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ABSTRACT

The importance of high-frequency energy as a cue
for the ldentification of the voiceless fricatlves was
investigated. Filve subjects were chosen on the basis of
andiometric configurations characterized by a minimum of
a 45 dB slope in sensitivity from 1000 cps to 2000 eps,
This criterion was established to reduce or elliminate
the avalilabillity of high-frequency energy cues, Sixteen
syllables were formed by combining each of the volceless
fricatives [/s/, /I/. /t£/., /8/] with each of the vowels
C/y/, /e/, /o/, /u/]. Each syllable was presented 250
times to each subject for a total of 4000 identifications
over five test sesslons,

Confusion matrices were the main method of analysis,
Correct ldentifications of the syllables were made far
above chance levels, Subjects demonstrated idlosyncratic
confusion patterns, The matrices revealed: (1) erroxs
tended to divide into two groups such that /s/ and /J/
wWere primarily confused for one another and /f/ and /6/
were confused for one another; (2) confusions never
occurred across the vowels; (3) substantially fewer con-
fusions occurred for frilcatives essociated with back
vowels thean ocecurred in conjunction with the front vowels,

vii
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Based upon the assumption that these subjects were
denied high~frequency spectral information, the results
of the experiment are dlfficult to reconcille with pre-~
vious studles that have emphasized the importance of
high=-frequency 1nfor@9tion.

Acoustic analysis of fricatlive spectra and a review
of previous llterature indicated the presence of lowW=-
frequency energy. This suggested that duration, intensity,
of frequency position of such energy could have provided
cues for the subjects, The differences assoclated with
vowels suggested formant transitions as important cues
for fricative identification. There was no supportable
evidence which indicated that a single cue was sufficient
for differentiating the voiceless fricatives. The most
likely explanation for the performance of the subjects

appeared to be a combination of the above parameters.



CHAPTER I
INTRODUCTION

Attempts to analyze the spectrum of speech signals
to determine the acoustic parameters which influence lis-
tener perceptions took place at least as far back as the
nineteenth century according to historical reviews (Pierce
and David, 1958; Moses, 1964)., However, the study of
speech perception was severely limited because of the
laborious anéd time consuming methods available for anal-
yels of the speech signal. With the development of the
sound spectrograph in the middle 1940's, the major limi-
tations in instrumentation for analyzing the speech stim-
ulus appeared to be overcome (Koenig, et. al., 19463
Licklider and Miller, 1951). BResearchers began a stead-
11y accelerating pace of investigations to determine the
acoustlc parameters of natural speech utterances and their
relations to speech perception (Potter, et. al., 1947;
Joosg, 1948; Potter and Peterson, 1948),

In the early 1950's Haskins Laboratories in New
York published accounts of research in speech perceptilon
using synthetlc speech produced by an instrument called
the pattern-playback (Cooper, et, al.,, 1952; Delattre,
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et. al., 1955), Their main procedure was the manipula-
tion of individual parameters of the speech signal to
determine the effects on listener Jjudgments, One of the
group (Delattre, 1958) suggested that the analysis of
spectrograms could only point to the possible acoustical
cues for speech perception and that synthesis of the
speech signal through instruments such as the pattern-
playback must be used to provide verification.

Liberman (1957) in reviewing the research at
Haskins Laboratory stated that the speech wave contalned
gseveral simultaneous cues for a partioular sound. For
example, cues for identiflcation of a stop conscnant
included frequency position of bursts of noise, duration
of nolse, nature of the onset of the nolse, and the
characteristiocs of tramsitions from a consonant to the
succeeding vowel,

Both the acoustical parameters and the peroception
of frieatives have been stndied by use of natural speech,
distorted speech, and synthetic speech; yet our under-
standing of these factors is far from complete. One
finding common to all of the research is the importance
of high-fregquency energy concentrations for perception
of those sounds, |

Potter, et. al., (1947) and Joos (1948) reported
analysis of the fricatives in natural utterances,

Hughes and Halle (1956) isolated segments of the
volceless fricatives /j/, /s/, and /f/ and presented



them to listeners for 1dentif10ation. They determined

that the density of high~frequency energy of the spectra
played an important role in perception of the fricatives,
Thelr data showed that the major resonance for /J/ occur-
red at or above 2000 cps and that for /s/ above 3500 eps.

Harriz (1958) assessed the relative importance of
cues in the friction and voecaslic portions of fricative-
vowel syllables, Using a tape recording-cutting-resplic-
ing technique, she split "low-intensity, high-frequency
noise! of the friction eway from the "high=intensity,
low=frequency periodic sound wave" of the vowel and then
combined friction and voecalic portions from different
s8yllables to form new stimmli. She presumed that the
best cue would determine the listener identifications
of the phonemes. She concluded that friction was impore
tant in dilfferentiating the voloceless fricatives into
two groups--/s-{/ and /f-8/, S8he stated that, ",.,the
friction of /s/ and /f/ provide the necessary and suf-
ficlent cues for their identification, and override
whatever cues may be provided by the voecalie pbrtians“
(p. 5). She further stated that /f/ and /8/ were dif-
ferentiated_on the basgls of cues in the vocalic portions
of the stimull,

Heinz and Stevens (1961) used a procedure of match-
ing speech spectra generated by an electrical model of
the vocal mechanism, They generated fricatives with
resonant fregquencies ranging from 2500 to 8000 cps and



presented them to listeners for identlification. In one
condition the fricatives were presented in 1solat10n'and
in a second condition they were paired w;th a synthetio
vowel. Responses of /J/ were obtained when the resocnant
frequency was in the vieinity of 2500 ops, /s8/ when the
resonant frequency was above 3000 cps, and /f/ or /6/
for frequeniéles of 6500 to 8000 ops. They noted that
their listeners apparently could not differentiate /f/
end /8/ in the isolated presentations. When palred with
the synthetie vowel they found that /f/ and /8/ were
apparently differentiated on the basis of the second
forment transition.

The necessity of high-frequency energy for identi~
flcation of the volceless fricatives has been implied by
reports ¢f observations of identifications made by indi-
viduﬁls with high=frequency hearing impairment. However,
these reports are apparently based on clinleal observa-
tion and not upon experimental evidence. Heller (1955)
in discussing high~freguency hearing impairment in the
3200 to 8000 cps range sald in reference to volceless
consonants that, "An appreciable loss of hearing in this
range lmpairs the perception of these sounds and blocks
their reproduction" (p. 198), Streng, et., al., (1955,
P. 79), Davis and Silverman (1961, p. 188 and p. 372),
Newby (1964, p. 315), and Vaen Riper (1964, p. 125) all
stated that persons with high-frequency hearing impairment



have difficulty discriminating high-frequency consonants,
vhich ineludes the voilceless fricatives,

Apparently there are no experimental studies to
support this cliniecal observation.



CHAPTER I
EXPERIMENTAL PROCEDURE

The Purpose of the Experiment
The purpose of this study was to investigate the
ldentification of volceless fricative-vowel syllables by
subjeets with high~frequency hearing impairment.

Subjects

The sublects were five male adults with high-
frequency, sensory-neural hearing impairment, Thelr age
range was from twenty-five to fifty-five years of age.
The hearing impalrment reportedly had its onset in adult-
hood as a result of acoustic trauma and had been present
from five to twenty years. American English was the
native language for all subjects,

The results of audiological evaluation of the sube
Jects are presentéd in Appendix A, The evaluation
included pure-~-tone air and bone conduction thresholds,
speech reception thresholds, speech discrimination scores,
and the SISI test,

The pure-tone thresholds for fregquencles from 250
eps to 1000 cps were not poorer than 25 4B (re: 1964
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IS0 Standard). The sensitivity for 2000 cps and =all
higher frequencies was at least 45 3B poorer than the
sensitivity at 1000 eps. The bone conduotlon threshe
olds were within 5 4B of the alr conduction thresholds
for all frequencies in which sensitivity was within
1imits of the bone condustion equipment.

