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the Degree of Doctor of Philosophy

ABSTRACT

A new experimental technique, using spectral rotation, has been
developed for studying the perception of speech in terms of its con-
stituent parts. In the experiment described, pairs of subjects learned
to converse with each other through a medium which transformed the
high-frequency energy into low-frequency energy and vice versa. Spec-
tral transformation, unlike distortion and filtering, creates a new
sound pattern which is nct initially intelligible but can be learned
after about four hours of practice. An extensive series of tests were
given at the end of each conversational practice session in order to
gain insight into the perceptual relevance of phonemes, words, syntax,
semantics, and prosodic features to the comprehension of speech. The
tests measured discrimination of sound units, identification of pho-
nemes, and the comprehension of words‘and sentences. In addition, the
content of the practice sessions was analvzed for the kind of learning

strategies utilized by the subjects.

The results of the tests showed that prosodic features, which are
unaffected by the transformation, were more important than the phonetic
cues for the comprehension of sentences. Subjects never learned to
identify isolated sound units correctlv; the perception of vowels
seemed to be unstable, and the place of articulation feature for con-
sonants was never learned. The relative ability of the subjects to
perfofm discrimination, identification and comprehension tasks remained

uncorrelated. The incorporation of meta-linguistic cues, such as

g gy,



syntactic structure, semantic redundancy, and stress patterns, into

cognitive strategies compensates for the loss of some phonetic cues.

The experiment suggests that speech cannot be reduced to a single
set of necessary and sufficient cues. lMoreover, comprehending a sen-
tence is not simply the result of perceiving the words contained witl.in

it, nor are words perceived by identifying the constituent phonemes.

THESIS SUPERVISOR: Donald E. Troxel
TITLE: Associate Professor of Electrical Engineering
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CHAPTER I

INTRODUCTION

The present interest in man-machine systems, in particular,
machines which attempt to imitate human processes, has served as an
added stimulus for investigating and modeling various cognitive func-
tions. The difficulties encountered when the techmiques of the physi-
cal sciences have been applied to such seemingly simple tasks as speech
production, speech perception, and visual pattern identification have
motivated much of the psychological research carried on by non-
psychologists. Although engineering interest into the classical ques-
tions of psychology has sometimes shifted the criterion of an adequate
explanation from 'the 2bility to predict the outcome of an experiment"
to the "the ability to improve or implement a system', one must not
overlook, either implicitly or explicitly, the fundamental differences
between a task-oriented machine and a conscious being. Thus, insight
into cognitive perception may help the engineer but the nature of the
investigation remains, and must remain, essentially psychological.

The results of the research, however, do offer suggestlons on how one

might structure information processing machines (Kolers and Eden 1968).

During the initial stages of speech research it was assumed
that a physical, in contrast to a perceptual, description of the acous-
tic wave would be anecessary and sufficient specification of the speech
process. As the early optimism gave way to realism, the research focus
became perceptual. Because of the enormous diversity of cognitive and
perceptual problems, research has been segmented into a number of dis-
tinct orientations, including developmental linguistics, comparative
linguistics, phonology, phonetics, semantic symbolism, syntactic struc-
tures, speech articulation, acoustical psychophysics, bi-lingualism,
and synthetic speech. Each of these approaches has evolved a somewvhat
limited-scope definition of the problems it is willing to consider.
Even by narrowing the range, however, most of the essential questions

remain unanswered; and for this reason, more effort has been devoted
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to working within a restricted range than in trying to integrate tenu-

ous theories.

When considering the speech process, one must realize that it
is a unity, and that a theory is made up of elements which are con-
structs—--artificial constructs--whose value lies in their ability to be
used to describe some aspect of the process. Description 1s not real-
itv. A good example of this kind of situation is illustrated by the
case of '"distinctive features''*. Until recently, this construct was
the providence of linguists who used it to describe the interrelation
between the phonemic symbols of a language. However, the usefulness
and sophistication of the construct has motivated a search for: the
acoustic correlates of distinctive features, the articulation of dis-
tinctive features, the perceptual correlates of distinctive features,
and, finally, the short-term memory of distinctive featues. The re-
sults of the search might demonstrate that the linguists had created
a description that could be used in the other domains, but there is

no a priori reason to expect this to be the case.

In the extensive investigations of speech perception, most re-
searchers use phonemes or syllables in an isolated, context-free en-
vironment. Implicit in this approach is the view that a phoneme has
a perceptual reality in natural speech. There is, however, no conclu-
sive evidence to indicate that the way in which an isolated phoneme
is perceived is the same as the way in which continuous speech is pro-
cessed. The issue of physical and psychological reality is considered
by Chomsky and Halle (1968, p. 25):

"We take for granted, then, that phonetic representations des-
cribe a perceptual reality. Notice, however, that there is
nothing to suggest that these phonetic representations also
describe a physical or acoustical reality in any detail. For

example, there is little reason to suppose that the perceived

*For a more complete discussion of distinctive features and phonetic
cues see Section 4.1.
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stress contour must represent some physical property of the
utterance in a point-to-point fashion; a speaker who utilizes
the principle of transformational cycle and Compound and Nu-
clear Stress Rules should 'hear' the stress contour of the
utterance that he perceives and understnads, whether or not

it is physically present in any detail."

The reverse is also true; once having perceived the stress from the
physical attributes of the acoustic wave, the listener can incorporate
that information into his "Compound and Nuclear Stress Rules" in order

to restrict the range of possible utterances which could be perceived.

The research described in this thesis is an attempt to demon-
strate the multi-level nature of speech cognition by examining the per-
ceptual behavior of subjects when listening to spectrally transformed
speech. Thus, by creating a new 'speech environment' rather than by
limiting the normal environment, this experiment provides a global pic-
ture of the interaction and the relative importance of the perceptual
levels. In one sense, spectrally transformed English speech is a new
language which happens to have the same vocabulary and syntax as Eng-
1ish but the actual sounds are alien or ''foreign'. Typical speech ex-
periments are attempts to resolve very limited hypotheses concerning
perception, such as how rapidly must a formant transition occur in
order for the sound unit (isolated) be identified as a /b/ instead of
a /w/. Or, at the other end of the scale, theoretical question con-
cerning the syntactic rule may be investigated. However, in each case
the investigation is conducted under very special condition with the
stipulation that the results are valid under the assumption inherent
in the experimental design. Spectral transformation is also a re-
stricted condition, at the sound level, but it allows for the interac-
tion of many cognitive levels. The nature of spectral transformation
is considered in detail (see Chapter II) so that the relationship be-.
tween normal English and transformed English may be determined. The
conclusions from this experiment, in addition to suggesting a new per-

ception model, emphasize the necessity of developing experimental tools

b,
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which can be used to explore the inter-dependence of semantics, syntax,

phonetic cues, etc. Spectral transformation is one such tool.

1.1 THE SPEECH PERCEPTION PROBLEM¥*

Perception, as the activity which keeps thie human organism in
sensory contact with the physical environment, is the subjective inner
sensation of a physical stimulus impinging on the sensory organs.
Since the percept, in a naive behaviorist sense, 1s merely the response
to a stimulus, the cognitive process may be viewed as that which ex-
tracts the 'relevant' psychological information leaving the remainder
as physical and psychological noise. By extracting the '"essence' of
the signal, the cognitive process equates signals which would other-
wise not be equivalent. Thus, it 1is possible for a native speaker of
English to recognize the sentence ''I am going into the house." when
spoken by any one of a thousand speakers; but, someone who did not
understand Inglish would be unable to make a judgment of similarity.
In each case the acoustic wave ié different. The phenomenon of speech
perception, therefore, is a restatement of the question "How does the
organism extract a single set of word symbols and meaning from unique
acoustic signals?'. Neisser (1966, p. 62) gives a very clear state-
ment of the issue: "Without some definition or criterion of similar-
ity no empirical prediction is possible; we are left to guess whether
any particular stimulus will be recognized or not. Without any ex-
plicit model or mechanism, the notion of 'similarity' 1is only a re-
statement of the observed fact that some inputs are recognized while

others are not."

During the past two decades, extensive experimentation on the
acoustic characteristics of speech sounds has given researchers a
cense that they are beginning to discover those attributes of the
speech sounds which give rise to perception. As an example, let us
consider a typical front vowel, /i/, and a typical back vowel, /u/.

The /i/ sound contains a large amount of high frequencies energy in

*For a comprehensive bibliography covering recent speech research see
Holmgren (1966).

<\,



contrast to the /u/ sound which is almost all low frequency energy. If
one interprets this as meaning that these spectral attributes determine
the perception of the vowels, then one must also say that subjects
could not learn to understand spectrally transformed speech. Because
the transformation reverses the high and low frequency energy, subject
should interchange the perception of these two vowels. That is, the
transformed /u/ should be perceived as an /i/ since it is more similar,
acoustically, to the untransformed /i/ than to the untransformed /u/.
Any restricted notion of perception as being cause-and-effect based on
similarity must make this prediction. Yet, reality contradicts the
prediction. Subjects do learn to understand spectrally transformed
speech and they do not generally interchange the front and back vowels

(after about 30 minutes of practice).

The difficulty with using physical similarity as a basis for
perception, as Chomsky and Halle (1968, p. 294) point out, is that
"even crude agreement between the external stimulus and the internally
generated hypothesis suffices to confirm the latter. In other words
the dependence of perception on properties physically present in the
signal is less than total. What is more there are many extragrammati-

cal factors that determine how close a fit between data and hypothesis

is required for confirmation." Thus, perception is an active process «

whereby the listener 'creates'" the percept, and one of the tests for
its acceptability is related to attributes of the acoustic stimulus.
Such a theory is neither compact nor easy to verify, but it does have
the major advantage of allowing for the possibility of understanding
spectrally transformed speech. Moreover, there is the strong sugges-—
tion that there is no single set of attributes or cues which are needed
for confirmation. Further insight into speech communications will come
from discovering the other tests of acceptability and not from more

accurate descriptions of the speech sounds.

1.2 DISTORTIONS AND TRANSFORMATIONS

When viewed as information transmission, speech communications

is characterized by the encoding and decoding of word symbols in an

N
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acoustic medium. The high degree of redundancy inherent in the modula-

tion is exemplified by the fact that the information rate of the pho-

nemic sequence is on the order of 50 bits/second and the information \\
rate of the acoustic wave is as much as 30,000 bits/second (Flanagan :;1
1965, p. 4). In a mathematical sense, the relevant information is

distributed throughout the speech wave; and only a small undistorted

portion of the original wave is usually sufficient for intelligibility. ‘\\
"Beginners in the study of privacy systems never fail to be amazed at

the difficulty of scrambling speech sufficiently to destroy intelli-

gence. The ear can tolerate or even ignore surprising amounts of

noise, non-linearity, frequency distortion, misplaced components,

superposition, and other forms of interference" (Kahn 1967, p. 588).

"The fact that the ear is such a good decoding tool makes the produc-

tion of privacy systems very difficult. Scrambling systems which look \

effective on paper sometimes turn out on trial to degrade the intelli-
gibility very little, although scrambled speech usually sounds un-
pleasant'" (ibid. p. 599).

e

Rather than looking for the 'essence' of the intelligibility,
one can take the alternative approach, namely, discarding aspects of /
the signal which do not make a significant contribution to intellig-
ibility. Basically, if the gross spectral and temporal pattern of the

speech is preserved then it will be intelligible. Perhaps the best ‘\\-._\~’
illustration of this comes from the work with vocoders, which are sys-

tems designed to transmit bandwidth compressed speech. By sending g
only the slowly varying spectrum of the speech instead of the actual

signal, these systems can typically operate at an information rate of

2400 bits/second (Voiers 1968) and, under special condition, at rates <:

as low as 900 bits/second. The fact that a limited set of parameters
describing the spectral shape of the speech is sufficient to transmit
an intelligible message has sometimes been interpreted as meaning that
the spectrum is a first step to finding an "essence'. Also, it is gen-
erally believed that the spectrograph, or time-frequency-amplitude,
description of speech portrays the important aspects of the signal.

In fact, extensive effort has been directed at trying to learn to ''read"
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spectrographs (Potter, Kopp and Kopp 1966), but these efforts have met

with only partial success.

The amount of spectral information required for a given intel-
ligibility level has been extensively investigated by French and
Steinberg (1947). They created a method for calculating the articula-
tion index as a function of intensity of the frequency bands and the
relative signal-to-noise ratio. Licklider, Bindra, and Pollack (1948)
demonstrated that peak-clipped speech, in contrast to center-clipped
speech, is intellipible because the spectral pattern of the original
speech signal remains intact. Speech synthesizers, using spectral
parameters to control the generated speech, can produce very intel-
ligibile speech. Confirmation of the theroy that the spectrum is both
necessary and sufficient is found in this experiment with transformed
speech. Naive subjects cannot understand speech when the spectrum is

rotated.

In this experiment, the spectrum of the speech signal was ro-
tated so that the high-frequency energy became low frequency energy
and vice versa. This kind of transformation has the propertv that none

of the information, from an information theory point of view, is re-

moved; it is merely re-encoded into the acoustic signal. Such a trans= .

formation, in contrast to additive noise, distortion, and filtering,
does not destroy any of the original information. Rather, it creates
a new signal which bears a one-to-one correspondence tc the old signal.
Moreover, it is a transformation that is singularly appropriate since
the preliminary auditory processing appears to decompose the incoming

acoustic wave into spectral components.

Although a distorted speech signal and a spectrally transformed
speech signal may be equally unintelligible initially, subjects can
learn to understand the transformed speech after extensive practice.
This contrasts with filtered or distorted speech experiments in which
very little learning takes place regardless of how much practice is
given. Thus, the processes involved in the two cases are very differ-

ent: transformation is a very special kind of distortion. Even though

g~ -
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cognitive processing of speech is far subtler than mere feature extrac-
tion from the spectral pattern, some aspects of the spectral pattern
contribute to perception. In the transformed speech case, these as-
pects are not available to the listener initially but after some ex-
posure to the new medium they again become sufficiently available to
be used. Just what these aspects or features are remains a moot point.

The experienced listener does not simply ''re-transform" the pattern.

The original motivation for this experiment came from the visual
transformation investigations of Stratton (1897), Kohler (1964) and
Held (1965). By wearing prisims which rotated, shifted or inverted
the visual pattern, subjects expefienced a position or orientation
change in their visual field. Like the spectral transformation, the
visual transformations are characterized by a one-to-one correspondence
between the new and old patterns and by a constancy in the relative
distance between two points in the field. 1In the visual experiments,
subjects initially experienced a sense of disorientation, but they soon

adapted so that their visual sense of reality became natural.

Because subjects can learn to adapt to both the visual and audi-
tory transformation, one cannot view perception as a mechanized pro-
cess of feature detection using a fixed set of "wired-in" computation

sub-systems.

1.3 OVERVIEW

The performance of subjects when listening to spectrally trans-
formed speech was first tested in a pilot study using one pair of sub-
jects. They were placed in the transformed medium and given the task
of learning to understand each other. Although these two subjects
later proved to have been unusually facile in their ability to learn
to communicate with each other, the fact that they did not understand
each other initially and that they were able to converse after only
about 2 hours of practice served as the foundation of the experiment

described herein.
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In the main experiment, an extensive set of tests, which at-
tempted to measure changes in the subjects' ability to perform such
tasks as discriminating sounds, identifying phonemes, recognizing words,
and comprehending sentences, was given at the end of each session.

The results of the tests try to answer the question 'What have the sub-
jects learned as they improved their ability to converse with their
partner?'" If, for example, comprehension is related to identifying
phonemes, then one would expect that those subjects who did well on the
phoneme tests should also have done well on the comprehension tests;
or, when subjects could no longer improve their performance on identi-
fying phonemes, then their ability to understand sentences should also
have reached a limit. Actually, the situation was exactly the opposite.
The psvchophysical discussions in Chapter II and the elaborate descrip-
tion of the phonetic and phonemic performance in Chapter IV are in-
cluded mainly for the purpose of demonstrating that competence in

understanding conversational transformed speech is almost independent

of competence on isolated speech tasks. Even identification of words,
which are far more complex than phonemes, appears to be almost unre-
lated to sentence comprehension, as discussed in Chapter V. The data
from the tests have been examined in a variety of ways in order to
show this; the correlation studies and the learning curves both show
that caution is needed when one tries to relate aspects of the speech
process to the whole. In other words, speech perception occurs at a
level which is so much more complex than feature extraction, that fea-
tures, as they are presently understood, often appear to be almost un-
related, in the case of sentences, to the percept. This, actually,

forms the underlying theme throughout most of the experiment.

Under ordinary conditions, little mental energy is needed for
speech communications and the cognitive mechanisms are freed from the
burden of concentrating on the act of perception. Because normal
speech perception is so rapid and automatic, it is very difficult to
gain insight into the process. With spectrally transformed speech,
subjects must re-establish automatic associations between new sound
patterns and verbal symbols. Analysis of the conversations in Chapter

VI suggests that this is in fact what the subjects were learning, and
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that this learning is facilitated by the integrative prosodic patterns
and not by the phonetic features. In a sense, there is a parallel be-
tween learning to understand spectrally transformed speech and learn-
ing a foreign language or a first language. The four stages of learn-
ing, as discussed in Chapter VI, might thus be a reflection of the

perceptual process itself.

The fact that speech is an integral part of a personality and
not an independent subroutine is often overlooked when one examines it
as an isolated function. The quality and character of the conversa-
tion varied greatly, illustrating that the subjects brought their en-
tire personality, as well as their language competence, into play when
they were trying to understand transformed speech. This phenomenon
manifests itself in the kind of strategies used by the subjects. More-
over, the meta-language factors which are an inseparable part of speech

communication often influenced their ability to learn the new medium.

Since the experiment attempted to treat the entire speech pro-
cess in the context of spectral distortion, the results cannot be in-
tegrated into one complete theory. Cognition is not that well under-
stood. Rather, the results should be viewed as a strong suggestion
about how one ought to view the process and, in this sense, it points

to a new kind of experimentation for exploring speech.
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CHAPTFER II

CHARACTERISTICS OF TRANSFORMATION

It is impossible to imagine a sound which has been spectrally
inverted since the transformation is not a naturally occurring pheno-
menon. Only some communications engineers and radio operators famil-
iar with single-side band reception come into contact with such sounds,
whereas, the transformations in the visual field produced by mirrors
and lenses are quire commonplace. If one tries to imagine how a spec-
trally rotated sound would be perceived, one might create an acoustic
image in which the melody of a sound was inverted or in which a ques-
tion was changed to a statement. In fact, however, the transformation
does not affect the sense of pitch, instead, it affects the ''quality"
of the sound. Correlating the sensation of a sound with the spectrum
is a rare ability, although some spectrally related concepts do exist,
as illustrated by a musician describing a given musical tone as "harsh"
or '"'melodic'". These two adjectives describe aspects of the spectrum
which would be changed by the transformation. Thus, it is important
to consider the characteristics cf the transformation from both a phy-

sical and a psychological point of view.

2.1 MODEL OF AUDITORY PATTERNS

The effect of the spectral rotation transformation on speech is
clarified by viewing the act of perception as pattern recognition.
Allegedly, the original acoustic wave is continuously being processed,
stage-by-stage, until it is reduced to a set of features or character-
istics. Another way of saying this is that at any stage the neural
firing rates are a pattern which results from the processing of the
pattern in the previous stage. The features are therefore character-
ized, according to this abstract theory, as the pattern which exists in
the central nervous system. Actually, almost nothing is known about
the nature of neural patterns for complex signals at any stage of pro-

cessing.
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Present knowledge about the peripheral stages of auditory pro-
cessing suggest that the neural pattern in the auditory nerve leaving
the hair cells is not similar to the original acoustic wave; rather,
the two-dimensional amplitude-time wave is transformed by the cochlea
into a three dimensional amplitude-space-time pattern. The mechanical
resonant properties cf the Basilar membrane combined with neural inhib-
itory contrast, known as Mach's law of contrast (Ratliff 1961), result
in each of the 30,000 nerve fibers of the auditory nerve being tuned
to a different frequency component of the incoming acoustic wave. Phy-
siological evidence of this tuning has been shown fcr cats (Kiang 1965).
Thus, the space dimension, or position along the basilar membrane, 1is
a monotonic function of frequency. The central nervous system per-
forms, in a way not presently understood, a pattern recognition of the

firing rates as a function of time for the entire nerve bundle.

The schematic of the model just described is shown in Fig. 2.la
(Siebert 1968). From a mathematical point, the generality of the model
is so great that a given firing pattern of the auditory nerve bundle
over-specifies the input which generates it. Thus, one is not tempted
to use such a model to determine which aspect of the signal is impor-
tant to perception and which can be discarded. Rather, the pover of
the model lies in its suggestion that spectral rotation of the acous-
tic wave transforms only the space part of the three dimensional pat-
tern, leaving the dimensions of time and amplitude unaffected. The
transformation follows a rather simple algorithm: the time firing pat-
tern of a nerve which would have responded to a low frequency compon-
ent before transformation now responds to a high frequency component.
This is equivalent, in our simple model of auditory processing, to cut-
ting the auditory nerve and re-splicing it with different parts of the
cochlea exciting new parts of the higher auditory center.

4

Horeover, Siebert's model also sugpgests that the transfor-
mation is more than a distortion of the acoustic signal. Consider,
for example, distortion introduced by hard limiting. A speech signal
which has been hard limited so that the time waveform is either 1 or
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-1 appears to have very little of the original speech signal remaining
when viewed in the time domain. llowever, since the energy density
spectrum of the hard-limited speech has the same frequency components
as the original, in addition to those generated by the distortion, it
is argued that the original neural firing pattern of the hair cells is
still present even if somewhat obscured by the presence of the distor-
tion-related components (Licklider, Bindra, and Pollack 1948)*. Per-
ceiving a pattern which has resulted from distortion is analogous to
detecting a desired signal in the presence of noise; whereas recogniz-
ing a new pattern is felt to be basically a different problem. Confir-
mation of this notion is found in the fact that spectral rotated speech
can be learned, while distortion degrades intelligibility to a rela-

tively fixed level.

Unfortunately, the linear frequency transformation does not pro-
duce a linear space transformation. The relationship bhetween the max-
imum position of stimulation along the cochlea and the resonant fre-
quency, according to the data of Békésy (1960, Chs. 11 and 12), is
approximated by

xo(f) In 10 = 1n l%—
where f is measured in Hz and xo(f) is the distance from the stapes in —
cm. Since the nerve density along the basilar membrane is approximately
linear, the effect of the transformation is to change the nerve density
as a function of frequency. For example, components of the acoustic
signal between 300 and 400 Hz , which stimulate some number of fibers
before transformation, become components between 2800 and 2900 Hz.

(assuming 1600 Hz rotation frequency) and now stimulate a different
number of fibers. Since the surface of the basilar membrane is some-

what analogous to the skin in a tactile sense, and since two-point

*Thomas (1968) showed that hard-limiting the second formant produced
intelligible speech, but hard-limiting the first formant did not.
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thresholds* on the surface of ths skin are proportional to nerve den-
sity, one might suppose that the transformation would change the audi-
tory sensitivity to a particular component (BEkésy 1960, p. 566). This
differential sensitivity is unavoidable, because it is virtually im-
possible to implement a frequency transformation which would produce

a linear pattern transformation using a real-time system.

Another implication of Siebert's model is that the short-term
average intensity of the spectral components controls the mean firing
rate of the nerve cells. This averaging destroys the phase relation-
ships between the various frequency components. Although various ex-
periments have shown the existence of time synchronization, or phase
locking, for low frequency signals, and to a lesser extent for medium
frequency components, Goldstein (1959) contends that any detailed time
structure varying faster than 200 Hz is not used by the more central
parts of the nervous system. This is quite fortunate, if true, since
one of the effects of the transformation, as shown in the next section,
is to produce an output signal whose phase relationships are time vary-

ing.

The optical analog of the auditory transformation is the rever-
sal or rotation of the visual field. In the experiments of Stratton
(1897) and Kohler (1964) either the horizontal or vertical dimension
was reversed by using inverting prisms. The major difference between
the experiments with the two sensory modes 1s that vision has two spa-

tial dimensions and audition has only one, frequency.

2.2 MATHEMATICS OF THE SYSTEM

The effect of the spectral rotation system on the incoming sig-
nal is impossible to visualize if the signal is represented as a time-

varying intensity, either electrical voltage or acoustic pressure.

*Two-point threshold is the minimum distance between two point-pressure
stimuli which can be detected; below the threshold the two stimuli
appear as one. The threshold is directly related to the nerve den-
sity, i.e. the more nerve cells leaving the skin surface the lower
the threshold.
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Every time-domain representation, specifying an intensity as a function
of time, can be rewritten as a frequency-domain form, specifying an in-
tensity as a function of frequency (see e.g. Lathi 1965). The two
functions form a Fourier transform pair and are equivalent since one

can be generatad from the other.

Let Fo(w) be the frequency representation of xo(t), the output
signal from the transform system, and let Fi(w) be the frequency repre-
sentation of xi(t), the input to the system. The relationship bctween

these two functionsis

0
ej Fi (2wc-w), 2wc >w>0

F (w) = (1)

-38 F, (-2w -w), -2w_<w < O
c c

€ i

where w is the frequency in radians, wc/2 is the center frequency in
Hz about which the rotation takes place, and 6 is an arbitrary phase
angle dependent on the initial phase at t = 0. Perhaps, in order to
fully appreciate why the system must be viewed in terms of the fre-

quency-domain, consider the time-domain version of (1) as

=i Qwa-w)T d{]ejwt dw

x(t) = e o

+2w 40
1 70 w0

(2)

e-jefo [ fm ' (‘r)e+j(2wc+w)T d{]eth %ﬂ
Coug e i T

This integral equation cannot, in general, be solved except uunder spec-
ial restricted conditions. Solving it for some particular input re-
quires that one, in effect, go through the steps of first finding the
Fourier transform representation of the input signal, rotating the

frequency function, and then finding the inverse Fourier transform.

To illustrate the operation of the spectral rotation system,

<\,

—
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first consider a sinusoidal input at 300 Hz. With the 1600 Hz center
frequency used in this experiment, the output is also a sinusoidal sig-
nal, but at a frequency of 2900 Hz. Likewise, an input at 1000 Hz pro-
duces an output at 2200 Hz. The output signal with a more complex per-
iodic signal, as for example a square wave, can easily be found by
using the property of linearity. One can show, using either equation

(1) or (2) that with an input of ax,6 + Byi the output is ax + Byo, if

i

X, and y, are the outputs with inputs x, and Y4 respectively. Since

this is a necessary and sufficient condition for linearity, the output
with a periodic input is simply the sum of the outputs produced by
each of the input components individually. A 300 Hz square wave con-
tains energy at frequencies of 300, 900, 1500, 2100, and 2700 Hz.

Using equation (1), which in its simple form is written as
Fo(w) = Fi(2wc—w) (3)

one can see that each component is rotated about 1600 Hz to produce an
output which contains components at 2900, 2300, 1700, 1100, and 500 liz.
The intensity of magnitude of the output harmonics is equal to the in-
tensity of the input harmonic which produced that par:'of the output.
Although the 300 Hz square wave contains harmonics above 2700 Hz,
these are filtered out to prevent spurious components from appearing.
The low-pass filtering at 3200 Hz removes components which are greater

than twice the center rotation frequency¥*.

The above example also illustrates that, in general, true peri-
odicity is destroyed since all the components at the output form an
anharmonic series and are not multiples of the repetition rate. The
true repetition rate at the output with a periodic input is the lowest
common factor in each of the harmonics. This effect 1s demonstrated by
using a 1600 Hz tone burst sequence at a repetition rate of about 350

liz. Although the output, as shown in Fig. 2.2a, is also a tone burst

#*The actual filter used in the system removes all components above
3000 Hz and below 200 Hz, thereby creating a 200 Hz guard band around
the transformation.

1

g
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FIG. 2.2a SEQUENCE OF TONE BURSTS AT 1600 HZ.

(A) input.
(B) output.

(A)

(B)

g™ g
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sequence at the same frequency, it is not periodic since it no longer

satisfies the constraint.
x(t-T) = x(t) (4)

vhere T is the period. This phenomenon can also be explained in terms
of the random phase angle, 6, in equations (1) and (2). At the begin-
ning of each pulse, the phase angle is essentially random. Because

the components of the signal have a new phase relationship, the wave
shape is different. If the phase factor were proportional to frequency,
the effect would be simply to delay the pulse, but it is constant.

Thus, the same input can produce an infinite variety of outputs all of
which have the same energy density spectrum but a different phase func-
tion. Only periodic signals with a period equal to a multiple of 1r/wc

produce truly periodic outputs.

Although the output from the system with periodic input signals
is easy to describe, truly periodic signals never occur in speech. At
best, & voiced phoneme may appear to satisfy the definition of (4) for
as much as 100 milliseconds. It can be shown, however, using a time
limited version of the Fourier representation (Fano 1950) in equation
(1), that the spectrum of a segment of the output waveform is the spec-
tral transform of the input spectrum for the same time segment. Thus,
the system produces a quasi-periodic output for a quasi-periodic input
(in the same sense that a periodic input produces a periodic output).
This is illustrated in Fig. 2.2b which shows the outputs for two tone
bursts at different frequencies. The 2200 Hz tone burst becomes a

1000 Hz tone burst.

To consider the effect of the system on speech, let us tempor-
arily assume that all speech signals are composed of either quasi-
periodic vocal sounds, nolse burst fricatives, or a combination of
both. The voiced phonemes contain a distinctive repetition rate or
pitch and a spectral coloring which distinguishes one phoneme from
another. The spectrum of a typical vowel, /e/, before and after spec-

tral transformation is shown in Fig. 2.2c. 1In both cases, the

\

<«
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)
(A)
(8)
/
(©
(D)

FIG. 2.2b EFFECTS OF SYSTEM ON TONE BURSTS.

