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I. MANUSCRIPTS*AND EXTENDED REPORTS .. ' _ . : o

- . + v
.

. ELECTROMYOGRAPHY AS A TECHNIQUE FOR LARYNGEAL INVESTIGATION¥ — —
. . . > v oL . ‘

katnerine S. Harris+ . ) . . o )

- -
»

*While, as earlier papers at this conference have 'indicated, —the forces
’ - that determine laryngeal adjustment are complex. muscular forces are extremely
1mportant. * In recent years, techniques for studying Tmuscle activity in
general have improved, and with these developments, the study. of the laryngeal 4 , 1
muscles in normal alert humans has become possible using the techniques of :
electromyograpﬁy In this paper, I will discuss some properties of muscles, .
and of the laryngeal muscles in -particular,!techniques for EMG recording, and,

2

) : ‘finally some results of stucies on the muscular control of the larynx. ' .
» : PR ) ’ : ? ' o ' ) :
+ " MUSCLE PROPERTIES o -
‘ L. The building block for a~consiaeration of muscle ectivity is tne motor

unit. This ‘term was coined by Liddell and Sherrington (1925) to include th"
motoneuron and the muscle fibers it supp11es. “The contrqctlle response to one,
impulse in one motor neuron is-.a twitch contraction in the innervated muscle
fibers. Thusf\fhexsm?ll st unit of muscular activity is a contractidtn of the"
muscle fibers of a single motor unit, €nd the smoothly graded contraction of a
muscle is accomplished by temporal and spatial»summatlon of the activity of a

- numger of motor units.: " & . o . o

»
Ad »

C . . -The muséles of the bodj’ havé somewhat differént tasks, and their g?
properties are Hell-correlated with these tasks. For example, some muscles,
such as the muscles of the. fingers, must make finely tuned mbvements, while ' -
others, such as thuse of the leg, must support the body against the forces of ] »
gravity for’ long periods-of time. These muscles differ in the size of their
motor units, and in the histochemical properties of the 1nd1v1dua1 musgle
fiber properties that determine their resistance to fatigue. . o
Table 1 presents some-data on motor unit size in the intringie laryngeal
s¢les, with data on one of the eye muscles and the biceps, for comparison.

o U T - ~ . g o )
r X o, . ¥

» - . c-

© %A version. of this p;per was presented at the Conference on Asssessment of
§, Vocal Pathology, pethesda, Md., April 1979. (Proceedings to be published in
ASHA Reports.) .
. +Als0 Graduate Center, City Unrversity of New York . -
* ' Acknowledgment. This,_ work was, supported . by - NINCDS Grants NS13870 and
. NS13617, and BRSG crfﬁf RROS5.96 i :
. - . '/ r - . . .
[ HASKINS LABQRATORIES. Statungeport on Speech Research SR-66 (1981)]:
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. Data on the Innervation Ratio of the Intrinsic Laryngeal Musclg!é with
Some Comparison Information on One of the Eye Muscles and the gps'

’ N

Source ° : e " “Lar ynx _ ] Other -
: * ' CT TA Ix . PCA LCA s Rectus Bicep
. \ ‘ : ) Oculi ;
5
7 i Lateralis

man (Faaborg-Andersen, . +166 . : 287, 116 ) ;

1‘957 ) - * ) ‘ J N .
man (English & Blevens, 30 : ]

1969, 7 \ ' “
cat .(English & Blevens, : 55 .90 T 6y

1969) > A S o ' »

N 3

man (Buchtal, 1973)

- .

13

-~
wn
Q

CT »Cricothyroid

>
P L L - O e et =y

TA Thyroarytenoid . .
- s IA Interarytenoid C ‘ y
: PCA  >- Posterior,cricoarytenoid - y
LCA  Lateral cricoarytenoid . hﬁ? . , '%
. - | C v , !
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While different authors have found differences in the number of' fibers in a
mopér unit, there is-a géneralxagree@ent that the laryngeal muscles have low
innervation ratios, though not quite so low.as those of the eyebafi and middle.
ear; the muscles of the limbs and trugk have generally far higher ratios.

The muscle fibers themselves consist of a huiber of myofibrils, made up,
in turn, of a parallel, overlapping array of actin and myosin Tilaments. In
contraction, the actin and myosin filaments slide relative to each others, so
that the muscle ‘shortenss and develops tension. In nbrmal physiological
conditions, this shortening, is initiated by the release of a chemical
transmitter, acetylchpline, at the‘perOe—mgscle Junction, ghe‘motor end plate,

When a muscle fiber is at rest, gghere is a potential difference across’
the cell members’ of about -90 mV, due to the difference. in its pgrméab;lity to
sodium and potassium ions. When a nerve impulse reaches the motor-’end plate,
acetylcholine is released, which changes the pemmeability of the membrane to
sodium and potassium ions. If this 'depo’larization reaches sufficient levels,
the change in potential becomes self-regenerating, and travels along the
muscle fiber. During the passage of this action potential, the membrane
potential "rises, then reverses its sign and finally returns to its resting
valué of -90 mv. The movement of ions, and the associated changes inm
potential, are, of course, the events generating the electromyographic signat.
The ionic. currents at the  membrane apparently release ctaleium ions within the
muscles; the diffused calcium, activates the cohtragtile component ‘ of _the
muscle, broducing_ the mechanical effect’ of muscle shortening or tension
development (Carlson & Wilkie, 1968). Yoo .

. -

)

While the fibers‘of striated muscles share many propérties, they show -

some adaptations to their individual tasks. The muscles of the larynx must be .
well designed for rapid adjustment: however, because of their pparticipation in

" respirdtion, they must have some capacity *for sustained activity without

fatigue. Muscle fibers are of two basic types, red ahd white, although there
are variants in different systems in different ‘animals. The "red" and "white"
designations refer to a difference in the fiber color, familiar from the light
and dark meat of: chicken. The two types differ in their metabolic properties,
with red muscle more suited to sustained contraction due to the fatigue
resistance and white more suited to rapid phasic contraction. Most muscle§ of s
‘the body, .including the muscles of the larynx, show mixed red and white
fibers. Any s%pgle motor unit, however,. is camposed of fiQersaof,a uniform
type (Brandstater & Lambert, 1973) although, sincé adjacent motor units have
overlapping territories, a cross-section of a muscle will show a checkeerard
pattern of red and white. ’ ‘ '

Biochemical and histological studies of the laryngeal muscleé to that

-date (1970) were summarized by Sawashima. He concluded that, with respect to

metabolic properties, the intrinsic leryngeal muscles as, a group appeared to

,Qg intermediate between skeletal and heart muscles, However, he found

by

disagreements among: the authors he reviewed as to similarities and dissimilar-
ities within the group. ) 0 . . )

. Since that review, there havé been further studies of the histochemistr
of the intrinfic muscles of the larynx, Data from one of them (Edstr "
Lindquist, & Martensson, 1974) are shown in Table 2, showing E?e percentages

£
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Data from Atkinson (1978) on.the Mean Repponse T

) 3 N
>
. v [ ] -
g Intrinsic Laryngeal Muscles ‘' Strap Muscles
- ', - l' . /
CT —TA LCA ST " SH-
Mean Responge Time 40 15 15 120 70
—— @,

.

and Extrinsie Laryngeal Muscl

o

me for Some Intrinsic

\ Tablé 2 T
Data on Hlstbchemical Properties cf “the Intr1n31c Larynhgeal Muscles
in Cdt. afiter Edstr¥m, Lindquist, and Martensson -(1974)
B { AR . ’ §
R . TYPEI -~ TYPE II
- (1) ( (2) Y@ 3)
~ Fiber type in-skeletal muscle 3 - 1 . '+ IIA 1B
(Kugelberg, 1973) , . 1IC .
. - “ '
Vadd ¥ £ [ ‘
., . x
Overall % ih laryngeal muscles, Fa .-
with most gommon subtype starred
tr - ~ .
' - CT 4o% ¢ 60%
— R | . |
o s -
! N > < N - i .
! . TA . 10% X . 90%
.7 . - )
. ' v T e ’ *
ER "

, - PCK < 40% 60% <
- * ) - ‘e ¥ ~
Lca . 10% 90%

‘ % £ ,
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i - 9
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'of Type I and Type II (red and white) ffber§ found for each of the four
laryngeal muscles examined. "While some of the fibeés were like Type I and
Type II fibers found in limb muscles, bothers “were variants of previously
identified types. It is interesting.to note that Type II variants “are far
more common in the thyroarytenoid than in the cricothyroid. . A

‘A second éiudy (Sahgal & Hast, 1974). examined the histochemical reactions
to ATP and three .oxidative enzymes in cricothyroid, and“thyroarytenoid. The
results show, some ' differencet between the' muscles, which the authors believe
arej\also—_nﬁlgggg@ to the 'differences .in the speed of contraction -qf the

e

muscles. ~ . @8 . ¢
. ~ . N » o .. - . . - * P
Thus, differences in the histochemistry of the muscles appear to be
reflected in their contractile properties. We have seen that the laryngeal
muscles are composed predominantly of Type II fibers, 'like the intraocular
mPscles in man. (Kugelberg, 1973). The laryngeal muscles .are generally agreed
to be fast muscles, although different authors have obtained different values
foB their contraction &£ime, the time from nerve or muscéle stimulation to the.
péék of the muscle tension. Figure 1, adapted from Sawashima's review (1970),
suﬁ@q{izeq the results. The thyroarytenoid is consistently found to be faster
than the cricothyroid’, which i's consonant with the difference in proportion of
Type II fibers in the two muscles and,-"according to Sahgal and Hast (1974),
with the difference in their histothemidal properties.

Contraction time for “the intrinsic laryngeal muscles Qas'béén'estimated

by a very different technique by-Atkinson (1978) at Haskins laboratories. Hg

* reasoned that.if a causal relétionship‘between fo(and the EMG activity of
various laryngeal muscles were assumed, there should -be a correlation between
f, and gross EMG activity, at some time delay determined by the mechanical
properties of thé muscle. Thus, cross-correlation analysis should provide

- clues to relative contraction time.. .

. T

He asked speakers to“prodhce,senfénces-varying in stress and intonation,”
thus varying Jf‘o. and cross-correlated éverage fo and rectified and aver%ged
EMG activity, at varying delay times. Table 3 shows the delay times at which
correlation .reached peak value for different muscles. The finding of shorter
mean response time for thyroarytenoid’ and. lateral cricoarytemvid than for
cricothyroid, with Jonger response times for ‘the strap muscles, is like the
results obtained by more conventional techniques, summarized in Figure 1, and
also parallels the histochemical grouping of TA with LCA, shown in Table 2.

. 2!

v »

THE ELECTROMYOGRAPHIC SIGNAL

LY .

. The origin of-the eleqtromyogbaphic signal 1s discussed above in énly
very general terms. If* the signals‘:from the laryhgeal .museles' are to be.
considered in detail, the recording procedure itse;f must be discussed.
Figure 2 "(Geddes, 1972) shows ca muscle with a pair of recording electrodes on
its surface. The fibers are aligned parallel. to each other. When a muscle
fiver or the nerye is stimulated, a wave of depolarizationdpasses‘aIQng*each

~ Stimulated fiber. However, since each recording electrode is most sensitive
to the fiber closest to it, the event recérded will be weighted bg the

7 “distance between the pickup and the active fiber, as shown in the figure. As
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Figure 1. Contraction time in msec for various 1aryngeai muscles. ’ This .o
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the wave of depolarization sweeps down the fibers and reaches the second
electrode, it becomes negative. The event recorded also reflects the timing
of the action potential passage at the two electrodes, and the size of the

rebording surface. In the example shown, there is a period when the™ fiber 1is.

depolarized. under both: electrodes; hence, the signal returns-to zero before
reversing,"its sign. Another factor determining the signal picked up by the
electrodes is the intervening tissue. In. general, the presence of tissue
creates a low-pass filtering effect whose' bandwidth decreases as distance
increases (DeLuca, 1978) _ ' ) .

While it is possible to record from a single muscle fiber -(Ekstedt - &
St&lberg, 1973). the_ more usual recording represents events in a motor unit,*
br an aggregate “of motor units. Under normal conditions, an action potential
propagating down a motor nerve activates all the.fibers of its motor unit.
The fibers of a single motor unit are iptermingled .with each other in such a
way, that the territdry of one unit is about 20‘times the cross-sectional area
of the fibers of the unit (Buchthal Erminio, & Rosenfalk, 1959). Since a
portion of a 'muscle might contain fibers belonging to any of fifty’ motgqr
units’, an electrode in the vicinity might detect, activity in any or all of
them. The signal reaching a pair of electrodes in active tissue is the
weighted sum of the activity.of each of the fibers of a motor unit, with the
filtering p;‘perties of the tissue between the electrode and the active-fiber

taken into ®ccount. Since the orientation of the fibers of each motor unit

with respect to ,a fixed recording site will be unique, the shape of the

. re8ulting recordéd action potential will similarly be unique. and can be used

to recognize the unit (LeFever, 1980).
. ¢ ) A
When a muscle is activated. the electrical manifestation of a motorVunit
action potential is accompanied by a twitch of the activated fibers. In
muscle contraction in physiological conditions, the motor units are repeatedly
acttvated, whether the type of contraction is isometric (the muséle does not
shorten, but develops tension) or anisometric-(the muscle shortens)

L]

) : THE ELECTRODE . t.
£ i i T )
In recordings from the laryngeal muscles, or any others, it 1is often
possib fo recognize individual motor units by visual inspection, especially

An. e: ample is shown in Figure 3, :
(Faabo ~Andersen, 1964). Alternatilvely, it is possible\to record from su

large. nimber of active fibers that imdividual components Qannot be recognized,
as- in Figure 4. °The signals shown *here -are a so-called "interference
pattern." That is, the pattern represents the activity of a large number of

‘when ZLevels of contraction are low, /o that only a few motor units are active.
<: recording ‘from thixjricothyroid mu:gie,

fibers. e experimenter may wish to record single motor units or interfer-
ence patterns, depending on thé purbose of the experiment. and makes a choice
of electrode accordingly . >

—

Three general types of electrodes have -been used in speech research;

=2

" “surfage, needle, and hooked wire electrodes. Of these, hooked wire electrodes

have been most useful for recording from the laryngeal muscles. The muscles
of the larynx are aligned in a way that signals picked up by an_ electrode on
the netk surface are ambiguous as to which muscle is the signal source. Thus.
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Figure 3, Action potentials of a single motor unit during phonation. A
Cricothyroid muscle,
. Brewer, 1964,

* 0

N ~

Aruitoxt provided by Eic:
S
.

-
= a
N .t
e
.
‘
(%) . .
n .
4 . /
- 3
-
: A
1N
R .
.
-
¢ L4
. )
~ ~
< \ b
<
.
- N
N ) ' |
4 . !
L —
* Ky
s b
¢
8
’“0 o *
T ~
.
© - % 1
R <
0 oS
. . . L)
R .
L4
[ . 3 »
»
. s # B
’
rd 1}
.
s . » <,
"
.
»
[N \
t v
—~ - N
»
.
Y
]
, .
- .
- \ - ’
L - ¢ . )

B. Microphone recording. Reprinted from D




4

10

——

/

I.Ig.iplraf/on

v

In:plrahon

mewmmﬁum N

e A
MWWW Im,,y

WWMMMM
I'WQ Do

|Znspiration

EM [
w.nc
f ¢
/
O' »

)

Quiet Eespiration.

vertical stippled lines.’

Vocalis muscle, E:
from D. Brewer, 1964.

A and B:

Y

~

) ~
The onset of inspiration is indicated by the

. Cricothyroid muscle.
Posterior cricoarytenoid muscle.

C and D:

- Reprinted

<

]

)




~ ’
I3

although attempts have been made to use surface recordings from locations over

. the thyr01d cartilage in a biofeedback appllcatlonﬂXGu1tar——4Q1§lL,it seems
unlikely®-that much further application will be made of such techniques,
Needle electrode insertions into the laryngeal muscles are not generally
feasible for posterior cricoarytenoid dnd interarytenoid muscles, al though
"such insertions were used by Faaborg-Andersen in his classic study The work
of the past decade was done almost entirely with hooked wire electrodes,
except for some clinical work to be described by Hirose.

Figure 5 shows the classic ver31on of the hooked wire electrode (Basmaji-
an & Stecko, 1962). Some technical details and possible variants of this type
of electrode are discussed by Basmajian (1978). This type of electrode has
been used in recording from the laryngeal muscles by a .number of investigators
Besides ourselves (Hirano & Ohala, 1969; Shipp, Fishman, & Morrissey, 1970).
Osing them, we have been able to record from all of the intrinsic laryngeal
muscles (and a wide variety of other speech muscles) using techniques
developed collaboratlvely with Dr. Hajime Hirose and his colleagues at the
Institute of Logopedics and Phonlatrlcs at the University of Tokyo (Hirose,
Gay, & Strome, 1971)

Ceo

"If the 1nvestlgator is 1nterested inwrecording from a very small volume
‘of tissue, the recording surfaces of the electrodes must be made as small as
.possible, While iT the investigator is 1nterested in a representatlon of the
Nactivity® of the whole muscle, ‘the recording surface must be as large as
possible, while still remaining within the confines of the same muscle.
Obviously, since the laryngeal muscles are small, some conventional configura-
tions of electrode may record actiyity from, fore than ‘one muscle (Dedo &
- Dunker, 1966). In the conventional hooked wire electrode, the hooks,gwhich
3 hold .the wire in the muscle, also act as the recording points for the bipolar
plckup, through their cut ends. ﬁowever. the spacing between the, two p01nts
is set arbltrarlly by the way that the electrode happens to hook into the
muscle, and, indeed, may change within the recording session (Jonsson & Komi,
1973). " Since, this type of electrbde apparently records from a very small
volume of tlssue. the fact that the distance between the-electrode tips is not
fixed seems a design .flaw. At Haskins, we have been exploring the various
designs in which the functlons of stabilization and recordlng are separated,
and the field 31ze is flxed by the separation between recording points.

7' PROPERTIES OF MOTOR UNITS

, Explorlng the relationship between ideal electrode and experiment re-
quires 'a systematic discussion: of the events within a muscle ,as we now know
them, largely from studies of. iimb ‘muscles., Most issues of muscle chhrac-
teristics have only been explored with a limited number of muscles.

Let us begin with\the'single motor unit. . In constant force contractions, .
it will fire with an overall mean interspike interval andcstandard deviation
(DeLuca & Forrest, 1973; Figure 6), which can be used to characterize the
unit, and, perhaps, the 'muscle itself. MacNeilage (1973) has"shown that
single motor units from CT and PCA fire at mean frequencies of ebout 15
impulses per second during low frequency phonation. He suggested that these
rates were intermediate "between rates for 1limb and trumk and intraocular

® .
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Figure 7. Synthetic interference patt.ern The 1interference pattern at the
boettom i3 the sum of the hwenty “motor units" in the upper lines.
- . DéLuca. .
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musculature, as we might expect from these other properties. j However, he.
found no evidence for the different kinds of units, ton;e and kinetic,
vpostulated by Tekizane and Shimazu (1964), to be identifiable on the basis of
.the relationship between variability and firing rates (MacNeilage, Sussman, &
Powers, 1977). Other authors_(DeLuca & Forrest, 1973; Hannerz, 1974; Leifer,
1969) have afound continuous distributions of single unit, properties for
various limb’muscles. ) . . . : .

During force-varying isometric contractions, there is a complex relatfon-
ship between variation in firing rate and recryitment. At loy forces, force
tends to be increased by the recruitment of addiFional units, with successive-.-
ly recrudited units having' higher firing rates &t recruitmgnt. As force

increases, individual units increase firing rates, and at ‘the Wighest force

levels, very little recruitment occurs. Synchronization of firing of units -

may occuram;é%g;gumcle fatigues (DeLuca, 1978).'. ,

The most consistent observation’ of motor hnit‘behavioﬁ is the relation-
ship between the Size of the unit, and force output and order of recruitment
with increasing muscle force, the "size principle™ (Henneman, 1975). While.
this: relationship has not been observed. for ‘anyrof the laryngeal nmuscles, it
has.been demonstrated for the masseter in humans (Yemm, -1977) and for. the
anterior belly of the digastric by MacNeilagk, Sussman,. Westbury, and Powers
(1979), and there is no reason-to believe thdt the,laryngeal muscles behave in
a very unusual way in this respect.. ‘However, for all muscles, there is some
question a8 to whether there are reversals of recruitment order for’ rapid,
. anisometric contractions. ' . T

-y
) Since the territories ,of motor units overlap with increasing foraes of
contraction, it is increasingly difficult to identify individual units. F
-studies of such questions, electrode sizé must be reduced, and sophisticat

progrgms for the identification of motor units developed (LeFever, 1980).

0

* . . - . - K
STHE INTERFERENCE PATTERN ‘ ) ‘lh ,
. Most electromyographic studies of the larynizai muscles have been con-

cerned, not with ‘the properties, of individual motor units, but with the
functions of the muscles as a whole. Typically, the studies have related the
characteristics of a given muscle activity. to some sort’of output, such as
pitch. The eleg¢tromyographic signal studied is wusually .an -<interference
pattern, the signal from a large number of motor- units. As an aid in
vistalization, it 1is interesting to 1look at a synthesized interference
. pattern, Figure 7 (LeFever & DeLuca, personal communication). The figure,
shews 20 motor units of shapes that would be characteristic of those found in
an electrode field during a constant force, isometric contraction.” Thelr
sizes and the relativ€ extent of ‘positive and negative deviations from
,baseline vary with distance from and oriénpation to the electrode. The sum of
. pos;t;ve and negative deviations is’ shown’ in the bottom Xine of the figure.
Obviously, there is’summing and cancellatjon of sighals:from individual units,
.depending on ®*their phase reIations.,' Th esultant signal- {8 noisy, and
~s difficult to deal with quantitatively; Ifsthe electrode size is #%educed, so
that fewer units' ar€ represented in the signal; the interferencg pattern
. .‘ becomes more variable as a funcg?%n of time (§igure 8A).

.
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A number of steps must be taken to deal -with. such. signals. The usual -
y approach has been to rectify and integrate. The effects of rectifieation are
shown in Figure 8B. The traditional use of the rectified and integrated EMG
signal is based on a large body of research investigating the’relationship_
between the magnitude of the EMG signal so obtained and the force output of

the muscle (Bigland & Lippold, 1954; Bouisset, 1973;‘ Bouissét & Maton, 1973; .,

Inman, Ralston, Saunders, Feinstein, & Wright, 1952; Lippold, 1952; Zuniga &

Simens, '1969). This measure {("integrated .EMG") varies roughly linearly with

force, for isometric contractions at moderate force level,s. but at higher:
levels of forceg.the relationsip bekcomes nonlinear. The situation becomes far

more- complex for anisometric Tontractions, in part because the mechanical

efficiéncy of a muscle debpends on its length as well as its velocity, of

shog‘tening or lengthening. Since the events of indterest in speech research ’
are typically of this latter sort, we can expect the magnitude of the EMG

signal to provide-~rio more than an overall jndex of mechanical» performance,

°- A possibility that we have ‘explored informally at H/askins is cdgculating

* the variance of the interference pattern, which is equal to the sum of the

,_\@s does the more conventional measure.
\ N ~

[}
e

L

v

>
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variances of the motor unit action potential trains contributing, and hence,
does not' lead to the loss of contributions of motor units due to cancellation

1 S

- We have said.. very 1little about the time constant  to be’ used for
integration. We use a 5 millisecond hardware integration window and smooth
furtper algebraically, using software programs in which a time constant may be
chosen.. 1Individual fokens recorded with hooked-wire electrodes show sizable
i‘lugtua’tions that are® not represented in the mechanical output of the muscle
a%¥a whole. For speech, time-smootHing is useful only to the point where it
d’oesvnot cobscure tHe sequencing of- underlying articulatory events. An
" alternative way of smoothing is eneembl'e averaging. The effects of time-
smoothing and ‘ensemble- averaging are shown in Figure 9, which shows ' averaged
and. g‘.ntegrated signals from repeated utterances. The details 4of these
analysis procedures are discussed at greater length in laboratory reports

{Kewley-Port, 1973, 1974). .« L ’ -

- ’

\ " LARYNGEAL MUSCLE STUDIES

=~

Having reviewed the general properties of muscles, and o the laryngeal
muscles in particular, as well as some technical problems, we turn now to ;,E';QE./
results of' electromyographic studiés‘ of the function of these muscles "in

speech. The most primitive quesfion, is, perhaps, what muscles should be
considered as laryngeal muscles? Traditionally, .the muscles of the larynx

P

" . have been divided into two groups, intrinsic and extrinsic. . The identity of

-th"?‘intrinsic muscles is readily agreed upon; they are the cricothyroids (CT),
the thyroarytenoids (TA), the interarytenoids (IA), the lateral cricoaryteno-
Jids (LCA), and the posterior “cricoarytenoids (PCA). Thé identity of the
.extrinsic laryngeal muscles. is more difficult to specify. If we take the
empirical pognt of view that any muscle that affects the positions of thyroid;
ericoid, and“~arytenoid cartilages relative to each other may be considered to
be an extrinsic.laryngeal muscle, then a wide variety of,musclés, not normally
considered in relation to the larynx, must be included. For example, Painter
(1978) has produced some evidence that ‘genioglossus activity may influence
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pitch, and Erickson. Liberman. and Niimi (1977) ‘have produced the same sort of
evidence for geniohyoid. The 1mplication is that a‘wide variety of muscles
may affect pitch, as Sonninegﬁsuggested many years ago (1956)%° However, given
the lack of- detailed information about secondary ,effects “on vocal fold
adjustment, only the three sttap muscles, the sternohyoid, the thyroh?oid. and
the sternothyroid Will be considered as extrinsics here? :

3

Fundamenta]l Frequency Control Electromyographic studies on the regula-
tion of pitch have been reported by many authors. More recent electromyo~
. graphic studies have included those of Hirano, Vennard, and Ohala (1970),

§§hipp and McGlone (1971), Gay, Hirose, StromF. and Sawashima (1972), and Baer,
Gay, and Niimi- (1976). ° . N

b

These studies all conclude that cricothyroid act1v1ty increases as the

cricothyroid joint. This action presumably underlies the observed lengthening
of the folds with increasing f,. | . "

-

The activity of TA also indéreases as the pitch is raiﬁed over most of, the
pitch' range, although it is more active in ,chest- voice' than in falsetto
(Hirano, Ohala, & Vennard, 1969; Hirano et al., 1970% Baer et al.,. 1976), but
the function of this activity is obscure¢’. The thyroarytenoid could act, of
‘course, to- produce a shortening force in opposition. to CT, although this

' piich is raised at’ least over most of the pitch range, as we might have’
. expected from the mode of action of this muscle in producing torque-around the

cannot be its primary function, since its activity , increases with pitch rise

rather than pitch fall. One theory, by van den Berg (1960). as to its primary
function suggests that it exerts "medial compression, w limiting the hbrizontal

" extent of vocal fold vibration, .permitting the more effective play of

aerodynamic forces.- An alternate possibility is that its tension is adjusted

. Wwith compensating adjustments of CT;* to tune the natural vibrating frequency

of the muscle itself, considered as a tissue mass, since the muscle makes up

the bulk of the folds and so determines, in large part, their vibratory
. characteristics. A secondary problem in the characterizaiion of/TA agtivity
is that there is disagreement in the 1literature as to whether there are

functional or anatomlcal differences between lateral and medial (vocalis)’

parts of TA, so that an adequate description of the function of one part may
not suffice for the other (Sawa\nima. 1970). ‘

.
°

Reports on the other laryngeal adductors, IA, LCA, and the more lateral
parts of TA, tend to show increasing activity with increasing pitch. Van den
Berg (1960) suggested, on the basis of cadaver experiments, that the IA might
be active without the laterals at .very low pitches, but thjs possibility has
never been experimentally verified. . .