The sensitivity criteria were selected in an effort
to eliminate or substantially reduce the avallebility of
high=-frequency energy as a cue., It has already been
indiocated that several studies have found the frequencies
from 2000 e¢ps upward to be the important freguencies foxr
the perception of fricatives. In addition to the fre-
quency data there has been work on the intensity rela-
tions whioh occur between fricatives and vowels., 3Sacla
and Beck (1926) reported that the power of voiceless
fricatives 1s considerably lesé than that of the average
vowel, They found /J/ to be the most powerful of the
voiceless fricative group with /s/, /f/, and /8/ follow-
ing in descending order, Fairbanks and Miron (1957)
made an extensive study of /s/ combined with vowels and
found that the consonant to vowel ratio had a median
value of -14 dB,

The speech stimull used in the present study were
presented through a2 speech audlometer-earphone system
at & level above the SET which each subject designated
as hls comfort level. In every instance the intensity

level chosen by the subject was less than his threshold



value for 2000 eps and higher frequencies. The combina-
tion of the hearing impairment, the fricative to vowel
intensity ratioc and the level of presentation of mate-
rials should have reduced or eliminated the avallability
of high-frequency oues contained in the fricatives.

' Materials
Preparation of the Materials

Sixteen consonant-vowel syllables formed by combine
ing each of the fricatives [/f/, /s/, /t/, /8/] with each
of the vowels [/i/, /e/, /o/, /u/] were uttered by a male
talker into an Altec 682A dynamic microphonz in the con-
trol roorm of a two-room sound sulte and recorded through
an Ampex PR-10 tape recorder in the test room of the
sulte, The syllables were preceeded by a carrler phrase
and the vowel of each syllable was monlitored to peak at
zero on a VU meter.

The carrier phrases were cut from the tape and the
remalining sixteen syllables constituted the master tape.
The syllables were each re~recorded fifty times from the
master tape onto a second tape called the test tape.

The syllables were recorded on the test tape in a quasi-
random manner such that no syllable immediately succeeded
itself. There was a four second interval between syllable
presentations,

A 1000 cps pure-tone approximating the median peak

value of the sixteen syllables was recorded on the test
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tapé and was used to calibrate the VU meter of a Grason-
Stadler speech audiometer to a zero reading prior to
presentation of the syllables through the speech auvdiom-
eter-earphone system,

A spoken cue recorded on the test tape after each
ten syllables informed the listener of the number of the
next blank to be completed on an answer form.

Analysis of the Syllables

The identifiability of the syllables was tested by
administering the test tape to three subjects whose sen-
gitivity for pure~tones from 250 cps through 8000 cps
was no poorer than 5 4B (fe; 1964 IS0 Standards). The
syllables were presented to the preferred ear of the
subject at an arbitrery level of 30 dB above the SRT,
The syllables were ildentified correctly by these sub-
Jeets in 97% of the trials,

Acoustical parameters of the syllables; intensity,
frequency, and duration, were analyzed through use of a
Kay Sono-Graph (Model 6061-A) and a General Radio Level
Recorder (Type 1304-B). The results of the analysis
are shown in Appendix E, The lowest major resonance of
the fricatives and the frequeney positions for the onset
and termination of the second and third formants of the
vowels were obtalned through spectrographic analysis.
The results were in agreement with the data provided in
several experimental studies (Hughes and Halle, 1956;
Lehiste and Peterson, 1961), The duration of the
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syllables was determined by measurement of spectrograms
and tracings on the level recorder, The two procedures
¥Yielded equivalent results, The durations wére in agree-
ment with data provided by House {1961)., The fricative=-
to-vowel intensity ratios (peak-to-peak) were derived
from the level recorder tracings., The ratios for syl-
lebles containing the /s/ fricative were in agreement
with results of Fairbanks and Miron (1957), There were
no known experimental studies of friéative-to—vowel
intensity ratios which 1nciﬁdéd the other volceless
fricatives. '

The analysis indicated that the characteristics
of the talker were essentially similar to those of nor-

mal talkers in other studies.

Presentation of the Stimuli

Prior to the first test sesslon a printed card
bearing the orthographiec representations of the closed
set of sixteen syllables was glven to the subject., He
familiarized himself with the printed representations
and wrote them on a practice answer form as the inves-
- tlgator uttered the syllables for him in a face-to-
face situation. The investigator was not the talker
used on the tapes,

When the subjlect had demonstrated an understanding
of his task of writing the orthographic representation

for each syllable presented he was seated at a writing
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desk in the test chamber of a two-room sound-treated
suite. A numbered answer form (see Appendix B) and
several penclls were given to him,

The subject was informed that the words which he
had practiced writing would be presented to him through
an earphone and that his task would be to write each
word in the appropriate blank even if it was necessary
to guess, The printed card bearing the orthographic
representations of the syllables was left with the sub-
Jeet for reference.

The syllables on the test tape were then presented
monaurally through the speech audliometer-earphone system
at a comfort level above the speech reception threshold,
This was dlctated by the Jjudgment of each subject as to
what was comfortable for him, All subjects had bilat-
eral hearing losses and the ear with the best szensitivity
for pure-tones was chosen as the test ear. All 800 syl-
lables were presented 1n each test session. A brief rest
was allowed after each presentation of 200 syllables.

One test session took approximately one and one-half
hours, -

Filve test sessions were conducted with each subject.
The 800 syllables were arbitrarily divided into groups of
200 syllables and these groups were presented in different
orders to a sublect in each test session.

No information feedback was provided for the sube

Jects during the course of the experlment because of the
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desire to study responses which depended only upon the
stimull and the internal criterion established by the
subject (Carterette, et. al., 19686; Goldiamond, 1964),



CHAPTER III
RESULTS

Individual Subjects

Table I shows the percentage of correct syllable
identifications made by each subject in each test session.
Since there were 16 response alternatives for each stim-
ulus, a correct response could occur by chance once in 16
trials (1/16). A one~talled Chi-square analysis based on
the 1/16 probability showed that 67 correct responses
(8.3%) to 800 stimull were sufficient to exceed the ,01
level of significance., All subjects made correct iden-
tifications far above this level,

The responses made by each subject in each test
sesslon were consollidated in the confusion matrices of
Appendix D, The matrices were plotted to show fricative
confusions within each of the four vowel categories, This
type of plot was posslble because the subjects never dem-
onstrated a confusion across vowels,

Since confusions occurred only for the fricative
portions of syllables, a one-talled Chi-sguare analysis
based on a 1/4 probabillity was performed. The ,01
level of slignificance was attalned with 229 correct

13
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jdentifications (28.6%) to 800 stimulus presentations.
The scores of Table I show that even with the probability
basis revised from 1/16 to 1/h all subjects made correct
ldentifications far in excess of the .01 level of sfatis-
tical significance.

Table I.=--Percentage of correct syllable identifications

in each test sgession for each subject and for the group.
N=800 stimuli per session for each subject.

—_g——
T

Subjects
AA RD Ri LB LL Group Total

Test Sesgssion

1. 75% 69% 4% 79%  72% 74%
2. 73% 728 79% 83% 75% 76%
3. 81% 74% 86% 85% 79% 81%
k, 84% 73% 89% 87% 80% 83%
5. 8o 76% 93% B86% 80% 83%

Table I1 shows the percentage of correct responses
made to each fricative by each subject over the five
test sessions, The vocalle portions bf the syllables
were confounded in the grouping of the fricatives., A
one=talled Chi-square analysis based on a 1/4 probabil-
1ty showed that 283 correct identifications (28.3%) to
the 1000 presentatlons of each fricative were sufficient
to attaln the ,01 level of significance,

The over-all response patterns in terms of percent-

age correct, established by the subjects showed little
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deviation from session-to-session, Table I shows there
was little difference in the number of correct responses
either across sessions or within subjects. Although the
results of the last three test sessions were quite sim-
ilar in reflecting stabillty of responses, only the last
test session was chosen for detalled analysis, These
analyses are presented following Table II.

Table II.-=-Percentage of correct fricative identifications
by each subject in all five test sesslons. Fricatives
were grouped with the vowel components of the syllables

confounded, Each fricative was presented 1000 times to
each subject,

Stimulus Fricative

/s/ /57 /t/ /8/
Subject
AA 95% 99% 82% 38%
RD 67% 73% 66% 85%
RI 90% 77% 77% 92%
LB - 86% 91% 78% 81%
LL 74% 95% 78% 61%

The specific fricative confusions of each subject
were plotted in subset confuslion matrices sccording to
vowel categorles, Matrices were plotted for only those
vowel groups in which a subject demonstrated consistent
and marked fricative confusions.

By visual inspection, a consistent confuslon was

one which persisted through the last three sessions., A
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marked confusion wasg one in which the subject correctly
identified a specified fricative less than 45 times in
fifty presentations. This epproach was used rather then
a strict adherence to a statistical criterion. If fall-
ure to reach the .01 level of statistical significance
for a Chi-square based on a 1/4 probability were selected
a8 the critericn, only syllables with fewer than 21 cor-
rect identifications would have been analyzed. Use of
such a eriterion would have resulted in analysis of
approximately one syllable pexr subject,
Subject AA |

Table III shows this subject had confusions for
certain fricatives wlthin three vowel categories, In
each matrix there are confusions for the fricative /6/.
Confusions for /f/ ocourred only in the /i/ matrix and
there were seldom any confusions for the /s/ fricative.

