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ABSTRACT

The Importance of high-frequency energy as a cue 
for the Identification of the voiceless fricatives was 
investigated. Five subjects were chosen on the basis of 
audiometric configurations characterized by a minimum of 
a ^5 dB slope in sensitivity from 1000 cps to 2000 ops. 
This criterion was established to reduce or eliminate 
the availability of high-frequency energy cues. Sixteen 
syllables were formed by combining each of the voiceless 
fricatives C/s/f ///, /f/, /6/] with each of the vowels 
C/i/, /e/, /o/t /u/ 2 . Each syllable was presented 250 
times to each subject for a total of 4000 identifications 
over five test sessions.

Confusion matrices were the main method of analysis. 
Correct identifications of the syllables were made far 
above chance levels. Subjects demonstrated idiosyncratic 
confusion patterns. The matrices revealed* (1) errors 
tended to divide into two groups such that /s/ and /// 
were primarily confused for one another and /f/ and /% / 

were confused for one another; (2) confusions never 
occurred across the vowels; (3) substantially fewer con­
fusions occurred for fricatives associated with back 
vowels than occurred 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 difficult to reconcile with pre­
vious studies that have emphasized the Importance of 
high-frequency Information*

Acoustic analysis of fricative spectra and a review 
of previous literature Indicated the presence of low- 
frequency energy. This suggested that duration, intensity, 
of frequency position of such energy could have provided 
cues for the subjects. The differences associated 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, 196*0. However, the study of 
speech perception was severely limited because of the 
laborious and time consuming methods available for anal­
ysis 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., 1946; 
Licklider and Miller, 1951)* Researchers began a stead­
ily accelerating pace of investigations to determine the 
acoustic parameters of natural speech utterances and their 
relations to speech perception (Potter, et. al., 19^7? 
Joos, 1948; Potter and Peterson, 1948).

In the early 1950's Haskins Laboratories in New 
York published accounts of research in speech perception 
using synthetic 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 Judgments. 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 pattera- 
playback must be used to provide verification.

Liberman (1957) In reviewing the research at 
Haskins Laboratory stated that the speech wave contained 
several simultaneous cues for a particular sound. For 
example, cues for identification of a stop consonant 
included frequency position of bursts of noise, duration 
of noise, nature of the onset of the noise, and the 
characteristics of transitions from a consonant to the 
succeeding vowel.

Both the acoustical parameters and the perception 
of fricatives have been studied 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-frequency energy concentrations for perception 
of those sounds.

Potter, et. al., (19^7) and Joos (19^8) reported 
analysis of the fricatives in natural utterances.

Hughes and Halle (1958) Isolated segments of the 
voiceless fricatives ///, /s/, and /f/ and presented
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them to listeners for identification. They determined 
that the density of high-frequency energy of the spectra 
played an Important role In perception of the fricatives. 
Their data shoved that the major resonance for /// occur­
red at or above 2000 ops and that for /s/ above 3500 cps.

Harris (1958) assessed the relative Importance of 
cues In the friction and vocalic portions of frieative- 
vovel syllables. Using a tape recording-cutting-resplio- 
ing technique, she split "low-intensity, high-frequency 
noise" of the friction away from the "high-intensity, 
low-frequency periodic sound wave" of the vowel and then 
combined friction and vocalic portions from different 
syllables to form new stimuli. She presumed that the 
best oue would determine the listener identifications 
of the phonemes. She concluded that friction was impor­
tant in differentiating the voiceless fricatives into 
two groups— /s-// and /f-0/. She stated that, "...the 
friction of /s/ and /// provide the necessary and suf­
ficient cues for their identification, and override 
whatever cues may be provided by the vocalic portions"
(p. 5)* She further stated that /f/ and /«/ were dif­
ferentiated on the basis of cues in the vocalic portions 
of the stimuli.

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 frequencies ranging from 2500 to 8000 cps and



presented them to listeners for Identification. In one 
condition the fricatives were presented In Isolation and 
in a second condition they were paired with a synthetic 
vowel. Responses of /// were obtained when the resonant 
frequency was in the vicinity of 2500 ops, /s/ when the 
resonant frequency was above 3000 cps, and /f/ or /§/ 
for frequencies of 6500 to 8000 cps* They noted that 
their listeners apparently could not differentiate /f/ 
and /©/ in the isolated presentations. When paired with 
the synthetic vowel they found that /f/ and /€>/ were 
apparently differentiated on the basis of the second 
formant transition.

The necessity of high-frequency energy for identi­
fication of the voiceless fricatives has been implied by 
reports of observations of identifications made by indi­
viduals with high-frequenoy hearing impairment. However, 
these reports are apparently based on clinical observa­
tion and not upon experimental evidence. Heller (1955) 
in discussing high-frequency hearing impairment in the 
3200 to 8000 cps range said in reference to voiceless 
consonants that, "An appreciable loss of hearing in this 
range impairs 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 Van Hiper (1964, p. 125) all 
stated that persons with high-frequenoy hearing impairment
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have difficulty discriminating high-frequency consonants, 
which includes the voiceless fricatives.

Apparently there are no experimental studies to 
support this clinical observation*



CHAPTER II

EXPERIMENTAL PROCEDURE

The Purpose of the Experiment
The purpose of this study was to Investigate the 

Identification of voiceless fricative-vowel syllables by 
subjects with high-frequenoy hearing Impairment,

Subjects
The subjects were five male adults with high- 

frequency, sensory-neural hearing impairment. Their age 
range was from twenty-five to fifty-five years of age.
The hearing Impairment reportedly had its onset in adult­
hood as a result of acoustic trauma and had been present 
from five to twenty years. American EnglJ.sh was the 
native language for all subjects.

The results of audlologlcal evaluation of the sub­
jects are presented 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 frequencies from 250 
cps to 1000 cps were not poorer than 25 dB (re: 1964
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ISO Standard). The sensitivity for 2000 ops and all 
higher frequencies was at least 4*5 dB poorer than the 
sensitivity at 1000 ops. The bone conduction thresh* 
olds were within 5 dB of the air conduction thresholds 
for all frequencies in whioh sensitivity was within 
limits of the bone conduction equipment.

The sensitivity criteria were selected in an effort 
to eliminate or substantially reduce the availability of 
high-frequency energy as a cue. It has already been 
indicated that several studies have found the frequencies 
from 2000 cps upward to be the important frequencies for 
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. Sacia 
and Beck (1926) reported that the power of voiceless 
fricatives is considerably less than that of the average 
vowel. They found /// to be the most powerful of the 
voiceless fricative group with /s/t /f/, and /©/ 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 stimuli used in the present study were 
presented through a speech audiometer-earphone system 
at a level above the SET which each subject designated 
as his comfort level. In every Instance the intensity 
level chosen by the subject was less than his threshold
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value for 2000 ops and higher frequencies. The combina­
tion of the hearing impairment, the fricative to voirel 
intensity ratio and the level of presentation of mate­
rials should have reduced or eliminated the availability 
of high-frequency cues contained in the fricatives.