Some ~authors (e.g., Dedo, 1970 Gay. et al.,. 1972; Baer et al., K6 1976)
report increases bf PCA activity at the highe&t f o'S when intensity is great,
although there is not universal agreement on this point (Shipp & McGlone,
1971). Although, this, muscle is, normally an abductor, its activity at high fj
is thought to bJace the arytenoids against the anterior pull of the vocal
folds. The‘observations of’ Gay et al. are summarized in Figure 10.

- .

Control of fo by the extrinSic muscles. of (the larynx is less well
understood than control by the intrinsic muscles. The larynx, and f o» move up

’ o v
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. passiv€\lowering can explain some of the observed relationships,

3

T

I .

and down during singing by untrained singers, or Juring speech,* although
trained singers learn to keep the larynx at ap approximately constant low
position {Sonninen, 1956; Shipp & Izdebski, 1975). These_ movements are
produced largely by activity of the extrinsic attachments to the 1l&rynx,

especially by the strap muscles.

Strap muscle activity (sternohyoid, sternothyroid) is correlated with fo
\at both its Highest and lowest levels. Although Kakita and Hiki (Note 1) have
\reported.differentiation among these muscles, the weight of the qvidence is
$hat they act together in controlling pitch, This finding is. supported both
by electromyographic measurements (Faaborg-Andersen & Sonminen, 1960; Baer et
al., 1976) and by clinical observation of patients who Have had these muscles
. Sectioned (Sonninen, 1956). Although, on anatomical grounds, it weuld -seem
that the sternothyroid muscle ought to increase fo by: tilting the thyroid
cartilage down and forward, and- that the thyrohyoid ought to decrease f, by
tilting the thyroid cartilage up and back, Sonninen showed that the situation
is more compléx. In experiments with cadavers and in sStimulation experiments
with patients undergoing thyroidectomy, he found that the effect on the larynx
of activity of these muscles depended on posture and head position. The
sternothyroig, in particular, can tiltﬁthe thyroid cartilage either way.

JSonninen developed an "external frame function" theory to account- for fo
raising, based on his own results and those of other investigators. Accokding‘
to this theory, all the strap muscles work in conjunction with the anterior
suprahyoid muscles. Although the strap nmuscles-.may or may not raise the
larynx, their main function is to pull the thyroid cartilage forward. At the
same time, activity of the cricopharyngeus and downward pull of the esophagus
exert a downward and backward force on, the posterior part of the cricoid
cartilage.’

Since the mechanism for application of the "external frame function?

theory” to ft lowering has been elusive, alternative theories have "been.
advanced. One of these is the passive theory, stating that fo/larynx lowering
i's due to relaxation of the mechanisms for fo/larynx raising. Although

two facts
support_ the notion of at least an ancillary active mechanism.
Electroﬁ?bgrqphic activity accompanies lowering as we noted above, and studies
of vyertical larynx position show that_ the position during low frequency
phonation fq lower than that in rest position (Shipp & Izdebski, 1975). -A

\

second theory, attributed to Ohala (1972), suggests that raising and lowering
the larynx affeots f, directly through ad justment of the  vertical tension of
the vocal fold cover, which is continuous with the lining of the trachea.
This theory cannot be adequately evaluated without improved understanding of

the vibratory ﬁ\chanism of the vocal folds and actual measurements of
_"vertical tension in raised-larynx and lowered-larynx , configurations.
Finally, a theory ‘agcounting -for f_ 1owering by laryngealization has been

proposed by Lindqvist\(1969). This theory asserts that the vocal folds are -
shortened—tand, incidentally, transglottal prggsure is reduced) by activity of
_the muscle fibers of the aryepiglottic sphincter. This mechanism does not
"appeaf to require lowering of the larynx’ and hence does not explain the
observed movements or associated EMG activity. It may operate jointly with or
independently of other mechanisms. . '
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Results of studies of strap muscle function in speech first suggested

that although f falls were always accompanied by an increase in strap muscle
activity, the activity did not always precede fo falls, and showed substantial
effects of segmental variables (Collier, 1975; Hirano et al., 1969). Later
analysis, however, suggested that strap activity does precede pitch drops from
a mid to low range (Atkinson & Erickson, 1977; Erickson et al., 1977).

A problem in studying pitcﬁhcon rol in speech has been the difficulty of
analyzing the relationships among f),. subglottal pressurg,\ind the antecedent
activity of the large number of relevant muscles. One ‘technique, which has
been found useful, icross--correlat f, and integrated EMG (Atkinson, 1978).
The delay at whjch the correlatiolf reaches a maximum can be used to estimate
the response ti of the muscle.) The magnitude of the correlation at this
dela¥ can then be used in estimating the magnitude of that muscle's contribu-
tion to pitch control.. The andlysis can be further refined by dividing the
fundamental frequency range into subranges. At} n's study shows the
contribution of strap muscle activity to be greate at low frequencies, while
CT activity has its greatest effects at high freguencies. Although the data
analyzed in the study were extremely lunlted. further exploitation of the
technique seems warranted. ’

.

There is, nonetheless, a limit to the amount of reliance one can place on
the results of gross correlation studies. An 1ngen10us new -technique for
studying the relationship of f, and the activity of the various laryngeal
muscles has been suggested by Baer (1978). The technique was adapted from one

"originally designed for the study of skeletal muscles (Milner-Brown, Stein, .%
Yemm, 1973). Continuous records were made of electromyographic activity from
laryngeal muscles and of yoice fundamental frequency from a subject producing
steady, sustained phonation at low f The fundamental frequency record
exhibits small perturbations around a nom1nally constant value. If we assume
that these perturbations represent the response to the firing of single motor
units in those muscles that control pitch, then an average-response computa-
tion_  of fundamental frequency triggered by single motor unit, firing of any
muscle should exhibit a systematic deviation‘ in the interval im@edlately .
following the firings. Figure 11 shows -the results of followinggthis
procedure for CT. Using this technique, muscles whose activity is grossly
inter-correlated can be uncorrelated to examine their individual effects on
somé variable. We feel that this technique shows great promise in the
application just suggested, and others.

Stricture Control and Voicing Features
. .Y n

A second dimension of laryngeal adjustment in speech is sttricture
control the degree to which the laryngeal- sphincter is closed by the
approximation of the vocal folds. While these adjustments can be used to
produce overall changes in voice  quality, most speech studies of this
dimension have been aimed at understanding the mechanism of consonant voicing.

« ~ .

Fiberoptic visualizations of the glottis (Sawashima, Abramson, Cooper, &
Lisker, 1970; Kagaya, 1974) show that-voiced and voiceless consonants are
characterized by differences in glottal opening. It is the timing of the
apduction and adduction of the folds, relative to the movement of the upper
articulators, that distinguishes consonant classes within  and across
languages.
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Anatomicgfly, the five intrinsic laryngeal muscles can be divided into
three functional groups with respect to stricture control: adbuctor (PCA),
adductor (INT, TA, LAT), and tensor (CT). The question can then be asked
whether the muscles function in speech in ways that the classification would
suggest. Is there active abduction and adduction in voicing maneuvers? Do
the adductors function together? Finally, is the activity of adduction and
abduction accompanied by changes .in tensing?

Abduction and adduction for voicing are clearly accomplished by the

action of PCA and INT activity in a reciprocal way, as has been demonstrated .

in a number of studies (Hirose & Gay, 1973; Fischer-Jérgensen & Hirose, 1974;
Hirose & Ushijima, 1976).

Figure 12 shows a fairly typical pattern obtained for this pair of
muscles (Hirose, Lisker, & Abramson, 1972). The general conclusion is that
the abductor (PCA) contracts, -the adductor (INT) relaxes. The relationship
has been quantified. Hirose (1977) showed that for a series of utterances
containing voiced and voiceless stops, produced by* a* Japanese talker, the
value of the ¢torrelation coefficient ranges between -.85 and -.65. The
analysis does not make it clear what variables affect the value in a critical
way.

The extent to which the activity of the adductor group is correlated in
such maneuvers is still unclear. Some time ago, van den Berg and Tan (1959)
showed, in *cadaver experiments, that the different adductor muscles can be

" used to close the cartilagenous and membraneous parts of the larynx separate-

24

ly. Thus, we might expect some differences between the activity patterns of
INT on the one hand, and LAT and TA on the other. Such differences have been
seen in studies of Korean stops (Hirose, Lee, & Ushijima, 1974; Danish st!a
(Fischer-Jérgensen & Hirose, 1974) and glottal stops (Hirose & Gay, 1973).
Apparently, the activity of LAT -and TA is cennected to the necessity for
strong medial compreséion in these productions. However, the detail effects
of differential contraction of these muscles on the shape of the glottis are
not known. Figure 13 shows the contrast in activity of INT and voc (TA) for
the three types of voiceless stop found in ‘Korean. The important point to
note, ,apart from the obvious overall differences, is that there is a sharp
peak in VOC activity for the glottalized Korean stop at consonant release,
probably associated with increased tension of the folds. P

A recent experiment by Yoshioka (1979) also suggests circumstances in
which we perHaps will observe differentiation among laryngeal adductors in
stricture control. He found that /h/A\and _/s/ may be produced with _equal
glottal widths, and equivalent patte;:;7%ﬁsx§:iprocal PCA and INT activity,
but still differ in the presence of vibration Wt the edges of the membranous
portiond of the folds in some examples of /h/. An obvious possibility is that

other intrinsic laryngeal muscles show differences in activity for stricture
control for the sounds. . -

A third question associated with hpe activity of the vocal folds in
voicing control is whether activity of CT is associated with abduction or
adduction, Stevens' model of glottal activity suggests that the tension of
the vocal folds will affect the likelihood of vibration, for a given pressure
drop across the glottis:. It is therefore possible that some stops are

\
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Intringic laryngeal muscle outputs for an utterance with a medial
explosive voiced inaspirate {b]. The shaded interval .at the bottom

‘of the figure repres¢nts the duration of voicing during the [bl

ocelusion, From Hirgse, Lisker, and Abramson, 1972.




Figure:13.

\\
.

Averaged EMG curves for INT and VOC for th;fZEFee bilabial stops of

ﬁorean. (phi] is voiceless and aspirate, (pI\ is voiceless and
slightly aspirated, and [p] 1is voiceless and glottalized. From

Hirose, Lee, and Ushijima, 1974, ¢, X
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Figure 14, Cricothyroid activity for the three bilabial stops of Korean, ' The
" three curves in each box represent uttergnces containing the vowels
/i/, /a/, and /u/. From Hirose, Lee, and Ushijima, 1974.




‘characterized by contrasts in CT activity, particularly those that contrast in

P

degree of aspiration, like those of Korean (Hirose et al., 1974). A study of
stop production in a single speaker (Figure 14) fails to support the
hypotheses of CT . differentiation, but small differences in CT activity
accompanying voicing contrasts have been found from time to time,

3
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The brief summary of laryngeal muscle function in this~ section and the
preceding one reveal that we now havé a gross*® qualitative sketch of the
activity patterns, and the technical means at hand to elaboratedhis picture,
to match models and observations of the larynx developed in other ways.
However, we might now ask what clinical uses might be made of EMG using
presently available techniques.

\

ELECTROMYOGRAPHY IN FUTURE DEVELOPMENTS

. ~

At present, EMG is widely used in diagnosis of neuromuscular disorders.

It has not been used this way for the laryngeal muscles, although it perhaps

could be. For example, it seems possible to detect abnormal single motor unit
firing patterns in these muscles, abnormal: synchronization of motor unit
firings (Hirose, 1977), or, perhaps, to differentiate peripheral neurogenic
and myogenic disorders. '

Another use, from my point of view a very exciting one, is to use EMG as

a technique for examining articulatory programming and its breakdown.. The-

work described in this paper, and others, can be used to show a. very tightly
time-constrained coordination of 1laryngeal and supra—larynéeal events in
running speech. Aspects of this coordination appear to break down in
stuttering (Freeman & Ushijima, 1978), and in apraxia (Freeman, Egnds, &
Harris, 1978). While the broad percéptual consequences of breakdown in
laryngeal coordination have often been 'described (e.g., Darley, Aronson, &
Brown, 1975), it seems far more direct to look at the underlying failures of

.patterning. One of the most - unfortunate consequences of the description of

normal and abnormal speech in terms of tranSCriptional entitites has been to
focus description of speech motor behavior on the attainment or failure of
attainment of stationary acoustic or articulatory targets, rather than on the
temporal prescription for coordinated activity, For normal speakers, we need
to investigate what maintains these prescriptions, .by systematically attempt-
ing to disrupt them. For abnormal speakers, we need, first, to .describe the
disrupted speech in terms of the constituent.articulatory acts, and second, to

investigate the relative roles of various factors, such as feedback, in

maintenance of existing coordinations.

. .
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INVESTIGATION OF THE PHONATORY MECHANISM*
Thomas Baer . )
’ ) S . .

Abstract. A rational approach toward the development of improved
techniques®or the prevention, detection, diagnosis,.and cofrection
of vqeal® pathdlogies rests on an improved understanding of ‘vojice.
mechanisms. To achieve these goals, we need to better understand
the dimensions of phonatory performance -and their,dependence both on
‘the state of laryngeal structures and au.patterns of control.
: Because of ‘the inaccessible location of the larynx, few direct
2 measurements of this performance are possible. Quantitative mathe-
matical modeling is a useful vehicle for studying laryngeal vocal
. function. Continuation and extension of excised-larynx and animal
studies can provide detailed data in support of the development and
testing of these models. . Human experiments, in vivo, aimed at -
- factoring out the phonatory consequences of.variations in individual
laryngeal control parameters are - suggested as a means of further
extending such-studies, ' - L .
e % " INTRODUCTION _ *

A .

v

A rational approach toward the develomment of improved techniques [for the
. prevention, detection, diagnosis, and correction of vocal pathologies rests on- . .
an improved understanding of voice mechanisms. For prevéntion, we hope tg’
understand the pattern of control, and its correlates in yibratory per for-
mance’, whose breakdown 1leads to physiological - failures in . the laryngeal
x structures. Our ‘research in detection and diagnosis is .directed toward )
~1S0kating non-invasive multidimen/sional measures capable of dif‘f‘erentiatingf\'
.perforpance of ‘larynges with different pathologies from the performance of .
normal larynges 'B@d from &ach other, In the area of correction, we hope to
improve the congéptual t‘rgework for voice training and therapy, and improve
the ability o{_:&mﬁ@éons to" predict the phonatory consequences’ of alternative
procedures, ' *fo achieve these 'goals, we need to better uhderstand the
dimensions of" phonatory performance and their dependence both on the state G;f‘
laryngeal structures afld on patterns of control. ) e

v ¢

~

o The process of pt;gnation can be separated 1into three cor,npoﬂ’é'nts“:' a
phonatory system, its inputs, and its outputs, The system consists of two _
subsystems: one aerodynamic .(the glottis), and the other mechanical (the

1~

®*A version.of this paper was presented at the Conference on Assessment of

Vocal Pathc?logy. Bethesda, Md., April 1979, (Proceedings to be published in s
- ’ ASHA Reports,) ’ _ - o
' " Acknowledgement. This work was supported by NINCDS Grant NS13870 and BRS )
Grant: RR05596. ) ' :
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vocal folds) .
pressure, and some other less significant variables.

Inputi\to this system are muscular adjustments, transglottal

Ouputs may be considered

to be the pattern. of mechanical vibrations in the vocal folds, or, more

significantly for voice production,

the pattern of airflow into the vocal

tract.

tract-—whos? output is the radiated voice signal.

This latter output then ‘serves as input to anothe:szstem--the vocal

The myoelastic-aerodynamic theory of phonation (van den Berg, 1958)
accounts grossly for the nature of phonation in terms of a passive interaction
between the two' phonatory subsystems when an appropriate combination of inputs
is applied. The acoustic theory of speech (Fant, 1960) accounts for the
effects of the vocal tract in transforming the glottal source signal to a
radiated acoustic output signal. Although both of these theories have been
well known for two decades or more, there are significant details that remain
poorly understood.’ Thus, we have only limited ability to estimate the glottal
velume gelocity waveform by ganceling the effects of the vocal tract from the
speech output signal, and we have only limited ability to separate the
influences qgf inputs to the phonatory system from the influences .of the system
itself on details® of its output. Because of the inaccessible location of the
larynx, few.direct measurements of this output are possible.

Investigations into the mechanisms of phonation and

its control have

relied heavily on research’with models.

Much basic knowledge can be derived

from experiments with excised larynges (e.g., van den Berg & Tan, 1959) .and

-~ with live animal preparations, which serve as simplified models of their -
intact counterparts but which can be more carefully observed and more
systematically controlled. Fabricated mechanical models have also been used
to test hypotheses about the mechanism. For example, Smith (1962) experiment-

. ed with a "membrane-cushion" model, which seems to 1ncorporate some elements
of the more recent "cover- body" theory of Hirano (1974, 1975, '1977). Mostly,
however, mathematical descriptions and computer simulations have been used to
formalize and refine knowledge about the mechanisms. Thus, the development of
these models is both a goal and a tool of phonatory research.

-

The history of these modeling efforts parallels the improvement pf our

understanding of the systenm.

As our understanding has become more complete,

the modgls have become more complex.

Building on the aerodynamic studies of

van den Berg, Zantema, and Doornenbal (1957)

Flanagan and Landgraf (1968)

modeled the vocal folds as a simple mass-spring system performing horizontal
movements with one- degree of freedom, It soon became apparent that an
additional degree of freedom was required to account for vertical phase
differences. Ishizaka and Matsudaira (1972) corrected some errors in van.den
Berg's aerodynamic analysis, and showed that a two-mass modél of:the vocal
folds could more realistically account for the conditions under which phona-
tion could be initiated.* Ishizaka and Flanagan (1972) simulated the’ two-masd
model, extending the results of' Ishizaka and Matsudaira, but were limited by
this model's inability to account realistically for the closed period of the
glottal cyclew~ .Titze (1973, 1974) increased the number of masses to 16, in
order to allow a distribution of vibratjons along the anterior-posterior
direction.  This-.model also allowed for some _vertical movements. Finally,
Titze and Talkin (1979) Have been investigating more sophisticated models that
explicitly model the layered structure of the yocal folds (Hirano, 1974) and
their behavior as a vibrator, and that incorporate tigsue viscosity and bulk
incompressibility. . iy
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Though 1t is understood that models must be complex to account realisti-
cally for the phonatory mechanism, there is also a danger inherent in the
growth qf complexity. As the number of degrees of freedom and the number of
independent parameters multiply, the possibilities for accurately modeling the
detailed mechanism improve; but so do the possibilities foér producing appar-
ently realistic behavior due pokmechanisms that may not ‘represent those of the
e s real larynx. For our purposes, ‘models must be mechanistically correct as well
: as descriptive of ‘the output. It is therefore essential to determine as many

of their parameters as possible and the constralnts among them by direct

measurement, and to evaluate the performance of these models in the greatest

possible detail. Furtherm;re. we ought to be able to make d1rect1y testable «
- predigctipns on the basis of our modeling efforts. -

Further progress in understanding the detailed mechanism of phonation and
'in developing an accurate model of it thus depends on detailing the mechanical
" characterisitics of vocal folds and determining their variation as functions
2 ' of _laryngeal control. It also depends on improved methods for measuring more
detailed performance characteristics of real larynges, for comparing model
perfongance to the performance of real larynges, and for" generating testable
predlc ions from modeling studies. Hirano has discussed, both =at the
Conference on Assessment of Vocal Pathology and' in other publications (Hirano,
1975, 1977), measurements of mechanical properties of the vocal folds and some
, patterns of their variation with the contractions of individual muscles.
Other papers at the conference will discuss techniques for obtaining detailed
measurements, and Titze's paper will discuss: methods for comparing the
performance bf models with these measurement§ on in vivo larynges. In the
remainder of this paper, the continuation and extension of exclsed larynx and
animal studies i§ urged ‘because of their ability to produce "detailed data for
the direct testing of models. Then, some .experiments in vivo, aimed at
factoring out the phonatory consequences of variations in individual control
parameters, are suggested as a means of further extending these studies.

<@

I. EXPERIMENTS WITH EXCISED LARYNGES AND ‘ANIMALS

It is well known that gexcised larynges, both canine and human, can
simulate many of the vibratory characteristics of normal human larynges when
they are attachgd to a pseudosubglottal system that supplies suitably conditi-
oned airflow and when the positions of the laryngeal cartilages are suitably

. controlled, using strifigs to simulate the functions of muscles. ,As a
" simplified model of their intact counterparts, excised larynges offer several
advantages. Because they are more accessible, they can supply observations
and measurements that cannot be made in vivo. For example, both Matsushita
(1969) and Baer (1975). have developed techniques for obserV1ng vibration
patterns Bdoth from the normal supraglottal aspect and from ‘the subglottal
- aspect. Baer also developed a technique for marking thqqavocal folds with

small particles and tracking their frontal-plane movement trajectories

throughout a.glottal cycle using a microscope and stroboscopic illumination.

Measurements could be made from both tpe supnaglotbal and subglottal aspects,

and with the aid of qualitative observatlo '3 vo al fold Shapes-in the frontal

o plane throughout a cycle could be reconst from the measurements. With
ex01sed larynges. measurements o;%subglotﬂhl gressuré and glottal airflow can
be simplified Furthermor; almost "any technique for measurimg characteris-
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sl-‘/‘léure 1. Schematic diagram of apparatus for measuring vibration patterns of

excised larynges.
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tics of phonatory vibrations can be used more effectively on an 4isolated

rynx, Additional advantages are that the configuration of an excised lgﬁynx
can be held constant or systematically varied, that its structures can "be
experimentally modified to determine the effects on vibration, and that they
are accessible for measurement of mechanical properties in their configuration
for voice production., The major limitations of the excised preparation--
namely, that its death changes some of its mechanieal properties, including
its ability to tense the vocalis muscle--can be overcome by using live animal
preparations and~stimulating the muscles electrically. However, these advan-
tages have not beén fully exploited.

Baer's work with excised larynges was directed toward elutidating the
phonatory mechanism in exciséd canine larynges. Althoygh there is not space
here to describe these experiments in detail, some of the most significant

results are summarized below,

1
i

The experimental apparatus is shown schematically in Figure 1. ,A'larynx
was mounted on a pseudo~trachea, which made a right-angle turn just below the
larynx, allowing. a window to obtain a subglottal view. A stroboscope
synchronized to subglotta¥ pressure variations was mounted in front of the
preparation, The phase at which the stroboscope was triggered could be
adjusted to any point within the glottal cycle., Airflow was delivered at
regulated flow rate or pressure, and both average ‘pressure and average flow
rate were méasured. The subglottal system was intended to §f&ulate the
acoustic properties of the real subglottal tract. The apparatus was mounted
onthe top of a rotary indexing table, whdse tabletop could be rotated, so
that observations could be made through ‘the microscope at any. angle. The
tabletop could also be translated along its two horizontal axes. A measure-
ment system was devised by which the<tlocations of any points observed through
phe microscope could be determined in three dimensions.