There was 100% response of /fe/ for /6e/. This
trend was shown for the last four sessions. Correct
responses to the /fe/ stimulus were made in 98% to 100%
of the trials in the last three test sessions,

The response of /si/ for /fi/ was made more often
by Subject AA than by any other subject.

He was the only subject to make a marked /so/ for
/80o/ econfusion, No other subject made s marked confusion

in the /o/ vowel category.
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Table III.--Subset confusion matrices for Subject AA with
data grouped according to vowel categories, The data
represent the last test session N=50 per syllable,

Response
Ly el Lo/
/s/ /I/ /€7 18/  /s/ /57 /€/ /87 /s/ /7 7t/ /e/
/s/ 43 5 2 48 2 50

[/, S
.g /7 50 1 b9 50
5 /t/ 24 1 22 3 1 49 50
® Je/ b 22 24 50 34 6 10

Inspection of the confusion matrices for the five
sessions (Appendix D) showed that this subject had a
unique response pattern to the syllable /61/. EHe
responded with /si/ 60% of the time in the first session
and increased this to 84% in the second session, In the
third session he abruptly changed his response to 76%
correct identifications of /81/. In the last two sessions
he changed to an approximate 50% response between /fi/
and /61/., In other words, throughout the five sessions
he moved from an incorrect response of /si/, to é correct
resﬁdnse of /61/, and then in the last two sessions
divided his responses between /fi/ and /8i/. This was
the only occurrence in the entire experiment of a mul-
tiple shift in response cholces.

Subject BRD

This subject had confusions for more syllables
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than any other subjeet. Table I shows that he had the
fewest correct 1dent1f1cationslin every sesslion.

Table IV shows that confusions occurred within
three vowel matrices. The majorlity of confusions were
in the front vowel matrices. Every fricative was con-
fused in the /e/ matrix and all except /f/ were confused
in the /i/ matrix.

Table IV.==Subset confusion matrices for Subject RD with

data grouped according to vowel categorles. The data
represent the last test session, N=50 per syllable,

Resp;;;é . o
Li/ el WATA
/s/ [/ /7 /87 /s/ /i) /e /87 /s/ /87 /E/ /8/
/8/ 19 30 1 23 23 2 2 4o 10
é /I/ 2 48 34 14 2 50
8t/ w5 21 10 1 1 36 12 50
VYA 19 29 1 13 36 3 w7

There was less difficulty for the back vowels as
evidenced by the single confusion in the /u/ group and
the lack of apprecladble confusion in the /o/ group.

The fricative /s/ was confused in all three matri-
ces, /f/ and /6/ stimulil were confused in two matrices,

and /J/ was confused only in the /e/ matrix.
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The majority of confusions followed a pattern in
which the /s/ and /f/ syllables were confused with one
enother snd the /f/ and /6/ syllables were confused with
cne snother. An exception to this pattern was shown in
the responses to /fi/. The incorrect responses for this
syllable were divided almost equally between /si/ and
/e1/. -

Subject RI

Inspection of Table I revealed that this subject
demonstrated the greatest improvement in correct identifi-
cations frem the first to the last test session. HAis per-
centage of improvement was more than twlce that of any
other subject. |

The confusions which he made in the last test ses-
glon are shown in Table V,

Table V,=-=Subset confusion matrices for Subject RI with

data grouped according to vowel categories, The data
represent the last test session. N=50 per syllable,

. Response
LA el
/s/ 11/ /€7 /¢/ /8/ 15/ 12/ /8/

/s/ W9 1 16 2 2
n
.:3 /57 2 43 5 4 L6
3 /t7 2 33 15 33 17
o

/8/ | 2 48 3 47
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The primary confusions were for the fricative
/f/ assoclated with front vowels, He had predominately
correct identifications for these stimull and the incor-
rect responses were almost exclusively /8/. The frica-
tives were correctly ldentified in conjunction with the
back vowels on all except three trials.
Sublject 1B

Table VI shows the confusion matrices for this
subject.
Table VI,==Subset confusion,matrices for Subject LB with

data grouped according to vowel categories. The date
represent the last test session, N=50 perxr syllable,

—

Response
L/ Lel
/s/ 15/ /27 /e/ /s/ /17 /t/ /8/
/s/ 38 7 5 46 2 2
.g /57 5 Ly | 1 8 4o 2
A /f/ 13 3 18 16 w6
¥a)

/8/ 3 3 5 39 14 36

The responses to syllables contalning the fricatlve
/f/ were spread throughout the /i1/ matrix., The responses
to the /fi/ stimulus were almost evenly divided between
/f1/, /81/, and /si/. This was the only cccurrence of
a nearly evenly divided three-way response distribution

for a stimulus.
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Inspection of the response pattern revealed s trend
to confuse /8/ and /f/ with one another and /6/ and /t/
with one another, The exceptiocn, as noted above, was
the response of /si/ for /fi/. The confusion of /si/
for /fi/ was evidenced by three subjects although in
varylng degrees,
Subjlect LL

Table VII indicates that this subject had consist-
ent confusions in only the front vowels, Except for two
errors he had perfect Aldentifications of fricatlves paired
with back vowels, .
Table VII,--Subset confusion matrices for Subject LL with

data grouped according to vowel categories, The data
represent the last test sesslon, N=50 per ayllable,

Hesponse
L3 el
/8/ /17 /€7 /¢/ /8! 15/ /t/ /¢/
/8/ 50 hs 4 1
g /17 50 2 48
g. /t/ 6 24 2 18 50
Y, 4 46 50

He always responded /Ji/ to either of the /f1/ or
/81/ stimuli and always /fe/ to the /fe/ or /%e/ stimuli,
This resulted in the appearance of correct identiflcation
of one stimulus and complete misidentification of the

other,
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He rarely identified the /fi/ stimulus but responded
primarily with //i/ and /61/. This was the only occur-
rence of the response pattern being divided equally when
one of the members was not a correct identification.

Also the responses of /fi/ for /fi/ were a deviation
from the tendency to confuse /s8/ and /f/ for one snother
end /f/ end /6/ for one anotﬁer.

Inspectlon of the confusion matrices of Appendix D
indicated an unusuel pattern which seemed to have occurred
in his responses to /s8l/. In the first test session he
correctly identified /si/ on 48% of the trials and mis-
identified it as //1/ 52% of the time. Thereafter, he
increasingly responded. /f1i/ to the /si/ stimulus until
in the fifth session he always responded /fi/.

Group Results

Even though the unlque response patterns demon-
strated by the subjects seemed to generate the most
information, group analysis was also undertaken in an
attempt to further delineate the findings.

Table VIII shows the percentage responses of the
group to each fricative stimulus in the last test
sesslon,

The pgttern displayed in the matrix shows the -
tendency to confuse /s8/ and /[/ for one another and

/t/ and /8/ for one another,
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Table VIII.=-«~Confusion matrix demonstrating combined
responses of subjects in the last test session. The
data were grouped according to the fricative components
of the syllables with vowels confounded. N=1000

per fricative.

——
I t—

Response

/s/ /17 /t/ /8/
/s/ 83.6% 13,5% 1.8% 1.1%
3 // 6.4% 92.6% 7% .3%
E /t/ 6.1% 3.4% 80.5% 10,0%
5 se) 5,08 8% 18.7%  7h.7d

Table IX shows a ranking of correct fricative lden-
tifications when assoclated with the different vowels,
There was not a consigtent fricative rank order across
vowels, It is interesting to note the fricative /f/ was
the only one which demonstrated consistency in rank posi-
tion in that 1t was highest ranked with three of the
vowels, However, 1t was the lowest ranked fricative
with /i/.

