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On Peripheral and Central Processes in Vision: Inferences from an
Information-Processing Analysis of Masking with Patterned Stimuli

Michael T. Turvey
Haskins Laboratories, New Haven*

ABSTRACT

The masking of briefly exposed letter forms by a preceding
or succeeding stimulus may originate in either peripheral or
central visual mechanisms. The question of how masking varies
with origin was examined in a series of experiments which made
use of stimuli that masked the target forms only monoptically
(or binocularly), or both monoptically and dichoptically. Per-
ipheral forward and backward masking were described by a simple
relation between target stimulus energy and the minimal inter-
val between target offset and mask onset permitting evasion of
masking: the minimal interval multiplied by the target energy
equals a constant. Peripheral forward masking, however, was
more sensitive to mask intensity than was peripheral backward
masking. On the other hand, central masking, which was primar-
ily backward, was relatively unaffected by stimulus energy and
was determined by the interval elapsing between the onsets of
the two stimuli. The multiplicative rule and the onset-onset
rule characterized, respectively, peripheral and central visual
processes. The peripheral processes were viewed as a set of
parallel systems or nets signalling crude features of the stim-
ulus,and the central processes as a series of .decisions conduct-
ed, in part, on these features and resulting in stimulus recog-
nition. The peripheral and central processes were shown to be
related in a concurrent and contingent fashion: apparently the
two occur in parallel, with the central decisions contingent on
the output of the peripheral systems which signal different fea-
tures at different rates.

INTRODUOTION

Perceptual interference results when two stimuli are delivered to:an
observer- in rapid:successiOn-.-. The term 7forward Masking" describes the ith-
pairment in the perception of the _second atimnlns induced by the..first,and
the tert "backWardlleaking" destribea the interference en:the first induced
by the second. The phenomena of forward and backward masking are evident

*Also University of Connecticut, Storrs.
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in both aural and visual perception (Kahneman, 1968; Raab, 1963; von Bnc6-
sy, 1971) and they occur, to varying degrees, under conditions where the
two stimuli are presented to opposite ears (i.e., dichotically) or eyes
(i.e., dichoptically) and under conditions where both stimuli are presented
to the same ear or eye. Thus the perceptual interference may originate in
the peripheral sense organ or in the more complex structures of the brain.
Presumably the rules determining masking differ with the origin of the ef-
fect. In the present paper, masking in vision is examined for the purpose
of isolating these differences.

Backward Maskin nd Information Processin-

Backward masking of form by visual pattern or visual noise has recent-
ly received considerable attention primarily because of the central role it
plays in the information-processing approach to visual perception (see Haber,
1969a). In brief, the information-processing analysis represents visual per-
ception as a hierarchically organized temporal sequence of events involving
stages of storage and transformation of information. Within this framework
backward masking by pattern or noise is proposed as an analytic tool with
which to investigate visual perception (Haber, 196913; Sperling, 1963). The
principle argument behind that proposition is that if a pattern mask fol-
lows a target stimulus after some delay, processing is assumed to have oc-
burred during that delay but is terminated or interfered with by the mask.
This argument is, essentially, the interpretation forwarded by Baxt (1871)
for backward masking and, following Kahneman (1968), will be called an in-
terruption hypothesis.

An alternative interpretation of masking by pattern is also emphasized
in the literature. This interpretation, referred to as an integration hy-
pothesis (Kahneman, 1968), stresses the effect that a visual pattern has on
the sensory character of the target stimulus representation rather than or
the extraction of information from the target representation. The idea is
that two stimuli which follow one another in rapid succession are effective-
ly simultaneous within a single "frame" of psychological time, analogous to
a double exposure of a photographic plate. In masking by homogeneous flash
of light, for example, the outcome of such a process of summation will be a
reduced level of contrast between figure and ground (Eriksen and Hoffman,
1963). As Kahneman (1968) has pointed out, this position views masking by
pattern as just a special case of temporal sumMation of heterogeneous stim-
uli.

.Figure 1 Summarizes the essentiaLfeatures of a visual information-
processing system appropriate to:the description of performance in tachi
toscopic :experiments. It contrasts the interruption and integration hy-
potheses.

Iconic storage (Weisser, 1967) is seen as a buffer memory system in
which the input can be held in a literal form for several hundred milli-
seconds during the course of conversion to response and/or short-term cat-
egorical storage. Although the information in iconic storage is considered
to be relatively unanalyzed, preattentive mechanisms have, perhaps, already
extracted certain global features of the input (Weisser, 1967). These
would include, for example, figure-ground relationships which provide the
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raw material for subsequent selective processing of the iconic representa-
tion. This selective processing or recoding is demanded by the brevity
of the iconic representation (Averbach and Coriell, 1961) and by the lim-
ited channel, or processing, capacity of subsequent mechanisms. At all
events, the assumption is that the material in iconic storage is, in due
course, reeoded into categorical form for representation in response and/
or short-term storage and that this recoding involves the processes of
pattern recognition.

The interruption hypothesis localizes the effect of backward masking
by pattern subsequent to iconic storage. It is assumed that a clear icon
is established and that an after-coming pattern interferes with the trans-
lation into categorical form. The time needed to effect that translation
is cut short by the after-coming stimulus. The integration hypothesis, on
the other hand, proposes that target material and mask are dealt with as a
composite, resulting in an unintelligible icon. For the integration hy-
pothesis the effect of an after-coming pattern is on the formation of the
target iconic representation so that it never achieves the acuity, con-
trast, or clarity that it would have attained in the absence of the mask.

Integration and Interruption as Nonexclusive Hypotheses

Comparisons between an integration story and interruption hypothesis
of backward masking are usually made to decide which one is corr2ct. It is,
of course, not inconceivable that both are in fact true; they may be des-
criptions of two different stages in the flow of visual information. This
possibility is suggested by the fact that two sorts of independent variables
have been used in backward masking experiments. On the one hand, there are
the energy properties of target and mask, i.e., duration and intensity; on
the other, there is the time elapsing betweenonset of target and onset of
mask. Sometimes backward masking has shown strict dependence on target dur-
ation or target-mask intensity (e.g., Eriksen, 1966; Kinsbourne and Warring-
ton, 1962a; Thumpson, 1966), yet at others it has shown strict dependence
on onset-onset time with stimulus variables such as target duration proving
irrelevant (e.g., Haber and Nathanson, 1969; Mewhort, Merikle, and Bryden,
1969). It is possible that when target energy (and/or mask energy, for that
matter) is the relevant independent variable, mechanisms underscored by the
integration hypothesis are prevailing, but when onset-onset time is the de-
termining variable and target energy properties are irrelevant, interrup-
tion is perhaps the more appropriate theory.

The above ideas guided the present series of experiments, for which
the experiments of Kinsbourne and Warrington (1962a, 1962b) provided a de-
parture point. Their experiments were interesting in several important re-
spects. First, with a paradigm fundamentally similar to that used, for ex-
ample, by Sperling (1963), Kinsbourne and Warrington (1962a) found no evi-
dence that in the backward masking situation the number of items reported
is a linear function of onset-onset time. That result reported by Sperling
(1963) and Allport (1968), among others, may be viewed as Evidence for a
process of sequential read-out from an intact iconic representation and as
support for the interruption hypothesis. Kinsbourne and Warrington by con-
trast reported that not only did three letters become available at approxi-
mately the same onset-onset time as one letter, but also that there was a



simple relation between target duration and the minimal interstimulus
interval which permitted evasion of the masking action: target duration
x interstimulus interval = a constant. That result, as Kahneman (1968)
has pointed out, has not subsequently been investigated. It is an impor-
tant result because the observation that the minimUM interval permitting
perception varies inversely with target stimulus duration is the very
stuff out of which an integration hypothesis is made. Masking is deter-
mined by properties of the stimuli, not by the time elapsing between the
onsets of the stimuli. The present series of experiments began, therefore,
with a partial replication of the experiments of Kinsbourne and Warrington
(1962a).

GENERAL METHODOLOGY

What follows is a brief description of same of the terms used in the
present communication and some general comments on procedure, apparatus,
stimulus materials, and subjects.

Terms

(i) Target (T) refers to the stimulus which S (the subject) is re-
quired to Identify.

(ii) Random nOiSe (RN) refers to a masking stimulus such as that shown
in Figure 2. A mask of this sort had been used in the Kinsbourne and War-
rington experiments. Described by Kinsbourne and Warrington as a noninfor-
mational stimulus, the mask reproduced in Figure 2 is a section of the ran-
dom pattern (visual noise) described by Laner, Morris, and Oldfield (1957)
--type 80 units/sq. am. In the present experiments the size of the visual
field subtended by RN was 3.5" vertical by 6.5' horizontal.

(iii) The term "pattern mask" (PM) was reserved for masks other than
An example of PM is given in Figure 2. An essential feature of PM repro-
duced in Figure 2 is that the lines comprising the task were of the same
thickness as the T letters. All masks classified as PM shared this charac-
teristic with the target material.

tiv) Time elapsing between offset of T and onset of mask field is re-
ferred to as interstimulus interval (1ST).

(v) :Th minimeMISI dt whiche maskingield no longer Affects T a
cording:to a predetermined performance criterion is referred to as the
critical ISI

(vi) The-time elapsing between the Onset af T And .the onset Of the
masking field is referred to as stimulUsonset asynchrony (SOA) seeH
Kahneman,: .1960!

(vii) The miniMum durat
ISI = 0 msec). according to
duration.

1_

on of T that permits evasion of masking at
some criterion, is defined a the critic 1 T

The use here of the term "pattern" is, of course, arbitrary PM like RN
is essentially a random arrangement.
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Procedure

The procedure which was used for most of the present series of ex-
periments mutatis mutandis is spelled out below in some detail. It is
essentially the procedure used by Kinsbourne and Warrington (1962a, 1962b).

A T stimulus was presented to S for a brief period of time followed at
varying intervals by the mask stimulus. The task of S was to identify the
T stimulus. The duration of the T stimulus and the duration of the mask
stimulus were held constant and ISI was increased from zero in steps of 2
msec to some value at which S correctly identified a T stimulus. At each ISI
step, the T stimulus was changed whether S was correct or incorrect. The
'SI value at which S correctly identified a T stimulus was left unchanged
for the next T stimulus. If, however, S was incorrect, the ISI was in-
creased by 1 msec for the following T presentation. This procedure was con-
tinued until S correctly identified four T stimuli in succession. The ISI
value at which S identified four T stimuli in succession was designated as
ISIC. Kinsbourne and Warrington had defined ISIc as that ISI at which S first
reported a T stimulus correctly. However, it had been noted in pilot work
that some letters were identified at briefer ISI's than others; that there
were slight variations in the transmission values of T slides and thus
fluctuations in T stimulus intensity; and that accordingly a criterion of
one T stimulus correct did not specify accurately the ISI value at which
masking was no longer occurring for all T stimuli.

A number of different T durations were employed, and for each, Mc_ _ _ _

was'idetermined at several values of mask duratien.:. In the cOnrse ef de7
termini-rig the ISIc-'s,teveral ordering's of the T stimuli Were used. In all
experiments; forall Ttdurations,. identificatiOn-waS--1007 adcurate in the
abgenee of:the maSk.

Apparatus

A six-channel tachistoscope (Scientific Prototype, Model GB) with au-
tomatic stimulus changers was used for the present series of experiments.
The two three-channel optical units of the tachistoscope permitted monop-
tic and dichoptic presentation of stimuli, and one unit could be readily
modified for binocular presentation. One of the two separate units was
adjustable for interocular distance and convergence angle. The apparent
viewing distance was 36 ft and the field ef the tachistoscope subtended
:3.5° vertical by 6.5* horizontal. Coarse intensity controls were avail-
able, but nonlinearities required the use of Kodak neutral density filters
for accurate variation of stimulus luminance. Luminance was measured at
the eyepiece by a spectra brightness spotmeter (Photo Research).

Stimulus Material

Three 100-slide sets of letter stimuli were constructed. The stimuli
were in all cases positives of Stens° Gothic capitals. The positives,
which were transparent', were held in 2" x 2", 35 -mm.-slide mounts. In one
set the letters were loCated singly at the .center of.the slides. Those
letters were the symmetrical letters of the alphabet (A, H, I, M, 0, T, U,
V, W, X, Y)- In a seeead.set those same letters'were located singly to the



side of the center. A third set consisted of consonant trigrams, i.e.,
three letters to a slide, selected from all the consonants. No consonant
was repeated within a slide.

The letters in all sets subtended .67° vertical by an average -36°
horizontal. The thickness of the letters subtended .05° visual angle. In
the set of single letters displaced off center, the angular distance be-
tween the center of the slide (or fixation point) and the center of a let--
ter was 1.37°. For the consonant trigrams, the separation between the
letter edges was on the order of .40°. For all T stimuli, the field of
view was 3.5° vertical by 6.5° horizontal.

Subjects

For the mostipart, as were Yale University students_who were paid for
their services. University of Connecticut graduate students and members
of Haskins Laboratories also served as Ss in several experiments. All Ss
had nortal or corrected to normal Vision.

EXPERIMENT I

Method

In Exp. I the T material_was the set of centrally located symmetri-
.cal letters and the after-coming mask RN. Three durations of T were em-
ploYed, 2, 4,- and 6 msec, which were presented in this orderfor each _S.
For each T duration, ISI was determined at RN durations of 1, 2, 3, 4, 5,
61 8, 10, and 50 msec-.- The luminance of-T and that Of RN was 15 ft L-and
thefixatiOrifieldwas 25 ft L.; 'The stimulitwere delivered binocularly.
Four,-.Ss participated in the experiment; one S was not naive tO masking
iphenomend.

Results and Discussion

The:data:of the four Ss are shown in Fiures 3 and 4. Figure_3 shows
_

the plot:Of-JSIc es-a. function:of:RN:duration for each S. Figurei4 shows
the:ISIc.:by±aNduration:functions averagedaerOse Ss With T duration as
the: curveparameter.-:

As-can be seen on insPection of the figures, the masking effect .of RN
varies in, a discontinous-fashion with its exposure,duration. The effect of
varying-duration of RN achieves its maximum sharply. Increasing the RN
duration beyond some value does not augMent the 'masking effect, i.e., it
does not extend-the interval over-which-masking can-be-obtained. -.All of
this concurs with-the original observatione of Kinsbourne and Warrington .

(19620. Inspection.ofFigure 4 yields further corroboration of Kinsbourne
and Warrington in that there exists a simple relation between T duration
and ISIc at-asymptote: T.duration x ISIc = a constant. The picture is not

. .

as tidy 'as J,t_ might be; T duration x ISIc doea not yield exactly the same
value at-2 msec:as it'dOes at 4 and 6 msec yet the values are-Close enough
to favor the Kinsbourne and Warrington conclusion.

_

2
The fixation field, i.e., the field immediately preceding and succeeding the T
field, was at this level of luminance for each experiment in the present series.
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Figure : Relation between RN duration and -mean ISIc for binocular masking
at three values of T duration in Exp. I.



Kinsbourne and Warrington (1962b) interpret this result as reflect-
ing the fact that ISIc is "the time which permits the perceptual process
to deal with the two stimuli separately in succession, rather than simul-
zaneously as a composite, and therefore unintelligible stimulus" (p. 235).
It is quite evident that the formulation, T duration x ISIc = a constant,
argues strongly against onset-orset time and for 7 duration as the rele-
vant parameter in masking by noise. There is, of course, the question of
whether it is T exposure duration per se or the quantity of light in the
stimulus that is important. The second experiment examined this question.

EXPERIMENT II

The time-intensity reciprocity law, known for human vision as Bloch's
Law, says that a given effect can be achieved by the reciprocal manipula-
tion of luminance and duration of a light flash. In the second experiment
luminance of T was manipulated so as to produce a constant energy value for
different exposure durations. If T energy rather than T duration was the
important independent variable, then varying T exposure duration with en-
ergy held constant should not produce the inverse relation between T dura-
tion and ISIc obtained in Exp. I; rather, ISIc should remain constant. Such
an outcome would indicate that the formulation, T duration x ISIc = a con-
stant, should be written: T energy x ISIc = a constant.

Method

Experiment II was conducted in two parts. In Part 1, stimulus presen-
tation was binocular. Two naive Ss were tested in the paradigm described
in Exp. I. For both Ss, ISIc was determined at several values of RN dura-
tion for two durationintensity values of T: 2 msec,20 ft L and 8 msec,5
ft L. The T stimuli were the set of centrally located symmetrical letters.
The luminance ef RN was 15 ft L. In Part 2, presentation of stimuli was
monocular. The stimuli were presented ,at the right eye. Two different
naive Ss were tested in the manner described in Exp. I and Part 1 above.
The values of T were 2 msec,4 ft I. and 4 msec,2 ft L. The stimuli were
the set of consonant trigrams. The definition of ISic in this case was
four trigrams reported correctly in succession. The S had to report all
three letters to be correct; correct order of letters, however, was not re-
quired. The intensity of RN was 15 ft L.

both parts 1 and 2, orderto T value

Results and Discussion

The data of the two Ss in Part 1 are given in the lapper panels of Fig-
ure 5. The data of the two Ss in Part 2 are given in the lower panels of
the same figure.

waa-counterbalaneed actess the

Comparison of the functions reproduced in Figure 5 with those in Fig-
ure 3, which-give 'the data_ of. Exp. I, suggests that_ T energy, not T dura-
tion', is the proPer independent variable. In the upper panels of Figure 5,
for example ISI for- both -Ss was- Unthanged--froM a 2-msec to an &-msec ex-
p sur e duration of T,, As Figure 3 from Exp. I shows, ISIc for the exposure
duration. of 6 msec is significantly lower than ISIc for the exposure dura-
tion of 2 msec. In Exp. I energY increased with increase in exposure duration;
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Relation between RN.duration.and ISI -_at various T duration-
intensity combinations in .E*P. II.- Upper panel shows functions
of the. two Ss in Part 1 lower panel shows functions of the two
Ss in Part 2 . -.



in Exp. II total quantity of light was held constant across the exposure
durations. Masking by RN, therefore, seemed to be very much a matter of
stimulus energies. Further evidence to this effect was given in the ob-
servation that the minimal RN energy needed to mask a T stimulus was di-
rectly related to the I energy as can be seen by inspection of Figure 4.

The masking reported in Exps. I and II is, perhapE, e:plicable in
terms of the lack of fine temporal resolution in the visual system. That
is to say, stimuli presented in succession with too brief an interval e-
lapsing between them are perceived as essentially simultaneous, an inter-
pretation of masking proposed by Rinsbourne and Warrington and championed
in a multitude of articles by Eriksen (e.g., Eriksen, 1966; Eriksen and
Collins, 1965; Eriksen and Hoffman, 1963). The best-known example of this
lack of temporal resolution is Bloch's Law: within some critical period,
usually of the order of 100 msec, time and intensity of stimulation can be
reciprocally interchanged without changing the visual effect. Research by
Davy (1952) has shown, at least for the periphery of the retina, that such
integration of energy over time by the visual system is independent of the
distribution of energy within this period. The reciprocity between lumi-
nance and duration in the rule, I energy x ISIc = a constant, suggests that
the masking demonstrated in Exps. I and II may be another manifestation of
the visual processes underlying Bloch's Law.

The explanation of masking by RN as due to the lack of fine temporal
resolution in the visual system implies that T and RN are treated as a sin-
gle package presumably at some later stage in the processing of visual in-
formation. The impairment in the perception of T may be attributed to a
confusion of features or contours or to a change in the minimum acuity re-
quirements (Eriksen and Collins, 1965; Purcell, Stewart, and Dember, 1968).
It may also be due to summation of T luminance with RN luminance. Lumi-
nance summation would reduce the contrast between the I form and its back-
ground, thereby impairing detection and identification (e.g., Thompson,
1966). In any event, the argument is that the resulting representation of
T is degraded.

It should be noted that an explanation closely related to the integra-
tion hypothesis described above may also account for the masking observed
in Exps I and II. This explanation assumes that the masking stimulus over-
takes or smears the discriminability of T by "catching up" with T somewhere
in the transmission channel (Crawford, 1947; Fry, 1934; Leibovic, 1968;
Stigler, 1910). Essential to "overtake" hypotheses is the requirement that
the masking stimulus be more intense than the T stimulus. The latanay Of
retinal and cortical responses to stimulation is inversely related to stim-
ulus intensity (Monnier, 1952). Thus a mask will travel at a greater speed
between receptor and cortex than a T of less intensity. Elegant data fa-
voring an overtake hypothesis for backward masking by a flash of light have
recently been reported by Schiller (1968). In single-cell recordings in
the lateral geniculate nucleus of the cat, Schiller (1968) observed that
cells which respond at their maximal level to the mask stimulus fail to
register the earlier display of the T stimulus. In certain ways as point-
ed out by Kahneman (1968), the overtake conception may be described as an
integration theory: it assumes a nonlinear summation of response rather
than a linear summation of stimuli.



At all events, there must be serious reservations about the utility
of "overtake" as an explanation of the masking by RN. That T and RN in
Exp. I were of equal intensity suggests that "overtake" is not appropri-
ate to that experiment. What of Exp. II? In three of the conditions of
the two parts of Exp. II, RN intensity was greater than T intensity. In
one condition RN intensity was less than T intensity. Inspection of Fig-
ure 5 does not reveal any difference between condition T = 2 msec,20 ft L,
and the other conditions to suggest that mask intensity was the crucial
variable.

EXPERIMENT III

The third experiment primarily compares the severity of backward mask-
ing by,RN under monoptic,and dichoptic,presentation. It also looks for
differences in ISIc as a function of the hemisphere reeeiving the stimuli.
In the monoptic conditions, T and RN -were delivered to the same hemiretina.
In the didhoptic conditions, T and RN were presented:to different hemire
tines hut to the same hemisphere.

Method

The procedure was identical in most respects to that described in
Exp. I. For monoptic and dichoptic delivery of inputs, both of the three-
channel units of the tachistoscope were used. The two fields of view, one
for each eye, both contained a centrally located fixation point and were
set at the same luminance, .25 ft L.3 Whether S was receiving a monoptic
or dichoptic sequence, he was required to ?law with both eyes. Both T and
RN appeared on the same side of the fixation point: in the monoptic con-
dition they came to the same eye, and in the dichoptic, to different eyes.
The T stimuli were the set of symmetrical letters displaced off center
1.370. The RN subtended 2.25* horizontal by 1.5* vertical with its inner
edge bisecting vertically the fixation point.

Pour Ss participated in the experiment. Two Ss were not naive. TUn,

Ss received dichoptic conditions followed by mo'-ljptic; the- other two Ss
received monoptic followed bY dichciptic. Each S received one of 'the four
orders of the dichoptic conditions in a partially counterbalanced design
in which each condition was tested once across Ss in -each test-order po-'
sition. Stimuli presentations were not mixed; _S always knew that within
a condition, T and RN would always appear in the same half of the visual
field, say the left.

For each S, the interocular distanCe of the two eye pieces 'was adjust-
ed to facilitate convergende of the two -fixationpoints. -The Ss were re-
quired to converge:the tun fixation points prior to presentation of-stimu-
li. The Ss.were told to indicate to the experimenter any-occasion on which

_

3
This was the case for each dichoptic pre entation cond tion described in
the present paper.



they were aware of their eyes moving off the converged fixation point prior
to stimulus presentation. Involuntary eye movements do occur during fixation;
however, the work of Riggs, Armington, and Ratliff (1954) indicates that dur-
ing a 10-msec exposure the typical excursion is less than 5 sec of arc.

For all conditions the exposure duration of T was 4 msec. The expo-
sure durations of RN were 1, 2, 3, 4, 5, 6, 8, 10, and 50 msec. Critical
ISI was determined by the usual procedure at each RN duration in the or-
der shown. Throughout, T and RN were of equal luminance, 10 ft L.

Results and Discussion

The most important feature of Exp. III was the failure to obtain masking
in any of the dichoptic conditions. In all the dichoptic conditions, S was
able to identify the T letters at any ISI value in the range 0 msec to 300
msec, at SOA 0 msec, and at any exposure duration of RN ranging from 1 msec
to 500 msec. (All these results were confirmed subsequently with several
other Ss.) The data for monoptic presentation are given in Figure 6. All
functions are in accord with that observed in Exp. I for T = 4 msec.