Materials 
Preparation of the Materials

Sixteen consonant-vowel syllables formed by combin­
ing each of the fricatives C///» /s/# /f/, /©/] with each 
of the vowels C/i/* /e/, /o/, /u/] were uttered by a male 
talker into an Alteo 682A dynamic microphone in the con­
trol room of a two-room sound suite and recorded through 
an Ampex PR-10 tape recorder in the test room of the 
suite. The syllables were proceeded by a carrier phrase 
and the vowel of each syllable was monitored to peak at 
zero on a VU meter.

The carrier phrases were cut from the tape and the 
remaining 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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tape 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 audiom- 
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 identlflabllity of the syllables was tested by 
administering the test tape to three subjects whose sen­
sitivity for pure-tones from 250 cps through 8000 cps 
was no poorer than 5 dB (re: I96A ISO Standards). The
syllables were presented to the preferred ear of the 
subject at an arbitrary level of 30 dB above the SET.
The syllables were Identified correctly by these sub­
jects 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 frequency positions for the onset 
and termination of the second and third formants of the 
vowels were obtained through spectrographic analysis.
The results were In agreement with the data provided in 
several experimental studies (Hughes and Halle, 1956* 
Lehiste and Peterson, I96I). 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 were In agree­
ment with data provided by House (I96I). The fricatlve- 
to-vowel intensity ratios (peak-to-peak) were derived 
from the level recorder tracings. The ratios for syl­
lables containing the /s/ fricative were in agreement 
with results of Fairbanks and Hiron (1957)* There were 
no known experimental studies of fricative-to-vowel 
intensity ratios which Included the other voiceless 
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 session a printed card 

bearing the orthographic representations of the closed 
set of sixteen syllables was.given to the subject. He 
familiarized himself with the printed representations 
and wrote them on a practice answer form as the inves­
tigator uttered the syllables for him in a face-to- 
face situation. The Investigator was not the talker 
used on the tapes.

When the subject had demonstrated an understanding 
of his task of writing the orthographic representation 
for each syllable presented he was seated at a writing



11

desk In the test chamber of a two-room sound-treated 
suite. A numbered answer form (see Appendix B) and 
several pencils 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
ject for reference.

The syllables on the test tape were then presented 
monaurally through the speech audiometer-earphone system 
at a comfort level above the speech reception threshold. 
This was dictated by the judgment of each subject as to 
what was comfortable for him. All subjects had bilat­
eral hearing losses and the ear with the best sensitivity 
for pure-tones was chosen as the test ear. All 800 syl­
lables were presented in each test session. A brief rest 
was allowed after each presentation of 200 syllables.
One test session took approximately one and one-half 
hours.

Five 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 subject in each test session.

No Information feedback was provided for the sub­
jects during the course of the experiment because of the
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desire to study responses which depended only upon the 
stimuli and the internal criterion established by the 
subject (Carterette, et. al., 19661 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 correot response could occur by chance once in 16 
trials (1/16). A one-tailed Chi-square analysis based on 
the 1/16 probability showed that 67 correct responses 
(8.3£0 to 800 stimuli 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 
session were consolidated 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 possible because the subjects never dem­
onstrated a confusion across vowels.

Since confusions occurred only for the fricative 
portions of syllables, a one-tailed Chi-square analysis 
based on a 1/4 probability was performed. The .01 
level of significance was attained with 229 correct

13
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identifications (28.6#) to 800 stimulus presentations.
The scores of Table I show that even with the probability 
basis revised from 1/16 to 1/4 all subjects made correct 
Identifications far in excess of the .01 level of statis­
tical significance.

Table I.— Percentage of correct syllable identifications in each test session for each subject and for the group. N=800 stimuli per session for each subject.

AA
Subjects 

ED HI LB LL Group Total
Test Session 

1. 75# 69# 74# 79# 72# 74#
2. 75$ 72# 79# 83# 75# 76#
3. 81$ 74# 86# 85# 79# 81#
4. 84# 73# 89# 87# 80# 83#
5. 80# 76# 93# 86# 80# 83#

Table II shows the percentage of correct responses 
made to each fricative by each subject over the five 
test sessions. The vocalic portions of the syllables 
were confounded in the grouping of the fricatives. A 
one-tailed Chi-square analysis based on a 1/4- probabil­
ity showed that 283 correct identifications (28.3#) to 
the 1000 presentations of each fricative were sufficient 
to attain 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 stability of responses, only the last 
test session was chosen for detailed analysis. These 
analyses are presented following Table II.

Table II.— Percentage of correct fricative identifications 
by each subject In all five test sessions. Fricatives were grouped with the vowel components of the syllables confounded. Each frioative was presented 1000 times to

each subject.

/s/
Stimulus

///
Fricative

/ r / / * /

Subject
AA 95% 99% 82% 38%

RD 67% 73% 66% 85%

RI 90% 77% 77% 92%

LB 86% 91% 78% 81%

LL 7b% 95% 78% 61%

The specific fricative confusions of each subject 
were plotted in subset confusion matrices according to 
vowel categories. Matrices were plotted for only those 
vowel groups in which a subject demonstrated consistent 
and marked fricative confusions.

By visual inspection, a consistent confusion was 
one which persisted through the last three sessions. A
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marked confusion was one in which the subject correctly 
Identified a specified fricative less than ^5 times in 
fifty presentations. This approach was used rather than 
a strict adherence to a statistical criterion. If fail­
ure to reach the .01 level of statistical significance 
for a Chi-square based on a 1/4- probability were selected 
as the criterion, only syllables with fewer than 21 cor­
rect identifications would have been analyzed. Use of 
such a criterion would have resulted in analysis of 
approximately one syllable per subject.
Subject AA

Table III shows this subject had confusions for 
certain fricatives within three vowel categories. In 
each matrix there are confusions for the fricative /©/. 
Confusions for /f/ occurred only in the /l/ matrix and 
there were seldom any confusions for the /s/ fricative.

There was 100# response of /fe/ for /©e/, 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 
/©o/ confusion. No other subject made a 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
/ ! /  J*L J°JL

/ a /  n z  /f/ /©/ /s/ /;/ /f/ /©/ /s/ /;/ /f/ /©/

/s/ 43 5 2 48 2 50
S /// 50 1 49 50
Sg /f/ 24 1 22 3 1 49 50
80 /©/ 4 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 /©l/. He 
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 /©l/. In the last two sessions 
he changed to an approximate 50# response between /fi/ 
and /0i/. In other words, throughout the five sessions 
he moved from an incorrect response of /si/, to a correct 
response of /©l/, and then in the last two sessions 
divided his responses between /fi/ and /©i/. This was 
the only occurrence in the entire experiment of a mul­
tiple shift in response choices.
Subject RD

This subject had confusions for more syllables
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than any other subject. Table I shows that he had the 
fewest correct identifications In every session.