The fricatives were identified correctly more
often when associated with back vowels than with front
vowels,

It is remarkable that the /f/, which was not par-
ticularly well identified when vowels were confounded
{see Table II), was identified nearly perfectly with
the vowel /o/ and perfectly with /u/.
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Table IX.,-=Cumulative correct responses of all subjects in
the last test session with fricative components ranked
under each of the vowels, N=250 per syllable,

Vowels
/x/ /e/ /o/ /u/
/i/ 94.0% /t/ 84,0% /t/ 98.8% /t/ 100.0%
/8/ 7h4,0% /s/ 83.2% /1/ 98.4% /57 99.2%
/8/ 59.6% /i/ 78.8% /8/ 96.4% /8/ 95.6%
/t/ 38.4% /8/ 47.6% /e/ 81,28 /8/ 95.2%

Fricatives

Information from the group data 18 quite limited in

that the idlosyncratic responses of one or two of the sub
Jects s0 heavlily weighted the group result, For example,
the percentage for the /s/ in the /1/ matrix of Table IX
is spuriously low due to the responses of Subject LL, He
never responded correctly to /si/ in the last session,
thereby lowering the group average., The same is true for
Subject AA in regard to /ee/.



CHAPTER 1V
DISCUSSION

Research reports and clinical tests have indicated
the impqrtance of high=-frequency cues for ildentification
of volceless fricatives, The subjects in the present
study, theoretically denled the use of these cues, evi-
denced l1little difficulty in correctly identifylng the
majority of the 16 voiceless fricative-~vowel syllables,
Obviously the major informatlon bearing elements were
other than high-freguency cues to enable these individusls
to correctly ldentify the syllebles,

A volceless fricative, as defined by Strevens (1960),
is essentially a spectrum of aperiodic rsndom noise, Joos
(1948) in commenting on this aperlodicity presented an
analogy comparing the mottled appearance of the random
distribution of}enersy of the fricatives, as seen on spec-
trograms, with the distribution of moisture on dry pave-
ment a few minutes after a shower started: no matter what
interesting pattern was formed, it did not predict any-
thing about another patterm on another plece of pavement.
Strevens (1960) found that amplitude cross-sectlons of
spectrograms of the fricatlves varied considerably. One

single cross~-section per fricative ylelded apparently

25
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helpful information about peaks of energy. A second
cross-section from the same utterance, however, almost
invarlably gave lnformation that conflicted in detalls
with the previous analysis. These differenceé presum-
ably resulted from the aperlodic nature of the fricative.
Bughes and Halle (1956) found that discrepancies among
the spectra of a glven fricatlve as spoken by different
speakers in different contexts were guite large. How=-
ever, they stated that differences among three classes
of fricatives (labial, dental, and palatel) were gquite
consistent, particularly for sounds spoken by a slngle
speaker,

There are a number of parameters besides high-
frequency energy in the spectrum of voiceless fricatives
which can be suggested as pbtential cues for ldentifica-
tlon of the volceless fricatives,

Although rarely stressed as contalning lmportant
cues, the presence of energy below 2000 eps has been
denonstrated in analysis of the fricative spectra.

Hughes and Halle (1956) presented acoustical anal-
y8is of the fricatives which lndicated that energy was
present below 1000 ¢ps, Delattre (1958) remarked that
energy for /f/ and /®/ spread throughout the entire
spectrum on Kay spectrograms.“ Strevens (1960) demon-
strated spectrographic evidence that energy wae present
as low as 1500 cps for /f/, 1400 cps for /8/, and 1600
eps for /f{/. Heinz snd Stevens (1961) found in generating
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synthetic fricatives that some of the /f/ spectra they
were attempting to match were characterized by broad
low=frequency noise in addition to the high-frequency
peaks and for those sounds it was necessary to add low-
frequeney nolse electrically in order to obtaln good
agreement with the measured spectra.

Strevens (1960) and Hirsh (1966) indicated the
voiceless fricatives have spectrums of varying widths
and indicated that the sounds could differ in terms of
both center frequency of the spectrum and in spectrum
width, Strevens found that /f/ and /8/ were charac-
terized by a ﬁide spectrum covering a range from some
5000 to 6000 cycles while /s/ and /// had a narrower
spectrum covering some 3000 to 4000 cycles,

Hirsh (1966) stated that the voiceless fricatives
were of different durations and that the durational
characteristics were probably important for distinguishe
ing between then,

Sacia and Beck (1926) and Strevens (1960) found
that the volceless fricatives differed in intensity.
The /§{/ was the most intense sound of the group with
/s/, /f/, and /8/ following in descending order,

As for evidence in regard to frequency cues, the
results of studies by Miller and Nicely (1955) and
Hughes and Halle (1956) are applicable, Miller and
Nlcely presented syllables to subjects in varlous con-

ditions of masking and filtering. In the condition in
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which a signal-to-noise ratio of +12 dB and a band-pass
of 2000 to 5000 cps were used (see thelr Table XIV), the
subjects were impaired in thelr ability to identify the
volceless fricatives, More confusions ocourred for /f/
and /0/ than for /[/ end /s/. The /f/ end /6/ confusions
oceurred across consonent ¢lasses as well as within class,
Identifications of /J/ and 73/ were impaired in compari-
son to those of band-pass conditions which had a lower
cut-off frequency, but were still gquite high. The same
trend of wide spread confusion for /f/ and /6/ with much
" better i1dentification of /s/ and /f/ was noted for all
higher pass<band conditions.

Hughes and Halle (1956) had noted that when
responses of thelr subjects were shown as functions of
frequency position of the maximum of the spectrum that
/f/ identifications showed a sharp drop for peaks located
above 2000 cops and /s/ judgments increased for peaks
above 4000 cps., The /J/ judgments were greatest when
peaks occurred in frequencies between 2000 and 4000 eps.,

The results of the Miller and Nicely study and
the Hughes and Halle study suggest that high-frequency
energy cues are not as important for identification of
/f/ and /0/, as they are for /s/ and /J/ identifications.

High=-frequency energy cennot be vital for identi-
fications of all of the voiceless fricatives according
to results of the Miller and Nicely study for conditions
which passed frequenciles below 2000 cps, In the condition
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of a signal-to-noise ratio of +12 dB and a band-pass of
200 to 1200 cps (see their Table X) the subjects were
able to identify the voiceless fricatives far above
chance levels, Better identifications occurred for

/f/ than for the other volceless fricatives, A sim-
ilar result was obtained with a signal-to-noise ratio
of +12 dB and a band-pass of 200 to 600 cps (see their
Table IX). |

In both of the latter conditions /f/ and /8/ were
identified correctly more often than in conditions in
which only frequencles asbove 2000 cps were passed.

The data of Miller and Nicely strongly suggests
that the importance of low-frequency energy cues for
the fricatives can not be minimized, The results of
the present study could be partially explained on the
basis of center frequency and width of the energy bands
in the spectrum. Thls possibllity draws support from
a discussion by Swets (1963) in which he inferred the
importance of central or cegnitive factors in frequency
selectlvity., He suggested that the strategy of listen-
ing that is adopted by an observer for a particular
task 1s closely linked to the number, frequency loca-
tions, and widths of critical bands which are cperative,
It is not inconcelvable that the hearing impaired sub-
Jects were able to adopt a strategy in which they wexre
able to use low-fregquency band-widths for identification
purposes,
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Duration has been found to be a cue for differen-
tiating among consonant classes (Barrs, 1963)., There is
apparently no definitive study of the cue value of dura-
tion for distinguishing between the volceless fricatives,
However, as Hirsh (1966) stated, and as was found from
acoustical analyslis of the syllables in this study, there
are duratlonal differences between the volceless frica-
tives., The possibllity exists that these subjects could
have used durational cues to differentiate the voiceless
fricatives,

The possibility of intensity as a cue for differen~
tiating among the fricatives has not been subjected to
extensive investigation. Hughes and Halle (1956) indi-
cated that intensity differences measured throughout
the fricative spectrum can be used to differentliate among
the /t/, /8/, and /f/., Some of the problems 1nvana1yzing
the intensity charécteristics of the fricatives were
indicated by Strevens (1960). He found that veoiceless
fricatives which occurred in connected speech rarely
gave usable spectral information. He attributed this
to two factors: (1) the over-all acoustic energy of the
volceless fricatives is generally much lower than the
stressed vowels which serve as reference points for
adjusting the signal level on the spectrograph; and (2)
the duration of the fricatives 18 often so short that
the quantity of pattern availadble is inadequate.
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The intensity range of the spectrograph and the
electrically sensltive paper upon whlich the patterns are
deplcted 1s so restriceted that when the vowels are used
to monitor the input signal to the instrument, only the
most intense energy of fricatives wlll appear upen the
spectrogram, This tends to de~emphaslize the presence of
the low~frequency energy of the volceless fricatives,

Regardless of whether intensity, in and of itself,
is 2 cue, the subjective feport of the subjects indicated
that there was sufficient intensity avallable to identify
the presence of the fricative portlon of the syllable.
The subjects were asked to describe what they heard when
the syllables were presented. Each of them indicated
that he heard a "hilss" or "buzz" before the onset of the
vowel,