The mean of the ISIc's at RN durations of 5, 6, 8, 10, and 50 m ec
were computed for each S in each of the four ,..onditions. These means were
submitted to a Treacment x Ss analysis of variance. The main effect of
transmission line was significant, F (3,9) 6.39, p

Inspection of Fig. 6 suggests that (i) ISIc for the nasal transmission
lines was less than that for the temporal transmission lines and (ii) ISIc
was less for stimuli presented in the right visual field, i.e., to the left
hemisphere. Both suggestions are in agreement with the general body of da-
ta on laterality differences with unilateral presentation conditions (see
White, 1969). No further comment will be made on these laterality data.
More important for present purposes is an examination of possible reasons
underlying the absence of dichoptic masking by RN.

Although S in dichoptic conditions could identify T stimuli without
difficulty, T was not completely unaffected by RN. Further investigation
revealed that at exposure-duration and luminance close to threshold, iden-
tification and/or appearance of T stimuli could be impaired by RN at SOA =
0 msec. An increase in T duration of the order of several milliseconds
would be enough, however, to overcome that effect of RN. The effect of RN
in the dichoptic mode was at best a very modest one. Since in dichoptic
presentation T and RN can only interact centrally, the conclusion must be
drawn that the locus of masking by RN as observed in Exps. I and II was
primarily, if not solely, in the peripheral visual system.

Backward masking of forms in the dichoptic mode has been reported in .

the literature (e.g., Schiller, 1965; Schiller and Wiener, 1963; Smith and
Schiller, 1966). The effect, howaver, is restricted to masks which contain
contours; a homogeneous flash of light does not mask forms dichoptically
(e.g., Mowbray and Durr, 1964; Smith and Schiller, 1966; Schiller and
Wiener, 1963).4 Thus, in the present experiments RN is operating like a

Flashes-of. light may yield slight dichontin effects, but they depend for the
most- part .on -the use of near-threshold-T stimuli-and the relatively close_
proximity of T -and mask,borders-(Battersby and -Wagman-, 1962; Boynton, 1961)
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Figure 6 1elation .between.RN duration and mean ISIc as- function of the
hemiretina receiving the stimuli in Exp. III.



homogeneous field of light. A first guess, therefore, was that failure to
confirm masking in dichoptic presentation in the present experiment was in
some part due to the relation between T and RN. Several investigators
have commented on the fact that in many instances masking is highly form-
specific (e.g., Buchsbaum and Mayznsr, 1968; Ficarald and Kirkham, 1966;
Houlihan and Sekuler, 1968; Parlee, 1969; Schiller, 1965; Sekuler, 1965).
There was little, if any, formal similarity between T and RN in the pre-
sent experiment. It is, however, important to note that with almost the
same type of stimuli (T and RN), Kinsbourne and Warrington (1962b) did ob-
tain masking with dichoptic presentation. For these reasons, various stim-
uli were examined in the dichoptic mode, including other random noise dis-
plays. An initial observation was that the inverse of the RN mask did pro-
duce a fairly significant effect dichoptically. Figure 7 probably shows
why. The inverse of RN has much larger dark regions which approximate the
thickness of the T letters. However, the inverse of RN was not considered
to be as effective a mask as some other stimulus patterns, one of which is
also shown in Figure 7.

A pattern of lines of the same thickness as T letters located only in
the region of the display field occupied by a T letter was eventually se-
lected for further investigation of masking in dichoptic regard. The pat-
tern mask (PM) is shown in Figure 2. Casual investigation revealed that
such a pattern was an effective dichoptic mask.

EXPERIMENT IV

Experiment IV looked at the relation between RN and PM. Specifically
it asked whether it was correct to assume that RN influenced a stimulus
only if it followed on the same transmission line and, therefore, differed
from PM which could have a central influence.

Method

As in Exp. III, T and mask stimu i were presented to hemiretinas. .The

T stimuli were presented in the right visual field Of.the left eye, i.e., on
the left temporal transmission line. The RN and PM stimuli described above
were used as masks. The RN stimulus was presented in either the right vis-
ual field of the right eye or-the right visual field of the left eye, i.e.,
on the right nasal or left temporal transmission line.- The PM stimulus was

.

presented in the right visual field of the right eye (see Figure 8)

Exposure durations of T, PM, and RN were 4 msec, 4 msec, and 10 msec,
respectively. Pilot work had shown that a 4-msec exposure of PM. could ef-
fectively mask dichoptically a 4--..msec exposure of T within a relatively
large ISI range. Prdvious'experiments, Exps. I-snd .III for. example, had
already shown-that RN of 10-msec duration effectively masked a preceding
4-msec exposure.of the-same intenSity. on the same transmIssion line.if the
two stimuli were separated by an-aSI.of less than about 30_ mseC. The in-
tensities of T, FM, and-RN were equal at =15 ft L. The Pattern of lines
constituting PM were displaced off-center on a slide so as to cover_the.area
in the field occupied by the set of off-center symmetrical letters Which were
the T stimuli.

There were five conditions, which are reproduced in Fi ure
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Each of six Ss were tested in all five conditions with twenty stimu-
li presented for identification in each condition. All six Ss went through
the five conditions in sequence (i.e., Al, Bl, 92, Cl, C2) four times, with
five observations made each time in each condition. Predictions based on
the assumption that RN operated only peripherally were as follows: (a)

In condition Al, T would be masked by PM. (b) In conditions Bl and Cl, T
would be seen and identified against RN as background. Note that in Bl the
relation between T and RN was 7ichoptic; in Cl both stimuli were presented
at the left temporal hemiretina. The particular ISI value was chosen to
insure that RN would not monoptically mask T in condition Cl. (c) In con-
dition B2, T would be seen and identified against RN as background because
RN would mask PM in the transmission channel, thereby preventing the cen-
tral interference of T by PM. On the other hand, in condition C2, T would
still be masked by PM. Note that the only difference between 92 and C2 was
that in the former, RN was on the same transmission line as PM.

Results and Discussion

The data of all six Ss conformed to the predictions. All six Ss failed
to identify any of the twenty letters in conditions Al and C2; since Ss were
not told to guess their typical response was "nothing." All six Ss identi-
fied every letter in condition 92. As a check on the phenomenon, to see if
asynchrony of the three stimuli was essential to the effect (cf., Robinson,
1968), each S was tested in conditions Al, Bl, and 92 with the three stimu-
li delivered simultaneously (i.e., SOA = 0 msec). The results of simultan-
eous presentation were identical to those of successive presentation: no
masking in conditions 81 and B2, complete masking (i.e., no identification
of the T letters) in condition Al. Temporal separation of stimuli was
therefore not necessary for the effect. Further investigation also showed
that this "recovery of T effect" could be obtained with T and masks pre-
sented to the entire retina rather than hemiretinas. The phenomenon was
easily demonstrated informally many times subsequent to the experiment.5

"Disinhibition" effects are not uncommon in the literature on masking.
Robinson (1966, 1968), Dember and Purcell (1967), Purcell and Dember (1968),
and Schiller and Greenfield (1969) have all demonstrated that the masking
effect of a stimulus can be inhibited by a subsequent stimulus. A mechan-
ism proposed in the literature (e.g., Robinson, 1968) for the "recovery of T"
phenomenon is lateral inhibition, which Is often expressed as the likely
mechanism underlying masking in general (see Weisstein, 1968). Although
some investigators have criticized a lateral inhibition explanation of mask-
ing (e.g., Eriksen and Marshall, 1969; Rahneman, 1967a; Uttal, 1970), it
remains for the most part a forceful explanation of disinhibition. In fact
Weisstein (1968) views recovery of T" or disinhibition experiments as direct
tests of a lateral inhibition model ct masking.

. ":"

Lateral inhibition refer- to the suppression of neural response by
neighboring neural responses. Consider a stimulus delivered to the "on"

A:hemogeneoUs light flash of energy greater thanTproducedthe same effect::
-when substituted for RN=



region of a receptive field of a cell--the cell fires above its normal
spontaneous rate. If the stimulus had been delivered in the "off" region,
the cell would fire below its normal rate. If both the "on" and "off" re-
gions are stimulated simultaneously, the cell fires neither at the onset
nor at the offset of stimulation. The lateral inhibition explanation of
masking assumes that the neurons responding to the mask inhibit the neu-
rons responding to the T stimulus. In its barest essentials the lateral
inhibition explanation of the "recovery of T" is that the responses of the
neurons stimulated by the second mask suppress the responses of the neu-
rons stimulated by the first mask, thus freeing the T stimulus (or rather
the neurons responding to T) from the inhibiting influence of the first
mask. Presumably the cells responding to the second mask are not particu-
larly close neighbors of those responding to T.

In the present experiment the masking of T by PM was of central ori-
gin; the masking of PM by RN was of peripheral origin. This cannot be ex-
plained by a model such as that proposed by Weisstein (1968), which must
maintain that the masking of T by PM and of PM by RN occur at the same lo-
cus with the same underlying neural net. Comparing condition C2 with B2
clearly shows that the two masking effects did not have the same locus.
Robinson (1968) reported a failure to elicit disinhibition when the dis-
inhibiting second mask was delivered to the eye that did not receive the T
stimulus and the first mask. This result was interpreted by Robinson to
mean that disinhibition could be obtained only when all three stimuli were
Input to the same eye, and that disinhibition was, therefore, due to recur-
rent aateral inhibition influences in the retina. Obviously, that interpre-
tation cannot apply to the present data.

In short, the present experiment brings into question the appropriate-
ness of the term "disinhibition" and the concept of lateral inhibition as
applied to the "recovery of T" phenomenon.

Kolers Clerk-Customer Analogy

A preferred approach to the data of Exp. IV and to those of the exper-
iments which follow is given in an analogy proposed by Kolers (1968). "A
customer who enters a store is usually treated as fully as the attending
clerk can treat him; a second customer then entering, the clerk tends to
shorten the amount of time he spends with the first. In a store whose cus-
tomers enter aperiodically, the amount of treatment given to anyone depends
upon whether a second enters; if he does, treatment of the first is usually
shortened. In this analogy, the visual inputs are the 'customers' and the
central processor the 'clerk" (p.38). The analogy is revealing. It would
suggest that in the present experiment the loss in perceptibility of T when
PM is presented cannot be because T is "erased." On the contrary, T mSY
persist but what is known of T is limited. The clerk can find out a great
deal from his customer: how he feels today, how the wife is, whether he
wants brand X or brand Y, etc. With the appearance of another customer,
however, much of this is left undone. If the second customer is particu-
larly compelling and close on the heels of the preceding customer, the clerk
msY come to know very little, if anything, of his first customer's disposi-
tions amd wants. The analogy is further illuminating in that it Implies
that RN prevented PM (condition B2) from gaining access to the store housing



the clerk,or central processor. For the analogy, the impairment in the
perception of T by PM was not due to interference between the inputs, or
customers, rather it was the result of their effect upon the central de-
vice, or clerk. On the other hand, the loss of perceptibility of PM, and
consequently, the loss of its masking effect on T, might have been due to
degradation by RN with this interference taking place in the transmission
channel itself.

It is evident that RN must gain access to a central processor. In
the present experiment in conditions B1 and B2,-for example, T and RN were
seen clearly by S; in condition C2, S saw PK and RN clearly. Introspec-
tive accounts were that T or PM appeared "through" RN or "on top of" RN.
This would suggest that figural analysis or synthesis (depending on one's
predilections) of T (or PM) and RN were accomplished in parallel by dif-
ferent processors or neural systems (cf.,_Liss, 1968) or concurrently by
the same processor. Indeed, RN should function as a central mask for some
stimuli. All this implies that masking with dichopticpresentation occurs
whenever the, analyses Of both T and the maskquire the use of the same
central mechanism,.or the same components of a single central mechanism,
and not otherwise. On the other hand, binocular and monocular masking,
where peripheral interaction can occur, may not be so dependent on formal
similarity between T and the mask.

EXPERIMENT V

Kinsbourne and Warrington (1962b) reported that the relation, T dur-
ation x ISIc = a constant, described masking functions for dichoptic, as
well as monoptic, presentation. Experiments I and II of the present series
taken together imply that'the proper Independent variable for masking by RN
was not duration of T but rather the total quantity of light in the T expo-
sure. The Kinsbourne and Warrington relation was therefore rewitten: T
energy x ISIc = a constant. As Exps. III and IV showed, however, the ori-
gin or locus of the interfering effect of RN on the perceptibility of T was
in the transmission line. Perhaps, then, the relation, T energy x ISIc =
a constant, speaks only to peripheral interaction, contrary to the report
of Kinsbourne and Warrington. The variation on Koleres (1968) clerk-and-
customer metaphor described above hints at a difference between masking or-
iginating outside the store (peripherally) and masking originating inside
the store (centrally). There are also several sources of data which sug-
gest that masking under conditions of dichoptic presentation differs in a
fundamental and interesting way from monoptic masking. Boynton (1961) and
Schiller (1969) report experiments showing that dichoptic masking is rela-
tively independent of stimulus intensity.

Method

The design-of Exp. V'was comparable to that of Exp. I, but stimulus
presentation was dichoptic and PM was the after-coming mask. The configur-

.

ation of lines used for PM was,centrally located in the mask field, the-T
material was the set of centrally located symmetrical letters and both
their lUminanceS were-4 ft L. (Thus, the.present experiment contrasts with
the preceding two in that presentation was to retinas rather than-to hemi
retinas.) Four naive Ss were'presented with T to the left eye and'PM to the

.

right eye. For two durations of T, 4 msec and 10 maec, ISIc was determined



for the following exposure durations of PM: .5, 1, 2, 3, 4, 5, 6 10,

25, and 50 msec.

Results and Discussion

The functions relating ISIc to PM exposure duration for the two dura-
tions of T are reproduced in Figure 9. Each data point represents the av-
erage of the four Ss.

The most important aspect of Figure 9 is the absence of any dramatic
separation between ISIc for the two exposure durations of T. Compare this
figure with the data of Exp. I, in which stimulus presentation was binocu-
lar and the after-coming mask was RN; there the ISIc separation between T =
2 msec and T = 6 msec in Figure 4 was about 35 msec.

The data reproduced in Figure 9-,show8:that the relation, T duration x
1$1c 7 a constant, doep not_deaCribe diphoptic masking by RA, If that re-
lation was in effect, then ISIc for T = 10 msec should have beet on the or-
der of, at most, 14 to 16 msec, given that the Mean ISIc for T = 4 msec was
about 36 msec. Again it should be noted that Rinsbourne and Warrington
(1962b) did find that the relation, T duration x ISIc 7 a constant, held
for masking in the dichoptic mode. The reason for the disparity between
the data of the present experiment and those of Kinsbourne and Warrington
is unclear.

Two other aspects of Figure 9 deserve comment. First, ISI tends for
both T exposure durations to decrease with an increase in FM duration beyond
10 msec. Subsequent informal experiments revealed that this was a fairly
common occurrence. One hypothesis about this somewhat unexpected observa-
tion was that it perhaps reflected the dependence of masking in the dichop-
tic mode on stimulus-offset asynchrony. However, phenomenological descrip-
tion suggested an alternativ possibility. At the longer durations of PM,
Ss reported that the field surrounding the configuration of lines (see Fig-
ure 2) was very bright and that the pattern itself appeared degraded. As a
check on the importance of duration per se, the luminance of PM at the long-
er durations was reduced. The result was the ISIc remained relatively in-
variant across mask durations from 10 to 100 msec.

It seems, therefore, that as exposure duration increases and intensity
is held constant, a display such as PH, consisting of a figure on a ground,
may partially mask itself. The surrounding bright area may degrade the form
of the central dark area. This effect probably takes place on the transmis-
sion channel itself rather than centrally. Purcell, Stewart, and Dember
(1969) have made a similar observation: within certain limits, increasing
luminance or duration increases the susceptibility of a stimulus to masking.

Second, and more important, compariSon of Figure 9 with Figure 4 of
Exp I indicates that for a given T duration masking in the dichoptic mode
was obtained with mask exposure durations of less than the minimal duration
found to be effective in binocular (and monocular, e.g., Exp. 11) conditions.
Moreover, the minimal duration of the-after-coming PM, which-substantially

. _ _ _

masked T in the present experiment, was not contingent on the duration of T
itself. A 3 -msec duration of PM was as effective a mask for T = 10 msec as



Re la -1. between PM duration and mean ISI for die!: ptic
prest;)La ion of stimuli in Exp. V.



it was for T = 4 msec. This is in sharp contrast to the results obtained
binocularly and monocularly with RN, Where the minimal duration of the
mask which impaired the perception of T was a direct function of T dura-
tion.

EXPERIMENT VI

Experiment VI was conducted to compare monoptic masking by RN and PM,
with dichoptic masking by PM. A conclusion of Exp. V was that mask dura-
tions which fail in the monoptic and binocular situations to mask T of a
given duration do function effectively under conditions of dichoptic pre-
sentation. That conclusion, however, had to be accepted with same reser-
vations since the functions under comparison were obtained with different
masks. The monocular and binocular data were obtained with RN as mask;
the dichoptic data were obtained with PM.

Method

Four naive Ss partic:T.pated in the exp riment over two days. Two St
were tested in the dichoptic mode on Day 1 and the monoptic mode on Day 2.
The other two Ss received the reverse order. In the monoptic condition for
two Ss, matking was examined first with PM and then with RN as the after-
coming stimulus; the other two Ss were tested in the reverse order. The T
stimuli-were4resented to the left eye.

Tbe exposure duration of T-was 4 msec for both monoptic and:dichoptic
conditions.: The luminances of T, PM, and RN were each 10 ft L. The set
of centrally located symmetrical letters were the T Stimuli. For:each S
:in the Mpneptic conditient-,:ISIc was determined-by theinsual procedure Tor
the fellewing mask durationt in-theorder shown: -1,:2, 4, 6, 10,. 50, and

msec-. In the dichoptic conditions, tSI WaS determined at PM exposure
duratiensof 1-, 2 -4, 6, and 10 msec.

Results and Discussion'

. ,The results for:both monoptic and dichoptic presentation are given in
Figure iCh Each data point represents the average ISIc-cof the four Ss.

First, inapection ofFigure 10 shows:that masking in the diehoptic mode
can be-produced by maskexpOsure durations which are ineffectiVein'monop-
tic preeentation-..: In themonopticcondition masking by PM at durations:13f

2,- or :4_mtec was pradtically nonexistentigure:10:alse.Shews that mask-:
ing in the tonoptic mode by PM was More seVerethan Masking by-RN.

For the present,- what is important about. Exp. VI is that _it adds to the
suspicions aroused in ExP. V that dichoptic masking is governed by somewhat
different principles than monoptic masking. In dichoptic presentation cen-_

tral devices receive "clean" stimuli, i.e., imputs that are free from the
possible confounding effects of the between-stimulus interference introduced
when both stimuli have come to the central device by a common peripheral-
'route. The between-stimulus interference which results when the stimuli tra-
vel on a common transmission line appears to be-due, in part, to the compar-
ative strengths of the stimuli. A 1-msec, duration of.PM failed to mask mon-
optically a 4-msec duration of T of the same luminance because T had more
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Figure 10: Relation between mask duration and mean ISIc for monoptic mask-
ing by RN, and monoptic and dichoptic masking by FM, in Exp. VI.



energy than PM. Stimulus strength, however, was not a prominent factor
in central processes. in dichoptic presentation, a 1-msec duration of
PM masked a preceding 4-msec duration of T of the same luminance in spite
of the fact that T was the stronger signal.

EXPERIMENT VII

A tentative conclusion drawn from Exp. V was that the relation, T
duration x ISIc = a constant, did not hold true for dichoptic viewing.
That experiment seriously questioned the status of T duration as a de-
termining temporal variable in dichoptic masking. Furthermore, in Exps.
V and VI mask exposure duration was not as important a variable in dichop-
tic presentation as it was in monocular or binocular presentation. The
relevant temporal parameter in dichoptic masking is suggested in the mask-
ing functions of Exp. V (Figure 9). The average separation between ISIc
for T = 4 msec and 10 msec was approximately 7 msec, which is roughly the
difference between the twa durations. That coincidence implicates SOA as
the likely candidate for the role of determining temporal variable in di-
choptic masking. Kahneman (1968) and Haber (1969b) advocate SOA as the
important temporal variable in masking rather than stimulus duration or
181. However, the data of Exp. I, and of Kinsbourne and Warrington (1962a),
are compelling evidence against the theory. that SOA is the only relevant
variable. Clearly, the conditions under which SOA, rather than ISI and/or
stimulus duration, determines the masking function have to be delineated.

Experiment VII was conducted to examine the hypothesis that SOA was
the proper temporal variable for dichoptic masking. The logic of the ex-
periment was simple. If SOA was the relevant variable, then the follawing
relation should hold: critical T duration = T duration -V ISIc = a con-
stant, where critical T duration is the minimal duration of T which per-
mits evasion of masking when ISI = 0 msec.

The procedure af the experiment was as follows. There were two gen-
eral conditions. In Condition A, T and PM duration were held constant and
ISIc was determined in the usual manner. In Condition B, PM duration was
held constant, ISI 'was 0 msec, and critical T duration was determined. In
Condition A there were three T duration-PM duration combinations: T -,--- 8
msec, PM =.2 msec; T = 20 msec, PM = 10 imsec; T = 5 msec, PM = 5 msec.
For each T PM: combination ISIc was,determined. The-PM exposure durations
for Conditions A and _B were the same. For each PM duration, in Condition B,
both critical T duration and ISIC were determined as-that value at which S
correctly identified four consecutive T letters.

-The T stimuli-were the set of-centrally located symmetrical letters.
Luminances of T-and .PM were equal at 10 ft L. Three Ss'participated in the
experiment. One S.(S1) had had cOnsiderable experience-with tachistoscopic
Presentations, the other two Ss.were naive. The Ss were,:tested in a par-
tially counterbalanced design., Far _a given PM dUratien each_S received
Condition A first ,and then Condition B. Across the three Ss each-PM dura-
tian appeared once in each test-order position.



Results and_Discussion

Table 1 gives the data for the three Ss. A Treatment x Ss analysis
of the SOA's revealed that the six treatments did not differ, F(5,10) =
2.44, p>.05, which suggests that under conditions of dichoptic presen-
tation SOA, rather than T duration or PM duration, is the relevant vari-
able.

Inspection of Table 1 shows no profound differences in the estimates
of SOA for S whether SOA is computed from Condition A, in which T dura-
tion was held constant and ISIc determined, or from Condition B, in which
ISI was set at 0 msec and critical T duration was determined. In any event
the picture is obviously quite different from that of Exp. I. The data of
the present experiment show a complementarity between T duration and ISIc
implying that dichoptic masking by PM is best described as T duration 4-
ISIc = a constant.

EXPERDIENT VIII

The thrust of Exps. V, VI, and VII was that dichoptic masking by PM
was fundamentally different from monoptic masking by RN. The earlier ex-
periments in the present series showed that stimulus energy is important
in determining the interference between stimuli traveling the same trans-
mission channel. There was little, if anything, in Exps. V, VI, and VII
which suggested that energy is similarly important in determining the per-
ceptual impairment resulting from two stimuli arriving over separate chan-
nels, rather Exp. VII showed that the time elapsing between onsets was
crucial for dichoptic presentation.

Experiment VIII compared monop ic masking by PM with dichoptic mask-
ing by PM using T and PM intensity as the independent variable.

Method

Four Ss participated in the experiment, two Ss in each of two parts.

Part A. The intensities of T and PM were manipulated in a 2 by 2
factorial design for both dichoptic and monoptic conditions. The two lum-
inances were 5 and 10 ft L. For the two modes of presentation there were,
therefore, four T-PM intensity combinations: 5-5, 5-10, 10-5, 10-10. The
PM duration was 10 msec. For each T-PM intensity combination critical T
duration was determined in the standard fashion of the present series of
experiments. The set of centrally located symmetrical letters served as
T stimuli and were presented to the left eye.