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

Table IV.— Subset confusion matrices for Subject RD with data grouped according to vowel categories. The data represent the last test session, N«50 per syllable.

Response
/!/ /e/ _/u/

/s/ /// /f/ /e/ /s/ /// /f/ /e/ /s/ /;/ / t /  /%/

/s/ 19 30 1 23 23 2 2 40 10
m0iHej /// 2 48 34 14 2 50
•p /f/ 14 5 21 10 1 1 36 12 50
CO /©/ 2 19 29 1 13 36 3 47

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

The fricative /s/ was confused in all three matri­
ces, /f/ and /©/ stimuli were confused in two matrices, 
and /// was confused only in the /e/ matrix.
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The majority of eonfusions followed a pattern in 
which the /s/ and /// syllables were confused with one 
another and the /f/ and /©/ syllables were confused with 
one another. 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 
/ei/.
Subject HI

Inspection of Table I revealed that this subject 
demonstrated the greatest Improvement in correct identifi­
cations from the first to the last test session. His per­
centage of improvement was more than twice that of any 
other subject.

The confusions which he made In the last test ses­
sion are shown in Table V,

Table V.— Subset confusion matrices for Subject BI with data grouped according to vowel categories. The data represent the last test session. N=50 per syllable.

Response 
/!/ /e/

/s/ /// /f/ /»/ /s/ /// /f/ /e/
/s/ 49 1 2 2

1 / ; /  2 43 5 w

I /f/ 2 33 15 33 17
” /%/ 2 48 3 47
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The primary confusions were for the fricative 
/f/ associated with front vowels. He had predominately 
correct identifications for these stimuli and the incor­
rect responses were almost exclusively /©/. The frica­
tives were correctly identified in conjunction with the 
back vowels on all except three trials.
Subject LB

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 data 
represent the last test session. N=50 per syllable.

Response
JXL -L*L

/ a / / / / / f / /© / / a / / / / / f / / e /

/ a / 38 7 5 k6 2 2

/ / / 5 44 1 8 40 2

/ f / 13 3 18 16 44 6

/ « / 3 3 5 39 14 36

The responses to syllables containing the fricative 
/f/ were spread throughout the /i/ matrix. The responses 
to the /fi/ stimulus were almost evenly divided between 
/fi/, /8i/, and /si/. This was the only occurrence of 
a nearly evenly divided three-way response distribution 
for a stimulus.
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Inspection of the response pattern revealed a trend 
to confuse /s/ and /// with one another and /©/ and /f/ 
with one another* The exception, as noted above, was 
the response of /si/ for /fi/. The confusion of /si/ 
for /fi/ was evidenced by three subjects although in 
varying degrees,
Sub.lect LL

Table VII indicates that this subject had consist­
ent confusions in only the front vowels. Except for two 
errors he had perfect identifications of fricatives paired 
with back vowels.

Table VII.— Subset confusion natrlces for Subject LL with data grouped according to vowel oategorles. The data 
represent the last test session. N“50 per syllable.

Besponse
JlL J*L

/ * /  /// /f/ /«/ /s/ /// /f/ /% /

/s/ 50 45 4 1

I

/ J / 50 2 48
a /*/ 6 24 2 18 50
to

/ * / 4 46 50

He always responded //1/ to either of the //i/ or 
/ s i /  stimuli and always /fe/ to the /fe/ or /®e/ stimuli. 
This resulted in the appearance of correct ldentifloation 
of one stimulus and complete mlsldentlfioatlon of the 
other.
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He rarely Identified the /fi/ stimulus hut responded 
primarily with //i/ and /0i/. 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 //i/ for /fi/ were a deviation 
from the tendency to confuse /s/ and /// for one another 
and /f/ and /0/ for one another.

Inspection of the confusion matrices of Appendix D 
Indicated an unusual pattern which seemed to have occurred 
in his responses to /si/. In the first test session he 
correctly Identified /si/ on 48# of the trials and mis- 
identifled it as //1/ 52# of the time. Thereafter, he 
increasingly responded,//!/ to the /si/ stimulus until 
in the fifth session he always responded / S i / .

Group Results
Even though the unique 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 
session.

The pattern displayed in the matrix shows the 
tendency to confuse / a /  and /// for one another and 
/f/ and /©/ 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.

Response
/s/ /// /f/ /e/

/s/ 83.6# 13 .5# 1.8# 1. 1#
M !!■ / 3 /s/

6.^# 92.6# .7# .3#

5 /*/•P 6 . 1# 3 80.5# 10.0#
W /«/ 5.8# . 8# 18.7# 7^.7#

Table IX shows a ranking of correct fricative iden
tifications when associated with the different vowels. 
There was not a consistent 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 it was highest ranked with three of the 
vowels. However, it 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.

/i/
Vowels 

/e/ /o/ /u/

10 /// 94.0# /f/ 84.0# /f/ 98.8# /f/ 100.0#
1■p

/e/ 74.0# /s/ 83.2# /// 98.4# /// 99.2#
«8O«rl /s/ 59.6# /// ?8.8# /s/ 96.4# /©/ 95.6#
£ /f/ 38.4# /©/ 47.6# /©/ 81.2# /s/ 95.2#

Information from the group data is quite limited in 
that the idiosyncratic responses of one or two of the sub­
jects so heavily weighted the group result. For example, 
the percentage for the /s/ in the / ! /  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 /©e/.



CHAPTER IV

DISCUSSION

Research reports and clinical tests have Indicated 
the Importance of high-frequency cues for Identification 
of voiceless fricatives. The subjects in the present 
study, theoretically denied the use of these cues, evi­
denced little difficulty in correctly identifying the 
majority of the 16 voiceless fricative-vowel syllables. 
Obviously the major information bearing elements were 
other than high-frequency cues to enable these individuals 
to correctly identify the syllables,

A voiceless fricative, as defined by Strevens (i960), 
is essentially a spectrum of aperiodic random noise, Joos 
(19^8) in commenting on this aperiodicity presented an 
analogy comparing the mottled appearance of the random 
distribution of energy 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 pattern on another piece of pavement. 
Strevens (i960) found that amplitude cross-sections of 
spectrograms of the fricatives varied considerably. One 
single cross-section per fricative yielded apparently

25
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helpful Information about peaks of energy. A second 
cross-section from the same utterance, however, almost 
invariably gave infoxmatlon that conflicted In details 
with the previous analysis. These differences presum­
ably resulted from the aperiodic nature of the fricative. 
Hughes and Halle (1956) found that discrepancies among 
the spectra of a given fricative as spoken by different 
speakers in different contexts were quite large. How­
ever, they stated that differences among three classes 
of fricatives (labial, dental, and palatal) were quite 
consistent, particularly for sounds spoken by a single 
speaker.