The valldity of the subject report was explored
after completion of the maln experiment. A test tape of
the syllables was made in which the friction portion was
removed from the tape, When the test tape of only the
vocallc portlon of the syllebles was presented to the sub-
Jects for ldentiflcation, they lmmedlately reported the
absence of the "hlss" or "buzz". Whlle they were able
to identify the vowels, they were unable to identify the
voiceless fricative. When forced to guess they responded
on a chance basls,

This subjectlve report and the inability to identify

the fricatlves without the "hlss" or *''buzz" supports the
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contentlion of usable cues in the low-frequency energy
spectrum of the fricative and is 1ln accord with a find-
ing by Heinz and Stevens (1961) that identifications of
/f/ and /8/ were enhanced by the addition of low-frequency
noise to thelr synthesized speech stimull,

On the basls of thelr audlometric‘proflles; pure
tone thresholds, speech scores, and SISI scores, the
subjects appeared to constitute a relatively homogeneous
group. From lnspectlion of the confusion matrices of
Appendix D it 1s obvious that individual subjects pre-
sented unique and idiosyncratie response patterns.,

Considering syllables rather than fricatlives for
the moment, the differences in subjlects can be demon-
strated by thelr responses to /fi/ in the last test ses-
sion. While this stimulus was confused by all subjlects,
it 185 apparent that a different pattern of confusions
was demonstrated by each subject. Subject LB identified
it almost equally as /fi, /0i/, and /si/. Subject RD
identifled it correctly on 21 trials but confused it
with /si/ 14 times and /81/ 10 times. Subject AA con-
fused /si/ for /fi/ on nearly half of the trials and
Subject RI misidentified it 15 times as /81/, Subject
LL ohly identifled the stimulus correctly on two trials.
He confused it with /[1/ 24 times and /61/ 18 times.,

This was the only syllable that showed such high
confusion on the part of all sublects, It is not known
whether these results reflect inherent propertles of the
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stimulus or an artifect caused by characteristics of
articulation by the talker or tape recording procedure.
However, listeners with normal sensitivity did not expe-
rience difficulty identifying the syllable.

The fricative confusions tended to divide into two
groups, The /s/ and /{/ fricatives were primarily con-
fused for one another and /f/ and /8/ were confused for
one another, A similar grouping of /s-J/ and /f-6/ was
demonstrated in the data of Miller and Nicely (1955)
and Harris (1958),

While the analysis by and large showed the tendency
of the responses to fall convenlently into the grouping
pattern, there were fricative confuslons that occurred
across these groupings. The majority of cross group
confusions involved confusions of /s/ with /f/ or /6/.
The /[/ was seldom involved in these cross group con-
fusions except in the case of Subject LL who confused
/{/ for /f/ in assoclation with the vowel /i/.

The /f/ was also outstanding in the Miller and
Nicely (1955) study. It was the most highly identiflable
of the voiceless fricatives in all of thelr conditions
in which only frequencles sbove 2000 ¢ps were passed by
the filter. It was not so well identified in the low=-
pass conditions but was stlll most often confused with
/8/. The results of the present study were essentlally
in sgreement with the findings of Miller and Nicely. The
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/J// was the most highly identifiable fricative in the
grouped data of the present study (see Table VIII).

The confusions of /s/ with /f/ or /©/ were appar-
ent in the low-frequency band-pasg conditions of Miller
and Nlcely as well as the present study. It may be that
the characteristics of /f/ and /s/ are suffioclently simi-
lar that they are confused for one another but are suf-
ficiently different that /J/ 1s less often confused with
/t/ or /8/. There are several possible cues which could
be responsible for such cenfusion patterns. Since /f/
is the most intense of the volceless fricatives, it may
be that intenslty is the overriding cue for identifica-
tion of /f/. Inspection of the spectrograms of the syl-
lables used in the present study showed that the /f/ was
of longer duration that the other voiceless fricatives.
Therefore, duration may be the overriding cue for dif-
ferentiations., Still énother possibllity is that the
combination of intensity and duration is sufficient to
differentiate /f// from the other volceless fricatives.

So far only the spectral properties of the frica-
tives themselves have been consildered as potential cues
for their ldentification, It has been demonstrated,‘
however, that frequency and temporal characteristics of
phonemes vary as g function of their phonetlic environ-
ment (House, 1961; Lehiste and Peterson, 1961). Such
variations in vowels have been deemed important cues

for identification of the adjacent consonant (Wang and
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Fillmore, 1961). Most of the emphasis in regard to
consonant-vowel interaction has been on changes in fre-
quency position of formant energy over time (transitions).
The lmportance of the second formant transition for con-
sonant ldentification has been emphasized by several
researchers (Liberman, et., al., 1957; Heinz and Stevens,
1961; Lehiste and Peterson, 1961),

The results of the present study could be partlially
explained on the basis of differences in formant transi-
tions among the vowels., The fricatives were more often
confused when assoclated with the front vowels /i/
and /e/ than they were with the back vowels /o/ and /u/.
Inspection of the spectrograms of the syllables showed
that the second formants of /i1/ and /e/ originated in
frequencies below the target position of the vowel
and changed in an upward direction over timé. The
second forments of the /o/ and /u/ originated at fre-
quenciles above the target position and showed downward
bends toward the target position, Since the front
vowel transitions traveled up toward frequencies which
were in the impailred region for the subjects, it is
probable that the cues from the transitions were dis-
torted or elliminated and resulted in confusions in
ldentiflcations of fricatives assoclated wlth these
vowels., On the other hand, the transitions of the
back vowels occurred primarily in the frequency range

in which the subjects appeared to demonstrate normal
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sensltivity. They should have been better able to uti-
llze the cues in these transitions for fricative
identifications,

The high identiflcation of fricatlves assoclated
with the front vowels and the confusions which occurred
in conjunctlion with back vowels suggests that the transi-
tlon cues alone were not sufficient for identification
of the fricatives., Thils was further indicated by results
of the lack of correct 1dentifications by the sublects
when the "frictlonless" syllables were presented to then.
It would seem that the combination of low=frequency energy
of the fricatives and the second formant transitions of
the vowels may have been responsible for the identifica-
tlons by the subjects,

The postulation that formaent transitions filgure
prominently in identification of each volceless fricative
is contrary, in part, to previous studies (Harris, 1958;
Heinz and Stevens, 1961) which indicated that formant
trensitions were lmportant cues for ildentlflcation of
/f/ and /8/ but not for /s/ end ///. Heinz and Stevens
stated that second forment transitions were the most
important for differentiating /f/ and /6/. Herris did
not specify any particular formant as the most important.

Inspection of Harris's results (see her Fig. 2)
indicated that the subjects were lnaccurate 1n thelr
identifications of /f/ and /8/. Both /f/ and /o/ were
identified primarily as /f/ when associated with /f/
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vocallce portion. When assoclated with any other vocallce
portion both /f/ end /6/ were identified primarily as
/8/. A greater number of misidentifications of the fric-
ative portions of the syllables occurred when they were
paired with /o/ and /u/ vocalie portions than when they
were palred with /i/ and /e/ vocalic portions. This is
contrary to the findings of the present study which 1ndi-
cated that a greater number of consonant confusions
occurred in conjunctlion with the front vowels,

The apparent contradiction in results may suggest
that the spectral énvelope of the stimulus is an lmpor-
tant determinant of identifications., The results of the
Present study could be explained on the basis of infor-
mation contalned in the spectral envelope avallable to
the subjects. Distortion of cues contained in the nat-
ural speech envelope could concelvably have occurred
from the techniques utllized by Harrls and influenced
her results. |

Schatz (1954) used a procedure similar to that of
the Harrls study to investigate the perception of volce-
less stops. ©She found that her combinatlons ylelded
extremely unnatural sounding syllables in which the con-
sonants did not closely resemble any naturally produced
English sounds., This finding could be interpreted as
resulting from disruption of the spectral envelope of
the stimuli. If the Harris stimull suffered from a
simllar effect, it is possible that the characteristics
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of the /o/ and /u/ vowels were distorted more than those
of /i/ and /e/.

There is evidence that /i/ and /e/ differ from /o/
and /u/ not only in formant frequency position, but also
in temporal characteristics. Lehlste and Peterson (1961)
showed that /e/ has a long glide as its first element
while /o/ has a short steady state target as the first
element and a long gllide as the second element. They
also showed that the initial transitions of /i/ are usu-
ally almost twilce as long as those of /u/. The shorter
transition of /u/ and the short steady state of /o/ could
have been distorted more by the Harris procedure than
were the characteristies of /1/ end /e/.