(A) input at 700 Hz.
(B) output for above.
(C) input at 2200 Hz.
(D) output for above.
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FIG. 2.2c SPECTROGRAPH RECORDING OF /e/ BEFORE TRANSFORMATION (left)
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subjective pitch, equal to the distance between harmonic components,

is the same; but, the spectral envelope that gives the vowel its dis-
tinctive sound is rotated about the 1600 Hz center frequency. Although
the location of the first component of the output is equal to the
smallest positive difference between 3200 Hz and the highest harmonics

of the original, the subjective pitch is unaffected by this value.

For a steady-state fricative, such as /s/, the spectrum is con-
tinuous with no distinct components. This phoneme, as shown in Fig.
2.2d, is simply colored noise. When the signal is transformed, the
output is also colored noise, but with a different coloring. The spec-
trum of theoutput is simply the input spectrum rotated about the cen-
ter frequency. There is no question of periodicity, harmonics, or

pitch.

2.3 PSYCHOPHYSICS OF TRANSFORMATION

If the ear were equally sensitive to all frequency components,
the sole effect of the spectral transformation would be the creation
of a new pattern. It was shown in Section 2.1 that the density of
nerve fibers is not constant or independent of frequency. Furthermore,
there is no assurance that the neural interconnections perform the
same functions over the entire frequencv range. The present knowledge ) \\“-,
about the kinds of complex processing that must exist in the auditory
nervous system is so meager, that, at best, differential sensitivity
and performance can be assessed only with simple stimuli. The fact
that even in the region from 200 to 3000 Hz the performance of the
auditory system to simple psychophysical tasks is dependent of fre-
quency means that, in additon to learning to perceive an unfamiliar
pattern, the auditory system has a different sensitivity to the new
pattern. As an obvious example consider what would happen if the
speech band were shifted up to 5000 Hz. The listener would never learn
to perceive these new patterns simply because the auditory system does
not perform well at very high frequencies. One measure of this effect
is the differential performance to psychophysical tests as a function

of frequency.
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The ability of subjects to discriminate small changes in ampli-
tude and frequency has been investigated by many researchers under dif-
ferent conditions. In an experiment using a single tone warbled at a
2 Hz rate, Shower and Biddulp (1931) showed that in the region from
150 to 1000 Hz the difference limen for frequency was approximately
constant. This result contrasts with the test of Rosenblith and
Stevens (1953) using an ABX method; they found that the JND value at
1000 llz was more than twice the value at 250 Hz.

Differential sensitivities in other tasks suggest that there
are some basic differences in perception above and below 1000 Hz. The
resolving time needed for judging a given frequency 1is about 2 or 3
Hz for frequencies below 1000 Hz, but relatively constant above this
value (Doughty and Garner 1947). The function which relates subjec-
tive pitch to frequency is linear below 1000 Hz and logarithmic above
(Stevens and Volkman 1940). The intensity of noise required to mask
a single tone also approximates the curve for subjective pitch
(Fletcher 1938). The critical frequency bands used in loudness calcu-
lations show the same trend (Zwicker, Flottorp, and Stevens 1957), as
do the articulation bands used in speech intelligibility calculations
(French and Steinberg 1947). Although the difference limen for ampli-
tude changes is independent of frequency when measured at a constant
level above threshold, the threshold level is constant from 1000 to
3000 Hz, but increased for low frequencies (Békésy 1960, p. 217).
Koenig (1949), using a frequency scale which was linear up to 1000 Hz
and then logarithmic, found that most psychophysical data for hearing

produced a linear curve.

Electro-physiological experiments with the cochlea in cats sug-
gest that the difference in sensitivity is a reflection of different
modes of neural encoding. For very low frequencies the mechanical
resonance of the basilar membrane is not very pronounced and the fir-
ing patterns of the nerve fibers is in synchronization with incoming
acoustic signal. At higher frequencies above 1000 Hz, the nerve cell
response is not phase locked with the signal, rather it only gives a

measure of the intensity at a particular frequency (Galambos 1958).
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The response for medium frequencies is a combination of time and fre-
quency. Furthermore, the shift in resonance position along the basi-
lar membrane for a given change in frequency is approximately constant
from 300 to 1000 Hz, whereas above this value it is proportional to a
percentage change in frequency (Békésy 1944). These findings coincide

with the sensitivity measurements.

In order for the spectral transformation to create a new pat-
tern which is, from a neurophysiological view, equally easy to recog-
nize, it would be desirable to work in the region from 200 to 1000 Hz.
Unfortunately, this is not nearly sufficient for speech; the syllabic
articulation factor for speech bandlimited to 1000 Hz is only 357%
(French and Steinberg 1947). Thus, even without spectral transforma-
tion, this speech would be difficult or impossible to understand. One
must chose a frequency band which is as small as possible to avoid the
frequency variation of the auditory system, yet the band must be large
enough so that speech is easily understood without spectral transfor-
mation. The band from 200 to 3000 Hz with a 1600 Hz center rotation
frequency is a good compromise since it has a syllabic articulation
index of 90%.

One finds that many of the fricative phonemes, as for example
/f/ and /s/, are confused by bandlimiting speech to 3000 Hz since
their distinguishing characteristics occur in the high frequency re-
gion. In isolation these phonemes are pure noise, and only the spec-
tral coloring can be used to identify them. Thus, following the spec-

tral transformation they are still confused.

The transformation causes the spectral components which used
to lie in the more sensitive 200 to 1000 Hz region to be shifted to
the less sensitive 2200 to 3000 region. And correspondingly, the part
of the spectrum that was in the less sensitive region where the nerve
firing pattern did not contain any synchronous information now excites
the nerves in a temporal as well as spectral mode. 1In terms of the
auditory threshold, the situation is exactly reversed since the thres-

hold at 200 Hz is as much as 25 dB higher than that at 3000 Hz. The



- 34 -

implication of the changes in threshold and modes of firing can not be
evaluated from the existing knowledge of the nervous system. It may

be said, however, that spectral transformation of the audio signal re-
sults in a new pattern which differs perceptually from the old one in

some complex manner.

2.4 PERCEPTION WITH COMPLEX SIGNALS

The spectral transformation, as mentioned in Section 2.3,
creates a new pattern in the space, or frequency, dimension which is
not a simple transformation of the nerve fiber firing patterns. This
is illustrated, for example, by the fact that masking 1s not unilat-
eral. An intense frequency component of the signal has a much greater
tendency to mask higher frequencies than it does lower. In the pre-
sence of a 1200 1z tone at 80 dB spl% an 800 Hz tone is masked by about
10 dB whereas a 1600 Hz tone is masked by about 45 dB (Wegel and Lane
1924). The calculation techniques used to measure subjective loudness
of complex signals includes an involved algorithm to account for the
amplitude and frequency dependent masking (Zwicker 1958; Feldtkeller
and Zwicker 1956). After spectral transformation, some harmonics which
were previously masked may now be perceived and other components which

were previously perceived may now be masked.

Experiments have shown that a signal composed of multiple tones
or harmonics has a tendency to create beat frequencies, or the sensa-
tion of frequencies, equal to the difference between the component fre-
quencies. In the case of an untransformed periodic sound, these new
beat frequencies are equal to, or multiples of, the existing compon-
ents. However, for the transformed sound, these beat frequency com-
ponents are the same as those of the original untransformed sound.
Thus, one might argue that some of the original pattern remains after

spectral transformation.

*dB spl is sound pressure level with the O dB reference equal to .0002
dynes/cm?.
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Perhaps, an important difference between the transformed and un-
transformed sound is that the latter is never periodic, whereas the
former is. A periodic signal whose harmonics are all multiples of the
fundamental repetition rate is transformed into a signal whose compon-
ents are not multiples of any fundamental frequency. Although the
sensation of pitch is determined by the fundamental frequency, subjec-
tive pitch of the transformed sound does not seem to be affected.
"Mathes and Miller showed that subjective pitch usually corresponds
to the envelope-modulation frequency if the modulation envelope 1is at
all pronounced" (Licklider 1956). A time waveform for the two vowels,
/a/ and /u/, before and after transformation is shown in Fig. 2.4a.
There is a very distinct envelope corresponding to the original pitch
in the transformed case, even though there is no periodicity in the
sense that each of the original segments of a single period is changed

into a variety of segments.

deBoer demonstrated that with a sound composed of an inharmonic
series the sensation of pitch is approximately equal to the difference
between the harmonics (Plomb 1967). Furthermore, he showed that the
fourth and higher harmonics determine the pitch for repetiticn rates
up to 350 Hz (periodicity). With speech or any quasi-periodic signal
the difference between the harmonics after transformation is equal to
the original pitch. Experimentally, subjects found that pitch was not
affected by the system. Although they initially expected to find a
rising pitch to be turned into a falling pitch, and a question to be
turned into a statement, this did not occur. Only whistling, which is

almost a pure tone, illustrates a pitch transformation.

Unlike pitch, loudness is changed by the spectral rotation.
The natural acoustic environment in which we live contains sounds
whose energy density spectrum has a much greater value at low frequen-
cies. After transformation this situation is reversed, and the sound
quality is unpleasant and unnatural. Low frequency noise which is
often present but unnoticed in the background becomes a 3000 Hz whine.

The octave between 200 and 400 Hz which'can contain a clearly
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(A)

(B)

(€

(D)

FIG. 2.4a TIME WAVEFORMS FOR VOWELS.

(A) /u/ before transformation.
(B) /u/ after transformation.
(C) /a/ before transformation.
(D) /a/ ofter transformation.
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observable rhythm is transformed into a fraction of an octave from

2800 to 3000 Hz. The new sound appears to he a steady drone rather

than melodic.

The low frequency first formant of speech contains much more
energy than the other formants, vet it carries much less information.
Before transformation, the first formant stimulates a region in the
cochlea which has a high threshold; the more important low energy sec-
ond formant occurs in a region of maximal sensitivity. Following
transformation this situation is reversed. To prevent the first form-
ant, which can be as much as 20 dB more intense than the second form-
ant, from dominating other comporents, an equalizer shown in Fig. 2.4Db
was added. The equalizer accentuates the high frequencies and attenu-
ates the low frequencies so that masking is reduced and the speech

sounds more pleasant.

The long-term average enec. gy density spectrum for speech is
shown in Fig. 2.4b along with the spectrum at the output of the system
with and without the equalizer. Casual tests showed that the 'equal-
ity" of speech sounds was not significantly affected by the equalizer,

and subjects no longer complained about the high-frequency drone.

With the equalizer the effective threshold for a given frequency \\-“'
component remains unchanged. A component at 200 Hz, for example, has
a threshold which is about 25 dB greater than that at 3000 Hz.
(Fletcher and Munsen 1933). After transformation the component for-
merly at 200 hz appears at 3000 Hz but the equalizer has reduced its
amplitude by about 20 dB, thus restoring the threshold. At higher
levels around 80 dB spl, the ear is equally sensitive to tones from
about 200 tc 2000 Hz, but with the equalizer this is no longer true.
However, it was felt that this etfect was less important than the ad-

vantages of having the equalizer.

. SPECTRALLY INDEPENDENT FEATURFS

According to our present understanding of the acuvustic cues and
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features which play a role in the perception of speech, there are two
classes: spéctral and nonspectral. Because the features in the second
category are unaffected by the transformation, they can be understood
without any need for learning and may be a significant factor in the
learning of the spectral cues. One finds within this class most of
the parameters thought to be responsbile for the prosodic features,

as well as many of the cues which enable the listener to distinguish
individual phonemes. There are four sets of features that are inde-
pendent of the transformation: pitch, loudness, temporal order, and
the binary source features, voicing-nonvoicing, plosive-nonplosive,

and fricative-nonfricative.

It was stated in the previous section that the inharmonic series

resulting from transformation of the quasi-periodic voiced phonemes 1is
perceived as having a subjective pitch equal to the original vocal re-
petition rate. Thus, the perceived pitch contour of an utterance is
the same as the untransformed original. The rising pitch at the end
of an utterance, characteristic of a question, is reproduced, rather
than being inverted; a question remains a question and a statement re-
mains a statement. The higher pitch for stressed syllables and words
is also unaffected so that the accent is on the appropriate svllable.
It may be argued that the spectral envelop and fundamental pitch are
extracted as separate features since the perception of vowels is inde-
pendent of the pitch. The fact that pitch is unaffected by the trans-
formation is felt to be the explanation for such curious phenomenon

as perceiving a sentence which differs from the spoken sentence in
every way except that the part of speech for each word is correct (see

Section 5.31).

As a phonetic cue, the mere presence of a perindic component
indicates the existence of a voiced phoneme, as opposed to its un-

voiced counterpart, e.g. the phoneme pair /f/ and /v/*. Similarly,

*The phonetic cue for distinguishing voiced and unvoiced may actually
be unrelated to voicing and periodicity. The final /s/ is sometimes
distinguished from a /z/ by a duration cue.

~—
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the noise component of a fricative phoneme is still a useable cue for
the phoneme since noise is transformed to noise. The sudden release
of energy characteristic of the plosive is reproduced after transfor-
mation, leaving the essential feature unchanged. Many of the binary
distinctive features which distinguish one class of phonemes from
another are not a function of the spectral envelope. The results of
the phoneme identification tests, found in Sections 4.2 and 4.3, show
that most confusions are within one class. That is, a /b/, /d/, and
/g/ are much more readilv confused since they are all voiced plosives;
whereas, a /b/, /p/, /f/, /v/ and /m/ are all members of different

classes and, therefore, easier to distinguish.

Intensity is also relatively unaffected by the system. Since
the area under the input and output energy density spectra are equal
to each other and proportional to intensity, the input and output sig-
nals have the same short-time average intensity. Loudness, however,
being a perceptual measure, is somewhat changed by both the spectral
transformation ard the frequency equalizer. Nevertheless, for a par-
ticular sound with a specific spectrum, the output loudness is propor-
tional to the input loudness. Thus, perceptability of the stress con-
tour is further enhanced as is the distinguishability of the low and

high energy phonemes.

The temporal order of the sound pattern is perserved by the
transformation since the system is working in real-time. The dura-
tion of a phoneme remains the same so that a stressed tense vowel,
being longer than its lax counterpart, retains its significant fea-
ture. A pause is mapped directly into a pause of the same duration
since transform of a silent interval is still a silent interval. This
allows the listener to identify a plosive by the preceeding stop, and

it also helps in the perception of syntax-related juncture.

The sequential order of the phonemes in an utterance is per-
served. The vocal segment of the word 'fat', for example, after trans-

formation is preceeded by a fricative and followed by a plosive,

’
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although the individual phonemes no longer sound the same as the un-
transformed sounds. However the perception of phoneme order is some-
times destroyed in that two vowel-like phonemes merge into one diph-
thong*. The perceived uniqueness of phonemes is a rather complex as-
pect of cognition since there are no separailons and the neighboring
phonemes have a very strong influence. Thus, when the word "ball" is
heard as '"boy'", one might say that the /2/ and /1/ are merging into

a diphthong /oI/. But, the diphthong, itself, might be considered to
be two phonemes, /O/ and /i/, if 1t were desirable to define it as

such.

Questions about the use of spectral and nonspectral features as

a means of identifying phonemes are again taken up in Chapter IV.

*See Section 4.22 for a discussion of the diphthong problem.
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CHAPTER III

DESIGN OF EXPERIMENT

The experiment was divided into two sections: conversing and
testing. During each session, subjects talked, or attempted to talk,
to each other through the transformed medium for the first half-hour;
they were then given a series of pre-taped tests lasting about a quarter
hour. The conversation time provided the exposure to the transformed
medium necessary for learning, while the testing series attempted to
give an objective measure of learning and performance. Although the
conversations were tape recorded and later analyzed for strategies,
effectiveness, articulation, content and attitude, their subjective
quality mede comparison and evaluation difficult; so that, in effect,

only the testing series provided an analytic measure of improvement.

The first practice session began with the following instructions:

"Your goal is simply to learn to communicate with your part-
ner using any approach you find practical. Eventually you
should be able to communicate any new idea as if there were
no spectral transformation present. The only restrictions
are that you are not allowed to use a code which circumvents

the transform, e.g. Morse code."

These instructions were repeated whenever subjects asked the author what
they should be doing. In this way, subjects were allowed complete free-
dom to develop, test, and modify their own strategies of learning and
communicating. Learning theories are too incomplete and contradictory
to be used to indicate an appropriate teaching technique which could be

applied to transformed speech. See Section 6.2.

A pilot study was performed prior to the main experiment in order
to determine the frequency and length of the sessions necessary for at-
taining comprehension of transformed speech. At the end of five half-
hour conversation sessions given on consecutive days, a pair of twins

was able to converse fluently. Based on this pilot study, it was
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decided that three sessions per week for seven consecutive weeks would
be sufficient. The experience with the twins proved to be very mislead-
ing since they were very familiar with each other'’s speech habits and
personalities. For this and possibly other reasons they proved to be
the best, rather than a typical, pair of subjects. The questions of
frequency and length of the conversation sessions are taken up again in

Section 6.3.

3.1 EXPERIMENTAL ENVIRONMENT

The experiment was conducted in a small room which contained two
acoustic chambers and the electronics to implement the spectral transfor-
mation. Each of the two subjects sat in a chair with his head inside a
large wooden box lined with acoustical absorbing material. The acoustic
tile and a layer of fiber glass served to isloate the two subjects by
absorbing the speaker's voice and the room noise. They listened to the
transformed speech through a pair of headphones embedded in a pair of
"ear defenders''. These ear defenders are used by jet airplane mechanics
to reduce background noise. The combination of the headphones and the
acoustic chambers prevented the subjects from hearing each other except
through the transform electronics. The transformed speech, which nor-
mally appeared in the headphones, further masked any untransformed speech
which might have leaked through. Even without the masking effect, the k
subjects could not hear each other.directly. Also, they were visually

isolated so that all communication had to pass through the electronics.

A microphone inside each acoustic chamber converted the subjects'
voices to electronic signals. These signals were then added together,
amplified, spectrally transformed*, and used to drive both sets of
headphones. The acoustic levels were monitored with a VU meter and were
generally kept at about 70 dB spl. Although the subjects were told to
speak quietly and to keep their mouthe about 6'" from the microphone, they
had a tendency to shout when they were not being understood. Since in-

creased speaking effort often results in a decrease in intelligibility

*See Appendix B for & technical discussion and description of the trans-
form electronics.
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(Fairbanks and Miron 1957; House, Williams, Hecker and Kryter 1965),
they were asked to speak softly rather than decrease the volume in the

headphones electronically.

Even though both sets of headphones were driven by the same sig-
nal, subjects heard their own voices untransformed since bone conduction
transmits the acoustic energy in the mouth directly to the middle ear
through the headbone. With 30 dB attenuation of air conduction, a
speaker's own voice is only reduced by about 6 dB (Békésy 1960, p. 187).
Furtharmore, all sounds are not heard equally as loud through the head-
bone. The phoneme /u/, for example, is heard rather loud as a result
of a high sound pressure in the mouth increasing vibration of the lower

jaw.

Periodic maintenance checks were run on the equipment to jnsure
good performance throughout the experiment. The electronics were tested
for the stability of the center rotation frequency, distortion, and
leakage of the untransformed signal through the system. Of these, the
last was most critical since the presence of normal speech, even in
small amounts, would have invalidated the results by allowing a subject
to understand his partner directly using the untransformed portion. The
microphones and headphones were measured for frequency-response, distor--
tion, and correct levels; also, the tape recorders were aligned and cali-
brated. Only once did a check reveal a malfunction. Interestingly, the
failure was detected immediately by a change in the quality of the trans-

formed speech. A transistor had failed.

3.2 CHOOSING SUBJECTS

The unstructured character of this experiment, in contrast to
many other psychological experiments, required subjects who would be
active participants rather than passive responders. For this reason,
it was important to find subjects who would be highly motivated and in-
terested in the experiment as an experience since the lack of specific
instruction, the inherent difficulty of perceiving transformed speech,

and the resulting frustrations suggest that a personality with ingenuity
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and perseverance would be most suitable. Perseverance was evaluated by
the potential subjects' persistence in requesting to participate in the

experiment.

In a university where many psychological experiments are run,
there exists a class of students known as ''professional subjects'. Many
of these participate in experiments because they feel it is an easy way
to make money; others participate because they might be '"trying to prove
something' to themselves. The relationship between personality and lin-
guistic performance, underestimated initially, has been shown to be con-
giderable. Lambert (1963) reports that students who are metivated to
learn a foreign language with an integrative orientation were more suc-
cessful than those with an instrumental orientation. The relationship
between language performance and personality is again discussed in Sec-

tion 6.2.

Although no systematic screening based on personality or language
tests were given, when a subject volunteered for this experiment, after
having heard about it from bulletin boards or from friends, he was told
that he should participate if he thought he would enjoy it and that

other experiments were far easier.

If a potential subject was still interested, he was given the
base-line 45 minute test of session 1. Some became very interested in
the experiment and would have been willing to participate without pay,
although everybody was paid the standard $1.60 per hour; others showed
a lack of iﬂterest and were never heard from again. Six out of the ini-
tial twelve subjects who took the base-line test were selected, more on
the basis of scheduling than performance. They were told to find a
friend with whom they could work as a team. Overcoming the spectral
transformation is difficult enough without having to worry about talking
to a stranger. In addition to being less inhibited about making mis-
takes with a friend, the subjects were mor . familiar with the partner's
personality, interests, and speech habits. These extra-linguistic fac-
tors can be very important, as for example, having beforehand knowledge

about the content of a speech utterance.
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The experimental series began with six pairs of subjects, ten
M.I.T. undergraduates and one pair of '"intelligent hippies', with an
average age of 20. The members of a pair were either close friends or
members of the same living group, and on the average, they had known
each other for about a year. Men were used exclusively in the experi-
ment for three reasons. First, most students at M.I.T. are male and it
would have been more difficult to find female subjects. Second, male
speakers have a lower fundamental pitch which is richer in harmonic con-
tent and has a more pronounced envelop modulation. The individual pitch
periods for a high pitched woman's voice tend to merge with one another
making pitch more difficult to perceive. Third, the voice used to make
the testing material was male. Since each of the subjects practice con-
versing with only one partner it was desired to make the testing voice

as similar as possible to the subjects'.

The experiment continued for seven weeks with three sessions per
week. Unfortunate scheduling difficulties sometimes resulted in either
two or four sessions in a given week. Also, the final examination per-
iod prevented four of the pairs from completing the last three weeks of

the experiment.

3.3 TESTING SEQUENCE

After every half-hour conversation session, each subject was given
a quarter-hour series of tests to determine whether the additional ex-
posure to the transform medium had produced improved performance on var-
ious speech tasks. The testing series attempted to be both an objective
measure of the subjects' performance, and an indicator of which variables
wvere responsible for learning to understand transformed speech. Since
subjects could not initially communicate with each other and éould do so
after several hours of practiee, some change in perception must have oc-
curred. The results of the tests are the only available measures of the

change.

During the first and last sessions, the subjects did not converse
with each other, rather they were given a comprehensive 45 minute test-

ing series. The results of the first session test established a base-
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line level of performance with naive subjects. Although the subjects
had never heard or practiced with transformed speech, some learning may
have occurred between the beginning and end of this test. The identical
tests were given at the last session so that an objective comparison,
independent of test material, could be made. An unfortunate difficulty
made the results of the last session somewhat awkward to use; four of
the six pairs terminated after only four weeks. Thus, for two pairs the
last session test was given on session 20, while for the other four
pairs it was given after session 13. In soume cases, the data is pre-
sented up to session 13, for others, the results of the last session are

indicated as session ''last''.

Many of the tests were repeated throughout the duration of the
experiment to avoid the problem of controlling for difficulty of content.
However, the subjects were not informed of this fact, they were not told
the correct answers, and they did not know how well or how poorly they
had scored on the tests. For this reason, it was felt that repetitions
did not introduce a strong bias. Subjects might remember an answer, con-
sciously or unconsciously, if they understood a test wocrd or sentence;
but, if they understood it during the first presentation there is no rea-
son to suppose they would not have understood it later, after more prac-

tice, had it been presented for the first time.

The kinds of tests used during each session varied, as can be
seen from Table 3.3a. Four or five tests were given during any particu-
lar session. The testing series of sessions 11 through 19 were identi-
cal to those of session 2 through 10; and session 20 was the same as ses-
sion 1. Within the series from sessions 1 through 10, some tests were
repeated, with delays of typically a week. See the discussions of the
specific tests in Appendix A for more details.

The test material was spoken by the author and, therefore, con-
tains a certain amount of variability. This could have been controlled,
or at least measured, by analyzing the recorded material for variations
in such things as speaking rate, vowel-to-consonant energy ratio, pitch

contour, loudness, etc. However, since this experiment was an
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exploratory study, it was felt that the large amount of work required
to do this for all tests would not have been commensurate with the gains.
Besides, only a small percentage of the features which contribute to
natural speech are currently known, and therefore, one could not say

when two stimulus words were equivalent.

Another approach would have been to use computer generated speech.
However, becausc all the variables are controlled and because only those
variables which are presently understood are used as parameters, compu-
ter speech is unnatural and presumably does not contain enough '"human
qualities" to be understood after transformation. The conclusion of the
experiment is that speech has a rich enough internal structure to allow
for comprehension even though some of the cues are lost. Computer

speech is not complex enough to contain extra factors.

As a side note, it might be mentioned that each subject practiced
only with his partner and was therefore familiar with only his trans-
formed voice. It might be that a very low-pitch voice is particularly
difficult to understand or that some other characteristic 1s particu-
iarly favorable. Moreover, the stimulus tests were made with the
author's voice which might have been very different from the voice that
subjects practiced with. Because of the limited experience with only
one person, subjects could not generalize the effects of the transforma-
tion to other speakers., The test results could thus reflect a measure

of the similarity between the partner's and author's voice.

The tests* listed in Table 3.3a are divided into two groups:
1) tests whi h measure the ability to discriminate or identify some
speech feature, and 2) tests which measure comprehension under various

conditio:s.

3.3 LANGUAGE DISCRIMINATION TEST

This test was designed to determire if subjects could perceive a

"charzzteristic structuie' ir. a language without necessarily understanding

*See Appendix A for the contant of the tests.
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the content or knowing which language was being heard. The passage
shown below was translated into ten foreign languages and read by native

women speakers,

'"Mary's teacher took her class for a nature walk one sunshiny day
last week. Every time the group came to a new plant, they would
stop and examine it while the teacher explained its parts. She
showed them how a bee gets its honey from flowers and how a bug
had eaten part of the leaves from scme plants. On a few plants,

the flowers had fallen off, and seeds had begun to form.'

The thirteen versions of the passage, ten foreign languages. Arabic,
Chinese, Japanese, Russian, Hindi, Rumanian, French, German, Hebrew,
Finnish, and three English, were presented to the subjects in a random

order. Their instructions were

"You will hear samples of the same passage spoken iu many differ-
end languages, some of which are English. I1f you think the pas-

sage is English write 'E', if not write 'No'.

On the first and last sessions, the complete text, lasting a total of 7
minutes, was used, whereas on the other sessions only the first 20 sec-
onds of each version was included, making a total of about 3.. minutes.
The length of a complete version varied from a minimum of 18 seconds to
a maximum of 40 seconds depending on the speaker. The rcason for the
truncation was to allow for additional tests to be included within the
allotted testing time of 15 minutes.

Although the original experimental design called for using women
speckers in this test, it was later decided that it would have been bet-
ter to use men. As was previously mentioned, the lower vocal pitch of
male speakers produces a speech which is rich in harmonic content. The
envelop periodicity, with high pitched women's voices, is less pro-

nounced after spectral transformation.

This test attempted to measure the subjects' sensitivity to

\ »



overal! sound pattern differences, which, in the case of languages, are

related to rhythm, prosodic features (stress, intonation, etc.) and pho-
nemlc structure. This contrasts with the phonemic discrimination tests

which measure sensitivity to isolated sound elements. Judging whether a
language 1s English is based on overall impressions with no specific

criteria.

Another test (not listed in Table 3.3a), given on the last ses-
sion, presented subjects with 14 samples of the sentence 'Joe took

"

father's shoe bench out." spoken by each of the subjects. Their in-

structions were :

"You will hear the sentence 'Joe took father's shoe bench out.'
spoken by each of the 14 subjects involved in this experiment.
Indicate below your own voice by the letter 'M', your partners

voice with a 'P', and a strange voice by 'S'."

Like the language test, this measures the subjects sensitivity to dif-
fuse differences, but, in this case, the differences are a function of
the idiosyncrasies in the subject's speech pattern and not of the parti-

cular language.

3.32 VOWEL AND CONSONANT DISCRIMINATION TESTS

Testing the subjects' ability to discriminate between two differ-
ent phonemes gives a measure of the loss in perceptual sensitivity re-
sulting from the spectral transformation. One could, just as easily,
use another set of stimuli other than phonemes for measuring sensitiv-
ity, but this set is also related, in theory, to the sounds in a lang-
uage. Determining the ability, or lack of ability, to make discrimina-
tion judgments is analogous to diagnosing a hearing defect. In fact,
the idea and content of these tests was taken from the speech diagnos-
tic tests of Robbins (1948). These tests try to answer the question

"Which sounds can no longer be discriminated?".

Subjects were presented with 50 three word triplets at a rate of

one triplet every 5 seconds. Two of the three words were identical, and
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the third contained one phoneme which differed. In the consonant test,
a typical triplet was 'girl, girl, curl'. The instructions for these

tests were

"You will hear groups of three words each. Indicate which of the
three words is different from the other two by writing a 1, 2,

or 3."

