.162510.2125 0.3000 0.5000 0.5875 0.8250 0.9L25 l.3250 1.7250 2.1375 3.4625 

1 

1 

--
F' 

~< ' 

0.8125 0.9000 1.3125 1.7125 2.12~3.4500 

0.7625 0.8500 1.2625 1.6625 2.0750 3.4000 

0.7500 0.8375 1.2500 1.6500 2.0625 3.3875 

0.6875 0.7750 1.1875 1.5875 2.0000 3.3250 

0.7500,1.1625 1.5625 1.9750 3.3000 

0.7000 1.1125 1.5125 1.9250 3.2500 

1.0250 1.4250 1.8375 D.1625 

0.8250 1.2250 1.6315 2.9625 

0.7375 1.1375 1.5500 2.8750 

0.9000 1.3125 2.6375 
• 0.8125 1.2250 2.5500 

0.8125 2.1375 

1.7375 

1.3250 
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TABLE 5 

Rank ordered consonant mean scores and significant differences among the 17 consonants with respect to the 
"'-' . 

number of correct consonant identifications in Condition FI. (Tukey Range: 1.2955) 

\ 
1 ? , n b e 5-z 5 m-I 

'\ 
v f d • t k 9 p -

~ 

0.3750 0.4500 0.6125 0.7125 1.3500 1.8000 1.9250 1.9875 2.1625 2.2625 2.6625 2.8875 3.2250 3.2625 3.3625 

-1 
~ 

e 
a-z 

5 

m-I . 

v 

f 

9 

P 

t 
k 

n 

b 

d 

J\' 

.. _----- -

1.4250 1.5500 1.6125 1.7875 1.8875 2.2875 2.5125 2.8500 2.8875 2.9875 

~1.3500 1.4750 1.5375 1.7125 1.8125 2.2125 2.4375 2.7750 2.8125 2.9125 

.... 

1.3750 1.5500 1.6500 2.0S0fr 2.2750 2.6125 2.6500 ~.7500 
1.4500 1.5500 1.9500 2.175Q 2.5125 2.5500 2.6500 

1.5375 1.8750 1.9125 2.0125 

1.4~50 1.4650 1.5625 
1.3375 1.4375 

1.3750 

..-' 

N 
N 
Jlo,. 

J 
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TABLE 6 

\ ~" 
Rank ordered consonant Mean scores and significant differences among the 17 consonants with respect to the number of 

, 

place errors in~Condition FI. (Tukey Range: 1.3947) 

n 

. 1 

b 

d 

t 

z 
5 

k 

m 

p 

f 

9 
v 

& 
e 
~ 

j 

n b d t Z 5 k m p f 9 v 0 e . ? l 
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 7.0125 7.3625 7:5375 7.5625 

L_ 

1.7750 1.7875 1.9000 2.0125 2.3000 3.2615 3.6125 3.7875 3.8125 

1.7125 1.7250 1.8375 1.9500 2.2375 3.2000 3.5500 3.7250 ~.7500 

1.5625 2.5250 2.8750 3.0500 3.0750 

1.4500 2.4125 2.7625 2.9375 2.9625 

2.3625 2.7125 2.8875 2.9125 

it 
\ 

2.2500 2.6000 2.7750 2.8000 

2.0500 2.4000 2.5750 2.6000 

1.9875 2.3375 2.5125 2.5375 

1.4875 1.8375 2.0125 2.0375 

1.4750 1.8250 2.0000' 2.0250 

1.7125 1.8875 1.9125 

1.6000 1.7750 1.8000 

1.4875 1.5125 

"-l 
"-l 
tI1 
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.. TABLE 7 

, . , t 
Î #" 

. \ 

• 
.' .; 

Rank ordeted consonant ,me an scores and significant differences among the 17 consonants with respect to the number of 
~ 

aanner errors in Conditio~ FI. (Tukey Range: 1.1167) 

"""'" ~ 
5, z 

-,' 
ES 9-" k b P t n J sm' e - f v , 

0.)160,0:5000,0.7500 1.1375 1.3250 1.8125' 2.3125 2.5875 3.1370 3.3750 3.~2S0 4.0000 ~.0375 4.0500 4.3750 4.3875 6.2000 
• 1 

~-----

d 

'9 

k' 

b _', .. 
" P 

t 

n 

l 
s 

m, 

e ,1 
f 

v 
a 
z 

~ 

~~-

1.1500 1.5375 2.1375 2.4125 2.9620 3.2000 3.65QO 3.8250 3.8625 3.8750 4.2000 4.2125 6.0250 

L212S 1.8125 2.0875 2.6370 2.8750 3.3250 3.5000 3.5375 3.5500 3.8750 3.8875 5.7'000 

1.5625 1.8375 2.3870 2.6250 3.0750 3.2500 3.2875 3.3000 3.6250,3.6375 5.4500 

1.1750 1.4500 1.9995 2.2375 2.6875 2.8625 2.9000 2.9125 3.2375 3.2500 5.0625 

1.2625 1.8120 2.0500 2.5000 2.6750 2.7125 2.7250 3.0500 3.0625 4.8750 
~ 

1.3245 1.5625 2.0125 2.1875 2.2250 2.2315 2.5625 2.5750 4.387$ 

1.5125 h6875 1.7350 1..7475 ,2.072,5 

1.2375 1.4125 1.4500 1.4625 1.7875 

1.2380 ... 
"" '/ 

.. -

r 
,.) 