There are a number of parameters besides high- 
frequency energy in the spectrum of voiceless fricatives 
which can be suggested as potential cues for identifica­
tion of the voiceless fricatives.

Although rarely stressed as containing important 
cues, the presence of energy below 2000 cps has been 
demonstrated in analysis of the fricative spectra.

Hughes and Halle (I956) presented acoustical anal­
ysis of the fricatives which indicated that energy was 
present below 1000 cps. Delattre (1958) remarked that 
energy for /f/ and /©/ spread throughout the entire 
spectrum on Kay spectrograms. Strevens (i960) demon­
strated spectrographlc evidence that energy waB present 
as low as 1500 cps for /f/, 1400 cps for /©/* and 1600 
cps for ///. Heinz and 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- 
frequency noise electrically in order to obtain good 
agreement with the measured spectra.

Strevens (i960) 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 /©/ were charac­
terized by a wide spectrum covering a range from some 
5000 to 6000 cycles while /s/ and /JV had a narrower 
spectrum covering some 3000 to 4000 cycles.

Hirsh (I966) stated that the voiceless fricatives 
were of different durations and that the durational 
characteristics were probably Important for distinguish­
ing between them.

Sacla and Beck (1926) and Strevens (i960) found 
that the voiceless fricatives differed in intensity.
The /// was the most intense sound of the group with 
/s/, /f/, and /©/ following in descending order.

As for evidence in regard to frequency cues, the 
results of studies by Miller and Nicely (1955) a*icl 
Hughes and Halle (1956) are applicable. Miller and 
Nicely presented syllables to subjects in various con­
ditions of masking and filtering. In the condition in
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which a signal-to-nolse ratio of +12 dB and a band-pass 
of 2000 to 5000 cps were used (see their Table XIV), the 
subjects were impaired in their ability to identify the 
voiceless fricatives. More confusions occurred for /f/ 
and /©/ than for /// and /s/. The /f/ and /©/ confusions 
occurred across consonant classes as well as within class. 
Identifications of /// and /s/ were impaired in compari­
son to those of band-pass conditions which had a lower 
cut-off frequency, but were still quite high. The same 
trend of wide spread confusion for /f/ and /©/ with much 
better identification of /s/ and /// was noted for all 
higher pass-band conditions.

Hughes and Halle (1956) h&cL noted that when 
responses of their 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 ops and /s/ judgments increased for peaks 
above *1-000 cps. The /// judgments were greatest when 
peaks occurred in frequencies between 2000 and *1-000 cps.

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 /©/, as they are for /s/ and /// identifications.

High-frequency energy cannot be vital for identi­
fications of all of the voiceless fricatives according 
to results of the Miller and Nicely study for conditions 
which passed frequencies below 2000 ops. 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 voiceless fricatives. A sim­
ilar result was obtained with a signal-to-nolse 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 /©/ were 
identified correctly more often than in conditions in 
which only frequencies above 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. This possibility draws support from 
a discussion by Swets (I963) in whleh he inferred the 
importance of central or cognitive factors in frequency 
selectivity. He suggested that the strategy of listen­
ing that is adopted by an observer for a particular 
task is closely linked to the number, frequency loca­
tions, and widths of critical bands which are operative. 
It is not inconceivable that the hearing impaired sub­
jects were able to adopt a strategy in which they were 
able to use low-frequency 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 voiceless fricatives. 
However, as Hirsh (I966) stated, and as was found from 
acoustical analysis of the syllables in this study, there 
are durational differences between the voiceless frica­
tives. The possibility 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 differentiate among 
the /f/, /s/, and ///. Some of the problems in analyzing 
the intensity characteristics of the frioatives were 
indicated by Strevens (i960). He found that voiceless 
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 
voiceless 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 is often so short that 
the quantity of pattern available is Inadequate.
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The Intensity range of the spectrograph and the 
electrically sensitive paper upon which the patterns are 
depicted Is so restricted that when the vowels are used 
to monitor the input signal to the instrument, only the 
most intense energy of fricatives will appear upon the 
spectrogram. This tends to de-emphasize the presence of 
the low-frequency energy of the voiceless fricatives.

Regardless of whether intensity, In and of itself, 
is a cue, the subjective report of the subjects Indicated 
that there was sufficient intensity available to Identify 
the presence of the fricative portion 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 "hiss'* or "buzz" before the onset of the 
vowel.

The validity of the subject report was explored 
after completion of the main 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 
vocalic portion of the syllables was presented to the sub­
jects for Identification, they Immediately reported the 
absence of the "hiss" or "buzz". While they were able 
to identify the vowels, they were unable to identify the 
voiceless fricative. When forced to guess they responded 
on a chance basis.

This subjective report and the Inability to Identify 
the fricatives without the "hiss" or "buzz" supports the
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contention of usable cues in the low-frequency energy 
spectrum of the fricative and is in accord with a find­
ing by Heinz and Stevens (I96I) that Identifications of 
/f/ and /©/ were enhanced by the addition of low-frequency 
noise to their synthesized speech stimuli.

On the basis of their audlometrlc profiles; pure- 
tone thresholds, speech scores, and SISI scores, the 
subjects appeared to constitute a relatively homogeneous 
group. From inspection of the confusion matrices of 
Appendix D it is obvious that individual subjects pre­
sented unique and Idiosyncratic response patterns.

Considering syllables rather than fricatives for 
the moment, the differences in subjects can be demon­
strated by their responses to /fi/ in the last test ses­
sion, While this stimulus was confused by all subjects, 
it is apparent that a different pattern of confusions 
was demonstrated by each subject. Subject LB identified 
it almost equally as /fi, /©i/, and /si/. Subject HD 
identified it correctly on 21 trials but confused it 
with /si/ 14 times and /©i/ 10 times. Subject AA con­
fused /si/ for /fi/ on nearly half of the trials and 
Subject HI misldentified it 15 times as /©l/. Subject 
LL only identified the stimulus correctly on two trials.
He confused it with //1/ 24 times and /©i/ 18 times.

This was the only syllable that showed such high 
confusion on the part of all subjects. It is not known 
whether these results reflect Inherent properties of the
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stimulus or an artifact caused toy characteristics of 
articulation toy 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 /©/ were confused for 
one another. A similar grouping of /s-// and /f-©/ was 
demonstrated in the data of Miller and Nicely (1955) 
and Harris (1958).