In addition to the main experiment, the subjects
participated in a forced-choice fricative identification
from pailred stimuli (called experiment 1II). Anﬁ syllable
which was confused by a subj)ect for the stimulus syllable
on 10% or more of the trials in the five test sessions
was palred with the stimulus syllable for the forced-
cholce task., The subjects were required to declde if
the first or second member of the presented palr con-~
tained the sound eguivalent of an orthographic symbol
for that trial (see Appendix C). The results to the
forced-choice task (see Appendix G) wefe essentlally the
same as the main experiment.

Cne interesting observation is that when the com-

position of the syllable palr consisted of a stimulus
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which had been misidentified 100% of the time as the
other member of the palr, the subjects responded to
either member of the palr on an equal basis in the
forced-cholce task (for example see the responses of
Subject LL to /si-fi/ and /Ji-si/). The response pat-
terns of the maln experiment taken at face value looked
as though one member of the pair was ldentifled cor-
rectly while the other was entirely mlisidentified. The
correct interpretation, as more clearly shown in the
palred task, 1s that the subjects could not differen-
tiate these fricatives. The main experiment indicated
a blas to always choose the same fricatlive for a response
to either of the stimuli, When syllables were palred,
it is obvious that the subjects were actually respond~-
ing near chance levels. |

The other interesting observation is the nearly
complete eliminatioﬁ of confusions across the /s-[/
and /f-8/ divisions, Apparently the subjects could
differentiate across these divisions when members of
the different divisions were palred (for example see
Subject LB's responses to /fi-si/ and Subject AA's
responses to /Go-s0/).

From the results of the experiment and preced-
ing discussion it 1s apparent that the information
regarding the perceptual cues for the volceless fric-
atives 1s still incomplete, If the assumptlon 1is
accepted that high=-fregquency energy avallable to these



Lo

subjects was reduced or eliminated, further research 1is
needed to explore the critical perceptual cues of the
volceless fricatlves,

The apparent contradictions between the present
study and that of Harris suggests an area for further
investigation., The use of synthetically generated syl-
lables would appear to be one means to resolve the
gquestion of the contribution of the fricative portion
and the vocalic portion to the identification of the
volceless fricatives. This procedure should provide
greater control of the stimull and eliminate the dif-
filcult problems and artifacts of segmentation of the
syllable through inexact and laborious procedures such
as that utilized by Harrils.

Another pertinent area of lnvestigation is the
quantification of the contribution of the information
contained in the transitions for the identifilcations
of volceless fricative-vowel syllables. From the
results of this study 1t was suggested that the infor-
mation contained in the transitions was not sufficlent
to enable the subjects to identify the volceless fric-
atives, Determination of this was not the primary
objective of the present study. An approach to thls
problem would be to mske successive cuts in the stimulus
beginning at the polnt at which the formants attained
thelilr target position and continulng backward toward
the onset of the vowel until sublects made identifications
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at a specified level, The appropriate methodology
might be a forced-choilce accuracy indicator task as
outlined by Goldlamond (1958), In this task adjoin-
ing segments of the dlistorted syllable would be pre-
sented in pairs to subjects for ldentification, This
procedure could also provide informstion about the tem-
proral resolving power of the spectral envelope by the
sublects.

An area that appears to be overdue for re-evaluation
and investigation is the contribution of low=-freguency
energy in the fricative spectra to their identifiecation.
One approach to fhls problem would be to present isolated
segments of synthetic fricatives to listeners for iden-
tificatlon., These segments would be constructed by
matching the low=-frequency energy of the spectra of
natural speech, Deviationé from these matched spectra
could then be introduced through changes in the param-
aters of duration, intensity, and band-widths or com-
binations of these parameters to determine the influence

on llstener judgments,



CHAPTER V
SUMMARY

The 1lmportance of high-frequency energy ﬁs a cue
for the identification of the volceless fricatives was
investigated. Five subjects were chosen on the basis of
audiometric configurations characterized by a minimum of
a 45 dB slope in sensitivity from 1000 cps to 2000 ops.
The criterion was established to reduce or eliminate the
availability of high-frequency energy cues, Sixteen syl-
lables were formed by combining each of the volceless
fricatives /e/, /I/, /f/, /8/ with each of the vowels

/y\/, /e/. /o/, /u/ . Each syllable was presented 250
times to each subject for a total of 4000 identifications
over flve test sesslons,.

Confuslion matrices were the main method of analysis,
Correct ldentiflcatlions of the syllables were made far
above chance lewvels. Subjects demonstrated idlosyneratic
confusion patterns. The matrices revealed; (1) errors
tended to divide into two groups such that /s/ and /J/
were primarily confused for one another and /f/ and /6/
were confused for one another; (2) confusions never
occurred across the vowels; (3) substantlally fewer con-
fuslons occurred foi fricatives assoclated with back

L2
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vowels than occurred in conjJunction with the front
vowels,

Syllables conslistently confused with the stimulus
were paired with the stimulus in a forced-cholce ldentifl-
cation task. The results generally supported the findings
of the main experiment except that confusions across the
/s=f/ and /f-8/ divisions were essentially eliminated.

Based upon the assumption that these subjects were
denied hlgh-frequency spectral lnformation, the results
of the experiment are difficult to reconcile with pre-
vious studies that have emphasized the importance of high-
frequency information. _

Acoustic analysils of the fricative spectra and a
review of previous lliterature indicated the presence of
low=-frequency energy. This suggested that duration,
intensity, or frequency position of sudh energy could have
provided cues for the subjlects., The differences associ-
ated with vowels suggested formant transitions as impor-
tant cues for fricative identification. There was no
supportaeble evidence which indicated that a single cue
was sufficlent for differentiating the volceless frica-
tives. The most llkely explanation for the performance
of the subjects appeared to be a combination of the above
parameters,

Further research 1s indicated to determine the role
of the varlous parameters of low-frequency energy in

identifications of voilceless fricatives,
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APPENDIX A

RESULTS OF AUDIOLOGICAL EVALUATION OF SUBJECTS

AAS
Thresholds T
a, Pure-toneP
1) 250 cps 5 dB
2) 500 eps 10 8B
3) 1000 cps 5 4B
L) 1500 cps 20 aB
5) 2000 eps 50 4B
6) 3000 cps 75 dB
7) H000 cps 75 dB
8) 6000 cps 75 4B
9) 8000 cps 70 dB
b. SRT 12 4B
Speech Discrimination
(Tape recorded PB-50 lists)
a. Quiet 84 %
b. Noise (S/N=t+10 d4B) 72 %
SISI Scores
a. 500 eps 0 %
b. 1000 cps 0%
¢. 2000 cps 100 %
Comfort level for speech Ll aB

SUBJECT
BRI

10 4B
5 dB
10 4B
30 4B
65 4B
75 4B
70 dB
70 4B

55 4B
14 aB

£ N0 ~J
F woo oW
g TR W

a0nly Subject AA had left eer used as the test earx.

bThresholds re: IS0 1964 Standard.
of alr conducted thresholds for all frequencies

available to test bone conduction,

10
10
10
Lo
70
105
100

dB
dB
dB
dB
dB

16 4B

N~J
£

...l
o
@ OO0

£ W W

Bone conduction thresholds were wilthin 5 dB
for which there was adequate intensity



APPENDIX B
ANSWER FCRM FOR THE MAIN EXPERIMENT
(Directions to subjects were to write each syllable as

it was presented. They were told to guess if necessar
and to glve an answer for every syllable presentation,

Column 1, Column 2, Column 3.
1, 21, 41,
2, 22, b2,
3. 23. L3,
L, 24, W,
5. 25, s,
6. 26, L6,
7. 27, h7.
8. ' 28, L8,
9. 29, 4o,

10, 30. 50.

1. s, (TURN PAGE)

12, 32,

13. 33.

1k, 3k,

15. 35.

16, 36.

17. 37.

18, 38.

19, 39.

20, Lo,

L8



APPENDIX C

ANSWER FORM FOR THE FORCED-CHOICE TASK

(Subjects were told that a palr of syllables would be
presented for each trisl. One, and only one, syllable
would start with the sound given in the sound key.
They were to decide 1f the first or second syllable
contained the sound and to¢ clrcle the corresponding
number under Answer Cholce. They were told to circle
a number for each trial even Af they had to guess.)