Part B. Intensities of T and mask were manipulated in the manner of
Part A. The two intensities in this instance were 1.25 ft L and 2.5 ft L.
The stimuli were the consonant trigrams, and the mask was the line-config-
uration of PM reproduced in triplicate, once at each of the locations of
the consonant letters in the T displays. For future reference this maslc
will be referred to as PM3. The exposure duration of PM3 was 10 msec.
Critical T duration was determined for both Ss in both presentation modes
at each of the intensity combinations. The T stimuli were presented to the
right eye.
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Results and Discussion

The results of Part A are given in Table 2 and the results of Part
B in Table 3. Inspection of the two tables reveals a monoptic-dichoptic
difference which corroborates an earlier observation reported by Schiller
(1969): stimulus luminance has a pronounced effect on masking in the
monoptic mode but little, if any, systematic effect on masking in the di-
choptic mode. Furthermore, it is evident on inspection that masking di-
choptically was mr-l-e severe than masking monoptically.

TABLE 2

EXP. VIII: MEAN.,CRITICAL T DURATIONS FOR PART A

PM intensity PM intensity

5 ft L 10 ft L 5 ft L 10 ft L

5 ft L 24.5 46.5 56 0 40.5
T intens ty_

10 ft L 9. 5 3. 5 67 0 67.0

VIII:

TABLE

MEAN CRITICAL 7 DURATIONS FOR PART B
-

Monoptc Dichoptic

-P intensity

1.25 ft L 2.5 ft L

PM3 inten ity

1.25 ft L 2-.5 ft L

T intensi y
1.25 ft L 19.0

2.5 ft L 7.0

40.5 73 5

15. 0

71.0

75.5

30



The dichoptic data of Table 2 are a little untidy, which may be
attributed in part to the phenomenon reported in Exp. V. At longer dur-
ations and at greater intensities, there is a loss in clarity of stimuli
which are of the dark figure--light background type. This phenomenal de-
crease in form clarity may induce disparities in critical T duration es-
timates across varying luminance conditions.

A further point needs to be added. In pilot work it was observed
that with dichoptic presentation the severity of masking was not equiva-
lent for the two eyes. Cursory examination indicated that the severity
of dichoptic masking was very much a matter of which eye received the T
stimulus and which eye received the mask. This suggests that factors re-
lated to ocular dominance and binocular rivalry are probably involved in
the dichoptic paradigm.

EXPERIMENT IX

Stimulus intensity systematically affects critical T duration in
monoptic presentation but not in dichoptic. That was the outcome of Exp.
VIII. Experiment IX examined the effect of mask duration on critical T
duration under conditions of monoptic and dichoptic presentation. On the
basis of Exp. VIII, and for that matter of Exp. VI, it was predicted that
in the monoptic case, critical T duration would be directly proportional
to mask exposure duration, but dichoptically, critical T duration would be
unaffected by mask exposure duration.

Method

Three Ss participated in the experiment. One S, Sl, was not naive
to tachistoscopic viewing. The T stimuli were the consonant trigrams and
the mask was PM3. The luminances of T and PM3 were both 2.5 ft L. Three
exposure durations for PM3 were used for both monoptic and dichoptic pre-
sentation: 4, 10, and 20 msec. The trigram stimuli were presented to the
left eye. The mask stimulus followed on the left eye for monoptic and on
the right eye for dichoptic. Each S was tested monoptically first.

Results_antLDiscussion

The data for each of the three Ss are given in Table 4. The data are
unequivocal. Increasing exposure duration of PM3 increased the minimal
duration of T necessary to escape the masking of PM3 monoptically but not
dichoptically. Common to Exp. VIII and the present experiment is the fact
that critical T duration was considerably larger for dichoptic presenta-
tion than for monoptic presentation. This is contrary to a frequently
quoted generalization that dichoptic presentation produces less inte
ence than monoptic (e.g., Kolers, 1968, p. 39).

GENERAL DISCUSSION_OF EXPERIMENTS I - IX

"Peripheral" and "Central" Defined

The terms "peripheral" (or transmission line ) and "central" as used
in the present communication have served as convenient ways of talking about
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TABLE 4

EXP. IX: CRITICAL T DURATION AS A FUNCTION OF PM3 DURATION

FOR MONOPTIC AND DICHOPTIC PRESENTATION

PM3

SUBJECTS

Duration

(msec)

S1 S2 S3

Monoptic Dichoptic Monoptic Dichoptic Monoptic Dichoptic

4 6

10 20

20 38

50 10

50 34

3$

152

156

161

6 90

14 95

28 91

the loci of patticul r effects. They are, however, loaded terms because
they imply two distinct and separable anatomic regions. In reality the
interface between the sensory pathways and cortical structures is not at
all a sharp boundary but rather a gradual merger. In addition, the term
"transmission line" connotes a passive conduit via which exact Lmages of
physical stimuli are conveyed from the peripheral receptor to the brain.
To the contrary, the electrophysiological evidence available thus far
(see Chung, 1968) indicates that visual information is subject to dras-
tic recoding as it proceeds along the pathways of the nervous system,
with the degree of recoding and modification increasing as the input pro-
ceeds further centrally. In other words, en route to the cortex opera-
tions occur which give rise in output to something other than a mere re-
laying of the input array.

The definition of "peripheral" that has been Implicit in the preced-
ing discussions is one which includes retina, lateral geniculate nucleus,
and striate cortex as its components. Preference is given to a view of
the transmission line as a collection of devices signalling properties of
the stimulus, and on this view the interface between peripheral and cen-
tral is intentionally vague. Some cells of the striate cortex are seen
as terminals of peripheral systems extracting basic stimulus parameters,
while others are seen as enlisted in central processes that derive an i-
dentification of the stimulus from the data set so provided. A recent,
relevant discussion of the functional organization of the striate cortex
with respect to form perception is that of Pollen, Lee, and Taylor (1971).



The earliest point in the nervous system at which dichoptic masking
may originate is probably in the region of the peripheral-central inter-
face, although the question of whether the two eyes interact earlier, at
the level of the lateral geniculate nucleus, has not gone unheeded. For
the cat visual system, at least, there is some reason to believe that the
two eyes might interact at the geniculate. Dichoptic interactions have
been observed by Fillenz (1961) and by Lindsley, Chow, and Gollender (1967),
and Bishop and his coworkers (Bishop, Burke, and Davis, 1959) have report-
ed activation of geniculate cells by stimulation of either optic nerve.
However, against this evidence is the work of Hubel and Wiesel (1961) and
Sturr and Battersby (1966) which implies that interactions at the level of
the geniculate are minimal at best. Furthermore, it has been reported
(Jung, 1961) that at the level of the primary visual projection in the cor-
tex, true binocular convergence is comparatively rare and most cells re-
spond only to afferents from the ipsilateral or the contralateral retina.
The implication of this is that dichoptic masking may arise at a relative-
ly late stage in the cortical processing of visual data.

Two Loci for Backward Masking

In short, there are two possible loci for the perceptual impairment
resulting when two visual stimuli follow in rapid succession. The impair-
ment may have its locus in the transmission channel or in a central pro-
cessor. Impairment localized in the transmission channel is best ,viewed
as the effect one stimulus exerts on the other. Impairment localized in
a central processor can be of two sorts: an interaction between the stim-
uli, similar in kind to that occurring in the transmission channel, or a
distortion induced in the operation of a central processing mechanism (see
Kolers, 1968). The proposition that backward masking reflects a disturbance
in the proper functioning of a central device is to emphasize that the mask-
ing is not due to the effects exerted by stimuli on each other. With re-
ference to the clerk-customer analogy, the second customer does not have a
direct effect on the fate of the first; rather, he exerts an indirect ef-
fect by causing the clerk to be hurried and less thorough in his treatment
of the first.

/tasking by RN under conditions of monocular and binocular presentation
was an instance of interference in the transmission channel'. That the ef-
fect RN exerted upon T did not have a central locus was revealed by the ab-
sence of any masking by RN under conditions of dichoptic presentation. Be-
tween-stimulus interference arising in the transmission channel was defined
by the following relation= T energy x ISIc = a constant. Masking by PM,
on the other hand, could have a central locus. The data suggested that the
relevant independent variaole for masking by PM under conditions of dichop-
tic presentation was SOA. Moreover, the nature of masking by PM in the di-
choptie mode was not affected in any serious fashion by energy properties
of the stimuli. Those two observations, the relevance of SOA and the com-
parative irrelevance of energy variables, favor the interpretation that di-
choptic masking by PM represents an interruption in the normal functioning
of a central mechanism rather than the effects of serial stimuli upon each
other.



The Peri heral 0 eration

What does the relation, T energy x ISIc = a constant, tell uL about
the-peripheral visual system? The answer seems to be this: whatever the
operations performed by the peripheral visual system on an incoming stimu-
lus, the rate at which those operations are conducted is directly related
to the energy of the stimulus. To reiterate some essential points. The
RN mask exerts an influence on a preceding T stimulus only if RN is input
on the same retinal area and, therefore, on the same transmission line as
T. It must be assumed that masking by RN at some ISI means that the per-
ipheral processing of the T stimulus has not been completed by the time
RN occurs- The minimal time between T and RN at which T evades the masking
action of the after-coming event, i.e., ISIc, is inversely related
to T stimulus energy. Therefore, suffice it to say that peripheral pro-
cessing time is inversely proportional to the energy of the stimulus.
We can infer from the foregoing that peripheral processing may be complet-
ed within the duration of a stimulus, given the right order of stimulus
intensity. Support for that conclusion is found in the experiments of
Kinsbourne and Warrington (1962a, 1962b).

The Role of_Masigy in Peripheral Masking

The energy of the mask (RN) in monoptic or binocular p esentation had
to be equal to or greater than that of T in order to impair the identifi-
cation of T. But once RN energy was just slightly greater than T energy,
as inspection of Figure 4 clearly shows, further increases did not extend
the ISI over which masking could be obtained. A useful general conclusion
follows from this fact. When backward masking does occur in monoptic and
binocular conditions where the energy of the mask is less than that of the
T stimulus, it is unlikely that the masking originates peripherally. Ra-
ther, we ought to conclude that the masking is of central origin. This
conclusion may only apply to masking of form where the S's task is to i-
dentify the form, i.e., the masking of interest to the present communica-
tion.

To clarify the potential importance of this conclusion, consider two
instances of masking: masking by a contourless light flash and dichoptic
masking by pattern. When the mask is a homogeneous flash of light of en-
ergy less than or the same as that of the T stimulus, masking is generally
not obtained (Schiller, 1969). It is also known that masking of a form hy
a contourless light flash of grea;ter energy does not have any appreciable
central component (e.g., Schilleil, 1965). Therefore, we may conclude that
if the flash energy is not greater than T energy and if the two stimuli
are not on the same transmissioniline, then masking of a form by a flash
of light cannot occur. In contrast, when the mask is a pattern (say, PM)
and the stimulus presentation is dichoptic, masking does occur, and the
condition that mask energy be greater than T energy is not a necessary
condition for such masking. Presumably, therefore, monoptic or binocular
masking by pattern could occur centrally rather than peripherally, and that
means, of course, that monoptic or binocular masking could occur in condi-
tions where the energy of the pattern mask is less than that of the T
stimulus.



The Central 0 eration

An important distinction between peripheral and central processes
was demonstrated in Exps. VI, VIII, and IX. Whereas the parameters of
duration and intensity significantly affected masking of peripheral ori-
gin, their effect centrally was negligible. This distinction is put into
relief by electrophysiological data which show that the further centrally
a neuron lies, the more complex and specific become the stimulus parame-
ters to which the cell responds. Thus, the more centrally a cell is lo-
cated, the more likely it is that the cell will be affected by informa-
tional rather than energy characteristics of stimuli.

The relevance of SOA to masking of central origin suggests that the
constraint on central processes is simply time elapsed since stimulus on-
set. We will presume, and not without reason, that the central machinery
assumes the major burden of pattern recognition and that it uses as its
raw material the visual data provided by the peripheral mechanisms.

We may assume for the present that the relation between the peri-
pheral and central processes is that they are successive and additive.
That is to say, the peripheral operation must be complete before the cen-
tral operation can begin, and therefore, the time needed to identify a
tachistoscopically presented letter would be the total time of the two
operations combined. It will be part of the task of the experiments that
follow to assess the validity of this hypothesis.

Backward Maskilig_hy_EN1_

There is now the question of the nature of masking by PM under con-
ditions of monocular or binocular presentation. As noted in the intro-
duction to the present paper, it is not inconceivable that the masking
effect of a particular stimulus could be exerted prior to the establish-
ment of the T representation or subsequent to the establishment of the T
representation. Therefore, when T and PM are transmitted on the same chan-
nel, the resulting perceptual interference could reflect effects at either,
or both, loci. However, the impression gained from Exps. I IX was that
interference in the transmission channel and interference with the opera-
tion of a central processor were two very distinct phenomena such that any
masking that might be observed reflected either one or the other, but not
both.

Consider T and PM presented monocularly. If T and PM fuse in'the
transmission channel, as suggested by the integration hypothesis, the task
of the central processor would be rather like that of trying to make sense
of a photograph produced by a double exposure. What is important here is
the fact that if the stimuli superimpose in the peripheral channel, then
what the central device receives effectively is but one stimulus for analy-
sis, not two. If, however, the two stimuli do not interact in the trans-
mission channel, for whatever reason, then the central processor receives
two stimuli in succession and the task now is that of trying to make sense
of the first before the second arrives.

In the experiments that follow, an:atteMpt is made tb-separate the per-
ipheral and central coMpOnents in monoptic masking by PM (13M3). More generally,



the experiments are directed at the question of how the two operations,
peripheral and central, relate.

EXPERIMENT X

The essence of the concluding comments on Exps. I - IX was that at
some point a masking function for monoptic presentation, of the sort gen-
erated by the procedure of Exp. IK, must assume the characteristics of
dichoptic presentation. What Exp. IX (and for that matter Exps. VI and
VII) had shown was that central processes were unaffected by the exposure
duration of a lagging mask stimulus. Presumably, therefore, in monoptic
presentation a measure of masking, such as critical T duration, should
asymptote at some value of PM duration. Such an outcome, perhaps, would
be expected regardless of any theory. Yet, pilot work prompted this ex-
periment in that Ss reported an interesting shift in their phenomenolog-
ical description of the stimuli as the duration of PM (actually PM3), and
accordingly, the duration of T, increased. At brief durations pilot Ss
reported a relatively unclear, degraded stimulus. The experience was that
of T and PM "mixed." At longer durations Ss reported seeing a "clear" T
followed by a "clear" PM, the experience being that of "not having suffi-
cient time to read T." The latter description had been used occasionally
by Ss in the previous dichoptic conditions.

ethod

Six Ss participated in the experiment. Two of the Ss were highly ex-
perienced in tachistoscopic experiments; they were members of the staff of
Haskins Laboratories and had served as pilot Ss for a number of the pre-
ceding experiments. The remaining four Ss were naive to the apparatus and
to the experiment.

For each S, critical T durations were determined in the given order
for the following values of PM3 duration: 2, 3, 4, 5, 6, 8, 10, 25, 35,
50, 100, and 500 msec. Presentation was monoptic at the right eye. The

T stimuli were the set of trigrams and the luminance of T and PM3 was 2.5
ft L. Following each stimulus presentation and report, S was required to
describe his experience of the stimuli. The Ss were not told what to ex-
pect.

Results and Discussion

The averaged data are represented graphically in Figure 11. The in-
dividual S data are given in Table 5. Inspection of Figure 11 suggests a
linear relation between critical T duration and PM3 duration up to PK3
duration = 10 msec, followed by what appears to be a relatively abrupt
transition to asymptote.

Individual S data shown in Tablel 5, 52 and 56 for example, demon-
strate this transition most vividly. In the region of this transition,
Ss shifted in their description of what they were seeing as the T duration
approached the critical value. Up to the transition region Ss described
the T stimulus as "messy," "mixed up," "hard to make out," and "unclear."
Subsequent to the transition region Ss gave the following descriptions:
"pattern replaced letters"; "image of letters shortened by pattern";



Figure 11: Relation betweah PM3 duration and mean critical T duration
inoptIptic stimulus presentation in Exp. X.



TABLE 5

EXP. X: CRITICAL T DURATION AS A FUNCTION OF PM3 DURATION

FOR MONOPTIC PRESENTATION

PM3

Duration

msec

Subjects

S1 52 S3 84 SS 86

1.5 1.5 1.5 2.5 2.5 2.5

2 3.0 3.5 2.5 3.5 3.5 3,5

4.0 4.5 3,0 5.5 5.0 5,0

4 5.0 6.0 4.0 6.0 6.0 6.0

6.0 7.0 7.0 8.0 7.5 8.0

6 8.0 8.5 8.0 12.5 10.0 10.0

8 9.0 10.5 10.5 14.5 11.5 10.5

10 12.5 15.0 13.5 21.0 20.0 12.0

25 21.5 130.0 25.0 84.0 42.5 150.0

35 28.0 145.0 26.0 110.0 48.0 157.0

50 37.0 145.0 28.5 112.0 62 0 156.0

100 34.0 150 0 31 5 113.0 63 0 157.0

500 37 .0 150 .0 31 .5 113 .0 66 .0 162 .0



"pattern stopped me reading the letters." The principle phenomenological
difference between UR phase prior to and that subsequent to the transi-
tion region was that Ss described a 8hift from seeing one event to seeing
two events in succession.

Further indication that masking in the PM3 duration range 1 msec to
10 msec was fundamentally different from that observed in the PM3 dura-
tion range 25 msec to 500 msec was provided by S errors and by between-S
differences. A coarse examination revealed a fairly consistent pattern.
For the mask range I msec to 10 msec, errors seemed to be evenly distri-
buted across positiont for example; Ss tended to commit as many errors in
reporting the first letter of the trigram as they did in reporting the
third letter. Moreover, all three letters became available at very much
the same critical T duration (cf., (insbourne and Warrington; 1962a). In
contrast, errors committed in the mask range 25 msec tended to-relate to
position in the trigram array. As-T duration increased S was more likely
to report the first letter correctly, less likely to report the second let-
ter, and least likely t0 report the-third. Omitting the third item of a
trigram Was common in.PM3 range 25 te 500 msec, the Ss frequently respond-
ing that they did not have time to read it

Between-S comparisons were else illuminating. Two Ss, SI and S3, as
noted above, were highly experienced in the task of reading material from
a masked display. Inspectipn of Table 5 reveals a considerable difference
between the performance of Ss land 3 and the remaining _Se Across the PM3
durations of 25 to 500 msep,-. yer little, if any, difference in the range 1
to 8 msec. Admittedly the possibility:of large differences in critical T
duration across PM3exposure durations I. to 8 msec was Ilmited;:this, how-
eVer, does not:detrpterom the fact that:the:increase in mask duration
from 10 maec to 25 msec resulted in a clean±separation of the sophisticated
fram the naive_Ss. Moreover., errors committed:by Ss 1 and 3 in the asympto-
tic part.of-the7fUnetien were morerevenly,distributed across the trigrat-
letter positions.

EXPERIMENT XI

Experiment X reinforced the impression that two quite different pro-
cesses could be isolated in monoptic masking by PM3. It was inferred that
at briefer durations of T and PM3, the masking was similar to masking by RN,
and at the longer durations, the perceptual interference was more like that
seen dichoptically. The correctness of this inference could be tested on
the basis of the data of Exp. VIII: manipulating luminance should affect
the initial rising part, if that mirrored peripheral masking, but-not the
subsequent asymptotic part of the function relating critical T duration to
PM3 duration. Experiment XI was designed to perform this test.

Method

The procedure of Exp. XI was similar to that of Exp. X. Critical T
du ation was estimated at the, following durations of PM3: 1, 2, 3, 4, 5,
6, 8, 10, 15, 20, 25, 35, 50, and 100 -mace. A single estimate was made for
each of six naive Ss at each PM3 duration going in order from the shortest
(1 msec) to the longest exposure duration (100 msec). The T stimuli were,
as before, the set of trigrams.. The principal feature of Exp. XI was that



across the exposure dur tions of the after-coming stimulus, critical T
duration was determined for three T stimulus-mask stimulus luminance ratios.
The three ratios were: 1:1 (r 2.5 ft L, PM3 = 2.5 ft L); 2:1 (r = 5.0 ft
L, PM3 = 2.5 ft L); 1:2 (T = 2.5 ft L, PM3 = 5.0 ft L). In a partially
counterbalanced design each ratio condition appeared twice across the six
Ss at each of the three possible test-order positions. The stimuli were
viewed with the right eye.

Results and Discussion

The average critical T durations for each of the three intensity ra-
tios are shown in Figure 12.

The family of curves are reproduced in a log7log plot in order to
give a clearer picture of the initial rising component of the functions.
The hypothests under test was'that -the ascending component of the function
relating critical T duration to PM duration would be affected by the ratio
of stimulus intensities but the asymptotic component would not, the idea
being that the ascending and asymptotic phases reflected masking of two
different origins. Inspection of Figure 12 shows, in accord with this hy-
pothesis, that the ascending components of the three curves differed, while
the asymptotic components did not.

EXPERIMENT XII

The data of Exps. X and XI inVite the following hypothesis: the dur-
ation (energy) of the T stimulus determines whether the upper limit:on mon7
optic masking by:PM (or PM3) will reflect_peripheral or central processes.
-lInspection of:Figure 12 suggests that for all:three:ratios, themasking,
for example, Of a 3-msec ekposure of by a:5-msec-exposure of:TM3:JWas lo-
Calized in the transthission line; On the other:hand, the masking of a 60-
msec,T by a 507msec pM3 was central in origini The data of Exp.:: XI further
imply that the origim.of interference with a 3-msec T by a 50-maec and a 5-
msec exposUre of PM3 -should be one and the Same: That is, in both Of these
instances in which mask energy is greater than T energy and the:I:energy is
comparatively weak,- the locus of madking-should be peripheral.- -Thelipshot
ofiall this is that the lOcus of-the interference induced:by a PM3 of 507
mSec expOsure shoul&ehift from peripheral:to central as_T exposure dUra-'
tion indreaSes.

The: designHof Exp. XII involved estiMating ISI for elevenrvalues -of:
T duration, ranging from:2 tcv-64msec, withmask duration held:.constantat
30 msec. Astuthing the:validity of the:ahoVe reasoning, it:was expected that-
at brief:.values of T.,' maakingwould display characterleties ofHbetweenstim-,
Uli interferenCe in the transmission line; At:Ionger_durationt of T, the
masking would fitthe central mild-, Complementarity would be:observed
betWeen T-duration and ISI. TO provide:a yardstickjor interference:in
the,transmiasion channel,- ISI6'wes:-determined aordss the eleyen T dUrations,
with RN.:.es the afterOoming Mask. At the briefer:AUratiOna-of T, the futc
'ticinHrelating T-duratiorCto ISI with PMI:lagging:ehould look similar:to
that With:RN:lagging. i.11oWever-,- At,thei.onger exposureS of T, the tWo func-
tlena Shoilid.'aSSume very different Characteristict
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Figure 12: Log7log relation..hetweenrn3 duration ahd pean critical T
durationfor monoptic stimulus presehtation.at three
intensity ratios in gxp. XI



Method

The T stimuli were the trigrams. Six naive Ss received all condi-
tions in a partially counterbalanced arrangement. Critical ISIs were
estimated at each T duration going in succession from 2 to 64 msec At
each T duration, ISIc was determined fo7 both masks before testing at the
next duration. _Three ef the six SA were given RN first and the remaining
three were given PM first. The ISIc was determined in the usual manner.
The luminances of T, PM3, and RN were equal at 5 ft L, and stimuli were
viewed with the right eye.

Results and Discussion

The data averaged across the six Ss for PM3 and RN as the masking
stimuli are plotted in Figure 13. Individual data are given in Table 6.

As before, masking by RN produced a simple relation between the ex7
posure duration of the T event-and the minimal time:required toevade-
masking, T duratignix ISIc = a constant. The present:RN function
if plotted on log-log paper is virtually a straight line, and compares
favorably with a log-log plotting -of the RN function by Kinsbourne and
Warrington -(1962a).- The only serious departure from, the multiplicative
relation occurs at T = 16 msec. At that exposure duration some Ss were
still masked by the lagging RN, as inspection Of Table 6 shows, but the
multiplicative rule was obviously not 1.11:-:effect

Masking by PM3, in sharp contraSt te masking by RN, yielded a com-
plex relation between T duration And ISIc. At the very brief durations
of 2 and 3 msec (and perhaps 4 msec), the PM3 function paralleled the RN
function, i.e., the relation between exposure duration and ISIS appeared
to be multiplicative. Fer-T =---2-msee-and-T_= 3 msec the-ISIc's were 90
msec and 62 msec, respectively. -Multiplying duration by ISIc in these
two cases yields very much the same values, 180 in the 2-msec case and 1
in the 3-msec case. In contrast, taking the next f-opr values of T--4,-6,
8, and 16 msec--and multiplying them by their apropriate ISIc's yields
unequal products of approximately 208, 288 384 _an4 12810, respectively.
Thus, at the longer exposures of T, the PM3_function 4ots not fit the
multiplicative rule, and the-relation between T duration and ISIc is best
described as T duration + ISIc = a constant.