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

The /// was also outstanding in the Miller and 
Nicely (1955) study. It was the most highly identifiable 
of the voiceless fricatives in all of their conditions 
in which only frequencies above 2000 cps were passed toy 
the filter. It was not so well identified in the low- 
pass conditions tout was still most often confused with 
/s/. The results of the present study were essentially 
in agreement with the findings of Miller and Nicely. The
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/// 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-pass conditions of Miller 
and Nicely as well as the present study. It may be that 
the characteristics of /// and /s/ are sufficiently simi­
lar that they are confused for one another but are suf­
ficiently different that /// is less often confused with 
/f/ or /©/. There are several possible cues which could 
be responsible for such confusion patterns. Since /// 
is the most intense of the voiceless fricatives, it may 
be that intensity is the overriding cue for identifica­
tion of ///. Inspection of the spectrograms of the syl­
lables used in the present study showed that the /// was 
of longer duration that the other voiceless fricatives. 
Therefore, duration may be the overriding cue for dif­
ferentiations. Still another possibility is that the 
combination of intensity and duration is sufficient to 
differentiate /// from the other voiceless fricatives.

So far only the spectral properties of the frica­
tives themselves have been considered as potential cues 
for their identification. It has been demonstrated, 
however, that frequency and temporal characteristics of 
phonemes vary as a function of their phonetic 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, I96I). 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 Importance of the second formant transition for con­
sonant Identification has been emphasized by several 
researchers (Liberman, et. al., 1957* Heinz and Stevens, 
I96I; Lehiste and Peterson, I96I).

The results of the present study could be partially 
explained on the basis of differences in formant transi­
tions among the vowels. The fricatives were more often 
confused when associated 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 /i/ and /e/ originated in 
frequencies below the target position of the vowel 
and changed in an upward direction over time. The 
second formants of the /o/ and /u/ originated at fre­
quencies 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 impaired region for the subjects, it is 
probable that the cues from the transitions were dis­
torted or eliminated and resulted in confusions in 
identifications of fricatives associated with 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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sensitivity. They should have been better able to uti­
lize the cues in these transitions for fricative 
identifications.

The high identification of fricatives associated 
with the front vowels and the confusions which occurred 
in conjunction with back vowels suggests that the transi­
tion cues alone were not sufficient for identification 
of the fricatives. This was further indicated by results 
of the lack of correct identifications by the subjects 
when the f,frictionlessn syllables were presented to them. 
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
tions by the subjects.

The postulation that formant transitions figure 
prominently In identification of each voiceless fricative 
is contrary, In part, to previous studies (Harris, 1958; 
Heinz and Stevens, I96I) which Indicated that formant 
transitions were important cues for identification of 
/f/ and /©/ but not for /s/ and ///. Heinz and Stevens 
stated that second formant transitions were the most 
important for differentiating /f/ and /©/. Harris did 
not specify any particular formant as the most Important.

Inspection of Harris1 s results (see her Fig. 2) 
Indicated that the subjects were inaccurate in their 
identifications of /f/ and /©/. Both /f/ and /©/ were 
identified primarily as /f/ when associated with /f/
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vocalic portion. When associated with any other vocalic 
portion both /f/ and /©/ were identified primarily as 
/©/. A greater number of misldentifications of the fric­
ative portions of the syllables occurred when they were 
paired with /o/ and /u/ vocalic portions than when they 
were paired with /I/ and /e/ vocalic portions. This is 
contrary to the findings of the present study which indi­
cated that a greater number of consonant confusions 
occurred in conjunction with the front vowels.

The apparent contradiction in results may suggest 
that the spectral envelope of the stimulus is an impor­
tant determinant of identifications. The results of the 
present study could be explained on the basis of infor­
mation contained in the spectral envelope available to 
the subjects. Distortion of cues contained in the nat­
ural speech envelope could conceivably have occurred 
from the techniques utilized by Harris and influenced 
her results.

Schatz (195*0 used a procedure similar to that of 
the Harris study to Investigate the perception of voice­
less stops* She found that her combinations yielded 
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 stimuli suffered from a 
similar 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, Lehiste and Peterson {I96I) 
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 glide as the second element. They 
also showed that the initial transitions of /i/ are usu­
ally almost twice 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 characteristics of /i/ and /e/.

In addition to the main experiment, the subjects 
participated in a forced-choice fricative identification 
from paired stimuli (called experiment II). Any syllable 
which was confused by a subject for the stimulus syllable 
on 10% or more of the trials in the five test sessions 
was paired with the stimulus syllable for the forced- 
choice task. The subjects were required to decide If 
the first or second member of the presented pair con­
tained the sound equivalent of an orthographic symbol 
for that trial (see Appendix C). The results to the 
forced-choice task (see Appendix G) were essentially the 
same as the main experiment.

One interesting observation is that when the com­
position of the syllable pair consisted of a stimulus
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which had been mlsidentified 100# of the time as the 
other member of the pair* the subjects responded to 
either member of the pair on an equal basis in the 
forced-choice task (for example see the responses of 
Subject LL to /si-/i/ and //i-si/). The response pat­
terns of the main experiment taken at face value looked 
as though one member of the pair was Identified cor­
rectly while the other was entirely misidentified. The 
correct interpretation, as more clearly shown in the 
paired task, is that the subjects could not differen­
tiate these fricatives. The main experiment indicated 
a bias to always choose the same fricative for a response 
to either of the stimuli. When syllables were paired, 
it is obvious that the subjects were actually respond­
ing near chance levels.

The other interesting observation is the nearly 
complete elimination of confusions across the /s-// 
and /f-©/ divisions. Apparently the subjects could 
differentiate across these divisions when members of 
the different divisions were paired (for example see 
Subject LB's responses to /fi-si/ and Subject AAfs 
responses to /©o-so/).

From the results of the experiment and preced­
ing discussion it is apparent that the information 
regarding the perceptual cues for the voioeless fric­
atives is still incomplete. If the assumption is 
accepted that high-frequency energy available to these



subjects was reduced or eliminated, further research is 
needed to explore the critical perceptual cues of the 
voiceless fricatives.

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 
question of the contribution of the fricative portion 
and the vocalic portion to the identification of the 
voiceless fricatives. This procedure should provide 
greater control of the stimuli and eliminate the dif­
ficult problems and artifacts of segmentation of the 
syllable through inexact and laborious procedures such 
as that utilized by Harris*

Another pertinent area of Investigation is the 
quantification of the contribution of the information 
contained in the transitions for the identifications 
of voiceless fricatlve-vowel syllables. From the 
results of this study it was suggested that the infor­
mation contained in the transitions was not sufficient 
to enable the subjects to identify the voiceless fric­
atives. Determination of this was not the primary 
objective of the present study. An approach to this 
problem would be to make successive cuts in the stimulus 
beginning at the point at which the formants attained 
their target position and continuing backward toward 
the onset of the vowel until subjects made identifications
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at a specified level. The appropriate methodology 
might be a forced-choice accuracy indicator task as 
outlined by Goldiamond (1958), In this task adjoin­
ing segments of the distorted syllable would be pre­
sented in pairs to subjects for identification. This 
procedure could also provide information about the tem­
poral resolving power of the spectral envelope by the 
subjects.