2.0750, 3.8875 

1.8000 3.6125 

1.2505 3.0630 

, 2.8250 

2.3750 

, ' 2.2000 
r 

2.1625 

2.1500 

1.82S0 

,1 • .8125 

-

l'V 
N 
(3\ 
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TABLE 8 

i7 ~~ tI 

lank ordereè consonant mean scores and significant differences among the 17 consonants with respect ta the number of . ., 
~ r , 

'VOice error.s in Condition FI. (Tukey Range:, 0.7281) , . ' 
1 

d 9 n z v m -5 k 1 b ~ tep f J s 

0.1250 ~.2000 0.3375 0.3500 0.5500 0.5750 0.5875 0.6250 0.7000 0.7375 0.7500 0.9750 1.0125 1.1125 1.4000 1.4125 1.8000 

0.8500 0.8875 0.9875 1.2750 1.2875 1.6750 , d 

st 0.7750 0.8125 0.9125 1.2000 1.2125 1.6000 

n\ ; 
0.7750 1.0625 1.0750 1.4625 

- z 0.7625 1.0500 '1.0625 1.4500 

y 0.8500 0.8625 1.2500 

• 'l 9.8250 0.8375 1.2250 

6 " 0.8125 0.8250 1.2125 
'. 

1(>- , 0.7750 0.7875 1.1750 . 
~ .. 1.1000 

J 

'. i.0625 

, 1.0500 
-':> 

0.8250 

• • 
b 

=5 
t 

8 0.7875 -'-
~. 

... ." 
.,.~ 

P 
f 

1 
s 

l'V 
l'V 

.-....J 
'" , 

~~.. 1 

.. 
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TABLI 9 

~ ~red consonant mean scores and significant differences among the 17 consonants with respect to the number of 
1 

correct consonant identifications- in -Condition F2. (Tukey Range: 1.3193) , l 

& 

e 
s 
z 

.P 
't 

9 

"- v 

lb 
f 

d 

~ 
n 

. 1 
ra 

k 

110 .. 
~--~~-~-~ ---

& 8 s z p t 9 v b f d ? n J rn k' 

1.9750 2.0500 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 5.4875 
1 

1.4250 1.7750 2.0815 2.1625 2.2125 2.3250 2·.5i25 3.2625 3~375 3.9815 4.2250 4.6~25 5.4125 

• 

" _, 0 

1.4250 1.7375 1.8125 1.8625 1.9750 2.1625 2.9125 3.3875 3.6375 3.8750 4.2625 5.0625, 

<1$' 

" 

.. , 

... 

~ 

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 2.450~_t.~375 3.6375 

1. 6500 '1.9000 2.1375 i. 5250 3.3250 

1.5750 1.8250 2.0625 2.4500 3.2500 

1.5250 1.7750 2.0125'2.4000 3.2000 

1.4125 1.6625 1.9000 2.2875 3.0S75 

1.4750 1.7125 2.1000 2.9000 

2.1500 

1.6750 

~I 1.4259 

~~------------~ 

1/ 

N 
N 
00 
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" TABLE la 

Rank ordered consonant mean scores and significant differences among the 17 consonants with respect to the number of 

place arrors in Condition F2. (Tukey Range: 1.2355) 

"\- --

k 1 'n ~ m d 9 b f v t p z s ë e 
- . 0.387S 0.9250 0.9500 0.9750 1.0125 1.6000 2.0315 2.1750 2.5625 2.8250 3.2500 3.9375 4.17S0 4.2500 5.2250 5.6125 5.6750 

i 

k. 1.6500 1.7875 2.1750 2.4375 2.8625 3.5500 3.7875 3.8600 4.8375 5.225~ 5.2875 

l " 

n 

'~ 

1.6375 1.9000 2.3250 3.0125 3.2500 3.3250 4.3000 4.6875 4.7500 

1.6~ 1.8750 2.3000 2.9875 3.2250,3.3000 4.2750 4.6625 4.72jQ 

1.5875 1.8500 2.2750 2.9625 3.2000 ~2750 4.2500 4.6375 4.7000 

1.5500 1.8125 2.2375 2.9250 3.1600 3.2375 4.2125 4.6000 4.6625 m 
J' ? . , 

d . 
9 
b 

f 

V 

t 

P 
Z " 

5 .-
_8, .• 

e 
..; 

'. 