Since there are 22 English vowel phonemes, including diphthongs, in the
International Phonetic Alphabet, it would have required 231 triplets to
completely test for all possible discrimination. Only a selected repre-

sentative sample was used because of the limited testing time.

A third discrimination test, listed as an ABX Vowel Control test
in Table 3.3a, was used to examine the effects of stimuli ordering in
the consonant and vowel tests. This test contained the eight triplets
which were most frequently not discriminated on the vowel test of the
first session repeated six times with every possible ordering. For a
given pair of words "A" and "B", the six triplets, AAB, ABA, BAA, BBA,
BAB, and ABB, were generated. A statistical analysis of the results us-
ing the Friedman two-way analysis of variance (Siegel 1956, p. 166)
showed that there was no significant learning during the test, that is,
subjects had the same probability of getting a triplet right at the be-
ginning as at the end. It also showed that the results were independent

of the ordering within a triplet.

3.33 VOWEL AND CONSONANT CONFUSION MATRIX TESTS

It is well known that with a set of acoustic stimuli subjects can
distinguish many niore than they can identify. The major difference be-
tween discrimination and identification is that in the former the two
stimuli are immediately available in short-term memory while in the lat-
ter the subject must remember a set of reference sounds. Thus, the task
of identifying speectrally transformed phonemes is related to being able to
remember the new sound patterns. The fact that the sounds of speech, in
contrast to an abstract set of sounds, are retained and do not obey

Miller's magic number "seven plus or minus two' has been explained on

—
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the basis of overlearning. It is therefore interesting to see if the

spectrally transformed phonemes can be remembered.

In the vowel matrix test, subjects were presented with a sequence
of 22 words in the form /b V t/ at a rate of one every five seconds.
The set of stimulil consisted of 'beet", "boot'", 'boat', '"bate'", "bat",
"but", "bit", "bet', "bought', "Bert', and 'bite'. The consonant matrix
test consisted of a sequence of 32 syllables in the form /C a/ taken
from the following set of consonants: /b/, /d/, /g/, /v/, /t/, /k/, /f/,
e/, Isl, IS/, Iv/, I, /z/, /3/, /m/, and /n/. This is the same set

used in the analogous experiment of Miller and Nicely (1955), thus allow-

ing their results to be compared those obtained with the transformation.

The instruction given the subjects were:

"You will hear a series of words chosen from the following group.

For each word you hear, put a cross in the box of the word spoken."

The instructions specifically ask subjects to indicate the word spoken
and not the word perceived. The intention was to avoid the problem of

being able to willfully shift the perception of a word, as for example,

being able to perceive the spoken word 'boot' as either "boot' or "beet'.

(See 8ection 4.23) If the subjects did not understand this phenomenon
they would merely indicate the perceived word which they would equate as
the spoken word; but if they were aware of the fact that they could
change the perception they would indicate the word they thought was
spoken without having to resolve the ambiguity in perception.

The test results, in addition to giving a measure of the ability
to identify phonemes, provide the data for creating confusion matrices.
In the Miller and Nicely experiment, the matrices showed that the confu-
sion errors followed a definite pattern and that a feature discription
of the errors was a useful structure. In other words, the error pattern
is a way of determining if there are any physical and perceptual corre-
lates of a hypothesized 'feature set'. For example, if a voiced phoneme

is never confused with its unvoiced counterpart, such as /f/ and /v/,

=
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then it may be said that there is both a physical and perceptual mani-
festation of the voicing-nonvoicing feature which is unaffected by the
transformation. The converse, however, is not necessarily true; the
lack of invariance does not prove that there is no feature since the

transformation might have destroyed it.

3.34 UNVOICED PLOSIVE TEST

In order to explore the effects of the transformation on conso-
nants within the same class, i.e. consonants with the same mode of ar-
ticulation but different place of articulation, a special test was given
to examine the perceptual behavior of the unvoiced plosive stop conso-
nants in the initial position with different vowel contexts. On the
first and last sessions, subjects were given a sequence 60 monosyllabic
words with either a /p/, /t/ or /k/ as the initial sound. On their test
paper appeared three possible choices for each stimulus word, e.g. for
the stimulus '"pole'" there appeared ''pole', "toll" and ''coal' as choices.

Their instructioms were

"You will hear a series of words. For each word underline the

word spoken from the group listed below."

The second phoneme was varied from the ten choices, /o/, /i/, /= /, /2/,
/€], Iu/, /1/, lel/, /A/, and /P/. The manifestation of the plosive con-
sonant is essentially a perturbation on the reighboring vowel, so that
the vowel context should be important. This test is identical to the
consonant matrix test except the consonant set is only three and the ef-
fect of the vowel context is explored.

]

During the other sessions, a different version of the plosive
test was given in place of the above since that one was too long and it
neither measured the subjects' ability to discriminate phonemes nor de-
termined if an acoustic context could enhance perception. The vowel con-
text was limited to only four vowels two back and two fromt, /u/, /2/,
/€4, and /I/. Part I contained a sequence of 24 triplets, like those
used in the ABX discrimination tests, with each of the four vowels used

twice. The instructions were:
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"You will hear a series of three words each. Indicate which of
the three is different from the other two by writing a 1, 2, or
3."

Part II contained a limited version of the plosive test given on the
first and last sessions using only four vowels. There were 12 stimuli

with the instructions:

"You will hear a series of single words. Underline one of three

words from each group that corresponds to the word spoken."

Part III was identical to Part II except that the stimulus word was pre-
ceded by a carrier, or introductory, sentence. See the next Section fora

discussion of carrier sentences. The instructims for this part were:

"You will hear a series of single words similar to the above
group, except this time the word will be preceded by the sentence

'underline the word spoken'."

3.35 MATCHED VOWEL TEST

A special vowel test was given in an attempt to examine in more
detail the learning of spectrally transformed vowels. A group of word
pairs, with the property that one word of the pair was perceived by na-
ive subjects as the second word when spoken in the transformed medium,
was found. For example, inexperienced listeners perceive the word "we"
as "you". As a measure of the quality of the matching, it was found
that the average score for naive subjects was approximately 12% even
though random guessing would have produced a 50% score. Usirg this kind
of stimulus set maximizes the likelihood of choosing the wrong response

if one has not yet '"adapted" to the medium.

In Part I, subjects were given the following instructions:

"You will hear a series of words each of which appears as one

part of the following pairs. Underlire the word spoken.”
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The stimulus words, in Part II, were preceded by a carrier sentence.

The instructions were

"You will hear a series of words similar to the above group,
except this time each word will be preceded by the sentence

'Underline the word spoken'."

This part of the test is somewhat similar to those used in the experi-
ments with synthetic speech, where it was shown that the perception of a
stimulus word could be changed by the formant range of the carrier sen-
tence (Fourcin 1968; Ladefoged and Broadbent 1957). In the experiment
described by Fourcin the word '"Hello'" when spoken by a man, woman, and
child influenced the perception of /b/ and /d/ (forced choice);
Ladefoged and Broadbent showed that the range of the first and second
formant in the carrier sentence 'Please say what word this is.' deter-
mined if a stimulus word in the form /b V t/ was heard as 'bit", 'bat",
"bet", "but". The carrier sentence in the match vowel test is effec-
tively determining if the carrier sentence provides a reference context
which can be used to enhance identification. Since, under some condi-
tion, perception seems to be under the listener's control, the context
might provide a strong cue to resolve the ambiguity created by being
able to wilifully shift perception.

3.36 WORD TESTS

Recognizing a word is the next level of complexity above identi-
fying phonemes since it requires, or allows, the use of an internal dic-
tionary. Word perception is not merely the sum of perceiving the indiv-
idual phonemes fcr two reasons. irst, phonemes do not occur in isola-
tion and co-articulation effects modify phonemes considerably. Second,
cues, such the number of syllables, accent, and context, limit the num-
ber of meaningful words which would be acceptable. These factors 1aflu-
ence perception so that ambiguities arising from ezroneous phonetic cues
can be successfully resolved. With words, the percept is no longer com-

pletely dependent on the acoustic stimulus.
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For the purpose of testing, words may be classified on the basis
of their length since this i1s a cue which is clearly unaffected by the
transformation. The words in the one- and two-syllable tests, taken
from the Harvard PB lists (Egan 1948), had the same number of syllables
(length) and no extra context cues. In the absence of context, prob-
ébility of occurrence acts in much the same way as context because, ac-
cording to Ziph's law (1949), the probability is generally a function
of the number of syllables.

The two-syllable words were all two-word combinations, such as
"houseboat', 'blackboard", and "firefly'". These '"spondees", having homo-
geneous audibility, are all characterized by reaching the threshold of
hearing within a very narrow range of intensity and have often been used
to determine the threshold of hearing. Moreover, neither syllable is
heavily accented. The one-syllable word lists did not contain any rare
or unfamiliar words and, if conditions were chosen so that the average
articulation score was 50%, very few of the words would be extremely dif-
ficult or extrememly easy to perceive. Also, the distribution of pho-
nemes approximated normal English. The disadvantages of using these
lists arediscussed in Section 5.1. Each of the tests contained 20 stimu-
lus words, presented at a rate of one every 5 seconds, and the instruc-

tions:
"You will hear (one) (two) -syllable words. Write each of them."

The stimuli in the geographic names test, in contrast to the word
tests, contain cues based on the number of syllables, accent, and cate-
gorization. The names are the more common cities, states and countries,
which represent a large but limited set. The results of this test when
compared to those of the word tests demonstrate the importance of the
extra cues. This test contained 20 names, present at a rate of one every

10 seconds, and the instructions:

"You will hear the names of cities, stategand countries. Write

each of them."
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The words-with-categories test, like the geographic names test,
attempted to measure directly the effect of knowing the context. Four
sets of 10 words with common categories, consisting of household furni-
ture, vegetaktles, colors, and parts of the body, were selected. On ses-
sion eight 20 words composed of a mixture of the four categories were

given in test which had the instructions:
"You will hear a series of words. Write each of them."

The tests on sessions nine and ten, however, contained the separate

groups with the instructions:

"You will hear the names of (various parts of the body) (household

furniture) (vegetables) (colors). Write each of them."

This allows the results to be compared under the two conditions: knowing
the category to which the werd belonged and not knowing the category.

In theory, these tests served the same function as the geographic names
test: namely, assessing the importance of non-acoustic cues on percep-

tion under conditions of spectral transformation.

The words-in-context test, given on session seven, was somewhat
similar to the above except that the context was a sentence. Subjects
heard a complete spectrally transformed sentence and which was printed
on their paper with one major content word, generally the last, omitted.

Their instructions were:

"You will hear sentences as shown below. Fill in the missing

word."

The sentences were taken from the specially generated set which has been
used on articulation studies and might appear to be somewhat obscure, as
for example, "A true saint is lean, but quite human.". The difficulty
in using this kind of test is that the relationship between comprehen-

sion and the sentence content (and structure) cannot be evaluated.
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Another words-in-context test, given on session five, explored
the effect of an acoustic carrier sentence on comprehension. The stimu-
lus words were the same as those used in the two-syllable tests and the

instructions were:

"You will hear two-syllable words precaded by the sentence 'Write
down the word spoken.' Write down the word following the sen-

tence."

This test served the identical purpose as the other carrier-sentence

tests, mentioned in Sections 3.34 and 3.35.

Cne of the major difficulties with these tests was that the
limited time allowed for word comprehension testing required that only
one test be given on each session. However , a test which was a good
measure of performance should have been given relatively often in order
to gain useable estimatesof learning, but a test whose results were con-
clusive and did not change with additional practice should have only
been given & few times, preferably near the beginning and end of the ex-
periment. Moreover, at any given time during the experiment, a test
should have been meither so easy that all subjects performed very well,
nor so difficult that no subject accomplished the task. Unfortunately,
the experience with the pilot study created a false optimism and the ap-
propriate difficulty was not always obtained. This was especially true

with the sentence tests, as discussed in the next section.

To explore the phenomenon of learning spectrally transformed
speech requires that the tests measure, or be a function, of those per-
ceptual parameters which are changing. In one sense, this requires that
one already kncw the answer in order to find the answer. This paradox
was overcome by having a number of different kinds of tests which measure
as many variables as possible. If the experiment were to be repeated
the word tests would be modified to include others and omit some of those

given.
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3.37 SENTENCE TESTS

Comprehension in normal speech communications is more than the
transmigsion of words; rather, it is the transmission of the ideas sym-
bolized by the words and structure of the sentence. Because the inter-
relations between the words in a sentence are determined by the allow-
able syntactic structure and the semantic constraints, and because
these aspects «f communications are known by the listener, as well as
the speaker, of a language, it is not unreasonable to expect that the
cognitive processing of speech incorporates this knowledge to influence
perception. Thus, any realistic hypothesis of speech perception must
consider the semantics and syntax to be & set of conditions imposed on

the perceptual response to the acoustic wave.

Using sentences to measure comprehension poses a difficult prob-
lem, namely, trying to use a stimulus which is not understvuod to measure
a phenomenon which is not understood. For exzmple, in making up a test
for measuring comprehension unc :r some condition, say spectral transfor-
mation, it is desirable to find a set of sentences which would be
equally easy to perceive, yet, one cannot equate two sentences on the
basis of difficulty unless one knows how the sentences are processed.
Sentences, however, have the advantage of being a stimulus which is prob-
ably much more related to "essence" of communication than are isolated

words.

There were three kinds of tests used in the experiment. The
first set consisted of ten unrelated sentences with an average of five

content words and three function words. The instructions were:

"You will hear sentences repeated twice. Write down as much as

you understand."

The sentences were repeated twice so that on the first listening the
subjects would have time to absorb the stimulus as a unit and on the
second listening they would write it word for word. Also, words per-
ceived at the end of the sentence enhanced perception of the initial

part of the sentence on the second presentation.

~
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The original experimental design called for this type of test to
be given throughout the experiment, but the performance level after the
first week of the main experiment was so low that it was decided to use
other kinds of tests. The design error was the result of an unrealistic
expectation based on the experience with the twins in the pilot study.
The purpose of the pilot study was to obtain an indication of the rela-
tive rate of learning and the relative diificult of the tests which
should be used. Once the miscalculation became apparent, a second type

of sentence test was introduced on session five.

In the second series of tests, the sentences in each session all
contained the same initial clause. It was hoped that knowing the first
part of a sentence would allow the subjects to ''drift into the main

clause'. The instructiomswere:

"You will hear sentences repeated twice. Write down as much of
the second part as you understand. Each sentence begins with
the phrase ('Because the weather was warm,')('During the month

of May, ') ('Because school was closed,')."

The third series of tests was similar to the first series, except
that the sentences formed a small story with each sentence relating to
the previous one. This paragraph, in one sense, is a stimulus which is
one level of complexity above single sentences. In a sentence, each
word is embedded in the context of the neighboring words; in the para-
graph, each sentence itself is in a context created by the theme of the
sentences. Therefore, this test is an approximation to conversation.

Subjects were given the instructions:

"The following ten sentences are taken from a conversation be-
tween (two students on a Friday afternoon)(an automobile sales-
man and a prospective customer)(a young couple and a travel
agent). The sentences will be spoken twice, the first time
just listen to the conversation. The second time you will be

given enough time to write each sentence."

\\~“-
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On the first presentation the sentences were read without any pauses
so that the subjects could listen to the general content, thereby
acquiring the context or theme of the paragraph. The subjects were

given enough time to write each sentence on the second presentation.

If the experiment were to be repeated, the three kinds of sen-
tence tests would be interwoven instead of being given in groups. That
is, the unrelated sentence tests should have been given on sessions

one, four, seven, and ten, rather than on sessions one through four.
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CHAPTER IV

PERCEPTION OF TRANSFORMED SPEECH

Phonemes, as linguistic building blocks, are symbolic elements
which can be used to generate or transcribe speech. In much the same
fashion, letters are elements in the alphabet set used to represent the
visual analogue of speech in printed text. To a linguist a phoneme is
a set of sounds, allophones, which "show characteristic patterns of dis-
tribution in the dialect or language under consideration' (Gleason 1955,
P. 261). The concept of a phoneme as a set of sounds permits the ini-
tial, medial and terminal sounds associated with the graphic symbol 'p"
to be called the phoneme /p/ even though the sounds in the three posi-
tions are neither the same nor interchangeable. The definition of a
phoneme is really a matter of pragmatism based on the notion that only
by substituting a given phoneme with another phoneme can the meaning of

a word be changed.

As one of the first steps towards understanding the perception of
speech, the acoustic, perceptual and articulatory properties of phonemes
have been extensively investigated during the last decade. Implicit in
this approach is the assumption that the phoneme and its phonetic cues
have a perceptual reality in normal conversational speech. It cannot be
denied that the phoneme may well have a perceptual reality when used as
an isolated stimulus in a context-free environment, but its role in the
cognitive processing of normal speech has yet to be determined. The re-
sults described in this chapter are directed towards understanding the
perceptual behavior of phonemes under the conditions of spectral trans-
formation; however, the purpose of establishing, in great detail, the
nature of this behavior is tc be able to show in Chapters V and VI that
the phoneme performance is not the basis for learning to understand

spectrally inverted conversational speech.

4.1 PHONETIC CUES AND DISTINCTIVE FEATURES

The process of characterizing phonemes is one of assigning
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attributes to the physical manifestation of perceptual elements. As an
ultimate goal, it would be desirable to establish a working definition

of a phoneme which would allow & given physical stimulus to be classi-
fied on the basis of perception. Such a definition, in all probability,
would be based on the cognitive mechanisms which cause a given sound

unit to be perceived as a particular phoneme, or at least, with phonemes
in isolation. However, this kind of approach regresses to the necessary-

and-sufficient notion abandoned in Section 1.1.

An alternative and more prevalent viewpoint is to use the theore-
tical linguistic framework of "distinctive features'. A set of distinc-
tive features are a group of attributes which specify each phoneme in a
language. Every phoneme in the linguistic set either contains, or does
not contain, a particular feature and is marked with a + or - accord-
ingly. No two phonemes have the same features. Although it was origin-
ally attempted to describe each binary attribute in terms of articula-
tion, perception, and the acoustic manifestation (Jakobson, Fant, and
Halle 1965), the feature set was later modified to simplify the tramns-
formational phonology of English and "universal" language. As a result,
the relationship between distinctive features and the non-linguistic

domains was considerably weakened (Chomsky and Halle 1968, cht. 7).

The binary feature concept, when applied to perception, has often
been criticized, but Halle (1957) justifies the use of a binary rather
than continuous space on the basis of the intended purpose of the fea-
ture system, namely, linguistics. While the linguists have become more
conservative in the ways in which they are willing to use distinctive
features, the psychologists have been incorporating this notion, more
and nore, into the design and analysis of experiments. Perhaps the ap-
parent paradox of using linguistic features in a non-linguistic situa-
tion is best exemplified by the following comment of Denes (Hirsh 1966,
p.112). "That is a question I ask him almost every time I see him
(Jakobson), and after listening to his reply I am satisfied that I under-
stand how he reconciles an acoustic definition of an essentially linguis-

tic event. But a few days later all my doubts are back again."
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Experimenters have tried, with varying degree of success, to re-
late the Halle feature system to perceptual correlates, acoustic para-
meters, and universals of articulation. Usually one is forced to modify
the original set in order to apply it in a particular experiment. In
the discussions on transformed vowels and consonants the notion of fea-
tures is used but only when it can be demonstrated that this way of

classifying the data reflects an underlying perceptual reality.

4.2 VOWEL PERCEPTION

4.21  UNTRANSFORMED VOWELS

Vowels, a subset of the phonemic classification of linguistic
elements, distinguish themselves from consonants by the way in which
they are produced. In each case, vocal cord modulation excites a mouth
cavity which has no constrictions greater than that produced with the
high vowels /i/ and /u/. The acoustic properties of the vowels can
easily be modeled by viewing the mouth as a filter whose resonances are
varied by changing the cavities created by the tongue (Fant 1960,
cht. 1). Because of the predictable relationship between the filtering
characteristics of the mouth and the spectrum of the sound wave, the
acoustic nature of vowels is fairly well understood. The acoustic vari-
ables are usually specified by the frequencies of the resonance peaks,
or formants, and by the bandwidth or damping of each resonance. Since
the formant frequencies and amplitudes can be continuously varied from
one vowel to another, there are an infinite number of vowel sounds that
could be produced. In any given language, however, there are a limited
number of phonetically defined vowels, but the difficulty that phoneti-
cians have had in defining a unique set of English vowels with rules to
determine how a given sound should be categorized attests to the lack of

clear distinctions between similar vowels (Gleason 1955, p. 318).

Peterson and Barney (1952) reported that listeners classify
vowels in isolation by the formant frequencies, although there was a
significant overlap between neighboring vowels. Identification of

vowels in context shows a more complex behavior. Using synthesized
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speech samples, Stevens (1966) showed that the perception of the vowel
in the word /b V 1/ is significantly different from the same vowel seg-
ment in isolation. In a similar experiment, Lindblom and Studdert-
Kennedy (1967) demonstrated that the identity of a vowel sound in a
semi-vowel context is determined not only by the formants in mid-sylla-
ble but also by the direction and rate of transition. A consonant con-
text, in addition to affecting perception of synthetic speech vowels,
changes the fundamental frequency, loudness and duration in natural

speech (House and Fairbanks 1953).

The formant pattern required for the perception of a vowel 1is
relative rather than absolute. Shifting the formants by a fixed ratio,
as is the case with vowels spoken by adult males compared to those of
children, does not significantly change perception (Stevens and House,
1966). Moreover, Ladefoged ard Broadbent (1957) showed that the percep-
tion of a vowel in the context /b V t/ could be made to be /bit/, /bet/,
/bat/, or /but/ by varying the formant range of the vowels in the intro-
ductory sentences preceeding the test word. Further evidence of the
non-categorical nature of vowels was given by Stevens, Ohman, Studdert-
Kennedy, and Liberman (1964) in an experiment which demonstrated that
there was only a slight increase in discriminability at the phoneme
boundaries, contrasting sharply with the analogous situation with con-
sonants. Since the slight increase in discriminability was found to be
independent of language, they reasoned that the boundaries were not lin-
guistically determined. In support of these findings, Fry, Abramson,
Eimas and Liberman (1962) found that listeners are able to discriminate
differences which are far smaller than would be needed in order to cate-
gorize a vowel and can discriminate more sounds than they can identify.
It has been shown that the auditory system is very sensitive to changes
in either formant frequencies (Flanagan 1955) or formant amplitude
(Flanagan 1957). Also, preliminary investigations indicate that speech
stimuli (consonants) are perceived better by the right ear (Shankweiler
and Studdert-Kennedy 1967), whereas, vowels and sonar signals having a
melodic base are perceived better by the left ear (Kimura 1964; Bryden
1963). These finding indicate that vowels are easily discriminable,

non-categorical and heavily dependent on the vowel and consonant context.
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The previous discussions suggest that it would be very difficult
to describe vowel perception in terms of a characteristic feature sys-
tem. There is, however, one vowel feature, tense-lax, which is not
directly related to the steady-state formant pattern, but is a function
of the manner of articulation. According to Stevens,; House and Paul
(1966), there are three acoustic correlates of this feature: 1) the for-
mant frequencies of the lax vowel are closer to those of the neutral
vowel /9/; 2) the duration of the lax vowel is shorter; and 3) the for-
mants of the tense vowel remain at their stationary values for a longer
time. The duration correlate is clearly spectrally independent, and

the other two are only somewhat affected by the spectral transformation.

The acute-grave feature (now called back-nonback), which is char-
acterized by dominant high or low frequency energy, was never considered
spectrally independent but subjects learned to compensate for the ef-

fects of the transformation.

4.22  DISCRIMINABILITY OF TRANSFORMED VOWELS

The spectral coloring of the vowels 1s changed by the system,
although they maintain their essentially vocalic nature. Initially,
some transformed vowels appear to be similar to some existing phonemes,
while others are perceived as being either a combination of two vowels
or totally alien sounds. Regardless of which phoneme a transformed
vowel appear to resemble, it is perceived as having an unnatural quality
characteristic of spectral transformation, and it is never thought to

be normal speech.

A vowel discrimination test was given on the first and last ses-
sions in order to determine if the set of vowels remained unique and
distinguishable after transformation. Since Flanagan (1955) has shown
that the JND for formant frequency differs for the first and second for-
mants and is a function of frequency, it might be possible, as a result
of a decrease in sensitivity produced by reversing the formants, for
two vowels to become indistinguishable after transformation. Determin-

ing the ability, or lack of ability, of subjects to make discrimination
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judgments is analogous to diagnosing a hearing defect with speech

sounds.

In this test, discussed in Section 3.32 subjects were presented
with sequence of 50 word-triplets. Two of the three words were identi-
cal, and the third contained a different vowel with the same consonants
as the other two words. Subjects indicated which of the three words
was different from the other two. The fact that the average score was
90% on the first session and 95% on the last session is strong proof
that the transformation did not introduce a discrimination problem.

All the vowel pairs, with a few interesting exceptions, were unanimously
judged as being different after transformation. One would have predic-

ted this based on the discussions in Section 4.21.

The difficult vowel pairs and their scores for a similar ABX test
given on session two are shown in Table 4.2a. Although these pairs were
more difficult to judge correctly, all but the last has a scorz which is
significantly above chance. The first five pairs all contain back
vowels. Apparently back vowels with a dominant band of low frequency
energy are more difficult to perceive. No explanation is offered,
although one might speculate that this results from the finer frequency
distinction required when the spectrum is rotated. For the vowels /u/
and /o/, the first formants are 250 and 360 Hz, and the second formant
are 700 and 800 Hz, based on perception with synthesized speech
(Delattre, Liberman, Cooper and Gerstman 1952). Following spectral
transformation, the first formant frequencies become 2950 and 2840, and
the second formant frequencies become 2500 and 2400 Hz. On a ratio

gcale the differences are much smaller after transformation.

% correct p<
to-tow 56 .001
fool-full 75 .001
broke-brook 58 .001
pull-pole 49 .01
shoe-show 48 .02
man-men 60 .001

well-will 30 -

EON
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Table 4.2a Word pairs which are difficult to discriminate. The percent-
age correct is based on average score for 12 subjects and "p"
is the probability that the score was the result of chance

(expected value is 337).

The difficulty with the last two pairs arises from a lack of
stress. "It is well known that a vowel that is insufficiently stressed,
in some sense, reduces to a mid or high central 'neutral' vowel"
(Chomsky and Halle 1968, p. 59). Because the position of the tongue for
the lax vowels is very similar, the spectra of the vowel sounds are not
very different. In addition, the duration of the vowel is short and the
formants may not have enough time to reach their final value. As a re-
sult, perception is very difficult since the differences are small and
one does not have much time in which to perceive whatever difference
exists. Even in the absence of spectral transformation one can perceive
the differences between the tense vowels easier than between their lax

counterparts.

It is curious to note that three of the pairs have the phoneme
/1/ for their final consonant. In combination with this phoneme, vowels
merge to form a diphthong which is perceived as a new linguistic unit.
Furthermore, if the vowel is unstressed as is the case with the pair i}
"well"~"will", the /1/ dominates the vowel contribution to the diphthong..“
The combination of a lax vowel in the presence of an /1/ explains why
the score on the last pair was equal to change. With the second and
fourth pairs, the vowel was tense and the diphthongs created were pre-
ceptually different. The phonemes /1/ and /r/ are, from an acoustic

view, sufficiently similar to the vowels to be included with them.

The author found, using himself as a subject, that with extensive
practice on these pairs one could learn to hear a difference, albeit a
small one. Also, when tﬁe test was repeated on the last session sub-
jects only made half as many errors as they did on the first test. For
this reason, it is felt that the vowels remain completely distinguish-

able once the listener knows how to hear the differences.
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4.23 CONFUSIONS OF TRANSFORMED VOWELS

Being able to distinguish the different vowel sounds does not
mean that one can either recognize or remember them; moreover, with an
arbitrary set of stimuli, of which transformed vowels might be an ex-
ample, subjects can distinguish an almost infinite variety of sounds,
whereas they can only identify about seven correctly (Miller 1956a).
In the vowel recognition test, discussed in detail in Section 3.33,
subjects were presented with a sequence of words in the form /b V t/
and were requested to judge which of the 11 possible choices had been
spoken. From this data, a matrix showing the confusions between the
vowel spoken and the vowel perceived was generated. By grouping the
data in the large matrix into smaller matrices based on feature class,
one can check for the existence of acoustic and perceptual correlates
of transformed speech. Various reduced matrices for the data from ses-

sion one are shown in Table 4.2b.

The distinctive-feature tense-lax, as shown in part (A) of the
table, exists and is spectrally independent. Of all the features, this
one has been highly defined in terms of the production, perception and

acoustic domains. A tense phoneme, by definition, is executed with a

"deliberate, accurate maximally distinct gesture that involves consider~ ..

L

able muscular effort; nontense sounds are produced rapidly and somewhat
indistinctly"” (Chomsky and Halle 1968, p. 324). A temse vowel is longer
in duration and often more intense than its lax counterpart. In the
recognition test, the tense vowels had an average duration of 215 milli-
seconds, compared to 175 for the lax; the relative average intensity was
5.5 for teuse and 4.5 for lax. The increased subglottal pressure in

the production of tense vowels is directly related to the duration
(Jakobson 1962) and often to the pitch (Ladefoged and McKinney 1963).
Since duration and intensity are spectrally independent, it is not sur-
prising that subjects perceive the difference between those vowels which
are tense and those which are lax. The average number of errors in this

feature, as shown on Graph 4.2b, decreased from 22% on the first session
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Tense Lax Front Back
Tense 16 24 Front | 50
c [ =l
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Y Lax 37 82 Y Back 51 14
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/ Perceived Perceived
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Front 9 27 High 38 27 5
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Central 26 21 2 Mediuvm 25 42 9
8
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() Low Il 23 22
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TABLE 4.2b REDUCED VOWEL CONFUSION MATRICES FOR SESSION ONE. ~\__
(A) Tense-lax.