With respect to gross aspects of the performance of excised larynges,
observations /already made by others were replicated. In addition, it was
observed that, for a given laryngeal configuration, phonation could be
maintained "at values of subglottal pressure below those required for inf%iat—
ing phonation., As the tissues desiccated, the separation between conditions
for onset and conditions for maintenance increased. Thus, moQ;lity of the
surface tissues appeared to be important for initiating phonatoty vibration.
Perhaps this observation has some implications for the asséssment of patholo-
- gles. . .

t . ‘.! - "

Figure 2 shows data from a run in which the frontal-plane trajectories of
three particles were measured at eighth-cycle increments while the laryng'
sustained steady-state vibration. One particle was on the lateral superior
surface of the vocal folds, a second was near the medial superior surface of
the folds, and a third was on the lower Y(subglottal) surface. These
trajectories are typical. They were roughly elliptical, in the clockwise
direction (for the coordinate system shown). The minor axis of the ellipses
decreased as average distance from the midline increased. Subglottal parti-
cles moved primarily in a horizontal direction, while. supraglottal particles
well off the midline moved primarily in a vertical direction. Trajectories of
particles near the midline often exhibited complex perturbations near the
superior-medial parts of their trajectories. Trajectories of the two upper
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Figure 2. Frontal-plane trajectories of three particles during a  single
‘ glottal cycle. Measurements were made at eighth cycle increments,
" numbered 0 through 7’:M'Iae inset to the right of the trajectories
- contains notes about the measurements,.including the angle, o, of
the tabletop for which each measurement was made, , The schematic
sketch at the top of the inset indicates the particle - locations
with respect to the margin of the vocal fold.
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particles crossed, 8o that the particles were nearly vertically aligned during
one measurement and horizontally aligned during another. Thus, the vibrations
were complex, Some'aspects of the trajectories and of vibrations in general
were consistent with'the- notion of a displacement wave, progressing up the
medial surface at a veloeity of about 1m/sec, and then progressing laterally
on the superior surface at ,3-.5m/sec. The supraglottal wave was easily
observed, as with normal human larynges, and its velocity was measured
directly. Glottal closure als$o exhibited wavelike properties, Tissues at the
lower edge of closure were, peeled apart, while tissues above the point of
closure were still coming together. The depth of closure was often almost
negligible immediately befo 2 the glottis opened. The middle particle in
Figure 2 appeared to be on |t superior part of the vocal folds for part of
the cycle, and was below thi §bint of closure for part of the closed phase.
Thus, it 1is evident that |the ° ibrations are complex and cannot be well
modeled, in detail, as simple tr ations of a small number of lunped-
parameter masses. ' , )
Although some asﬂ%cts of the vibration patterns seemed best describable
by surface waves along the cover of the vocal folds, vibrations o?“the\edge
also appeared to be describable as string vibrations (that 1is, whole-bcdy
transla&ion and torsional flexure). There may have been components of both
types of vibrations., This interpretation is interesting, because interactions
between the two types of vibration as a function of variations in control
pqngneters'may help to explain fine contrbl over voice quality variations,

Detailed shapes of the vocal folds during the eight phase increments in
Figure 2 were estimated and are shown in Figure 3¢ A two-mass model
approximation could be superimposed on these shapes if vertical movements of
the masses were allowed. Given this approximation, the aerodynamic theory of
Ishizaka and Matsudaira (1972) was capable of reconciling average subglottal

pressure with average flow rate.. It was also shown, as expected that they. .

aerod ynamic model provided for the efficient transfer of energy from the
aerodynamic system to the mechanical system (Stievens, 1977). given the nature
of vertical phase differences. The mechanical parts of the ,two-mass model did
not well account for these' data, héwever. . Thus, to the extent it could be
tested the aerodynamic aspect q; the two-mass model seemed accurate, but the
mechanical part of the'model seemed inadequate,

A change in particle traJectories was observed as the tissues desiccated
and vibrations eventually ceased. These and other measurements suggested that
particle trajectories could be considered as oscillations. around an unstable
equilibrium position This result implies that small-signal modeling techni-
ques, such as those of Ishizaka and Matsudaira (1972), which account for voice
onset by finding unstable solutions to linear equations are justified,

Excised larynges were able to produce nearly normal vibrations even when
the - vocalis. muscle -on one, or both sides was completely removed, However,
these preparations did not seem capable of falsetto vibrations. Wave motions
with velocity similar to that of the normal case were still seen to propagate
upward on the medial wall. Particle trajectories were somewhat similar to the
normal case, although they differed Yin some details. These observations
shbuld be especially useful for testing models that acecount for the layered
structure of the vocal folds. . o ¢
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The experiment§ described above illustrate the potential value of devel~
oping a model specifically for excised larynges, as a step in developing a.
model for the'in vivo case. An advantage to modeling the excised -preparation
explicitly is not only its versatility, as illustrated by the experiments with
excised vocalis muscles, but also the fact that measurements of mechanical
propertiés can be made on the same preparation on which t?e vibration patterns
are measured. . L - .

Optical techniques for measuring frontal plane vibration patterns, such
as_those used by Baer, are limited because they are time consuming and because
only *vibrations “of the vocal fold surfaces can be méasured. . KZdiographic
techniques may provide a solution to the problem of measuring vocal fold
shapes throughout a cycle. There have been some radiographic studies of vocal
fold vibrations in vivo. Sovak, Courtois, Haas, and Siith (1971) described a
high-speed radi6grap study capable of resolving the «details of a glottal
cycle. Hollieni, Colemgn, and Moore- (1968) developed the technique of
stroboscopic laminagraphy\ in which an X-ray source_is pulsed stroboscopically
during a laminagraphiéﬁbfo edure. For steady phonation, images of a frontal
section could thus be obta at successive phases within a cycle. The
usefulness of these studies was limited by the poor quality of the images

> obtained. Furthermore, they may be no longer practical, in view of modern
coniprns about radiographic dosage, especially to the thyroid gland. However,

Sucl techniques could be applied safely and more effectively to the study of
excIsed or animal larynges. A promising impngvemenﬁ on these techniques was
recently dé€scribed by Saito (1977) and Saito, Fukuda, Ono, and Isogai (1978).
Small lead “pellets were affixed to the vocal fold surfaces and.also implanted
within the vocal folds, so that both internal and external vibrations.could be
" monitored., -Stquoscopic radiography, synchronized to the voice, was then used
to track the movements of these particles throughout cycles of vibration.
Such measurements might be made even more effectively with, a "computer-
controlled x-ray microbeam system (Fujimura, Kiritani, & Ishida, 19%3; Kirita-
ni, 1977), if its detector output were stroboscopically sampled or its source
stroboscopically pulsed, be¢ause of the improved spatial resolution™of this
device, Conceivably, radiopaque medium could be introduced - thrqugh the
irculatory system, as a further improvement of this technique. N

- 1

II. MEASUREMENTS IN VIVO: RESPONSES T0 INDIVIDUAL CONTROL VARTABLES = @

There are many parameters controlling phonatipn in_ the normdl ,human
larynx. ~“Control is exerted most directly through tﬁgpeffects of the intrinsic
-musé¢les on laryngeal c¢onfiguration and through transglottal pressuréﬂ Forces
exerted by the extrinsic laryngeal muscles and other extrinsic -sbructures also
have.an effect, Acoustic load can modify the patterns of airflow through the’
glottis and probably the mechanical vibrations as well. There are probably
other effects, such as contol of vascUlar and mucous supply, which are less
well understood. ing voluntary control of phonation, variations in several
of thése'parameters are ihtqrcorrelate (see, for example, Atkinson, 1978).
Although such variables as the levels of electromyographic activity in
individual muscles and subglottal pressure can be correlated with correspond-
ing ochanges in fundamental frequency or oth&r aspects of phonafory perfor-~

- mance, correlation does not guarantee causality, because of the intercorrela-
tioqs among control variables; . Therefore,” it has been difficult to isolate
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detailed effects must be known in order to determine the relevance of data
from excised larynx' and animal experiments, to adeqgately test detailed
phonatorx models, and, in general, to fully understand phonatory function.

One method for 1solating the effects of a given parameter is to
externally apply 1nvoluntary perturbations and observe the phonatory response
while other parameters remain constant. This technique has been most success-
fully used far %xaminifig the effects Qf changes in subglottal pressure on
fundamental frequency. Several experf%ents have been reported in °which

\\]sgbglottal pressure is increased by a sudden push on the chest or abdomen o( a
phonating subject, and both subglottal pressure and fundamental frequency are
monitored during an interval for which no muscular response is assumed to
occur (for example, van den Berg, 1957; Isshiki, 1959; Ladefoged, 1963; Ohman
& Lindqvist, 1966; Fromkin «& Ohala, 1968). This experiment was recently

" replicated by Baer (1979), who also monitored the electromyographic activity
of laryngeal muscles to ensure the absence @f a response. Transglottal
pressure can also be varied supraglottally, through modulation- of intraoral
pressure (Lieberman, Knudson, & Mead, %9 Hixon, Klatt, & Mead; 1971;
Rothenberg & Mahshie, 1977). When pressure modulations are oscillatory, at
frequencies of about %-10Hz, continuous muscular éompensation does not seem to
occur, although EMG evidence to support this claim has not been published,

Q\Although results of these induced-pressure-change experiments‘differ in

some*details, their consensus indicates that fundamental frequency varies with
transglottal pressure at rates of about 3-5Hzem H20 within the speech~ygnge'
with, higher rates at higher fundamental frequencies ‘or in falsetto register.
These- results, as well as correlation between fundamental frequency and
subglottal pressure during voluntary control (Atkinson, 1978), sugg®st that
the phonatory response to pressure change is fast, perhaps W1th1n the interval
of one or two glottal periods. P

-
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. The effects of involuntary perturbations  in acoustic load on fundamental
frequency have also been investigated through systematic variation in the
.length of a tube that artificially ~extends the vocal tract _(Ishizaka,
Matsudaira, & ,Takashima, 1968; -—Ishizaka & Flanagan, 1972). Changes in
fundamental frequency of as ch-as.’ 20Hz we,ybtamed by varyi thé length

of the tube. JHowever t was not determi in these exper ments"whether

there -was any com atory laryngeal respong# It is easily own that such

. artificially inereased aqoustic loads can have an effect on phonation./ If one

phonates ascending scale.into an artificially extended vocal such as

ing tube), the voice will typically break or switch to, false

- £uﬁ63ment§1 frequency nears the first resonance frequency of the tract. A

" lower order manifestation. of: this phenomenon ‘might account for the intrinsic

. piteh of vowels (Peterson & Barney, 1952). In any case, * such experiments

A\ could be.- repeated more carefully to further constrain the performance of
phonatory models.. * . )

. T The logical counterpart to these studies for quantifying the effects of
- individual muscles on phonatory performance would probably require electrical
stimulation of the muscles. There are no accounts of any such studies on
normal human subjects, and it is unclear whether stimulation experiments are
possible in practice, However, an alternative method, gQicq isolates the
S ; 19
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. the detailed phonatory respons€ to any one of them. - Nevertheless, these
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"effects of smgle motor- unit contrae/tlons. hag r‘écently been used by’ Baer
(1978) for investigating the effects of individual muscles on fundamenbal

. frequency. Rather than analyzmg gross aspects of fundamental frequency-,:,

control, this method relates very small changes. in fundamental frequency
(namely, pitch perturbatlons) to very small changes in muscle tension, which
can be related to smgle-motor—unlt ‘activity. Statistical indgpendence
betweén motor-unmit inputs can then be exploited 'to uncorrelate the muScles,
and examine their individual causal effects on fundamental f‘requency«

2, v .

. This method, extends the use of an averagmg teohnlque -that wyas: first
developed for studying properties of‘ single motor units in skeletal muscles
(Milner-Brown, Stein, & Yemm, 1973) Slngle—motor—unlt action potent1als (see
Harris, 1981) must be idenvified in -an ‘electromyographic recording while the
muscle sustains a contract}_‘on. A, simplified muscle model, .which is approxi-
mately valid at low to moderate levels of. contract1on, is assumed. This model,

- is shown in Flgure 4., Its inputs are 'the action potential trains from
individual gxotopeurons. Each sof ‘"these " can be considered a ‘random point
process, and they are statistically 1ndependent across un1ts.‘ Each motor-un1t
action potentlal trl.ggers a mechanlcal tmtch-—a positiye’ pulse of tension
whose detailed characterlstics vary across motor ‘units. At least some of
these units fire at Tow enough rates .so that adjacent twitches do not overlap.
The output tension of the whols muScle is7the osummatlon of its constituent
motor unit outputs. Although many of. t’he motor® unit., & puts are tra1nsgof‘
‘pulses, ,they sum to an approx1mately constant “ thoughi-nolsy, value because

they are tlca ly mdepenéﬁnt. "The relative ampYitte of this‘noise

-

ends on umber b,f motor Yudits “and the1r firing rates. : . -t
———— leenh'theumodel in; Flgure ll the oontr1bution of a .§1ng e motor unit to

’ f£he output tension (1ts coutractlon propertles) ¢an be estimated if its input
action po€entials .can be»-ldent;ified and 1f these inputs, are isolated by
intervals great enou to ensure‘ against overlap of adjacent contractions.
Samples of the output ten31on wavef‘o&nr» foil*omng the 1npuﬁ are aligned and
averaged. The output gnof the 1sol‘ated motpr units is al\@ys the same within
these intervals, while® the outputs of %lfl other motorf un1t‘s are random and
thus average to a constant value,® @ “a s % . s ) .

A | '% 3 .
To apply this technique to 1nvestigatlonwof sfun’damental frequency ’con-

trol, we note that motor-unit firings’. are st¢at1s§1oLally independent across
muscles as ‘well as within a muscle We then hypothes1ze that muscle-tension

variability contrifjutes to the fundamental Nequenmydxperturbations that can

measured when a normal phonating .subject attempts to@uotarn a steady tone.

The resulting -model for pitch perturbations is then’ inﬁﬁated in Figure 5.
*Laryngeal muscles produce roughly constant output , ‘tens 3¢ that are noisy
because of single-unit effects, The noise comporgémtsf" across muscles are
uncorrelated, .The .complex: effect of muscle forcesion t ﬁ/ocaI folds, which -

we have lumped under the - .term, "vocal Wold tensmn," As: %ﬂo roughly conbtant
but noisy. Output f‘undamen al . frequency then de on this tension and
other xndependent inputs such as subglottal pressﬁﬂr'e@nd perhaps, mucosity ’
and other random’ effects, All the detailed inpute to this model are thus
, statlstically 1ndependent Accordlng to the model, .then, fundamental frequen-
cy as a function of time can be treated as an output *and be- averaged just as
muscle tension in earlier studies to estimate the effdets of single-motor-unit
‘contractions in that muscle. The effects’of other muscles and other inputs
- average to a constant value, .
- ; ' N ‘
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Figure 4, Simplified model of a muscle during a sustained contraction.
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To obtain data for such a study, a subject is asked to sustain a steady
tone for several breaths., Electromyographic (EMG) éctivity. obtained “through -
hooked wire electrodes from a laryngeal muscle under “study, -and the voice
signal obtained- through a standard microphone are recorded and input to a
dcigital computer. After instantaneous fundamental frequency as a function oF
time is derived, this waveform is offset by approximately its average value
and amplified to exaggerate the perturbations. Isolated single-motor-unit
firings are identified in the EMG waveform. Then, samples qf the EMG waveform

- and the Fy perturbation waveform are aligned around the single firings and 3
averaged. The sample window extends from 100ms before to 300ms after these .
firings. - ’ . )

. Figure 6 shows a 1.5s sample of data when the mygcle under study was the
cricothyroid, whose function as a vocal-fold tenser and Nhce as a pitch
raiser is well known. Fundamental frequency was about 100Hz, -which is in the .
lower part of the subject's range, in order ’co'keep the number' of recruited
units and their firing rates low.” As this figure shows, fundamental frequency
was estimated to 1 Hz resolution. Although cycle-to.-cycle variations rarely
exceed 1Hz, perturbations over larger time intervals were about 4Hz wide. Two
.firings havé been isolated in ‘this record, and the corresponding sample
intervals are indicated by horizontal lines.

Figure 7 shows tHe results of the, averaging ‘calculation for this
experiment after 19 suitable firings were identified.” The upper panel shows °
the averaged EMG signal, which exBMibits a pulse only at the lineup point, as -
expected. The lower panel shows the average Fo perturbation. Thi‘s signal is
. approximately at baseline both to the left of the lineup point and to the far
right of the window. However, there is a positive pulse beginning immediately
after the lineup point. This pul se reaches its peak ampljtude of 1Hz at a
latency of about 70-80ms. The pul se appears to indicate that the single-motor- ¥
unit contraction caused, on the average, '‘a 1Hz dincrease in fundamental
frequency. :
. o “~
A similar calculation was performed for one of the strap muscles, an
extrinsic laryngeal musclé whose -possible function in lowering Fy has been a .
source of some controversy. When fundamental frequency was in the midd of
the subject's range, no systematic effect was found. Results n the
fundamental frequency was low are shown in Figure 8. .Al’chough these Mata are
somewhat noisier than those in Figure 7, they appear .to exhibit a negative
pulse in the interval immediately after the lineup int. Thus, the strap
muscle is shown to have a causal effect in lowering” f‘undanental.\f‘requency from
an already low leyel, v

~

t ]

Thg confirmetion of a muscular contribution to- Fy perturbations is itself ,
interesting, since perturbations have been used as an indicator of voecal
pathology. These re S show that care must be taken when interpreting
patterns of pertupbation. More relevant to this discussion, howeyer, is the -

fact that we cap”show the ‘response to a.short duration ‘pulse of tension in a

single muscle, .and that these data can thus be wused to constrain the
performance” of laryngeal models. It was noted that the average pitech -
perturbation for the cricothyroid muscle begins immediétely after the lineup

point. This shows that the phonatory response must beg’in within one glottal

cycle. The latency of the peak of the response, 70-80ms, includes contribu-
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Short segment of data during production of a steady tone at about
100 Hz.  Top: volce °waveform; Middle: EMG activity of the
cricothyroid musele; Bottom:. "instantaneous fundamental frequency"
extracted from th% voice wavef‘orm. #®wo sets of horizontal lines
indicate,mtervals from 100 .ms before to 300 ms after single-motor-
unit’ firings in’ the cricothyroid muscle, ;
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tions due to muscle contraction time, mechanical response latency in the
larynx, and latericy of phonatory response. Since both the latency and the
- amplitude of the mechanical motor-unit contractions can be.estimated in anima
experiments, these data might be further applied to.the detailed testin%
models of laryngeal perf‘omnance especially in compadrison with data reported
by Hirano (1975) relating’ changes in shape and mechanical properties of vocal
. folds to stimulation of yarious muscles. -These.data might also shed some
* further 1light on the pattern of mator control. For example, the relatively
- large amplitude of the Fy perturbation pulse in Figure 7 relative to the "
. overall perturbation in ?’igure. 6 suggests that very few motor upiLs were
firing at rates low enough to show the effects of - individual ‘twitches.
. However, it is unclear how ‘many‘other units may have been in tetanus. Perhaps
the greatest value of the single-unit technique will be in elucidating . the
phonatory function. of muscles such as the vocalis, whose gross patterns of
activity are so intercorrelated with those of o’cher muscles during ongoing
regulation of phonation that their detailed effects have remained obscure .
& . -

-In considering the function of individual control parameters. in this
section, we have only discussed measurements of their effects on fundamental
frlequency. :The reason -for this is that, with few exceptionsf these are the
only measurements that have 'been made. Fundamental frequency by itself,

s  however , is evidently not a very complete descriptor of phonatory. activity.

As fundamental frequency is varied, attributes of the vocal source waveform

that contribute to intensity and. voice quality also vary. It is important to

determine how these parameters covary when changes are produced by different -

A control ‘mechanisms, and, for purposes of assessing vocal pathology, how these
relationships change in dif‘f‘erent pathological states,

Techniques to be _discussed in today's session can be used to measure some
of these different parameters of phonatory performance, such as amplitude of
" the glottal pulse and open quotient. When these parameters are-measured
cycle-to-cycle, the same techniques described in the section. for studying
fundamental frequency control can be utiliZed to assess the effects of
-different control parameters. These data, .together with such anatomical and
e physical studies as those reportéd by Hirano (1975), are needed to improve our
understanding of the ‘phonatory mechanism and constrain the performance of
mechanistic models. " Thus, these studies should be pursued. Furthermore, if
N it were possible it would be even more,useful to study not only changes in
vibratory performance chatacteristics as a function of these control parame-
er ters, but also intermgdia,te/variables such as the positions of the ‘laryngeal
' ’structuﬂes and' their mechanical--properties., However, these experiments must
await the development of techniques for measuring these parameters,

-

’ ’ . “Finally, further insights are Meeded into the detailed pondi’cibris neces-
sary for- initiating and sustaining phonation, as well as r regulating
ongoing.phonétion. An example of how such studies might be performed in vivo
is by using involuntary perturbations of subglottal pressure. Fop exanple a
subject might be asked to assume a configuration appropriate for voicing but
to maintain subglottal pressure at a level below the threshold for voice
ondet.’ - Transglottal pressure might then be suddenly increased, say using a
chest push procedure, t6 "a-level for which phonatory vibrations are initiated,
while laryngeal configuration remains constant. Conditions for voice onset

- could then be determined, in terms of the level of subglottal pressure,/ as ¢




function of variations in the copfiguration, With negative transglottal
pressure perturbations, conditions for voice offset could also be studied.
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PHONETIC PERCEPTION OF SINUSDIDAL SIGNALS: EFFE&TS OF AﬁPLITUDE‘VARIATION*

Robert E. Remez,% Philip E. Rubin, and Thomas D. Carrell++
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Abstract. Naive subjects, when instructed to listen for a sentence,

are capable of transcribing -the phonetic message of acoustic signals
consisting solely of time-varying sinusoids: These unnatural-
sounding signals mimic the- pattern of formant center-frequency and
amplitude variation over the course of polysyllabic, semantically
normal utterances. To what extent does amplitude variation over

time " contribute to intelligibility? Our " present investigation
tested the hypothesis that listeners derive some information apout
syllaBle patterns from amplitude variation alone, and may therefore

use contextual constraints’ to deduce prosodically appropriate
portions of the “message in the tonal stimulus. : Phonetic and
syllabic intelligibilit ere compared in four conditions: (1)
normal amplitude and 'frequency variation; (2) normal frequency.
variation with constant ampljtude; (3) normal frequency variation

with a misleading amplitude  contour; and (4)° normal amplitude
variation with no frequency variation:™ These results are discussed

in the framework of phonetic perception and in terms of current
theories of the_perceptign Pf-fluent,speech.

g
Talkers make sounds for listeners to hear. This truism has implicitly
motivated many present explanations.of speech perception. .Essentially}’these
.explanations have sought _to enumerate the perceptually critical acdustic
elements produced by talkers when generating phonetic sequences. Researchers
have: psed the ability to synthesize speech to fashion acoustic signals
‘containing only those acoustic components of natural utterances believed to be
necessary for perception. In doing so, we have made highly refined and
Specific descriptions of the stimuli that elicit phonetic .perception. In
complementary research, studies of the 'auditory periphery, of the basilar
membrane, cochlear nucleus and auditory projection have permitted.us to learn
how the critical acoustic ‘elements survive auditory transmission. But,
L 4

=
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regardless 8¢ the differences among the many apprQaches to studying phonetic
perceptlon all, approaches have assuifd that the gxlmull for phonetig percep-

tion con31st necessarily of the kirds' of sounds produced by ,a vquably
excitable, variably shapable tube-resonator--the vocal tract. 1

A recent demonstration of ours questioned the assumption that the

perceiver redhires phonetic stimuli to comprise, however selectively, acoustic

elements found in natural utterances (Remez, Rubin, Pisoni, & Carrell, 1981).
In .raising this questlon our study also. challenged .the 'assumption_ that
phoretic perception is based simply on a succession of discrete acoustic

"elements. In this study, we used a signal - con51stld§ of three time-varying

sinusoids, each of which varied in- a way that a formant peak gmight vary over

’1;/§pé course of an utterance. Initially we fabricated the Sinusoidal pattern by
ol

56

mputing the resonant center~frequencies of a natural utterance, using Linear

sPredictive Coding (see Figure 1). The table of values produced through this

analysis was used to set frequency and amplitude parameters of a siné-wave
synthesizer. Figure 2 shows ‘the dlfferlng short-time Wourier spectra of
natural, synthetic (OVE and Haskins Pattern Playback), and>sine-wave _signals.
Note the absence of a fundamental frequency, harmonic spe um, and broadband
formants in the sinewave signal. i Lacking’ these acousti™ attributes, the

sinewave spectrum does not resemble the spectrum of a natural signal, in any

literal sense. However, there is energy, albeit infinitely narrdwband, at the
computed peaks throughout the duratlon of the pattern; and, the time-varying
properties of the sinewave pattern, specifically the coherence of the change

of the energy peaks over time, replicate the natural case. ‘.

The perceptual effects of sinewave stimuli were easy to predict. Because
the short-time spectra of three-tone signals differ drastically from natural
and even synthetic speech; because no talker is capable of producing three
simultaneous "whistles" with these bandwidths, in this frequency range; and
because the frequency and amplltude variation of the three tones is not
gynchronlzed the pereelver should hear three 1ndependent streqas, one fer
each sinusoid. The perceiver should hear no phonetic qualities.

: 4

However straightforward ethis prediction seems, theﬁg was a second,
contrasting prediction. Suppose that the listener is able to disregard the
short-time differences between sinusoidal signals and speech, and can.attend,
instead, to the overall pattern of change of the three tones. The pattggn of
change of the frequency peaks resembles the resonance changes produced by a
vocal tract articulating speech. If the listener can apprehend this coherence

the time-varying properties of the ronspeech signal, then he should hear a
phonetic message spoken by an impossible'voice. - \ .