Sound Answer ‘Sound Answer

Trial Key Choice Trial Key Cholce
1. s2 1 2 21, th 1 2
2. sh 1 2 22, s 1 2
3. f 1 2 23. f 1 2
kL, f 1 2 24, f 1 2
5. th 1 2 - 25. f 1 2
6. sh 1 2 26. f 1 2
7. f 1 2 27. th 1 2
8. f 1 2 28. sh 1 2
9. f 1 2 29. f 1 2
10, f 1 2 30. sh 1 2
11, f 1 2 31. f 1 2
12, f 1 2 32. f 1 2
13, sh 1 2 33. f 1 2
14, sh 1 2 34, th 1 2
15, th 1 2 35. sh 1 2
16, f 1 2 36. f 1 2
17. f 1 2 37. f 1 2
18, sh 1 2 38. S i 2
19, sh 1 2 39. f 1 2
20, 8 1 2 40, sh 1 2

8These are samples of the orthographlec symbols
given 1ln the test sltuatlon.
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APPENDIX D

Confusion matrices for syllable identifications by Subject AA,
Cell entries from top to bottom represent responses
in test sessions one to flve respectively.

v——— T e e e D e e e e e el A NP
e—— = e g e ety ey s U A e

oS

STIMULTUS

| RESPONSE

LA/ L&/ WATA Lu/
Session [/ [/s/ /f/ /®&/ [/ /sl [£] /8/ L/ /s/ [t/ /8/ L/ /sl [t/ /8/
1 b7 2 1 4o 1 L8 2 48 1 1
2 L8 2 ho 1 50 50
/73 48 2 50 50 50
L 50 50 50 50
5 50 b 1 50 50
1 b 2 3 1 4 2 1 50 yp 2 1
2 2 48 Wy 6 50 50
/s/ 3 50 Lo 10 50 Lo 1
Ly 3 45 2 hg 2 50 50
5 5 43 2 48 2 50 ho 1
1 25 11 14 2 45 3 1 49 b7 3
2 39 8 3 L L6 50 50
/t/ 3 33 14 3 1 49 50 50
L 20 28 2 50 50 50
5 1 24 22 3 1 kg 50 50
1 30 1 19 4 11 32 7 bz 3 L 9 7 34
2 b2 3 5 2 47 1 31 1 18 34 16
/8/ 3 9 3 38 50 38 12 2 48
0 5 18 27 48 2 24 4 22 2 L8
5 L 22 24 50 3 6 10 L L6




Confusion matrices for syllable ldentifications by Subject RD.

APPENDIX D-~-Continued

Cell entries from top to bottom represent responses
in test sesslons one to five respectlvely.

STIMULUS

RESPONSE

(1[ [e( (o( (u[
Session [/ /s/ [£/ [/&/ L/ /sl [£/ [/8/ LL/ [s/ /5] [e/ LI/ /sl [£/ /8/
1 39 9 2 3 46 1 Lo 9 1 hs 3 2
2 ko 7 3 15 31 3 1 ks 5 4g 2
i/ 3 b2 4L 4 19 28 2 1 ke 8 k3
4 b7 3 14 34 1 1 38 12 50
5 4g 2 14 3B 2 e L 50
1 18 32 43 7 6 b1 1 2 15 32 2 1
2 33 16 1 16 22 11 1 2 Ls 3 9 41
/s/ 3 2L 26 1 1 17 24 6 3 1 46 3 11 39
L 30 19 1 i6 26 2 6 2 L6 2 9 41
5 30 19 1 23 23 2 2 50 10 40
1 2 26 11 11 1 22 4 23 1 44 5 hée 4
2 3 30 11 6 5 3 28 14 B8 2 1 b7 2
/t/ 3 10 14 17 ¢ 1 7 29 13 1 9 g 2
L 2 13 17 18 5 4 25 16 o 10 48 2
5 5 14 21 10 1 1 36 12 7 3 50
1 15 6 29 1 Lo 149 47
2 3 9 38 2 9 139 1 1 48 2 46
/e/ z 1 2 11 36 2 10 38 3 47 1 4o
2 15 33 1 7 42 50 50
5 2 19 29 1 13 36 1 1 48 3 47

139



STIMULUS

APPENDIX D--Continued

Confuslion matrices for sylleble identifications by Subject RI.
Cell entries from top to bottom represent responses
In test sessions one to five respectively.

RESPONGSE

Li/ el Lo/ Lu/
Session [[/ /s/ [t/ /¢e/ L/ [sf /£ [8/ L/ /sl [E] [8/ L/ /sf /L /8/f
1 10 25 14 1 28 21 1 50 37 11 2
2 5 29 16 21 26 3 50 4y 6
/57 3 31 10 9 hbo 8 2 50 g 2
L 37 8 5 41 ¢ 50 Ly 6
5 43 2 5 ke 4 50 48 2
1 L 38 6 2 3 33 5 9 1 47 1 1 11 37 1 1
2 1 46 3 5 32 7 6 1 49 1 kg
/s/ 3 3 45 2 4 42 2 2 Lg 1 1 49
" 2 47 1 s 4 1 50 2 48
5 1 L9 L6 2 2 50 50
1 1 8 28 13 3 10 37 50 50
2 3 10 26 11 3 31 1 hg 1 50
/f/ Z 5 2 23 20 24 26 50 50
1 3 36 10 26 24 50 50
5 2 33 15 33 17 50 50
1 2 15 133 1 1 7 4 1 49 1 1 48
2 11 39 7 43 50 50
/e/ 3 7 43 5 45 50 1 49
4 3 47 7 43 1 49 50
5 2 48 3 47 1 L9 50

49



Confusion matrices for syllable identifications by Subject LB,

APPENDIX D=-Continued

Cell entries from top to bottom represent responses
in test sesslons one to flve respectively.

STIMULUS

RESPONGSE

L/ el Lo/ L/
Session [/ /s/ /£/ /8/ [/ [s/ /2] /e/ [/ /s/ /f/ [e/ [/ /sl [t/ /®/
1 3 14 1 1 s 3 1 1 4o 1 ko 1
2 29 18 3 g 1 Lo 1 50
/7 3 Lo 9 1 by L4 1 50 ko9 1
b L2 7 1 by 7 50 50
5 by 5 1 4o 8 2 50 .50
1 13 34 3 14 27 3 6 2 4 1 1 4 - L6
2 19 30 1 1 44 3 2 50 50
/s/ 3 6 39 1 4 5 42 1 2 L7 3 Lo 1
L 9 35 1 5§ 3 44 1 2 48 2 50
5 7 38 5 2 46 2 2 43 5 49 1
1 29 16 5 1 5 26 18 50 50
2 h 12 22 12 1 39 10 50 50
/t/ 3 3 14 16 17 1 41 8 50 50
L 18 12 20 46 4 50 50
5 3 13 18 16 b 6 50 50
1 1 1 8 4o 2 16 32 2 7 u 4 L6
2 1 3 12 34 29 21 2 48 b Lé
/8/ 3 1 3 3 43 23 27 1 & 45 3 b7
4 2 2 46 18 32 3 47 2 48
5 3 3 5 39 1L 36 2 2 L6 L Lhé

£9



APPENDIX D=-=Continued

Confusion matrices for syllable identifications by Subject LL.
Cell entrles from top to bottom represent responses
in test sessions one to five respectively.