The conclusion of Exps.- I - IX was that the multiplicative rule char-
acterized peripheral ,and :the additive rule, characterized central processes.
Indeed, the additive relation between 'T duration and ISIc had been detect-
ed in dichoptic presentation. -Thus, the, present: experiment may .be viewed
as a demonstration that peripheral and_ central masking are isolable and
Separable in- conditions of monoptic (or -binocular-) presentation of stimuli.
In Figure 13 the mUltiplicative and additive relations.are referred to as
Stage I and Stage II, respectively.

It is evident from Figure .1 and Table 6 that ISIc at the very brief
T durations was much greater in the F143 function than in the RN function.
The Implication might be that for brief exposures of T both peripheral con-
tamination and central distortion summate when PM3 (or PM) is the masking
event. The position outlined in the general discussion of ExPs. I IX was
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that masking was due either to between-stimulus interference in the trans-
mission channel or to distortion in the operation of a central device, but
not to both. Preferably, therefore, the reason for the greater severity
of masking by PM3 than by RN at brief T exposures should be sought else-
where than in the notion that peripheral and central effects combine.

The more severe impairment in the perception of T by PM3 may be at-
tributed to a greater eonfusion.of contours owing to the greater similari-i
ty between T and PM3 than between T and N. Admittedly the argument that
PM3 Is more like T than RN is like T, is based on the dichoptic effect of
PM3 and the absence of such an effedt with RN. However, there does seem
to be some truth to the hypothesis.

Figure 14 shows a comparison between monoptic masking by RN and by a
homogeneous flash of light of the same intensity. The data are from two
Ss; the duration of T was 4 msec and its intensity was the same as that
of the two masks. The experiment was conducted in the manner of Exp. I.
Perception of T was more impaired by RN than by a contourless flash of
light of the same intensity. It is known that masking of a form by a
light flash does not take place dichoptically (e.g., Mowbray and Durr,
1964; Schiller and Wiener, 1963); its effect, like that of RN, is restrict-
ed to the transmission channel. Comparison of Figure 14 with Figure 10 of
Exp. VI and Figure 13 of the present experiment suggests that masking in
the transmission line owes allegiance to variables other than energy vari-
ables. Evidently the similarity between T and _the mask is a determinant
of the degree of between-stimulus interference in the transmission channel.
However-, for any given T and mask the degree and directien of interference
in the transmisSion line varies as a function of their resPective energies.

EXPERIMENT XIII

Experiment XII had isolated peripheral and central masking effects in
monoptic viewing which prompted the question: Is the central effect in
monoptic presentation the same as that in the "clean signals" case of di-
chop' 7resentation? That is, would the minimal SOA for criterion per-
formance be the same regardless of whether the two Aimuli traveled to the
central processor by the same route or by separate 'coutes? Experiment XIII
answers this qUestion.

Method

At four values of T duration, 10, 20, 30, and 40 msec, four naive Ss
were examined both monoptically and dichoptically. For each T duration in
each mode, two estimates of ISIc were made. Two Ss were given the follow-
ing order of conditions; dichoptic, monoptic, rest (approximately 10 min)
monoptic, dichoptic. The other tWo Ss were given: monoptic, dichoptic,
rest, dichoptic, monoptic. The T stimuli were the consonant trigrams and
PM3 was the mask held:constant at 50-msec duration and at 2.5 ft L, the
intenSity of the T stimulL Presentation was tp the right eye.

Results:and Diseuasion

The average of the two estimates of ISIc =cleat eaeh T duration for
each S for bOth moilns of preaentation are given in Table 7. The data are
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unequivocal. The minimal SOA for criterion performance was constant for
monoptic and dichoptic masking. This suggests that the additive compon-
ent isolated monoptically is the same as that isolated by the dichoptic
procedure. In addition, the present data, taken together with those of
Exp. VII, imply that central processing time is not influenced by peri-
pheral processing time.

APPROXIMATIONS TO A MODEL FOR MASKING

Anot e- Look at the Relation Between the Two Processes

In the general discussion of Exps. I IX, the rudiments were spelled
out for a theory of the recognition of visual stimuli. It was proposed
that visual pattern recognition involves at least two distinct stages and
that these two stages are successive and additive, the two stages in ques-
tIon corresponding to the processes represented by the multiplicative and
additive rules. Several current theories of pattern recognition take the
same form. Neisser (1967), for example, has proposed that an initial pre-
attentive process which segregates objects in the optical array, and which
may signal the presence of easily discriminable physicl features, pre-
cedes a second stage of focal attentive processing which makes extensive
contact with long-term storage and is essential for stimulus recognition.
Sternberg (1967) has similarly argued for a successive-additive model of
stimulus classification. While the present research may be viewed as sub-
stantiating one aspect of such theories, which is that there are several
distinct processes underlying pattern recognition, the results of Exp. XII
raise serious doubts about the postulation that the processes are succes-
sive and additive.

Figure 13 shows two functions relating T duration to ISIc. One of
these functions was generated by RN as mask and the other by FM3, and as
noted above, these functions are fundamentally different. For present
purposes what is important about the PM3 function is the invariance of T
duration 1- ISIc in the T duration range from 4 to 64 msec. What this means
essentially is that the central process as identified by the additive rule
was requiring a certain amount of time between stimuli onsets to identify
the T stimulus and that this amount of time was constant and unaffected by
the duration of the T stimulus. Inspection of the RN function, on the other
hand, tells us that the time needed to complete peripheral processing varied
with the duration of the T stimulus. This is how ISIc in the multiplica-
tive rule has been interpreted; it identifies the minimal time needed by
peripheral processes to signal the features of the stimulus. The problem
for the successive-additive postulation lies in this fact: while the per-
ip1-2ra1 processing time varied with T duration, the central processing time
1,7,.s constant. But if the processes or stages are sequential and the cen-
tral processing time is measured as the elapsed time between onsets, then
central pro;:essing time must include peripheral processing time as well.
The implication is that the two processes are not conducted in sequence but
instead overlap in time.

In recent tests of sequential two-stage theories such as Neisser's (1967)
some evidence has appeared which, like that of Exp. XII, questions the se-
quential-additive assumption. For example, Ellis and Chase (1971) have shown
in a variation of Sternberg's character-recognition paradigm (see Sternberg,
1969) that the time for item recognition or size discrimination alone is the
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same as the time for item recognition or size discrimination in a com-
bined task. Item recognition is assumed to require focal attention, and
size discrimination can be performed by preattentive processes; the con-
clusion, therefore, was that focal attentive and preattentive processes
can occ_Ir in parallel. Beller (1968) reached a similar conclusion. He
used a task in which Ss searched through displays of two- and three-digit
numbers for targets whose size was specified at the outset. Nontargets
of the same size and nontargets of different size comprised the noise i-
tems. Beller observed that varying the difficulty of the size discrimin-
ation affected the time needed to reject the different-sized nontargets
(i.e., preattentive processing time) but not the time needed to reject
the same-sized nontargets (i.e., focal attentive processing time). How-
ever, it must be borne in mind that these observations, while theoreti-
cally illuminating, need not necessarily be speaking to the stages re-
flected in the present data.

What is needed on the evidence of Exp. XII is a restatement of the
relation between peripheral and central processes, or more precisely, be-
tween the processes symbolized by the multiplicative and additive rules.
Two criteria must be met. First, any proposed relation must account'for
the invariance in the central processing time with varying peripheral pro-
cessing time as evident in the range 4 to 64 Msec of the PM3 function of
Figure 13. Second, it must account for why the upper limit on the masking
range of PH3 for the brief T durations of 2 and 3 msec is apparently set
by peripheral processing time and not by central processing time.

Two possible hypotheses present themselves. One is that the process-
es symbolized by the multiplicative and additive rules are not allied at
all; they are operationally parallel. The other is that,the two process-
es overlap in time, but one is contingent or the other.

The first hypothesis requires discording the notion that the multi-
plicative rule speaks to peripheral events and the additive rule to cen-
tral. To say that the processes are operationally parallel is to say that
they work independently of one another, and_ given the earlier anatomical
localization of these rules, this is tantamount to saying that central pro-
cesses are not contingent on the output of peripheral processes which is
nonsensical. On this view, the two principles, T duration x ISIc = a con-
stant, and T duration --F:ISIc:= a constant, are seen as representing simply
twp operations in vision rather than as indicants of peripheral and cen-
tral processes.

To meet the criteria posed above, an operationally parallel view of
the two processes Must carry the rider that the rule describing the mini-
mal time needed to evade masking by:a pattern (SUCh as.H.PM3) must depend,
for any circumiscribed-range of energy values of the T stimuli, on which of
the two procesees takes longer...-. In the PM3 function of Figure'13, masking
at the : exposures of 2 and3 msec is,best described by the multiplicative
relation,, while at thelonger:expoSures, theradditive 'relation it moresuit-
ed. Prom the data_illustrated in Fignre 13,4t may be concluded that at the
exposures of 2 and 3 msec the processinveymbolized by the multiplicative
rule took:longer, and at the:exposure durations of 4 to 64 maec it was the
processingideseribed by the additiVe rule which was more durable. Thus
for-rthe exposures of:-2 and 3 Msec it may be inferred-thatthe operation cher-
acterized by the additive rule Was celplete by a SOA of approximately 58 msec,



while the operation characterized by the multiplicative rule was still
in progress. Therefore, up to an SOA of 58 msec or so, PM3 could Inter-
fere with either or both processes; beyond that SOA, however, the after-
coming stimulus could only interfere with the process characterized by
the multiplicative rule. Since the dependent variable was the minimal
time needed to evade masking, the obtained estimate of that minimal time
would, on this view, mirror the properties of the process underlying the
multiplicative relation between T duration and ISIc. This would hold only
for those durations of T exposure at which the process underlying the mul-
tiplicative relation took more time than that underlying the additive re-
lation. Where this criterion is no longer met, the estimate of minimal
time needed to evade masking would mirror the properties of the process
described by the additive rule.

In order for the operationally parallel view to account for the PM3
function, the assertion has had to be made that both operations must be
concluded in order for the T stimulus to evade masking by PM3. This is
equivalent to saying that for identification to occur,Apoth operations
must be complete, which implies perhaps that they cannot be orthogonal.
On the other hand, it may imply only that some subsequent decision mechan-
ism cannot output an identification until inputs from both processes are
available.

Perhaps the strongest argument against the operationally parallel view
is that the data of the present research point to a distinction between the
two processes that is, in a nontrivial sense, anatomical. The multiplica-
tive relation was most surely grounded in those circumstances which allowed
for peripheral interaction, that is, in conditions of monoptic and binocular
presentation. Indeed, the multiplicative relation was realized only in
these conditions, Kiasbourne and Warrington (l962a, 1962b) to the contrary.
In addition, only the multiplicative rule was engendered across T durations
by RN, a mask which failed to impede letter perception in dichoptic pre-
sentation. Furthermore, the stimulus parameters of duration and intensity,
immaterial to dichoptic masking by PM or PM3, were the determinants of mon-
optic and binocular masking by RN. In short, an anatomical distinction be-
tween the two processes along the lines peripheral-central is strongly de-
manded by the data.

A Concurrent and Contingent Model of the PeripheralCentral Relation

An alternative to the successive-additive and the operationally paral-
lel interpretations is that theiprocesses overlap temporally And that one
process, the central, is contingent on the output of the other. This ap-
proach:preserves thecentral/peripheral distinction nurtured in the earlier
arguments-ef the present paper.

_The essence of sUch a view is that the central process receves data
intermittently from the periphery. This implies two things= there are a
number of different peripheral systems or neural nets, and these peripher-
al systema bay output data at different rates.

The form that such peripheral nets might take is suggested bY a con--
:sideration of theeelectivitymanifested by individual cells in the visual:
eyetems of vertebrates Such 4s cat and monkey. :INTe know, for example, that
eertain.neurons respond only if the input to the retina has a particular
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size, shape, or orientation or moves in a certain direction (Hubel and
Wiesel, 1962, 1965, 1968). However, what is important to note here is
that this selectivity is the result of an operation performed by a fairly
large neural system, served in part by spatial summation and lateral in-
hibition and including many receptor units and intermediate neurons in
addition to the cell in question. Neural systems of this sort exhibit cer-
tain features that are important to the present discussion (sec Thomas,
1970). First, each is selectively responsive to a certain characteristic
of stimulation. Second, although the different systems may have receptors
and intermediate neurons in common, they are for the most part independent.
Third, an input to the retina will affect several or all systems simultan-
eously, but only some will respond to it; i.e., only some systems can out-
put a characteristic of the input. And fourth, each system has a "pre-
ferred feature condition," that is, it responds best when the feature to
which it is selective is present in a particular way. uath straight-line
contour detectors, for example, the stLJngest response is given when the
line is in a particular orientation. The strength of a system's output
varies inversely with the degree of differeace between the preferred con-
dition of the feature and the actual condition. Thus, the output from
these systems is graduated.

Evidence for parallcl perceptual systems of this sort in the human has
been accumulating. (See Weisstein, 1969, for a recent review.) The explana-
tion of hue perception by reference to separate, parallel systems is, of
course, not new. Recently several experiments have argued for the existence
of systems which are both selectively sensitive to color and tuned to a
narrow range of edge orientations (Held and Shattuck, 1971; McCollough,
1965). Sekuler and his colleagues (Fantle and Sekuler, 1968; Sekuler, Rubin,
and Cushman, 1968) have proposed that mechanisms exist which are sensitive
to the direction of movement and contour orienation. And several papers
by Thomas (e.g., Thomas and Kerr, 1971) have argued that stimulus detection
is mediated by mechanisms which are at least crudely size tuned.

There is also some evidence favouring the view that different properties
of stimulation are ascertained at different rates. Kahneman (1967a), for
example, has shown that brightness and contour data have different rates
of formation. The experiments of Fehrer and Raab (1962) and Fehrer and
Biederman (1962) reveal that information about stimulus onset is available
well in advance of data on contour and that the former may be available in the
phenomenal absence of the latter. And Cheatham (1952) has reported, albeit
contrary to intuition, that the perception of contour precedes the percep-
tion of hue. In sum, there is reason to believe that different operations
may be going on simultaneously at different rates (Kolers, 1967; Weisstein,
1971).

The following sketches the details of a concurrent-contingent model
which relates the peripheral and central processes. The model is illustrated
in Figure 15.

(1) I is an input to A particular retinal location from the set of
all possible .nputs to either or both eyes. For present purposes
we Will talk only about input to one eye.
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Cii) The multiplicative rule characterizes the workings of the periph-
eral mechanisms, P = [Pi, P2,...Pn], a set of "neural nets" or
"logical units" which all have the same input I but which give
rise to different outputs. The assumption is made that the periph-
eral nets are operationally parallel. We will presume that the
two sets of peripheral systems, P-right and Plaft are functionally
equivalent. Only one P set will be discussed for simplicity.

(iii) Oij is an output of a peripheral net Pi, where Oi belongs to the
set 0i2 Oi and n, the number of ou pu s for each P.
is finite and varies or different P.. 1

(iv) Peripheral net outputs are realized at different times after I on-
set. Operating times for peripheral nets are symbolized di, d2,...
d ..d

,

such that, in general, d
1
<:d

2
.n 1 n

For any peripheral net Pi, operating time varies as follows: (a)

When T energy< the minimal energy, Emin, required to elicit a ter-
minal response in a peripheral net, there is no new output; (b)
When Emin <T energy <maximum energy, Emax, operating time varies
inverselywithenergy;(c)WhenTenergy>E,operating time is
at some fixed minimum.

max

(vi ) Peripheral net outputs are stored in central storage units, 5, for
use by the central decision process. The base state of any storage
unit, Si, is 4., the null state. This state can only be changed
by the entry of real data, Oil, from the peripheral net, Pi. The
record of Oij either decays with time, returning Si to state A,
or is replaced by the record of another Ow

(vii) We will_presume that there is only one set of stores, S = [el, S2,..4

ghtfor the outputs of the two peripheral systems, Priand

"left. In other words, for a Corresponding region of the two ret-
inas, the outputs from right-eYe nets and- left-eye nets are entered
into the same storage units.

(viii) The central process, C, is also a set of nets, [C1,
whoseeerial operations can he (;onvenientlY represented as a deci-
siontree in which-each Ci consists of-a. set of nodes on the tree.
The additive, rule characterizes the workings of the central pro-
cess.

For any central net, C1, two sources of data are necessary for a
decisiol an input from the appropriate Pi and a decision from
the preceding central net,

(x ) The final output of the central process is Ok belonging to the
[e, 01, where 6 is the null 'element.

Figure 15 illustrates the, decision process. For any given input
branch, a decision by Ci will be made depending On the output Oij
(other than A) in-Si. Either a branch of the tree will Continue
to Ci+Lior'it will,termtnate in-a final output 00
terminate.in the null output n, meaning ne output possible. Thus
we say that C is a pruned tree.
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(xii) If a decision branch from finds Aas the record in Si, then
two possibilities arise sinceA means that no particular output,

has been made by the peripheral net, Pi. In general we
would expect Ci to wait for ppme output, Oil, by looping at the
input (symbolized 19). This looping would fiave an upper time
limit greater than that of the slowest operating-time of Pi,'at
which point the decision branch would terminate in the final e
state. Sometimes, however, Ain Si would be a permissible out-
putfromP,,andC.c-muld compute its decision in the normal way.

1

(xiii) D1, D2,...Di,...Dn are the operating times for the central nets.
For any Ci, the operating time, Di, is constant across input
branches from Ci_i and outputs Oij from Pi. Thus, as long as
all central nets receive their inputs from their respective
peripheral nets simultaneous with, or prior to, the input branches
from the preceding nets, D1 + D2 + is a constant.

(xiv) Pi and Ci are, respectively, the peripheral and central nets de-
tecting and identifying onset or change of stimulation

Peripheral processing time (PPT) refers to the time needed to complete a
subset, or the complete set, of peripheral net operations, and central pro-
cessing time (CPT) refers to the time needed to reach a particular decision.
It is assumed that both PPT and CPT have varying upper limits determined by
the characteristics of I and that the upper limit on CPT is also determined
by the task, e.g., detection, identification. To be more precise, the sub-
set of peripheral nets which will output data on I, i.e., the number and type
of nets engaged, is constrained by the nature of I. A contourless flash of
light will not occupy the same number or type of neripheral nets as would he
occupied by a contoured flash; obviously networks determining intensity,
duration, and size are involved in both, but networks determining inhomo-
geneities in the input array are needed only for the latter. Also, the full
complement of central decision nets needed to identify an input e.-3 the letter
A would not be needed to identify the occurrence of a stimulus (cf., Fehrer
and Raab, 1962) or the presence of a vertical (vs. a horizontal) Iine.

Based on the data of Exp. XII, illustrated in Figure 13, the following
statements can be made on the relation between PPT and CPT: (a) when PPT
CPT, the upper limit on masking is CPT; (b) when PPT 4:CPT, CPT is constant
and does not vary with PPT; and (c) when PPT> the constant CPT identified
in (b), the upper limit on masking is PPT.

The model rationalizes (e), (b) and (c) as follows: when PPT< CPT (a
condition which is met when I energy is "substantial" as in the region 4 to
64 msec of Figure 13) outputs from peripheral nets are running ahead of de-
cisions by the central decision nets to a degree depending on the energy of
I. Thus for Ci, Oij is stored in Si awaiting the decision of the preceding
stage, C1_1. The decision process of Ci begins only when both Oii and the
decision of the preceding central net ake available (see ix and xii above).
Since the decision time for Ci is constant (xiii above), the decision of Ci
is received by Ci+1 after a constant delay; therefore, C1+1 cannot benefit
from the earlier arrival of 0(i41)j. In short, when PPT CPT, reducing PPT
by increasing I energy wdll not decrease CPT; the constraint on CPT is the
time-constants of the individual decision stages. Under these conditions,
then, CPT sets the upper limit on masking by PM3. However, decreasing I
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energy retards PPT to a point where, for Ci (other than C1), the decision
from C1_1 is received prior to Oij. In this case, the Ci_1 decision is
delayed (see xii above) and the constraint on CPT would no longer be solely
the time-constants of the individual central nets but also the delay time
for peripheral net outputs. In this instance, the upper limit on backward
masking by PM3 would be determined by PPT.

We may now reexamine the issue of peripheral and central backward mask-
ing. The tem "peripheral" has emerged in the present context as a rubric
for systems which extend from receptor surface to cortex and which underlie
the extraction of properties of visual stimulation.

Given the principles above, the second, and invariably stronger, stimu-
lus in the present series of experiments would be processed by the peripheral
systems m re rapidly than the first. A situation, therefore, can exist in
which a peripheral net is simultaneously occupied by two events presented in
close succession. Under this condition of double occupancy the output of a
periphe,-Ql net will depend on two things: whether both stimuli elicit ter-
minal outputs from the net in question and the order of time elapsing be-
tween the two stimuli.

Consider the case where the net gives a terminal response only to the
T stimulus. Since the mask covers the same receptor surface as T, the
peripheral systems which will eventually output properties of T will at
some early stage be affected by the mask. An early stage in a peripheral
system may be so occupied by a response to the masking event that there is
no room left for a response to the first stimulus. Or the response at an
early stage may be to the combination of T and mask and thus the input to
later stages of the peripheral net is distorted. The probability' of per-
turbations of this sort occurring drops off sharply as the time elapsing
between the two stimuli increases.

Both of the above means of affecting petipheral net function are in-
eluded in the condition in which the peripheral net can give a terminal
response to either T or the mask. HoWever, since all stages of this pe-
ripheral net respond to the mask, the temporal range over which the mask
may impair or Peclude a terminal response to Tjs-extended. In brief, the
greatet energy mask may in this case "overtake" the T stimulus at'any stage
in the peripheral net.

The implication is that when masking is peripheral in origin, the upper
limit on ISIc for a T of given energy is set by the slowest operating pe-
ripheral nets outputting data on T. The extent to which this upper limit
is realized depends on the extent to which the second stimulus, the mask,
elicits terminal responses from the same set of peripheral nets. Therefore,
we should expect the severity of peripheral masking to vary as a function
of the relation between T and mask. The earlier discussion on the differ-
ences between PM, RN, and a contourless light flash as masks is relevant to
this point.

-; A purchase on masking of CentraLorigin may begained by specUlatIng
on differences bett.ieen MaSks ,that'function pnly monoptically and masks that
funptioneither mohoptically:ordichoptically for a givenset of T Stimuli.
In the context of the present series pf experiments,- this reduces to spec-
ulating pn the differencesJoetween RN and PM..
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It may be argued that the identification of RN for the most part is not
based on outputs from the peripheral systems required for the identification
of the T stimuli. Pursuing this further, it may be argued that if data on T
have been laid down in a subset of the central stores, S, most of these data
cannot be replaced by data on RN since data on RN are entered into a rela-
tively nonoverlapping subset of S stores by virtue of the fact that different
peripheral systems have extracted them. On this reasoning, RN can impede the
identification of T only when it has the opportunity to affect the peripheral
systems responding to properties of T. This impedance arises, as described
above, by occluding outputs at early stages in a system, or by degrading out-
puts.

Consider RN and T presented dichoptically. In this situation RN obvi-
ously cannot occupy the peripheral systems abstracting properties of T.
Thus at brief SOA's what is represented in the set, S, of central stores
are all the properties of T and all the properties of RN, represented re-
spectively in independent subsets of S. What is perceived is both T and RN.