Tense = beet, boot, boat, bate
Lax = bat, bet, but, bit

(B) Front-back with tense feature.
Front = beet, bate
Back = boot, boat

(C) Front-central with lax feature.
Front.= bit, bet
Central = but, bat

(D) High-medium-low, relative position of tongue.
High = boot, beet
Medium = bate, but, boat
Low = bat, bawt
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to 5% on the last session.* Thus, even on the first session, where the
average number of sbsolutely correct answers was equal to chance, the

tense-lax distinction was made.

In addition to a greater duration, a tense vowel is produced with
a greater deviation from the neutral position of the vceal tract; and
consequently the spectrum of the tense vowel shows a greater difference
from the spectrum of the neutral vowel /3/. Furthermore, "tense vowels
have the duration needed for the production of the most clear-cut, opti-
mal vowels, and in relation to them the lax vowels appear as quantita-
tively and qualitatively reduced, obscured, and deflected from their
tense counterpart toward the neutral formant pattern" (Jakobson 1962,
p. 552). This manifests itself by the fact that the tense vowels are
consistently easier to identify correctly than the lax vowels, as shown
in Graph 4.2a. The average score for correct identification of a lax
vowel is asymptotic at 30% and reaches that value by session 6, whereas
the average score for the tense vowels continues to increase with a

final value of 60%Z on the last session.

Miller (1956b) also showed that the tense-lax feature resists dis-
tortion. In his experiment, he found that there were essenﬁially no
confusion between tense and lax vowels when listeners were presented

with word in form /h V d/ which had been low-pass filtered to 670 Hz.

When the confusion matrix data from session one ig reduced to
the feature back-nonback (originally grave-acute) it reveals that this
feature is spectrally distinct although not spectrally independent.
Vowels with the back feature are produced by retracting the body of the
tongue from the neutral position (Chomsky and Halle 1968, p. 304); and
Delattre (1951) has shown that this corresponds to a lowering of the
second formant. Clearly this feature is dependent on the shape of the

spectrum of the vowel.

*Many of the calculations for the vowels omit subject pairs 1 and 2,
since they never learned to perceive the vowels correctly. Including
their results masks the point being made. The tense-lax errors become
35% and 12% rather than the 22% and 5%. This is discussed in Section
4,25,
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On session one, the two front vowels in 'beet'" and '"bate' were
perceived as the back vowel in 'boat'; the two back vowels in "boot"
and "boat" were perceived as the front vowel in 'beet'". The judgments
of back-nonback with vowels which also contained the tense feature were
almost unanimous as can be seen in part (B) of Table 4.2b. Tkis phenom-
enon is easily explained by the effect of the transformation on the more
important second formant. For the vowel /u/ it is typically 800 Hz, and
for the vowel /i/ it is 2200 Hz (Peterson and Barney 1952). The front
and back vowels are acoustically reversed by the spectral rotation, and
therefore perception is interchanged. The average correct score for

this feature on session one was a mere 13%.

The most astonishing phenomenon was observed when the test was
given a second time on session three. After only an hour of practice
using the transformed meédium, subjects compensated for the effect of
the transform on the back-nonback feature and were able to perceive it
correctly. The score on that session and all following sessions ap-
proached 100%.* This means that the perception of this feature is suf-
ficiently plastic to allow for a complete reversal. No other sensory
transformation has demonstrated such a rapid and complete compensation

for pattern distortion (Harris 1965).

The compensation for the transformation immediately raises the
question of what cues the subjects are using to re-invert the perceived
spectrum. Firstly, subjects were told in the instruction to write down
the word they thought was spoken. It 1is, therefore, not clear if the
subjects actually perceived "boat' when "beet'" was spoken, or if they
knew, consciously or unconsciously, that, because of the alien nature
of the sound, it must have been transformed and therefore the reverse
of what it appeared to be. The author found that he could willfully
perceive either "boat" or "beet" when the latter was spoken. This is
discussed again in Section 4.24. Secondly, the sequence of test words

provided a kind of context against which the subjects can reference a

*Subject pairs 1 and 2 are omitted since they never corrected for the
transformation.
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test word. Ladefoged and Broadbent (1957) showed that the perception
of /b V t/ test words could be changed simply by changing the range of
the formants in the introductory carrier sentence. Stevens and House
(1966) suggest that a vowel sound is referenced against the triangle
formed by the three extreme vowels /u/, /a/ and /i/. Even though the
explanation for the phenomenon is not clear, one can say that the vowel

system is flexible and adapts to spectral transformation.

The analogous situation also occurs with the lax vowels, except
that it is not as pronounced. Part (C) of Table 4.2b shows that there
is a tendency for the lax front vowels to be perceived as central, but
the central vowels are perceived equally as front and central. The per-
ception of the back-nonback feature shows a similar reversal only much
diminished. Graph 4.2b shows that the average score improves from 427
on session one to 71Z on session three. The explanation is most likely
based on the fact that the lax vowels are not very distinct since their
spectra are very similar. This was also illustrated by the difficulty
in distinguishing "men" and "man" on the previously mentioned discrimin-
ation test. Furthermore, since the lax vowels are short in duration,
the formants never actual reach their final value. With normal speech,
perception of the lax vowels results from extrapclating the final for-
mant values by the rate and direction of the formants during the transi- ,
tions to and from the neighboring phonemes. As will later be shown with
consonants in Section 4.33, the ability to extrapolate the transition is

severely impaired by the transformation.

Reducing the confusion matrix data with other features showed no
significant perceptual correlates. One of these, degree of closure of
the mouth cavity, is shown in part (D) of Table 4.2b. It does show,
however, that the spectral transformation produces a shift in the direc-
tion of the high vowels. The major difference between vowels made with
the tongue near the palate and those made with the tongue below the neu-
tral position is simply the location of the first formant (Delattre
1951). For the high vowels it is as low as 160 Hz and for the low vowels
it is about 600 Hz. It is hard to see how spectral transformation,
which shifts these formants to 3040 and 2600 Hz, respectively, could
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tend to make them be perceived as vowels with a low first formant. The
explanation might lie with the behavior of the third formant, although
this has not been investigated.

4,24 VOWEL INSTABILITY AND PHONETIC DICTIONARY

During the exploratory investigation of the transformed medium,
the author attempted to create a phonetic dictionary showing how each
phoneme was changed by the system. Even when a transformed sound was
perceived as being similar to an existing phoneme, the perception could
be shifted to the untransformed sound. The word 'we', for example,
could be perceived as its transformed equivalent "you'", or it could be
perceived as the word "we'. Other vowel phonemes were often perceived
as combinations of other phonemes. Because the perception of trans-
formed speech appears to be under the listener's control, and because
the phonetic alphabet contains only a limited number of entries without
any rules for classifying unnatural sound, an exact phonetic mapping is
very difficult or impossible to create. For some phonemes an equiva-

lent representation was found, as shown in Tables 4.2¢c and 4.2d.

The plasticity in the perception of linguistic elements was also
illustrated by Warren (1961) in an experiment in which listeners were
presented with a continuously repeating test word. The word "tree', e
for example, during the course of the repetitions was heard as "tress'", \\“‘
"press'", "terez'", "prez", '"stress", and "teress'". The semantic unity
of the sound pattern disintegrated and allowed for new words to appear
even though this required suppression, substitution, or addition of a
new phoneme. Although this experiment is not directly related to the
phenomenon observed with transformed speech, it does confirm the assump-
tion that the auditory system is somewhat unstable in the perception of

a linguistic sound pattern which contains no semantic information.

The switching perception of linguistic elements has several vis-
ual analogies. The "Necker cube" and the "Peter-Paul Goblet" are two
figures which are perceived in two possible ways (Neisser 1967, pp. 90
and 144). 1In the former the figure changes perspective, in the latter
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it changes in identity. Ambiguities in the perception of context-free

stimuli exist in both the visual and auditory sensory modes.

One might assume that if one could pronounce a phoneme so that
its spectrum was the reverse of what it should be then the system would
rotate the spectrum so that the sound would appear normal. Subjects
reasoned, incorrectly, that they could learn a phonetic transformation
by imitating the sounds they heard when normal English was spectrally
transformed. A subject would say "we' and hear "you" in his headphones;
he then would say "you' whenever he wanted to communicate the word 'we"
to his partner. Although some subjects spent several hours trying to
master this technique, they were forced to abandon it due to a lack of
successful communication. The difficulty in using a phonetic transfor-
mction is expiained by the lack of a one-to-one correspondence between
a phoneme and its acoustic manifestation, and by the difficulty in

mimicking a sound.

Richey (1968), in order to demonstrate spectral rotation as a
privacy device for telephone conversations, created a phonetic diction-
ary which he used to speak in manner such that the resulting sound would
appear normal after being spectrally transformed. After much practice,
he had mastered this technique to the point where he could talk reason-
ably fluently. Unfortunately, his dictionary is no longer available
and only the transcriptions of the nursery rhyme "Mary had a little
lamb" and counting 'one, two, three,.....ten'" remain (Richey 1936).

The dictionary of vowels, shown in Table 4.2c, was extracted from those

transcriptions.

Although some phonemes occur in matched pairs, as illustrated,
for example, by the fact that /i/ is perceived when /u/ is spoken and
/u/ is perceived whn /i/ is spoken, many others do not. The phonemes
/or/ is heard when /€Y/ is produced, but /E¥/ is heard when /ar/ rather
than /JOr/ is produced. In this case the mapping is unilateral. Almost
all the lax vowels are not bilateral and the choice of mapping appears
to be dependent on the phonetic context in which the vowel occurs. The

great variety of lax vowel pairs makes one wonder if there exists an
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| / English Spoken English Spoken
r Phoneme  Phoneme Word Word
al ol nine malm
al av white yout
- o1 g0 gay Diphthongs
el ovu ate ohp
- 3ri 211 Mary Noyl
| j little ylippy
| ‘/ | il lamb ylond Semi-vowels
: | | fleece fludes
;&“\\ w j went yump
: J . . . . . . . . . . . . . . . . .
‘ £ A ten pun
1 I little ylippy
I A six sUX
) ® A and Hmb
| A € won yen o
. A ouU a oh Lax vowels
€ % every adjew )
3 u the thoo
) o as oz
Er ar where yahrr
ar Er for fair
u L to pee
L u three thru Tense vowels

TABLE 4.2c PHONETIC DICTIONARY FOR SPEAKING TRANSFORMED SPEECH.
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algorithm which yields the correct choice, or whether the choice does
not matter very much. It is not obvious that an incorrect choice of a
lax vowel would be perceived if the speaker maintained the right articu-
lation rate and stress pattern. Unlike the lax vowels, the tense pho-
nemes and diphthongs show a more clearcut bilateral mapping. The three
pairs, /i/++/u/, /el/++/oU/, and /w/+*/4/ are bilateral.

Context dependence is also exemplificd by the many phonemes or
phoneme pairs which are perceived as one sound. One hears the phoneme
/al/ when either /2l/ or /aU/ is spoken following an /m/ or /j/ respec-
tively. The most complex phoneme in the dictionary is the semi-vowel
/1/. The /1/ sound is created after spectral transformation by pro-
nouncing /3j/, /1/, or /jl/; but pronouncing /0I1/ creates the sound
/€ri/ which is not related to any of the three sounds which were used to
create the /1/. The implication of this phenomenon is that speech can-
not be treated as a sequence of perceptually distinct sounds which are
transformed by the system in a simple one-to-one correspondence. This
is in agreement with the general findings of speech synthesis experi-
ments which have shown that the perception and production of a phoneme
is influenced by the neighboring phonemes (Haggard and Mattingly 1968).

In particular, the phoneme /1/ seems to have as many as six allophones

and 1s almost impossible to represent with a single set of parameters .,
without including modifications for initial, medial and final position, ~\‘-.
as well as for vowel and consonant context (Haggard 1967). Thus, a dic-

tionary of transformed speech would have to include at least six entries

for the phoneme /1/.

A third vowel test, described in Section 3.35 was used to explore
some of the effects previously mentioned. A specially created set of
word pairs was selected with the characteristic that the transformed
version of one word should be perceived as the other. Subjects were
presented with one word of each pair spectrally transformed and re-
quested to indicate which word was spoken. The quality of the match
was demonstrated by the lower than chance average correct score of 127
on the first session. Of the 21 word pairs, 15 had only one or no cor-

rect responses out of a possible 12. A dictionary of perceptual mapping,
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as opposed to production mapping in Table 4.2¢, was derived from the

word pairs and is shown in Table 4.2d.

The trends are very similar to those observed by Richey; back
vowels are generally perceived as front vowels and vice versa, and the
/y/ glide becomes a /w/ glide. Chomsky and Halle (1968, p. 183) ob-
serve most tense vowels are diphtlongized or have off~glides, /w/ glides
for back vowels and /y/ glides for front vowels. Several other pho-
neme pairs were bilateral. Some of the pairs are not in agreement with
those of Richey's dictionary but this may be the resﬁlt of a different
context, or it could be simply that the mapping for prbduction and per-
ception is not the same. That 1is, approximating the perception of a
transformed English phoneme with another English phoneme may not yield
the same results as trying to produce a sound which, when transformed,

appears to be the desired English phoneme.

The phoneme pair /il/ and /0I/ appear to be bilateral in that
one is perceived as the other; however, one should note that the test
words in which these phonemes appear are not the same. This arises from
the fact that "anneal" was perceived as 'annoy', but "annoy' was not
perceived as "anneal" even though 'coy' was preceived as 'keel". Again,
it is found that /1/ is a complex sound which form diphthongs in combin- -

ation with other vowels.

To generate a complete mapping table requires far more extensive
experimentation. And furthermore, one must be careful that a subject
does not begin to learn the transformation. Since it was found that an
hour a practice significantly changed the subjects' judgments, only
truely naive listeners can be used in evaluating a phonetic transforma-

tion dictionary.

The learning pattern in the correct perception of the matched word
pairs is shown in Graph 4.2c. Notice that performance increased from a
minimum of 10% on session one to a striking 747% on session two after
only a half hour of exposure to the medium. This corresponds exactly

to the phenomenon observed in the perception of the tense front-back



Stimulus Perceived
Phoneme Phoneme
1l J1
il 21
21 L
ro ]9
jo ro
ju Wi
wi ] u
a1 ovU
av al
eI ovu
ov e1
I v
U 1
A €
u I
hir ho
ar Er
Er ar
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Stimulus

Word

Perceived
Word

boy
anngz

keel

ZOUT

raw

we

you

dﬂn
fi_nd

oat

came

could
it
pen
leap

whore

dare

more

Semi-vowels

Diphthongs

Vowels

TABLE 4.2d MATCHED VOWEL TEST GIVEN ON SESSION ONE.
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learning curve. Further practice results in a nearly perfect score.

This test was given in two parts; In part I the words were pre-
sented in isolation, in part II they followed an introductory carrier
sentence, ''Underline the word spoken''. Having an acoustic context to
which the test word can be referenced improved the performance signifi-
cantly, although not dramatically, on the first session. With the sen-
tences the score was 27%, compared to 10% without the sentences.
Ladefoged and Broadbent (1957) found that the carrier sentence could
affect perception by acting as a reference for the vowel formants in

the test word.

The sensitivity to acoustic context may be one of the strongest
cues in learning to correct for the spectral transformation. Stevens
and House (1966) speculate that formants of the extreme vowels /u/,
/a/, and /i/ are used to form a two dimensional scale that is used to
normalize other vowels. Using a normalizing approach with the vowel
triangle, Gerstman (1968) found the vowels of men, women, and children

were accurately identified.

4.3 CONSONANT PERCEPTION

4.31 UNTRANSFORMED CONSONANTS

. Consonants, unlike vowels, are much more categorical and possess
easily definable binary features. The distinguishing cues for the per-
ception of vowels are primarily spectral differences resulting from
changes in the filtering characteristics of the oral cavity. The exci-
tation source is always the modulated air stream produced by the spontan-
eous vibration of the vocal cords. With consonants, however, the pri-
mary pharynx excitation can be spontaneous voicing, non-spontaneous
voicing, or an unmodulated air stream; moreover, there can also be sec-
ondary modulation such as plosion, frication, or nasal resonance pro-

duced by the articulators within the oral cavity.

Dividing the consonants into groups with common excitation is a
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natural approach since the source differences are clearly observable in
the acoustic waveform, as well as in both the manner of articulation

and the judgments of perception. Miller and Nicely (1955) in their
classical experiment found that the confusions among 16 consonants re-
sulting from bandlimiting or adding noise were not between phonemes
which differed in the source feature, but mostly between those with the
same source feature. Most distinctive feature systems have wvery similar
source features, usually referred to as manner of articulation, voicing
and nasality, but they contain a variety of spectral or place of articu-
lation features (Wickelgren 1966). Research with the perception of syn-
thesized speech also shows that speech segments which are categorized as
having the same source feature have many acoustic parameters in common
(Cooper, Delattye, Liberman, Borst, and Gerstman 1952; Harris 1958).

The validity of dividing the phonemes into groups is confirmed by the
fact that many of the binary source features are directly implemented

on speech synthesizers (Rabiner 1968) and vocoders (Schroeder 1966).

The five groups of source features used in the discussions of
transformed speech are: unvoiced plosives, voiced plosives, unvoiced
fricatives, voiced fricatives, and nasals. Nasals are executed with an
opening to the nasal cavity, and their spectrum is similar to that of
vowels and semi-vowels, in that the pitch pulses are just filtered, but
the filtering includes the characteristic nasal resonances. Fricatives
result from a constriction in the oral cavity sufficient to create the
turbulence respdhsible for the noise quality. The voiced fricatives
also contain a periodic pitch component. The plosive phonemes are char-
acterized by a total closing of the vocal tract followed by a sudden
release of energy; their primary cues, in a simplistic sense, are the
silent stop interval and the rapid increase in sound pressure. Although
the voiced and unvoiced plosives are distinguished by the presence or
absence of vocal cord vibration, the perceptual difference is much more
dependent on the additional energy and aspiration which occurs with the

unvoiced phonemes, as well as on the duration of preceding vowel.

Using synthesized speech samples, Liberman, Delattre, Gerstman
and Cooper (1956) have shown that the tempo of the formant transitions

\ »
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is the most significant cue in being able to distinguish classes of
speech sounds. The initial phoneme of a syllable was perceived as a
voiced plosive, a semi-vowel, or a diphthong depending on the duration
of the formant transition. By increasing the transition time from 10

to 300 milliseconds in steps, while preserving the formant frequencies,
listeners judgments changed from /g£ / to /3j€/ and finally to /if£/. 1In
the initial position, increasing the onset delay between the first and
second formants changes the perception of a voiced phoneme to the un-
voiced counterpart (Liberman, Delattre, and Cooper 1958). The duration
of a silent interval with intervocalic plosives shows the same behavior;
with a shorter duration it is perceived as a /b/, with a longer duration
it is perceived as a /p/ (Liberman, Harris, Eimas, Lisker and Bastian
1961). Equally, /slIt/ can be changed to /splIt/ by inserting a silent
interval of the appropriate length (Bastian, Eimas and Liberman 1961).
In each case, the cue is temporal and, therefore, independent of the
spectral transformation. One would expect that subject would have no

additional difficulty in making these judgments with transformed speech.

The phonemes within a given class are executed with the same
source feature but differ primarily in their place of articulation. The
important acoustic cues for many of the consonants occur while the arti-
culators are rapidly approaching an orientation of constriction. The
location of the constriction determines how the accompanying vowel 1s
affected. The cues which distinguish the phonemes are the rate and di-
rection of the formant transition to and from the vowel. The difficulty
in describing the acoustic parameters of the consonants arises from the
fact that the transitions are dependent on which vowels are present.

For example, a rising second formant with the vowel /i/ is perceived as
/d/, but with the vowel /u/ it is perceiﬁed as /b/ (Delattre, Liberman
and Cooper 1955). This situation occurs with most consonants (Liberman,
Delattre, Cooper and Gerstman 1954); even some of the fricatives, which
were thought to have been distinguished by their spectral coloring, have
the formant transitions as a major cue (Delattre, Liberman and Cooper
1964). Similarly, Lisker (1957) has shown that the perception of the
semi-vowels in intervocalic position is significantly affected by chang-

ing the vowel context.
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In contrast to the perception of vowels, which is continuous, the
perception of consonants is very nearly categorical. Experiments with
synthetic speech have shown that stimuli, varied along an acoustic con-
tinuum, were virtually indistinguishable except at phoneme boundaries
(Liberman, Harris, Hoffman, and Griffith 1957). In other words, sub-
jects could distinguish two speech-like stimuli only if they could iden-
tify them as being different linguistic elements. No such peaks in dis-
crimination have been found when non-speech stimuli are used. Stevens
and Halle (1957) and others have used this observation as the basis for
the argument that there exists a speech mode of perception. After a
long exposure to a language, presumably mostly during the acquisition
stages, the ligtener develops an "acquired distinctiveness' which allows
him to divide the incoming stimuli into groups or compartments with a
unique linguistic label. The boundaries of the compartments would then
be dependent on the particular native language. 'It has been speculated
that this learning process is assisted because the listener, who is, of
course, also a generator of speech, has available to him the transforma-
tion between auditory patterns and instructions to the vocal mechanism
that give rise to these patterns' (Liberman, Cooper, Harris, MacNeilage
and Studdert-Kennedy 1967). The difficulty in making linguistic judg-
ments in a newly acquired foreign language with different parameter
boundaries for the linguistic compartments attests to the permanence and .

stability of the consonant categorization.

This has several implications for transformed speech. Since the
spectral transformation changes the formant pattern by inverting the
rising and falling transitions as well as shifting the location of the
formant, one would predict, on the basis of the stability of consonant
categorization, that listeners would never be able to learn to make cor-
rect identification of consonants which differed only in the place of
articulation. Or at least, the task would be as difficult as becoming

a fluent speaker of a foreign language.

4.32 DISCRIMINABILITY OF TRANSFORMED CONSONANTS

Consonant differences are much more difficult to perceive than
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vowel differences since consonants are low in energy content, rather
short in duration, and often owe their perceptual existence to the per-
turbations of the neighboring vowels. For example, the intensity of
/e/ is about 27 dB less than /D/ (Fletcher 1953, p. 86); the duration
of the noise burst and formant transition for the plosive phonemes is
about 50 milliseconds (Liberman, Delattre, Gerstman, and Cooper 1956)
compared to about 200 milliseconds for a tense vowel (House and
Fairbanks 1953). An ABX-type consonant discrimination test, described
in Section 3.32, was used to measure the sensitivity to phonemezﬁiffer—

ences after spectral transformation.

Subjects were presented with groups of three words, one of which
differed from the other two in that it ‘contained a different consonant
almost always in the initial position. They indicated which of the
three they perceived as being different. As shown in Graph 4.3a, the
results indicate that it is much harder to perceive the difference when
the phonemes differ in the place of articulation rather than in the
source feature. For example, "curl' and '"girl" were always perceived
as being different, whereas this was not true of "pan" and '"tan' which
were virtually indistinguishable. This phenomenon osccurred for plosives,
fricatives, nasals, and semi-vowels. The prediction of the Section 4.31

is borne out; the source feature of the consonants is more stable and

more resistant to distortion since the acoustic cues are generally non- ‘\\~___‘

spectral.

The sensitivity to consonant cues increased rather significantly
by the second time the test was given on session four and remained essen-
tially constant thereafter. In contrast to the score for the source
feature, which approaches 100%, the score for the place of articulation
feature appears to have had an upper bound of 75%. Thus, if the test is
thought of as a diagnostic measure of speech performance, one can say
that spectral transformation introduced some speaking or hearing loss,
depending on the point of view. Although the effective hearing loss
did not approach a minimum value, at least after ten hours of conversa-
tional exposure, one can not predict the score for a subject who might

have had over 1000 hours of exposure.
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The results of this test must be qualified for several reasons.
The sample words used were read by the author and they were therefore
not controlled for speaking rate, intensity, pitch, or other variations.
Although an attempt was made to keep pfonounciation constant, the natu-
ral differences which exist between the same word spoken twice would
tend to hinder correct judgments. On the other hand, excessive accentu-
ation of the dissimilar word would enhance perception of the different
phoneme. It has been shown that the intelligibility of an utterance 1is
a function of the consonant-to-vowel energy ratio (Williams, Hecker,
Stevens, and Woods 1966, p. 23). And, increasing vocal effort decreases
the intelligibility when the average intensity is held constant
(Fairbanks and Miron 1957). The difficulty in controlling for pronoun-
ciation variations using a computer or spectrograph is simply that only
some of the variables involved in speech perception are understood.

Equally, there 1is no "gtandard" pronounciation for a phoneme or syllable.

The existence of a consonant is most clearly perceived when the
sound is heard as a word with semantic content. Since subjects did not
understand the stimulus words or even attempt to categorize the segments
as linguistic elements, they were essentially judging the differences in
non-speech samples. In essence then, the test measures the ability to
perceive differences in the perturbations of the vowel formants, that
being the manifestation of many of the consonants with the same source
feature. In addition, the nature of the formant transitions is heavily
dependent on the particular vowel following the consonant (Delattre,
Liberman, and Cooper 1955); and differences between two consonants might
be perceived with some vowels and not with others. The situation is
further complicated by the fact that the perception of changing resonant
frequencies, formant transitions being an example, is very much depen-
dent on whether the listener is operating in a "gpeech mode" (Brady,
House, and Stevens 1961). Perception is significantly enhanced 1if the

elements are identified as speech sounds.

There are other cues besides the formant transitions which could
be used by the subjects in distinguishing consonants. Their energy con-

tent differs by amounts greater than the JND for loudness differences,
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although the relatively large intensity of the vowels tends to mask the
consonants. In addition, the secondary characteristics of the vowels,
such as pitch, duration and intensity, are affected differently by the

different consonants (House and Fairbanks 1953).

As a final qualification, it should be mentioned that the 3000 Hz
bandlimiting of the spectral transformation itself removes the high
frequency cues in the speech signal. This is particularly noticeable
with the unvoiced fricatives, which are often indistinguishable when
the signal is merely bandlimited, without any spectral transformation
(Heinz and Stevens 1961).

4.33 CONFUSIONS OF TRANSFORMED CONSONANTS

—

Correct identification of consonant phonemes requires that the
listener preceive all the cues and features necessary to make a unique
judgment. In contrast, discrimination of complex stimuli, such as con-
sonants, can be performed if they differ in only one binary feature or
if one feature has a different manifestation in the acoustic waveform.
Identification can never be better than discrimination and the maximum
correct score for the latter was only 83%. Nevertheless, examining the
errors made in consonant identification can give some insight into

which features resist destruction by the spectral transformation.

Subjects were given a sequence of syllables in the form /C a/
and requested to indicate which consonant was spoken. In order to com-
pare the results with spectral transformation to those with additive
noise and bandlimiting, the same 16 consonants, /p/, /t/, /x/, /v/, 14/,
/el I£], 18/, Isl, IS1, Ivl, 1%/, 2/, [3/, /m/, and /n/ of the Miller

and Nicely experiment were used. See Section 3.33 for details.

The confusion data from the test given on session one were used
to generate the reduced confusion matrices shown in Table 4.3a. Part
(A) of the table is the confusion matrix for the combined primary and
secondary source features, while parts (B) and (C) show the matrices

for these features separately. The overall error rate for confusing a
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P P F F N
n v n v
P 48 3 0 0 0
n
” P 0 43 | 8 3
(A) -
2F 3 5 6b 15 0
& n
v
F | 24 13 46 13
\"4
N 3 0 3 7 3l
Perceived Perceived
N Y, p F N
(B) N 137 23 P 114 9 3
C
% ©
w Vv 21 175 _‘g F 33 140 13
Q.
(V2]

TABLE 4.3a REDUCED CONSONANT CONFUSION MATRICES FOR SESSION ONE.

(A) primary and secondary source features.
Pn = unvoiced plosive, Pv = voiced plosive,
T unvoiced fricative, Fv = voiced fricative,

N = nasal

(B) primary source feature.

N = unvoiced, V = voiced

(C) secondary source feah.{i'e.
P = plosive, F =/"fricafive, N = nasal

;
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phoneme with one having a different source feature is only 29%; yet the
average error rate for jdentification is 77%. The source feature errors,
when further separated into primary and secondary, show that confusions
between the voicing and non-voicing feature is only 15%, and between
plosive, fricative, and nasal is 20%. This clearly indicates that, with-
out any previous exposure to spectral transformation, subjects perceived
the acoustical manifestation of the source features, but did not per-
ceive the place of articulation feature. This is in complete agreement
with the trend found in the consonant discrimination test, and also con-
firms the conclusions of Miller and Nicely (1955). They found that the
most stable feature with bandlimiting and/or additive noise was volcing-

nonvoicing; the least stable was the place of articulation.

The same data can also be used to check for the existence of other
distinctive features which have been postulated in various experiments
and theories. Duration and place of articulation have been used by
Miller and Nicely in their experiment of consonant confusions; openness
of the vocal tract and place of articulation were used by Wickelgren
(1966) in his experiment of confusions in short-term memory during re-
call; strident, grave, diffuse, and continuant have been used in the
linguistically based distinctive-feature system (Jakobson, Fant, and
Halle 1965). However, since most of the consonants have been shown to
have no acoustically invariant cue (Liberman, Cooper, Shankweiler, and
Studdert-Kennedy 1967), it would be surprising to find any consistent

pattern in the confusions of spectrally transformed consonants.