.. 
"-

~J 

~ 

? 
,1 

'-~~--- -, 
'-

~ 

1.6500 2.3375 2.5750 2.6500 3.~2S0 4.0125 4.0750 

1.9000 2.1375 2.2125 3.1375 3.57~0, 3.6375 

1.7625 2.0000 2.0750 3.0500 3.4375 3.5000 

1.3750 1.6125 1.6875 2.6625 3.0500 3.1125 

1.3500 1.4250 2.4000 2.7875 2.8500 

1.9750 2.3625 2.4250 

1.2875 1.6750 1.7375 
. 1 

1.4375 1.5000 

1.3625 1.4250 

. .-, 
.J • 

N 
N 
\0 
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TABLE 11 , 

• 
Rank otdered consonant mea~ scores and significant differences among the 17 consonants with respect to the number of 

M1mer ~rrors in Condition F2. (Tukey Range: O. ~935) 
"" \ 

\. ..- ._-- .... _--

\ 

k ~ l' z p' s ~ t 9 e v m f d 0 n b 

~0.062S ~.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 

\k 
-1' 

z 
.p 

• 
f 

d 

e 
i, 
b 

l 
/ 

... 

J 

f 

~ 

: > .-

" 

1.0375 1.1000 1.2750 1.8250 l.7250 

1.0000 ~.0625 1.2375 1.7875 3.6875 

0.9250 0.9875 1.1625 1.7125 3.6125 

0.8375 1.012S 1.5625 3.4600 
~-

0.g875 1.5375 3.4375 
-

0.9375 1.4875 3.3875 

0.8500 1.4000 3.3000 

1.2750 3.l1750 

1. 22Sû :3'.1250 

1.1875 3.0875 

1-.1560 3,0500 
.. , . -

1.0625 2.9625 

2.6875 

2.6250 

2.4500 
r . 

1.0000 

~ 

N 
(,.1 
0 
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TABLE 12 ~ 

Rank ordered consonant mean scores and significant differences among the 17 consonants with respect tO,the number 0(-

voice errors in Condition F2. (Tukey Range: 0.8246) 

.. 
m n k 1 sot P d z I e v ? f b 9 

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 O.B1is 0.9375 0.9500 1.0250 1.0750 1.4125 1.4500 1.5000 2.20ts 

0.8875 0.9375 1.2750 1.3125 1.3625 2.0650 n " ; 
k 0.8625 0.9125 1.2500 1.2875 1.3375 2.0400 -

# 0.9625 1.0000 1.0500 1.7525 

5 0.8500 0.8875 0.9375 1.6400 
N 

& 0.8750 0.9250 1.6275 
(,;1 ..... 

t / 1.5275 
/' 

P / 1.5025 

d 1.2~00 

z 1.2650 

l 1.2525 --e 1.1775 

v 1.1275 

~ 
f 

r . ., 

# b 
-~ 9 

" 
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TABLE 13 

Rank ordered consonant mean scores and significant differences among the 17 consonants with respect to the numbèr 
- ... 

of correct consonant identifications in Condition F12H. (Tukey Range: 1.2535) 
1 

S 

Z' 

6 
9 

v 

t , 
f 

p 

m 

~ 
n 

d-I 
9 c 

b 

k 

\ 

S zoe v tIf pm, n d-J 9 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 3.9625 4.4750 5.1250 5.1875 5.2875 5.5750 6.3375 
r , 

" 

1.5875 1.9750 2.8875 2.9000 3.2500 3.7625 4.4125 4.4750 4.5750 4.8625 5.6250 

J 

1.6000 2.5125 2.5250 2.8750 3.3875 4.0375 4.1000 4.2000 4.4875 5.2500 

2.1875 2.2000 2.5500 3.0625 3.7125 3.7750 3.8750 4.1625 4.9250 

- 1.9625 1.9750 2.3250 2.8375 3.4875 3.5500 3.6500 3.9375 4.7000 

1.3000 1.3125 1.6625 2.1750 2.8250 2.8875 2.9875 3.2750 4.0375 

1.7875 2.4375 2.5000 2.6000 2.8875 3.6500 

1.5250 1.5875 1.6875 1.9750 2.7375 

1.5125 1.5750 1.6750 1.9625 2.7250 

1.3250 1.6125 2.3750 

1.8625 

" " . 

N 
~ 
N 
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TABLE 14 

Rank ordered consonant mean scores and significant differences among the 17 consonants with respec't to the number 

of place errors in Condition FI2H. (Tuk~ Range: 1.2126) 

k b n 9 m d-I ? f P t z v e ô s 
. 