An area that appears to be overdue for re-evaluation 
and investigation is the contribution of low-frequency 
energy in the fricative spectra to their identification. 
One approach to this problem would be to present isolated 
segments of synthetic fricatives to listeners for iden­
tification. These segments would be constructed by 
matching the low-frequency energy of the spectra of 
natural speech. Deviations 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 listener judgments.



CHAPTER V

SUMMARY

The Importance of high-frequency energy as a cue 
for the identification of the voiceless 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 voiceless 
fricatives /s/( ///, /f/, /e/ with each of the vowels 
/i/# /e/, /o/, /u/ , Each syllable was presented 250 
times to each subject for a total of 4000 identifications 
over five test sessions.

Confusion matrices were the main method of analysis. 
Correct identifications of the syllables were made far 
above chance levels. Subjects demonstrated idiosyncratic 
confusion patterns. The matrices revealed? (1) errors 
tended to divide into two groups such that /s/ and /// 
were primarily confused for one another and /f/ and /$/ 
were confused for one another; (2) confusions never 
occurred across the vowels; (3) substantially fewer con­
fusions occurred for fricatives associated with back
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vowels than occurred In conjunction with the front 
vowels.

Syllables consistently confused with the stimulus 
were paired with the stimulus in a forced-choioe Identifi­
cation task. The results generally supported the findings 
of the main experiment except that confusions across the 
/s—J'/ and /f-G/ divisions were essentially eliminated.

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

Acoustic analysis of the fricative spectra and a 
review of previous literature indicated the presence of 
low-frequency energy. This suggested that duration, 
intensity, or frequency position of such energy could have 
provided cues for the subjects. The differences associ­
ated with vowels suggested formant transitions as impor­
tant cues for fricative identification. There was no 
supportable evidence which indicated that a single cue 
was sufficient for differentiating the voiceless frica­
tives. The most likely explanation for the performance 
of the subjects appeared to be a combination of the above 
parameters.

Further research is indicated to determine the role 
of the various parameters of low-frequency energy in 
identifications of voiceless fricatives.
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APPENDIX A
RESULTS OP AUDIOLOGICAL EVALUATION OF SUBJECTS

1. Thresholds 
a. Pure-tone*1 

1) 250 cps

AAa 

5 dB

RD 

5 dB

S U B J E C T
HI

10 dB

LB 

10 dB

LL 

5 dB
2) 500 cps 10 dB 5 dB 5 dB 10 dB 0 dB
3) 1000 cps 5 dB 20 dB 10 dB 10 dB 5 dB
4) 1500 cps 20 dB 70 dB 30 dB 40 dB 25 dB
5) 2000 cps 50 dB 70 dB 65 dB 70 dB 60 dB
6) 3000 cps 75 dB 100 dB 75 dB 105 dB 80 dB
7) 4000 cps 75 dB 100 dB 70 dB 100 dB 80 dB
8) 6000 cps 75 dB 90 dB 70 dB NR 75 dB
9) 8000 cps 70 dB 75 dB 55 dB NR 75 dB

b. SRT 12 dB 22 dB 14 dB 16 dB 6 dB
2. Speech Discrimination 

(Tape recorded PB-50 lists) 
a. Quiet 84 % 74 % 82 % i z i 76 %
b. Noise (S/to=+10 dB) 72 % 72 % 78 % 64 % 66 %

3. SISI Scores 
a. 500 cps 0 % 0 % 0 t 0 % 0 %
b. 1000 cps 0 % 20 % 0 % 0 % 0 %
c, 2000 cps 100 % 100 % 95 % 100 % 100 %

4. Comfort level for speech 44 dB 60 dB 44 dB 48 dB 46 dB

a0nly Subject AA had left ear used as the test ear.
^Thresholds re: ISO 1964 Standard. Bone conduction thresholds were within 5 dB

of air conducted thresholds for all frequencies for which there was adequate intensity 
available to test bone conduction.



APPENDIX B
ANSWER FORM FOR THE MAIN EXPERIMENT

(Directions to subjects were to write each syllable as 
it was presented. They were told to guess if necessary 
and to give an answer for every syllable presentation.)

Column 1.
1.  _

2. _____
3. _____
4. _____
5. _____
6. _____
7. _____
8. ___
9. ______
10.  

11.  
12. _____
13. _____
14. _____
15. _____
16. _____
17. _____
18. _____
19. _____
20. _____

Column 2.
21. ____
22. __
23. ____
24. ____
25. ____
26. ____
27. ____
28.  ___
29. ____
30. ____

31. ____
32. ____
33. ____
34. ____
35. ____
36. ____
37. ____
38. ____
39. ____
40. ____

Column 3.
41. ________
42. ________
43. ________
)ih

45. ________
46. _________
47. _______ _
48. ________
49. „________
50. _________

(TURN PAGE)



APPENDIX C

ANSWER FORM FOR THE FORCED-CHOICE TASK
(Subjects were told that a pair of syllables would be 
presented for each trial. One, and only one, syllable 
would start with the sound given in the sound key.
They were to decide if the first or second syllable 
contained the sound and to circle the corresponding 
number under Answer Choice. They were told to circle 
a number for each trial even if they had to guess.)

Trial
1.
2.
3.
4.
5.
6.
7.
8 .
9.
10.

SoundKey
sa
sh

th
sh

Answer
Choice
1
1
1

2
2
2
2
2
2
2
2
2
2

11 .
12.
13.
14.
15.
16.
17.
18.
19.
20.

sh
sh
th

sh
sh

2
2
2
2
2
2
2
2
2
2

Trial
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

Sound

th

th
sh
f
sh

Answer
Choice

2 
2 
2 
2 
2 
2 
2 
2 
2 
2

31.
32.
33.
34.
35.
36.
37.
38.
39.
40.

th
sh

s

sh

2
2
2
2
2
2
2
2
2
2

aThese are samples of the orthographic symbols 
given in the test situation.



APPENDIX D
Confusion matrices for syllable identifications by Subject AA.

Cell entries from top to bottom represent responses
in test sessions one to five respectively.