Given nonspeech stimuli whose time-varying properties are abstractly
vocal, listeners perceived the signals in both of the ways we predicted.
Those listeners who were told nothing about the stimuli heard science fiction
sounds, bad electronic music, sirens, computer bleeps and radio interference.?
Those 1listeners who instead were instructed to transcribe a "strangely
synthesized English sentence" did exactly &hat, for the most part--they
identified the radically unnatural "voice" quality .of the patterns, but they

transcribed those patterns as they would have the orlginal natural utterances

upon- which we based our sinewave stlmull.

Ld
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SINEWAVE SYNTHESIS SIMULATION '
3

OF A NATURALLY PRODUCED UTTERANCE

¢

NATURALLY PRODUCED UTTERANCE

DIGITIZATION

l

<LPC ANALYSIS
WITH PEAK-PICKING

FORMANT CENTER FREQUM'
J a— Y

] " CONVERSION TO
SINEWAVE SYNTHESIS INPUT VALUES

P

HAND CORRECTION
OF FREQUENCY VALUES.

'

* SINEWAVE SYNTHESIS

R

DIGITIZED WAVEFORM

QONVERSI_ON TO AUDIO

Figure 1, Sinewave stimuli are produced by imitating)the_timé-varying proper-

ties of the center frequency and amplitude of the first three
formants in -a hatural utterance.
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phonetic perception of sinusoidal signals to a high uncertainty judgment task,
by offering unrfstricted response alterhatives. Previous tests of Sinusoidal
patterns had used forced-choice identification tasks with small response sets
(Bailey, Summ®rfield, & Dorman, 1977; Best, “Morrongiello, & Robson, 1981;
Cutting, 1974; Fant, 1959; Grunke & Pisoni,. 1979). Subjects' performance is
obviously stabilized in such circumstances. However, we showed that the
intelligibility of “sinusoids does not depend on extensive treining with
simple, schematic .stimuli, nor on test procedureg that intrinsically promote
consistent performance. ) . T ! .

. (2) More generally, the study: indicatel that speech perception is
possible despite drastic departures from the short-time spectra of natural
speech--despite absence of broadband formants, harmonic spectrum, and funda-

. e . . d .
mental frequency--insofar as the ﬁ!me-varylng properties of speech signals are
preserved; and, insofar as the listener is able to attend to the coherent .

time-variation of the acoustic pattern. Both of these general qualifications
must obtain for phonetic pergeption of sinusoids to occur, for the listeners
who weré not directed to expett speech for the most part did not spontaneously

hear phonetic sequences in the tones. ' |
’ |

The present investigation is'diregted ‘toward questio*s that arose from
our initjial research with perception of sinusoidql replicas of fluent,
semantically ordinary utterances. Primarily, we.noted that the tonal patterns
could well' be gonsidered an extreme case., of defective acoustic-phonetic
stimuli. If this description were apt, then the perceptual process could- be
described more conventionally, in quite different terms. Listeners might
merely have memorized the tune of the tones without any phonetic recognitign;
and, after inferring.a prosodic schema from the amplitude contour preserved in
the tonal pattern, Iisteners_would then have been free to guess (or, rather,
to hypothesize) a likely phonetic sequente for the utterance using "top-down"
finesse. A. number of views of the perception of fluent speech inclu a
prominent faculty for best-guessing lexical patterns from the prosodic SEF;C—
ture ‘when the phonetic stimulus is defective ‘dr ambiguous (e.g., Cutlér &
Foss, 1977;.Huggins, 1978; Nakatani & Schaffer, 1978). Perhaps the listeners
in our original study relied on such guesswork for transcribing the stimulus,
and did not impediately perceive the message from phonetic structure preserved
in the time-varying tonal pattern. In that case, very 1little phonetic

' perception would have occurred, and our theoretical claim would. need -to be

moderated.’ , (
. . * ‘\ . . -"'
In the test we report here, each listener was presented with a sinusoidal
pattern replicating the sentence "Where were you a year ago?" In response,
the listener reported two things: (1) #& transcription of the sentence; and

.(2) a count of the syllables in the sehtence. If phonetic information is

1]

preserved in . tRe coherence of the ‘changim® sinusoids -then transcription
performance should be no poorer than syllable'coufpting, which would presumably
be based here on the Jlinguistic structure o the message. If, on the
contrary, only proSodic ~ififormation in the form of" amplitude variation is
readily available to the Aisténer. then syllable counting should be much more
accurate than trapseription of; the .message. " In this latter condition,

« Subjects would be likely to vary in the particular phonetic guesses they make

given that ép infinity of sentences may conform to the same prosodic pattern.

«_\; . 8‘l§

This finding was novel in at least two waye. (1) It extended research on
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The present test also included a stimulus manipulation to evaluate more
directly the difference between perceiving the phonetic structure and guessing

"about it based on amplitude information about prosody. Four conditions wers .

used, " In the first, listeners gave .their two responses to a sinusoida%gggﬂ
pattern that preserved both peak-frequency d&nd peak-amplitude change of the
first- three formants of the 6riginal. natural utterance (see Figure 3). 1In,
the second cohdition, listeners heard a pattern that preserved the frequency
variation of the first three formant center-frequencies at a constant level of
energy throughout the utterance (see Figure 4). 1In the third condition, the
Sinusoidal pattern preserved the frequency patternfof the first_ three for-

- mants, but with a grossly misleading -~ amplitude contour containin four
segments of high energy and five segments of low energy, high andi\7ﬁ?\:£;
differing by approximately 20dB (see Figure 5). The fourth condition employed -

v “a sinusoidal pattern with the original formant amplitude variation but with{no
frequency variation (see Figure 6). 1If the coarse amplitude structure of the
stimuli provides reliable prosodic structure, and if subjects rely on this
source of information about .the message, then syllable counting should be
accurate in conditions 1 and 4, and poorer in' conditions 2 and 3. .In
addition, the &ccuracy of transéription'should follow the accuracy of count—
ing. If subjects perceive the phonetic sequence based on the time-varying
properties of frequency variation, however, transcription and counting should
be good in all conditions but-the fourth, in which there is no frequency .
.variation, * :

. Our results are straightforward, as Figure 7 depicts. Transcription was |
good in conditions 1 (n=14), 2 (n=13) and 3 (n=12): there was no statistical (
effect of the amplitude manipulation in these condi%} . This indicates that

- subjects were not -hindered by defective cqarse acoustic tructure when fine
acoustic structure was available for phonetic perception. (Condition 4 was
not scored for transcriﬁtion. for the obvious reason that~-there was nothing
phonetic to transcribe.) 1In the syllable couxting task, there was an enormous
difference between condition 4 (no frequency variation, appropriate amplitude
variation) and the other three conditions (appropriate frequency variation

. with either normal, f}%t. or misleading amplitude varijation). A post hoc
v means test confirmed that this effect is highly significant (Séheffe, p<.001).
Subjects were clearly unable to derive syllable information solely from

amplitude variation in this case (cf. O'Malley & Peterson, 1966).
N \

We conclude from these results that sinuspidal signals do not consist of
veridical prosodic information &nd defective geoustic-phonetic information.
Listeners lacked the abili$y to follow the syllable structure when nly the
amplitude variation. of the original transcribable pattern was preserved, yet
they were able to apprehend the phonetic detail‘e»en/ﬁhen the energy contour
was grossly inappropriate to the segments within it. It seems that listeners
who transcribed thesé sinusoidal replicas of speech, mus¢—~have relied on .
information about the phgnetic sequence available in the fssguency variation
alone. K

Overall, these studies of sinusoidal signalg contribute- new knowledge

~ about phonetic perception that is perhaps counterintuitive. That is, phdnetic
perception can be elicited solely by a coherent pattern of acoustic variation

.+ comprising elements that cannot, in principle, be realized vocally., In order

to detect this coherence despite unproducible short-time spectra, listeners
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must ultimately rely on.even more abstract and more forgiving knowledge of
vocal tracts than has been proposed by ‘Liberman (1979). We venture to Say
that phonetiq perception may actually be based on attention to the coherent
patterns of change* in acoustic energy rather than on attention to the -
particular' qualities of the successive, discrete acoustic elements that
compose the speech signal. To reflne our speculation, we must extend _this
technlque to a wider phonetic repert01re' to a more varied test of short-time
spectral properties that permit the ‘effect to occur; and toemaniptilations of
the coherence of change directly. 1’ < -
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FOOTNOTES .

1To our knowledge, no one c1a1ms that the properties of a talker's
utterances necessary to perceptlon are supplied in the auditory channel’,

though such a view cannot be excluded a priori. . v

2A very small number of listeners did recognlze some phonetic properties
of the stlmull.
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' coo "7L \ -




+ LY

MEMORY FOR ITEM ORDER AND -PHONETIC RECODING IN THE BEGINNING READER¥*

Robert B. Katz;+ Donald Shankweiler ,+ and Isabelle Y. Liberman+ .

.
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'
»

Abstract. A defect in immediate ménory for item order is often
attributed to poor beginning readers. We have supposed that this
< problém may be a manifestation of an underlying deffciency in the
use of phonetic- codes. Accordingly, we expected good and poor “
' readers to differ in their ability to order stimuli that can be
easily recoded as words and stored in phonetic form, but not .in
their ability to order nonlinguistic stimuli that do not 1lend
themselves to phonetic recodi in short-term memory. The purpose
of the present study was to tes) this hypothesis by examining the
ability of good and poor rea%gr Jto reconstruct the order of sets of v
briefly presented stimuli that ied in the extent to which they
could be distinctively recoded into phonetic ‘form: pictures of
common objects versus nonrepresentational, "doodle" drawings. As
expected, an interacﬁiop between reading ability and type of stim-
ulus item was found, demonstrating the- material-specific nature of
poor readers' ordering difficulties. These findings support the
e ’ hypothesis that a function of the phonetic representation is to aid
in retention of order ‘information, and that poor readers!' ordering
difficulties are related to théir deficient use of phonetic codeg.
N . < © .
: 8 Certain commonly occurring memory problems®of poor beginning readers have 1
‘been regarded as manifestatiqns of an underlying deficiency in the use of
phonetic codes. Several studies have shown that children who are poor readers
tend - to make ineffective use of phonetic coding in short-term recall of
linguistic material (Liberman, Shankweiler, Liberman, Fowler, & Fischer, 1977;
"~ 7 .Mann, Liberman, & Shankweiler., -1980; Shankweiler, Liberman, Mark, Fowler,. &~
Fischer, 1979). However, special difficulties #th recall and recognition
" arise only when the stimulus items ‘are words or other items that can readily
> _be labeled linguistically and retained phonetically in working memory (Holmes
' & McKeever,; 1979; Vellutino, Pruzek, Steger, & Meshoulam, 19733 VelIutino.
Steger, & Kandel, 1972). When the stimuli do not lend themselves to phonetic
coding, }the performances of good and poor readers cannot be distinguished.
For example, we (Liberman, Mann, -Shankweiler, & Werfelman, Note 1) tested’
recognition memgryawithstwo sets of stimuli that could, not be easily labeled:

*To appear in Journal of Experimental Child Psycho¥dgy.
+Also University of Connecticut. *
~ Acknowledgment., This investigation was supported by NICHD Grant HD-0199% and
BRS Grant RR-05596 to Haskins Laboratories. We, are grateful to the, prindipal
NS and teachers of the Parker Memorial School, Tolland, Connecticut, \ for
-allowing us to work with the second-grade classes. We *ire also grateful to
the children who participated and their parents for their codoperation.
Special thanks are due to Leonard Katz for statistical advice,.

Q’/y ’ [HASKINS LABORATORIES: Status Repbrt on Speech ‘Research SR-66 (1681)] L
. g N N . o ,67
. W, . . -~
2o T
™
¥ -




., s ’ - ]
! unfamiliar faces and abstract, nonrepresentational 1line drawings (Kimura,
1963). ‘It was found that good and Ppoor readers were indistinguishable on
memory. for both faces‘and nonsense drawings.
. “The question we ask here is whether ,children's memory for .the order af
. ogeurrence of stimulus items would also vary with their phonetic recodability.
Repeatedly, the literatire has suggested that poor readers have difficulty in
.retaining the order of items in tests of serial recall (Bakker, 1972:; Benton,
19§§3 Corkin, 1974). There are indiéations, as we noted, that the poor
redders' defieits in item recall may be a manifestation of their deficient
ability to use: phonetic cgdes. We should now ask whether the deficits they
might hage in remembering the order. of stimuli would also vary with the
phonetic codability of the items. This is what we would expect in light of
suggestions that one function of phonetic memory codes is to preserve item
order (Baddeley,. 1978; Crowder, 1978). Consequently, we would suppose that -
] the poor. reader*s difficulty .in retaining order information is material-
’ specific and not & global memory deficit for item order.

) To pursue this question experimentally, we needed to discover how poor
. readers would fare with order memory for nonlinguistic material. While it is
true that some studies (Corkin, 1974:; Noelker & Schumsky, 1973; Stanley,
Kaplan, & Poole, 1975) have reported inferior performance by poor readgrs in
ordering nonlinguistic stimuli, the interpretation of the findings in each
case 1s open to some question either because the items used were such as to be
readily labeled or were presented for long exposure times. In either
instance, even though the stimuli presented, were nonlinguistic, the effect of
- the procedure might be to accentuate the differences in performance between
the reader groups by encouraging linguistic recodirng on the part of the good’
readers who habitually recode phonetically. Moreover, good and poor readers ,
"have.been found to be equivalent in ordering other nonlinguistic items, such }f’
. as photographed faces (Holmes & McKeever, 1979). At all events, there has
- been no direct test of the hypothesis that the poor readers' problem with
order memory may be linked to a deficiency in the use of phonetic codes. The
present experiment was designed to provide direct evidence for such a link.
By controlling for the ease with which linguistic labels can be given to test
) iteds, we expected to find that differences in the performances of good and
‘ poor readers would depend on the phonetic recodability of the stimulus

. material,
’ » . . N .

The experiment cempared good and poor readers' memory fQr, order for two .
sets,of* controlled stimuli: a setaconsisting of items that are easily labeled .
--line drawings of -common objects, and a set containing items- presimed to be
very difficult to label-—Kimura's (1963) nonsense drawings. The latter were .
chosen fot use in this study because good and poor readers performed eqaally
well with these stimuli in the test of recognition memory to which we referred
earlier (Liberman et al., Note 1). ) , .

o the present procedure. a linear array of five figures is’
o tachis%oscopically presented after which copies of the five Tfigures are
presented on cards, or figure per card, in random 6rder Sub jects are ask
to rearrange the cards, reconstructing the order 1in. the previgus displaig\
Since ,poor readers tend not to make full use of phonetic coding in working
memory. we expected them to be less accurate, than good readers in ordering the

“ I
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phonetically recodable pictures of common objects, but not to differ from the
good readers in ordering the nonrecodable, doodle drawings. Thus we expected
an interaction between reading ability and stimulus type, attributable to
differences in the dagree of reliance on phonetic recoding.

METHOD
- gulioy

Subjects . .

) ‘Subjects were selected from four second-grade classes in the Tolland,
Connecticut public school system., Candidates for the- poor reader group were
selected for screening if they were so designated by their teachers or if they
" scored at the 40Qth percentile or lower on both word recognition subtests of
the °Comprehensive Test of Basic Skills (CTBS) (1974), which had been
administered in the seventh month of the first grade., Candidates for the good
reader group either received a-superior evaluation from the teachers or ranked
at or above the 80th percentile on both CTBS subtests. -

‘Subjects selected fo; screening were administered the Slosson
Intelligence Te}l?~(Slgsson. 1963) and the word identification and the word
attack subtests of the Woodcock Reading Mastery Tests (Woodcock, 1973) in the
fifth and sixth months ~of the school year. The final good reader group
consisted of those subjects who attained a combined raw schre of at least 115
on the two Woodcock subtests, while "the poor nreader group “included subjects

"with a combined score of léss-than 85. Subjects with extFe@e~IQ scores (below
90 or above 135) were- ineligible for further testing. 1In addition, one poor
reader had to be dropped because of prolonged absence and ensuing scheduling
difficulties., By these eriteria, 21 good readers (10 females; 11 males) and
21 poor rreaders (7 femalés, 14 males) were selected. YThe good readers had a
mean age of 95.] months compared to the poor readers' mean age of 97.2 months,.
\t(40) = 1.7; p = .10. The good readers had a mean IQ of 115.3 while the poor
readers had a mean IQ of 107.4, t(40) = 2.7; p = .012. The mean combined raw
score on the Woodcock was "134.6 for the good readers (range: 118®to 153) and .
*53.0 for the poor readers (range: 22'to 77). :

v

4
Stimuli and Apparatus

Two sets of 50\drawings comprised the stimuli of this study. The first

set consisted of>the nonsense drawings of Kimura (1963), which we designate
. "phonetically unrecodable" because they are diffjcult to lab€}, . distinctively,
~ The second set, which we call "phonetically recodable," included 50 line
\\\\grawings of common objeets. The latter had been shown. in earlier pilot
tudies to be easily recognized by second graders, each drawing typically
eliciting a single response which was a monosyllabic word. Each stimulus
condition required 20 test trials. Each trial caonsisted of a tachistoscopic
presentation of a different horizontal array of five stimuli mounted on 2 x 2
inch slides. To generate the required 20 arrays for each condition, 10 arrays
were selected by random drawing without replacement from the set of 50 stimuli
for that condition. Thén 10 more arrays were generated by a second drawing
T™for each stimulus condition. One set of three stimuli not used in the test
trials was prepared to be used as practice trials. A éahple.array;‘for :
each stimulus condition is displayed in Figure 1, N ’
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4
UNRECODABLE STIMULUS ARRAY .
" _RECODABLE STIMULUS ARRAY . .

. f¢,X . . :
" -

Figure 1. The upper portion of the figure gives a sample sti“rﬁﬂ;d, array ¢
- consisting of five nonrepresentational line drawings (adapted from "
Kimura, 1963) for which ready verbal labels are not availabie * The
lower portion gives a sample array for the comparisoﬁ\condition in
which the items are'easily named common objects (edapted f‘romb
Makar, 1969) £ .
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The stimuli were projected onto a white screen for 4.0 sec using a
carousel projector equipped with a tachistoscope attachment and a decade
" interval timer. The projected array was viewed from about 55 inches and
extended a horizontal distance of about 15 inches (15.5 degrees). Each
stimulus arrayv®ubtended a visual angle of 1.5 t .3 degrees_ horizontally and
1.0 to 2.3 degrees vertically. A permanent focal point of re}lectlve tape was
attached to the left of the projected stimulus array.

For the ordering task, eaéh stimulus item was individualdy reproduced on
a laminated, white 3 x 5 inch card.

Procedure Ty .

Subjects were tested individually in two separate sessions, one session
for each stimulus condition, The two Sessions were conducted on separate
days. To guard against transfer of a phonetic recoding strategy from one
session to the next, the initial session was always devoted to the phonetical-

ly unrecodable condltlon.
)

»Subjects were informed that they would see five flgures on the screen for
a brief period of time after'which they would have to rearrange copies of the
flgures on the table in_the same order. To provide some control for the - ¢
direction of eye moveménts, subjects were instructed to fixate on the taped
focal point before each trial. Immediately after each tachistoscopic presen-
tation, a sheet of /cardboard on the table was removed to reveal the five
. stimulus cards appropriate to that trial, arranged in random order. The same
order was used for corresponding trials across the two conditions. No time
limit was) placed on the subject's performance. In both conditions, a rest
period of approxlmately 2 min followed the tenth trial. -

® In each condltion, a practlce trial of three stimuli was presented before
the 20 ‘test trials. If the subject failed to order the stimuli correctly on

) the practice trial,.the trial was repeated once. 1In any case, the practice

set was always “reviewed with the subject to insure that the task was

understood, e -
g /

&
p y ‘ e RESULTS : @;

The number of stimuli correctly ordered by each sSubject for each
condition was tallied for all serial positions.. To be considered correct, a
stimulus item had to be.placed in the serial position that corresponded to its
original position on the slide, Figure 2 shoys the mean number correct at
‘each'serial position for each group of subjects. It is clear from inspection
of the group data deplcted in the figure that both good and or readers

~ performed better with the” ea311y recodable stimuli. This result obtained for

every individual subject as well, It is also apparent from the figure that
the average difference between the good-and poor readers' performances was .
small in the unrecodabde condition, compared to the corresponding difference
) in the recodable condition. 1In the phonetic¢ally unrecodable condition, poor
- "readers averaged 5.6 stimulis.correct per serial position, compared to the good
% readers' 6.7, while in the phonetically recodable 'condition, poor readers )
averaged 11.1 correct compared to the-good readers' 14.1. o '
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Figure 2. The mean number of items correctly ordered is plotted by serial
- position in the stimilus array. Separate curves are shown for each

graup on each task. ‘ -
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The data were subjected to an analysis of variance with one between-
groups, measure_ (reading ability) and two within-groups measures (stimulus
recodability and serial position). All three main effects were highly
gignificant: reading a?iiity. F(1,40) = 22.4, p-< .001; stimulus recodabili-
ty, E(1,40) = 236.1; p < .001; and serial position, F(4,160) = 30.9, p < .00T,

The variation in shape of the serial position curves with a change in stimulus .

. recodability is indicated‘by the interaction between stimulus recodability and -
serial position, FE(4,160) = 11.2, p < .001. Of special interest was the S
interaction between reading ability and stimulus recodability, F(1,40) = 5.1,

p = .03, confirming that the difference in performance.between geod and poor

readers varies with recodability of the stimuli. A more fine-grained analysis .
of the interaction using a protected t-test \(Cohem & Cohen, 1975) demonstrated -
that the mean performances of  good and poor readers in the ‘unrecodable
condition wereﬁn?t significantly differeént, t(40) = 0.8, p = .58. In con--

trast, a significant difference was found in ‘the recodable condition,

£(40) = 2.3, p \ 028

An _analysis of covariance using IQ as the covariate_indicated that IQ was

not significantly correlated with performance on %hg experimental task, The

. ~significant interaction between reading ability and stimulus recodability with
1Q* controlled, F(1,39) = 5.0, p = .032, argues- against attributing the ’

obtained differences in performance to differences in intelligence between the
gou%;and poor readers of our sample,

4

\ 3 §
However, the rather low level of performance of all the subjects on the
unrecodable condition raises ¥§he question as to whether the interactions
obtained may have been falsely inflated by a floor effect, A~flodr;effect
would be expected to constrain the variance of the scores on the more
difficult task. Therefore, the standard error of the means of the scores at -
each serial position on the ‘two tasks: was examined for indications of
heterogeneity. 'It was found that the standard error for the scores on the
unrecodable condition ranged from 0.31 to 0.66, whereas for the recodable.-
condition, the ‘standard error ranged from 0.55 «to 0.78. Thus, -since the °
ranges of these measures of variability differed for the two tasks, it is N
possible -that the reading ability-by-stimulus recodability interaction that

had been obtained might indeed have been falsely infltated. . ‘
This finding prompted us to do a further analysis, this time on the® final 4
ten trials alone. This portion of the data was selected on the assgmption- ‘
’e that, previous practice may have brought the performances sufficiently, aboye . ‘

chance on the unrecodable condition to remove any constraining effects on the g
variance. As can be seen in Table 1, the number of correct placemenﬁs"*, N
. (averagéd over serial position) did increase  for both groups in the
) unrecodable condition. Moreover, the heterogenéity of variance is completely
. eliminated in these final ten trials. For these trials, the standard error of
the mean for the scores on the unrecodable condition ranged from 0.22 to 0.50
(poor readers: 0.30 to 0.45; good readers: 0.22 to 0.50); fqQr the recodable 2
condition, the standard error ranged from 0.26 to 0.49 (poor readers: 0.31 to tt
0.47; good readers: 0.26 to 0.49). Since heterogeneity of variance is
clearly not a problem here, we can be more confident that any possible 4
interactions involving the recodability factor would not be artifactual. .
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Table 1

LY

Number of Correct Placements in Each Condition (Averaged-
over Serial Position) for the Initial Ten Trials and the Final Ten Trials

-

' _ - “Trials 1-10 . Trials 11-20

‘ . Y Poor Good . Poor Good
Stimulus Cpndition Readers Readers Readers  Readers

; Unrecodable 2.7 2.9 o 2.9 3.9

« - ReCddable 5.8 6.9 ‘ 5.3 7.2

W

Rt

- -
» -
” ik . ,

Perf‘ormancei of good and poor readers on the final ten trials were then ~

- subjected to the "same analysis as had been carried out on the full data set.
. An analysis of variance was computed with’ one between-groups measure (reading
ability) and two withinggroups measures (stimulus recodability and serial
position). This analysis again revealed significant main effects of reading

.- ability, F(1,40) = 28.7, p < .001, stimulus recodability, F(1,40) = 200.8,
" . p<,001, and serial ‘position, F(4,160) = 24,8, p < .001. In addition, the
o interaction between stimulus recodability and serial position was again
obtaine9 F(ll 160) = 3.8, p = .006. Finally, and most importantly, the

- interaction between reading ability and stimulus recodability was once more

. significaWk, .F(1,40) = 5.5, p = .025. Moreover, with IQ controlled in an

. analysis of. covariance, .the latter interaction remained significant,
+.F(1,39) = 5.3, p= .027. Post hoc analyses using protected t-tests (Cohen &
.‘Cohen, 1975) once more demonstrated that the performances of good and poor

* readers in the unrecodable condition were not significantly different,
t(40) = 1.6, p= .12, whereas a significant difference was found in the

‘<. “regodable condition, t(llO) = 3.0, p = .004. BERY
' L o ) DISCUSSION
- e

We have-crai(ed the possibility that the problems in memory f‘or order
often Mputed to poor readers may be a c¢onsequence of deficient use of
phonetic memory codes. This possibility was explored by requiring subjects to
reconstruct from memory the order of one set of stimuli consdisting of drawings
of easily named, _common objects and another °set consisting of
- nonrepresentational, doodle drawings that "do not readily lend themselves to
. linguistic '1abe1ing. The results confirmed ' our expectations: the
o perf‘ormances of good and poor readers did not differ signif‘icantly when the

task required them to order stimuli that are dif‘f‘icult to label, but good

| . x;eaders were signif‘icantly better than poor wgesders in ordering stimuli that
L] Y J
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are amenable to labeling. Since items that are labeled by words would be
available to ‘a phonetically-based working memory, the results are consistent
with earlier indications of good readers' superior ability to make use of
phonetic coding in working memory (Libermaq et al., 1977; Mann et al,, 1980;
Mark, Shankweiler, Liberman, & Fowler, 1977; Shankweiler et al,, 1979).