~ 0.5625 1.2125 1.2625 1.425Q 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 , , ~ 1.6250 1.8125 2.0000 3.3750 3.5125 4.0000 4.1625 4.1745 5.5375 

n / 1.57S0 1.7625 1.9500 3.3250 3.4625 3.9500 4.1125 4.1245 5.4875 

9 
-/ 1.4125 1.6000 1.7875 3.1625 3.3000 3.7875 3.9500 3.9620 5~250 . 

m 1.4875 1.6750 3.0500 3.1875 3.6750 3.8375 3.8495 5.2125 

d-I ~ 

1.3625 1.5500 2.9250 3.0625 3.5500 3.7125 3.7245 5.0875 ~ 
~ 

~ 2.2000 2.~37S 2.8250 2.9875 2.9995 4.3625 
1 r , 1.7506 1.8875 2.3750 2.5375 2.5495 3.9125 

f, 1.5625 1.7000 2.1875 2.3500 2.3620 3.7250 

P 1.3750 1.5125 2.0000 2.1625 2.1745 3.537S 

t 2.1625 

Z 2.0250 < 
~ 

v 1.5375 
~ e 1.3750 

e ~ 1.3630 

s 
~ 

~ 

" 



• .' 
~ 

'1 , 

TABLE 15 
" 

Rank ordered consonant mean scores and significant differences among the 17 consonants with respect to the 
~ 

number of manner errors in Condition F12H. (Tukey Range: 08409) 

d-k 

l 
p-t 

s 

9 

~ 

9 

n 

f 

~ 

z 
m 

a 
v 

d-k l p-t s 9 ben f ? z m 0 v 

0.0000 0.0375 0.1125 0.2000 0.2875 0.3000 0~4UOO 0.7625 1.0500 1.4875 1.7500 l.8875 2.3375 3.1250 4.2250 

.... 
1.0500 1.4875 1.7500 1.8875 2.3375 3.1250 4.?250 

1.012S 1.4500 1~7125 1.8500 2.3000 ~.0875 4.1875 

0.9375 1.3750 1.6375 1.7750 2.2250 3.0125 4.1125 .. 
1.2875 1.5500 1.6875 2.1375 2.9250 4.0250 

1.2000 1.4625 1.6000 2.0500 2.8375 3.9375-

1.1875 1.4500 1.5875 2.0375 2.8250 3.9250 , 
1.0875 1.3500 1.4875 l.937S 2.7258 3.8250 

0.9875 1.1250 1.5750 2.3625 3.4625 

~ 

1.2875 2.0750 3.1750 

1.6375 2.7375 

1'.3750 2.4750 

1.2375 2.3375 

1.8875 

l·~ -.& 

N 
t,,;I 
Jlo, 

.., 

o 

• '-' 
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APPENDIX F 

DIFFERENTIAL FILTER EFFECTS 

PERCENTAGE _ DIFFERENCES BETWEEN ALL CONDITIONS 

FOR EACH CONSONANT 

WITH RESPECT TO THE FOUR DEPENDENT VARIABLES 

TABLES 1-4 

" 

/ 

.' 1 
~ 

f 
,1 

1 
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. TABLE 1 

Percentage differenées between conditions for each consonant with respect to correct identifications. 
~ ~~ , 

,~, 
(ŒUkey Range: 10.97%) 

F12L-F12H F12L-F2 F12L-Fl F2-F1 F12H-F2 F12H-F1 

1 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.S 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 Y 56.7* 

8.1 36.7* '61.4* 24.7* 28.0* 52.7* l'V 

9 ~ 
0\ 

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 

5 9.4 7.0 . 6.1 13.1* -16.4* - 3.3 
~ 

z 15.2* - 3.4 28.8* 32.2* -18.6* 13.6* 
, r -1 1.2 - 1.2 ,J 72.5* 13.7* 0.0 13.7* 

~ 5.0 2.2 68.9* 66.7* - ·2.8 63.9* 

9 0.3 
, 

6.0 23.9* 17.9* 5.7. 23.6* 

a 3.0 5 :5 ' 21. 3* 15.8* 2.5 18.3* 

m 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 J4.7* 

* p< .01 

" 
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TABLE 2 ~ 

Percentage differences for each consonant with respect to place errors. (Tukey Range-: '10.81%) 