STIMULUS

RESPONGSE

L/ el Lo/ _Lu/
Session /]/ /s/ /f/ [/8/ L/ /s/ [t/ /8/ [/ /s/ [t/ [8/ L [s/ [£/ [8/
1 o 9 1 34 16 50 b 3
_ 2 50 40 10 50 48 1 1
/i/ 3 50 39 11 50 50
b 50 bo 1 50 50
5 50 48 2 50 50
1 26 24 50 50 11 39
2 39 11 Lg 1 50 13 37
/s/ 3 s 5 1 49 Lo 1 2 4y 1
L 4 g L 4o 6 50 L 4é
. 5 50 L L4y 1 1 48 1 50
1 14 31 5 L 46 50 50
: 2 20 9 21 50 50 50
/t/ 3 29 8 8 35 b 46 50 50
L 20 2 6 22 1 L9 50 50
5 24 6 2 18 50 50 50
1 9 31 2 8 5 41 4 b 3 L3 18 32
2 12 10 25 3 50 50 8 42
/8/ 3 9 2 1 138 4g 2 50 1 Lg
L 1 1 2 L6 Lo 1 50 1 L9
5 4 Le 50 50 50




APPENDIX E

ACOUSTICAL ANALYSIS OF SYLLABLES

Lowest Major
Resonance of

Fricative to
Vowel Ratilo

Duration of

Syllable Fricative® (Peak to Peak)®  the Syllablea&b
VAEY4 2000 cps - 9 dB 800 msec
/le/ 2000 eps -15 4B 800 msec
/fo/ 2000 cps -14 3B 800 msec
/ia/ 2000 cps -10 dB 800 msec
/si/ 3000 eps =10 dB 650 msec
/se/ 3000 cps =13 4B 650 msec
/so/ 3000 cps -16 4B 750 msec
/su/ 3000 cps =18 4B 700 msec
/f1/ --C -28 4B 750 msec
/fe/ ~=C -27 aB 800 msec
/fo/ -=C -25 4B 725 msec
/ftu/ -=C -32 dB 675 msec
/81/ -=C -22 4B 750 msec
/®e/ -=C -24 dB 750 msec
/90/ -t =22 dB 700 msec
/eu/ --C -23 dB 700 msec

Second Formant Third Formant

Syllable Onset® Termination® Onset® Termination®
/{i/ 1900 cps 2125 eps 2375 cps 2500 cps
/le/ 1600 cps 2000 cps 2125 cps 2375 cps
/lo/ 1625 eps 875 cps 2125 cps 2375 cps
/fu/ 1625 cps 1000 cps 2125 cps 2250 cps
/sit/ 1690 cps 2125 eps 2375 cps 2625 eps
/se/ 150C cps 2000 cps - . 2375 cps 2400 cps
/so/ 1250 eps 875 cps 2375 cps 2250 cps
/su/ 1500 eps 875 cps 2250 cps 2125 cps

55
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APPENDIX E--CONTINUED

Seeond Formant Third Formant
Syllable Onset2 Terminationd Onset? Termination®
/fi/ 1750 cps 2000 cps 2250 eps 2600 cps
/fe/ 1400 cps 1875 cps 2125 ecps 2375 cp=s
/fo/ 900 cps 750 cps 2125 cps 2125 ecps
/fu/ 1000 eps 875 cps 2125 cps 2125 cps
/8i/ 1750 cps 2125 cps 2375 cps 2500 ops
/8e/ 1250 ops 1750 cps 2250 cps 2250 eps
/8o0/ 1250 cps 800 cps 2125 eps 2000 ecps
/éun/ 1250 eps 800 ecps 2125 ¢ps 2125 cps

&Derived from spectrographic analysis

PDerived from level recorder tracings. Recorder

was calibrated to 1 mv= 0 4B.

CNo demonstrated major resonance. With the input

system overloaded the spectrum was nearly continuous
throughout the frequency range of the spectrograms.



APPENDIX F

SUMMARY OF ANALYSIS OF VARIANCE FOR ALL RESPONES
BY SUBJECT AA. N=4000,

Source of Variance ar Mean Square F
Sessions L 307,822 4.82b
Syllables 15 3273.31 51.28b
Fricatives 3 10,077.82 7.26P
Vowels 3 2162.04 1.57
FxvV 9 1375.56

Residual 60 63.83

Total ;;

8pata transformed to angles corresponding to
.percentages. Angle=Arcsin J/Percentage. '

PSignificant st the .01 level.

NEWMAN-KEULS SEQUENTAL RANGE TEST
FOR DATA OF SUBJECT AA.

M
]
M
u L]

Session X E-X X - X, X - g
n 74,20 10,652 8.98% 4,32 3.20
3 71,00 7.45% 5.78 1.12
5 69.88 6.33 L, 66
2 65.22 1,67
1 63.55

aSignificant at ,05 level.
57
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APPENDIX F--=Continued

SUMMARY OF ANALYSIS OF VARTANCE FOR ALL BESPONSES
BY SUBJECT RD. N=4000.

Source of Varlance arf Mean Square F
Sessions 4 103.02% 1.58
Syllebles 15 1496.,99 22,99P
Fricatives 3 813,28 1,16
Vowels 3 563,83 6.49b
FxV 9 702,62

Residual - 60 65.11

Total ;;

®Data trensformed to angles corresponding to

percentages. Angle=Arcsin ercentage.

PSygnificent at the .01 level.



APPENDIX F==Continued

59

SUMMARY OF ANALYSIS OF VARIANCE FOR ALL RESPONSES

BY SUBJECT RI.

N=40

oo.

——

F

Source of Variance ar Mean Square
Sessions 2 597 422 8,887
Syllsbles 15 1174, 61 17,47°
Fricatives 3 550,56 1.66
Vowels 3 4329.67 13,08°
FxV 9 330,94
Residual 60 67.24
Total 79
8pata transformed to angles corresponding to
percentages. Angle=Arcsin JPercentage.
bSignificant at the ,01 level.
NEWMAN-KEULS SEQUENTAL RANGE TEST
FOR DATA OF SUBJECT RI.
Session X X - ii X - iz ¥ =X X - ih
5 78.76 15,708 10,708 6.04 3.78
4 74.98 11,928 6.92 2,26
3 72,72 9,662 4,66
2 68,06 5.00
1 63.06

831gnificant at .05 level,
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APPENDIX F~~Continued

SUMMARY OF ANALYSIS OF VARIANCE FOR ALL RESPONSES
BY SUBJECT LB. N=4000,

Source of Variance arf Mean Square F
Sessions N 121,612 3.46
Syllables 15 1183.90 33.72°
Fricatives 3 393,41 1.00
Vowels 3 442,81 8.98°
FxV 9 461,10

Besldual 60 35.11

Total ;;

®Data transformed to angles corresponding to
percentages, Angle=Arcsin JP%EEEEEEEE.

bSignificant at the ,01 level.
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APPENDIX F=--Continued

SUMMARY OF ANALYSIS OF VARIANCE FOR ALL RESPONSES
BY SUBJECT LL. N=4000,

Source of Variance af Mean Sguare F
Sessions [ 180,902 1,34
Syllables | 15 3742, 60 27.63°
Fricatives 3 2728,.54 1,01
Vowels 3 7893.00 2.92
FxV 9 2697.14

Hesidual 60 135.45

Total ;; '

®Dats trensformed to angles corresponding to
percentages. Angle=Arcsin JPercentage.

PSignificant at the .01 level.



APPENDIX G

RESPONSES TO THE FORCED-CHOICE TASK
(Experiment II)

(The left hand member of each syllable palr contained the

fricative to be identlified. N=50 per palr. Responses from

the last test session of the main study~-experiment I-- are
given for comparison.)

Syllable Pairs®

Sub- Exper-
Jeet iment /si-[i/ /[i-si/ /fi-si/ /fi-61/ /fi-fi/
AA I 43~ 5 50- 0 22-24 22- 3 22- 1
II 50- 0 Lg- 2 o= 1 23-27 50~ 0
RD I 19-30 48- 2 21-14 21-10 21- 5
I 49~ 1 38-12 30=20 30-20 h2- 8
RI I uz- 1 43= 2 3- 2 33_15 3- QP
II 4h- 6 49- 1 8- 2 L&~k 7- 3
1B I 8= 7 Ylym 5 18-13 18-16 18- 3
11 2~ 8 4s. 5 18- 2 3= 7 47~ 3
LL I 0=50 50= 0 2- 6 2-18 2-24
II 26-24 28-22 ks~ 5 23=27 50= 0

/fe-8e/ [Oe=fe/ [[e=se/ [se-~fe/ [/su={u/

Aa I 40o- 0 0~50
II 23-27 19-31
RD I 36=12 36-13 14-34 23-23 4o-10
II L2~ 8 37-13 28.22 28-22 50=- 0
RI I 3- 17 h7- 3 LE- U4
II 2 43~ 7 4o. 1
LB I bl 6 36-14 40~ 8
II 4o-10 36-14 48~ 2
LL I 50- 0 0-50 48~ 2
11 29-21 23-27 40-10

62
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APPENDIX G==Continued

Syllable Pailrs®

jeet iment /8i-fi/ /8i~si/ /Oo-so/ /fo-80/ /Jo-=so/

Sub- Exper-

AA I 24-22
II 2921

RD I 29-19
II 29-21

24
49~

29~
50=-

==

2
0

10-3%
47~ 3

48~ 1 bp- 3 L6~ b
50- 0  50= 0  k9- 1

8The left hand syllasble of each pailr was the
stimulus in experiment I.

bSubject RI was given the sh cue for /fi-[i/.
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