In some circumstances it is conceivable that properties of two succes-
sively presented stimuli may be represent(' simultaneously in relatively in-
dependent subsets of S, and yet confusion, i.e., failure to identify the T
stimulus, may occur. An example may he found in experiments using computer-
generated dot stimuli, in which patterns are masked by nonoverlapping dynam-
ic visual noise (Utta1,1970, 1971b). The central decision process does not
yield a distinction between the two dot stimuli; both are "perceived" and
the masking results from failure to segregate the signal from the noise. A
similar situation could also lead to fusion in which the two stimuli are
integrated to yield a single identifiable form (e.g., Eriksen and Collins,
1967). In either of these cases, however, the degree to which masking or
fusion occurs is dependent on the time elapsing between the two stimuli and
the extent to which data on the first have decayed, i.e., the extent to
which the central stores have returned to the null state.

In contrast to the argument on the identification of RN, it may be
argued that the identification of PM does rely on outputs from some periph-
eral systems in common with those underlying the identification of T. Pe-
ripheral masking by PM should occur for the reasons cited above, and we
should expect such masking to extend over greater intervals than the cor-
responding masking by RN. On the other hand, central masking by PM arises
from the fact that data on PM can replace data on T in the set of central
stores. Assume that a complete peripheral description of T is available
in the central stores before the input of PM. The processing of the mask
by the peripheral nets leads to a change in some of the stores, Sl, 92,..Sn.
The number of stores that change depends on the number of peripheral nets
common to the processing of T and PM. During the peripheral processing of
PM, the central rechanisms have been making decisions on the nature of T.
At some point in the decision series, however, data on the mask will enter
into the ongoing decision on T. The point at which PM data enter into thts
decision process is determined, in part, hy how soon data on PM replace data
on T in the set of central stores. If replacement occurs before the decision
process has progressed very far, the central mechanisms may fail to architect
any perception of T whatsoever. In this circumstance the Ci decision may
have specified a different branch n the subsequent stage Ci+1,
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from that which would have been taken if mask data had not replaced T data
in Si, or Ci may have reached a null decision. The latter is unlikely if
only low-level decisions had preceded C1.

With increasing time' before replacement, the central decision may have
proceeded to the point where substantial data on T and PM are incorporated
into the decision process. The result is a composite perception, but one
which does not allow for a segregation of T from PM.

Quite obviously masking of central origin does not occur when entries
in Sl, S2,..Sa are changed after completion of the central decision process
or w'een entries in earlier stores, e.g., S3 54, are changed as the decision
process is reaching the later stages, e.g., Cn_1, C.

In the model, the peripheral nets and central decision nets have been
described for a single item input to one retinal location. Simultaneous
presentation of several items to several locations would be represented by
a simple replication of the basic model. With several objects or figures
present at input, the peripheral-central net complexes serving the items,
one complex to each, would yield a number of final outputs, one to each of
the corresponding Cn decision nets. Thus peripheral-central net complexes
operate in parallel over the visual field.

The concurrent-contingent model as described is not so much a formal
theory as it is an example of a particular class of theory of visual mask-
ing. In its emphis on stimulus-analyzing mechanisms, on selective inter-
ference with stimulus attributes, and on central decision mechanisms, it
contrasts with theories of the integration and interruption type which view
masking in terms of relatively global processes. Because the model is in-
tended mainly to exemplify an approach, certain details have been left un-
specified (for example, the identity of the peripheral nets' output, i.e.,
the kind of features represented; the relation of the concept of central
stores to the concept of iconic memory; the form of the Cn net output; and
the decision processes, if any, beyond Ca). The issues involved in making
explicit these aspects of the model will be taken up in a subsequent dis-
cussion. For the present, attention is directed to an examination of forward
masking of peripheral and central origin.

EXPERIMENT XIV

Kelers (1968) proposed the clerk7customer metaphor in response to ;he
euestion: Why is greater interference exerted on the preceding- rather than
on the subsequent presentation? i.e., why are masking effects primarily
backward? However, Xolera's metaphor as it atands doesnot rule out forward
masking. When two customers enter a store the later-arriving customer usu-
ally has to queue while the dlerk takes care of the earlier customer. An
implication ofiqueuing is that central forward masking should:occur. Yet,
since queuing is not the same as receiving insufficient service, we should
not expect, en the analogy, fprward and backward masking to give rise to
the same type -of percentual interference.

To pnrsue Kolers'sreasOning a little fnrther: "The phenomenon of back-
ward maskingitself identifies a 'formation time' and a perceptual efractory
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period! in the nervous system governing the construction of a perceptual re-
presentation" (p. 38). The lagging mask stimulus, therefore, disturbs that
process identifying (constructing) the earlier T input. With the mask lead-
ing, this disturbance in the identification of T is absent; at worst, T is
denied immediate access to the central process.

The concurrent and contingent model does provide for the occurrence of
a mild, central forward masking effect of a somewhat different nature than
that implied by queuing. If data on the mask have already been entered into
the central stores, S, and data on an after-coming T are now entered, the T
data will replace some, but not all, of the mask data. This is so because
the mask tends to cover a slightly larger retinal area than T, and, thus,
while the two stimuli have some peripheral nets--and, therefore, central
stores--in common, other nets, and their stores, are only responding to,
and storing, data on the mask.

A situation may, therefore, exist in which the central stores contain
data on both stimuli. The decision process in this circumstance may yield
a composite perception in which T is inseparable from the mask. The pro-
bability of failing to identify T in this circumstance, however, should ex-
tend over a relatively small range of delays between the two stimuli. On
the concurrent and contingent model forward masking of central origin must,
by necessity, be a rare event; the later-arriving stimulus always overrides
the earlier stimulus in the set of stores which they share. Thus, data
sufficient for identifying T are always available to the central decision
process in central forward masking, which is not true of central backward
masking.

The model similarly predicts little if any, peripheral forward masking.
A higher-energy mask would pass through the peripheral nets well in advance
of a following lower-energy T. In this case the data in the central stores
would be mask data, replaced soon after by T data, thus bringing about the
situation described in the preceding paragraph. In short, serious forward
masking of peripheral origin should not occur unless it is assumed that
processing a stimulus raises the threshold in the peripheral nets, thus
suppressing subsequent lower-energy stimuli. Peripheral forward masking
is to be expected even if central is not; a survey of the literature (Kahneman,
1968) shows substantial evidence for monoptic forward masking in contrast to
the sparse evidence for dichoptic forward masking.

The present ex-periment comparesforward and backward masking by PM3
under conditions of monoptic presentation. The procedure follows, mutatia
mutandis, that of Exp. XII. The expected outcome was as follows: at briif
durations ofrT, masking should be severe for PM3 leadingand lagging; at
the longer duratioes,,the lagging function shonld match the additive rule,
the leading function should not; and only in the lagging case should the
masking be pronounced.

Method

Fenr-Se,. three naive and one experienced -.(a1), participatedin the experi-
ment. The 7 material:Wae the-set of consonant trigrams. The luminances of
T and PM3 were-2.5 ft L and the exposure duration of PM3 was 50 mpec. For
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these durations of T--2, 3, 6, 8, 24, 40, and 56 msec--I8Ic was determined
in the usUal manner. Forward and backward ISIc's were determined in suc-
cession at any particular T duration. Thus, Es 1 and 3 at each T duration
were given the forward arrangement first,'and Ss 2 and 4 were given the
backward arrangement first. The T durations were examined in the order
shown. Stimuli were presented to the right eye.

Results and Discussion

Individual _S data are given in Table 8. Graphic representation of the
averaged data is given in Figure 16.

An important feature of Figure 16 is the resemblance that forward mask-
ing by PM3 bears to backward masking by RN shown in Figure 13 of Exp. XII.
The forward masking function, up to and including T = 8 msec, fits the
multiplicative relation reasonably wc . This suggests that PM3 forward
masking was very much a peripheral event, a suggestion further advanced by
the dissimilarity between backward and forward masking at the longer T du-
rations. Here, the backward masking function was clearly of the central
type with the appropriate description being, as before, T duration ISIc =
a constant. There is nothing in the forward masking function at these
durations to suggest a similar central effect, although there does appear
to be some central forward masking. The fact that forward masking by PM3
still occurred at the T duration of 40 meec, well beyond the duration at
which RN became ineffective in Exp. XII, means, perhaps, that a leading PM3
can exert some influence centrally.6

Another important feature of the data is the considerably greater ISIc
needed in the forward case at the brief T durations. If only the brief du-
rations of T had been investigated, the conclusion would have been that mon-
optic forward masking by pattern was more severe than monoptic backward
masking by pattern. Such a conclusion was reached by Smith and Schiller
(1966) who used a T duration of 2 msec. However, what is obvious from
inspection of Figure 16 is that whether forward masking is more severe
than backward depends on whether the phenomenon is of peripheral or central
origin. Indeed, it was abundantly clear to Smith and Schiller that although
monoptic masking of a 2-msec stimulus was more severe when the mask led,
dichoptic masking was moat severe when the mask lagged.

-

Smith and Schiller (1966) concluded that "forward masking [by pattern]
seems to be mainly a monoptic phenomenon" (p. 196), a conclusion substan-
tiated by Greenspoon and Eriksen (1968) who noted that dichoptic forward
masking by pattern was quite weak. This conclusion, given the present data,
can be stated more usefully: forward and backward masking can both occur
neripherally, but only backward masking occurs to any appreciable degree
centrally. Therefore, when two stimuli are in competition for the services
of the central decision process, it is the later-arriving one which is
most completely identified. On the other hand, when two stimuli compete
for the same peripheral nets, order of arrival is less important than energy.

6
Observation of dichoptic forward masking by PM3 confirmed this: forward
masking occurred but over a Much smaller range than backward masking.
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Figure 16: Relation between T duration and mean ISIc for monoptic forward
and backward masking by FM3 in Exp. XIV.
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The stimulus of greater energy, whether it leads or lags, will be the one
whose properties are likely to be output by peripheral nets.

EXPERIMENT XV

The data of Exp. XIV suggested that a leading mAsk may be more dis-
ruptive peripherally than a lagging mask. The purpose of Exp. XV was to
verify that this was the case, and for this reason the experiment used RN
as the masking stimulus instead of FM3. Also, the experiment looks at the
possibility implied by Exp. XIV and the experiments of Kinsbourne and War-
rington (1962b) that the same rule, T duration x ISIc = a constant, applies
to both forward and backward masking by RN.

Nethod

The duration of RN was 50 msec and its luminance was 2.5 ft L, equal
to the luminance of the T stimuli. Critical ISI was estimated for each of
two Ss in both forward and backward masking conditions at each of these T
durations: 2; 4, 6, 8, 10, 12, 16, and 20 msec. The two Bs, who were not
naive to masking experiments, were tested as follows: at each T duration,
going in order from 2 to 20 msec, ISIc was determined for Bl, first with RN
lagging andjthen with RN leading; ISIc estimates for 52 were collected in,
the reverse'order. The T stimuli were the trigrams Slid the usual criterion
was used to assess ISic. Stimulus presentation was to the right eye.

Re ults and Discussion

The relation between T duration and ISIc for both forward and backward
masking is illustrated in the log-log plot of Figure 17. The log7log plot
facilitates comparison with Figure 3 of Rinsbourne and Warrington (1962b)-.
Both figures demonstrate thatthe forward-and backward masking curves re-
lating T duration to ISIc are of identical slope and that the relation, T
duration x ISIc = a constant, holds whether RN leads or lags. Furthermore,
the absolute value of ISIc is greater at any given duration_of T when RN
leads In the present experiment the ratio:of ISIc_in forward masking to
that in backward masking at any T duration was approximately 2:1.

The inference to be made, therefore, is that forward masking of pe-
ripheral origin is more severe than backward masking of the same origin. A
difference in this direction between forward and backward masking has been
demonstrated several times by Schiller and his associates (Schiller, 1966;
Schiller and Smith, 1965; Smith and Schiller, 1966) and others (e.g., Kietz-
man, Boyle, and Lindsley, 1971). What the data of Exps. XIV and XV do is to
point to the transmission line as the locus of this difference.

EXPERIMENT:AVI

Although some authors Eriksen and Lappin, 1964) haveargued
that both forward and backward masking reflect 4 single underlyingprocess,
the data of the precedingexperiments and otherse.g., Kinsbourne-and War
rington,- 1962b; Schiller and Smith 1965; Smith and Schiller, 1966) suggest
the Contrary. The preSent communication has argued and demenstrated, that
backward and forward masking of central 'origin are:fundamentally different
proceasee, and that central forward masking is rather modest at best At
the peripheral level there is some support for the:notion of a common process.
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Figure 17: Log-log relation between T duration and mean ISic for monoptic
forward and backward masking by RN in Exp. XV.
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Both forward and backward masking occur substantially and they seemingly
obey the same rule, but they do differ; forwarding masking,as we have
seen,is more pronounced.

Experiment XVI looks for further evidence of dissimilarity between
forward and backward masking of peripheral origin. The point has been
made above that masking originating in the transmission line requires that
the mask stimulus be of greater energy than the target stimulus. Yet, as
was determined in Exps. I and III on backward masking by RN, once this
criterion was met, further increase in mask duration with luminance held
constant did not amplify the masking effect, i.e., ISIc was unchanged.
The present experiment compares forward and backward masking by RN as a
function of mask intensity and mask duration to determine whether the two
masking arrangements are differentially affected by these variables. There
is some research by Schiller (1966) which has pointed to a greater sensi-
tivity of forward masking to mask intensity.

Method

The experiment was relatively Straightforward. The T stimuli, the
trigram set, always appeared at the same level of illumination, 2,ft L,
and the same exposure duration, 5 msec. In one condition the mask stimulus,
RN, was always presented at the same exposure duration of 50 rIspc, but its
level of illumination was 2, 8, or 20 ft L. In'the otheridondition RN was
.always presented at the same leveLof illumination, 10 ft L, but its expo-
sure duration was 10, 40, or 100 maec Thus, in both conditions the T to
RN energy ratios were the same. Four 8a, two of whom had served in a pre7
viouslexperiment-., were_giveil both conditions.i Of _thetwo pessible,order
ings of the two conditions, two Ss ware given one order and:two Sathe Other.:
Critical ISI'afor forward and bWckward Maaking were determined in sucCession
at each level of RN intensity or duration going in order from the lower to

_

the higher value. Within a condition-, one S ofeach pair of Ss wastested
with the forward arrehgement firat However, the 8 given ferward masking
first in one condition:waaigiven backward making firatin-the other'. -The
usual procedure weaUsed for estiMating" Inc, and presentation ofstimnli
Was monocular, tOthe right eye

Results and Diacussion

The ISic's averaged across thejour Ss for forward and backward_masking
by RN-in each Condition are shoWn in Figure 18.

Since each duration had not been paired with each intensity, a single
Treatment x Treatment x Ss analysis of variance could_not be performed on
the present data. Instead, a separate Treatment x Ss analysis was conduc-
red,in turn, on the.intensity-varying and duration-varying conditions. These
analyses revealed that far both conditions,- the difference'betwen forward
and backward masking was highly significant: for the intensity condition,
F(1,3) = 130.66,p4C..001, and for the duration condition, F(1,3) '= 44.23,
p4C.001. The effect of RN luminance on -ISIc was significant, F(2,2) =
pmc.05. However, the significant,interaction between stimulus order (forward
or backward masking) and-intensity,- F(2,6) = 7.66, pAC.05, coupled-with in-
spection of the left panel of Figure 17, suggests that only forward masking
was affected by intensity._ The duration-varying condition revealed .no signif-
icant effect of duration (F.(1) on either forward or backward masking.
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In sum, the 1SIc in backward masking was invariant with respect to
increase in RN intensity or RN duration. On the other hand, ISIc in for-
ward masking varied directly with increase in RN intensity, but like ISIc
in backward masking, it was unaffected by increases in RN duration.

The data are in complete agreement with those of Schiller (1966) and
Kinsbourne and Warrington (1962b, Exp. I). Schiller showed that once mask
energy was greater than T energy, increases in mask intensity were
not accompanied by increases in interference in backward masking but were
accompanied by increases in interference in forward masking. Kinsbourne
and Warrington observed that given a mask of energy greater than T energy,
increases in mask duration with luminance held constant did not extend the
temporal range over which forward masking was obtained.

Forward Maskin and the Concurrent-Contin ent Model

The fact that the multiplicative relation between T duration and ISIc
is invariant with change in stimulus order (Exp. XV) favors the proposition
that peripheral backward and forward masking reflect the same underlying
process. On the other hand, the magnitude difference between the two orders
and the selective effect of mask intensity on_forward masking argues for two
different processes rather than a single identical process.

Electrophysiological evidence suggests that fommrd masking arises from
adaptation, i.e., reduced sensitivity, in the peripheral nets which previous-
ly responded to the mask (e.g., Nakayama, 1968; Schiller, 1968). Presumably
the nets recover in sensitivity with time, and the efficacy with which previ-
ously occupied peripheral systems can process an after-coming T is dea-ermined
by both the energy of T and the time since mask offset. A simple addition to
the description of peripheral nets, therefore, can account for the similari-
ties and dissimilarities between forward and backward masking functions of
peripheral origin: a preceding event reduces the sensitivity of peripheral
nets to subsequent events, with the sensitivity recovering exponentially as
a function of time. The reduction in sensitivity of peripheral nets should
not be taken to imply that all peripheral nets output a characteristic of the
mask. While some nets do output a mask feature, others do not. Thus, in
some nets, lowered sensitivity exists throughout the system, in others, it is
limited to the early stages. The upper limit on peripheral forward masking
is set by the recovery times of the slowest-recovering nets common to both
mask and T stimuli. We can add one final comment on peripheral forward mask-
ing and that is, of course, that the reduction in sensitivity is directly re-
lated to mask intensity (Exp. XVI).

Forward masking of central origin is slight. The interpretation pro-
posed above for the small effect generally found (e.g., Greenspoon and Eriksen,
1968; Smith and Schiller, 1966; and Exp. XIV) was that for a fairly lim-
ited range of delays between the two stimuli, mask data and T data are
treated as a composite by the central decision process, resulting in a fail-
ure to detect and identify T. Another view of central forward interference
is suggeated by Xolers's clerk-customer analogy. The idea is that a later-
arriving event may have to queue to gain access to a central decision process.
On the perspective of the concurrent-contingent model, queuing would be in-
terpreted as a delay in the replacement time in the set of central stores;
for example, replacing mask data by T data takes longer than replacing the



null state by T data. At all events, the forward interference implied by
queuing would be manifest more as a delay in perception than as an impair-
ment in perception, such as failure to identify.

EXPERIMENT XVII

On Kolers's analogy, the second of a pair of events has to queue for
some finite period of time before it gains access to the central decision
process. If this is so, it should be possible to detect evidence for queu-
ing even though evidence for perceptual impairment, such as failure to see
or identify correctly the second stimulus, is absent.

The paradigm developed to examine this possibility had the following
form. To one eye is presented a pair of contoured stimuli, t1 and t2, the
second lagging the first by x msec, where x is greater than the peripheral
processing time of t1. To the other eye is presented a patterned mask, m,
which follows t2 after a delay of y msec. The delay of y msec is just suf-
ficient for t2 in the absence of t1 to evade the dichoptic masking action
of m. Thus, when t1 and t2 are presented alone, t2 is readily identified.
When t2 and m are presented alone, t2 is again readily identified.

Now, if ti does in fact retard the entry of t2 into the central deci-
sion process, then when.t1,precedes t2, and t2 is followed by m after y
msec, failure of t2 to gain immediate access to that process should make it
susceptible to masking'by m.

Experiment XVII was conducted as a demonstration of queuing rather than
as a formal experiment. The stimuli chosen were as follows. The first stim-
ulus, tl, was the letter U located centrally; t2 was two H's located on a
slide such that if superimposed on the t1 slide, they flanked the U. The
separation between the arms of the U and the inner vertical components of
the left and right H's was .18*. The m stimulus was PM3. The_first and
third line-configuration of PM3 overlapped the two H's and the middle line-
configuration overlapped the U if superimposed.

The three conditions described above, and depicted in Figure 19, were
examined. Three naive and one experienced Ss participated. First, for each
S an ISI was determined between t1 and t2 which yielded a fairly good and
consistent metacontrast effect, i.e., S reported either that he failed to
see U (only one S reported such a failure) or that the U was of "ghost-like"
character and apparent movement was strongly Present. For three Ss this ISI
value was approximately 100 msec; for the remaining S it was 80 msec. Sec-
ond, the minimal MI between t2 and m at which t2 could always be seen and
identified was determined for each S. This value, y, varied between 50 and
70 msec across the four Ss. Third, the three stimuli were presented in suc-
cession at the determined x and y values. Throughout, t1 and t2 and m were
all exposed at 10 msec and 8 ft L. The right eye received t1 and t2, and
the left eye received m.

Results And Distussion

The results of this demonstration were as follows For each S in Cond_-
tion 3, U was clearly seen with_PM3 as background, ,and the pair Of H's was
not. Switching back and forth between Conditions 2 and 3, that is, simply
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turning U on and off, revealed that whereas the pair of H's followed by
PM3 were clearly seen in the absence of U, they were not seen in its pre-
sence. And, of course, the fact that U was more identifiable in Condition
3 than in Condition 1 is further evidence of the effect observed in Exp. IV,
which is that an after-coming mask (PM3) may reduce or eliminate the inter-
fering effect of a preceding mask (the pair of H's) on the perception of an
earlier-presented T (in this case, U). The present experiment stands in
contrast to Exp. IV in that here the "disinhibiting" effect see discussion
of Exp. IV) is purely of central origin.

Three further experiments/demonstrations were conducted with the same
Ss. One showed that the queuing effect could be obtained with an overlap-
ping U and H centrally located in their fields and with PM as the third
stimulus. These x and y values were not identical to those of the main ex-
periment. For expository purposes, these stimuli did not provide as good a
demonstration as those described above. This experiment showed, however,
that metacontrast conditions were not essential to the demonstration of queu-
ing.

A second experiment showed that the queuing effect, i.e., the effect of
ti upon the susceptibility of t2 to m, could be obtained just as well when
U was presented to one eye and the flanking H's and PM3 were presented, at
the 'same x and y values as.before, to the other. This rules out the notion
that U retards the processing of the H's by lowering the sensitivity of pe-
ripherainets, a possible interpretation of the queuing effect described in
the main experiment. On the contrary, the queuing effect is indeed central.

A third and final experiment provided further corroboration of the queu-
ing hypothesis. A prediction from this hypothesis is that in Condition 3
the likelihood of m masking t2 at ISI = y msee should decrease with increases
in x. This prediction wae demonstrated for all four Ss by holding y con-
stant and increasing the value of x. What was surpriang, however, was that
for the four Ss the value of x at which the flanking H's became visible was
fairly substantial, of the order of 200+ msee. This implies that the locus
of queuing was not in the central stores. If replacement time were of this
order of magnitude, it would be difficult to account for any central back-
ward masking.

In summary, Exp. XVII demonstrates that central queuing does occur with
the effect probably localized at a relatively late stage of the central de-
cision process. In addition, the several demonstrations of Exp. YVII sug-
gest a methodology for investigating central processes in vision in same de-
tail. Obviously estimates of processing time would have to take into account
queuing time. Also, the present demonstrations would seem to raise serious
questions about models of metacontrast which reduce the phenomenon to later-
al inhibitory processes (e.g., Bridgeman, 1971; Weisstein, 1968). Off-hand
it would seem that more complex processes are needed to handle the interplay
between nonoverlapping stimuli.

EXPEgLMENT XVIII

A shorthand account of the preceding research is that when two succes-
sive stimuli compete for the services of-peripheral systems, the greater en-
ergy event wins; on the other .hand, when two stimuli compete for the services



of the central decision process, the victor is likely to be the one that
arrives second.

Consider a T stimulus of relatively low energy, so that its peripher-
al processing time is longer than its duration. A mask event which follows
immediately on the same eye will occupy the same peripheral nets as T. Wheth-
er the peripheral nets output data on T or not is very much dependent on
whether the T stimulus has more or less energy than the mask. If the T
stimulus has the greater energy, then the peripheral nets will, in the main,
output data on T. On the other hand, if the mask has the greater energy,
then what is represented in the set, S, of central stores is primarily data
on the mask.