-------~ ~2L F2-FI2L FI-Fl2L FI-Ft· F2-Fl2H FI-F12H 
----- -, 

------- p - 2.1 9.9 
"" ......... 26~9· 17.0· 12.0· 29.0* 

~'b~ 14.1* 43.0* 28.9* 12.0· 40.9* 

t 1. > - 6.6 2.3 8.9 - 8.1 0.8 

~-------d- -- ---. _._ 4.5 3.7 41.2* 37.S* - 0.8 36.7* 

k 319 
~-

1.7 59.7* 58.0* 2.2 55.8* 

9 8.0 15.7* 62.2* 46.5* 7.7 54.2* 

f 5.S 3.0 38.3* 35.3* - 2.5 32.8* N 
~ 
-..,J 

v 6.6 -18.0* "- 17.0* 30.6* -24.6* 10.4 

5 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 

l 2.2 - 7.0 7S.9* 82.9* - 9.2 73.7* 

=s 5.0 -12.6* 69.4* 82.0* -17.8* 64.4* 

e 1.7 5.4 26.5* 21.1* 3.7 24.8* 

6 2.0 4.9 22.4* 17.5* 2.9 20.4* 
.. ltJ 

m 8.4 1.9 51.3* 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* 

~ 

* p < .01 



-' • • 
TABLE 3 

Percent age 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 

P - 0.3 2.4 14.9* 12.5* 2.7 15.2* 
b 0.0 \(.8* 10.4* - 9.4* 19.8* 10.4* 

\t - 1.3 3.4 20.0* 16.6* 4.7 .-21.3* 
d - 0.8 13.0* 1.4 -11.6* 13.8* 2.2 
k 0.2. 0.6 9.2* -8.6 0.8 9.4* 
9 

r. 

2.7 6.8 5.4 - 1.4 4.1 2.7 
. f N 

6.8 4.0 43.7* 39.7* - 2.8 36.9* ~ 
00 

v 12.4* -17.9* 23.8* 41. 7* -30.3* 11.4* 
s 0.5 2.4 37.2* 34.8* 1.9 36.7* 
z li.6* - 8.1 44.4* 52.5* -19.7* 32.8* 
J - 0.3 0.5 31.5* 31.0* 0.8 31.8* 
:; 7.2 - 6.4 43.4* 49.8* -13.6* 36.2* 
9 - 1.3 2.0 41.5* 39.5* 3.3 42.8* 
a 7.2 - 7.5 28.6* 36.1* -14.7'11 21.4* 
m 7.0 - 7.4 25.6* 33.0* -14.4* 18.6* 
n 2.2 9.4* 21.6* 12.2* 7.2 19.4":. 

9.5* l' 4.2 34.2* 30.0* - 5.3 24.7* 

'" p <.01 

-------- -
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TABLE 4 

Percentage differences for each consonant with respect te veicing errors. (Tukey Range: 6.28%) 
" 

----1------ - -- -, 
~H-F1~L F2-F12L F1-F12L F1-F2 

p - 2.0 4.3 9.1* 4.8 

b 1.0 11.8* 7.9* - 9.9* 

t - 2.2 5.0 8.4* 3.4 
l 

d 0.1 10.9* 0.8 -10.1* 

k - 1.1 1.0 6.5*. 5.5 . 

9 0.7 26.4* 0.5 -25.9* 

f 2.0 10.6* 9.7* - 0.9 

v l.0 8.5* 1.6 - '6.9* 

S - 0.1 1.7 16.9* 15.2* 

z - 1.1 5.4 - 2.2 - 7.6* 

l .. - 3.4 6.1 11.6* 5*5 

=; 1.4 16.3* 7.7* - 8.6* 

a - 3.1 4.7 4.3 - 0.4 

~ 0.9 1.4 1.2 - 0.2 
, 

0.4 - 0.6 6.3* 6.9* m 

n 0.9 1.8 4.0 2.2' 

3.5 2.1 5.0 '--t' 2.9 

* P < .01 

F2-F12H 

6.3* 

16.8* 

7.2* 

10.8* 

2.1 

25.7* 

8.6* 

7.5* 

1.8 

6.5* 

9.5* 
14.9* 

7.8* 

0.5 
:> 

..... 
- 1.0 

0.9 

- 1.4 

F1-F12H 

11.1 * 
6.9* 

10.6* 

0.7 

7.6* 

0.2 

7.7* 

0.6 

17 .0* 

- 1.1 

15.0* 

6.3~ 

7.4* 

0.3 

5.9 

3.1 

1.5 

• 
\. 
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~ 
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., 
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APPENDIX G 

SIGNIFICANT VOWEL-BY-POSITION (V x P) 
,,' 

lAND ~OwrL-BY-POSITION-BY-~NSONANT 

\ 
1 

-, 
", 
". 

.' 

, " 
; .... ~ .. .~.~ :.'::'. ~1 

'J 

, r~ 

t 

, 
\ 

\ 

(V x P x C) 

/'> 

.. 

\ 
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... 

\ .. 