It has, however, been found that the locus of the second formant
does appear to be somewhat independent of the phonemic context. The
/d/ seems to have an imaginary 1800 Hz starting second formant frequency,
while the /b/ is somewhat lower and the /g/ somewhat higher (Delattre,
Liberman, and Cooper 1955). This 1s equally true of the unvoiced plo-
sives and nasals. Delattre, Liberman, and Cooper (1964) showed that the
fricatives also possess an invariant locus for the second and third for-
mant transitions. For /f/ and /v/ the second formant locus is 700 Hz,
for /@/ and /%/ 1400 Hz, for /s/ and /z/ 1600 Hz, and for /JS/ and /3/
2000 Hz.
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Since the locus is the formant frequency which would have been
produced had any sound been generated at the time of constriction, the
place of articulation feature is directly related to the locus value.
Sounds which are made with a front constriction have a lower frequency
locus than those made with a back constriction. If the perceptual sys-
tem is generalized to the degree that the detection of the consonants
is based on the extrapolation of the existing formant transition to
find the locus, one could predict that the confusions of the consonants

would be consistent and independent of the vowel context.

The confusions of a particular consonant with others having the
same source feature appear to be almost random with no observable pat-
tern. Also, the unvoiced plosive test described in Section 4.34 con-
clusively demonstrates that the place of articulation feature is almost
impossible to perceive consistently and that it is very context depen-
dent. When the data is reduced to the place-of-articulation matrix of
Table 4.3b, one observes that there is a slight perceptual shift in the
direction of front constriction. With this exception, consonants with
the same source feature are virtually indistinguishable, either because
the formant transiticns are not longer perceived or because some other

cue, such as loudness, dominates any judgment based on formants.

The ability of the subjects to correctly perceive the place of
articulation feature, as shown by the learning curves in Graph 4.3b,
improved quite significantly between sessions one and two, and improved
slightly between sessions five and eight. The average correct score
for this feature increased from 25% to 48% by session eight; thereafter
it remained approximately constant. Although the form of the curve is
very similar to that of the place of articulation for vowels in Graph
4.2b, in that both have the most significant improvement during the
first few sessions, there is no reason to suppose that the same mechan-
isms of perception are involved. The consonants are far to complex to
be able to state which cue was responsible for the change. The improve-
ment miéht simply be the result of using the differential loudness of

the consonants with the same source feature in making educated guesses.
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Perceived
F ’ M B

F 28 53 21
(35) (35) (33)

%_ M 43 55 14
v (37) (35) (38)

B 4] 51 44
(38) (38) (61)

TABLE 4.3b CONSONANT PLACE OF ARTICULATION CONFUSION MATRIX
FOR SESSION ONE.

Front = /p/, /o/y /o/ s [¥/+ N/
Middle = /t/, /d/, /. /8 B/
ECICkz/k/I /9/ v /5/+ /2/+ /57 /3/

(..) = expected value assuming perfect score for source features and chance

for place of articulation feature.
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In fact, the correlation studies in Section 4.6 strongly suggest basic
differences between the perception of vowels and consonants. Nonethe-
less, it is curious that the most significant improvement occurs only

for the first hour of exposure to the transformed medium.

The source features, having spectrally independent temporal cues,
were clearly perceivable on the first session, and showed a slight im-
provement after a half hour of exposure. As can be seen in Graph 4.3b,
errors in the primary source feature, voicing-nonvoicing, approached
8%, and the secondary source feature, plosive-fricative-nasal,
approached 10%Z. The greatest source of errors for the latter features
was the voiced fricatives were often perceived as nasals or voiced

plosives.

Voiced fricatives are characterized by a periodic.component and
a noise component. The percentage of the energy that is noise is de-
termined by the degree of constriction; with a very narrow constric-
tion, the differential glottal pressure decreases, the voicing becomes
non-spontaneous, and the sound appears to be similar to the unvoiced
fricative. With a weak constriction, turbulence is reduced and there

is a corresponding reduction in the noise component. Again, it is

found that variations in pronounciation have a strong affect on percep- -

tion. A similar effect can be found with the plosives. The phoneme
pairs, for example, /b/ and /p/ are distinguished by the voicing fea-
ture, but the perceptual difference is much more dependent on the addi-
tional energy and aspiration that occurs with the /p/ (Halle, Hughes
and Radley 1957).

Thus, the source features, as acoustically realized, are not
truly binary and the perceptual distinctiveness is dependent on the
speaker's articulation. In general, however, they are stable and un-

affected by the spectral transformation.

In contrast to the learning curves for the features, the score
for the absolute correct consonant identifications increased linearly

from 23% on session one to 367Z on session eight and remained constant

< \r

L

o
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thereafter. Since this curve does not follow the feature curves, one
could speculate that perception of the features does not lead directly
to the perception of the phoneme. Perhaps, additional exposure to the
medium is required to integrate the perception of the features, or even
more heretically, perhaps the feature detection is not the basis of

perception.

4.34  PERCEPTION OF UNVOICED PLOSIVE PHONEMES

In order to evaluate in detail the effects of the spectral trans-
formation on consonant phonemes with a common sourze feature, a series
of tests using unvoiced plosives was given. Since these consonants
manifest themselves in the acoustic wave as a noise component and a
formant transition, they are particularly appropriate choices. The
testing series described in Section 3.34, attempted to examine the sub-
jects' ability to discriminate and identify phonemes as a function of
the vowel context, exposure to the transformed medium, and acoustic

carrier sentences.

According to the synthetic speech experiments of Cooper,
Delattre, Liberman, Borst, and Gerstman (1952), the acoustic cues for
the perception of the unvoiced plosives are the frequency of the noise
burst and the extent of the formant transition. The aspiration cue
for the /t/ lies above 3000 Hz and is therefore removed by the band-
limiting. The noise burst for the /k/ is approximately equal to the
second formant for back vowels and above it for the front vowels. Any
other frequencies for the noise burst contribute, to a greater or les-
ser extent, to the perception of the /p/. They also found that a ris-
ing second formant transition is always perceived as a /p/ independent
of the vowel; but a falling transition is perceived as a /k/ for front
vowels and as a /t/ for back vowels. Generally, the lack of a transi-

tion is perceived as a /t/ for front vowels and as a /k/ for back vowels

A discrimination test was given to determine the subjects' sensi-
tivity to the differential cues of the transformed plosives. The test,

in an ABX format, contained a sequence of three-word groups; two of the

\ ~
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three words had the same plosive. Four different vowels, two front

and two back, followed the plosive so that any effect from context
would be eliminated. The average discrimination score increases mono-
tonically from 42% on session three, which is only slightly above
chance, to 56% on session twelve. This learning curve shows no indica-
tion of having reached a maximum limit, although there is insufficient
data tn predict its behavior for additional exposure to transformed

speech.

Of the four vowels /u/, /0/, /€/, and /1/, the discrimination
score with the last was consistently and significantly better than with
any of the others, approaching a maximum value of 70%Z. It is difficult
to explain why this should be so. Also, it was far easier to discri-
minate /k/ from /p/ than either of the two other possible combinations.
Parenthetically, the locus of the second formant for the /k/ and /p/ is
maximally distant.

An identification test consisting of a sequence of 60 words each
with a different initial plosive and any of ten possible vowels was
given on the first and last sessions. Subjects indicated which of three
possible words, differing in the initial phoneme, they thought was
spoken. The resulting confusion matrix shows a very complex pattern.
From the summary matrices for front and back vowels as shown in Table
4.3c, one observes that the vowel can have a very pronounced effect on

perception, especially for the /k/.

In trying to formulate a technique for reading the spectrograms
of the plosives, Potter, Kopp and Kopp (1966, p. 103) observal that the
/k/, when followed by a front vowel, has a high virtual second formant,
a higher frequency noise burst, and tends to merge the fourth and third
formants of the vowel; but when followed by a back vowel, it has low
virtual second formant, and tends to merge the second and third formants
of the vowel. The complete dependence on the vowel gives a basic ex-
planation for the fact that it is correctly perceived 927 with back

vowels and only about 15% for front vowels (on the last session). This
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Followed by
Back Vowel

Followed by

Front Vowel

TABLE 4.3c CONFUSION MATRICES FOR UNVOICED PLOSIVE PHONEMES.

/e/

/t/

Spoken

/x/

- 100 -

Perceived
w NN
44 20 10
46 4 I
25 1 39
Perceived
v/ N K
16 45 ]|

38 18 35

63 20 i

First Session

/p/

Spoken

/k/

/p/

Spoken
>
~

/x/

Perceived
/N K
35 2| 40
46 20 30

4 3 89

Perceived
n NN
33 43 43
43 44 33
74 24 2

Last Session
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effect is also present in the results of the first session but to a

much smaller degree.

On the first session, perception of the /p/ is generally shifted
to a /t/ and somewhat to a /k/ for front vowels; for back vowels it is
perceived as itself, /p/. Similarly, the /t/ is perceived as both a
/p/ and /k/ for front vowels and as a /p/ for back. The /k/ is per-
ceived as a /p/ for front vowels and as itself /k/ and somewhat also as
a /p/ for back vowels. The exact matrices for this data, shown in
Table 4.3c, show that the average correct score is only 167%, signifi-
cantly less than chance, for the front vowels; but it is 45% for the
back.

Increased exposure to the transformed medium does not seem to
have improved perception of the /p/ and /t/ with back vowels, although
the /k/ showed a very marked improvement. On the other hand, the plo-
sives with a front vowel showed a general improvement with the average

correct score increasing from 16% to 28%, which is approaching chance.

A third test attempted to determine whether having an acoustic
context, such as a carrier sentence, would aid in correct identifica-
tion as it had in the matched vowels test. The sentence "Underline
the word spoken' preceded each test word. The results from this test
were conclusive: the carrier sentence produces no statistically signi-

ficant change in perception.

Several conclucsions may be drawn from the results presented in
this section. Firstly, it is difficult to differentiate between two
transformed plosives. Using the speech mode of perception model dis-
cussed in Section 4.31, which assumes that the differences between two
stimuli must lie across the phoneme boundary if the stimuli are differ-
entiated, one observes that the categorization boundaries for the plo-
sives are shifted. Furthermore, the plosive stimuli in the synthetic
speech experiments were generated by varying only one parameter, the
second formant transition, and the perception judgments of this para-

meter were found to be categorical. One might speculate that
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perception of the many cues in natural speech, such as noise burst fre-
quency, pitch changes, second and third formant transitions, is also
categorical; then, correct identification would be based on a reason-
able agreement between the many cues. One must realize, however, that
the spectral transformation shifts all category boundaries relative to
each other. No concensus would ever be achieved between the judgments
except, possibly, for some special combinations which happen to fit

those of natural speech.

Secondly, the behavior of the transformed consonants shows that
the perceptual mode does not extract an invariant cue from the stimuli
since the subjects' judgments are rather inconsistent. Thirdly, the
stability of categorization in the hypothesized speech mode of percep-
tion is born out, in that identification judgments do not significantly
improve even though discrimination between differences does. The
change in identification judgments after 10 hours of exposure might
show that subjects are learning to use different types of cues rather
than relearning the use of old features. Fourthly, sensitivity to the
differences in plosives is very dependent on the vowel and on pronoun-
ciation. This would confirm the observation that consonants are very

complex.

Fifthly, it would be fairly safe to state that, in general, per-
ception of the place of articulation feature, at least for unvoiced

plosives, is destroyed by the spectral transformation.

It is interesting to note that Richey's (1956) phonetic diction-
ary for speaking transformed speech confirms many of the observation
made in the previous sections. All the phoneme pairs that map from
normal speech to transformed speech preserve the source features, but
there does not scem to be any observable algorithm for generating the
place feature. The phoneme pairs shown in Table 4.3d are included as
an illustration since there are far tcofew to use in the creation of

a consistent pattern.
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("

English Spoken English Spoken
Phoneme  Phoneme Word Word
d b had hob
b ? d lamb ylond Voiced Plosives
(<] 9 go gay
t P little ylippy
R t white ” yout Unvoiced Plosives
m n Mary Noyl
n n won yen Nasals
n m nine malm
f f four fair
s s snow smay Unvoiced Fricatives
S 6 sure theer
v v seven suvum
v dz every adjew
2 z whose heez Voiced Fricatives
) o) that thop

TABLE 4.3d PHONETIC DICTIONARY FOR SPEAKING TRANSFORMED SPEECH.

N—
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4.4 PROSODIC FEATURES

The ease with which subjects learn to communicate in transformed
speech can be understood by observing that the many cues which contri-
bute to the perception of the prosodic features remain unaffected by
the system. Although it was originally thought that the prosodic fea-
tures only played a subservient role in comprehending an utterance,
present research indicates that this was an over-simplified view. In
their development of transformational grammar, Chomsky and Halle (1968
', P. 25) emphasized the importance of intonation and stress by pointing

out that '"once the speaker has selected a sentence with a particular
// syntactic structure and certain lexical items, the choice of stress
' contour is not a matter subject to further independent decisions." The

listener uses the information gained by correctly perceiving the stress
[ contour combined with his knowledge of the language to aid in the iden-

tification of the phonemic elements in the utterance.

The prosodic features in natural speech serve many functions, as
illustrated, for example, by the word pairs 'ob' ject" and '"ob ject'"
for which the only distinction 1is one of stress since both contain the
same phoneme sequence. In addition, it has been shown that the pitch
contour is the major factor in resolving the question-statement dichotomy
(Hadding-Koch and Studdert-Kennedy 1964). Dane¥ (1960), with reference "\\\--
Y to the syntactic function, states: "in regard to an utterance in isola-
tion, intonation thus integrates the utterance; in regard to connected
discourse the intonation delimits the utterances from each other and
at the same time segments connected discourse.' Recent studies have
shown that there is some relationship between the pause pattern of an
utterance and: rate of speaking, separation, transitional probabilities
between words, level of abstraction, boundaries of utterances, and the
characteristics of the speech situation (Boomer and Dittman 1962). Us-
ing synthetic speech, Malmberg (1955) found that syllabic division is

dependent on the durations of silence with plosives.

Perception of the prosodic feature contours changes the listen-

er's expectation of the kinds of linguistic units to be perceived and
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thereby reduces the information load carried by the phonemic elements.
For this reason, the prosodic features can enhance comprehension of
distorted speech, as well as correct for misarticulations of the
speaker. The relationship between the acoustic manifestation of the
prosodic features and their relationship to the syntactical and seman-—
tic structure of the utterance, can be found in a detailed discussion
by Lieberman (1967).

The four parameters which influence the judgment of stress,
intensity contour, vccal pitch contour, duration of phonetic and syl-
labic elements, and the vowel quality, all interact in a complex man-
ner, much of which is not presently understood (Fry 1958). It has been
shown that fundamental frequency and envelope amplitudes are the main
acoustic correlates of stressed syllables (Lieberman 1960), although
other data points to duration as being more important than amplitude
(Fry 1955). Examining graphs of intensity as a function of time for
natural speech, one finds that they follow a very similar pattern to
the pitch contour (Denes 1959) since pitch and sound pressure level
are directly related to the subglottal pressure (Ladefoged and
McKinney 1963).

Generally, the prosodic features resist distortion and remain
basic to the utterance. In analyzing the errors in perception result-
ing from the removal of the place of articulation feature of the vowels
and consonants, but leaving the source and prosodic features intact,
Kozhevikov and Chistovich (1965) reported that the word accents assoc-
iated with the responses were almost always identical to the word ac-
cents of the stimulus. As was pointed out in Section 2.5 all the pro-
sodic features, with the exception of vowel quality, which is not very
well understood, are spectrally independent and remain unaffected by

the transformation.

Intonation "is one of the elementary communicative devices of
language, forming a special phonological system, serving the organiza-
tion of utterances differently in different languages" (Danes 1960).

The observation that the prosodic feature patterns are a function of
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the language, and perhaps to a lesser degree, of individual speakers of
the same language, was confirmed in a language discrimination test with
spectrally transformed speech. In this test, described in Section 3.3l
subjects were requested to judge various passages in different foreign
languages as either English or non-English. A simple four sentence
passage was read by three native speakers of English and ten natilve

speakers of foreign languages.

The test scores reflect the subjects' perception of the non-
phonemic features since he only "hears" overall patterns rather than
phonemic sequences. The Kendall coefficient of concordance (Siegel
1956 cht. 9) evaluated for the six times the test was given shows that
the relative difficulty, in ranks, for identifying the passages as non-
English had a W = .78 (p<.001). The implication of this high level of
correlation between the testing sessions is that the passages possess
a characteristic difference in their prosodic features even after spec-
tral transformation. Increased perceptual sensitivity allowed subjects
to make more accurate judgments, but the relative perceived "alienness"
of the samples remained unchanged. In particular, Arabic, Hindi,
Rumanian, Finish and the three English passages were, on the average,
scored correctly (p<.001); also, French and Japanese were scored signi-
ficantly above chance (p<.05). The scores for Chinese, Russian, German,.

and Hebrew, however, were not significantly above chance.

Even on the first testing session when subjects had not had any
previous exposure to transformed speech they were able to perceive
seven of the passages reasonably correctly (p<.05). As Graph 4.4a
shows the average correct score for all the passages did not improve
until session ten. This behavior, in contrast to the other phonatic tests
which showed their largest improvement during the first few sessions,
corresponds to what will later be described as 'break-through". This
point corresponds to the time when semantic comprehension suddenly be-

gins to improve. See Section 6.43.

The particular foreign languages that were correctly perceived

might be the chance result of the quality of the speakers voice. This
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was illustrated by the fact that one of the three Fnglish passages was
significantly more difficult to identify correctly than the others.
That speaker had somewhat of a sing-song articulation. The clarity of
articulation, rate of speaking, and the intonation patterns peculiar

to the personality of the speakers were all uncontrolled variables.

The sensitivity of idiosyncrasies in a speaker's voice was shown
during the last session when a special voice identification test was
given, The subjects heard the sentence "Joe took father's shoe bench
out" spoken by each of the twelve subjects. They were instructed to
identify their own and their partner's voices. Of the twelve subjects#,
five correctly identified their partner's voice (p<.001)**. This
clearly shows that subjects perceived an indicative structure in speech

which was independent of the linguistic phoneme sequence.

4.5 MODEL OF TRANSFORMED SPEECH

The gpeerh production mechanism has been extensively modeled as
a linear system whose characteristics are controlled by the position
and movement of the articulators (Stevens 1967). The dynamic behavior

of the 1lips, tongue, mouth, etc., as directed by the higher cortical

centers, modulates the carrier source signal with the desired lirguistic

information. In addition to using the filtering characteristics for
generating the acoustic manifestation of the phonemic features, the
speaker controls the nature of the source carrier, which contains some
phonemic information, such as voicing, frication, cor plosion, and the

prosodic features.

Tl ~ resulting speech waveform lends itself to being described

by a short-time Fourier transform since this representation extracts

*0nly une subjent was able to perceive his own voice correctly. This
{s explained by the fact that one never really listens carefully to
oue's own voice. Moreover, subjects heard their owr voice both trans-
formed and untransformed.

*%fssuming that thir scors is the result of chrance the probhability of
five sutjects out of twelve subjects getting the right result is less
cthan .001.

S
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the spectral properties of the oral cavity filtering. The fact that

this frequency-amplitude-time pattern is sufficilent to generate intel- \
ligible speech and that it requires less information than the time re- -
presentation supports the telief that the spectral properties are a S}

more efficient speech characterization. Bandwidth compression systems

and vocoders use this fact (Schroeder 1966).

Since it was shown that listeners perceived both the source and
prosodic features of transformed speech correctly, one can think of
the transformation as only affecting the filtering characteristics of
the oral cavity. In essence, a human speaker could produce spectrally
rotated speech which would be equivalent to that created by the system,
at least from a perceptual point of view, if he could move his articu-
lators so as to produce the right filtering properties. Although spec- '
trally rotated speech is probably not, in fact, humanly reproducible,
one can postulate a speaker whose mouth was suitably distorted such
that he could generate the appropriate geometry necessary to simulate

the effects of the system.

Modeled in this way, spectral transformation 1s a unique speech
defect which is, perhaps, analogous, in terms of perceptual difficulty,
to the speech produced by someone with a cleft palate or to that of the
congenitally deaf. It 1s well known that those who live with people \\‘-~‘\
with speech defects often learn to understand them quite well even if
others not familiar with their speech patterns cannot. A mother under-
standing a child's baby talk is a similar situation. Only if the de-
fect produced a uistortion which destroyed most of the linguistic infor- <
mation would one predict that the spectrally transformed speech would
not be learnable. ' The various experiments described in the previous
sections have shown that the major loss in information occurs with the

place of articulation feature and the identification of the lax vowels.

Linguistically, the confusions resulting from spectral transfor-
mation have very little effect on comprehension. Miller and Nicely
(1955) made the interesting observation that listeners could understand

speech in which one phoneme was used for all the members of the same
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source feature class. That is, whenever a /p/, /t/, or /%x/ occurred,
a /:/ was spoken and similarly for the other four source-feature groups
of sounds. This speech, called "elliptic', was understandable although
it sounded as thrugh the speaker had a marked dialect or speech defect.
Denes (1963) pointed out that the basis for this phenomenon 1is that the
place of articulation feature carries very little information. Only

25% of the consonant minimal pairs* contain just a place of articula-
tion feature difference. Of the 12 most frequently occurring minimal

pairs, only one has a place cf articulation feature difference.

Furthermore, when such minimal pairs occur they can often be
resolved on the basis of the probability of occurrence. Since some
phonemes are much more prevalent, pure guessing of the place of articu-
lation feature results in the listener being right over 55% of the
time. The phonemes /t/, /d/, /n/, /s/, /z/, and /1/ all have the al-
veolar place feature amd occur more often than all other consonants
(Tobais 1959). The probability of guessing increases still further
when one includes the second and higher order statiscical properties
of English. Shannon (1951), in his theoretical treatment of the en-
tropy in printed English, which is presumable analogous to phonemes in
spoken English, proved that the information conveyed by one extra let-
ter in a long sequence is less than one bit on the average; whereas,
the information conveyed by a single letter in isolation is almost five
bits. The factor of five is a measure of the redundancy and means
that, in theory, one need only transmit one out of every five letters,

using the right encoding, in order to recreate the original message.

These observations in conjunction with the experimental data
in the previous sections lead one directly to the assumption that spec-
trally rotated speech is understandable. The interesting question yet
to be answered is why comprehension of transformed speech generally

begins after about six sessions and not immediately, even though the

*Minimal pair is two words which differ in only one feature of one of
the consonants. For example, /b&d/ and /dtd/ are minimal pairs in
the place of articulation feature.
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phonemic perception showes the greatest improvement during the first

few sessions. \
~
4,6 DIFFERENTIAL ABILITY OF SUBJECTS (

The innate ability of all subjects to master transformed speech,
ignoring factors of personality, effectiveness of learning strategies,
and motivation, is not expected to be the same. In the foreign language
case, this was explained by Carroll in the following way: "There are
many circumstances (e.g. intensive courses for guvernment personnel)
where it can be taken for granted that motivation is uniformly high and
where the instruction is of very good quality; even in these situationms,
success varies widely. Further, these individual differences are very
hard to modify; Docus, Mount and Jones found high correlations between
early and final examinations in the eight intensive courses of the Army
Language School and inferred from this that 'important factors do exist

for the prediction of language proficiency.'" (Titone 1964, pp. 29-30).

The learning curves included in the previous sections show aver-
age performance data which obscures some very pertinent information con-
tained in the individual scores. The scores for some of the tests
ranged from almost 0% to 100%, while the range of scores on the other
tests was very narrow.Awide range should not be interpreted as meaning
that some subjects did not pay attention, since no subject did poorly \\‘-"“\
on every kind of test; rather, the range should be interpreted as being a

reflection of different kinds of cognitive abilities.

The differential ability of the subjects can be used to inves-
tigate '"modes of perception'" for different speech tasks. It may be
hypothesized that.if two types of tests measure responses from percep-
tually related processing then the relative performance of subjects on
the two tests should correlate. Or, if they do not correlate, then
the responses may be said to be based on different cognitive mechanisms
or different manifestations of the same mechanism. In other words, it
might be found that those subjects who do well on task "A", such as

learning German, also do well on task "B", such as learning French, in
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which case the psychological mechanisms used to learn these two tasks
are related. Alternatively, if task "A'" was memorizing a long poem

and task "B'" was learning calculus, then one might find that the rela-
tive performance on the two tasks does not correlate. In terms of this
example, one could say that the learning mechanisms brought into plav
with French and Cerman were more ''similar' than those for memorizing
poems and learning calculus. There are many weaknesses in such a prap-
matic definition of cognitive similarity, but it suffices to demon-
strate that at the feature level there are many modes used in the per-

ception of speech and that these modes mav be relatively independent.

On each test every subject is assigned a comparative rank score
which repnlaces liis absolute score. In this way, the effects of average
learning are removed and variations in the tests no longer manifest
themselves. The rank measure is completely relative and therefore re-
quires the use of non-parametric statistics (Siegel 1956). Before any
correlation studies can be made it is first necessary to determine the
stability and consistency of the subjects' rank for one task over the
course of the entire experiment. Computation with the Kendal Coeffi-
cient of Concordance, W, shows that the rank ordering for a particular
test was highly correlated with similar tests given during other ses-
sions. That is, a subject who, for example, was able to identify
vowels better than other subjects on session three was very likely to
do so on sessions six, nine, etc. As can be seen in Table 4.6a, W is
typically greater than .6 with a level of significant less than .001l.
Thus, whatever a test was measuring, it measured it consistently; and
whoever did well once usually did well again. Because learning took
place, a high W also says that a subject who did well initially was

likely to learn as rapidly as, or more rapidly than, others.

The subject's average rank scores for a particular type of test
is considered to be the best measure of the subject's ability since the
average scores form the basis for the Kendal correlation test. In other
words, the overall average measure of a subject's ability to perceive,
for example, vowels is the average of his rank scores on each of the

vowels tests (of the same type). In the remaining correlation studies,
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the average ranks for each type of test are considered raw data and
then re-ranked. Using this new set of ranks for each of the test
types listed in Table 4.6a, the Bpearman correlation between the tasks

can be determined.

It is found that the four consonant task listed in Group I are
all highly correlated with each other, but are not correlated with any
of the other tasks. Similarly, none of the vowel tasks in Group III
correlate with any other task except those within the group. The same
is true for Group II, consonants. The fact that the ABX consonant dis-
crimination ability is not related to consonant identification but is
related to vowel discrimination is of great consequence. This suggests
that a sensitive listener who can detect minute differences in sounds
may not, necessarily, be better able to identify phonemes. Equally
important is the observation that the Spearman coefficient between cor-
rect identification of a phoneme and the correct perception of its
place of articulation is .95 and .92 for vowels and consonants respec-
tively; but the correlation between place of articulation for vowels
and consonants is not statistically significant. Both are spectral
features yet they do not seem to be perceptually similar. That is,
the subject who can perceive the place of identification correctly for
the consonants may not necessarily be able to do so for the vowels,

and vice versa.

In order to assess the relationship betwen the four groups,
the Kendal W correlation test is used to verify that the rank ordering
of each of the tasks listed in each group is very highly correlated.
The results, shown in Tatle 4.6b, indicate that within a group the
rank ordering is very similar. As before, a new set of rarks for each
of the groups is created by re-ranking the average ranks of the tests
included within each group. The resulting set of four ranks for
vowels, consonants, discrimination and language, are again correlated
with each other. Not only was there no significant correlation be-

tween them, but they approached 0. in almost every case!
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TASK

Consonant identification
Voicing-nonvoicing feature
Mode of articulation, consonants

Place of articulation, consonants
ABX consonant discrimination

ABX unvoiced plosive discrimination
ABX vowel discrimination

Vowel identification

Tense-lax feature, vowels

Place of articulation, vowels

Vowel pair recognition

Language identification

Unvoiced plosive identification

TABLE 4.6a

W <p*
.669 .00l
.439 .01
.394 .01
.684 .001
.512 .001
.606 .01
.672 .05
.690 .001
.679 .001
.594 .001
.692 .001
.330 .05
.231 ~-

KENDAL W CORRELATION COEFFICIENT FOR TESTS

Croup I

Group 11

Group TII

Group IV

*the level of significance is a function of both W and the number of
tests included.

**Since the raw scores for these tests were only slightly above chance

there were no correlations between them.

For this reason, average

ranks have no meaning and the test results are not included in the
correlation studies.
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GROUP W <p-

I Consonants .664 .01
II ABX discrimination .841 .01
IITI Vowels .809 .001

Table 4.6b Kendal W coefficients for groups listed in Table 4.6a.

Although the experimental and statistical controls are not
adequate to conclusively demonstrate that identifying consonants, iden-
tifying vowels, diseriminating phonemes, and discriminating prosodic
features are independent tasks, there is a strong suggestion that this,
in faci, 1s the case. Moreover, this observation is an extension of
the results from the experiment with left- and right-ear dominance for
vowels and consonants respectively (Shankweiler and Studdert-Kennedy
1967). They hypothesized that consonants should be perceived better
by the right ear since the left hemisphere of the cortex contains the
language center. The results from the transformed speech data, how-
ever, suggest that the actual cognitive mechanisms may be different
for vowels, consonants, etc. The implication is that different lis-
teners may use different kinds of cues for perception of speech depend-
ing on which abilities function best. A more careful experiment would

be needed to answer this question however.
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CHAPTER V

COMPREHENSION OF TRANSFORMED SPEECH

The comprehension of words and sentences, unlike the perception
of phonemes, involves the extraction of linguistic meaning from the
acoustic wave. Even though the manifestation of words is often thought
of in terms of the phonemic segments which make them up, there is no
conclusive evidence to indicate that the 'whole is the sum of the parts'.
There is, in fact, evidence to the contrary. Liberman (1967) makes the
very succinct point that the duration of phonemes is too short to allow
for the auditory system to perceive them as units. Perception must,

therefore, be based on larger elements.