The fact that all subjects performe;:%%e ordering of the nonsense designs
much less accurately than the ordering of the object drawings raised the
possibility that a floor effect may have constrained the differences between
the groups on that task and, consequently, inflated the c¢ritical interaction
of groups-by-stimulus type obtained on the full data set. However, the
interaction was also obtained” on the portion of the data deriving from the
second half of the experiment (trials 11 through 20) in- which the standard ,
error of the means for the tasks differs very litfle. Thus, we may suppose
that the obtained interaction is genuine and not artificially inflhted by a
floor effect. It should be noted that these results with second. graders
parallel those of another recent investigation that demonsgrated a material-
specific deficit in serial memory in adolescqu "poor teaders (Holmes' &
McKeever, 1979). :.

I'd

- It appears then that poor readé}s do have a material-specific deficit in .

memory for order. By wEy of explanation, two possible alternatives suggest
themselves: -The deficit may reflect either the ineffective use of phoneti

codes or a preference for different and less efficient” coding strategies.
There~is some evidence that poor ‘readers show Both types:of problems. A
recent study (Byrne & Shea, 1979) indicates that, if given a choice, the poor
reagér does have a preference. for an inefficient semantic ﬁyrategy in
retaining linguistic material, but can use a phonetig code, albeit poorly,
when no other option is available. ’

-~
»

Given the pattern of results obtained in our study, the difficulty of the
poor readers could be interpreted as arising from either of the abovementioned
causes---the choice of an inappropriate strategy or the inefficient use of the
appropriate one. As to the first possibility, the poor readers of the present
study may have'ﬁhosen to use a semantic code; for example, to retain the order
of the object drawings, whereas the good .readers opted instead for phonetic
codes since that is their usual strategy, If this were the case, .our data
indicate that a semantic coding strategy was certainly' inappropriate for the

“task, since the performance of the poor readers was worse than that of the
good readers. The second possibility, which seems.-to us more likely, is that
the requirement of retention of item order may have induced both good and poor
readers to attempt to use a phonetic memory strategy, but' that the poor
readers were less able to do so. Evidence supporting this second possibility
is found in'® several studies in which even poor readers show some
susceptibiljty to phonetic confusion in. ordered recall of linguistic material,
such as letter strings (Liberman 1., 1977; Shankweiler et al., 1979) or
word strings. (Mann et al., 1980). Et:j7 ‘

Poor readers??thhs, van use a' phonetic strategy at times. We must
therefore ask what accounts for the.greater proficiency of the good readers in
tasks, such as ordering the object drawings, where this strategy is clearly
both possible and appropriate. An appeal cannot be made to differences in the
intelligence of good and poor readers because the "paktern of results 1is

. . / .
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unaltered when the effect of IQ is held constant. It is conceivable that good
and poor readers differ ingthe facility with wh;gh they can recode visual
stimuli‘linguistically, and that the poor readers': difficulties may arise in
part from slowness in the initial conversion from ‘pictorial to phonetic form.
This view receives some support from experiments that indicate that poor
readers characteristically take more time than good readers to name a set of
recurring items (e.g., color patches) when thare is a premium on speed ‘of
response (Denckla & Rudel, 1976). However, previous. experimental findings of
our own (Liberman et al., 1977; Shankweiler et al., 1979) give“us reason to
believe that the poor readers* problem goes beyond aﬁy possible slowness in
phonetically recoding a visual stimulus. In those stbdies, a differential
effect for rhyme was found for both good and podr readers in the recall of
letters, whether the letters were presented visually, as shapes or .auditorily
as names. Jimilarly, the Byrne and Shea (1979) study, which involved auditory
presentations of stimulus items, also found a deficiency in the poor readers'
memory for words and nonwords. Thus, thé difficulties of poor readers cannot
be due solely to inefficiency iy recoding visual stimuli as such. < Much the
same conclusion was grgued-on ob&r grbunds by Perfetti, Finger', and Hogaboam
(1978). We can pppbably also rule out differences in the rate at which good
“and poor readers scanned the drawings (Katz & Wicklund, 1971, 1972). 1In sum,
the factors that limit fully, effective use of phonetic coding by poor readers
haye fet to be identified, but’ some major possibilities can now be eliminated.

-

3

With- regard to order memory, the, present findings are consistent with
.otherfindicatioqs that children withfgpecigic reading disability as a group do
not have a genéral problem in remembering order. Instead, the results suggest
that these children de have a general problem in coding information linguisti-
cally. In all sityations in which phonetic coding would be applicable and
desirable, their performance is hampered. In contrast, it is not affected, or
less so, when other strategies can be, utilized. Insofar as poor readers do
have probléms with order memory,’ their difficulties in that domain mdy be more
parsimoniously viewed as further manifestations of their failure to make full
use of phonetic coding in‘wo§king memory. ' ' )
o . C e
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PERCEPTUAL EQUIVALENCE OF TNO KINDS OF AMBIGUOUS SPEECH STIMULI*
Bgudo H. Repp a e : e
: . . -
- . Abstract. Stimuli from two Synthetic /da/-/ga/ contfnua were pre-
sented in a speeded labeling task. One- continwm was generated by
parameter: interpolation ‘the other, by adding the waveéforms of the
w endpoint stimuli in varying proportions, Both continua showed an
o increase-in 'latencies at the category boundary, suggesting that the
o : two proce‘ures yield equally ambiguous stimuli, - e
Y Ambiguous stimuli play a centnal role in speech perception- research, By

. virtue of their perceptual stability, they serve as indicators.of a large

o . variety of. laboratory phenodena, including categorical perception, selective
adaptation, phenetic trading relations, and all sorts of context effects, |

. Traditionally, ambiguous stimuli have been constructed with the aid of speech
synthesizers: Two unambiguous stimuli. from different phonetic categories are
selected, and a number of steps are interpolated between their parameter
values'gAeading to a continuum that’ includes someiembiguous stifuli in the
region 4f the phonetic categoTy boundary. Until. recently, this was_the only
method available. However, a 'new techniqpe was applied in -a recent doctoral
thesis by Stevenson (1979). Instead of interpolating parameter values between
two endpoint stimuli, he add the itized waveforms of the endpaint stigyli
in various proportions, inc asing he amplitude, of one camponent waveform
while decreasing that of- the oﬁher and so producing a continuun. In fact, he-
was able to construct such continua ﬁram carefully aligned natural utterances

‘' - of /ba/, /da/ “and /ga/; but the teChnique can, of cogese, befused with.
' ¥ synthetic 3peech as well Ml T -
' * ~$l° SRR
- - Electronically-mixed synthetic stimuli have been used”p eﬁiously, pr. ar-
, ily té compare thefr perception with that of the same. @quonent g
: . presented dichotically (Halwes. 1969; Porter & -Whittakér, 1980; Repp, 1976

'1980)". However, -Stevenson (1979) was apparently\the first to .construct whole
stimulus. continya that way. _His.technique is interesting, especially because -

it can- bey used with ., natural speech How are_ there .any nnportant

'uperceptual differehces between an .ambiguous st ulus created by superim ing

° two unambiguous stimgli and ong characterized by a singlg%set of interm iafe

. parameters? Steverson used his stimuli in a variety of .s andard/experimentq;
. " tasks, including dategorical perception, selective _.adaptatiom,
- listenifig, and obtained results very similar to those found with traditional

© N stimulus continua. although “he never perfbrmed -any direct comp,rison 1 «

2 / i - . . )
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>~ ' ™16 be published in the Bulletin of the Psychonomic Society.
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The present study explored one way in which the two types of"’ ambiguous
speech stimuli might differ in perception.e When presented with an ambiguous
stimulus of the traditional kind, which has acoustic properties that are truly‘
intermediate, listeners experience uncertainty that increases thé time needed
to assign the stimulus to.one of two categories {Studdert-Kennedy, Liberman, &
Stevens, 1963; Pisoni & Tash, 1974). However, when listening to a Stimulus
from a “Stevenson continuum, which contains twod unambiguous sets of cues
superimposed there might be no uncertainty on a given trial; rather,
perception might go with one or the other set of unambiguous cues on a
- probabilistic basis. The present stiy tested, this hypothesis by examining °
whether the characteristic peak in idey t1f‘1catic'1 latencies at the category :
boundary of tradltiopal speech continua (Studdert-Kennedy et al., 1963; Pisoni
& Tash, 1974) is present to the same extent on ‘a cdntinuun of electronically
mixed stimuli .

3

Method

Subjects. Eight paid student volunteers participated. They had little
or no experience in experiments of this kind. :

Stimuli, The syllables '/da/ and /ga/ were synthesized on the OVE IIle
synthesizer at Haskins Laboratories. They we distinguished only by the
third-formant (F3) transition whose onset\ﬁ*eque cy was 2976 Hz in /da/ and
2150 Hs Jin /ga/. All other characteristics were shared: f‘ully periodic'

4 waveform', Ya’ duration of 250 msec; a fundamental frequency that fell lmearly'-
from 110 to 80 Hz, S0-msec 'linear formant transitions, F1 rising from™285 to
171 Hzy F2 falling from 1770 to 1633 Hz, and an F3 ste,ady-state frequency of‘

2520 Hz.- ‘ . . s . ~

The mixed (Stevenson-style) continuun was constructed in the following
way: The two syllables were digitized at 10 kHz using the Haskins Laborato-
ries PCM system. Nine intermediate stimuli were obtained by adding the /da/
and /ga/ waveforms point by point after reducing 8he amplitude of each by ‘a
,.certain amount, That anount was determ;ned by translating the ratios 1:9,
"2:8, ... 8: 2, '9:1 into "dB values under -the constraint that the amplitude of
the combined waveforms remain constant. The resulting attenuation values were
21, -2, -3, -5, -6, -8, =10, -1u and . -20 dB SPL for the /da/
component ; they applied in inverse order to the /ga/- component 2 on]_y the
nine, stimuli ~were used in the experiment

The interpolate °(traditiona1) continuum was. constructed by synthesizing i
eight intermediate stimuli between /da/ and /ga/, changing the onset frequency’
of F3 in equal “decremerits. All ten stimuli were digitized at 10 kHz. To
control for any possible. artifacts due to waveform addition on the other
continuum, and to match the numbers of stimuli on' the two confinua, the, ten
stimuli were reduced Yo nine by .adding the waveforms of neighbors on the
continuum, Stimulus aniplitudes were first reduced by 6 dB SPL, to match the
an;plitudes of the 'stimuli on’the mixéd continuum, ‘

Randomized ‘stimulus sequences were r‘ecorded on tape. The stimuli from

both continua yere.randomized .together to’ yleld ‘a basic unit of. 18 stimuli.

. Five such’ uhits formed one continuous block of 90 stimuli, with interstimulus
- intervals of 2 sec. Four such blocks were recorded with 1onger pauses in

¢
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between, Each block was prefixed with four warm-up sti‘mu\li that were not
scored. At the "very beginning of the tape was a actice sequence of 40
stimuli containing only instances of-the endpoint stimdli of the two continua.
To:the author, the stimuli from the. two continua were phenomenally indistin-s
guishable. - . e j
Pgocedure. Subjects were tested individually in a soundproof booth, - . |
They sat in front of a table arfid rested their index fingers on two tele¥raph
Keys labeled "dah" and "gah", The response-to-keys assignment was counterbal- |
anced across subjécts., The instructions stressed speed of response,’ The |
' subjects were permitted to "top the tape recorder by remote control between |
o blocks. and take .a rest, if ‘desired. The tape‘was played back on a Crown 800 |
5 tape recorder loéated in an adjacent room, and the subject 1listened over J
Telephonics TDH-3Y earphones. Reaction times were measured by’a Hewlett- '
Packard: 53024 _LMHZ ~universal counter and printed. out by a Hewlett-Packard
» 5150A thermal . pri‘nter. The counter was triggered by a signal recorded on the
second tape channel and synchronized:with syllable onsee.

\I

‘ t
. .
Results and Discussion . ’ ’

. ! .. ‘; - te . . °l ¢

The regults, averaged over ‘'subjects, are displayed in Figure 1. It can
be ‘seen that tﬁe labeling funictions for the two continua were virtually
identical, and S0 weré the latency f‘unctions. The perhaps - fortuitous,
coincidence of‘ the category boundaries3 is less important than the fact that.
both latency f‘unctions exhibited peaks of equal magnitude at the categor'y
boundary. Analysis ‘of variance conf‘irmed a significapt” effect of stimulus
. number, F(’8 56) = 2.85, p'< 01 ,but no significant effect involving type of
continuum. . ! . - R A

. / . . ‘ }3- ‘ .° e e . . )
v Thus, "the two kinds of‘ continua were peroeptual}y equ1va1ent in th1s : o8
speeded 1abe ing task.. In particular, stimuli’ from the~ centers of the two
continua were eyually ambigu'ous and created equal uncertainty in Listeners. -~
:This tells us. something about' the perceptual processing of mixed stimul j.

Apparentdy, it is not the case that the superimposed conf‘IlC%‘i"cues are ,°
as

. ' accessed individually by 8ome selective attention mechanism perhaps .
- ) suggested by the' concept of auditory "listening bands"--Divenyi, ™1979) or .
subject to mutual lateral .inhibition. or masking. Rathep/conf‘licting transi-
tions of the same f‘ormant seem to engage in a "trading relation,® just as -
transitions of diffeérent formants do (see Mattinglyv& Levitt, 1980 f‘or a
recent . study) The outcome of this'’ trade-off appears to be perceptually
equivalent to an acoustically intermediate specif‘igation ‘at ‘least. as far as’ -
phonetic perception s concerned. Stevenson's (1979) extensive data obtained .
. with electronically mixed stimuli suggest.that they are ‘equivalent to tradi- .
tional stimuli in many other respects. It seems unlikely, then, that the hew .
. technique of stimulus construction will lead to any new insights about. the
mechanisms of’ speech perception although it deserves continued attention

» - :

-because of its applicability to natural ipeech ) B ’ :

Yo
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: Sevgral limit'atidns' of" Stevenson s AMethod should be painted out, however.
4\ First, _it .can be used only with stimuli of similar temporal strueture i.e.,
T it is restricted primarily to variations in spectral cues {see also Footnote
a1) Second, Mt does’ not work with sﬁi,muli that do not readily fuse into a
single percept, such as vowels -(Stevenqon .1979.). Jhe, factors at u_ork here
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" the (transparent) Necker cube, . It is-interesting to nété, that this visual

‘the.cube. However, the interpolation technique could be
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seem to be very similar to those governing dichotic fusion (cf. Cutting, ..
1976). “Third, mixed continua have the property that stimuli become increas-
ingly less discriminable (on purely auditory grounds) the farther they are

from the ‘center of the continuum, which is undesirable in categorical- 2
perception experiments, where the detectability of within-category differences
is of prime interest, Therefore,, it appears” that Stevenson's technique will
*be useful only under very special circumstances.l

9
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FOOTNOTE o

. 1Stevenson (1979) d;Ew an analogy between his ambiguoug' stimuli and ©,
certain ambiguous visual figures, 'such as the Necker cube: A continuum n be ]
constructed by beginning with an unambjguous drawing of orientation®A of% the' -
(opaque) cube and by then ‘slowly increasing  the intensity of the added Iline. °
segments unique to' orientation B while decreasing the intensity of the 1line
segments unique to A until only B'remains. At the center of the continuum, ¢
wlere all lines are equally fintense, we have the maximally ambiguous figure--

inalogy is not approprjate for the' traditional method of ébnstructing speec
cpnﬁinua; if- applied to the ‘cube ‘drawinés} that® method would use épatia
interpolation between lines unique to ‘the two- endpoint. stimuli, resuiting it~
curvilinear -distortions that destroy ‘the identity and-t”ng-dimensionality'qg
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cont;Luum from, say, a circle to "a square, whereas Stevenson' 8 method would

fail here becayse intermediate stages would be' seen as.a 5q’“re superimposed
onn+a circle,-not as one or the other. Apparently, the endpoint stimuli must
have a rather special relation to each other if both methods shall result in
truly ambiguous stimuli. It appears that this condition is satisfied only by
certain speech stimuli, such as stop—consonant vowel syllables differing in
(stop) place of articulation. ) ;

a

2Since only integer dB values could be “Used on the computer overall
amplitude varied over a range of 0.5 dB SPL. Also, the calculated values

strictly apply only to perfectly correlated waveforms (cf. Stevenson, 1979).
However, since the present stimuli differed only in F3, and only durlng the

- first 50 msec, the values used were quite adequate, o

. &
3'I‘he author, as a pilot subject had different boundaries on the two
continua. No claim is being made, here that the two contlnua constitute
equivalent perceptual scales, i.e., that there is a one—to-one equ1valence of
stimuli, 7
- . .
“This conclusion is not intended as a critique of Stevenson® whose careful
and sophisticated (but, unfortunately, unpublished) work made a valuable

methodological contripyqion. , . ‘
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PRODUCING RELATEVELY UNFAMILIAR SPEECH GESTURES: - .
A SYNTHESIS OF PERCEPTUAL TARGETS AND PRODUCTION ?UL;G“ . o

G. J. Borden,* Kl S. Harris." Hollis Fitch."'~and H. Yoshioka####

¢ L’ . ) /ﬁ
Abstract. -, Attempts, of speakers to ‘imitate familiar and foréign
syllables under adverse feedback conditions were analyzed by aptrcep-
tual judgments, eléctromyographic record&ngs. and spectrographic -
- medsures. Although foreign syllables wére ‘more poorly 1mi€ated than
familiar syllables,  decrements in . feedback* interfered more with
familiar than with -novel. utterances. Decrements - 1n\ac6ustic. tac-
tile, and proprioceptive information wére worsé in comb1nation than
‘'singly. Speakers did not improve unfamiliar fricative production
under any ®ondition on 13 learning trials.

.

~ Research during the last decade has demonstrated that 1nte11131b111ty of
the speech of skilled .speakers- remains high despite masking of the speakers!
auditory { feedback - or decreasing their tactile feedback. There . is some
segmental distortion when the tongue is anesthetized (Ringel & Steer. 1963;
Bonden, Harris. & Oliver, 1973), and %ome prosodic distortion when speech is

) attempted under simultaneous but modified ditory feedback (Lane &. Tranel,

1971 $iege1 & Pick, 1974), but. the overall effect upon speech productidn
seems to be surprisingly small (see Borden, 1979, for’a reviewh. A&

: ~ g
° -

. These findings argue 'for the importance of a £egdfofward system for

’production of well-known motor patterns for speech, with a ditory and tactile
‘information used fpr fine tuning er ‘correction of errors. ' The adult speaker

seems to know the possibilities of &is or her own vocal tract. Simple
constraints on movement imposed by talking w1th a pipe or pencil clenched
Dbetween the teeth or with an exper ntal bite block do not alter' the vocal

:tract dimensions. and interference”with speech is min1ma1 (Lindblom & Sund-

berg, 1971) These results are consonant with'those of animal experiments, in
which direét and complete elimination of sensory information is accomplished
by surgical means. It has been shown that monkeys trained to perform specific
movements can continue to” do so, despite deprivation of feedback from limbs or
chewing muscles (Taub & Berman, 1968; Goodwin & Luschei, 1974; Polit & Bizzi,
1978), although” there are indications that new movements are impaired (Polit &
Bizzi, 1978).
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Of course, we cannot know with certainty the role of self-monitoring’ of
speech, because it is impossible to elimigate simultaneously all channels of
information available to a speaker. We do know that sensory information is
important in learning speech for’ the first time or in Succéssfully learning
the speech patterns of a new language. The' labored speech of the deaf
(Osberger & Levitt, 1979; Harris & McGarr, 1980) and the rare case of a
speaker with an oro-sensory loss (Chase, 1967) testify to the importance of
self-monitoring while learning speech. We know, too, that normal adult
speakers often need time to adjust to prosthetic devices that alter the
dimensions of their vocal tracts (Hamlet & Stone, 1976), and feedback' of
auditory, tactile, and ‘propriocgptive information is presumed to control the

compensatory patterns that evolve.

-

There have been no studies to our knowledge. however. “that investigate

"self-monitoring of speech by comparing the effects of diminished sensory

information on the performance of speech gestures new to the speaker with
those familiar to the speaker, with the exception of one report to the effect
that children who are better.than other children at identifying forms placed
in the mouth (oral stereognosis) are also better at learning non-native speech

sounds (Locke, 1968)

3

perceptually accurate spee sounds would be produced under conditions of
adverse speech control when the ®peech gestures were not those learned as part
of the language of the speaker. How well might the speaker control production
of non-English syllables? _Might vowels and consonants depend differently upofi
sensory information? ° How well might the speaker’ control English and non-
English utterances when auditory feedback is. d1m1n15hed° when tactile infor’-
mation is decreased? when vocal tract configbration is altered? The question
that motivated these experiments was not what happens to speakers with loss of

In the present investigation. we were interested in exploring whether

feedback-—the speaking conditions reported in this paper represent diminished

or altered feedback, not its absen¢e--rather, the question is how do familiar

versus relatively novel speech gestures hold up under various conditions and

combinations of conditions that alter or diminish 1nformation that is normally
fed back to the speaker as he°;s talking? -

approach is to measure some aspect of production directly in various di-
tigns--here we have measured articulator activity using EMG techniques. and
some aspects of acoustiq output, using conventional spectrographic analysis.
Another approach is to examine perceptual adequacy by using listener Judgments
of performance. The second approach 8 the disadvantage of being subqective.
but does.measure communicative adequa While the first approach is ‘objec~
tive, any particular set of measurements is not exhaustive.
.

One can rationalize three hypotheses about the experimenpal outcome: The
first is that relatively novel utterances will suffer more than familiar
utterances under conditions of altered or diminished information, because
speakers might “need more information for the less familiar utterances. The
second hypothesis is that familiar utt@rances would suffer more than novel

) .
. &
L0 ~ Two a&:acheis can be ' taken to judge adequacy of perf‘ormance. One

" under deprived feedback conditions, RQecause speakers may hold internalized

fimely developed auditory-oro-sensory criteria for the well-learned utterances
and might use feedback to sharpen the match between their utterances and these

L
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criteria. For the less familiar utterances, however, speakers may hold only
broad criteria for how the speech should sound and feel, and therefore make

less use of information from the periphery. The third hypothesis is that;

Familiarity would make little difference, because speaker's might not succeed
in producing unfamiliar motor sequences even when all feedback information is
available; they might convert less familiar utterances into familiar ones and
utter a variant of a similar sound from their own language system.

& PROCEDURE: PRODUCTION TASK AND PERCEPTUAL ANALYSIS

The general design’ of the investigation was to have subjects imitate a
recordiflg of a phonetician saying Syllables that were within the phonetic
inventory of English and syll@bles\that were phonetically foreign to English.
The ers imitated the speech sounds under normal speaking conditions and
und&é altered speaking conditions: auditory masking, lingual anesthesia, and
alterations of the shape of the palatal vault. The. speech was recorded
acoustically and the muscle activity of the tongue was analyzed\by electromyo-
graphic measures. Tapes for each speaker made by pairing utterances spoken by
the phonetician with .utterances spoken by a subject under various speaking
conditions were used for perceptual tests to assess the judged differences
between speaking conditions. -

Subjects

Thre% normal adult males served as tgé primary subjects for the experi-
ment. They were speakers of American English, and, although they had studied
languages other thah English in school, “each sub ject was essgafially monolin-
gual with little practical experience in speaking any other, languages. Two of
the subjectEkwere 21 years old (DB and GF) and the third was 33 (TB). None
was informed of the purpose of the experiment. Since the long-lasting effects
of the anesthesia condition precluded the perfect balancing of orders, four
additional subjects were recorded each with a d;ffe?ent order of conditions.
These speakers were run without nerve-block anesthesia of the tongue and
withoutxg}ec ‘sqmyographic insertions to see whilE® order effects there might be,
and to enlaﬂ;gjzhe subject pool. The non-nerve-block speakers were students
at Temple University and were also naive about the purpose of the investiga-
tion. As other subjects were used for the perceptual part of the analysis, we
shall avoid confusion by referring .to thg imitators as speakers and to the
subjects of the perceptual tests as lispen;is. . '

-
’

)

Speech Task L . ' \ -
=== == _ , |

For this investigation“we chose a small set of speech sounds, some that

would be familiar to monolingual speaﬁbrs of American English and some that

would be relatively novel. The criteria were that.the_pounds must e?igt in
‘some language and they must be acoustically distinct. “We chose two familiar
vowels [i] and [e?*] (as in-'see' and 'say) and two familiar consonants, oneg
voiceless ([f] and one voiced [z] (ag in ‘'shoe' and 'zoo'). For  the less
familiar squnds the vowéls [y] an (as in the French wor 'tu' and
'dggx“) were chosen bepausgvthey are rounded front vowels not phzﬁplogically

, / 9
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present in English. The novel consonants chosen were the voiceless and voiced
palato-velar fricatives ([x] and {¥] (as ,in the Spanish words 'rojo' and
'rogar'). The vowels were initiated with [p] -and the fricatives were followed
by [i] yielding eight syllables. A phonetician prof1c1ent in the production
of all eight of these speech souynds recorded them in syllable form after the
word 'say.' The list was read three times and a satlsfactory token of each
type was chosen to be digitized on the Haskins PCM system. A tape recording
was constructed containing a list of 24 utterances (each utterance repeated
three. times and randomized) followed by eight lists in which each syllable
type -was repeated 10 times. The last eight repetition, lists were used to

’ 1nvestlgate learning. -

Experimentaf Cpnditions ¥

The three primary speekers from whom electromyographic data were collect-

ed were recorded under conditions of auditory masklng. lingual anesthesia,
" false palate, and combinations of thdse conditions as well as the normal
speaking condition used as a control. The four speakers,recorded without EMG
insertions were recorded in. the same conditions as the primary subjects with

the exception of the condition of lingual anesthesia.