INTERACTIONS 
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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 interaction was significant for aIl depen-

dent variables except voicing er!ors in Conditions Fl2L and FI, and for 

place errors only in Conditions F2 and FI2H. In Condition Fl2L, with 

respect to intelligi~ility 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 v8wel III showed a greater 

increase in intelligibility and decrease in place errors in the final 

position than those associated with the vowel lui, for which there was 

little difference in mean scores between the two positions. More place 

errors were noted for consonants with III than for those with lui in the 

initial position. With respect to manner errors, there was a slight increase 

in errors for final consonants in the 11/ environment and a much larger 

increase for consonants in the lui environment. Condition FI also 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 associatèd 

with the vowel lui showed a greater decrease in intelligibility for the 

final position together with a greater increase in place and manner errors. 

In Conditions F2 and F12H, consonants in the III environment gave more 

place errors than those in the lui environment for the initial position, 

but fewer place errors for the final position • 

The vowel-by-position-by-consonant interaction was significant 

for aIl dependant variables except voicing errors in Conditions Fl2L 
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Significant V. X P ana V ~ P x C interactions. 

Depenc:len t 
Variable 

, . 

_ - Consonant 
.. Identifftations 

Place Errors 
~ 

Manner ' ElTors 

Voieing Errors 

.,. 

. ., 
s 

'F12L 
VxP VxPxC 

x x 

X x 

" 
x x 

li 

~ 

.ç 

~ 

~ 

FIL TER ~N DIT ION S 

FI F2 
VxP c VxPxC v' x P V x P x C 

-, 

,;-

x x 

~' 

x ..,.x 
... 

x 

x 
f 

, 

• 

--_/ 

Fl2H 
V x P V x P x C 

x'.i 
1 

N 
~ 
N 

<- { x x 

x 

/ 1 

-= 

If, 

" 
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1 

04nd F12H" and for cOns'o"nànt ident'ifications and voicing errors in 

Condition F2. In general, 'thesè three-way i~ter~ctions occurred because 

the v~Wel-~Y-POSi~ractions ~escribed in the preceding paragra~~ 
and the vowel-by-consonant and position-by-consonant interactions did not) 

.>. " .~ / 

occur to the same extent for a11 consonants .. This is i llustrated in 

~igure 1 for the intelligibility scores of the consonants !p/ and /b/ 

in the two vowel environments and two consonant positions in CQ,ndi·t.ion 

F12L (Analysis 13). The consonant Ipl was more intelligible in the III 

environme~t and in the fipal position. These samè trenos are apparent for 

eac~ position. and for each vowel as seen in Figure 1. The èonsonant Ib/ 

showed no difference in intelligibility in the two vowel environments, 

artd 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 

into the details~hese interactions. 
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• = /pl with 11/ • = Ibl with /1/ 

o • /pl with luI o = Ibl with lui 

) 
8 • • 

0 
7 

"'-..r • 
0 

Mean number 6 

of 
5 

correct 

identifications 4 

• 3 

2 ... 
l-

r" 

1 0 

~ 
... 

-
-..,.- ~ 

IniVal Final 

, Figure 1: Mean Scores for the consonants Ipl and Ibl in the two vowel 

environ.ents ,nd two positions with respect to correct , , 
-

consonant idenUfications in Condition F12L. (t-laxiIlUil score: 8) . 
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APPENDIX H 
• 

" • 
CdNFUSION MATRICES FOR THE 17 CONSONANTS 

AND FOUR FILTER CONDITIONS 

TABLES 1-4 

./ 

. .. , 
." . . , 
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TABLE L 

Confusion matrix for the consonants in Condition F12L. 

" , p b 

P 357 11 

b 4 544 

t 

65 

o 
t 165 5 271 

L 

d k 9 f 

2 182 

25 1 

5 170 

d 

k 

9 

f 

1 

2 

1 

87 

2 

3 

1 

1 535 o 

12 

42 

7 

11 

o 
1 

4 

2 

o 
o 

v 

s 

z 

l 
? 
e 
5 
m 

n 

13 

1 61 

3 0 

1 7 

2 - 0 

o 0 

16 2 

O. 18 

l 

o 
5 

89 

o 
36 

o 

12 

o 
6 

o 
2 

o 
l 

1 

10 

o 
o 
o 
2 

3 

53 

o 
6 

1 

20 

2 

10 

7 

20 

3 

4 

30 

618 2 

11) 566 

Il 2 

5 64 

1 

o 
o 
o 
1 

o 
1 

1 

1 

1 

la 
o 
3 

2 

11 

2 

2 

6 

406 

5 

208 

o 
23 

3 

251 

1 

1 

a 
2 

~ 

v 

1 

7 

2 

1 

o 
o 

27 

260 

la 
104 

1 

40 

12 

146 

4 

a 
41 

."--.­

s 

a 
o 
4 

a 
o 
o 

21 

4 

147 

13 

37 

o 
104 

9 

3 

o 
5 

,; 