R E S P O N S E
JlL J*L J°L J s L

V_no
co
P
P
P
JS
H
£rl
03

Session

///

/ a /

/ t /

/e /

1 47 , 2 1
2 48 2

’ 3 48 24 50
5 50
1 45 2 32 2 48

' 3 504 3 45 2
5 5 43 2
1 25 11 142 39 8 3’ 3 33 14 34 20 28 2
5 1 24 22 3
1 30 1 192 42 3 5

’ 3 9 3 384 5 18 27
5 4 22 24

49 1
49 1
505049 1
1 46 2 144 640 10

48 2
48 2
2 45 34 461 49

501 49
11 32 

2 47 
50 48 
50

71

48 2
50
5050
50

5050
50
50
50
1 495050

50
50

43 3 4
31 1 18
38 12
24 4 2234 6 10

48 1 1
5050
5050

47 2 1
5049 1
5049 1

47 350
50
50
50

9342
24

3416
484846



APPENDIX D— Continued
Confusion matrices for syllable identifications by Subject RD.

Cell entries from top to bottom represent responses
in test sessions one to five respectively.

CO
t=>

D
S
H
co

R E S P 0 N S E
-Z±Z M L /o/

Session ILL l* L JT/MJ /// / s /  /t/ /e/ /// /S/ /t/ /e/ /// /s/ /f/ /e/
1 39 9 2 3 46 1 40 9 1 45 3 22 40 7 3 15 31 3 1 45 5 48 2

/// 3 42 4 4 19 28 2 1 42 8 47 34 47 3 14 34 1 1 38 12 50
5 48 2 14 34 2 46 4 50
1 18 32 43 7 6 41 1 2 15 32 2 1
2 33 16 1 16 22 11 1 2 45 3 9 41

/s/ 3 24 24 1 1 17 24 6 3 1 46 3 11 394 30 19 1 16 26 2 6 2 46 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 46 4
2 3 30 11 6 5 3 28 14 48 2 1 47 2

/f / 3 10 .14 17 9 1 7 29 13 41 9 48 2
4 2 13 17 18 5 4 25 16 40 10 48 2
5 5 14 21 10 1 1 36 12 47 3 50
1 15 6 29 1 49 1 49 3 472 3 9 38 2 9 39 1 1 48 4 46/e/ 3 1 2 11 36 2 10 38 3 47 l 494 2 15 33 1 7 42 50 50
5 2 19 29 1 13 36 1 1 48 3 47



APPENDIX D— Continued
Confusion matrices for syllable identifications by Subject El.

Cell entries from top to bottom represent responses
in test sessions one to five respectively.

R E S P O N S E
/!/ /e/ /o/ At/

Session ZIZ l*U * L l *L  /// /s/ /f/ /e/ /J/ /a/ /f/ /e/ /// /a/ /f/ /0/

/J/

w / / » /s/ 
t-l
P 
a

/e /

1 10 25 14 1
2 5 29 16

' 3 31 10 94 37 8 55 43 2 5
1 4 38 6 22 1 46 3' 3 3 45 2

2 47 1
5 1 49
1 1 8 28 132 3 10 26 11

’ 3 5 2 23 204 1 3 36 10
5 2 33 15
1 2 15 332 11 39
3 7 434 3 475 2 48

28 21 1
21 26 340 8 241 946 4
3 33 5 9
5 32 7 6
4 42 2 2

45 4 1
46 2 2

3 10 37
3 31 16

24 26
26 24
33 17

1 1 7 41
7 43
5 457 43
3 47

50 37 11 2
50 44 6
50 48 2
50 44 6
50 48 2
1 47 1 1 11 37 1 1
1 49 1 49

49 1 1 49
50 2 48
50 50

50 5049 1 50
50 50
50 50
50 50
1 49 1 1 48

50 50
50 1 491 49 501 49 50 fs>



APPENDIX D~Continued
Confusion matrices for syllable identifications by Subject LB.

Cell entries from top to bottom represent responses
in test sessions one to five respectively.

///

co
P
i-l
i=>
s
H
01

/s/

/f/

/e /

Session
M L

/// /s/ /f/ /©/
1 34 14 1 1
2 29 18 3

' 3 40 9 1
4 42 7 1
5 44 5 1

r e s :
M L

///. /s/ /f/ /e/
^5 3 1 1
49 1
45 4 1
43 740 8 2

M L

1 29 16 5 1 5 26 18 502 4 12 22 12 1 39 10 50
’ 3 3 14 16 17 1 41 8 504 18 12 20 46 4 50

5 3 13 18 16 44 6 50
1 1 1 8 40 2 16 32 2 7 412 1 3 12 34 29 21 2 48

’ 3 1 3 3 43 23 27 1 4 454 2 2 46 18 32 3 ^7
5 3 3 5 39 14 36 2 2 46

M L

49 1 49
49 1 50
50 49
50 50
50 50

1 13 3^ 3 14 27 3 6 2 46 1 1 4 46
2 19 30 1 1 44 3 2 50 50
3 6 39 1 4 5 42 1 2 ^7 3 49 1
4 9 35 1 5 3 44 1 2 48 2 50
5 7 38 5 2 46 2 2 43 5 49 1

50
50
50
50
50

4 464 46
3 ^72 48 vn
4 46 \jj



APPENDIX D— Continued
Confusion matrices for syllable identifications by Subject LL.

Cell entries from top to bottom represent responses
in test sessions one to five respectively.

co
P
P
P
s
H
Eh
CO

R E S P O N S E t
JlL / JsL

Session /;/_ /a/ / f /  / e / / J 7  / 8 /  / f /  / e / /// /a/ /f/ /«/ llU*UtLl*J
1 40 9 1 34 16 50 47 32 50 40 10 50 48 1 1

/// 3 50 39 11 50 504 50 49 l 50 50
5 50 48 2 50 50
1 26 24 50 50 11 392 39 11 49 1 50 13 37/a/ 3 45 5 1 49 49 1 2 47 l
4 45 5 4 40 6 50 4 46
5 50 4 4 5 1 l 48 1 50
1 14 31 5 4 46 50 502 20 9 21 50 50 50

/f/ 3 29 8 8 5 4 46 50 504 20 2 6 22 1 49 50 50
5 24 6 2 18 50 50 50
l 9 31 2 8 5 41 4 4 3 43 18 322 12 10 25 3 50 50 8 42/ e / 3 9 2 1 38 48 2 50 1 49
4 1 1 2 46 49 1 50 1 49
5 4 46 50 50 50



APPENDIX E

ACOUSTICAL ANALYSIS OF SYLLABLES

Lowest Major Fricative to
Resonance of Vowel Ratio . Duration of -v. 