The condition of diminished auditory feedback was achieved by recording

" the speech of the phonetician on one channel and white noise. onathe second
channel of a tape recording. The speech was delivered bipaurally at 70 dB SPL
and the white noise, also binaurally, at 98 dB SPL during the subjects':

< responses. To control vocal intensity, subjects were instructed to monitor
the WU méter on the tape recorder that was recording their responses: they
were not’ to let their vocal intensity rise above=th® midpoint of tQe range,
represeénting about 55 or 60 dB. Although the low frequencies of the voice
were undoubtedly trangmitted by bone conduction, the higher frequency contri-
bution of the vocal tract resonances to the various speech .sounds was

essentially masked for the speaker .

» > }

Llngual anesthes1a was produced by blocking the sensory fibers of the

g lingual nerve on both sides of the jaw. The lingual nerve, a branch.of the .
“ Trigeminal nerve, was blocked by a dentist who bilaterally injected 1.8 cc of

- 3 percent Carbocaine containing a vasoconstrictor. The criterion for lingual

- anesthesia was that the superior surface. of the anterior two-thirds of the
tongue must be insensitive to a dental probe. ” "

The conditions ‘of masking noise and nerve block resulted in diminished
auditory and tactile feedback, respectively. Proprioceptive feedback, in this
case information on tongue position and movement, is impossible to interrupt
short of surgical techniques. To impoverisfi the usefulness of the propriocep~
}L tive ﬁnformation. however , the shape of the vocal tract was altered by placing

a dental impression material, Alginate, on the superior alveolar ridge behind
the central and lateral incisors. The material extended posterdorly along the-
“hard palate for several centimeters. Whatever: proprioceptive information the
. Speaker may have received from tongue position and movement within the vocal
tract, the fact that vocal tract volume was changed, thus altering the
presumed coordinates of the space,”would alter the customary reference points
for proprioceptive informations After the impression material was removed

®*

88" )
- A (
g2




Acoustic Recording © F

8 > e . ’
+

from the mouth of each subJect. it was cut along 'a central line extending from
between the central incisors, and the width of the portion corresponding to

the apex of thé "alveolar ridge was measured. The addition of materlal
resulted in a bu11dup of the r1dge by 6 mm for each sub ject.

o

Condltlons were applled slngly and in comblnatlon wrth orders varied.
For the prlmary speakers, speaking conditions were /given in the following .
order. M stands.for, audltory masking, ‘NB for the nerve block resultlng i
lingual anesthesia, éhd A for Alginate, the dental 1mpress1on~mater1al used to
alter the architecture of the palate. For DB, the order was NB, M, and“A NB
and A; and finally, NB alone’. , For TB, the order was NB NB and M NB, M, and
A, and NB a A. For GF, the order was M; M and’ A; Ayand M, A,. and NB. The
control condition was recgrded on another day to°ensure that there 'were no
effects of the anesthesiaéz For the nonAherve-bloSk sub jects four arders were
possible reserving the control condition for last: “1) A; A and M; M, 2) My A
A and M, 3) M; A and M; A, and 4).A and M; A M, The order A and M; M, A was

not posslble 4s the meresslon materlal could not be removed and re1nserted.
' ¢ ' ‘ . - ' . \

\. R 9; N "' i, N

Electromyographic'Reoording~

“Hookeﬁ wire electrodes of . 002 inch plafinum alloy . were.znserted 1nto the 3
superior orbicularis orls muscle - (OO). the superior. longltudlnal muscle (sL), ’
the inferior longitudinal muscle (IL), and the genioglossus muscle (G&) of the
three primary subjects.- ‘The orbicularis oris muscle was sampled to allow for °=
observations of .muscle activity ih the lips for the rounded less familiar
vowels. The genioglossus muscle was sempled to assess production of the high
front vowels, and the intri} sag muscl®es  of the tondue were sampled in, an I 4
effort to observe differential- tongue act1v1ty for production of the” the
fricatives. The EMG recordings con31sted of thée eight speech task utterance . .
types. 13 tokens of each, under all speaking conditions. Only the EMG signals o
recorded during the three tokens ,of each?type in the randomized list of 24
items have been analyzed. The, slgnals wape rectified, smoothed with a 35 msec .
time constant, and dlgltized. Procedures for insertion, recording, and -
analysis are described in detail elsewheré (Hirose, 1971; Kewley-Port, 1973). .

3 - . /

4 K

~
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Sound spectrograms were made of all utterances spoken by the’ prlmary .

speakgts. lel], [y) and

Second formant frequenc;es gere~measured for [i],

9.

Normally, the rounded front vowels /y/ and /¢/ are realized acoustlcally

with higher F,

apnd lower Fp than the’ unrounded ‘front vowels /i/ and /eI/

(Pols, Tromp, & Plomp, 1973).

unrounded members of the respective pairs /i-y/ and /el_gy (Raphael,

Berti, Collier, & Baer, 1979)

The tongue +1is thought to be higher for the
Bell- ...

- -~

The fricative consonants were measured in the center Sf the thlrd formant

the prominent resqnances. for fj] -are lower' in frequency

noise. Normayty.

(approximately 2500 Hz) than those for [z] (approximately 4000 Hz). Figure 1’

contrasts the [f) and [z) ,resonances in the model "Say [ 1]" agd " "Say
.[zi)." Figure 2 shows t ectrographic representation of the utterance "Say
. [Xi)" and "Say [Yi)" as._spoken by the phonetlcian used in this study. F5 and
. . » -.
' 89
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F3 are close together for [X] and [¥) with F3 ranging between 2000 Hz and 2500
Hz in an average male vocal tract. Conspicudus is the antiresonance below the
'y second formant. In cases where fricative energy was low in the—F3 region, the
F3 frequency at the.onset of ‘the followingrvowel~was‘mea§urgd.‘ & )
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Perceptual Testing ) 4 « e

A 1iste;:;;ﬂjt;be\ was constructed from the model utterances’ of the
-phonetician and the imitations of each subject (one tape -for each speaker) by
digitizing all of the spegech samples and editing them on the “Haskins PCM
system so that for’each syllable type, each spéaking congition was contrasted
with each of the other speaking conditions in both- orders) Each trial
presented the model utterance, for' example "Say zi" as said..by.the ,phoneti-
cian, followed by the 'speaker's- imitation under one, aondition, then ‘the
phonetician again, followed by the speaker's imitati nder_ahother condi-
tion. The phonetician's utterance and the imitations re separated by 500
msec, and the pairs for each trilal were separated- by 1500 msec. A 3 sécond
pause between trials allowed time for listeners to check on answer sheets the
imitation they preferred. - With five conditions (yielding 10 condition con-
trasts and with orders ¥f pairs reversed, 20 condition contrasts) of 24
utterances (8 types, 3 tokens each), each listening test congisted of 24 lists

: of 20 trials each for a test of 480 items. Trials were r ndomized, throughout

each test, and each condition was paired with every other conditiog with

orders reversed. Each test was divided into two tapes. Listeners+ were 27

students from the University of Connegticut, 9 to judge the/ two test tapes for

. one_of the three speakers. Each tapgftook approximately one hour., Listeners

’ were asked to, judge pronunciation and to disregard- any change in loudness or

pitch. 'They were "to indicate which of the two imitations in each contrast

"more successfully matched the speech ~SQupds™Bf the phoneb;éian, For the

tape constructed from the responses of. the first speaker,” judgments of three
Trper@® listeners were collected to compare with the’ judgments of the relative- °
ly naive "student ligteners, 'to assess- the: effects of listener perceptual
sophistication. - . E- . - ,

[3
¢ = ®

Listening tapes were also constrycted froip..the pesponses of four speakers
who did not receive a nerve block. Again, students from the’ University of
Connecticut served as listeners. The listeners yere instructed to. mark the
imitagion judged worse than the other with a check and, if much worse, ,With an ,
X. This change in procedure was an attempt to obtain an idea of the relative
magnitude of decrement in perceived pronunciation resulting from the experi-

mental conditions. ‘

A ]
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- ]

RESULTS :

.

. )

* Analysis of {he data can be\dividea-into the e;éctioﬁydgraphic analysis,
Spectrographic analysis, and the analysis of listerer judgments. We_ shall
briefly mention the EMG and spectrographic results first, and. devote more

< space to the perceptual results. -

\ ' . ~
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Electromyographic Analysis

The firSt three .samples of each syllable type,- spoken under each
condition, have beeh analyzed for ‘the three primary speakers. Peak amplitude
measures for each electrode placement were graphed. Timing measures were also
made . T '
The muscle that is the primary contributor to lip closure;, and 1lip
. rounding, the orbicularis oris muscle (00), was active for all three,speakers
" during the rounded,vowels [y] and [$], while. it was inactive for [i] and lel],
Figure.3 shows -the.contrast between the two types. There is a compact peak of
activity for the [p) in [pi] starting before the vertical line at zero. The
line indicates the termination of the vowel in 'say' for the utterance 'Say
[(pil.* The [p] for [py) is also -preceded by a compact burst of muscle
activity, but 00 remains fairly active (324 v at around 400 msec) throughout
the vowel. Alb these speakers showed evidence of 00 activity for the
unfamiliar vowels [py] and [p¢]. . :

Successful récordings were made from GG for two speakers, and were
examined for productions of [i]. Activity was- remarkably stable for TB,
especially the timing of theréétivity (Figure 4). Peak gmplitude was lower
with the addition of Alginate. For speaker GF, GG activity for [i] tended to
be more .diffuse and drawn out as the speaking conditions got more complicated.

The patterns of aétivity for SL and IL differed from sub ject to subject.
In general, when either muscle was active for a given fricative, the activity
often became erratic with the application of Alginate to the palate, with an
increase in activity recorded from IL for two of the speakers: IL’ normally
depresses the tip of the tongue. One speaker (TB) showed: little change in SL
for {z] in the Alginate condition, but showed a decrease of IL activity
(Figure 5). Since TB produces-[s] and [z] with the tip of the tongue curled
down behind the lower incisors bunching the dorsum of the tongue for the
gonstriction (Borden & Gay, 1979), we assume that the pattern represents a
decrea§F in bunching. . '

Only oné speaker (DB) used SL fbr fricatives other than [z], limiting
cemparisons, between novel and familigr consonants to that speaker. Comparing
the electromyograms of [z], the least Igriable fricative for DB, with the mbst
variable, [X], ~activity recorded. from “SL-"in the worst speaking condition
(nerve-block, alginate, <and auditory masking) remafned essentially the same
-for the tokens of [Z] but varied considerably for tokens of [X] (Figure 6).
The first utterance was transcribed as [z] in all instances, but the .second
utterance was transcribed as [Xr], .a 'velar fricative with a retroflexed
tongue, in the first imitation and as [§], a voiced pharyngeal fricative,' for
the second -imitation. SL was wuctive for the betfer imitation but completely
inactive for the ghéryngeal fricative. -

In general, electromydgraphic recordings confirmed the observations de-
scribed below. First, speakers ‘imitated the unfamiliar rounded front vowels
adequately in all conditions, using(lip roundihg‘to do so. Second, adverse
speaking conditions tended to result in reduced tongue activity or érratic
patterns. . . - :
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R Measdrements of the secdnd formants of the vowels for the three prrmary
. speakers in this study are pﬁesented in Pable 1. + The’ means "are based on the
~ three tokens of each syllable under each Speaklng condltlon that was used -in

" the persggtual test. The acoustic d1fference between’ pa1rs found in previous
studies "(Pols et’ al., 1973, Raphael .et al., 1979) holds under all speakxng

" diTference is maintained for [el] and (@) under hormal speaking conditions,
‘but dges rnot hold under all adverse copditions. A prominent "eff'ect upon the
formant frequenci®s, of the vowels ' is. Seen in the condition of auditory
masklng Génerally,- when subJects -are” prevented fromt hearing the higher
resonances of their: v01ces during front vowel' production, %he re%onanceé drop

. greater_ for- -the of - the less fam111ar vowels [y) .and f¢] than for the
f‘am111ar vowels [1]2 and (ely, ' 4 ) )

. o~
A} - "
' v

LI

Table 2 details the meanssand standard dev1at10ns of the F3 resonances

conditions. For speaker GF the eonditidy involving alginate on the alveolar
-ridge redulted in lower vocal tract resonances ip the F region th%ﬂ er other

apt to be hlgher on unfamiliar syllables and durlng comblned depr1vat10n
conditions but not‘conslstently S0, o ' Y

<
$pec pgrams of the imitations of DB's {2] and [X] utterances correspond-

., (a and b) repreSen;s a wide band narrow  band d1splay of two imitations
of "Say 2i" as produced undér the‘e ned»cond;tlon of alglnate, nerve block,

. frequency. It’was transcnbed as [hr] and as [xr] due to its liquid q'bant,y
e The second attempt (Figure 8b) consists of’ fricatlve noise, but ,voigcing
cdntinues and.it was transcribed as' a pharyngeal fricative [ﬁ] .of as a voiced

in ngure 5. N .

3 - . Ve

- P
+

¢ -2

(Y] for each speakeér under each conditipn were also measured; Figure 9

\\\:epresents .the plots for each- speaker of ¥ frequencies acrosg:13 trials (10
épétitions and the 3 tokens in the initial 1list). There is no ‘systematic

~
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Perceptual Analys1s

-

. The purpose of obta1n1ng listener Judgmengs of the speaker imitations was
to investigate ‘the, pérceptual effects of the various speaking conditions on

< under’ all condltions’than were the unfamiliar: syllables. i .

Spectographlc Analysls . . s : ) - .o ;

conditions for the Yi)-[y] contrast: F, for (i} is higher than for [y]. . The -

in frequency somewhat . Also there is a tendency for var1ab111ty to be .

for the ‘fricatives as imitated by the three speakers under var1ous speaking

. conditions, but the other .two Speakers showed little .e fect. Variability was.

ing to the ots shown in FLgur are shown in-Figures 7 and 8. Figure 7

and auditory magking. Figure -8 showd two imit¥tions of [Xi]. The first°
attempt (Figure 8a) consists of fricative noise, but’ the formants decl1neoin -

. aspirate. Aga1n note_the dlfference 1n:§uper10r longitudlnal muscle activ1ty'

The ectrograms Bf the 10 repet1t1ons of the fricative’ syllables [X]‘and.

change that would indicate the ﬁresgnqe of 1earn1ng., ) .. . )‘

speakers!' abriity to imitate the familiar andlre1¥tively unfamiliar ‘utter- '
ances. It was obvious thag the familiar’ syllables were: closer to the model

[
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Effects of single versus combined sorts of decrement in informalion.

Figure 10 collapses listener judgments of seven speakers-fthé_ihree speakers

‘ .. wWith nerve block and the four non nerve-block speakers. This figure repre-
. sents averaged listener comparisons of altered speaking conditions with the
< normal “sondition. Listeners preferred the normal speaking ' condition ‘to

between 60-65 percent of the utterances spoken during any single alteration.

The fhormal condition was preferred to between approximately 80-95 percent of

the combined conditions. Thus, degremenis in information available to the

n ' speaker, although of different sorts.'impair speech more in combination than
in-any’single condition. . . z

o

Effects of speaking condition on familiar versus unfamiliar syllables. ¢

% To look -moré ciosely at. how the speaking conditions affect judgments of
‘ familiar versus less familiar utterances and judgments of vowel versus
r-’“*é fricative .syllables, we ran an analysis of variance on all possible paired
contrast conditions from the perceptual data for éach -of the seven speakers.
Two within-subject variables, were explored: familiarity (familiar versus
‘novel) and syllable type’ (vowel iversus congonant). It can be seen in Table 3
that there is an effect of familiarity for some of the sub jects, -whilg there
‘is an effect of syllable type for only one speaker. 1In some cases there is an
interaction of familiarity with syllable’ type. For three speakers there fas
no perceptual effect of familiarity, Syllabke type, . or. their interaction that
reached significance. ) ) , e

\X In all cases in' which there was "a significant effect' of familiarity,

isteners reported stronger perceptual differences between familiar syllables

. spoken under contrasting coénditions than between less familiar syllables
spoken under the same 8ontrasting conditions. i 2

“In -the cases in which there was a significant interaction between

familiarity and syllable type, the interaction was Speaker-specific. For- TB,

* the novel consonants were perceived to be least changed. This confirms the

general perceptual impression that ‘[X] and [7] were. rather ‘consistently:

produced as [{] and (3] despite speaking condition. For the non-nerve-block

speaker representing the second order of conditions, S2, the familiar conso-

nants were perceptually more affected than the other syllable types, while for

¢ the speaker representing order S4, it was the novel vowels [y-¢] that were

perceived to be least ¢hanged by conditions. ~

A}
ey

In suﬁmary. differences fin imitations of familiar .and less familiar
’ vowels and fricatives -are moYe marked according to listener judgments in
familiar syllables than unfamiliar ones, and' the interaction between Tamiliar-

“ity and syllable type depends uﬁon,ghe speaker. -
- Expert,versus student listeners. A possible explanation of the "famili-
° arityy effect.is that -it is due to the differences in listener familiarity
. with the sounds, rather than to differences in the productions themselves. In
' . order . to examine this possibility.’we compared the judgments of an expert.
- listener, naive to the purposes of the study, with the judgnents of the
. student 1listeners. The expert 1listener' was in general _.agreement with the
///;//// naive student listeners in his judgments of relative deterioration of imita-

<

tions under various speaking- condilions. . He too found larger differences
among the familiar utterances, even though to him all the utterances were more

v 4 -
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Table 3

~-

; Analysis of Variance of Perceptual Data Collected.on 7 épeakérs

Effects of Familiarity, Syllable Type, and Their Interaction

\

A

' FAM. SYLL, INT.
DB F=21.8 Fz23.2 " NS
p<.001 p<.001 .
Primary Speakers TB F=10.6 F=5.1
{df "1,9) p<. 005 NS p<.05
GF NS NS . NS
] - J ! .
] A oS . KS NS NS
s2 NS - NS _ F=7.967
Speakers Without . . p<.05 (
Nerve Block . -/ . “
(df 1,5) S3 NS NS NS - <<“,/f\\\\
A . C 8 k]
s4 F=31.506 ‘NS F=11.7
’ . p<.001 p<.01 -
: ~
P ‘ " a
>
112
g
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' familiar than they were to the student listeners. Figure 11 contrasts typical
response plots of the expert listener and the student 1i ersifor a familiar

and dn unfamiliar syllable. For the [f], listener scores refTected a decrease
in listener preference as. the speaking conditions got more comf§lex, especially
upon the addition of auditory masking and alginate, while for [¥], scores

varied. less from one condition to another. .

»

The phonetician who served as the model speaker listened to the lists of
24 utterances spoken under normal conditions, (3 x 8 tokens) by the three
primary subjects ‘and the four additional subjects, and judged each imitation
to be 1) Americanized or American, 2) Almost Americanized, 3) Neither Ameriéan
nor foreign, 4) Almost foreign, or 5) Authentic Foreign Accent. All speakers
were judged to produce ordinary Amerlcan productivns of all familiar syllable
types. -

n

-

Table 4 summarlzes for all seven speakers the percentages of familiar and
1ess familiar uttérances Judged by the phonetician to be correct. The

familiar utterances are counted as correct if they are judged. to fall within .

the American thllsh system. The “less .familiar utterances are counted as
correct if they are judged to be w1th1n the foreign sound system.

°

>

&

Table 4
Judgments Made by Phonetician of Utterances Spoken Under Normal Speaklng
Conditions by 7 Speakers - "
. ' (/r . ' \ ’
Familiar Utterance$ Judged \ Less Familiar Utterances  Judged
‘Within American English System Within Foreign Sound System
’ (Correct) ; . (Correct)
' ]
.11 roog - 1. (9] 33%% : FX
: S { . ’
2. rel) 903 2.7 [X] 29% "
. ) - -
3-”’Ti]‘ 81% ‘ 5%+ ’
4, [z] " T5% oz
i
)v
NT 21
7 speakers x 3 tokens \a a
*Never Americanized; 57% Judged Almost Foreign i
+Americanized; 14% [X] and 29% [¥) «
% e ¢
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Even under normal speaklng‘condltions. (J1 was Judged to be acceptable
despite acoustic variation, while T[z]. was\ more vulnerable to perceptual
inconstancy. American students were apt to erncanize the novel fricatives,
but never Americanizgd the rounded front voweis, nich were judged more than
half the time to be almost foreign or correct in production. o

kN

Effects of conditions Son syllable types. The nerve block condition
results  In a rather small effect acrosS syllables (Figure 12)._ A 50%

+preference would be expected by chance. Listeners judged the fagiliar

utterances of DB to be a bit better under normal conditions. . For TB the

perceptual difference is increased and includes the less familiar vowels, GF

produced no perceptually different im1tations under nerve block except for the

syllables [pi}tand [pel], However, we hagg no nerve block alone- condition ‘for
. GF, so with the nerve block Athe sub ject cduld not hear himself and his palate
. was thickened with alginate. Unded® this comb1ned condition, the addition of a

‘nerve block was noticéable on 72% of the [i] and [el] utterances.

é k'

Auditony masking, too has only a small effect on listener judgments and'
affects different syllables for J&fferent speakers: ‘DB the fricatives., TB the
vowels, and GF all but the novel vowels. For the tapes of the non-nerve block
‘'speakersy we asked listeners to check the worse imitation but to mark it with
an X if it were much worse. Imitations under ,auditory masking were jydged to.’
be much worse in [X] for s eaker #1, for [Y] for speakers #2 and #4, but not
much worse for any syllableizf speaker #3.

N

perceptual ents, than is either auditory masking or Iingual nerve. block.

The altered focal tract produces a more noticeable decremEnt. on the average,
to the fricatives than to the vowels, It is es ciallyadisruptive to (J1 but
also affects [i], while sparing (perhap3>even faﬂflltating) [¢] and [y]l.

\ >, ‘ Q\j

Summary of  Results ¢

Alginate placed on the alveolar ridge is more disru tive, according to-
iugsm

v L4

\d

Putting the results of the varipus analyses together, we find that:

(1) For.four speakers, familxar syllables were more noticeably affected by
adverse feedback conditions than were less familiar sy ables, but for

* thrée out of seven speakers, familiarity of syllables did" not contribute
2o perce%ved‘ differences among condi&. When there was an effedt of
familiarity, the familiar fricatives more affected than vowels by

< adverse speaking conditions°

- (23 Speakers made perceptuallq intelligible imitatié;s of familiar- syllableS‘
under all speaking conditions, although more acoustﬁn variation was,
“ evident for:[j] than for the other English pfmonesi e O . %

‘J/ 4

b4

(3) Speakers differed 'in their ability to imitate nen-familiar syllables with

e two subjetts (DB and- GF) making a variety of attempts to 'produce [X] and—

One sub ject (TB) consistently substituting [f] for [X] and [3] for [Y];
1 (4) Non-English: Ly] and {$] were more closely approximated than were the
fricatives by all three speakers, with listeners perceiving the-produc-
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tions as similar under all speaking conditions. Appropriate 00 activity
was evilent for rounded ‘vowels and. the F, was usually lower than for
N " _their unrounded cognates as would be expected gjven_ the longer vocal
tract resulting from lip rounding. In agreement with these indlcations
of lip rounding, the less familiar vowels were judged by.the phonet1c1an
to be almost foreign under normal\§peaking conditions; ¢
3 - < B .

(5) Listeners, whether‘expert_or naive, preferred the imitations made under
normal speaking conditions to those under any of the adverse speaking
conditions. - Imitations produced with lingual anesthesia were preferred
to those produced with. masking or with Alginate. Combined cofiditions
-were judged worse than any single:conditieny N - )
] % “

" (6) Nerve block produced’a small effect on all syllable types

LY

.S

(7) Auditory masking affected some syllable gxpes more than others, depend1ng

9”*4@§ speaker. In general the Fj frequency for vowels was lower with
,mask1 g; - . .
(8) Vocal tract shape change affected [f] and [il particularly, w1th both

© . spectrographic and EMG‘et}dence of tongue retraction;
P i

(9) There was no evidence of learning. Subjects appareritly .knew'.how to
approximate [yl and {¢] without tryals, but for [X] -and [Y] they tried.

y " and failed in the t1me g1ven (13 trials).
j é ) . o ) Y
'\ N ' . * ' L2 ) -
- .DISCUSSION 4 Cy
. Y .
R ' Studies of speaker compensation under difficult speaking conditions}have

concurred in their results, indicating that speakers .are able to prpduce,
acceptable speech patterns despite bite blocks between, the teeth (Lind lomh7
. ' "Lubker, & Gay, 1979; Fowlér & Turvey, 1980) foreing a change in motor apfdvity’
- and despite conditjons such as auditory mlasking and anesthesia. changing -
sensor LﬁTormationq(Barden. 1979). The 'present study is the first, hgwever,
to mankpulate the familiar1ty of the phonehic material. By cOntr sting
familiar utterances with less familiar utterances the importance of learning
to. motor control may be evaluated sMnce the familiar uttetrancts havovbeen well
. practiced relative to the less familiar utterances. v L 2N

? v RN .