The currently accepted theories of speech perception all view
cognition as an active process in which a verbal hypothesis is con-
structed from the listener's knowledge of the language, the environmen-
tal bias, and some aspects of the acoustic signal, rather than viewing
perception as a direct result of the stimulus (Chomsky and Halle 1968,
P. 294). Because perception is not merely the result of the stimulus,
the listener can correctly perceive the word or idea without actually
having '"heard" it. Some of the factors which may contribute to compre-
hension, in one way or another, are the semantic context, the syntactic
structure, emotionally biased stress patterns, the probability of a
word's occurrence, the environmental context in which the utterance

was spoken, and the predisposition of the listener.

5.1 EFFECTS OF CONTEXT AND REDUNDANCY

There are two factors which have been shown to govern the intel-
ligibility of a stimulus word in the presence of noise: the probability
of its occurrence, and the number of syllables. When a word is heard
in a normal sentence, its probability is a function of both its fre-
quency of occurrence in normal English and the probability that such a
word is likely to fit into the surrounding semantic and syntactic con-

text. Miller, Heisse and Licten (1951) showed that with a given signal-
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to-noise ratio a word, perceived correctly 85%Z of the time in a sen-
tence, would be heard correctly 55% of the time when presented in iso-
lation. The use of the word in the sentence changes its probability
since most words could not be used and still have the sentence be mean-

ingful.

Equivalently, the prcobability of a correct response for words
in isolation may be increased by decreasing the number of acceptable
responses in the set. 1In the same experiment, Miller, Heise and Lichten
found that with a low signal-to-noise ratio digits were almost always
heard correctly even though words in sentences were completely unrecog-
nizable. The digits form a very small set of possible choices and
therefore have a comparably high probability of occurrence. Confirma-
tion of this phenomenon was found bv Pollack, Rubenstein and Decker
(1959) in an experiment which showed that the effect of frequency of
occurrence could be removed by having subjects learn all the elements
in the set of stimulus words. Knowing the elements in a small closed

set appears to equalize the relative probabilities.

In contrast to what the frequency of occurrence phenomenon
would predict, long, uncommon words are often more intelligible than
shorter, more common words since, as Savin (1963) points out, a multi-
ple-syllable word carries its own context. The noise threshold for
words of three or more syllables, according to an unpublished experi-
ment of Miller, is about the same as for one-syllable words in sen-

tences.

Since a rare, polysyllabic word would never be confused with a
one syllable-word, probability can not be the only factor in determin-
ing confusions. That is, confusions are between words which are acous-
tically similar, having for example the same number of syllables or
the same consonant-vowel pattern. Whether an indistinctly heard word
is identified correctly depends upon the realtive frequency of that
choice within its own confusion class. For this reason, a multiple
syllable word, although infrequently used, is usually not sufficiently
similar to any other word which it could be confused with. The Miller
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and Nicely (1955) experiments suggest that confusions, with ..~ ~ mask-
ing, would be between those words which differ only in the pPa-

articulation feature of the consonants.

Speech communication involving utterances larger than one word
symbols, such as sentences, is a highly complex behavior little of which
is currently understood. One theoretical formulation of psycholinguis-
tics identifies two levels of linguistic representation and a genera-
tive grammar to translate between them. It is felt that the idea or
semantic reality manifests itself in the '"deep structure'" and is “he
received or transmitted content of the utterance. For the speaker,
the generative grammar operates on the message content and transforms
it, according to the linguistic rules of that language, into a ''surface
structure' representation. The surface structure, being implicitly
closer to the actual utterance, is then transformed into the phoneme
sequence. For the listener, the process is reversed; the grammar oper-
ates on the phonetically decoded surface structure transforming it to
a semantic deep structure. A more detailed exposition of this theory
can be found in Chomsky (1964), Chomsky (1966), and Garrett and Fodor
(1968).

This formulation allows for two kinds of redundancy to be iso-
lated. The generative grammar specifies that only certain combina-
tions of content and formative words are to be considered legal utter-
ances. That is, for example, '"You him book gave' would not be allowed,
but "You gave him a book'" would be. This kind of structural redundancy
limits the choice of word sequences which one would expect to find,
which, in terms of information content, increases the probability of a
particular word appearing and decreases the probability of others once
part of a sentence is perceived. Equally, at the deep structure, only
some utterances, by virtue of their meaningfulness, would be accepted.
Although "colorless green ideus sleep furiously' satisfies the syntac-
tic encoding ruvles, it does not yield any acceptable semantic conter:t.
This kind of redundancy is also important in conversations composed of
many sentences with a common theme. Since succeeding sentences are re-

lated to each other by their content, there is a predictive component
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which allows a liatener to guess much of each sentence.

Thia formulation is only schematic and should not he taken too
litarally since there 18 strong interaction between the semantic, syn-
tactic and phonemic levels of perception. Numerous experiments illus-
trate this point as does the more commonplace observation that a lis-
taner can often paraphrase the meaning of an utterance without being
able to perceive or racall the exact word and phoneme sequenca. Only
a few aspacts of the deap and surface structures have as yet heen ex-
plored, but these experiments tend to be encouraging although quite

inadequate.

Boomer (1Y65) found, in analyzing normal utterances, that hesi-
tation pauses occurred predominantly at the boundaries between '‘phone-
mic clausea'". Similarly, Garrett (1968) stated that the perception of
artificially induced pauses was much smaller at the phrase boundcries
than elsewhere in the sentence, thus showing that the listener expects
a pause as a natural part of the utterance. In a related set of experi-
ments, Garrett, Bever, Fodor (1966) and Fodor and Bever (1965) found
that clicks presented dichotically to subjects listening to sentences
were reported at the constituent breaks. This has given support to the
hypothesis that perception occurs in large sections and that only be-
tween sections is the perceptual system free to perceive the extraneous
noise. Further proof of linguistically grouped sections was shown by
Huggins (1964) in an experiment iavolving the switching of the speech
signal between the two ears. He found that the critical switching rate
was a function of the speed of prasentation and not an inherent scan-
ning time in the perceptual system.

The deep and surface structures of an utterance can significantly
affect perception. Johnson (1965) demonstrated in a paired association
test that the probability of a transitional error, i.e. incorrect par-
ception of a word following a correctly perceived word, was less when
the two words were within a phrase unit and greater when they were
across it. It has also been shown that learning and recall are affected
by the surface structure (Kent 1963) and by deep structure (Miller and
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McKean 1964; Mehler 1963). Apparently the semantic and syntactic re-
dundancy shifts the relative probabilities and thereby affects percep-
tion. In the presence of noise, syntactically correct nonsense senten-
ces are more difficult to perceive correctly since they lack a predict-
ing semantic content. Pseudo-sentences which lack both semantic and
syntactic structure are still more difficult to perceive (Miller and
Isard 1963 ). Such sentences cannot be produced with the syntactically
related prosodic features and one would therefore expect them to be
much less intelligible in the presence of noise. Similarliy, the same

situation occurs for the recail of sentences (Marks and Miller 1964).

These various experiments dc not actually give much insight
into the psycholinguistics of perception, but they do give evidence
for the existence of a non-acoustic cognitive processing which affects

the basis of verbal percepotion.

5.2 COMPREHENSION OF WORDS

3.21 OPEN-SET LISTS

One measure of transformed speech comprehension is the ability
to correctly perceive isolated words with no contextual cues. Such
words are only slightly easier to identify than random nonsense syl-
lables or isolated phonemes. Following some of the conversational
practice sessions, subjects were given tests composed of either one-
or two-syllable word lists taken from the Harvard PB (phonetically
balanced) lists (Egan 1948). See Section 3.36 for details about the
test content and methods. The two-syllable lists were composed of
"spondees'", such as blackboard and horseshoe, since these homogeneous
words have the property that they all reach the threshold of hearing
within a very narrow range. Although these lists have sometimes been
criticized for not being adequately representative of English, these

tests only served to give a general measure of comprehension.

As can be seen from the results in Fig. 5.2a, subjects found

it very difficult to identify these words correctly and the average
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score, even by the end of the testing series, for one- and two-syllable
words was only 147% and 9% respectively. The two-syllable words were as
difficult, or more difficult, to perceive correctly than the one-
syllable words. Although this unexpected result would tend to minimize
the importance of internal redundance of long words, the two-syllable
spondees were rather uncommon compared to other two-syllable words with
similar phonemic structure. Had they been typical, the score for two-

syllable words would most likely have been higher.

The curves in Graph 5.2a for one-and two-syllable words obscure
the fact that almost all the correct responses resulted from one pair
of subjects. This pair, who incidentally also had the most fluent con-
versations, scored an average of 177 and 45% for one- and two-syllable
words respectively on the last session. In contrast to the other sub-
jects, they learned to recognize isolated words and they found two-
syllable words much easier to identify. The reason why one pair of
subjects sheuld show a very pronounced learning of isolated words and
others should not is not apparent. Their scores on the phonemic tests
were generally good but not exceptionél. Only a pair of twins, who
were used in the pilot study, showed the same ability to perceive words

in isolation.

The difficulty in perceiving isolated words is revealed by ex-
amining the error patterns in the responses. In general, the incor-
rect responses resembled the stimulus word in several ways; the conson-
ant vowel pattern was preserved, the source features of the consonants
were correct, and the accent was on the right syllable for the two-
syllable words. Only the place of articulation feature of the vowels
and consonants was readily confused. For example, 'rub'" was heard as
"red", "plush'" as "class", "pants" as ''cards", and '"baseball" as
"dusty'. By accident, a two-syllable word was included on cne of the
one-syllable word tests. Subjectsresponded to this word either by mak-
ing a note that the word had two syllables or by responding with a two-
syllable word. It thus appears that subjects wrote down the first word
that came to mind which satisfied those featues which they perceived.

If the stimulus word was the first to emerge into the subjects'
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consciousness, then the response would be correct. For the stimulus

"answer'" because it

word "armchair', a majority of subjects responded
is phonetically similar and the subjects were possibly '"thinking', in

a sense, about the notion of "answering the test'.

Since it was found that the perception of vowels could be in-
fluenced by a carrier sentence (Section 4.24), in a test given on ses-
sion eight, each stimulus word was preceded by a sentence acting as an
acoustic context. Even with this context, no improvement in recogni-
tion was observed. Moreover, not only was no consistent patterns of
vowel confusions observed on this test, but no pattern emerged on any

of the word tests.

The consonants appear to be the primary factor in determining
the response word, with the vowels being subsidiary. Huey (1968, p.
214) reports that in primitive written languages the vowels were an
implied part of the consonants acting as a necessary element for the
pronounciation of the consonants. Even in modern Hebrew the vowels
are only sometimes included in written representations. The differ-
ences in the dialects of English are primarily shifts and modifications
of vowel phonemes. The instability of vowel perception, as discussed
in Section 4.24, implies that once the listener had 'perceived" a res-
ponse word which satisfied the consonant and syllabic pattern he could

"force" the vowel sound to the appropriate phoneme.

The fluid nature of the vowels is not analogous to the confu-
sions of consonants within the same source feature class, since the
vowels, unlike the consonants, did show consistent behavior in the pho-
neme tests and were readily discriminable in the ABX tests. Thus, the
lack of a pattern of confusions for vowels in the word tests should not
be attributed to spectral transformation. Rather, it must reflect some
manifestation of the cognitive process. Paradoxically, by the end of
the experiment most subjects could converse with each other yet they

could not identify words.
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5.22 CONTEXT AND SET-LIMITED LISTS

Several other word tests, discussed in Section 3.36, were given
throughout the experiment to measure comprehension of set-limited words.
In one series of tests, repeated throughout the experiment, the sub-
jects were told that the stimulus words would each be the name of a
city, state or ccuntry. Using such a set has the advantage that the
subjects were throughly familiar with the acceptable stimuli and yet
the set contains at least several hundred elements. Quite unexpectedly,
subjects scored very high, starting at 27% on the first session and im-
proving to 70% on the last session. The learning curve, shown in
Graph 5.2a, is monotonic and shows no indication of being asymptotic
to a value less than 100%. The additional category cue appears to be
a very significant factor in the high level of performance, especially

when compared to the open-set stimuli word tests.

The error patterns for this names test are somewhat different
from that of the one- and two-syllable word test. The number of syl-
lables and accent were a more important criterion than the actual pho-
nemic composition. For example, "Switzerland' was heard as 'Washing-
ton", '"Washington" as ''Newfoundland", "Ireland" as '"Oregon", and
"Czechoslovakia" as "Cincinnati". Most of the incorrect response words
contained the same number of syllables and a very similar rhythm.
Another example was 'Boston' which was heard as '"Camden", "Athens',
"Hampton', '"Easton', 'London', and 'Houston'. In this example, the
last syllable is similar phonemically to the stimulus word, but the

first syllable appears almost random.

Another testing series, designed especially to verify the ef-
fect of limited-set words, was given on sessions eight, nine and ten.
Four groups of ten words composed of colors, parts of the body, furni-
ture, and vegetables were selected. On session eight, a representative
sample of 20 words, five from each group, were presented to the sub-
jects with no instruction other than 'write down the word spoken'. The
four groups were also presented on the next two sessions, but this time

they were told '"the next ten words will all be «e...(colors)...". When



- 125 -

the subjects were not told the category name for the stimulus words
the average score was 8% which was approximately the same score for
the one- and two-syllable words. However, when the names of the cate-
gories were given the average score was 58%. This score is approxi-
mately the same as that of the names of ~ities, states and countries
test. Limiting the range of possible acceptable responses restricts
the confusion class and generally results in there being only one word
with the correct phonemic structure. The erronious responses, there-
fore, had almost no phonemic resemblence to the stimulus word. "Cab-

bage", for example, was heard as "turnips", '"potato ", and "spinach".

The perception of a stimulus word in a known sentence also
shows the same phenomenon. The surrounding semantic context of the
sentence acts to restrict the number of acceptable choices for the un-
known word in the same way that category names focus the listener's
attention on a particular class of words. The average score on this
test, given on session seven, was only 25%. Although this score is
significantly above that of the open-set word tests, it is not as high
as the score on the names of cities, states and countries test. Again,
it was found that subjects tended to rely more on what would make
sense in the given context than on what the word sounded like. 1In the
sentence ''Read the verse aloud for ....'", the correct answer was
"pleasure", but the responses included "error", "mother", 'color",
"practice" and ''tune'. The responses were always semantically and syn-
tactically correct even though the subject had to "stretch'" his percep-
tion of the phoneme sequence to fit the word he thought ought to be

there. The relationship between stimulus and response in a complex

test is quite ambiguous.

The subjects reported, upon being questioned, that they thought
they heard the word which they wrote down even though it might have
been wrong. This introspection emphasizes the point that the listener
is not consciously guessing a response which he thinks is close, but

is "hearing" the word which first appears in his consclousness. This
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is, perhaps, illustrated by the following examples, 'France'' was often

heard as "Paris', "England' as 'London', and ''Paris" as "France'. Sev-

eral different names were heard as ''Hanoi' which at the time of the

test was a current place in the news media. The phonemic and syllabic

differencesare sufficiently great so as to preclude the possibility

that the responses were only based on phonemic confusions.

Skinner (1936) has demonstrated that indistinct speech-like
stimuli can act as an auditory Rorschach test in which the listener

free-associates to a response. In his experiment with a sequence of

vowel like sounds near the threshold of hearing he found that subjects

"heard' sentences and were often convinced that their response was cor-
rect. One subject reported:''Funny, they sound like nothing at all
until suddenly they sound like something. I listen. It starts saying
something. The more I listen, the more its says that one thing.'" This
illustrates the ability of the cognitive system to impress a meaning
(percept) on a stimulus to organize its randomness. Skinner found that
the content of the responses was sometimes related to objects in the
immediate environment. A clock striking the hour 1ed to a response
"half-past', an automobile horn outside the room led to the response
"automobile", and many subjects frequently heard ''How do you do'. The
same situation was found with transformed speech. On the two-syllable
tests the responses ''bastard", 'practice', '"annoy" and '"testing' were

heard.
5.3 SENTENCE COMPREHENSION

5.31 CONTENT INDEPENDENT SENTENCES

The comprehension of whole sentences, in contrast to the percep-
tion of isolated words, allows, or perhaps requires, cognitive process-
ing of the syntactic structure and the incorporation of the semantic re-
lationships. As a measure of comprehending transformed speech, perceiv-
ing sentences has the advantage of being a task which is closely related
to normal conversation, and has the disadvantage of having a complexity

which is beyond our present knowledge of the psycholinguistic influences

on verbal cognition.
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Following the conversational practice with transformed speech,
one of three kinds of sentences tests, described in Section 3.37, was
given to the subjects. The first group contained sets of ten unrelated
sentences with an average length of eight words. The sentences in the
second group all contained an introductory clause or phrase, given to
the subjects in the instructions, and an unknown main clause with an
average length of about six words. 1In the third group, all the senten-

ces were related by a common theme and formed a simple story.

Although the inherent complexity of a sentence is an appropri-
ate attribute for a semantic stimulus designed to evaluate comprehension,
this same complexity makes it difficult or impossible to control for
relative difficulty. Based on present knowledge, two sentences which
are equally difficult to comprehend under some adverse condition, such
as additive noise, might very likely not be equivalent under the condi-
tion of spectral transformation. The only true comparative measure,
then, is the differences in the score for the same sentences used at
different times during the experiment. The sentence tests, which for
many reasons were not well designed, were repeated during the second
half of the testing series. The tests given on sessions one through
ten were repeated on sessions eleven through twenty. As a result of an
oversight in the experimental design, the sentence tests from the three
groups were not interleaved, rather they were given in sequence. Group
I was given on sessions one through four, eleven through fourteen and
also on the last session; Group II was given on sessions five through
seven and fourteen through sixteen; Group III was given on sessions
eight through ten and seventeen through nineteen. The curves in Graph

5.3a, therefore, do not give a continuous measure of performance.

It can be seen in Graph 5.3a that the average comprehension on
the random sentence tests improved from 57%* on the first session to

35% on the last session. The inherent learnability of transformed

*In this set of tests, the scores are based on the percentage of the
syllables scored correctly. Thus, the sentence '"The boy had stopped
at the car." contains seven syllables, and the response 'The boy was
stopping at the car." is scored as 75%.
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speech 1s further demonstrated by the fact that one pair of subjects,
who also scored very well on the word tests, were able to comprehend
every sentence correctly on the last session. The learning curves,
suggest that, with enough conversational practice, subjects could learn

to understand sentences without having any contextual cues.

A very profound phenomenon was observed in the subjects' re-
sponses, mostly during the initial sessions; subjects were unable to
comprehend the content, meaning, or the individual words in any sen-
tence, but they were able to perceive, often completely, the syntactic
structure of the utterance. The 5% score for session one obscures the
fact that the only words identified correctly were function words,
which. by themselves, contained no meaningful semantic information.
The responses for one typical sentence, listed below, illustrate this

point clearly.

a) The is

b) Los Angeles has and trees.
c) The has and praise.
d) The has and pies.
e) The have

f) The baker has little and pies.

g) and \“~u..

Responses to test sentence ''The farmer has

many chickens and cows.

Other examples of perceiving phrase structure were also found, such as
"into the sky", which was heard as 'under the stairs', 'under the
square', '"under the scale'. All the initial "the" articles were per-
ceived correctly as were many of the medial '"and', 'is", etc. The most
striking example of the phenomenon was the senterce '"Hoist the load to
your left shoulder." which was heard as "Turn the page to the next les-
son." In this example, the corresponding words in the response have
the same part of speech, or function, as in the original stimlus sen-

tence; yet the meaning of the response sentence has absolutely nothing
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to do with the stimulus. Even during the first session, when subjects
had had no conversational practice, their responses, even though sparce,

were almost always correct in syntactic and phrase structure.

The implications of this unexpected result are two-fold.
Firstly, by being able to identify a single word in the continuous un-
segmented speech signal, the subjects were using some aspect of acous-
tically manifest prosodic features to segment connected speech. There
is no possibility that segmentation was the result of hearing a se-
quence of words since subjects were not able to identify any of the
content words. Based on the confusions of consonants, one might have
expected that "cows and" would sometimes be perceived as '"go sand";
however, this kind of segmentation never occurs, even though there is

no pause between 'cows' and "and".

Secondly, perception of the syntactic structure suggests, if
not proves, that there is an acoustic manifestation of prosodic fea-
tures related to the surface structure. Although it is not clear where
and how the correct features are being manifest, it does demonstrate
that structural coding is an independent domain apart from the content
and phonemic structure of the utterance. Furthermore, the coding of
the surface structure seems to be the basis for a subject's ability to
segment words. The ease with which the subjects ignore phonemic match-
ing as a basis for judgment but demand stress matching would imply that
the unified stress pattern can have a higher perceptual priority than
the phonemic sequence. It might be that the prosodic structure of an
utterance is the medium upon which the phonemic and word units are
"attached'", in the same way that a canvas is used to hold the paint

for a picture.

The error patterns on the sentence tests began to change as
the subjects gained more experience with transformed speech. The re-
sponses on sessions two and three were fewer and more cautious than
on session one. Although this might be the result of those sentences
being\egié difficult, it is felt that the subjects, after practicing

for a half hour, were more unsure of their perception since they found
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themselves unable to communicate with their partners. VWhereas on test-
ing session one, subjects received no feedback about their accuracy and
could hava assumed that they were performing reasonably well.

By session four, the frequency of response words was again up
to the level of the first session., The increased score for this session
reflacts the increase in correctly perceived content words, in addition
to the function words. Almost without exception, comprehension of a
content word occurred with the phrase in which it was embedded. For
exampla, "into the city" and "to understand it' were scored correctly,

but there were no examples of content words without phase units.

On sesgions five, eix, and saven, sentences with a common ini-
tial clause or phrase were given in an effort to determine if an acous-
tic context would aid comprehension. This possibility was suggested
by an experiment of Pollack and Pickett (1964) which showed that the
presentation of a long speech utterance previous to the stimulus word
could enhance its perception even though the subjects were told in ad-
vance the content of the context. The results using this kind of test
with transformed speech, shown in Graph 5.3a, indicate a significant
improvement. However, the results are somewhat misleading since the
existence of an initial subordinate clause defines, to a greater or
lesser extent, the range of structure and content which can follow.

For this reason, it is difficult to decide if the improvement is the
result of acoustic context or the reduction in semantic and syntactic
ambiguity. This test, being poorly desigred, does not really resolve -

any of the issues raised by the sentences in Group I.

Paradoxically, the higher score on the sentences of sessions
aleven, twelve and thirteen results from improved recognition of con-
tent words, but, in addition, the syntactic structure of the responses
was no longer as similar to the stimulus structure as it had been on
session one. It appears that subjects were now willing to depend more
on the content words, which they thought they could perceive, and less
on the syntactically related stress pattern. The subject who was able

to perceive the exact structure in the example '"Turn the page to the
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next lesson" had a rank score of 11 out of 12. That is, he perceived
the function words clearly, but was never able to advance to the con-
tent words. Thus, it might be hypothesized that if a subject perceived
a group of words which related to each other in a meaningful way, then
he would generate a structure into which they could fit and reduce his
dependence on the perceived structure. The role of prosodic features

is not at all clear.

5.32 CONTENT RELATED SENTENCES

The suggestion that semantic content words could over-rule syn-
tax in the perception of spectrally transformed sentences was tested
in sessions eight, nine, and ten. Tests, composed of ten sentences
forming a conversation on one theme, were presented to the subjects
with instructions informing them of the theme. The actual test senten-
ces arelisted in Appendix A for reference. The algorithm for scoring
the responses was almost identical to that used in the random senten-
ces; that is, a two-syllable word was worth twice as much as a one-

syllable word.

Knowing the general content of the sentences enhances percep-
tion very significantly. As can be seen from Graph 5.3a, the scores
for this groups of tests were more than twice the score for the random
sentences. Once the listener has a reasonably accurate notion about
the kinds of sentences which ought to appear, perception of those sen-
tences is enhanced. The contextual semantic information acts to limit
the set of possible words in very much the same way that perception of
words i3 improved when the subjects were tcld the category of the words.
In some cases the subjects were so convinced that a particularly appro-
priate word should be there that they were willing to 'bend'" the syn-
tactic and phonemic structure to make it fit. For example, the in-
structions of session ten told the subjects that the sentences were
taken from a conversation between a young couple and a travel sgent;

the following were the responses to the second sentence,

"I have a special two-week trip to Europe."
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I had expected to take a trip to Europe.

I have especially for you.........
ceseesssscand here we'll take.....

I have a special preview trip to Europe.

I have a special ..c.cce0eu0e.....packed.

I have a special travel plan for you.

I have especially for you a trip to Hawaii.
I have a special two-week trip to Europe.

I have a travel plan for you.

I have a special trip for you.

Another particularly good example is found in the test of ses-

sion eight which contained the instruction telling the subjects that

the sentences were a conversation between two students on a Friday

afternoon. The following were the responses to the seventh sentence:

"Do you like taking so many courses?"

Will you have problems in your classes?
Do you have trouble with so many classes?
Do you like taking .......classes?
cessessssssssssss.haven't taken classes?
Do you have problems.........classes?

Do you have problems.....ceeeeeeeees?

Do you have any trouble in classes?

DO WE.vessoeoseeose.in our classes?

Each of the responses, or partial responses, is quite reasonable when

considered in terms of the context created by the previous sentence,

"This one will be difficult since I have not studied." It might be

suggested that there is more than a casual relationship between the

word "difficult" in the previous sentence and the words "problems' and

"trouble" in the response sentences. Upon hearing '"difficult" subjects

had become prepared for a word or idea which would relate, or be assoc-

iated, to it.

This contextual bias induced the perception of a sentence
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which was not directly related to the actual stimulus sentence. That
is, the semantic unity of a conversation makes the sentence ''Do you
like taking so many courses?'" seem unlikely since it does not follow

from the previous sentence.

Another significant aspect of these groups of sentences 1is that
they, unlike the random sentence groups, have much higher scores for
the first five sentences than for the last five (p<.025). This might
be the result of the inter-relationship between the sentences, in that
not understanding one sentence makes perception of the next one more
difficult. In several of the tests the topic being discussed gradually
changes from one aspect of a theme to another. '"Loosing track' would
impalr perception. In contrast, the comprehension of the random sen-
tences increased towards the end of each test, as a result, perhaps,

of adapting to the author's voice and speaking style.

Other experimenters, however, have found similar kinds of phen-

omena occuring.

"D. B. Fry has given a remarkable demonstration of the way in
which a priori knowledge bears upon recognition. He has made
a gramaphone recording of two men holding a conversation, but
with their speech so artificially distorted that not a word
can be recognized. After one playing of the record, the lis-
tener is informed that the speakers are discussing the subject
of buying a new suit; they refer to their tailors, the price
of clothes, styles, et cetera. The recordis then played a
second time, and most listeners are able to follow the conver-

sation. The words jump out at one." (Cherry 1957, p. 276)

Similarly, Tonndorf (DB 1968) tells about one pilot who was ''deaf as

a doorpost. We took him up in the air and the only test we could do
quickly was to go up and start ground-tc-air communications and see how
he made out. Well, I can tefj§§ou he did a lot better than I did, be-

cause he knew what he was expecting.'" The conclusion is quite
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inescapable: expectation based on the situation, or the previous lin-
guistic content, 1is a very strong factor influencing the perception of
a speech signal. This factor is sufficiently strong to over-ride judg-
ments which, if based on the syntax or phonemes, would differ from

what the listener feels is a reasonable utterance in the present con-
text. Bringing into play questions of reasonableness and appropriate-
ness of the preceived response involves the listener's past and present
experience. By virtue of this, the entire organism must be considered
in the act of perception. However, such an explanation must be consid-

ered as a rephrasing of perceptual questions and not as an answer.

In linguistic terms, the essence of semantic content is repre-
sented in terms of the deep structure which is much to close to
"thought" to be discussed in this thesis.

5.4 DIFFERENTIAL ABILITY OF SUBJECTS

Although the results of the sentence comprehension tests furn-
ish conclusive evidence of the fact that transformed speech can be
learned, the scores for these tests range from 1007 to 5%, even on the
last session. The extreme range of performance adds a dimension of com-
plexity by its implication that the adaptation mechanisms are a function
of the listener's cognitive organization, or in more general terms, a
function of his 'personality'. Thus, in addition to involving speech

and linguistic habits, comprehension of transformed speech requires

that the subjects exhibit a plasticity in perception, that is, a learn-

ing of new strategies for using acoustic cues. This, however, brings
into play questions of attention, motivation, mental blocks, etc., which

are discussed in Section 6.2.

The consequence of large variations in scores is not severe
since the statistical correlation of a subject's performance from ses-
sion to session is very high for most tasks. That is, a subject who
perceives sentences well on a given session is very likely to do so on
the succeeding sessions. The observed consistency over the course of

the experiment allows the relative abilities of the subjects on
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different tasks to be compared. One might conjecture, for example, that
if the perception of one-syllable words requires the same cognition as
the comprehension of sentences then a subject who was particularly
talented on one task would be talented on the other. This is the same
arguement that was used in the correlation studies discussed in Sec-
tion 4.6, and it will now be used to demonstrate the relation between

the various comprehension tasks.

The scores for each subject on every test were converted to
ranks, and the Kendal Correlation of Concordance was used to determine
relative consistency of performance. A difficulty arises, however,
from the fact that for many of the comprehension testé, especially dur-
ing the first half of the experiment, the scores are so low that a rank
measure is not very reliable. On the two-syllable word test of session
one, for example, all subjects, with one exception, could not perceive
any words correctly. Therefore, correlating the ranks on this test
with those of the same test given on session eleven is not meaningful.

The same situation occurs for other comprehension tests.