Let us now look at the case in which T energy is greater than mask en-
ergy and the mask is P143. The temporal variable is SOA. At brief SOA's T
and P113 will occupy common peripheral nets but since T is of greater ener-
gy, T data, rather than mask data, will be output, i.e., PM3 will fail to
mask T. At longer SOA's, however, peripheral processing of T is close to
completion, or is in fact completed, prior to P113 onset. As a consequence,
the central decision process now receives in succession two sets of data.
The central decision process is not affected by stimulus energy, and there-
fore, the energy superl rity of T over P113 is no longer relevant; what does
matter is which data set arrives second. In this circumstance, P113 can now
successfully mask T. In short, for the condition in which T energy P113

energy, masking should vary nonmonotonically with SOA and a U-function should
be obtained.

Quite to the contrary is the case in which T energy.< P113 energy. At
brief sak's PM3 masks T because of its energy superiority. At longer SOA's,
P113 masks T not because of the energy difference but because data on Pp re-
place, er are interwoven with, data on r'in_the central stores, thus dis-
torting thecentral decision proeess: ,Hence when T :energy< PM3 energy,
maeking, should be a-monotonic fnnction of:SOA. Experiment XVIII teetsthese
predictions

Method

There were two conditions with four naive Ss receiving both. In one
condition, the luminance of the T stimuli, the set of trigrams, was twice
that of EU (Condition 2:1); in the other, the luminance of T was half that
of P113 (Condition 1:2). The luminance values were 5 ft L:2.5 ft L and 2.5
ft L:5 ft L, respectively, and both T and P113 were exposed for 10 msec.

At each of eighteen SOA's, ranging from 0 to 184 msec all four Ss in
both conditions viewed twenty trigrams followed by P113, with a different set
of twenty trigrams given at each BOA. The number of consonants correctly
identified was recorded for each trigram presentation.

In both conditions, Ss were tested in ascending order from SOA = 0 msec
to SOA = 184 msec. Two Ss were given Condition 2:1 first, and twp were given
Condition 1:2 first. All stimuli were presented monocularly, to the right
eye.



Results and Discussion

The mean number of letters correctly identified (without respect to
position in the trigram) at each SOA value are shown for individual Ss
in Table 9, and Figure 20 shows these mean scores averaged across Ss. The
expected nonmonotonic and monotonic functions were obtained.

TABLE 9

EXP. XVIII: MEAN NUMBER OF LETTERS IDENTIFIED AS A FUNCTION OF

SOA FOR TWO RATIOS OF T AND NO

Subjects T:PM3

Si

52

S3

54

2:1
1:2

2:1

1:2

2:1
1:2

2:1
1:2

Subjects -111:PM3

52

53

54

2:1

1:2

2:1
1:2

2:1

1:2

2:1

1:2

SOA(msec)

0 4 8 12 16 20 24 32 40

3.0 2.8 2.9 3.0 3.0 2.1 1.3 .7 .5
0 0 0 0 0 .1 .1 .1 .2

3.0 2.8 2.8 2.8 3.0 2.7 2.2 2.2 1.2
0 0 0 0 0 0 .1 .1 .8

2.8 2.6 2.9 3.0 2.7 2.5 2.3 2.6 2.4
0 0 0 0 0 0 0 0 .9

2.8 2.7 2.4 2.6 2.6 1.9 2.1 1.6 1.6
0 0 0 0 0 0 .1 1.0 1.3

SOA(msec).

48 56 64 80 96 112 136 160 184

1.0 1.1 1.7 2.6 3.0
.9 1.5 2.4 2.1 2.7 3.0

1.0 1.3 1.0 2.0 2.7 3.0 3.0 3.0 3.0
9 1.5 2.0 2.9 3.0 3.0 3.0 3.0 3.0

1.0 1.3 1.0 2.0 2 7 3.0 3.0 3 0 3 0
.6 1.2 1.4 2.3 2.8 3.0 3.0 3.0 3.0

1.7 1.6 1.7 2.4 2.5 2.6 2.4 2.6 3.0
2.1 1.9 2.3 2.1 2.8 2.7 2.9 3.0 3.0
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The minimum of the U-function in Condition 2:1 is at 48 msec. The
two curves converge a little later than this in the region of 56 to 64
msec. In principle, if the T was of the same energy in both ratio condi-
tions, the minimum of the U-function and the point of convergence with the
monotonic function should be at the same SOA. The SOA value at which mask-
ing is most severe in nonmonotonic functions should vary inversely with T
energy. Therefore, if the lower-energy T (10 msec x 2.5 ft L) had been pit-
ted against a mask of 10 msec x 1.25 ft L, then the minimum of the U would
have shifted to a longer SOA value and the two functions would have con-
verged at this minimum.

U-shaped masking functions have generally been observA only under
conditions of metacontrast, that is, conditions in which the contours of
the mask do not overlap spatially with those of the T stimulus. The pre-
vailing sentiment is that U-functions are unique to metacontrast paradigms
(e.g., Eridgeman, 1971) and that metacontrast is therefore a very special
type of visual masking. Although the present data do not necessarily re-
fute the laiter, they do show that U-functions can be obtained with X and
mask overlapping, an observation buttressed by recent experiments of a very
similar nature conducted by Purcell and Stewart (1970). These investiga-
tors, in accord with the present research, report U-functions with overlap-
ping T and pattern mask when T is of greater energy than the after-coming
stimulus.

The interpretation presented here for the U-function in backward mask-
ing is that it results from the differential effect of stimulus energy on
masking of peripheral and central origin, coupled with the priviledged na-
ture of a stimulus arriving centrally as the second of a pair. The question
arises: is this interpretation applicable to U-functions generated by non-
overlapping T and mask?

A notable feature of metacontrast effects is that they tend to be as-
sociated with highly labile responses and are, for the moat part, highly
dependent on the criterion used by S. Generally the requirement for the
metacontrast effect is that S uses a high criterion to determine his response
see Kahneman, 1967b, 1968; Schiller, 1969), which may be interpreted to mean

that fairly complex, central processes underlie the effect (Schiller, 1969;
Uttal, 1970). In addition to this idiosyncracy, there are several sources
of evidence which strongly imply that the perceptual interference obtained
with nonoverlapping stimuli is primarily of central origin.

First, the effect can be obtained dichoptically (Kolers, 1962; Kolers
and Rosner) 1960; Weisstein and Gowney, 1969). Second, Schiller's (1969)
microelectrode recordings from the lateral geniculate nucleus of the cat
show that there is no physiologicAl evidence of response depression in meta-
contrast-like stimulus conditions. Depression or suppression are found,
either in neural response (Schiller, 1969; Fehmi, Adkins, and Lindsley,
1969) or in evoked potential (Donchin, Wicke, and Lindsley, 1963), 7
in situations in which the two stimuli overlap in receptive fields
Third, several lines of evidence suggest that metacontrast effects

7
Recent experiments on visual evoked-potential correlates of sequental blank-
ingby Andreassi et al. (Andreassi, Mayzner, Beyda, and Davidovics, 1971)
are relevant both to this point and to the general thesis of the present



are not only central but, indeed, arise at a_very late phase of the central
decision or construction process. Werner (1935) showed that-metacontrast
effects rapidly diminish when the similarity between the contours of the
two stimuli decrease. More recent evidence implies that the effect is most
pronounced when the two stimuli, such as a form as target and two flanking
forms as mask, are identical (Buchsbaum and Mayznel, 1968; Parlee, 1969;
Uttal, 1970). The implication is that metacontrast masking may depend in
many circumstances on the achievement of a central state approximating the
identification of the form and not simply upon an interaction between con-
tour-forming processes (see Utta:, 1970, 1971a).

On the present view, it would have to be argued that metacontrast in
monoptic conditions, which follows a monotonic function with maximum mask-
ing at SOA or ISI 0 msec, arises in part because of interference in the
transmission line. The conditiou for monotonic masking functions is that
mask energy be greater than T energy. In this situation, since no periph-
eral suppression can be found with nonoverlapping stimuli of equal ener-
gy, it would have to be assumed that the masking originating in the trans-
mission line is caused by phenomena similar to those governing masking by
contourless flashes. The part of the mask field not occupied by, but bound-
ed by, the mask form (in the case of disc-ring stimuli) or forms .(in the
easeof a flathing mask) overlaps optically the T form and is of greater en-
ergy. Therefore, we may assume that this peripheral masking is of no spe-
cial type and that it may be attributed to summation or occlusion effects
of the sort previously described. What is special is the central compon-
ent of a monotonic metacontrast function.

When in a metacontrast paradigm T and mask are of approximately equal
energy a nonmonotonic U-function is generally obtained. Since there is no
peripheral perturbation possible under conditions of equal-energy and non-
overlapping stimuli, this metacontrast U-function cannot be explained by
the coupling of differential peripheral and central masking effects. The

entire function must be said to originate centrally. U-functions in the
metacontrast paradigm have been reported for both monoptic and dichoptic
conditions of presentation (see Kahneman, 1968, Weisstein, 1968).

The two nonovetlapping, equalenergy stimuli are handled, so it may be
assumed-, by different.pieripheral nets., and data on the two are cast into
relatively independent subsetsof the set, S, of central stores. At brief
S0A!s close to 0 mseclor'bothmonoptic and dichoptic presentatien, data
on both stimuli arerepresented and a construction of both is made'. What
is perceived la.a composite, a single-atimulus:tvent; in the case of disc
and rinvas:T and mask, whatjs perceived is: Et!'hulls, eye" (Btidgeman.,
1971). With increating SOA, the likeliheod increaaeS that:all the data on
the T stip:talus ate laid dewn-befotethe data en the mask which leads to
the,questiOn: BOWAO the later°arriving'data onthenonoverlapping mask

_ _

indudte distortiOnAm:the centtal'dediaien on7TV-

paper. In conditions where all the stimuli are of equal intensity, Ss, while
not perceiving and recognizing blanked stimuli, do give a visual evoked po-
tential to blanked stimuli. On the other hand when the blanking stimuli are
of greater intensity than the blanked stimuli, both perceptual and evoked-
potential suppression occur.



The answer that has been given to this question when the stimuli
overlap is that the mask data replace data on T in the set of central
stores. With nonoverlapping stimuli having the same contours, replace-
ment may occur in the stores of peripheral sybLems rather like the com-
plex cells of Hubel and Wesel which respond to a particular stimulus
property appearing in a relatively broad region of the visual field.
However, in this case the new data would be identical to the old data
that they replace, and a successful construction of T should still be
possible. In short, the argument appropriate to overlapping stimuli
having similar, but not identical, contour conditions is not especially
appropriate to the metacontrast paradigm.

What is needed, perhaps, is the notion that data gathered from other,
proximate locations in the visual field, or more precisely, decisions on
data in other locations, enter into the decision process on the contents
of a particular location. And perhaps other-location decisions converge
upon the decision process in question at a relatively late stage, at least
beyond the point at which the property data from the relevant subset of
central stores has been used (see Figure 15).

The idea is that metacontrast effects arise at a later and perhaps
functionally different stage of the central decision process than'the pre-
viously discussed masking effects induced by overlapping random patterns.
A functionally different stage might be one in which the decisions derived
from the data in the set of central stores make contact with the structures
of long-term storage to achieve identification of the form in question.8
In any event, metacontrast is hsre viewed as a phenomenon arising from pro-
cesses beyond the level of the concurrent-contingent model described above.
And while this view pinpoints:the locns of the effeet, it does not, of
course, suggest why the effect should be.more pronounced:at SCA> 0 msec.

EXPERIMENT XIX

Basically, Exp. XVIII showed that a stimulus which may escape monoptic
masking at some relatively brief delay of mask may suffer masking at a lon-
ger delay. This result, besides implicating the interplay between peripher-
al and central processes in determining the shape of masking functions, sug-
gests caution in assigning an upper temporal limit to the masking effect of
a particular pattern on a given T form. This point is put into relief by
considering the data of Exp. IX given in Table 4. There.it can be seen that

A number of geometric illusions,.e.g. , the Fbbinghaus and Ponzo illusions,
are not too dissimilar from metacontrast. In both metacontrast and the
illusions, a distortion in the perception of ohe element is induced by
surrounding, or flanking, elements. Schiller and Wiener (1962) have shown
with brief,' diehoptic presentation of the test and inducing elements that
these illusions are of central origin. This, of course, questions the _no-
tion that these illusions arise from recurrent lateral-inhibitory processes
in the retina; other lines of evidence question any form of Lateral-inhibi-
tion explanation (see Coreh, 1970). An alternative view is that these il-
lusions occur because the visual system is misled into entertaining in-

-correct hypotheses about-the test element (cf., Gregory, 1970). . Presum-
ably these hypotheses would be generated ar a relatively late stage in the
central decision process.



the monoptic critical T duration for various duratians of PH3 was rela-
tively brief in comparison to the dichoptic critical T duration for the
same PM3 values. An interpretation of this result might say that the
minimal duration of T et which a particular duration of MA3 (at ISI = 0
msec) failed to mask monoptically defines the upper boundary on the monop-
tic influence of that PM3 on the perception of T.

The hindsight afforded by subsequent experiments, and in particular
Exp. XVIII, says that this minimal duration of T at which criterion perform-
ance has been attained does not define an upper limit for monoptic masking.
Rather it simply reflects the basic peripheral rule, which is that when two
stimuli occupy common peripheral nets, the more energetic one is tavored.
Presumably if the T stimuli were presented for this duration and an ISI were
introduced between T and mask, as the 151 increased, identification accuracy
should first decrease and then increase, gradually returning to the original
criterion level. The reason for this see-saw effect would be the transition
from masking originating peripherally to masking originating centrally as
witnessed in Exp. XVIII.

Experiment XIX was conducted to verify these assertions. The proce-
daeused was essentially that of Exp LK grafted onto that of Exp. XVIII.

Method

Critical T duration was first determined for each of four naive Ss
- with the se'.: of trigrams at 2.5 ft L followed at ISI = 0 msecrby a PM3 of
10 msec x 2.5 ft L. The usual criterion of four correct in succession was
used. When this critical T duration:had been determined,-ten ISra were
introduced between 1 and PM3-44_10-msec stepelrom O'to 90 msec,:with-T
duration held constant at_this critical,value. :At each 151 -S--:Was-present7
ed with five differenttrigrama, and:_theriumber_of letters correctiTiden- ,

tified at each was recorded-.- StiMuli were,presented to the right eye..

Results and Discussion

Each Vs critical T duration And the mean number of letters Correctly
reported ateach'JST are:giVewln Table .140,:jnspection of Table lOtshews
that mean identifiCationiperformandedeOlifiedfromKa maximumef three let-
tera to.a.pproximatelytwo lettersAtan:Intermediate. ISI-and then_recovered
to -the original level-. TheISI means werec.ast:into:.arepeated measures
analysis which shoWed a significant difference,:in4dentification performance
as a function F(9;27)-= 4.75, :p4C.00i.',: -In shert, identification -
accuracy varied -nonmonotonically with ISLand Critical, T-duration-was obViens-:
ly not the: upPer limit on'monoptic masking by PM3.:

CONCLMING DISCUSSION

The theoretical persuasion-of this paper has-been a view of perception:
as a temporal sequenee of events involving stages of storage and_transfOr
mation (Posner, 1969). Accordingly, the broad conclusiods'from the Preced-
ing research and speCulatiens on these concluSions are drawn within the
general context-of the'information7processing approach described at the Cut-

_set. Figure I will serve as a-useful reference.
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LLIIL.LULL Ui. LUW i.upuL ana long-term storage. tin current
theorizing, the contact between input and memory may be described as a
feature-match or, alternatively, as an analysis-by-synthesis operation
(MacKay, 1967; Neisser, 1967). In either case the question, What (kind
of) object is this? is answered by first extracting certain properties or
features, which in turn raises the question: What kinds of features are
suitable?

It is quite unlikely that an inventory of straight lines, curved lines,
verticals, horizontals, diagonals, edges, colors, etc., present in the ret-
inal input could provide a sufficient data set for stimulus identification.9
Rather, what would seem to be essential for recognizing a visual object or
figure is the existence at same neural level of a description of the input
which embodies, but does not necessarily list,-all the potential-relations
between the parts of the object.. We must suppose that knowledge ef what
kind of object or figtre Something is relies very heavily on "features,"
which exist enly as relationsamong the parts In short, the prerequisite
for answering: the question, What object:is thic? is a global representation
of the input since it is only in thecontext of theiyhole that certain
"features" can be specified and that thingis such asllines-.-and curvesare
useful to Tattern-recognition devices. As-:Neisser (1967): observes: "In
tetths Of information proceSsing the whole is pilot toi.ts parts" (p91).

Yet,-paradoxically,- it has to be argued on,the basia of t.he single-
-cell recordings of Rubel and Wiesel (1959; 1962i.1965).:that AnY wholistic
representation Must be derived -originally from an inventory offeatnres
much like that desctibed above.. -,:We mdy..-.hdVe-tO diatingUish:betweentwo
kinds: of "festures"_: these.detected-:by feature7detecting-dystemer-andused
to reconstitutethe global CharaCter:of theinpUtand those:abstracte&-from
the:gIebal:tepresentatiOn'.4ndluSed to recognize It. Let us cell features
of the first kind context7independent and features of:the second kind con-
text-dependent.

Especially reltVant:to tW-presen-_'view are the recent comment* of
Pollen,Lee, 4nd Taylor.(1971) en hot4 theStriate cortex reconstkucts the
visual world. PolIenandhiscolleagues-ittiMate-:that the simple7ce4,-lev--

identified by HnbelandWieSel (1959, 1962,1968) cannot unique-
ly a description of-theftimulud-; furtherpronessing,is_required Until"a
!teconstrnction' (by whicivvejMean::the deriVation-of::an-invariantLdeterip

-tion of a visual object)-has beenachieved'In eame'set of neurone (pa4).
The transformation that occurs-from ple level of the simple to-that of the :

complex .cell (Rubel and Wesel, 1962)4s, to their way of thinking, only
beginning in thetetonstrUction process.; a-camplex cell is tuned to _only
oneapatialjtequency-and only-one particular angle_for_ a restricted tegien
of viand" spaCe. A more_complete specification of the-visual form, an !11.11-r:

variant" deddription, is aChieved via a gathering of information framell

1

'Recently-several authors have:argued_quite vigorously .against the claim
that feature-detectors can_account for_how things are recognized-or why .

things should look-as-they deljPribram, 1971; Rock, 1970; Uttal,
and Corwin, 1970). Othets haVebeen less-vigorous, but equally poignant
(Gregory, 1970;-Neisser 1967).



complex cells over the involved region, and this description, they argue,
may then serve as a unique determinant for further elaboration of the per-
ception through contact with the long-term store.

In light of the foregoing, the outputs of peripheral nets, i.e., the
content of the set of central stores, can be viewed in either one of two
ways: either the content of the stores is a list of context-independent
features or it is a wholistic representation from which relational proper-
ties are abstracted.

Let us suppose that the data in the set of central stores are context-
independent features. The central decision process in the concurrent-
contingent model must be, therefore, at least in part, a series of opera-
tions by which a wholistic representation of the visual input is assembled,
or in the language of Pollen et al. (1971), "reconstructed." Thus, para-
phrasing Neisser, preliminary decisions emphasize the global rather than
the particular in the figure they construct. Assuming, therefore, two fair-
ly broad stages in pattern recognition (Neisser, 1967), the central decision
process must firet establish figural unity--which is Neisser's term for
wholistic representation and then make decisions on the nature of this seg-
regated object. The first stage works with the data set provided by the
peripheral nets; the second stage, with the figural unit afforded by the
first. Thus in Figure 15,'which illustrates the concurrent-contingent mod-
el, the figural unit is represented by the output of Cn; decision nets be-
yond Cn are needed for the further elaboration and classification of the
stimulus.

If, on the other hand, we suppose that figural unity is represented at
the level of the central stores, then the central decisions, C1 to Cn, il-
lustrated in Figure 15, are those which determine the proper classification
of the stimulus by means of context-dependent features abstracted from the
wholistic representation. On this view, however, it would be difficult to
account for the relation between peripheral processing time (PPT) and cen-
tral processing time (CPT) described earlier. As was noted, in conditions
of relatively low T energy, the upper limit on masking (by FM, PM3) can be
set by PPT, which Implies that, to some extent, the peripheral and central
processes overlap in time. If central decisions beyond figural unity are
decisions which make use of properties abstracted from, and therefore, de-
termined by, the context of the whole, then it is impossible on this view
of peripheral net output for peripheral and central processes to occur con-
currently. The latter must await the completion of the former. Thus, of
the two views, the one which more easily accommodates the data is that which
describes the total output of peripheral nets as a list of context-indepen-
dent features from which the object form is reconstructed. We may now ad-
dress the question of whether the postulated set of central stores in the
concurrent-contingent model and the concept of iconic storage Neisser,
1967) are identical.

In the main, the description of iconic, or brief, visual storage has
been derived from applications of the delayed partial-sampling paradigm
introduced by Sperling (1960) and Averbach and Coriell (1961). Essential-
ly, this paradigm involves presenting simultaneously an overload of items,
usually letters or digits, in a brief tachistoscopic exposure, followed
after a similarly brief period of time by a probe or indicator designating
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which element or subset of elements S has to report. Despite the fact
that the display load generallyecceeds the memory span, if the indicator
occurs soon .enough after the display, S can give a highly accurate report
of the specified element(s). As demonstrated by Sperling (1960), this
delayed partial-sampling procedure shows that S has far more information
available than can be reported by the memory-span, or whole-report, tech-
nique. Generally this is intepreted as meaning that the information tapped
by the partial report exists in a storage medium of such brevity that the
memory-span, or whole-report, technique is too slow to reveal it. The su-
periority of partial report over whole report declines rapidly with delay
of indicator. Estimates of the decay time of iconic storage inferred from
the decline in accuracy of partial reports vary from 250 msec to several
seconds (Averbach and Coriell, 1961; Averbach and Sperling, 1961; Keele
and Chase, 1967).

It is generally proposed that iconic memory is literal, or precate-
gorical (Broadbent, 1971; Neisser, 1967), a proposition supported, in part,
by the kinds of selection criteria which allow for efficient performance in
the delayed partial-sampling task. In the original experiments of Sperling
(1960), Ss were presented with an array of several rows of letters or dig-
its. The delayed indicator specified report by row or column. Partial
report at brief delays of the indicator was superior to whole report, dem-
onstrating, perhaps, that the spatial properties of the input were avail-
able in the iconic representation. However, in one of Sperling's experi-
ments Ss were asked to pick out letters or digits from a mixture of both.
In this instance, partial report with preinstruction was not superior to
whole report, suggesting that the distinction between letters and digits
is not available at the level of iconic storage. Such a distinction is
based on a derived property of the stimulus, and presumably the time re-
quired to categorize a particular set of physical characteristics as rep-
resenting an item belonging to the class "letters" or "digits" is consid-
erable in the medium of iconic storage. In contrast, superior partial re-
port over whole report can be clearly demonstrated when the criterion for
selection is brightness, size (Von Wright, 1968), color (Clark, 1969; Von
Wright, 1968), shape (Turvey and Kravetz, 1970), or as already indicated,
location (e.g., Sperling, 1960). These data demonstrate that we are able
to select or ignore items in iconic storage on the basis of their general
physical characteristics. We cannot, however, with the same efficiency
select or ignore items on the basis of their derived properties. In terms
of the distinctions recently made by Broadbent (1971), we can select ef-
ficiently on the basis of stimulus set but not on the basis of response
set. All this speaks to the precategorical nature of iconic storage.

Several other lines of evidence point to a difference between iconic
storage and the immediately subsequent store for categorized data, gener-
ally referred to as short-term storage or primary memory (Atkinson and
Shiffrin, 1968; Broadbent, 1971). Wickelgren and Whitman (1970) heve ar-
gued that unlike short-term storage, iconic memory is nonassociative.
Memory for the position of the elements is by an ordered two-dimensional
array of locations, not by associations between the representatives of the
elements. This conciusion is buttressed by Rudov's (1966) close examina-
tion of error production in the iconic memory task. Several studies
(Glucksburg and Balagura, 1965; Standing and DaPolito, 1968; Turvey, 1967)
have indicated that iconic memory is not affected by repetition although
repetition does significantly influence the memory of material at the level
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of short-term or primary storage (Hebb, 1961; Melton, 1963). In addition,
experiments by Turvey (1966) and Doost and Turvey (1971) suggest that icon-
ic storage does not require central processing capacity for its maintenance,
in contrast to short-term storage which does rely on the availability of
central attentive processes (see Broadbent, 1971; Posner, 1966).