,. 

z J , 
B 0 a 

a 
o 
a 
o 
2 

a 
1 

a /1 

o 
a 
1 

1 

4 

47 
7 

241 

7 

33 

8 

121 

a 
a -, 
4 

o 
a 
o 
a 
l 

o 
35 2 

a 41 

494 27 

4 !77 

2 2 

o 0 

a 
o 
o 

a 
a 
2 

e 

5 

1 

2 

l 

o 
1 

132 

19 

208 

28 

44 

3 

202 

29 

o 
a 
9 

() 

~ 

m 

1 

8 

1 

a 
o 
a 

n 

1 

2 

3 

a 
o 
1 

~ 

a 
1 

o 
a 
o 
1 

• 

3 

3 

1 

1 

o 
o 
9 2~ 

133 

, la 

147 

2 

7 

19 

193 

17 10 7 

1 

3 

o 
l 

o 
3 

4 a 

~9 

~~ 
83 6 

1 481 53 1 
.,. 

a 39 554 'W ~ 
7 51 76 363 

; 

.. 

,2 
\ 

.. 
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TABLE 2 

Confusion matrix for the consonants in Condition FI. 

p b t d k g 

P 181 10 186 16 120 21 

b 12 261 Il 221 4 40 

t 139 IS 213 8 114 - 6 

d 5 293 l 269 2 56 

f 

47 

18 

48 

1 

v 

8 

25 

11 

6 

5 

6 

8 

k 108 5 212 17 231 7 26 5 

23 

o 
3 

o 9 3 163 3 252 6 173 a lS 

f 89 13 118 10 46 4 159 29 56 

13 v 6 68 4 63 3 54 2 154 

·S 

z 

J 
? 
e 
o 
m 

n 

S9 

3 

55 

6 

93 . 
5 

10 

4 

12 

16 

29 

7 

36 

8 

69 

44 

39 

70 

1 

69 

11 

135 

3 

4 

1-

9 

82 

11 

63 

la 
69 

12 

33 

19 

3 

21 

3 

26 

3 

2 

1 

6~ 18 16 3 .l_. . 

3 186 27 108 

89 8 138 3 

8 208 31 96 

55 6 127 9 

9 173 19 73 

31 4 141 7 

7 9 41 10 

12 6 19 4 

22 13 30 6 

'. 

z J 

4 1 

4 - 0 

3 1 

a a 
2 

3 

4 

71 

5 

57 

7 

55 

5 

73 

23 

11 

19 

1 

o 
10 

a 
9 

1 

30 

1 

10 

3 

a 
1 

o 

r r--.... 

"\ 

? e 
-w.. 

o 10 

1 6 

~ 
o 
a 
3 

18 

2 

30 

5 

36 

3 

9 

la 
4 

9 

9 

4 

se 
16 

45 

9 

48 

24 

49 

22 

11 

4 

4 

ô 

4 

6 

6 

4 

2 

7 

9 

43 

7 

44 

8 

31 

2 

57 

16 

13 

~ 

m n 

6 17 

8 7 

6 16 

()., 1 

3 

6 

10 

24 

8 

4 

22 

70 

24 38 

27 63 

6 19 

57 73 

7 12 
'-

36 85 

144 226 

197 258 

• 
~'" 

3 

8 

5 

1 

1 

1 

8 

31 

13 

53 

11 

47 

6 

15 

71 

.27 

8 141 132 144 

\ 

~ 

IV 
~ 
-...J 

1 
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~ TABLE 3 

Confdlion matrix for the consonants in Condition F2. 

p b 

P 278 24 

b S6 3S0 

t 82 5 

d 8 57 

k 3f 0 

9 11 18 

f 

v 

s 

.Z 

l 
? 
e 
6 
m 

n 

8 

o 
2 

1 

o 
1 

8 

o 
2 

o 
3 

4 

9 

o 
2 

o 
o 
4 

7 

24 

1 

10 

t d k 9 f v 5 

53 1 236 22 10 

22 

9 

4 

1 

3 

2 

43 

3 

14 

a 
6 

1 

6 

2 

1 9 34 39 

306 9 180 '19 

42 425 5 15 8 

o 
7 

23 0 597 12 

9 76 146 331 

1 

2 

3 

o 
2 

3 

10 

o 
o 
5 

1 

1 

10 

o 
3 

1 

2 

6 

4 

1 

7 

8 

12 

1 

3 

a 
a 
a 
3 

o 
o 

'< 
o 
1 

4 365 49 S3 

4 39 341 6 

2 220 4 192 

1 8 123 30 

o 7 1 3S 

1 486 

o 233 7 132 

1 2 187 13 

005 0 

1 

3 

1 

7 

2 

48 

1 

6 

z 

o 
o 
o 
5 

o 
2 

J 

o 
o 
1 

3 

1 

o 

? 