2

‘ ¥ . !
. The problem lies‘ﬁp disambiguating the perJeptggl =nd broductive aspects
' .of 'the control systems. To produce a,skilled motor™act such as a well-learded

§;qspeech event, the spduker presumably makes reference to an internal represen-

tation of the utterance in the forp of a percept target and then effects .

the appropriate motor coordinations according to known produckion rules, To
2 produce a relatively unfamiliar motor-act such as a foreién sPeech event, the
speaker presumably refers to a more poorly formed perceptual target and enacts
¢ @ motor program“based on lesg w nown production rules. Fgpiliarity, then,
dnfluences both thé"berceptual target and the production. L
¥ “ .
. The’ finding in' the present study,. that more familia™~\utterances are in
b . some subjects more vulnerable to changes in speaking conditions than are the

E ./n . \ . - . RN . ‘
~ . _ - g . 113
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. less familiar utterances, 1lends support to the hypothesis that criteria f'or N
o the perceptual targets that speakers have' interonalized are more detailed for
familiar than f‘or unf‘aﬁiliar utterances. and that the mgtor programs 'used to
, produce them are more refined and well practiced bosss,of‘ information needed
to sharPen the match between speakers' actual output and™ intended output may
° result in small acoustic¢ differences perceptible Sey 1isteners. The same loss
* of information about production ofsless familiar utterances resulted in these
. ‘speakers producing less perceptuglly noticeable ef‘fects acrgss speaking condi-_
' _tions., It follows from the same hypothesis that ‘the less familiar utterances
. would be represented in the speakers' wind with a 'set of auditory, oro-sensory -
: .criteria that might be less well detined than for familiar utteranc s, as well
4 as with a more poorly®practiced set of production strategies, The use of.oro- . |
’ sensory information for; the fine shaping: of speech events has been suggested < ‘:
in the work of‘ Stevens and Perkell (1977). - o
\ = 4 -~ . .
ﬁ = - How is one to iéfer that}hese dif‘f‘erences arise from dif‘f‘erences among
the productions of the speakePs gnd not simply f‘romet?he expecta,tions of the
‘ltsteners making the perceptual judgmepts? We knoW thaQ li'steners tend to
categorize allapphoniq varia}: on3 according to the phoneme systems of their own
l'anguage and, further, tend/to ignore small acoustic dif?erences within their
* qwn phonemi?c categories (Liberman, Harris, Hof‘f‘man. % Greffith, 1957).
According to the principles of categorical\perception. the?n (English-speaking
listeners would be expected to ignore differences _among EngL,ish like utter-
ances that they might notice among more f‘oreign utterances.- To the, degree, |
that the 1listeners’ in "this "study -noticed the dif‘f‘eregges in the f‘ani |

o 1

utteranees more than. the ‘unfamiliar, it can be inferred that the tfferentes .

were real:- they existed in the speéch product:ions nd no} sol@Iy in the
perceptions made by listeners. : /”ﬁ\z .
. ° . - S -~ .7" .
Further support for this inference comes f‘romothe agreement.witfr English
Mistener judgments«of an expert listener for whom the “unf’amilfar-" wutterances
were native to his langfage. Finally, 'the unf‘amiliaFi syllabl’\s (especially
- ‘the consonants) were so poorly imitated and so Variable. even uynder normal
. . *speaking conditions, that the differences between speaking conditions were
' relatively unimportant, whereags the imitations of the 'familiar syllables were '
remarkably’ good in all conditions, bat \small differenceS aaross speaking —~
> . yconditions were perceptible. .’ " ) ) .-
. Familiarity St the phonetic material was not a signif‘icant .factor for
some of the speakers, indicating that for these speakers. loss of inf‘ormat‘ion
. about' their own spesh made no more difference in their- pérf‘ormance. whether
2 the, perf‘ormance‘b involved well-learned or novel _speech, productions. The
o - implication /here is that ‘coritrol’ was essentially pneplanned; with 1liftle
A evidefice of the fine tunigg of the well-learned uttegances shown by three of.
. the seven speakers‘. Qi . '

g

~ . ~
L 3 - .
r
{

' T The idea of feedforward or preprogrammed control of metor, .Systems 1in
: speech is consistent with recent f‘indings iny the motor control litsrature
cited in the Introduction. The compensatory motor patterns evidenced by N
" people andf by animals despite conditions that require changes in motor |
coord¥nation or that nremo sensory information argue for a control system o

. with extremely rapid adap“t [1ity features. Some theorists account ff‘or/t}e
' compensatory power of such motor systems by suggesting hat under di f‘icul\t‘_ .

. P2 .
114 X . - -

s




circumstances the motor plan is compared to the motor performance’ through
afferent systems (Evarts, 1971; MacNeilage, 1970) -or th&t the effdrent program
LS . is - simply simulated and matohed with simulated afferént fn?ormation, thus
, enabling® the system to adjust by prediction without waiting- ‘for actual
performance (Lindblom et al., 1979). Other theorists account for the compen-
. . sations by suggesting that the equilibrium points for final positions are _/
T ) specified and any- 1nterference with one part of the system is adjusted for by

another part of what is essentially a vibratory system (Bernstei%. 1967 Kelso

& Holt, 1980) or a coordinative strdcture (Fowler & Turvey. 1978).
There was no evidence of learning in the 13 trials produced by "each
subject of the- 1ess Jfamiliar fricatives [X9 and [Y]. The gpeakers apparently
failed to make use ‘of information provided through feedback mechanisms to
quickly shape a novel speech gesture. The well-programmed production’'rules
appropriate to the speakerg! language seemed in many cases to override any
attegpts-to match a new perceptual farget. It is.impdssible to determine from

~ \

3

. this whethér the ﬁifficulty in making the appropriate changes arises
b‘ L. from a poor perceptual image of the target ~from inadeqWate and poorly " ‘¥
practiced production rules, or from a combination of perception and production
factors, . -

!? There was less difficulty with [PYﬂ and - [pp] according to 11stener
¢ judgments. The internal formation of some auditory-perceptual target may well

- have been less demanding than for the unfamiliar fricatives. If’the perceptu-,

T s al image is easier toselicit, might it_be because the production rules are not -
‘v far from sounds produced in English° Although there might be a slight

v + . WMifference in tongue elevation and fronting for [1) and [yl, the gesture
R itself,is not novel nor is the gesture of lip rouhdirg. Subjecbs seemed to

make generally, acceptable [py] and [p$] and the fact that they. were so little
K affected by 1oss of auditory feedback indicates that e st?ategy taken was
*  rélatively simple (lip rounding; none of the conditjon affected the 1lips). and
may have been controlled by feedforward or open loop instructions to round the
? lips. < . . , o
The 1mp11cations of this kind of study for seconc language 3earning are
obv1ous. We know a bit more about the ways in which perception precedes
production in children learning their first language (Mesnyuk & Anderson, 1969;
-~ Strange & Broen, 1980; McReynolds, 1978) than we do about the ways in which
. percept%gn and production may interact in adults learning a new language
(¥ackay” 19707 Goto, 1971; Villiams, 1974; Borden, 1980)r
> . .
N - These data suggest that for adults the-basic' articulation responses for
. Speech may. operate under an automatic open loop motor system, with the fine .
. tuning of such. responses resting upon \hé availabziity of a well-defined

perceptual target and information on the sounds and orfal sensations produced—-

. at least for ﬁ;e production of continuants such as vo
—

1s and fricatives.

-

Future research. might explore whether such feedback* information can

contribute to more rapid speech events as well as continuahts. Alse’, it would

; be ﬁn@eresting to try to measure separately the development of a new
" perceptual target or .image and 4he development of new motor strategies, in

order to evaluate their respective contributignS’ to the production of new
‘w ~  3peech sounds., .

° -
Y
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ORTHOGRAPHIC VARIATIONS AND VISUAL INFORMATION PROCE.SSING" " - .

_Daisy L. Hung+ ‘and Ovid J. 'L, Tzeng+ . -, T
. ' ) R
s &
. g . L ' . y
i 7+ Abstract. Based upon an - analysis of how graphemio symbols oare
* .mapped onto spoken languages. three distinctive writing.systems with

' three different relations between script ‘and speech relationships
) _ are identified. .«They are logography, syllabary, and alphabet, ’\&
deyeloped sequentia.'l.ly in the history of mankind. It is noted that

w
.

-

¥ this trend of developméntv Seems to coincide with the “trend of -~

~ . 7 cognitive development of children This coihcidence may imply that .

4 « different cognitive processes are reduired for achieving reading ° -
e prof‘iciency in dif‘ferent writing systems. The studies reviewed *
""\\,;;v' includez experiments on. visual Scanning, visugl lateralization, per-

a2 . .._ceptuél demands, word recognition, speech ‘recoding, and sentence ,

™o comprehension Results from such comparisons q reading behaviors:

across different orthographies suggest that Hwnan visual inf‘ormation

. Pprqcegsing is indeed affected by orthographic variation, but only’at
. . _ .the Alower 1levels (data-driven, or bottom-up --processes). With .

. respect to the higher-level processing (conceptpd‘iven.. or  top-down
S processes), reading behavior seems £¢: be immune to or ographic

«variations. Further analyses of seguféntation in script as well’as

in speech reveal that every orthographiy transcribes ‘senténces at the

T level of‘ words and that the transcription is achieved in a morphemic
- _way.. - e , N o
: - . . R
. - : . - INTRODUCTIDN = ;o \

Ever since Rozin, Poritsky, and Sotgky (1971) successf‘ully t%ught a group
of second-grade nonreaders in Philadelphia to read Chinese, the question has
been repeatedly raised: " If Johnny can't read, dqés,that mean Johnny really
can't read in general or Johnny just can't read, English in particular? To the

N . ‘ o ,
. " #p revised version is to-appear in” Psychological Bulletin. .
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4 .
réading specialists, educational psycholog;;ts, and cognitive spsychologists
who are interested in the visual information processing of printed'materials
such arquestion is of practical as well as theoretical importance with respect
to the‘understanding of reading behavior. At-the practical level, is it true
that some writing systems are easier to learn than- others, and to what degree
can dyslexia be avoided given that a certain type of writing system happens to

be used for a certain type of spoken language? At the theordtical level:, one.

must start to untangle the relations between script and speech by unsovering
strategic differences at various levels of information processing (feature
extraction, letter identification, word recognition, etc.) in the reading of
different writing systems. These analyses may result in a new form- of
linguistic determinism (ef. Scribner & Cole, 1978; Tzeng & ‘Hung, 1980).

Et 1is conceivable that reading different' scripts entails different
processing strategies. Paivio (1971) has.gathered much evidence that meanings
of words and of pictures-are retrieved via.different routes.p Thus, one may
speculate: that, depending on how spoken languages are represéhted by printed
symbols, readers have to develop different processing strategies in order to
achieve proficiency in reading. Failure to develop these strategies may
result in a certain type of dyslexia that may be avoided when learning to read

nother Bcript. For exampkesw—hecause of the close grapheme-sound relation,
1phabetic script may reduire beginning readers to pay special attention to
honetic structures—Children who have not devéloped the appropriate "linguis-

tic awareness" (Mattingly, 1972) of such a phonetic structure may become
nonreaders, The same children, who are classified as dyslexic under an
alphabetic system, may encounter no problem in learning to read a sign script
such as Chinese logographs.

The idea of teaching the dyslexic to read Chinese is by no means new.
According® to Hinshelwood (1917), Bishop Harmon suggested that the ideal
therapy for ' this disofder was to teach dyslexic children Chinese characters,
because €hinese is a sign script where each word was its own symbol. The
success of Rozin-et al. (1971), though it has not gone uncriticized (Ferguson,
1975; TZeng & Hung, 1980), undoubtedly reinforces this idea and seems to point
to the possibility that dyslexia may not characterize visual-verbal associa-
tion in general. Hence, for a general understanding of reading behavior,
cro§s>language comparisons of visual information processing strategies should
provide 'valuable clues to the undérlying mechanisms and processes involved in
reading . .

We will critically review some recent studies pertinent to the issue of
comparative reading. We will begin by discussing different orthographic rules
for mapping written scripts onto speech in various languages. Then we will
examine results of experiments that were conducted, to find out whether these
orthograph variations have any effect on visual information protkssing.
Finally, We will draw some tenable conclusions about the relations bktween
orthography and reading .

L4 -

~

g RECATIONS BETWEEN SCRIPT AND SPEECH
. A ) '

The relation between written seripts and spoken languages seems S0 close

that one would expect that anyone who is able to speak should be able to gead.
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But this is simply not the casg. For all normal children, learning spoken
language seems to require -no special effort. From the time the child is able
to emit his first sound, he/is tuned to engage actively in the language
acquisition game, and the process seems to be spontaneous. Some psycholingu-
ists (e.g., McNeill, 1970) even suggest that the language acquisition deviee
is prewired biologically in our genetic program and jphat the language
environment serves as a ,Atimulus releaser to allow thi;/g;ogram to. unfold.
Learning to read, on the contrary, requires a relati¥ely long period of
special training and depends heavilyg on’ intelligepce\ motivation, and other
social-cultural factors. And even with so much &ffort directed toward the
acqu131t10n of reading skills, not every child is blessed with the ab111ty to

read.

- There 1is a general consensus that written languages evolve much later
than spoken languages and that in some way the former are attempts to record
the latter. 1Increasingly complicated and sophisticated 1living experience-
renders oral communication an unsatisfactory mediator for cultural and social
transmission. If one is able to transcribe spoken language visually into some
kind of graphic representation, then communication can overcome the limita-—
tions of space and time that are usually imposed on the spoken sound. Since
there are many levels of representation of spoken language, the transcription
of spoken language into visual symbols can be achieved in nany different ways.
If we look back at the history of mankind, we soon discover that the evolution
of writing systems proceeds in a certain direction. .In a sense, the
transcription starts at the deepest level, the conceptual gist, ahd gradually
shifts outward to the surface level, the sounds. At each step, unique and
concrete ways of representing meaning give way to a smaller but more general
set of written symbols. < In other words, writing efficiency is achieved by
sacrificing the more direct link to the underlying meaning; consequently, the
grapheme-meaning relation becomes more abstract. .

1]

Frimitive men wrote (or more precisely, carved) on rocks, tortoise shefi,
. cave walll, and so on, to achieve some Tgrm of communication. These drawings
were usually pictures of objects that immediately evoked meaningful interpre-
tations. A general 4dea (sememe), rather than a sequence of l@rds in a
sentence, was ~expressed via object drawing. Thus, semasiography writes
concepts directly without the mediation of spoken language. Archaeologists
have discovered these rock paintings and carved inscriptions in many parts of
the world (Asia, Europe, Africa, America, Australia Oceania). From them they
are able to reconstruct and speculate about the life styles of these early men
(Gelb, 1952). However, picture drawing as a communication tool has many
obvious difficulties. First of all, not everyone is capable of good, drawing.
Second, it is difficult to draw pictures that express abstract concepts.
Third, different ways of arranging objects within a picture result in .
different interpretations. Finally, an unambiguous picture (e.g., a map
“telllng the location of food resources) can be disadvantageous. Thus, new
systems had to be 1nvented

o

.

The next step 'is important and insightful and should be regarded as one
of the most important achievements in the history of mankind. Instead of
expressing a general idea by drawing a picture, symbols were then invented to

“ represent the- spoken 1language directly. First, there were pictogranms,
(e.g.+ K for tree), which were carried_gver from the .previous stage ‘of’

]
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< picture drawing. Then, there were ideograms, which are frequently formed by
putting several pictograms together to suggest an idea:. for instance, putting
two trees together side by side to mean GROVE ( 4k ) and stacking three trees
together to mean FOREST ( g;). Thus™ by the principle of metonymy, many

ideograms were invented to represent ideas and feelings of variou$ kinds.1
. But even with this new invention, there were still difficulties in
forming characters to represent abstract concepts. This need led to ;Eg
mgre

invention of phohograms, which ;were typically made up of two or
components, one of -which was used not for its semantic content but for its

phonetic value. The reader gets a hint as to the character's meaning from the
semantic componént (called the signific) and to its sound from the phonetic
‘component. Witj these three methods and the combination of them, a large
number of characters may be created to represent all words used in the spoken
language. This is .exactly how the Chinese logographic system was formed
(Wang, 1973). Some examp;es of the formation of pictograms and of phonograms
in Chinese are illustrated in Figure 1. Similar pr1nclples were also used in
*ancient Egyptian hieroglyphics and hieratics (Gelb 1952). . For example, the
cartouche (an oval or oblong figure) was used as a signific to enclose the
syllabic spelling of a monarch's name. It should be noted at this point that
once the concept of sound writing was conceived and appreciated, it-immediate-
ly became a’ powerful tool for inventing new characters; it was so powerful
.that nowadays a majority of Ch1nese characters are phonograms (Wang, in

press).:

3

Chinese logographs actually map onto spoken language at the. morphemic
level. Such a one-to-oné grapheme-morpheme relation in the logographic system
requires that there must be distinctive characters corresponding to each
morpheme. The inevitable consequence is that one has to memorize thousands o
these distinctive characters before one is able to read. Furthermore, writing
is tedious and slow. Printing and typing demand too much effort and time, and
in an era ®f mechanization and computerlzat16n cries for change are echoed at
every level of the Chinese scientific community. This is not the place to
enter the.debate for or against the character reform currently taking place in
the People's Republic of 'China. Suffice it to say that the logographic
script, with so close a grapheme-meaning relation, has its difficulties and is
under a great deal of technological pressure. However,, one should bear in
mind that this does not mean that logographic scripts are in any sense less
advanced than alphabetic scripts. Evolutionary fitness should be defined in
terms of the particular environment. The intrinsic virtue of Chinese logo-
‘graphs cannot be outweighed by technological difficulties that may easily be
overcome by further technological adva_pements. What we need to find-out i

- how the logographic scripts affect reading behaviors.

We have already noted the power of representing sound. It take§ only a
small step to go from the rebus2 system to the syllabic system, in which every
written symbol denotes a syllable in the spoken. language. As we can see from
cuneiform syllabaries, west Semitic syllabaries, Aegean .8yllabaries, and
Japanese Syllabaries, the design feature is a close symbol-sound relation.

L "Thus, with a relatlvely small set of syllable-based symbols one can transcribe

ar infihite number of spoken sentences. An economy of writing is aocompllshed
and the unit of written language coincides with that of the spoken language.

However,  there immediately arises the problem of homophones, which are indeed
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Figure 1. (a) Exanples of Chinese phonograns In the up;'>er panel, the
R © character “on the left-hand dide Jis the base character and is
pronounced as /wang/ (meaning KING)~ The three characters on the
right are derivatives that contain the base character as a clue to
: their pronunciations. In .fact, they are pronounced as /w{ng/ i
/wang/, and /warﬁ/ from top to bottom, meaning THE BARKING SOUND OF |
DOGS (or alternatively, DEEP AND WIDE). NOT STRAIGHT, and PROSPERI- |
TY for the three characters, respectively. 1In the lower panel, the |
base character on (t:he lef ronounced as /ma/. It medns HORSE, }
and it is a pictogram by 4itsedf (see Wang, 1973). Similarly, the |
. three derivative characters on the right are pronounced as /ma/, i
e - /m%/, and /md/, meaning MOTHER, ANT, and TO SCOLD, respectively. |
Thus, if a reader knows how to pronounce the _base characters, he 1
can guess at the. pronunciations of the derived phonograms that i
contain the base character as a partial component. However, one §
should be cautious in making generalizations because in many cases |
the base character only gives a clue to the sound of a particular |
phonogram (sometimes the clue refers only to the vowel-ending) and i
the tonal patterns (., ~; v, \ ) are not included. (b) Examples

{ S b ) of pictograms and their transformation through hundreds of years. |
' R N © 123 |
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" a nuisance even with the contextual cues provided in reading (Suzuki, 1963)./
This problem is best exemplified by the Japanése writing system, in which
three different types of seripts, namely, kanji, katakana, and hiragana (four
if we.also count the Roman letters used in many modern panese texts, i.e.,
romaji), age concurrently used in order to overcomgi\the difficulty of.
homopg&a'l'2 In the Japanese sfilabary, the problem was resolved by retaining
Chine logographs, generally referred to as kanji, to be used as the content
words. The kana script is/a set of symbols representing the syllable sounds
of the spoken language; thus, in principle, it can be®used to write any wor
in the Japanese language The kana script is subdivided into two typ
hiragana ‘seript and katakaha script. The former, a more cursive style, i e
script used for writing the grammatical particles and function words; the
latter is mainly used to write  loan words (foreign words such as television).
These three different .scriptg, kanji, hiragana, and katakana, are used
concurrently in a text. Because they have different writing styles and serve
different linguistic purpdses, reading is probably facilitated by these
distinctive visual cues. On the other hand, all the difficulties associated
with the logographic script arise once again. It is no wonder that over the
last 30 years, the Japanese government has been making every effort to
eliminate Chinese chara¢ters in their writing system, However, the close
grapheme-morpheme relation represented in a character has enough
intninsic value in -facilitating visual.fead- hat thede attempts to abandon
the Chinese characters have not ° beén duccessful, “Irdgically, instead of
reducing the number of characteps/’/the Ministry of Educati was recently

For most of the Indo-European languages, ting system patterned

after the Greek system, and further evolved to afklphabetic system, with the
number of written symbols further reduced. élphabet marking vowel as
well as consonant phonemes, developed over period of about 200 years during
the first millenium- B.C, in Greece (Kroeber. 1948). The transition from the
syllabic to the alphabetic system marks another gigantic Jump with respect to
the script-speech pelation., The discovery of vowel letters, which form the
basis of the analytical principle of an alphabeti system, has been character-
ized as something of an accident rather than a co scious insight (Gleitman &
Rozin, 1977). As a sound-writing seript, an alphabetic system maps onto
speech at the level of the phoneme, a linguisyic unit .smaller than the
syllable but larger than an articulatory feature. The problem of homophones
was solved in some languages (e.g., English) by simultaneously taking into
account the lexical root of each word. The consequence is that the grapheme-
sound relation becomes somewhat opaqué. . As C. Chomsky points out, "English _
orthography represents linguistic knowledge on different levels. 1In particu=
lar, there is a phonological level and a morphological level, The same sound
can often be represented by different letters. Which:letters are chosen is
Athen decided on a morphological basis: e.g., 'sign' could be spelled sign,
syne, cyne, ede., If it relates to 'signature' in meaning, then its spelling
must be sign" (1970). Thus,. the grapheme-speech relation embedded in the
English alphabetic system is characterized as a morphophonemic representation.
As a consequence, English orthography is a phonologically deep writing system
and the opagqueness of the link between English script and phonology has been
seen by many as a barrier to acquisition. Not all alphabetic seripts have
such a deep grapheme-phonology relation. For example, ‘Serbo-Croatian, the
major languége of Yugoslavia, 1is written in a phonologically shallow
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. Jorthography with the simp}e rule: "Write as «ypu speak and speak as it is .
written" (Lukatela, Popadic, Ognjenovic, & Turvey, 1980, p. 124).

?ﬂére'iq'an important contrast between logographic and alphabetjd scripts
with respect to how symbols are packed togebher to represent the spoken
language graphically. For example, in English. script, spaceSWare largely .
determined on the ¥ basis of words:. "man," "gentleman," "gentlemanly," *
. "ungentlemanly" and "ungentlemanliness" éye each written as a singje word gqven jg'w
though the last contains fiwe morphemes while the first contains only one.” In '
* Chinese script, on the other hand, the spaé{ng is based on morphemes and each
morpheme is in fact a;gyliable: a word like tricycle has three morphemes in
Chinese (three-wheel-va8hicle) and is therefoﬁb\written witp‘threg%characters
[ = ﬁ% %l ] and reaq with three distinctive\gyllables. Percep ually, the i
grapheme-sound mapping fn Chinese is discrete (i.e%, each character is also a !
syllable) while in Efglish script the relation is continuous and/ at a more EIP
abstract level. This djifference may have implicatiops for the_beginning
readers of these twolsckipts. For Chinese ghtidren, the written array is
- dissected syllable by syllable and thus has a one-to-one correspondence with
. the syllables of the spoggn language. On the other hand, because of the
49’// multilevel representation, 3§ reader of Engli may have to go through a
morphophonemic process in whi words are first parsed into morphemes and then
symbol-sound relations appli (Venezky, 1970). Furthermore, phonological
rules are necessary in order to erive the phonetic formfye.g., to get /sain/
for sign. These processes seem veMy abstract and hence may be quite difficult
~ for a beginning reader. . o '

As we look back at-these historical changes, we see that the evolution of
writing eseems to take a single direction: At every advance, sghe number of
- symbols in the script decreases and as a direct consequence the abstractness
of the relation between script and speech 1increases. This pattern of
development seems to parallel the general trend of cognitive development in
children. Results from two independent lines of research are of particular
. ‘ Interest. First, anthropological studies (Laboratory of Comparative .Human
Cognition, 1979) have shown that children's conceptualization of the printed
arrays in a text proceeds from pictures, to ideas, to syllables, and finalky,
to WORDNESS. Second, according to E. Gibson (f977), one of the major trends -
in children's perceptual development is the increasing spe¢iYicity of ’
’corréSpondence between what is perceived and the information in the stimuli’
Similarly, a-beginning reader progressés from the whol: td the differentiation
of the whole, and then to the synthesis of the par.3 to a more meaning ful
whole. In a sense, the ontogeny of cognitive behavior seems to recapitulate
the evolutionary history.of orthographies. This cannoi be simply a bological
. ‘coincidence (Gleitman & Rozin, 1977). Such paratlelism implicates the
importance of a match between the cognitive ability of the reader and the task
demand imposed by the specific orthographic structure of the scripts. One is
/,// almost tempted to suggest that orthographic structure in a writing system must
' somehow mold the cognitive processes of its readers. In fact, it has been
claimed that the processes involved in.extracting meaning from a printed array
+ depend to some degree on how the information 1is represented grgphically
(Besner & Coltheart, 1979; Brooks, 1977; Tzeng & Hung, in press). It is
therefore conceivable that different cognitive strategies are required to
acﬁfeve reading efficiency in various writing §§%tems. One particular concern
is whether these different cognitive requi?ements imposed by various script-
, ; 125
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speech relations impbse a \Eermanent constraint on our visual informati:;),
processing strategies, such® that’' readers of different scripts - learn (o]
organizeé the visual world in radjcally different .ways. Evidence for such a
new "liné%istic‘relativity" hypothesis can be found in papers discussing the
"weak" version of the so-called orfian hypothesis (Tzeng 4 Hung, in press)
and in recent ethnographie studies on the behavioral consequences of becoming
literate' in Vvarious types of Vai writing systems (Scribner & Cole, 1978).
Cross-language and cross-writing system comparisons are certainly needqg to
;.