Syllable Fricative® (Peak to Peak) the Syllable

/a/ 2000 cps - 9 dB 800 msec
// e/ 2000 cps -15 dB 800 msec
/ S o / 2000 cps -14 dB 800 msec
/ J u/ 2000 cps -10 dB 800 msec
/si/ 3000 cps -10 dB 650 msec/se/ 3000 cps -13 dB 650 msec/so/ 3000 cps -16 dB 750 msec/su/ 3000 cps -18 dB 700 msec
/fi/ _c -28 dB 75© msec/fe/ _c -27 dB 800 msec
/ t o / _c -25 dB 725 msec
/  fu/ _c -32 dB 675 msec
/©i/ _c -22 dB 750 msec/©e/ _c -24 dB 750 msec/©o/ _c -22 dB 700 msec/©u/ _c -23 dB 700 msec

Second Formant 
Syllable Onset® Termination®

Third Formant 
Onset® Termination®

/ j •*>/ /J e/
1900 cps 2125 cps 2375 cps 2500 cps1600 Cps 2000 cps 2125 cps 2375 cps
1625 cps 875 Cps 2125 cps 2375 cps
1625 cps 1000 cps 2125 cps 2250 cps
I690 cps 2125 cps 2375 cps 2625 cps1500 cps 2000 cps 2375 cps 2400 cps1250 cps 875 cps 2375 cps 2250 cps1500 cps 875 cps 2250 cps 2125 cps

55



APPENDIX E— CONTINUED
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Second Formant Third Formant
Syllable Onseta Termination® Onseta Termination®

/fl/ 1750 cps 2000 cps 2250 cps 2600 cps
/fe/ lUOQ cps 1875 cps 2125 ops 2375 cps
/ t o / 900 cps 75© cps 2125 cps 2125 cps/fu/ 1000 cps 875 cps 2125 cps 2125 cps
/©i/ 1750 cps 2125 cps 2375 cps 2500 cps
/©e/ 1250 cps 175° cps 2250 cps 2250 cps/©o/ 1250 cps 800 cps 2125 cps 2000 cps/©u/ 1250 cps 800 cps 2125 cps 2125 cps

aDerlTed from spectrographlc analysis
^Derived from level recorder tracings. Recorder 

was calibrated to 1 mv= 0 dB.
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 df Mean Square F

Sessions 4 307.82a JU'. 8213
Syllables 15 3273.31 51.28b
Fricatives 3 10,077.82 7.26b
Vowels 3 2162.04 1.57
F i V 9 1375.56

Residual 60 63.83
Total 79

aData transformed to angles corresponding percentages. Angle=Arcsin percentage. to
VSignificant at the .01 level.

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

Session X x - x^ x - x 2 x - x^ X - x^

4 74.20 10.65a 8.98a 4.32 3.20
3 71.00 7.45a 5.78 1.12
5 69.88 6.33 4.66
2 65.22 1.6?
1 63.55

Significant at *05 level.
57
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APPENDIX F - Continued

SUMMARY OP ANALYSIS OF VARIANCE FOR ALL RESPONSES
BY SUBJECT HD. N=4000.

Source of Variance df Mean Square F
Sessions 4 103.02a 1.58
Syllables 15 1496.99 22.99k
Fricatives 3 813.28 1.16
Vowels 3 4563.83 6.i»9b
F x V 9 702.62

Residual 60 65.11
Total 79

®Data transformed to angles corresponding to percentages. Angle=Arcsln VPercentage.
y.
Significant at the .01 level.
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APPENDIX F— Continued

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

Source of Variance df Mean Square F

Sessions 4 597.42s 8.88b
Syllables 15 1174.61 I7.4?b
Fricatives 3 550.56 1.66
Vowels 3 4329.67 13.08b
F i V 9 330.94

Residual 60 67.24
Total 79

aData transformed to angles corresponding to percentages. Angle=Arcsin VPercentage.
^Significant at the .01 level.

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

Session HIX x - x^ x - x2 X  - Xj 5  -

5 78.76 15.70a 10.70s 6.04 3.78
4 74.98 11.92a 6.92 2.26
3 72.72 9.66s 4.66
2 68.06 5.00
1 63.06

Significant at .05 level.



60

APPENDIX F— Continued

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

Source of Variance df Mean Square F

Sessions k 121,6la 3.46
Syllables 15 1183.90 33.72b
Fricatives 3 393.^1 1.00
Vowels 3 4142.81 8.98b
F x V 9 461.10

Residual 60 35.11
Total 79

aData transformed to angles corresponding to percentages, Angle^Arcsin VPercentage*
v
Significant 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 df Mean Square F
Sessions 4 180.90a 1.3^
Syllables 15 3742.60 27.63b
Fricatives 3 2728.54 1.01
Vowels 3 7893.00 2.92
F x V 9 2697.1^

Residual 60 135.^5
Total 79 1

®Data transformed to angles corresponding to percentages. Angle=Arcsln V^ercentage.
I.
Significant at the .01 level.



APPENDIX G

RESPONSES TO THE FORCED-CHOICE TASK (Experiment II)
(The left hand member of each syllable pair contained the 
fricative to be identified. N=50 per pair. Responses from the last test session of the main study— experiment I—  aregiven for comparison.)

Sub­
ject Exper­iment /si-/i/

Syllable Pairs8,
//i-si/ /fi-si/ / f i - e i / f t  1-/i /

AA I 43- 5 50- 0 22-24 22- 3 22- 1II 50- 0 48- 2 49- 1 23-27 50- 0
RD I 19-30 48- 2 21-14 21-10 21- 5II 49- 1 38-12 30-20 30-20 42- 8
HI I 49- 1 43- 2 33- 2 33-15 33- 0*II 44- 6 49- 1 48- 2 46- 4 4 7- 3
LB I 38- 7 44- 5 18-13 18-16 18- 3II 42- 8 45- 5 48- 2 43- 7 47- 3
LL I 0-50 50- 0 2- 6 2-18 2-24

II 26-24 28-22 45- 5 23-27 50- 0

/fe-©e/ /©e-fe/ //e-se/ /se-/e/ /su—/u/
AA I 40- 0 0-50II 23-27 19-31
RD I 36-12 36-13 14-34 23-23 40-10

II 42- 8 37-13 28-22 28-22 50- 0
RI I 33-1? 47- 3 46- 4

II 46- 4 43- 7 49- 1
LB I 44- 6 36-14 40- 8

II 40-10 36-14 48- 2
LL I 50- 0 0-50 48- 2

II 29-21 23-27 40-10

6 2
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APPENDIX G— Continued

Sub­
ject Exper­iment /©i-fi/

Syllable Palrsa 
/©1-si/ /©o-so/ /fo-©o/ //o-so/

AA I 24-22 24- 4 10-34
II 29-21 49- 1 47- 3

RD I 29-19 29- 2 48- 1 47- 3 46- 4
II 29-21 50- 0 50- 0 50- 0 49- 1

^he left hand syllable of each pair was the stimulus in experiment I.
Subject HI was given the sh cue for /fi-/l/.
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