o 
o 
9 

5 

2 

8 

9 

4 

3 

4 

5 

o 
6 

8 2 1 81 

36 2 2 38 

18 38 2 135 

263 4 33 34 

5 502 64 16 

24 99 463 2 

18 6 5 164 

147 0 7 33 

o 0 1 0 

18 

18 

o 
o 

o 
2 

6 

20 

ô 

3 

8 

2 

7 

1 

4 

~ 

4 

60 

1 

5 

o 
1 

lS 35 

120 20 

3 9 

131 3 

2 1 

2 0 

22 16 

158 26 

o 533 

/ 

n 

o 
S 

7 

24 

o 
4 

1 

3 

9 

4 

4 

20 

6 

54 

48 

2 

4 

1 

8 

a 
8 

o 
7 

o 
o 
o 
5 

o 
1 

lS 

60 

sa 483 

26 

50 

SI 6S 337 

• 

IV 
.1:10 
00 
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TABLE 4 

Confusion matrix for the consonants in Condition F12H. 

p ob 

P 376 7 

b \ 7 533 

t 120 2 

d 1 109 

k 11 0 

. 9 0 27 

f 

v 

5 

z 

J , 
e 
5 
m 

n 

22 . 5 

1 79 

1 

1 

o 

o 
Il 

o 
o 0 

7 0 

<l 29 

.3 110 

o 2 

12 42 

~\ 

t 

23 

2 

.. 
d k 

1 217 

34 2 

9 

7 

38 

f v 

o 

271 1 233 4 

2 

2 

2 

o 
o 
1 

13 

o 
o 
o 

5 502 0 23 

34 0 594 1 

o 64 16 510 12 

10 

2 

2 

2 

1 

2 

13 

2 

2S 

o 

i 4 
15 3 

1 30 

2 ~ 1 

1 9 

3 11 

29 

4 

6 

o 
1 

o 
7 

o 
o 
o 
1 

7 375 23 

92 ~ 218 

o 260 3 

11 

o 
0... 177 

50 1 

4 l 32 
o 286 11 

11 4 140 

11 1 4 

501 

6 14 48 

5 

o 
1 

o 
o 
o 
o 

z 

o 
o 
o 

o 
o 
1 

3 

25 

S 

f 

o 
o 
1 

o 
o 
o 

12 

1 

68 

., 
1 

o 
o 
o 
o 
7 

4 

9 

e 

4 

1 

ô 

o 
1 

m 

o 
3 

3 2 
o J~ i-o 0 

o 
o 

o 
2 

89 10 

21 lOS 

o 
o 
2 

3 181 

l-

n 

1 

1 

o 
o 
o 
o 
3 40 

6 

87 

8 

18 

144 0 50 

5 

24 

SI 

17 

157 

9 

14 

1 

7 

o 

13 

2 

50 

1 1 . 502 

6 11 4 445 7 15 Il 79 
79 . 4 12 6 200 10 0 0 

5 84 o Il 35 174 Il 86 

1 1 o 0 1 2 404 85 

3 4 o l 3 7 8~ 497 

1 

2 

1 

o 
o 
o 
4 

32 

2 

33 

o 
19 

o 
19 

14 

25 

7 1 o 1 10 18 7S 89 302 

• 
-

N 
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• Î APPENDIX J 

~ 

~THREE TWO-D IMENS IONAL PLOTS 

OF THE 17 CONSONANTS IN CONDITION F12L 

FROM' WHICH THREE-DIMENSIONAL' PLOT (FIGURE 6) WAS DERIVED 
1 

~ 
FIGURES 1-3 
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non-plosive -" " 

l 

5 

v 
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9 

f 

251 

voiced 
rotated 
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1 

1 

voiceless 

b 
9 

p 
k 

plosive 
rotated 

Figure 1: Spatial representation of the 17 consonants for plosive/ 
~ l , , 

r Sive an~ Voiced/voiceless, d~eftSions of Condition F12L. 
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Ftaure 2: 
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1 

non-resonant 

l 

k 

3 e - 9 

• d 
P z f t 

s 

v 
plosive 
rotatl'c.1 

b 

n 
o 

m 

resonant 

Spatial representatiort of the 17'çonsonants for the plosive/ 

non-plosive and resonant/non-resonant di .. nsions of 
• 

Concliticm F12L. 
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voiced 
rotated 

, 
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z ~ 9 

s t 

.' f 

p e 
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, voiceless 

non-resonant 

l 

Figure 3:' Spatial representation of the 11 sohsonants for the voicedf 

Yoic~less and resonant/non-resonant di.ensions or , 

Condition F12L. 
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