\

help s answer this and othér questions.

. & . .
\; Curiously, there has never been a Systematic attempt to investigate the
o effects of orthographic variations on yisual_information processing. Venezky

(1980) characterizes sueh an absence of studies on orthographic structure as
an unfortunate gversight im readiwg research, He attributes this absence of
interest by~psychologists. in orthography in part to the lack-of a linguistic
- , base ?fr describing different orthographic systems and in part: to the fact
that eixperimental psychologists in the past wWere not really interested in the
p) problem of reading. Now the situation has been drastically changed, 1In 197
- and 1980, hree big volumes of theoretical and experimental work on visualy
. language (Kolers, Wrolstad, & Bouma, 1979), spelling (Frith, 1980), and
orthography (Kavanagh & Venezky, 1980) were published, In addition, a
anthology of experimental work on the perception of print is -forthcomin
{Tzeng & Singer, in press), It is time to have a critical look at th j
relation betweeq orthography and-.visual information processing,

7

v 2

EMPIRICAL DATA

" Severdl points should be clarified., First, although there are many types
of alphabbtic scripts (English, French, German,.Russian, etc:}ﬁ we will limit '
our discussion to the English alphabet, mainly because most of the comparative

» reading4§£udies use English-as the representative case., Occasionally, we may
e discuss other alphabetic seripts when they provide Thportant contrasts to

* English orthography with respect to_certain experimental paradigms, Second,

and not unrelated to the first point, most comparative studies have employed
the following research strategy: Data and models of processing Eng;ish
orthography‘tre the basic reference points for evaluating data collected with
-analogous experimental paradigms in non-alphabetic orthographies, Third, the
non-alphabetic orthographies here refer to Japanese syllabaries (i.e., kanji '
and kana) and Chinese logography unless otherwise specified. And finally, in
the review itself we assume an information processing approach. That 1is to 2
say, we first look at studies comparing visual scanning patterns, - then at
visual lateralization, at some perceptual phenomena such as the Stroop effect,
at the issue of speech recoding, at word recognition, and finally, at sentencei_
comprehendion., The rgview is in no way exhaustive and is concerned only with
empirical data rather than linguistic speculations.* ‘

\

Visual Scanning

-On the surface, the most obvious difference between an English text and a .
Japanese of Chinese text is that the former is written from left to right and
then line by line from top to bottom| whereas the latter is usually written
from top to bottom and then column by-column from right to left. Considering
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-the fact that most people are right-handed (this' is especially true in both
‘China and Japan because of the social-cultural factor that stigmatizes left-

handers) and that for right-handed peoplg it i easier to write continuously
from left to right, the development of a vertical and right-to-left text
arrangement (s certainly an unforgivable mistake., The “inconvenience «can, be
felt immediately if one attempts to write with a brush and ink. 'As soon as
one moves to th3. next iine. the finished but still wet characters on the right
hand side L@%to interfere with the current writing unless one consciously

»

1ifts the elboWw and keeps it in the air all the time. (The anecient Chinese

had; a special way of training their scholars to be patient gpd poised?)

Putting aside this inconvenience in writing, is a vertical and right-to-
left text easier to read? That is, do we have a natural tendency to scan
downward during visual information processing? /e anatomical arrangementhand
physiological structure of dug. eyes seem to suggest the opposite, }tud-ies in
perceptual. development have generally found that infants engagé in more
horizontal than vertical scan '(Salapatek, 1968). Moreover.-‘ith an equal
nunber of nonsense geometrical figures arranged vertically or horizontally, iE
has been found that horizontal scanning is quicker than vertical scanning, and
this result is observed for both American and Chinese elementary school
children. One investigator attributes this difference to the possibility that
vertical scanning may result in greater muscular strain as well as quicker
fatigue (Tu, 1930). Similar results have also been obtained in Japan with
tachistoscopic presentation and with reaction times as the dependent measure
(Sakamoto & Makita, 1973). Thus, with respect to reading, there is no
evidence suggesting any biological advantage to arranging written text verti-
cally and leftward.3 The Chinese style has influenced Japanese and Korean text
arrangement for centuries, and it is clear that such an arrangement is more a
cultural convention than a biological consequence. It is not surprising that
a shift toward left-to-right and downward pri:r%lz‘j;ng has been made in many
science texts in order to accommodate Arabic ' erals and names of western
authors, whose works are usually indexed in tHe or inal alphabetic script
beside their translatiéns. The readability of sucl:itexts seems not to be
affected in any systematic way (Chapg, 1942; Chen & Carr, 1926; Chou, 1929;
Shen, 1927). Our eyes are really very versatile.

It should be pointed out that not all’ alphabetic scripts are written from
left to rightf. For instance, Hebrew is usually wriften horizonbally from
right to left. 1In “fPact, in about A.D. 1500 as mamy scripts were written and
read from right to left as frqm left to right (Corballis & Beale, 1971). Only
with the expansion of European culture in later years did left-to=right

scripts become predominant.  Again, there is no evidence to suggest a -

biological predisposition for scann{ng in either 'direction. Bannatyne (1976)
found that eye movement is generally random for 6-year-old or younger French
children. However, with older subjects, the left-right eye movements b§come
more or less regular and the regularity ‘increases with the age of the

" subjects. Apparently, this regularity is a result of reaﬂ‘ing ha ’. The

Jfollowing example given by Dreyfuss and Fuller (1972) illustrates this point.

In SOpth Africa, most of the men who work in the mi‘ngs‘ are
illiterate. The .miners, therefore, are given instructions and
warning in the form of symbols rather than wqrds. In an effart to

-
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. RIGHT ARE IN THE EYES OF THE BEHOLDER."

" (1967) found a developmental trend of left-to-right directionality in American
. children, Kugelmass and-Lieblich (1979) showed a systematic appearance of a

" are corroborated by Goodnow, Friedman, Bergbaum, and Lehman's (1973) demons-

'

. N 2

South African Chambe®* of Mines posted this pictorial message [See.
Figure 2]. But ti% campaign f‘ailédﬁmiserably, more and more rocks
blocked the tracks. .Thé reason was soon discovered. Miners were
indeed reading the message, but from right to left. They obligingly
dumped their rocks on the tracks. (1972, p. 79). '
“ the ‘,notion ver

v

™
Yy yell--"LEFT AND

\

The title of this little example explains

Although reading- direction is meretly &lea}'neg’habit, it seems to have a.
tremendous effect on the reader's perceptu:%perf‘o?mahce. For example, in’!one :

type oftV:speech perception experiment, a subject hears a click while listening* -
to a recorded sentence' and is asked to estimats_the part of the sentence with
which the click was simultaneously presented, th such an expePrimehtal
S’aradigm, Fodor and Bever (1965) found ir?cidentally that " when the click
location task was adhinistered dichotically, the click was judged as coming
earlier when it was delivered to the left ear ‘and the speech to thafright ear
than with the opposite arrangemerit. Bertelson and Tisseyre (1975) replicated
this finding. They conjecture that from fhe perspective of the subjects, the
click is in fact perceived to, the left of the sentence,: which is presumably
transformed into a left-to-right written array. Hence, when the subjgg:_ts are
asked to mark the location-of the click on a response sheet, they tend Lo
displace the mark toward the beginning of the sentence, owing to the spatial
relation befween :the click and _the sentence, Bertelson and Tisseyre further
speculated that tife oppgpsite result should be found for Mebrew, which is
written from right to Itft., Indeed, they found tha® Israeli students, when
listening to Hebrew sentences in a similar click experiment, pre-posed the
click when the speech was in the left ear and the eclick in the rilht more than .
in the opposite drrangement. Hence, the direction of the effect’ is inverted

when a 1anguage that is written from right to left, namely Hebrew, is used in

the test. A similar imp of .learning to read materials writté# in different

directions (i.e., right-to-left or left-to-right) was a demonstrated on

children's visual exploratory patterns. Arrays of pictures oF common objectse’
were presented to children who were instrucfed to name all objects in each

array.- The exact order of the nm’ing was recorded, While Elkind and Weisgs

Y.

right-to-left directionality . in Israeli and Arabic children. , These findings

tration of the effect of learning to write ip English and Hebrew on the

direction and sequence in copying geometric shages.
e

There algo has been some suggestion that the pabit of reading direéction
(i.e., right-to-left vs, left-to-right) affects the, pattern of the visual

lateralization¥ effect in a visual half-field experiment (Orbach, 1966) .. We
will discuss this issue in more degai]r in the next .section. We megtioh it

here simply as a note,on the effect of reading habit on sgbséquent visual
formation processing/strategies,

¢ r v

. _ ] i

We have seen that different ‘rrangement,s of text in various scripts have

a definite effeot on reading behavior., In general, horizontal arrangement

seems to be more natural from the viewpoint of anatomical arrangement of our

eyes and more efficient for writing itself.’ However, 8ince our eyes are 80
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versatile and flexible, ’che issue of horizontal. versus vertical arrangement
may not be too eritical. One thing is’'clear: Once children learn to0 read the
standard style, the pattern of their eye movements becomes stabilized as a
result of reading habit: ) :

timportant issue, has Been neglec’ced in all these earlier studies of
visual’ seanning. Very little information is available about .the on-line
" processes during the reading of~ different orthographic scripts. Since the -
logographic, syllabic, and alphabetic scripts map onto their respedtive spoken
languages at different levels (i.e., lporphemes syllables, and morphophonemes,
respectively), it is important to know whether these orthographic variations
affect eye fixation and eye scanning patterns during reading. Such cross-
orthography studies of- eye movements .during reading will no doubt help to
resolve one of the key controversies among contemporary inve@tigators of eye
movements, namely, the nature and degree of control of individual mdvements
(Levy-Schoen & 0'Regan, ,1979). For instance, does a Japanese reader tend to
. skip hiragana symbols based on the knowledge that these cursive .scripts
usually represent functors in a sentence (as English readers “t€nd to skip THE
during reading)? ' How do Chinese readers compute successive saccadic Jjumps
- ‘'when word boundaries are not clearly specified in the logographic seripts?
Immunity to the effect of such orthographic variations \would lend' support to
the notion of autonomy-—-that the eyes move to their own rhythm, more or less
inflexibly, and with little concern for local variation in the nature of the
text. Hence, further research should be directed to basic questions such as
the size of percept*wl span in each fixation (Rayner, 1978), the number of eye
,fixations per line given- an equivalent amount of information in different
orthographiés, the length of each fixation' as_a function of orthographic
variations, developnental changes in the eye scan@ing pa’cterns and so on.

Neuroanatomical Localization \ ' :

' -

The human cerebral cortex is divided/into left and right hemispheres, and ™
presumably the two hemispheres function cooperatively in normal cognitive
activities., However, the idea that these two hemispheres may assume different
types of functions was suggested more than 100 years ago (Broca, 1861). Now
it 1is common knowlqdge that the hemispheres are indeed npt equivalent;
Sperry, Gazzaniga, and Bogen's (1969.) research on split-brain patients
provides direct evidence ofghemispheric specialization *of Qghitive f‘unc’cion?
In these patients,. after cutting the corpus callosum (the communication
chahnel between the two hemisp éres), the two hemispheres are able to function .
separately afd independen! ly. ‘Sperry et al. (1969)\found that written and .
*spoken .English are processed in the left hemisphere, ° while the right}

‘hemisphere is superior in’ performing various visual and spatial tasks: The \

second line of evidence for this lateral za’c\i,on comes from studies ‘of injuries
to*the left hemisphere~ caused by acc ents, ‘'strokes, ’cumors ayd certain
illnesses. These injuries usually’ impair™ some language ability, with the kind
and degree of the impairment depending on the site and-<severity of the injury
(Lenneberg, 1967; Geschwind, 1970). Evidenee for asymmetrically represented
functions -has also been f‘ound in behavioral research with normal subjects,

‘Kimura (1973), for example, found in dichot ’\lis;ening experiments. that
subjects were quicker and more accurate ‘it identifying speech _sounds
. ~+grapsmitted directly (from the right ear:via the crossed auditory pathways) to
the lef‘t hemisphere. Similarly, in visual half-field expeniments in which”

» M -

130 r ) . . . ‘ . . .

vt

-



< .

words were tachistoscopically presented to either the left or the right.of a
central fixation point, Mishkin and Forgays (1952) found a differential
accuracy of recognition, favoring words presented to the right of the fixation
point. The last finding has beén. termed the "visual lateralization effect."
It is interesting to note that under certain conditions the: visual
lateralization effect can also be.demonstrated with Chinese-English bflinguals
in cross-language testing situatjons (Hardyck, Tzeng, & Wang, 1977, 1978)

v

The general pattern that emerges from the results of the above research

is the following. In nearly all right-handed .individuals and many left-
handers as well (Hardyck & Petrinovich, 1977) the 1left hemisphere is special-
ized for verbal cognition and memory, including language and most areas of
mathematics. The right hemisphere is specialized for nonverbal :cognition and
memory, including spatial relations and imagery, but also music and other
nonverbal sounds. Our concern here is not to review the findings and

ntroversies concerning specialization, Rather, we want to point out that
most of these findings came mainly from studies with English or other
alphabetic systems, = The question {s whether orthographic variations make a
difference, particularly with respect to data!pertinent to reading rather than
speech, Evidence has. been presented»that the nature of the reading impairment
depends, in part, (on “the specific structure of the written® language in
question (Asayama, 1914). So, our review will focus on the cross-writing-
sydtem comparisons of brain-damaged patients and of the visual lateralization

effect in normal subjects, . L
.. r
Aphasic Studies in Japan The major work on the effects of brain
lesions on reading JapanEEE;—éyllagggfgs has been done by Sasanyma and her
associates (Sasanuma, 1972, 1974a, Ub, 1974c; Sasanuma & Fujimura, 1971).

In an earlier review of the ﬁfterature on reading disorders due to brain
lesions in Japan, Beasly (cited in Geschwind, 1971) observed that comprehen-
sion of kana seripts is usually more severely affected than that of the kanji
script, although the reverse occasionally oceurs. Followigg the implications
of this article, Sasanuma has carefully examined the characteristics of the
aphasic's speech production and reception and their abilities in reading kana
and kanji scripts during and after speesh recovery. She reports somt evidence
for the selggtive impairment of reading ka“5k3g9 kanji Scripts, as suggested
by Beasly. Rather th&n- postulating a right and left hemispheric specializa-
tion for procesging kanji and kana (this-<dichotomy seems to be implied -in
Beasly's review), Sasanuma argues for differential disruption of language due
to localized lesions in the left Hemisphere. 'The primary difference between
reading kana and kanji writings’is the necessity of a phonological processor
for kana, which is' needed to mediate the grapheme-sound-meaning correspon-
dence. It is interesting.to note that a similar processor‘has been postulated

for the reading of alphabetic scripts (Rozin et al., 1971).  Therefore,-
q‘g’nuna's argument has potential for explaining characteristics of language
processing beyond Japanese and deserves more careful examination. »

rd - .
Sasanuma has found that most of ‘her patieﬂts\can be categorized into one

‘of four diagnostic patterns. About half of them had equal impairment for kana

and kanji. Another 25% showed the overall symptomatology of Broca's aphasia.
On a task that involved writing high-frequency words in kaha and kanji,- these
patients made almost twice as many kana errors as kanji. When asked to write
a sentence, they used only kanji characters and the sentence form was similar

-
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to the agrammatical ,speech of Broca's aphasia.* This led Sasanuma to conclude
_ that there was probably a correlation between the impairment of kana process-
ing and an agrammatical tendency. A third group of patients {about 10%) also
showed disruption of kana processing, but they differed from the last group in
several important respects. In' language ability, they were similar to
patients with Wernické's aphasia. A few were diagnosed as having conduction
aphasia. These were fluent aphasics as opposed to the nonfluent aphasics with
lesions in Broca's area. Their speech was fluently articulated but Wmeaning-
less, It is also important to note that all patients with selective
w?;pairment of Kkana .processing made errors that were phonological in nature
en writing kanji symbols, however, these patients made the same kind of
errors as normal subjects--graphemic confusions (Sasanuma & Fujimura, 1971).-

Th oonverse was found in the final group of patiehts who performed
etter/ on tasks wusing kana than kanji. Unfortunately, Sasanuma (197ua)

colTécted in-depth data on only one patiéent and gave no indication of Jthe =~

prevalence of the disorder. It is apparently a much less common fonn of
aphasia. “In writing high-frequqncy words in kana and kanji, this, patient
reproduced kana symbols perfectly while missing 80% of the kanji symbols If
he happened to write a kanji character, he used it as if it were a phonetic
symbol, without regard for its meaning.‘ Sasanuma classified this patient as
belonging to the type- of aphasia that has been labeled Gogi aphasii? or
semantic form aphasia (Imura, 1943) and is similar to the mixed fo of
transcortical aphasia. This type of patient often can read aloud and dictate
in' Kana symbols but without any comprehension.

w»

/

-

Taken together, these findings would seem to indicate that kana and kanji.-

processing represent dist1nctively different modes of *opération in lingU1stig;7
behavior, These clinical ervations by Sasanuma and her associates are

important and provide insi into the mechanisms underlying visual informa-
tion processing of linguistic mate€rials. Let us summarize these: results with
some cautious remarks. .

1. Most of the aphasic cases reported 'by Sasanuma and her associates
were caused by cerebrovascular accidents. Whénever possible,. Sasanuma incor-
porated reports on neuroanatomical localization into the data. However, it is
usually unclear just how precise the localization data are and how secure we
can feel about the areas postulated .in the aphasic syndromes found in these
Japanese patients. Nevertheless, cafeful examinations‘Bf these syndromes and
their related reading impairments ggest that these data are consistent with
a general pattern of language-#pecific dyslexic effects reported in other
languages .(Vaid & Genesee, in press). 1In general lesions in the temporal
cortex are associated wdth greater impairment of reading and/or writing of
scripts that ale phenetically based (de Agostini, 1977:; Hinshelwood, 1917;
Luria, 1960; Peuser & f!'lchner, 1974/1980): 1lesions in the posterior.
occipito—parietal cortical areas are associated with greater hmpairmqnt in
reading and/or writing of scripts with a logographic or irregular phonetic
basis (Lyman, Kwan, & Chao, 1938; Newcombe, mentioned in Critchley, 1974).

2. There is an odd distribution of the apHasic syndromes, with only one

patient with impaired use of kahji and smany with impaired. kana, which

corrgoborates the disproportional pattern hoted by Beasly (see Geschwind,
1971). Thus, the statement of "selective impairment of kaga and kanji" may be

132

. . 125

-’

e




\

LT N : . / . ’
misleading. This extremely skewed distribution suggests a. totally diff%rent
interpretation. Rather than hypothesizing differentially localized structures
for processing kana and kanji, ¥t might be useful to look at differences in
acquigjtion. Ome possibility 4s that kanji characters are difficult to learn
and perhaps the long years of practice and special attention spent in learning
these characters make them more resistant to loss. after brain trauma. This
interpretation is interesting but hard to verify empirically., A more attrac-
tive intégmetatipn can be offered as follows. The two different pattern—
analyzing' skills (i.e., recagnizing kanji vs. kana scripts) may be viewed “as
reflécting two different types of acquired knowledge, namely, knowing that
versus knowing how. The former represents information that is data-based or
declarative, whereas the latter represents” information that is based on rules
or procedures such as grapheme-sound ~soorf€spondences ﬂKolersy 1979).
According to Mattingly (1972), operations with these two types of knowledge
require two different levels of linguistic awareness. Whereas the realization
of knowing that requires only a primary linguistic activity (or Level I
ability. in terms of Jensen's [1973] classification), the ’realization of
knowing - how -requires a more ab8tract secondary linguisﬁic activity (or
Jensen' s Level II ability). The' imbalance between kanji and kana impairments
observed in Japanese aphasics may be the result of differential difficulties
related to the performance of these two levels of linguistic activities. The
dissociation of knowing how from knowing that has recently been demonstrated
in amnesic patients (Cohen & Squire, 1980).
’ $ . p N

3. When _discussing the patients that approximate Broca's aphasia,
Sasanuma observed a close relation between an ‘agrammatical tendency in speech
and an impairment in kana processing. Based upon this ‘observation, she
proposed a special' phonetic processor and a syntactic processor and further
assumed that these two processors were localized close to. each other.in the
left hemisphere. Such a view of dual processors wibth differential cerebral
localizations is suggestive but may be objected to on several grounds. First,
that the majority of Sasanuma's apbasic patients were kana-dyslexic, , No
evidence was provided to show that the kanji-impaired patient was free from
‘the agrammatical tendency. . Thus, it is unfair to single out a kana processor,
Second, linguistic variations such as kana and ~kapji scripts do not by
themselves justify &geurological differentiation® unle s ev dence “is~provided
that rules out other possible interpretations. - Third and more . important,
there is a more parsimonous explanation that requires no complication of
neurological structure. Since the cursive hiragana scripts are used in
Japanese writinés mainly to represent grammatical morphemes, failure to. read
hiragana symbols-4eads directly to the disruption of syntactic, stru9pure.
Therefore, the close relation between kana impairment and agrammatical tenden-
cy should be interpreted as the result of the special function served by kana
scripts in Japanese writings.

4, Sasanuma and Fujimura (1971) have.repgfted that Japanese aphasics
with apraxia (an impairment of voluntary movement without obvions sensorimotor’
deficits) of speech perform less well certain tasks requiring visual® recogni-
tion and writing of kana than do aphasics without apraxia, while the two
groups perform comparable tasks with kanji about equally well, The finding
that aphasics with .apraxia of speech have special difficulty with kana but not
kanji is important. Sasanuma and Fujimura (1971) offer the interpretation
;hét apraxic patients.have difficulty with ;hgfkana seript bgcausé they cannot

-~ —
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bypass their damaged phonetics and phonology, as they can with kanji. But if
the neurological mechanism that is responsible for phonetics and phonology is
damaged, then thegse patients should also show deficiency in analyzing speech.
Since these patients did .not show any more difficulty in speech perception
than the other patients, it is not very plausible tz{jbggest that phonological
impairment is responsible for their inability %o read kana. Erickson,
Mattingly, and Turvey (1977) provide an alternative interpretation. . Suppose
that it requires more subvocalization to read kana than to read kanji. The
apraxic patients would have difficulty in reading kana because of the -noise

* feedback resulting. from the imperfect subvocalization. Evidence for more
speech recoding activity in reading sound-based scripts such as alphabetic or
syllabary scripts has recently been provided by Treiman, Baron, and Luk
(1981)» N .

Clinical oggervations are always very suggestive and should be regarded
as a major part of Seientific research. However, two apparent shortcomings
cannot be avoided in this type of research and were not avoided in Sasanuma's.
Firsteof all, the number of cases involved in most clinital studies is usually
small; thus, statistical evaluation is difficult. Second, the results are

* difficult to generalize to normal people. Most clinical observations 'are
collected after the patient recovers. from surgical operations. However,
little is known about the plasticity of the brain except that reorganization
and compensation do seem to occur-(Hecaen & Albert, 1978, pp. 394-399). There

- is also evidence showing that a linguistic task can be accomplished by non-
linguistic strategies (Hung, Tzeng, & Warren, in press). Hence, caution
should be exercised in making inferences from the recovery patterns of the
aphasic patients. ~\

With these comments in mind, let us now turn to the ex perimental results
on visual lateralizatioh effects with normal subjects. -

Visual Lateralization Effects, The rationale behind the' viSgal half-
*  field experiment is as follows. When a subject looks at a fixatioﬁCboint in
the center of a liéhted square within a tachistoscope, each visual half-field
projects to the contralateral hemisphere, For example, stimuli¥presented to
the right visual field (RVF) are first processed in the left hemisphere. If
language is indeed processed in .the .left ‘hemisphere, then verbal stimuli
" presented to the RVF should take less time té respond to than when the same
materials are. presénted to the reft 