There are two interpretations of the experiments which show efficient
partial report under stimulus set instructions. One is that the proper-
ties of the stimulus on which stimulus set selection is based are present
in the iconic store; the other is that they are not present but they can
be rapidly ascertained, mere rapidly, that is, than the properties which
allow for a response-set selection, say, between letters and digits. Take
as an example selection on the basis of size or shape. On the first view
these global properties of the stimulus would be "known" at the level of
iconic storage, on the second they would not. On the second view these
global characteristics of the stimulus would have to be derived from a data
set consisting, presumably, of context-independent features.

In theory, the content of iconic storage could be either a description
of a visual object or objects, suitable for subsequent operations of pat-
tern recognition, or a conglamerate of "crude," context-independent features
which requires some further operations before it is rendered into a form
suitable for classification. On the basis of perceptual reports of Ss in
the delayed partial-sampling paradigm, the second of the two views of icon-
ic content seems unlikely. Generally, Ss' descriptions imply that they see
far more items than they can report (e.g.,Sperling, 1960), and Indeed, they
may know how many items were presented although they may not know what the
items were (see Eriksen and Rohrbaugh, 1970). In other words, at the level
of visual information processing isolated by the delayed partial-sampling
paradigm something is known about the gross form of the input, and it is the
persistence of this knowledge which has been called iconic memory.

The description of what is known ett the level of iconic storage, pro-
vided in the main by selection criteria which yield efficient partial report
and by the perceptual reports of Ss, contrasts with the data set postulated
for the central stores in the concurrent-contingent model. The argument
made was that the outputs of peripheral nets are context-independent fea-
tures and that it is via means of a central decision process that the vi-
sualobject is "assembled" and identification of that object eventually
achieved. Perceptual reports cif Ss, in those situations of the present series
of experiments in which masking was described by the additive rule, shifted
with increasing ISI from reporting no Lvidence of the presence of the T let-
ter to an intermediary state of noting its presence and finally to report-
ing not only that it was present but that.its form was clear and that
the problem was to identify it before it was replaced by FM (cf., Haber and
Standing, 1968; Liss, 1968). In other words, the perceptual report which
defines the iconic memory experience, that of an image in which the global
characteristics are clearly defined, emerges at a relatively late stage in
the process embraced by the additive rule. The conclusion we would like to
draw from this is that iconic storage and the central set of stores on per-
ipheral nets output are not identical. Iconic storage for a single item is
perhaps better viewed as a storage of a decision on peripheral data as op-
posed to a storage of peiipheral data. The decision represented at the lev-
el of iconic storage is an intermediary decision relating to the global
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properties of the stimulus object; the final category state (Broadbent,
197- 1 has not yet been achieved at this point in the flow of visual in-
formation. For example, what is stored for an input to a certain region
of the visual field is the decision that the input in this region has this
size, this brightness, this color, this general shape, etc., but whether
the input was the letter "F" or one's laved one is not yet known. Thus,

in the central decdsion process, iconic storage represents an interface
between decisions based on context-independent features and decisions based
on context-dependent features.

Given the foregoing, the "read in" to, and "read out" from, iconic
storage may be described briefly as follows. First, a set of operation-
ally parallel, peripheral visual systems which have the retina as start-
ing point and the cortex as end point, signal fundamental, but context-
independent, properties of the stimulus at a rate which serves inversely
with the energy of the stimulus up to some ltniting energy value. These
properties are entered asynchronously into a set of central stores by vir-
tue of the different processing rates of the different systems. In paral-
lel with the peripheral signalling of properties, central decisions about
the stimulus based on these properties are being made. At some point, and
here we can talk only vaguely, a decision is reached which corresponds to
a convenient description of the stimulus from the vantage point of the
subsequent categorization-process (Broadbent, 1971; Neisser, 1967). This
decision state can persist for a relatively prolonged period, probably be-
cause the decisions which now occur (in read-out) are based on relational
features which have to be abstracted (and abstracting the "right" features
may on occasion require several attempts), and probably because these sub

sequent decisions tax the limited capacity of the information-processing
mechanisms and thus, in the face of concurrent demands, cannot always be
conducted as efficiently, and as swiftly, as is ideally possible. This
decision state is iconic storage, and we may conjecture in the earlier no-
tation that when PPT4( CPT, the read-in to iconic storage is relatively
constant for varying energy values of the stimulus.

It will be recalled that this paper began with the adoption of a par-
ticular view on two theories of masking--the integration and interruption
theories. This view proposed that integration localized masking by pat-
tern in the read-in to iconic storage and interruption placed the effect
of a patterned mask on read-out; moreover, in the visual information-pro-
cessing framework both theories could, indeed, be true. An extension of
this view, implicit in the general discussion of Exps. I-IX, was that "in-
tegration" described masking originating peripherally while "interruption"
was a more appropriate description of central masking. These notions, es-
pecially the peripheral-central one, served to guide the design and inter-
pretation of many of the experiments reported. However, we must now em-
phasize what is already manifestly apparent in the reported data and the
description of the concurrent-contingent model and that is that neither
integration nor interruption nor both theories cambined can substantially
accommodate the phenomena of masking. The point to be made is, perhaps,
an obvious one: there are many ways in which one stimulus may impair the
perception of another.

But let us,pursue-for a moment, in,the context of-the concurrent-
-contingent model, the_ general-atiproach of pinpointing the masking effects

_
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of a pattern prior to, and subsequent to, the attainment of the iconic
representation. The read-in to iconic storage consists of a number of
operations which may be affected in several ways by an after-coming
event. Outputs from early stages of peripheral nets may be occluded and/
or terminal outputs may be distorted. Data on both stimuli may exist in
the set of central stores leading to an iconic state which would, in ef-
fect, be a mixture of both. Or data on the leading stimulus in the cen-
tral stores may be replaced almost entirely, and immediately, by data on
the following stimulus so that no iconic representation of the first is
achieved.

A preceding mask can similarly influence the read-in by temporarily
prohibiting peripheral net outputs or by mixing with the target stimulus
data in the central stores, thus giving rise to a blemished iconic repre-
sentation of the target. The temporal range over which impairment of the
latter kind can occur is limited by virtue of the fact that data on a
later-arriving stimulus event will always replace data on an earlier event
in any central stores that the two have in common. Quite obviously, in
this perspective the effect of a patterned mask on read-in to iconic stor-
age could not be classified exclusively as either integration or inter-
ruption or as any simple combination of the two.

The position taken in this final section is that the decision nets
illustrated in Figure 15 represent the process by which the iconic, or
wholistic, representation is established. Thus, as we have noted, the
output of Cn represents the iconic form. The hypothesis with which we
began proposed, in part, that interruption theory spoke specifically to
the effects of a mask on read-out, which here is viewed as a series of de-
cisions. Usually the interruption theory has been interpreted as saying
that an after-coming stimulus erases or replaces the icon of an earlier
stimulus thus curtailing the time available for processing (Haber, 1969b;
Scharf and Lefton, 1970; Spencer and Shuntich, 1970; Sperling, 1963). In
the concurrent-contingent model, therefore, the notion of replacement can
be translated into "a change in the decision state of.Cfl." Presuming that
subsequent central decision nets use the Cn output as tlieir data base,
changing Cn output on a first stimulus would cut short the time available
for these decisions on that stimulus. This interpretation, of course, is
similar to that suggested in the clerk-customer analogy. Moreover, it im-
plies that the minimal SOA needed to evade a central mask defines the min-
imal time needed for read-in and for read-out from iconic store.

But a fundamental assumption of the information-processing approach
is that the flow of information on the nervous system is characterized by
successive changes over time in the content of the information (Haber, 1969a).
The idea that the output from each central decision net is, in essence, a
new form of the stimulus information and a further step on the way to an-
swering the question of what kind of object the stimulus is, suggests a very
different view of how iconic read-out might be disturbed.

One_Oredictien ofthe-theo y that backward masking by pattern inter-,
rupts-the processing of the icon by replacing the-Ticen is that all pattern
masks-that can mask a-given type of T:stimuluscentraIly should mask-over
theisame temporal range.. Thus, for example; the minimalBOA needed by a set
of T letters, sayethe trigrams, to evade'masking hy PM3 should be the same
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as that needed to evade say, a mask which is either another configuration
of lines different from PM3 or three letters or a word. In all these cases
we must suPpose that the time needed to process the T letters from the icon
is constant and, therefore, that the upper limit on central masking is_set
by this processing time. Replacing the T icon by any one of the masking
forms cited before processing is complete should yield masking, but the
interval at which no masking occurs should be identical for all.

Quite on the contrary are some informal observations we have made
which imply that the upper limit on central masking for a given T stimulus
set depends on the form of the mask. For example following the trigrams
by a trigram mask,i.e., three letters overlapping the three letters of the
T stimulus, requires a longer minimal SOA for evasion of masking than fol-
lowing the trigram by P143. In addition, in a variation of the situation
described in Exp. XVII, a letter U followed by a pair of flanking H's gives
a maximum metacontrast effect at an interval far in excess of that at which
PM fails to mask the U. What these observations imply is that the minimal
SOA needed by a stimulus to evade masking does not necessarily define the
minimal time needed to process that stimulus; rather it defines the maximal
time in which this particular mask can interfere with the processing of
this particular stimulus. In other words, the time to process an item may
well extend beyond the temporal interval in which a given mask can impede
perception. Essentially,'this theme, is expressed in the contrast between
RN and PM.

We may therefore entertain an alternativ to the icon-replacement
notion. To begin with perception is, as we have noted earlier, a sequence
of operations in time in which the iconic stage, we might now add, is a
convenient point to introduce a delay if such a need arises (see Posner,
1963). But in most circumstances perception proceeds uninterrupted with
the output of each decision net representing a further gain in knoiwledge
about the stimulus. Masking arises subsequent to the an output, i.e.,
post-iconically, not because of icon-replacement, although that may occa-
sionally be true, but because discovering what kind oF object the mask is
may require the services of decision nets beyond C. which are presently
engaged in discovering what kind of object the target is. The implication
of this view is that the more similarities between the target and mask (and
this similarity is not restricted to the physical dimensions),the greater
the opportunity for masking and the greater the temporal range over which
masking may occur.

In this respect a most instructive observation on sequential blanking
or masking has been made by Mayzner and Tresselt (1970): if a non-word
mask of five letters follows a non-word, five-letter target, masking occurs;
on the other hand, masking does not occur if the noneword mask follows a
five-letter word. This means, perhaps, that semantic similarity as well
as geometric similarity may be grounds for central masking (cf., Uttal,
1971b).10

Of.-even greater relevance to this point are unpublished experiments by
JeCobsen cited recently by-Ooltheart (1972). These, experiments Show that
if the mask is_a word which is_an associate_of the target word (e.g., Meuse7
cheeSe)-the interVal-over which masking is.obtainedjs_shorter than,if the
mask is,not-an eaSoCiateje46:mouse-green). Thil finding-Suggesta that
central decisiOris:onan ba-rlier evnt_Way be-faCilitated, rather than hin-
dered,-by a subsequent semaritIcally similar event.-

--
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SUMMARY

A series of experiments was conducted which explored visual masking
of peripheral and central origin through the use of mask stimuli which
masked either both monoptically and dichoptically or only monoptically.
The major observations are summarized below.

(1) Backward masking of peripheral origin was characterized by a
multiplicative rule relating the energy of the target stimulus to the
minimal interstimulus interval needed to evade masking; thus, target energy
x minimal interstimulus interval - a constant.

(2) Backward masking of central origin was characterized by an ddi-
tive rule relating the duration of the target stimulus to the minimal inter-
stimulus interval needed to evade masking: target duration I- minimal inter-
stimulus interval a constant. This complimentarity between target dura-
tion and interstimulus interval implicates onset-onset time as the relevant
temporal variable in central masking.

(3) While energy variables significantly affected ehe degree and di-
rection of peripheral masking, they were relatively immaterial to masking
arising centrally.

(4) Forward masking of peripheral prigin was more pronounced than
backward masking of peripheral origin; moreover, the severity of peripheral
forward masking increased with increases in mask intensity, the severity
of peripheral backward masking did not. Peripheral forward masking, like
peripheral backward masking, was characterized by the multiplicative rule.

(5) In comparison to central backward masking, central forward mask-
ing was relatively weak and did not appear to obey the additive rule. In
addition, a central forward masking effect was observed which delayed
rather than impaired, target stimulus perception.

(6) When two stimuli, target and mask,werepresented monoptically in
a backward masking arrangement, the upper limit on masking was set by
either peripheral or central processes depending on the energy of the
target and the relation between the target and mask patterns.

(7) A nonmonotonic U-function was obtained monoptically with over-
lapping target and mask, where target energy was greater than mask energy.
The function reflects the transition from peripheral to central masking
with Ancreasing delay between the two stimuli.

(8) Individual differences_were manifestly greater in central than
n peripheral masking,4

11
Two observations by Schiller (Schiller, 1965; Schiller and Wlener, 1963)
speak to this point: monoptic and dichoptic masking by pattern de-
clines with practice, more so for dichoptic than monoptic presentation,
but practice does not significantly influence masking by a homogeneous
flash. Both of these results would be expected on the principle that
dichoptic masking by a light flash reflects-disturbances in peripheral
nets. The central process should be more susceptible to practice
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(9) "Disinhibition" or "recovery of target" effects were observed
which could not be easily accommodated by lateral-inhibition explanations.

(10) Peripheral and central processes, symbolized respectively by the
multiplicative and additive rulen, do not function in a sequential and
additive fashion. Rather, the relation between the two is that they over-
lap in time, with the central processes contingent on the outputs of the
peripheral processes. A model was developed which expressed this con-
current-contingent relation and rationalized the data of the present series
of experiments.
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Separate Speech and Nonspeech Processing in Dichotic Listening?

Ruth S. Day and James C. Bartlett
+

Haskins Laboratories, New Haven

ABSTRACT

Temporal order judgment (TOT) in dichotic listening can be a
difficult task. Previous experiments that used two speech
stimuli on each trial (S/S) obtained sizeable error rates
when subjects were required to report which ear led (TOT-by-
ear). When subjects were required to identify the leading
stimulus (TOT-by-stimulus), the error rate increased sub-
stantially. Apparently, the two speech stimuli were compet-
ing for analysis by the same processor and so were over-
loading it. The present experiment used the same TOT tasks
but presented a speech and a nonspeech stimulus on each trial
(S/NS). The error rate was comparable to that of S/S for TOT--
by-ear but did not increase for TOT-by-stimulus. This would
be expected if the speech and nonspeech stimuli are being sent
to different processors, each of which performs its analysis
without interference from the other. The interpretation of
the data given here is consistent with the results of standard
identification experiments reported elsewhere: when asked to
identify both stimuli on each dichotic trial, subjects made
many errors on S/S, while performance was virtually error free
on S/NS.

Dichotic listening is presuthably a:task-that crea.6es a situationlon-
formation overload; 'Let-us examinesOMe of the data that support this:J-10
tion.

When both stimuli are s eech -(S/S)_. Consider cases where a different
speech stimulus is presented to_each ear. When subjects are asked to report
both stimuli, do errors occur? The answer is yes. Although there is a wide
range of perfermance levels rePorted-in the literaturesignificant error
rates are obtained.- One explanation for_thase.results is that both speech
stimuli are sent ,to a single processor. This processor cannot fully analyze
wo stimuli at the same time,_hence errors ,occur.

When both stimuli are nonspeech (NS/NS),. onsider cases yhere a differ-
ent nonspeech stimulus is presented to each ear. Again, although overall
performance..levels vary in the literature, significant error rates are

Paper presented at the 82nd meeting of the Acoustical Society of America,
Denver, Colorado, October 1971.
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obtained. An explanation co plementary to the one given above for the S/S
cases is that both nonspeech messages are sent to a single processor. This

processor cannot fully handle two stimuli at the same time, and hence errors
occur. 1

When one stimulus is s each and the other is non eech (SIN Recent-

ly we asked a very simple question: what happens when we present speech to
one ear and nonspeech to the other ear (Day and Cutting, 1971a)? Will er-

rors occur in this "mixed" SINS situation? The answer, somewhat surprising-
ly, is no. Thus, given a consonant-vowel syllable to one ear and a tone to
the other, subjects are readily able to identify both stimuli. It makes no

difference which ear receives the speech stimulus and which the nonspeech
stimulus. It appears, then, that each stimulus is sent to a different pro-
cessor. Each processor can do its work without competition from the other.
Figure 1 summarizes the results and explanation for S/S, NS/NS, and S/NS
identification tasks.

Elsewhere (Day and Cutting, 1971b) we have re-examined what it means to
say that dichotic listening yields a situation of information overload re-
sulting in "perceptual competition." We have argued that perceptual compe-
tition in these standard identification tasks occurs only when both stimuli
are from the same broad class of events, that is, when both are speech (S/S)

or both are nonspeech (NS/NS). Perceptual competition does not occur when
one stimulus is speech and the other is nonspeech (S/NS).

The present paper examines a different kind of dichotic listening task:
temporal order judgment (TOJ) tasks. Figure 2 illustrates the general manner
in which we conduct these studies. The relative onset time of the members
of a dichotic pair are varied over trials, as shown in the top part of the
display. On some trials, stimulus A and stimulus B begin at the same point
in time; thus, there is zero relative onset time between the two stimuli.
On other trials, stimulus A preced-s stimulus B by a short interval, for
example, 25, 50, or 150 msec. There are also trials where stimulus B pre-
cedes stimulus A by these same intervals

Two types of TOJ tasks are shown in the bottom portion of Figure 2 In

the TOJ-by-stimulus task, the subject is asked to report which stimulus led.
In terms of the schematic diagram, he would report either stimulus A or
stimulus B. In the TOJ-by-ear task, we present the same stimuli but ask a
different question. The subject is asked to report which ear led. He aeed
not perform linguistic analysis and identify the leading stimulus; all he
needs to do is determine which ear was the first to receive stimulation.

We are interested in comparing overall performancellevels for the two
TOJ tasks. First, consider what-happens when both stimuli are speech. The

Ydata shown ih Figure 3 have been-pooled Over several experiments reported
elsewhere (Day, 1970, forthcoming; Day and Cutting., 1970,-Day and Copeland,'

forthcoming-a)-. Stimuli were Of the general form BANKET/LANKET: -When the

1-
-NOte that we are distussing overall performance levels here and have Put
aside the whole question of ear7hemisphere advantages,
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relative onset time of the two inputs was 25 msec, overall performance was
53% correct when subjects had to report which stimulus led (TOJs). For

this same lead condition and identical stimulus pairs, performance was 60%
correct when these subjects had to report which ear led (TOJe). Thus there
was an improvement of 7% when subjects reported ear-of-lead rather than stim-
ulus-of-lead. This improvement occurred at all lead conditions, with a 15%
difference between the two tasks in the 50-msec condition and a 19% difference
in the 150-msec condition. In addition to this task effect, there was a
lead-time effect: subjects were better able to judge temporal order as the
relative onset time between the two inputs increased. However, we are pri-
marily interested in the difference between the two tasks as shown by the di
on the right side of Figure 3. Recently the TOJe vs. TOJs comparison was
made in a highly simplified situation (Day and Copeland, forthcoming-b).
The same pair of consonant-vowel syllables (/hae/ 4. /dare]) was presented on
every trial, with lead times of ±50 msec. A ain, TOJe yielded superior per-
formance.

What happens when we perform the same experiment but use "mixed" SINS
trials? The present experiment used the syllables /ba, da, gal as speech
stimuli and 500-, 700-, and 1000-Hz tones as nonspeech stimuli. The stimuli
were those used in the first S/NS study (D-y and Cutting, 1971a). That paper
describes the stimuli and the tape preparation. Briefly, all stimuli were
300 msec long, and the amplitude envelopes of the tone stimuli were matched
to resemble those of the speech stimuli. Tapes were prepared on the pulse
code modulation system at the Haskins Laboratories (Cooper and Mattingly,
1969) which insures an accuracy of ±1/2 msec in specifying relative onset
time.

There were twelve subjects. All were right handed, had no history of
hearing trouble, and were native American English speakers. A representative
trial consisted of /baVto one ear and a_lowtone te the Other._ On the TOJs

-task, the sUbject would report either.."ba" or "low"vhile On the TOJe ta8k,
hu would report either "left" ur "right."

Figure 4 summarizes the results of the experiment. Again, performance
did.improve as the relative onset time increased. However, there was no
task difference. Thus the A-value was 3%, 4%, and 2% for the 25-, 50-, and
150-msec condie.ons, respectively. None of these differences is statistically
significant.

In order to visualize the contrast between the previous S/S experiments
and the present S/NS experiments, let us compare a-scores across experiment
types. Figure 5 plots A-scores along the ordinate, representing a subtrac-
tion of the TOJs scores from the TOJe scores. For the previous S/S type of
experiment, there were large task differences for all lead conditions. Also,
the magnitude of this difference increased across the lead continuum. -En

the present S/NS type of experiment, there were small, nonsignificant task
differences, andA did not change across the lead continuum.

These data ean be viewed in still another manner. So far we have been
looking at overall correct performanCe. Figure 6 replots the same data in

,

terms of error scores, collapsed over the'lead-continnum. In the S/S experi-
ments, when subjects only' had to report-which ear led, the-error rate was 25%.
When more complex.information'Orocessing.was reguired,:namelY when they had
to report'which stimulus _led,.the error rate increased to 39%. This increase,
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aa we have seen, ia highly significant. This is the type of result we would
expect if both stimuli were regOiring the services of a single processor.

The S/NS experiment yielded comparable error rates for both TOJ tasks:
26% errors for TOJe and 29% for TN's. Remember that in the TOJs task, the
subject must perform all the analysis functions necessary to identify the
leading stimulus. Nevertheless, in the S/NS situation, this "extra work"
did not yield increased error rates. Such results are consistent with the
view that speech and nonspeech stimuli are sent to separate processors for
analysis. The data and explanations presented here for the two TOJ tasks
are compatible with those discussed earlier in terms of standard dichotic
identification tasks (suimaarized in Figure 1).

We are also comparing S/S cases with SINS cases in other situations.
Recently we completed some studies using dichotic, binaural, and monotic
modes of presentation. For S/S cases, a given level of correct performance
was obtained under dichotic presentation; performance increased when these
stimuli were presented binaurally and monotically (Day and Copeland, forth-
coming-a). However, for S/NS cases, performance levels were identical for
all modes of presentation (Day and Bartlett, forthcoming). Thus perception
of S/NS items is independent of mode of presentation as well as type of TOJ
task.

In view of the various findinge diacuased aboVe, we Cannot rule out the
possibility that there can be separate prodessing mechanism§ for speech and
'nonspeech.
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Dichotic Fusion Along an Acoustic Continuum

James E. Cutting+ and Ruth S. Day
+

Haskins Laboratories, New Haven

ABSTRACT

When stimuli such as BANKET and LANKET are presented dichotically,
phonemic fusions often occur: subjects report hearing BLANKET.
Previous studies have shown that stop + /r/ and stop + /1/ items
have different fusion properties. For example, /1/ was sometimes
substituted for /r/ (but rarely vice versa): GOCERY/R0CERY-4
(yielded) GLOCERY. The present experiment varied the liquid
stimuli along an acoustic continuum involving the third-formant
transition. For example, one set varied from RAY to LAY. Each
was paired dichotically with an initial stop stimulus, in this
case, PAY. All inputs (PAY, RAY, LAY) and possible fusions
(PRAY, PLAY) were acceptable English words. When asked to report
"what they heard," subjects gave many fusion responses. Of these,
there was a preponderance of stop + /1/ fusions (88% vs. 12%).
They occurred even for pairs where the liquid item was reported
as an Jr/ during separate binaural identification trials. Thus,
given that an item was identified as RAY, the same subjects re-
ported hearing PLAY when it was paired with PAY: PAY/RAY-*PLAY.
Despite the fact that the third-formant transition is crucial for
perception of /r/ vs. /1/, this parameter was not responsible for
the observed phoneme substitutions.