The ranks for the sentence comprehension tests given during
the second half of the experiment are very highly correlated with
W = .88 (p<.001); but when the tests for the first half are considered
alone or in combination with the second half with W = .33 (not signifi-
cant) and W = ,34 (p<.01)urespect1ve1y, the correlation is observed to
be much weaker. The lack of a correlation among the test scores for
sentences given in sessions one through seven is the result of very
low average performance. In other words, a subject who perceived a
few extra words correctly, or a subject who felt like guessing, would
raise his score above the others and could change his rank from twelve
to one. It was, in fact, found that in the beginning some subjects
were much more willing to guess without being confident that they were
right, while others were more conservative. Those who guessed gener-
ally scored, relatively, very high initially but their scores did not
increase with more practice. Furthermore, the only words perceived
correctly in the beginning were function words, as mentioned in Sec-

tion 5.31. Later, the ranks are determined by the number of content
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words comprehended since there are many more content words than func-

tion words.

The scores for the word tests all remained low throughout the
experiment, and the ranks did not correlate with each other, although
the geographical-names-test results were significantly consistent with
W= .51 (p<.01). After examining these results it was noticed that
the geographic-names-test scores for the first and last session had a
very high Spearman correlation RS = ,87 (p<.001), but this set of ranks
did not correlate with the other presentations of the same test on ses-
sions three, six and twelve. This might be explained on the basis of
identical test material, however, the material on session three was
the same as on session twelve and the correlation was small, RS = ,50
(not significant). The essential difference between the two sets of
tests is that there was no conversational practice on the first and
last sessions, which suggests that these results were influenced by
ektinguishing of the perceptual ability or that the results were more
dependent on the content of the tests than one would have hoped. 1In
either case, there 1s no reliable evidence available from the experi-

mental data to examine these questions.

In order to correlate performance for different tasks, the rank
scores for every test of a particular kind are averaged and then re-
ranked*. The most significant finding from the correlation studies is
that the performance for sentences (second-half of experiment) and geo-
graphic names have a Spearman coefficient of .88 (p<.001). Such a high
correlation, quite unambiguously, states that these tasks are using the
same cognitive mechanisms. The perceptual cues in both cases can be
seen to be very similar since stress pattern,_syllable length, and se-
mantic redundancy all play a role. The subject who was able to identify

every name was also able to comprehend every sentence.

The tests using word categories also illustrate another point.

When the subjects were given the names of the categories to which the

*See Section 4.6 for a more complete discussion of this technique.
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words belonged, the scores correlated somewhat with the sentence tests
(Rs = .63, p<.05); but when the category names were not given so that
the subject had no semantic redundancy cues, there was no correlation
with the sentence tests (RS = -0.15). Since the stimulus words were
the same perception based on the phonemic sequence would have shown a
very high correlation. The lack of correlation must, therefore, be
interpreted as meaning that semantic redundancy, rather than sensitiv-
ity to the épectral distortions produced by the system, is the deter-
minimg factor in learning to perceive. This would suggest that the
differential ability of comprehension is a manifestation of a subject's
ability to use non-acoustic information to compensate for a lack of

distinct phonemic preception.

5.5 RELATIONSHIP BETWEEN COMPREHENSION AND PHONEME PERFORMANCE

The suggestion in the previous sections that phonemic perform-
ance is not a good indicator of sentence comprehension is further

borne out in the correlation studies to be discussed. Although senten-

‘ces are composed of a sequence of words which are composed of phonemes,

comprehension of a sentence does not result from identifying the word
or phoneme elements. Because of the complex structure of a sentence,
the listener can, and probably does, use the syntactic and semantic
redundancy to aid in perception. It might be stated that words are
more related to a sequence of phonemes than sentence are related to a
sequence of words. Sentences have a unifying prosodic structure which
appears to act as a separate channel for carrying linguistic informa-
tion. The exact nature of prosodic information cannot be determined
from this experiment but it is, nonetheless, a very significant aspect

of the perceptual problem.

Of the four kinds of phonemic tests measures discussed in Sec-
tion 4.6, consonant identification, vowels identification, phoneme dis-
crimination, and language discrimination, only the first is found to

be related to a subject's ability to identify isolated, contextless
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words. The Spearman rank correlation* for word identification and con-
sonant identification is .73 (p<.0l1). There was no significant corre-
lation with any of the other tests. Since consonants carry the bulk

of linguistic information, and since there were no other cues, this
result is hardly surprising. In a one-syllable /C V C/ word, the lis-
tener cannot use stress, syllable length or context. He must guess
from the set of words which are in the same form, and his probability
of getting it correct is directly dependent on his ability to perceive
the phonemes. The lack of any correlation between word perception and
vowel identification is most likely another manifestation of the vowel
instability phenomenon, discussed in Section 4.24. Whereas, the conson-
ant errors in word perception are primarily in the place of articula-
tion feature, the vowel choice appears to be unrelated to the actual
stimulus vowel. It is impossible to state if this is also true for

untransformed natural speech or if it is particular to this experiment.

In contrast to the perception of isolated words, the comprehen-

sion of sentences and geographic names is nct correlated with either

‘the phonemic tests or the word tests. In other words, a subject who

can do better at identifying or discriminating a transformed phoneme
may very likely not be able to comprehend a sentence. Equally, a sub-
ject who cannot perceive phonemes and words in isolation may be able

to comprehend sentences. This must be interpreted as meaning that when
the stimulus is as complicated as a sentence, or involves the same cog-

nitive processing used for sentences, the listener uses a different

~ kind of strategy than he does in identifying discrete acoustic units.

This conclusion would give support to those theories which maintain
that the units of perception must be as large as syllables or words

(Miller 1962). Moreover, if perception were a hierarchy of operations

*In performing the correlations, the technique described in Sections
4.6 and 5.5 is used. First the average ranks for a particular set of
tests is found and then re-ranked. Then, these ranks are combined
with the rank scores for similar kinds of tests. For example, the
ranks for all the one-syllable word tests are re-ranked and then com-
bined with the re-ranked scores for the two-syllable tests to form
and overall measure of relative word identification ability.
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then one would expect that sentence comprehension would be dependent on
word performance, and word performance would be dependent on phoneme
performance. In fact, this does not seem to be the case. An alterna-
tive theory would maintain that cognitive processing is a parallel
operation and that the prosodic features of a sentence can act to sup-
plement word perception in a sentence context. The lack of correlation
between the different phoneme tasks and comprehension rules out the

possibility of any simple theories.
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CHAPTER VI

LEARNING SPECTRALLY TRANSFORMED SPEECH

The results of the testing series, although objective and struc-
tured, are controlled measurements and, by virtue of this fact, do not
represent many facets of speech perception that would occur in a natural
environment. Even the sentence comprehension tests, which attempt to
measure comprehension by scoring the percentage of syllables correctly
identified, are not based on an attempt to communicate an idea. In con-
trast, a normal listener engaged in conversation tries to understand
the meaning of the speaker, more often than not, without actually re-
membering the words which conveyed it ( excluding phoneticians and psy-
chiatrists). This is illustrated by the fact that when a listener is
asked to repeat what he has heard he generally paraphrases the thought
rather than repeating it word for word. People with good memories can
often recall a sentence verbatim without actually understanding the

thought contained within it. Thus, the relationship between perceiving

‘and understanding may be as different as phonemes and sentences. The

listener engaged in conversation is attending to the most abstract level

of cognition--the idea.

6.1 PSYCHOLOGICAL CONSIDERATIONS OF CONVERSATION

A conversation is a dialog with each person alternating as

speaker and listener. The speaker, for this reason, receives feedback

. information about how well he is being understood and, in addition to

correcting misunderstandings and ambiguities, he can control the rate
with which new information should be introduced. The content of a sen-
tence is somewhat redundant and predictable since it is related to the
previous sentence. The speaker controls the semantic redundancy, for
example, by repeating phrases and clauses instead of using pronouns.

Of all the tests, the content-related sentence test 18 probably most

similar to conversation.

Conversational utterances differ from the test sentences in
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other ways. Typical utterances are generally fractured, being only
parts’ of sentences, and are sometimes ungrammatical. However, conver-
sational speech is often richer in prosodic features since the speaker
is conveying his attitude, such as displeasure, sarcasm, doubt, sur-
prise, etc., about the content of the utterance. Also, many standard

phrases are used and the vocabulary can be selected to avoid confusions.

The undefined and ambiguous nature of conversational speech
makes it very difficult to analyze, especilally since the subjects were
in the process of learning as well as communicating. Although percep-
tion, in general, is an active process, the testing situation was pas-
sive in comparison to the conversation situation. Because of its dyna-
mic aspect, and because many different kinds of psychological activi-
ties were occurring at the same time, the 42 hours of tape recorded
conversation data can only be analyzed by first establishing a set of
hypotheses. This, in turn, makes the insights gained from conversation
éubjective and open to question. Nonetheless, the experience of the

subjects during the conversations is a very important factor reflecting

-thelr ability to learn transformed speech and must not be ignored.

Many of the practice techniques used by the subjects and many
of the learning stages through which they passed were analogous to
other language situations. In trying to understand a speaker with a
foreign accent or speech defect, for example, the listener is faced
with an utterance composed of the same lexical items and the same syn-

tactical grammar of his own language, but the pronounciation of the

- phoneme sequence and the prosodic features are distorted. Similarly,

the infant learning to speak is at first exploring a new sensory medium
and is correlating his production of a sound'with the perception of it.
Also, learning to understand a foreign language requires that the stu-
dent integrate new sound units with already existing symbols. The k;nds
of exercises used by language teachers are somewhat similar to the

activities of some of the subjects.

The experiment with transformed speech began by immersing the
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pair of subjects into the new medium, without visual contact, preceded
with che instructions 'you must learn to communicate with each other

and that is your only goal.'" The advantages of using an unstructured
paradigm are twofold. Firstly, there is no conclusive experimental or
theoratical evidence to indicate the nature of a learning program which
would maximize learning transformed speech; consequently, a pre-defined
learning algorithm would make the results of the experiment very depend-
ent on the effectiveness of the designed practive sessions. Moreover,
it 18 difficult to create an algorithm which takes into z2ccount the
different kinds and rates of learning for each subject. Secondly, it
was felt that insight could be gained by examining the relationship be-
tween the types of practice and results on comprehension tests. Since
there may be more than one cognitive mechanism involved in this learning,
it 1s hoped that the stages of learning reflect stages of practive acti-
vity. By not biasing the subjects with specific tasks or instruction,
they were effectively being told that there was no "right' approach.
They definitely had the feeling that they were pioncers exploring a

medium which nobody, including the author, understood.

The subject pairs, upon first being placed in the spectrally
transformed medium, started talking as if they were in a normal acous-
tic environment. Examples of their first utterances are "Hello Sam',
"How are you?", "Some son-of-a-bitch stole my lab notebook.'", and
"George, can you hear me?". Hearing their own and their partner's
voice sounding so strange provoked amusement and then the profound real-
ization that they were not being understood. At this point learning

began.

6.2 ROLE OF PERSONALITY

A subject's response to the realization that he was not able
to communicate in transformed speech medium appeared to be a function
of his personality and, for this reason, there were a great variety 6f
reactions to the situation. After the first several seconds of conver-
sation attempts, several subject pairs asked, almost simultaneously,
"do you understand?'". Since they both had the word "understand" in
mind, this became the first word which was communicated. Similarly,
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the words '"yes'" and 'mo'" were discovered in conjunction with the many
repetitions of '"understand', but any utterance more complicated than
these words was met with the response ''do not understand' or 'under-
stand no'". In contrast to these pairs, one set of subjects continued
talking as if they were being understood; each one was talking about a
different topic and was assuming that his partner's responses were re-
lated to what he said. These subjects, by not listening carefully to
their partners were able to pretend that everything was in order.
Denial was their way of coping with a situation which they felt unable
to handle.

It becomes apparent when listening to the tape recordings of
the conversations that the subject's "self-image', his attitude to a
problem situation, and other emotional feelings are, in addition to
his linguistic ability, a very strong factor in determining his ap-
proach. Overcoming the lack of intelligibility produced by the spec-
tral transformation required the subjects to generate a strategy for
learning and practice. Thus, their ingenuity, as well as their perse-
verence, played a role. They were continuouély faced with the ques-
tions: "how successful is our present method?", "how do we méasure our
success?", "have we done as well as we ever will?", 'should we keep
trying new approaches until we find one which works?", '"should be per-
sist with the method that we feel should work?", and 'can we ever
learn to understand each other?'. The answer arrived at, either im-

plicitly or explicitly, are a function of their personalities.

The effect of personality differences were illustrated in many
ways. A person who, for example, liked an unambiguous situation would
work best in a "directive" as opposed to a ''mon-directive' environment
and would, therefore, find the unstructured instructions of this experi-
ment frustrating. Whereas some of the subjects often asked the author
"what should we be doing?" and "how well are we doing compared to the
other subjects?", others liked the independence and worked at explor-
ing the medium, ignoring their partner. The mere fact of having a part-
ner raises the issue of cooperating in a team effort. Internal compet-

ition between the members of a pair might act to stifle tendencies to
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explore and to make mistakes. Since the subjects were not rewarded
monetarily for learning to communicate, the motivation to exert the men-
tal energy necessary to learn was internal and personal. Just as some
students learn better in a classroom for the reward of grades, those
subjects who did not learn to understand transform speech because they
did not like the freedom or lack of a grade might have performed better
if they had been directed to engage in specific activities and exer-

cises with a numerical measure of their success.

Can, it must be asked, the wide range of performance be attri-
buted to the personality differences? For example, should the lack of
ability to communicate be interpreted as the basis for becoming bored
and losing interest in the experiment, or should a lack of interest and
ingenuity be interpreted as the basis for a failure to learn. A sub-
ject who tries to master the situation with only one approach that does
not succeed might well give up, although if he had used a more effec-
tive technique he might have succeeded. In conclusion, the nature of
the conversational practice sessions determ@ned the learning experience
and, as will be shown in Section 6.5, is directly related to test per-
formance. The relative amount of tiﬁe spent in different kinds of acti-

vities correlated with the rank scores on many of the tests.

Although the partner of each subject was his friend, one of the
two generally had a stronger interest in the experiment, or a stronger
motivation to take control of an unstructured situation, and would do-
minate his partner. The dominant partner, by forcing the submissive
partner to act as responder, was more influential in determining the
kind of practice that each was experiencing. For the pairs who were
able to co-operate ané/were equally motivated this was not a problem,
but for some the imbalance was apparent. If one subject, then, did
most of the talking, the listener was gaining experience in perception,
assuming he was paying attention, while the speaker was not. Under
this condition, which sometimes approached an extreme, one subject was
experiencing a very different kind of practice than the other one. No

attempt was made to interfere with their working relationship even
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though it might not have been optimum or even useful; however, they
were reminded that their goal was to learn to communicate and that this

was their only goal.

Based on purely subjective insight, there appeared to be three
personality types. The first type had a highly analytic orientation
and approached the problem of communication by trying to find the rules
for spectral rotation. This kind of personality, characteristic of
many M.I.T. students, approached the situation initially by organizing
and ordering the sound units. The second type appeared to have less
interest in technique and merely tried to converse hoping that communi-
cations would suddenly happen. The range of strategies was limited and
they seemed to have very little of interest to say to each other.

Their attitude was relaxed, although also passive. The third and most
successful type used a systematic approach, in that they experimented
with techniques, measuring their success carefully, but they concentra-
ted on the communication problem as a transfer of ideas. They differed
from the first type in that they were not interested, per se, in spec-

tral transformation.

The importance of personality in relationship to linguistic
ability has been shown in many foreign language learning studies. Anis-.
feld and Lambert (1961), for example, found that the ability to learn
Hebrew correlated with the students attitude towards the Jewish people.
Those students who were willing to identify with the social group speak-
ing the language found it easier to learn the language. Lambert (1963)
stated "it was clear that students with an integrative orientation were
more successful in language learning in contrast to those instrument-
ally oriented. Further evidence indicated that this integrative motive
was the converse of an authoritarian idealogical syndrome, opening the
possibility that basic personality dispositions may be involved in

language efficiency".

Moreover, students of a foreign language show differential abil-

ity to learn different language tasks, as illustrated by the fact that
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a visually oriented person learns to read the language better than he
understands it aurally. For aural comprehension, Karlin isolated two
factors which he considers relevant: the ability to fuse perceived parts
of an auditory stimulus into an integrated whole and the ability to re-
member a large auditory span (Blickenstoff 1963). Other studies have
opened the possibility that language ability is related to musical or
pitch acuity, although they are by no means conclusive or consistent.
Even though the factors which contribute to language aptitude are not
known, it can be safely said that personality differences, as reflected
in different cognitive strategies, allow some people to learn a new for-
eign language with ease and to speak any of a half-dozen languages,
while others never learn a foreign language fluently. In this sense,
learning to perceive spectrally transformed speech is probably related
to many of the cognitive elements which play a role in foreign language
learning. No attempt was made to measure the language aptitude of the

subjects in the experiment.

In addition to the personality and emotional factors, the
speech habits of the subjects were importaﬁt. The clarity of a speaker's
articulation, even in normal speech, determines how readily he is under-
stood especially in the presence of background noise or distortion.
While some of the subjects had a strong tendency to mumble, assuming
that they were not going to be understood anyhow or assuming that their
speech pattern was not important, the subject pairs who learned to com-
municate most quickly were the ones who were very careful about their
enunciation. A clear observation of this phenomenon was shown when
"biology laboratory'" replaced 'bio-lab'". Also, talking too rapidly or
too slowly decreases intelligibility since rapid speech is often slur-
red with many sounds being mis-articulated or omitted and, excessively
slov speech has an unnatural stress and intonation pattern with many
phonemes inappropriately lengthened. Furthermore, when a sentence is
spoken too slowly, it cannot be remembered, and therefore perceived,

as a unit.

The difficulty with which an idea was communicated depended on

N—
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its complexity and familiarity. Thus, two roommates who had often dis-
cussed the subject of women had less difficulty in understanding sen-
tences relating to this theme since they already knew what each thought
about the subject. Even though the conversations were not rehearsed,
familiarity with the idea being expressed increased its redundancy and
increased its intelligibility. Similarly, conversations about current
events were more intelligible if both partners had heard the newscast
or read the newspaper. Aside from content, the length of ‘time that the
subjects had known each other was a measure of how accustomed they were
to each others syntax, idoms, manner of speaking, etc. The pair of
twins in the pilot study learned to communicate most rapidly and their
initial conversations were composed solely of frequently used personal

idiomatic expressions.

The above discussions point out the complexities of the experiment but
they do not help, nor are they intended, to evaluate the influenced
personality on learning. Questions of personality and learning are
much less understood than questions of perception; and questions of
perception are not well understood. Since the goal of the experiment
was to demonstrate that spectral pattern transformation does not prevent
communications, the fact that some subjects did learn to comprehend
transformed speech is sufficient. In the same way, one does not have

to show that all people can learn a foreign language in order to prove

that it can be learned.

6.3 QUESTIONS OF LEARNING

In designing a learning experiment, one must specify two para-
meters: the length and frequency of the practice sessions. Assuming a
fixed amount of available practice time, it should be distributed in
such a way as to maximize learning. As shown by the discussions in
Woodworth and Schlosberg (1961, cht. 25) there are many factors which
influence the efficiency of learning.

Towards the end of a long learning session, fatigue and boredom,

called "reaction inhibition', reduced the learning efficiency to the
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point where further practice resulted in no improvement in performance
and a possible deterioration in performance. The saturation point oc-
curred when the subjects were no longer able or willing to expend the
mental energy necessary to try to perceive the spectral transformed
speech. The amount of conversation time required to reach saturation
varied as a function of the kind of practice and the attitude during
that particular session. In the beginning, when the subjects were very
enthusiastic, they were able to maintain active interest for the full
half-hour. Those subjects who later found conversation possible, and
if they also had something to say, were also able to maintain active
interest for the full session. When the session was not going well be-
cause they were not able to communicate or were dissatisfied with their

level of performance, they would lose interest after about 20 minutes.

In most learning situations, a certain amount of forgetting or
unlearning takes place during the interval between the sessions. Thus,
in addition to the normal warm-up time required to get into ''the swing
of things", a certain amount of time at the beginning of each session
is expended on raising performance to the level of the last session.
The forgetting that takes palce is, however, somewhat more complicated
since it is often observed that performance improves during this time.
The subjects, during the beginning of the experiment, sometimes became
fixated on a given sentence or a particular approach in such a way that
the time spent did not appear to enhance performance; but, the next
gession allowed a fresh start without the residual feeling associated

with an unsuccessful attempt to communicate.

Increasing the interval between learning sessions, in some ex-
periments, actually reduces the total amount of practice time needed to
master a task. Bumstead (1940; 1943) showed that the total amount of
time need to memorize prose or poetry decreased when the practice time
was distributed with larger intervals between sessions. The total
amount of time required to reach a given level of performance was ap-
proximately the same when the intervals ranged from two to eight days.
It has been argued that in this kind of task the time lapse between

sessions requires that the learner utilize those associations which are
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not perfectly fresh and ready but have become habit. The learning of
spectrally transformed speech may not be directly analogous to memoriz-
ing so that it is difficult to apply Bumstead's results to predict the
optimum interval between sessions in this experiment. If learning the
transformation is related to long- and short-time memory, then the sug-
gestion of Bilodeau and Levy (1964) that there is a similarity between
verbal anrd motor skills and retention, and that there is a large drop

in retention after a few minutes but a very slow drop during the next
week, could be applied to learning transformed speech. The difficulty
in assessing the situation is caused by our ignorance of what percep-

tual learning is.

When the twins of the pilot study were tested about a month
after their last learning session they showed a very high degree of
retention. Only a minimal amount of practice was required to bring

them up to their previous level of performance.

6.4 STAGES OF LEARNING

The content of the conversation sessions was analyzed by class-
ifying the techniques used into one of four categories or stages. Since
the subjects progressed, on the average, from one category to the next,
it was felt that the categories are somewhat related to stages of learn-
ing. There are, however, significant exception and variations. Some
subjects skip a stage entirely, others spent a disproportionate amount
of time in one kind of activity, and others jump back and forth between
different strategies. Nonetheless, the scheme used in the following
discussions gives some insight into the processes involved in mastering

transformed speech.

6.41 STAGE I ACOUSTIC PROBING

Most of the subjects spent part, or all, of the first session
exploring the properties of the acoustic medium. Often, they would
utter a continuous diphthong-like vowel, as in 'aaaaaeeeeoo0ooo' or a
sequence of simple monosyllabic phonemic segments, while listening very

carefully to the transformed sounds in their headphones. When operating
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in this mode, they were ignoring their partner and concentrating on
their own perceptual-motor activity. In one sense, this kind of acous-
tic probing might be viewed as learning to correlate the perceived
sounds with the articulatory movements which gave rise to them. Fry's
(1966) description of infant babbling shows some marked similarities

to this kind of acoustic practice. ''Utterances are characterized by
frequent repetitions of the same syllable or sound, and the significant
feature of this stage is that the child is now uttering sounds for the
pleasure they give him and not as an expression of his reactions to
some particular situation.” When first exposed to transformed speech,
almost everybody tries to make as many '"funny' sounds as frhey can sim-
ply to enjoy the exotic and unnatural nature of spectrally distorted
sounds. Whistling, singing, and periodic pitch fluctuations all pro-
voke amusement. For the babbling infant this stage is charactérized
by the establishment of the auditory feedback loop, in that, a strong
link is made between the auditory perception and kinesthetic sensation.
However, with transformed speech the situation is somewhat ambiguous.
Because the listener can hear his own voice through headbone conduc-
tion, he can consciously chobse to listen to either the transformed
sounds or the untransformed sounds. Thus, it is impossible to say if
he is correlating new sounds with motor-movements or with old sounds.

Nonetheless, this stage is exploratory.

Some subjects used this initial period to enhance their discri-
minability of phonemes by practicing sequences such as '"mat, pat, dat
...". The inability to quickly classify transformed sounds into normal
phonetic categories, as well as the inability to immitate them, makes
them difficult to distinguish. The student of a foreign language is
also faced with having to make distinction in the new language that do
not exist in the old, as for example a Japanese learning the /1/ and
/r/ differences. Calvert (1963) and others state that in intensive
Peace Corps Language training students spend time practicing pronoun-
ciation and discrimination of non-native sounds. Weir (1962) observed
that her child, after babbling stage, practiced rhyme sequences not

too dissimilar to those of these subjects.
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Very soon after beginning acoustic probing, subjects started
to use other stimuli, such as the alphabet, counting, and nursery rhymes
like "Mary had a little lamb". Both partners were now generally active;
after listening to an utterance, one subject would try repeating it with
his partner now acting as listener. Although there was sometimes a dif-
fulty in establishing what was being said, once the listener knew that
his partner was counting, for example, he would have no trouble under-
standing the sequence ''one, two, three....'". Other examples of this
kind of practice included reading from a text which both subjects had
in front of them. One pair of subjects brought in'a list of numbers
followed by topic words. They would say the number followed by the

word; since the number was understood, they would listen carefully to

word associated with it.

This kind of practice must be interpreted as occurring at the
acoustic and phonemic level since they are practicing with specific
sounds rather than with word groups containing ideas. There was never
a question of conveying information because they always knew what was
being said. As evidence that they were being understood a subject
would repeat the word, and his partner would repeat it again. Their
attention is being focused on the perceived sounds, and it may be spec-
ulated that the cognitive process is that of remembering sounds or cor-

relating them to their word symbols.

The most natural extension of phonetic practice was learning to
imitate the transformed phonemes. A few of the subjects, whose techni-
cal background told them that an accurate pronounciation of a trans-
formed sound should appear normal to his partner after begin trans-—
formed again by the system, tried to learn to speak transformed speech.
Even those who did not know the above fact tried to pronouce the dis-
torted sounds. In effect, they were attempting to ascertain if it would
be easier to speak in an unnatural way than to perceive unnatural sounds.
Two pairs spent several sessions in this kind of practice. They happen
to be particularly adept at modifying their pronounciation so as o find

the correct pronounciation for particular sounds in isolation. For
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several reasons their success was only moderate. Firstly, many of the
consonants cannot be imitated simply because there is no articulatory
movement which duplicates the inverted formant structure. Secondly,
they were not aware that a consonant is not defined in isolation and
that it strongly dependent on the neighboring vowels. Thirdly, the
perception of the vowels, as discussed in Section 4.24, is unstable;
that is, the perception is not directly related to the stimulus. Four-
thly, a spectrally transformed word is not a sequence of transformed
phonemes. Fifthly, they found it difficult to remember the pronouncia-

tion of a word they had learned to pronounce corréctly.

One pair had mastered the transform of the word "English" and
many of the letters of the alphabet. They discovered the consistent
transform pair /u/ and /i/, also /y/ and /w/, which are the most clear-
cut illustrations of front-back reversal. They used this learned abil-
ity mostly in spelling a mis-understood word. Later, during the middle
of the experiment they attempted speaking transform speech mainly as
aid to normal comprehension, but it would often take many attempts to
find the right pronounciation of a given word. Eventually they aban-
doned the approach because they were becoming confused as to when their
partner was speaking transformed and when he was speaking normal Eng-
1ish, and because their ability to successfully imitate many words was

poor.

Their experience with production, however, does illustrate some
rather well known facts. Speech production is a more active process
than comprehension and is often thought to be ''ballistic'. Speaking
requires that articulators be enervated with a highly synchronized set
of signalsincorporating past, present and future information. The en-
tire word sequence is prepared in advance and delivered automatically,
without feedback, to the production apparatus. Production, being a
motor activity, is characterized by a sequence of irrevokable decisions.
In contrast, perception with the aid of short-term memory allows for
processing, differentiation, and integration while additional verbal
information is being accumulated to resolve ambiguities. Ehrman (1963)

makes the well known point that "listening for comprehension and oral



- 154 -

expression are two different skills which are not acquired at the same
time with the same ease and speed when learning a foreign language. Our
ability to listen to a foreign language and to understnad it is greater
than our ability to speak it."

In clinical experiments, Ringel and Steer (1963) showed that
articulation is relatively stable even in the absence of feedback.
Articulation error scores under the conditions of either high masking
noise to block acoustic feedback or nerve blocking anesthetic to remove
kinesthetic feedback increased only slightly. With both kinds of feed-
back removed, articulation errors increased significantly, but the
speech was still quite intelligible. Thus, speech production appears
to be organized in a feed-forward manner and does not require extensive
feedback. Throughout the experiment subjects were listening to their
own voice transformed, yet their articulation remdined unaffected. If
feedback were necessary for good articulation, one would expect that
subjects would begin to say /we/ for /you/ or /oat/ for /eat/. They

did not, however.

6.42 STAGE II: HIGH-REDUNDANCY UTTERANCES

This stage is characterized by conversations which, by virtue
of their high predictability and limited range, contained very little
information. In contrast to Stage I which was fragmentary and phonemic,
Stage II conversations were structured but simple. There were basic-
ally two types of strategies included in this group: limited-set encod-
ing and restricted topics. In the former, subjects tried spelling
words that were not understood or using a number code to correspond to
a particular topic. In the latter, the content of the conversations
was limited to words and structures which were highly associatel or
parallel in form. In many ways, the character of this stage is very
similar to the drill practice given language students. Although the
cognicive energy appeared to be focused on perception of content words,
the subjects did not communicate large ideas. Rather, they measured

their success on the basis of identifying a key word or phrase.
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At various times throughout the experiment, most subjects used
the techniques of spelling words that were not understood. Only a
1imited amount of practice was necessary in order to identify a letter.
The technique of learning the letter was to recite the alphabet up to
and including the letter to be transmitted. Thus, for example, if the
word "bad" was not understood, the speaker would say "ab...a....abcd".
Spelllng represents a code of only 26 elements and, therefore, has a
much higher intelligibility than words. Moreover, the 26 elements can
be perceived in a seauence of independent non-interacting linguistic
units. Even though this method was effective, its inefficiency was
apparent to the subjects and they only used it when the specific word
was not understood. Often spelling the important content words and
then repeating the sentence in which they were used resulted in total

comprehension.

Numbers are a linguistic set analogous to letters in the alpha-
bet. Very ingeniously, one pair of subjects on the second session

brought with them an index, as shown below:

1- house
2- weather
3- motorcycles
4- summer
5- humanities
6- talk in French
7~ un homme et une fenmme
8- yes
9- wno
10- repeat
999~ panic

This shows that these subjects understood that the difficulty in ex-
pressing independent words and jdeas coula be avoided by using a simple
coding scheme. At first they used their index to indicate which word
was being uspoken, but they then realized that they could converse about
a subject that was identified with the number. They initially went
through the last several times learning to correlate the numters with
the word names. Following this practice they went through the following

sequence:?
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a) 'two weather, two weather'

b) 'weather'

a) 'right"

b) 'weather rain"

a) '"raining"

b) 'weather wet'

a) "the weather is raining"
Although the conversation was actually more labored than it appears
above, they were using the technique of categorizing and limiting seman-
tic content to enhance perception. This pair of subjects also demon-
strated that they could distinguish French from English. At one point,
one subject began counting in French, ''un, deux, trois.....", and his
partner responded, asking him if that was French. The question of trans-
fer of learning from one language to another is not answered in this

experiment.

Another pair of subjects read to each other from a newspaper.
In this way they knew what was being said and listened carefully to the
wéy it sounded. As acheck on their ability to understand, they selec-
ted sentences at random, after they had read it through, trying to iden-
tify which sentence was spoken. This was very successful owing to the
limited possibilities. Towards the end of this session one subject
asked the othar 'Are you going to eat at Walker'". The word that was
perceived was "Walker", following which the listener said "I am going
to eat at Walker'. The next comment was a synthesis of the name Walker
and an article read during the earlier part of the session. He said
"Did you know about the kids who got food poisoning at Walker", which
was understood. Again, it is found that comprehension was based on
categorization and familiarity. But, in addition, they discovered that

names were particularly easy to understand.

The use of names of cities, states and countries as practice
material was tried by one pair of subjects with large success. From
this they moved on to the names of books, also with great success.
Other subjects discovered sentence groups such as "There are 365 days
in the year", '"There are 12 months in the year", '"There are 4 weeks in

the month", etc. Once focused on this kind of theme, they were able to




- 157 -

communicate the names of the months and days without difficulty. 1In
general, most subject pairs developed a frequently used ritual vocabu-
lary including such phrases as 'repeat", ''say again", 'very good",
"you are stupid', '"talk faster", ''talk slower', etc. Or, they would
interject common phrases such as 'peter-piper picked.....", '"the rain
in Spain stays mainly on the plain'. Conjugating verbs was also prac-

ticed.

The subjects were focusing on content words and sometimes they
would put a correctly perceived word into the wrong sentence or turn a

statement into a question.

From the results of the sentence tests, it is quite apparent
that the subjects ceuld have known, if they wanted to, that they had
not correctly perceived the syntax and meaning of the sentence, but they
allowed their perception of a content word to dominate. For example,
if the speaker said "I am going home for vacation', the listener might
repeat 'you said, what am I doing this vacation™. This phenomenon
might appear paradoxical in that the structure of the stimulus sentence
and the peréeived sentence bear no relationship to each other, aside
from the word 'vacation'. This must be interpreted as meaning that the
subjects, at least in the intermediate stages of learning, concentrated
solely on the important words and not on the overall patterns. In a
sense this stage reflects an attempt at perceiving word symbols and

not ideas and thoughts.

For most of the subjects this practive was rather inefficient.
They would often spend most of tlehalf-hour session communicating only
a few words and ideas; the remainder of the time Wwas spent trying, in
many ways, to communicate a given word. Frequent repetitions, generally,
did not help beyond the first few. Probably a carefully designed ini-
tial learning program would have increased the rate of learning,
although perhaps not. This appears to be the critical learning stage,
since in Stage III subjects could communicate a given idea using seman-

tic strategies.

< \rs
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6.43 STAGE III  SYNTHETIC CONVERSATION

This stage, In contrast to Stage II, is characterized by commun-
ications of ideas and information in a dialog approaching conversation;
but it is not true conversation since the subjects still had a great
difficulty with many important words. The technique used to overcome a
non—comprehended or misunderstood word consisted of semantic branching
or ideas by association. The conversations were somewhat similar to
those which occur in the Peace Corps language training centers where
students are required to speak the new language when socializing at
dinner. For example, if "pass the salt' was not understood, it might
be followed "pass the thing next to the pepper' or 'give me the spice
to put on my meat'. The listener can intuit what the speaker means by
assoclating content words. ''Salt" and 'pepper" are often heard in the

same context.

From a psychological point of view, it is during this stage
that subjects experience a rather sudden improvement in communications,
called "break-through'". They become much less cautious about the kinds

of utterance they will attempt and they begin working on the assumption

that they will be understood. Generally, any attempt to practice learn-

ing is abandoned; rather, they simply try conversing with the expecta-
tion that they will eventually be understood. It is almost as if the
,subjects 'lock" on to the speech patterns and no longer listen to spec-

ific words.

The following dialog illustrates the use of content related
words for communications and is the kind of conversation which occur

just before "break-through".

So how was the folk dancing?
Today 1s?

the folk dancing
you said today?

What kind of folk dancing?
I don't get it
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Was it American folk dancing?
American?

yeh! American folk dancing
American state Johnson

dancing!
What is the last word?

dancing. What you did last night
Oh! folk dancing

folk dancing, right
Did I 1ike 1it?

it was American?

Oh yeh! I 1ike it. Did you say American Folk

dancing?
Was it American?
No, mainly, mainly Balkan.
What kind?
Balkan, Russian, Slavic, Hungarian, Rumanian.
Ireland?
Hungarian, Rumanian, understand Hungarian
I do not think so.
from Hungary
India?
from Hungary
India?
Rumania, Hungary, Russia, the Union of Soviet
Socialists Republics
dancing?
Russia, the biggest country in the world
where is 1it? 1is it in North America
No, it's in Asia and Furope
where?
Asia
and Europe
and Europe

Russia
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D the Union of Soviet Socialists Republics
c Russian

D Russia, right. Russia and Hungary
C what is the second one?

D Hungarian

C Where is it?

D Europe

C Europe

D Eastern Europe

C Eastern Europe

D  Hungarian

C What is it again?

D Hungary, Poland, Rumania, Lithuania
C Is it part of the USSR?

D that's one, but also Hungary.

C Hungary

D Hungary, yeh

etc.

This example illustrates many points. The initial theme of
the conversation took several rounds of interaction to be established
and the first key word to be communicated was 'American', a name of a
country. The conversation proceeded to the point where 'Balkans' was
not understood; semantic branching then began. The names of the Balkan
countries were given, but not understood. '"Russia', 'the Union of
Soviet Socialists Republics', 'the largest country in the world" were
tried. The last was understood, although the dialog then had to locate
the place with the words "Europe and Asia'. After having communicated
"Hungary'', the conversation continued for another ten minutes in the
same direction trying to establish the words '"Balkans'. To do this,
they covered "Israel', "Jewish", "Palestine", 'Jerusalem", "the Bible",
"the country had a war", '"the war in Viet Nam", '"no Israel" and fin-
ally the idea was communicated. It is clear that the efficiency was
not very great, but had the subject been able to guess the possible

kinds of East European folk dancing, he would have perceived the word

< Y7
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""Balkans' much sooner. Nonetheless, the strategy is completely by se-
mantic association, relating similar words in the hope that the correct

word will occur to his partner.

< \/

The dialog also demonstrates the ease with which they used
their verification and feed-back vocabulary. Such phrases as 'where
is 1t?" "what'", "what kind", etc. were understood immediately. Repeti- ‘\\
tion was used to verify correct perception but was not used to enhance
initial perception. Some subjects found that only semantic branching,
that is, using a new word instead of the word not understood, allowed
an idea to be communicated; whereas others found that simple repeti-

tions of part or all of a sentence resulted in comprehension.

The dialog is a clear example of inefficient communications of .
an idea using semantic branching. Although the word 'Balkans' could
easily have been communicated by spelling it, this pair of subjects
felt that they wanted to persist with a direct approach. The fact that
one idea tcok fifteen minutes to communicate does not mean that the
time was wasted since they communicated many other ideas in the process
of trying to establish a single word. Throughout this and similar dia-
logues, the emphasis is on thoughts and concepts rather than isolated

sounds. The perceptual energy is directed at meaning, which contrasts

with Stages I and II. \\“~_.\\

-
6.44 STAGE IV  INTEGRATED CONVERSATION
The dialogues characteristic of Stage IV were simply normal
integrated conversations with a minimal amount of repetitions, semantic <

branching, and other techniques. The content was usually general, not
ahstract or intellectual, and was often related to some specific experi-
ence or event. Only one pair of subjects in the main experiment and

the twins in tne pilot study really attained this stage for long dura-
tions. Other pairs were able to hold segments of conversations lasting
about ten minutes but they had difficulties in changing the topic under
discussion. Realizing that careful articulation was a very important

factor to intelligibility, the pair who had the most successful
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conversations behaved as if they were talking over a noisy telephone
circuit. Nonetheless, they commented "this 1s just like sitting at

home in the living room chatting".

It is perhaps interesting to note that there appeared to be
nothing special about the intelligence, personality, or apparent verbal
talent of these four subjects. If anything can be said about them it
is that they appear to be "easy-going' personalities and approached the
experiment as '"fun' rather than as a challenge. Perhaps a more impor-
tant factor is :hat the members of both pairs knew each other very well,
being thoroughly familiar with each others speech habits and ways of
thinking. In one case, the twins had known each other all their lives;
and in the other case, they were roommates who shared many of their

social activities.

6.45 CONCLUDING REMARKS

Although the stages of learning have been defined, illustrated
and explained in the previous sections, it should be apparent that it
was extremely difficult, and somewhat arbitrary, to classify a particu-
lar dialog between two subjects as being one kind of category. The
technique used was to indicate the predominant type of activity for
each 30 seconds of conversation for all of the practice sessions. Even
with such small increments of time, there were often ambiguities and
overlap caused by content which could, in fact, be classified as two
types. For example, spelling a difficult word in the middle of a syn-
thetic conversation is both Stage II and III. Because of this multiply
defined dialogue, as well as total silence and complete non-comprehen-
sion, the actual figures used to derive Craph 6.4a should be considered

to be only approximate.

The average data, shown in Graph 6.4a, demonstrates the validity
of calling the different types of conversation categories learning
stages. This Graph shows that acoustic probing was the dominant prac-
tice mode in the initial sessions, but that it was rapidly modified to

include high-redundancy utterances. Real communications, however, did
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not begin until later in Stage III. These conversations were very
labored with only a few complete ideas being transmitted in one half-
hour session. Natural conversation of Stage IV increased slowly and
was the predominant activity at the end of the experiment for only a
few subject pairs. Had the experiment been continued, or had the prac-
tive sessions been more frequent, more subject pairs might have at-

tained the competence for free conversation.

The average data, rather than individual activities, of the
subjects is indicated in the figure since any particular pair fluctu-
ated in their kinds of practice. During a single session, a certain
amount of time was spent in as many as four stages. The average
scores, then, show a general drift from session to session. Moreover,
if one of the subjects was tired, or pre-occupied, the subject pair
would involve themselves in a less strenuous activity, such as phonemic
practice instead of synthetic conversation, and this would manifest
itself as a temporary regression. In addition, the effectiveness of a
conversation attempt was a direct function of whether the subjects had
anything to say to each other. For these reasons, the average data

gives a clearer and more simplified view of the learning pattern.

On the other hand, the individual curves show the extreme dif-
ferences in the kind of practice engaged in, as illustrated by the two
examples of Graph 6.4b. The first pair of this figure, for example,
stated explicitly that they were not engaging in phonemic practice
since they felt that attempting conversations immediately would prove
more fruitful. The other pair of this figure did more experimentation
looking for some technique which would work, and did not have very much
to say to each other once they were able to communicate. Spending a
total of one hour practicing the names of cities, states, countries and

books is indicative of this.

It must not be forgotten that the activities of the subjects
are a measure of performance and not competence, even though competence

is included in performance. Some of the pairs may have been able to
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perform better, that is they were capable of better performance, but,
for one reason or another, engaged in a simpler activity. The testing
series is a better measure of competence, while the conversation ses-
sions must be thought of more as the kind of learning practice each
subject pair received. Another way of viewing the learning stages is
to consider the aspects of the signal which are being attended to.
Acoustic probing, and also phonemic practice, were activity focused on
the spectral transformation medium. Concentrating on high-redundancy
utterances composed of a set of limited phrases and words might be in-
terpreted as learning to remember larger units of spectrally trans-
formed speech. The synthetic conversations contained information trans-
fer, and in this sense the subjects were listening for meaning, but
they were using semantic redundancy of predicted content words to aid
in perception. It might be said that during this stage subjects could
understand transformed speech by concentrating on the utierance, but
that the speed of natural speech exceeded their ability to process it.
Hence, only some words wer: understood. As the process of perception
became more automatic, true conversation characterized by a reduction

of repetitions and semantic branching occurs.

The personality differences, mentioned in Section 6.2, appeared
to show some differences in cognitive organization, in that one group
of subjects treated the transformad speech as sounds and a second group
treated it as the carrier of ideas. The former group spent consider-
able time using techniques for practicing, experimenting with the med-
ium and speaking transformed speech, and in the extreme tried to gen-
erate phonetic dictionaries. The latter group tried, even at the begin-
ning, to simply converse with each other. They attended to the thoughts
and ideas of their partner using as much non-linguiscic information as
possible to enhance perception. Although their initial success was not
significant, they persisted until they were able to have free conversa-

tions.

As stated in a guide for teaching foreign languages (Minnesota

1965), 'no amount of theorizing, no amount of practice in fitting

U AR Y 4



\_/'-

- 167 -

individual parts togethzr according to rule leads to proficiency in

using language 1in actual situationms.... It further points out that
even though a form of practice may be mastered, this learning can not
be transferved to the real situation. In rote learning it Is the se-
quence being learned rather than the ability to automate the production
and perception of new sounds. i/odson (1967 p. 84) also states that
"the effort expended to imitate fluently and correctly the teacher's
stimulus, diverts attention from establishing and consolidating a strong
1ink between sentence meaning and the sounds he is speaking.' Although
he 1s referring to learning to associate meaning with production in the
forelgn lunguage situation, this does not have to be the case. One car
learn to understand a foreign language with a passive vocabularly just
as one can learn to understand a dialect without being able to imitate
it. Yet, learning must be considered an active process were what is
being lerned is what is being practiced. Paradoxically, practice with
transformed speech means listening to the ideas in a conversation and
n-t speaking it. In fact, as will be shown in Section 6.5, those pairs

who spent more of their time speaking transfermed speech learned to

understand it least.

6.46  LANGUAGE LEARNING SIMILARITIES

A set of analogies can be made between the four stages of learn-
ing transformed speech and those of learning a foreign language. In a
typical foreign language classroom the student is first taught the pro-
nounciation of those sounds which are alien to his native language,
and is concentrat.ag on the perception and motor movements associated
with the new sounds. As is the case in Stage I, very little attention
is placed on word symbols, meaning, rhvthm, idoms, etc. The instructor
in the foreign language ofSten gives the students some speciiic exercises
in which zhey can practice the sounds. This might take the form of a
limited vocabulary, a few senteunces, a poem, Or any kind of highly struc-
tured and limited lingujistic text. The mastery of a select group of re-
presentative samples of the language does not allow the student to really
communicace, but he does become accustomed fo the language. Reciting a

memorized poem is good practice even though it does not relate to the



- 168 -

ultimate objective--to communicate. This situation is typical of Stage
II.

Once the student has mastered enough of the vocabulary, become
familiar with the syntactic rules, and has the confidence to engage in
conversation, he attempts to speak. If he were attempting this in the
foreign country, he would find that communication was possible, but he
would have to ask the native speaker to repeat sentences, or use other
words if he did not understand. That is, he is understanding new words
by categorizing and semantic branching. These activities are the char-
acteristics of Stage III. Finally, after much practice, the foreign
language is internalized, becoming automatic and releasing the cogni-
tive attention for thinking about the ideas and not the words. True
conversation occurs only when a person can '"think" in the language.

The same is true for transformed speech.

Similarly, analogies between the stages of learning and the
process of acquisition of language can be drawn. Pre-language babbling
is thought to be an activity oriented around acquiring motor control
of the articulators and learning to correlate motor acitvity with the
resulting sounds produced by the activity. This is essentially explora-
tion of a speech medium in much the same sense that subjects experi-
ment with the effects of the spectral transformation on their speech. \\‘--1
When engaged in such activity, subject ignored the partner and concen-
trating on getting a feeling for sounds created by the system. ‘The
content of Stage I and babbling is non-linguistic.

According to Kaczmarek and others intonation is the first as-
pect of language which is learned by infants as young as 5 months
(Weir 1966). He found that an infant's response to utterances which
have the same intonation but different phonemic content was the same.
Weir has shown that native speakers of a language can recognize an
infant's babbling as being the same or different from the speakers'
language. That is, the infant's babbling acquires the intonation char-

acteristics of his language environment. In the language test,



- 169 -

described in Section 4.4, subjects recognized a passage consistently

as being English or non-Fnglish*.

In an experiment described by Menyuk (1968), children were given
meaningless sentences with scrambled word order, but with a natural
stress pattern. Very young children, when asked to repeat them, repro-
duced utterances with the same stress pattern. Older children, however,
tended to re-order the words to make a meaningful sentence and ignored
the stress pattern. They were forcing meaning on to the content words.
A very similar situation is found with the subjects' response to the
sentences tests, described in Section 5.31. During the beginning of
the experiment, subjects wera only able to perceive some function words
using, presumably, the prosodic features. As they became more experi-
enced with the medium, the subjects perceived content words and created
a sentence incorporating them, while ignoring the syntactic structure.
Thus, thev appear to make a transition from jntonation-related struc-

ture to semantic content.

6.5 DIFFERENTIAL ABILITY OF SUBJECTS

Fach pair of subjects created their own learning experience by
choosing the content of the conversational sessions. Those subjects
who were sensitive to the learning situation, designed efficient strate-
gies for practicing transformed speech. In this sense, learning to
understand transformed speech is a function of the content of the prac-
tice sessions and a function of the innate ability to master the new
medium. It might be suggested that subjects would choose to practice
material which they felt most competent to learn and they would there-
fore tend to improve on tasks relating to the content of their practice.
Whether differences in learning strategies were a reflection of differ-
ences in verbal sensitivity, or vice versa, is impcssible to say. Most
assuredly, both factors are important. Even though cause and effect
cannot be separated, some insight may be gained from studying the cor-

relations between the amount of time spent in a given kind of learning

*Although some passages were incorrectly identified, the judgments were
consistent from session to session.
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practice and the performance on the testing series. Subjects were
given rank socres based on the total amount of time spent in each stage
for the first 12 conversational sessions. The Spearman correlation
coefficient between these ranks and the ranks of the tests was then

computed.

The total time spent in Stage I correlated very highly with the
subjects' ability to identify vowels (RS = ,84, p<.001), but not con-
sonants (RS = .1). This result, when considered in terms of the inher-
ent plasticity of the vowels (Section 4.24), implies that by practicing
with sound patterns one caa learn, or perhaps remember, the vowels, but
this kind of learning does not enhance comprehension. The consonants,
in contrast, are very difficult to learn, and practicing them does rot
improve performance. Moreover, practice with the acoustic medium did nat
enhance perception of words* or sentences. The time spent learning to
speak or imitate spectrally transformed speech correlated negatively
with the performance score for comprehending sentences and identifying
the names in the geographic-names test#*%* (RS = -,64, p<.05 for senten-
ces; Rs = -.58, p<.05 for geographic names). That this correlation is
significant and negative demonstrates the basic and inherent differ-
ences between perception and production and, therefore, tends to weaken
the anlaysis-by-synthesis theoreis of Stevens (1960) and, Liberman,
Cooper, Shankweiler, and Studdert-Kennedy (1967). 1In these theories,
it is assumed that the cognitive mechanisms involved in speech produc-
tion are also used in speech perception. If the analysis-by-synthesis,
or the motor theory of perception, model were valid, then one would ex-
pect that learning to speak spectrally transformed speech should enhance

perception and vice versa. That is, the cognitive mechanisms used to

*Some of the word tests correlated with acoustic practice; however,
the correlations were not consistent and showed no general pattern.
For example, phonemic practice correlated with two syllable words
(RS = ,80) but did not correlate with one syllable words (Rq = ,16).

The difficulty is caused by the very low raw scores for~ the
word tests which makes the rank scores unreliable.

**kAs discussed in Section 5.4, it is felt that the same cues are used
for comprehending sentences and identifying the geographic names.
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generate speech are thought to be used to perceive speech and, conse-
quently, learning to speak transformed speech must allow for perception

of transformed speech since the same mechanisms are used for both.

Similarly, the time spent in Stage II, high-redundancy utter-
ances, correlated negatively (but not significantly) with sentence com-
prehension, consonant identification, and word perception. In summary,
practicing isolated sounds or experimenting with the medium never cor-
relates positively with comprehension; practice with vowels can improve

vowel perception but does not result in improved comprehension.

Stage IV, free conversation, correlated with the subjects abil-
ity to comprehend sentences and identify geographic names with RS =
.68 and RS = .61, respectively (p<.05). This is to have been expected
since conversation is simply made up of sentences. A subject who can
converse must be able to understand sentences, Parenthetically, Stage
1V also showed the only positive, significant correlation with the
ability to identify consonants (RS = .58, p<.05). This somewhat inter-
esting result must be interpreted with caution. On one hand, it might
be said that free discourse eventually leads to an improvement in con-
sonant perception or that experience with a varied context teaches the
subjects how to extract the rather subtle consonant cues from the neigh-
boring vowels. Those subjects who spent more time successfully convers-
ing were exposed to more transformed speech. But on the other hand,
the ability to converse might be the result of the subjects' innate
sensitivity to the consonants. Since consonants carry more linguistic
information than vowels, those subjects who could better perceive con-
sonants should find conversing much easier than those who had trouble
with the consonants. To answer this question of cause and effect, a

special statistical test was created.

The statistical measure D is equal to the sum of the magnitude
differences in ranks for each of the subject pairs on a particular test.
If the subject pairs are randomly matched for a given ability, then
one would expect that a subject with a low rank 1is equally llkely to

be matched with one who has either a high or low rank. But, if the
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ability is a reflection of the kind of practice which the two subjects
of each pair engaged in, then one would expect the ranks of the subject
pairs to be more similar than chance. In essence then, D is a measure
of the similarity in performance, on the average, as a result of the
fact that the conversational practice was unique to each pair. Using
this measure the following question can be answered: Was learning the
natural result of exposure to the transformed speech medium or was it
the result of the kind of practice which the subjects were engaged in?
Moreover, if the subjects reach a level of performance detarmined by
their native ability, then one would expect that the D would be insig-
nificant since the subjects were not matched for any ability. See Ap-

pendix C for further details on the statistic D.

When this statistic is used cn the consonant identification
ranks it is found that D decreases from 34 (maximum is 36) on the first
session to 11 (minimum is 6) on the last session. Thus, on the initial
base-line test it is found that the subject pairs are actually mis-
matched (p<.07) for their ability to correctly identify consonants,
but by the end of the experiment they are almost completely matched
(p<.005). This highly unambiguous result unequivocally indicates that
the kind of practice is the determining factor in the ability to learn
consonants, and that conversing rather than phonemic practice is the
best method for learning how to use them in perceiving natural conver-
sation. The importance of this conclusion cannot be overstated for it
empi.asizes the point that comprehension learning arises from integra-
tion of automatic recognition. It does not arise from learning the
segments; segment learning does not transfer to total perception re-

quired for speech.

Similarly, the D for identifying vowels correctly decreased
from 23 on the first session to 12 on the last session (p<.005). Most
of the decrease in the D took place immediately after the first session,
which corresponds to the learning curve of Graph 4.2b. The correlation
between vowel performance and the time spent in Stage I is also the re-

sult of the kind of practice engaged in.
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In contrast to the consonant and vowel identification, the D
for the ABX consonant discrimiqation remained approximately constant,
but with an average value of 31 (p<.15). This means that the subjects
were mismatched in their diserimination ability and that the learning
shown in Graph 4.3a is not a function of the kind of practice, but

rather it is a characteristic of the subjects.
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CHAPTER VII

CONCLUSIONS

7.1 SUMMARY

The electronic transformation system used in this experiment
rotated the bandlimited spectrum of the incoming speech wave around
the center rotation freauency of 1600 Hz. Thus, the spectral envelop,
as well as the individual harmonic components, of the acoustic wave
were inverted so that the high frequency energy became lcw frequency
energy and vice versa. In terms of the excitation to the auditory
nerve, the components, which previous to the transformation, stimulated
the cells near the stapes, now stimulated the cells maximally distant
from the stapes. Essentially, then, the neural firing pattern for the
lowest level auditorv cells is also reversed. In the frequency region
of interest, the psychophysical characteristics of the auditory system
are approximately constant, although there appear to be different modes
of response above and below 1000 Hz. Nonetheless, one would predict
that the transformation does not result in an excessive loss in hearing

sensitivity.

The subjective sensation of pitch, which is related to the fre-
quency difference between the harmonic components and the predominant
envelop modulation, was unaffucted hy the transformation. Also, stress,
loudness, duration, juncture, noise, ¢ilence, etc. were spectrally in-
dependent and therefore perceived normally. Only those speech features
that are a function of the formants and formant transitions were modi-

fied so that they could not be initially perceived.

The ABX discrimination tests showed that two distinct phonemes
generally remained distinguishable after transformation, although they
may not have been identified correctly. Only discriminations based on
the place of articulation feature for the consonants were difficult to
make. In particular, the error rate for the place feature was about 257

for all conscnants and 44% for the unvoiced plosives by the end of the
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experiment.

From the results of the phoneme identification tests, it was
found that several of the distinctive features have an acoustic manifes-
tation which was clearly perceived, and that these features were spec-
trally independent. Very seldom were there any confusion errors be-
tween phonemes that differed in the tense-lax, voicing-nonvoicing, and
mode of articulation features. Initially the errors in these features
were small, and by the end of the experiment they were almost non-
existent. The spectrally dependent features showed a very different
kind of behavior. In the base-line test of session 1, phonemes char-
acterized by low-frequency energy were perceived as those characterized
by high frequency energy. This was particularly true of the tense
vowels, but only somewhat true of the consonants and lax vowels. After
a minimal amount of exposure to the transformed medium, the situation
reversed itself. Now, the tense vowels wére perceived correctly and
the lax vowels were more easily identified. Subjects never, however,
gained the ability to identify the place of articulation feature for

the consonants even though some improvement occurred.

The asymptotic score for the identification of vowels was about
30% (chance equals 9%), which occurred around session 3, and for the
consonants it was about 357 (chance equals 77), which occurred around
session 8. Beyond this point no further improvement resulted from

increased conversational practice.

It was discovered from the word comprehension tests that sub-
jects had a great difficulty in correctly perceiving a word without
any extra cue. The scores for the one- and two-syllable word tests
remained small throughout the experiment because many of the words used
were less common than others within the same confusion class. However,
when the subjects were told that the words were the names of cities,
states and countries, their score was very high, 27% on the first ses-
sion and 70% on the last session. Similarly, when they were told the

category from which the words were taken their scores were much higher
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than when thev were not told the categories, 587 and 87 respectively.
Words embedded in a sentence were also much easier to perceive than
isolated words, but a carrier sentence which provided an acoustic con-
rext without providing any semantic redundancy did not enhance percep-

tion.

The sentence comprehension tests demonstrated that knowing the
theme of a group of sentences increased intelligibility by approxi-
mately a factor of four over what it would have been without the extra
cues. Nonetheless, by the end of the experiment the average score for
random sentences was 35%. It is of great consequence to note that the
mainr improvement in sentence comprehension and successful dialogues
between subject pairs occurred after improvement of phoneme identifica-
tion had ceased. That is, even though the subjects showed nc improve-
ment on the isolated language tasks, they showed very pronounced in-

crease in their ability to comprehend normal utterances.

The error pattern on the sentence tests of session one re-
vealed that subjects were able to perceive isolated function words em-
bedded in continuous speech without understanding any of the content
words. The ability to identify such words as "and", "the', and ''is"
must be attributed to the relationship between prosodic features and
the syntactic structure. Once they began to understand some content
words they no longer relied on their ability to follow the stress pat-

tern and would manufacture a sentence around the content words.

Owing to the highly individualistic nature of the conversation
practice and the natural differences in personality, the scores on the
various tests showed considerable variation. This variation was ex-
ploited in determining correlations between the different abilities.

It was found that the ability to identify consonanfé, identify vowels,
discriminate phonemes, and discriminate languages were all uncorrelated
with each other. Although the ability to perceive consonants did cor-
relate with the ability to comprehend words, word performance did not
correlate with sentence comprehension. However, the rank scores for

the identification of the names of cities, states and countries
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correlated very highly with sentence comprehension, thus showing that
the mechanisms involved are probably similar. In both cases, the lis-
tener used cues relating to syllable length, semantic redundancy, stress,
etc. The lack of most correlations must be interpreted as meaning that
the performance on the individual tasks is not necessarily a reflection
of the kind of cognitive processing which occurs under normal language

perception.

The conversational learning sessionswere categorized by labeling
the subjects' activity as being one of four stages: acoustic probing,
high redundancy utterances, semantic branching, and free conversation.
In the initial s