Most of the dichotic listening literature to date has dealt with the
phenomenon of perceptual rivalry. Given a different stimulus to each ear,
the subject typically reports hearing one or both of them. Different infor-
mation contained in each stimulus is not combined into a single percept.
Thus, given the dichotic digits ONE/FIVE, the subject does not report hear-
ing FUN or WIVE. Perceptual fusion does occur, however, when certain psy-
cholinguistic variables have been taken into account (Day, 1968). For ex-
ample, given the dichotic pair BANKET/LANKET, subjects often report hearing
BLANKET (Day, 1970a, forthcoming; Day and ,Cutting, 1970). This phenomenon
of phonemic fusion has been obtained for various types of consonant clusters,
including initial stop + liquid clusters such as BANKET/LANKET (Day, 1970b)
and final stop + fricative clusters such as TASS/TACK (Day, 1970b).

One Of the intriguing findings in the phonetic fusion studleá is that
some clusters fuse more readily than o hers '(Day, 1968). For examPle, BACK/

Paper to be p esented at the 83rd meeting of the Acoustical Society of eri-
ca, Buffalo, New York, April 1972.

Also Yale University New Haven,



LACK->BLACK
1
more readily than TACK/RACK,3TRACK (Day, forthcoming-b). Studies using

natural speech stimuli have obtained fusion rates for initial stop + /1/

clusters that arr, more frequent than those for initial stop + /r/ clusters.

Day (1968) noted that such differential fusion rates cannot be explained by

the relative frequency of these clusters in English. In fact, frequency data

show the reverse trend: stop + /r/ clusters outnumber stop + /1/ clusters.

She suggested that the differential fusion rates might be explained on an

acoustic level.

Another curious finding further distinguished /r/ from /1/. Given GOCERY/

ROCERY, subjects sometimes reported hearing GLOCERY. Thus /1/ was substituted

for /r/. This /1/-for-/rrsubstitution occurred quite often, while the re-

verse substitution rarely occurred.

The present set of studies was deaigned to explore the different fusion

properties of /r/ and /1/ by varying a relevant acoustic cue. O'Connor et al..

(1957) and Lisker (1957) have shown that the third-formant transition is cru-
cial for the perception of initial /r/ vs. /1/. Hence this acoustic cue was
systematically varied along an F3 continuum from /r/ to /1/: the resulting
stimuli were then paired with an appropriate stimulus beginning with a stop
consonant, and the resulting fusion rates were observed.

General Method

Stimuli. Four fusion sets of the same general pattern were selected:
the PAY set (PAY/RAY-*PRAY, PAY/LAY-*PLAY); the BED set (BED/RED-).BREAD,

BED/LED-4BLED); the CAM set (CAM/RAM7>CRAM, CAM/LAM1B4 CLAM); the GO set
(GO/ROW-i0GROW, GO/LOW-4GLOW). Thus, for each set, all phoneme strings
were identical, except for the initial element. Dichotic trials consisted
of a stop-initial string such as PAY presented to one ear and a liquid-in-
itial string such as RAY or LAY to the other ear. All inputs amd possible
fusions were acceptable English words. Furthermore, all have a relatively
high frequency of occurrence in the language [most have Thorndike-Lorge
(1944) frequencies Of 100 per million].

The stimuli were prepared on the parallel resonant synthesizer at the
Haskins Laboratories. The acoustic form of each stop was identical on all
presentations. However the liquids varied along an acoustic continuum as
shown in Figure 1. For each liquid array such as the /reI/-/lei/ array, the
stimuli were identical in all respects except for the first 150 msec of the
third formant (F3). F3 was varied in such a manner as to yield perception
of an initial /r7 at one end of the continuum and an initial /1/ at the other
end. Each stimulus in the array began with a different initial F3 value:
stimulus A = 1524 Hz, B = 1849 Hz, C = 2180 Hz, D = 2525 Hz, and E - 2862 Hz.

After an initial steady-state portion of 50 msec at these respective values,

F3 underwent the appropriate changes to reach the target value of 2525 Hz for

the following vowel: stimuli A, B, and C rose for 100 msec, D held steady
at the target value and E fell for 100 msec. For the remaining duration
of the stimuli, F3 values were identical for all members of a given arraY.
Meanwhile other formant information was held constant across a given liquid

1
The arrow should be read as Tyieid
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array. F1 began with a 50-msec steady-state portion at 513 Hz followed by
an abrupt 20-msec transition to its resting frequency for the following
vowel, while F2 began with a 50-msec steady-state segment at 1155 Hz and was
followed by a 100-msec transition to its resting frequency.

Subjects. The same sixteen students served in both experiments.
They were between the ages of 16 and 26, were right-handed, native American
English speakers, and had no history of hearing trouble. Subjects were
tested in groups of four, with stimuli played on an Ampex AG500 tape re-
corder and sent through a listening station to Grason-Stadler earphones.

Ex eriment 1 - Li uid Identification

Tape. In order to evaluate the quality of the individual liquid.stimuli,
a binaural identification tape was prepared. There were 200 trials: (5 stim-
uli per array) x (4 arrays) x (10 observations per stimulus). The items oc7
curred in random order with a 1.5-sec interatimulus interval.

Procedure. Subjects were introduced to the stimuli by hearing the end-
points of each array (stimuli A and E). No one had difficulty in perceiving
them as /r/ and /1/. Then a forced-choice procedure was used. The binaural
identification tape was played, and subjects wrote down an "r" or an "1" to
indicate the first phoneme they heard on every presentation.

Results. Perception of the stimuli in each array was categorical as
shown in Figure 2. The two stimuli in each array with the lowest and fastest-
rising F3 (stimuli A and B) were perceived as beginning with /r/, while the
two stimuli at the other end of the continuum with the highest and nearly
steady-state F3 (stimuli D and E) were perceived as beginning with /1/. The
middle stimulus (C) was ambiguous: about half the time it was perceived as
beginning with /r/ and half the time with /1/. There were no significant
differences among the-subjects or among the groups of subjects. Most sub-
jects split their responses evenly for stimulus C. Three out of the four
liquid arrays showed the basic symmetry described above. However the /raBm/-
/132m/ array showed a slight asymmetry in favor of the /1/ end of the con-
tinuum.

Discussion. Many speech sounds are perceived categorically. That is,
equal changes in an acoustic parameter do not yield equal changes in per-
ception. Instead there is a quantal change in perception somewhere along
the acoustic continuum. Acoustic cues that yield categorical perception for
stop consonants are the direction and extent of the second-formant transi-
tion (Liberman, 1957) and voice onset time (Lisker and Abramson, 1967).
Recently Pisoni (1971) showed that vowels can be perceived categorically if
the duration of isolated vowels is short enough. The present experiment
showed that liquids can also be perceived categorically when the F3 transi-
tion is varied, thus supporting the earlier work of O'Connor et al. (1957).
Categorical perception appears to be unique to speech sounds. Mattingly
et al. (1971) demonstrated that when synthetic syllables composed of a. stop
consonant and a vowel are broken down into bleats (single second formants)
or chirps (F2 transitions) or are reversed, categorical perception disappears.

Since orderly identificaticin fundtions for 1iquids:.were obtained in
Experiment:1,-- thesestimuli aresuitable for pairingwith-appropriate stop
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stimuli in order to study dichotic fusion. In particular, we are concerned
with the fusion properties of stimuli at each point along the F3 continuum.

Experiment II Dichotic Fusion

Tape. An appropriate stop-initial stimulus was prepared for each liquid
array. For example, PAY was synthesized for the RAY and LAY stimuli. The
pulse code modulation system (Cooper and Mattingly, 1969) was used to digitize
each stimulus, store it on a disc, and prepare dichocic tapes. Each stop was
paired with each member of the liquid array. The relative 'onset time was
varied for each pair: the stop led by 50 msec, or the liquid led by 50 msec,
or both began at the same time. Alignment accuracy was 11/2 msec. There
were 120 pairs on the tape: (5 pairs per array) x (4 arrays) x (3 lead times
x (2 channel arrangements).

Procedure. Subjects were told to report "what they heard" on every
trial, no matter whether they heard a real word," "nonsense word," one word
or two.

Resulta. Fusion occurred readily for all stimulus sets. The F3 manip-
ulation had no effect on fusion rate: fUsionl occurred at a c mparable rate
at each point along the liquid continuum.

Given the particular fusion level for a given stimulus set, when did
subjects perceive stop + /r/ clusters and when stop + /1/ clusters? One
might expect these results to parallel those obtained in the binaural identi-
fication test. For example, when PAY is paired with the most "/r/-like" of
its liquids (stimuli A and B), there ought to be a high proportion of PRAY
responses; and pairs with the ambiguous stimulus C ought to split more or
less evenly into PRAY amd PLAY. These predictions are summarized in Figure 3
for each fusion set. Despite the reasonable nature of these predictions,
Figure 4 shows a very different pattern of results. Consider the PAY set.
Most fusions were PLAY, independent of which stimulus was presented. Even
though liquid stimuli A and B were identified as RAY better than 95% of the
time on the binaural identification test, when these stimuli were paired
with PAY in the dichotic task, 86% of all fusions were PLAY.

Yllie data frem All four stimulus sets were pooled and are summarized in
Figure 5 Perception of the liquids was categorical,:in the binaural identl-
ficetiOn test (Figure 5A),I :NeVertheleas, When these Stimuli were paired with
the eppropriate stop-inittal-stiMuli, 88% of all:fusiona were step:+
(Figure -5B).'

Discussion. Despite the fact that the F3 transition is crucial for the
perception of /r/ vs. /1/, this parameter was not responsible for the phoneme
substitutions observed in the dichotic fusion task. We seem to have a per-
ceptual elephant: the /1/-for-/r/ substitution is .3 large, robust phenom-
enon. We tried to bring it under control by varying a highly relevant acous-
tic parameter--and failed. In more recent studies we have attacked it with
a whole arsenal of parameters: we have varied the relative fundamental fre-
quency of the dichotic inputs, their relative intensities, the vocal tract
configurations of the stimuli, F2 transitions of the liquids, and the duration
of the initial steady-state portion of the liquids. T'e result is analogous
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to shooting a perceptual elephant with acoustic beebees! there has been
virtually no change in the /1/-for-/r/ substitution rate.

The development of,phoneme production in children shows some interesting
distinctions between /r/ and /1/. Most children acquire /1/ before the
average age for /1/ is about 4 years, while that for In/ i8 about 5 years
(Powers, 1957). Mispronunciation data are of particular interest. One
study (Morley, 1957, p. 42a) showed that /r/ errors were almost forty times
more frequent than /1/ errors in children aged 3 years 9 months. Failure to
produce /r/ resulted in a /w/-substitution about 60% of the time, /1/-sub-
stitution about 20%, and /y/ about 15%. On those occasions when the children
failed tO produce /1/, the target phoneme was replaced by /w/, not /r/. Ap-
parently these differential difficulties with /r/ and /1/ are not readily
amenable to therapeutic techniquest speech therapists sotetimes comment that
it is very difficult (if not impossible) to teach children to produce /r/
(Murray, 1962).

Production errors in adults are also revealing. Within a few days we
overheard the following errors: CRIPTIC was produced as CLIPTIC, PRESENT
as PLEASANT, and INCREASES as INCLEASES. Freud (1901) has discussed slips
of the tongue in terma'of psychoanalytic notions. We suspect that such
errors as CLOWN PRINCE may have little to do with repressed hostility toward
authority and more to do with linguist concerns. (Recently, one of the
authors was diScussing this example and said CLOWN PLINCE.)

Delayed auditory feedback (DAF) also yields distinctions between /r/
and 11/. When subjects read word lists under DAF, they often reduplicate
/r/ but had little difficulty with /1/ (Applegate, 1968).

Deaf people have selective difficulty with /r/ (Rosen, 1962),. Stop -1-

/r/ clusters are more difficult to perceive than stop jl/ clusters Mis-
perceptiOn of-initial liquids yields an /1/=for-/r/ substitution rate which
is twice as frequent as the reverse Substitution.

The number of distintt articulationb of /r/ in American English may be
greater than those of /1/-. There may also be greater cross-lingUistic vari-
ation ifi /r/. It is commonly noted:that secend langUage learners have dif-
ficulty with Irj; :for example, English speakers have trouble with the-uvular
/r/ in Frenth andthe trilled /r/ in Spanish.

Perhaps these very diverse observations can be unified in a single con-
cept= that of stability. In both perception and articulation /1/ is rel-
atively stable, while /r/ is relatively unstable. The dichotic fusion
experiment may be viewed as a situation of information overload. It is
interesting to note that it is the less stable /r/ that suffers in this
demanding situation.
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The Activity of the Intrinsic Laryngeal Muscles in Voicing Control: An
Electromyographic Study*

++
Hajime Hirose

+
and Thomas Gay

Haskins Laboratories, New Haven

INTRODUCTION

Although a corsiderable number of laryngeal electromyographic (EMG)
studies on the mechanism of phonation have been conducted during the past
decade, EKG studies of the intrinsic laryngeal muscles during speech are
still in their preliminary stages. This is due, mainly, to the technical
difficulties in data acquisition using conventional needle electrodes dur-
ing complex and rapid movements of the articulators in speech gestures and,
also, in extracting subtle changes in muscle activity patterns from raw EMG
data. However, recent advances in EKG recording and processing techniques
have helped us overcome these technical problems. In particular, the use
of double-ended hooked-wire electrodes (Basmajian and Stecko, 1962) give
us a combination of electrode stability in the muscle with little discom-
fort to the subject. Also, the use of a digital computer system to obtain
an averaged EKG activity pattern for a number of tokens of a given speech
utterance provides a convenient and accurate means for quantifying a pat-
tern of contraction of a given muscle or muscle group.

Most of the previous studies in laryngeal physiologY generally support
the claSsical diViSion of the-intrinsic laryngeal muscles:into three func-
tional groups: abductor, adductor, and tensor. However, there still are
many unansweredAuestions concerning the function of individual laryngeal
muscles in speech 'articulation.

In particular, the participation of the posterior cricoarytenoid muscle
(FCA) in speech has not been systematically studied, although the function
of the PCA as a respiratory muscle has been well documented (Pressman, 1942;
Suzuki and Kirchner, 1969). As far as PCA activity in phonation is concerned,
Faaborg-Andersen (1957) reported that EMG activity of the PCA decreased dur-
ing sustained phonation. Kotby and Haugen (1970), on the other hand, ob-
served increasing activity in the PCA during phonation and postulated that
the PCA is not solely an abductor muscle. Dedo (1970) also reported increas-
ing activity in the PCA during phonation in some of his clinical cases. How-

ever, the data of these authors are concerned exclusively with sustained
vowel phonation, when fundamental frequency is not specified.

*
This ia an ekpanded version of a paper presented at the 1971 Conven ion
of the American Speech and Hea ing Association, Chicago, Ill nois,
NoVembet.1971..

-Also Faculty oflqedicine, University of Tokyo.
++

Also University Of :Connecticut Health Center, Farmington.
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Hiroto, Hirano, Toyozumi, and Shin (1967) examined laryngeal musele
activity for some Japanese words containing an intervocalic fricative /s/
and stated that there was a temporary change in the electrical activity of
all the intrinsic laryngeal muscles (except for the cricothyroid) corres-
ponding to voiceless consonant articulation. What they observed in their
data was an apparent increase in PCA activity accompanied by a decrease in
the activity of the adductors for articulation of the intervocalic /s/.
Hirano and Ohala (1969) showed one example of a raw EMG record of the PCA,
illustrating increasing activity for release of glottal stops with reciprocal-
ly decreasing activity in the interarytenoid

As far as the adductor laryngeal muscles are concerned, there has been,
again, no systematic description of their function in speech articulation,
although the possibility of functional differentiation of the adductor muscle
group was suggested by one of the present authors in a previous report
(Hirose, 1971a).

The primary purpose of the present study was to systematically investi-
gate the actions of the intrinsic laryngeal muscles in speech with special
reference to the articulation of segmental features of American English.
Particular attention was directed to the function of the PCA. An attempt
was also made to investigate the temporal aspects of consonant production by
studying the timing relationships between laryngeal and supralaryngeal mus-
cle activity patterna.

PROCEDURES

Subjecta

The present experiment was performed on two adult male subjects, both
native apeakers of American English; for one subject, two separate retest
recordings were made, thus giving a total of four sets of data. Table I
lists the muscles examined an each session for the experiment.

Pre aration and Insertion of Electrodes

Hooked-wire electrodes after the type developed by Basmajian and
Stecko (1962), were used in the present study. Briefly, these electrodes
are produced by threading a pair of thin wires through the cannula of a hy-
podermic needle and bending the exposed ends of the wires back over the
needle to form a pair of hooks. The entire assembly is inserted into the
muscle, after which the needle is withdrawn. This leaves only the hooked
ends of the wires anchored into the muscle. Removal of the wires requires
only a light tug. In this experiatent, a platinum-iridium alloy (90%-10%)
wire (.002 inch diameter and polyester enamel coated) was used in conjunc-
tion with either a No. 26 or No. 27 gauge needle.

The PCA and the interarytenoid (INT) muscles were reached perorally while
ahe vocalis -(VOC) 1 lateral cricoarytenoid (LCA). and cricothyroid (CT) muacles

1
By reason of both past experience and the verification techniques employed,

we are confident that we isolated the vocalis portion (vocalis muscle) of
the thyroarytenoid. However, since the insertion was not viewed directly,
we cannot be virtually certain that the electrode field did not include any
potentials from the "external" thyroarytenoid.



TABLE I. Muscle insertions for both subjects.

Subject LL

posterior cricoarytenoid
interarytenoid
vocalis
cricothyroid

Subject LIR

Series A

posterior cricoarytenoid
vocalis
cricothyroid

Series B

posterior cricoarytenoid
lateral cricoarytenoid
obicularis oris
genioglossus

Series C

posterior cricoarytenoid
interarytenoid

were reached nercutaneously, after the procedure described by Hirano and Ohala
(1969). Preu dication consisted of the administration of 5-10 mg. Valium and
7-10 drops of Clncture of Belladonna by mouth. Subjects were seated in an
examining chair throughout the experiment.

For the peroral insertions, an anesthesia procedure utilizing Cetacaine
spray and a gargle of 2 ml. of 2% Xylocaine was sufficient to -asensitize
the pharyngeal and laryngeal areas to a point where indirect larynbuscopy
could be easily tolerated. A Xylocaine-soaked cotton swab was then applied
to the specific areas selected for electrode insertion. The PCA and the INT
were reached by using an L-shaped rod with the carrier needle epoxy-bonded to
the shorter arm. The needle was threaded in the conventional manner. The
entire assembly ..7as directed to the point of insertion by indirect laryn-
goscopy (airose, Gay, and Strome, 1971).

The pereutaneous:insertions were:preceded by topical administration of
27 Xylocaine through a Pan Jet-70 air:jet (Hirose, 1971b)_at the site:of the
needle inSertiona. The electrode insertion teChnignesfor'the'VOC, LOA, and
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CT are described in detail in previous reports (Hirose, Gay, and Strome,
1971; Gay, Hirose, Strome, and Sawashima, in press).

In all cases, correct electrode placement was verified by monitoring
an oscilloscope during various functional maneuvers. At the same time, the
muscle signals were amplifiectand fed to a loudspeaker for auditory moni-
toring (Hirose, 1971b).

Data_Rec2EdiEg and Processing

In order to obtain a convenient quantitative record of muscle activity,
the raw EMG signal can be easily transformed into a display of amplitude
versus time by the process of full-wave rectification and RC smoothing (in-
tegration). Generally speaking, the envelope of the integrated curve is an
indication of the strength of the muscle contraction. This is only an ap-
proximation, however, as the amplitude of the recorded signal varies with
the distance between the electrodes and the active motor units of the mus-
cle. Further, since the integrated curve represents the vector sum of a
number of asynchronously discharging motor unit potentials and since pro-
ductions of identical utterances vary from one token to the next, a number
of these curves must be averaged before a reasonably stable picture of mus-
cle activity at a given electrode position can be obtained.

The basic data-processing procedure followed in this experiment was to
collect EMG data for a number of tokens for each of the test utterances and,
using a digital computer, average the integrated EMG signals at each elec-
trode position.

A block diagram of the EMG recording and processing system used in the
present study is shown in Figure 1. The system contains fourteen data chan-
nels, of which eight are for the recording of EMG signals. The other inputs
are for the acoustic signal, air pressure data, a banter channel for the ex-
perimenter's comments, and finally, two channels for a clock track and digi-
tal code pulse. In addition, a calibration signal alternates with the EMG
signals intermittently throughout the run. This signal is used by the com-
puter to calculate the HMG levels in actual microvolts.

The purpose of the digital code pulse (octal format) is to identify
each utterance for the computer. This pulse code is 'laid down on the tape,
automatically, at one-second intervals. Before actual processing, the com-
puter receives instructions on how the various tokens of a given utterance
are to be superimposed or lined up with each other. This is done by mark-
ing the time interval between the nearest code pulse and any preselected
line-up point, which can vary for each utterance type. During the data-
processing run, all calculating and tabulating operations are done automa-
tically. The averaged output curve is plotted on a strip chart recorder.

Timing measurements were obtained frOm a Honeywell visicorder oPtical
oscillograph, and fundamental frequency measurements were Made from sound
spectrograms.
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Experimental C nditions

The subjects were required to read randomized lists of the stimulus
words sixteen times each. Stimulus words consisted of disyllabic nonsense
words containing voiced and voiceless consonant pairs in both pre- and post-
stressed positions. Typical examples of test words are given in Table II.
For one subject, only /p/ vs. /b/ and /s/ vs. /.6/ contrasts were examined,
while pairs of three stops and four fricatives were examined for the other
subject.

TABLE II. Test words used for both subjects.

C

bAC e

eb A c

Ab a C

PAP a

h Ap a

RESULTS

Voiced/Voiceless Contrast in Word-Medial Position

Averaged EMG curves for tT'-e voiced/voideleSs contrast are shown in Fig-
ures 2-5. The curves in Figure 2.represent the averaged muscle aetivity le-
velsfor the PCA, INT, and VOC during the production of /0 and /b/ in medi7
al prestressed pesition (in /a pA p/ and in /a bA

It is quite obvious that the PCA shows marked activity for production of
/p/, while it is suppressed by /b/ as well as for vowel production.

For /a pAp/, PCA activity starts to decrease approximately 250 msec be-
fore the onset of /a /. The activity then begins to increase 100 msec prior
to stop -,..lease, after which it immediately begins to decrease again with the
vowel production. It then ahowa another Peak for final /p/, followed by a re-
latively higher level of activity, presumably for inspiration, after comple-
tion of the utterance.

For- /a bApt, on the other hand, pCA activity stays low throughout the
voiced period from the initial vowel to _the stresSed vowel, including inter-
vocalic JbJ It should be noted,Jlowever,i that the EMG curve ascends:slight-
ly about 110 msec prior .tethe-raleaae of /b/, then descends again approki-
mately at the time of the release, and-finally rises steeply 40 msec before/0 closure',



(abiAp/

Figure 2: Superimposed averaged EMG curves of the VOC, INT, and PCA of Sub-
ject LL for the utterances, /apAp/ and /abAp/. ThR line-up point
(0 on the abscissa) indicates voice offset of the stressed vowel.
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Figure 3: Averaged EKG curves for ibApe/ And /bAbs/ (Subjec 1,L)- The line-
up point ip the onset of the ptressed vowel
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Figure 4: Averaged EMG curves asAy)/ and AO (Subject LW.
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Figure 5: Avera ed curves for bAss/ and /bAza Subject LL).



For both consonants, the INT shows a sort of reciprocal pattern of ac-
tivity when compared to the PCA. INT activity begins to increase about 250
msec prior to initial vowel production. For /a pAp/, activity reaches a
peak when the PCA reaches a valley and vice versa. For the articulation of
/a bAp/, the INT shows more or less continuous activity, although there is
some decrease in activity for intervocalic /b/ w:en compared to the preced-
ing vowel segment.

The VOC shows two peaks, each of which appears to correspond to vowel
production, with a higher peak for the stressed vowel. This higher peak
for the stressed vowel is consistent across all samples regardless of whe-
ther the stressed vowel is preceded or followed by the unstressed vowel.
Between the two peaks, activity stays low for the intervocalic consonantal
segment, regardless of voicing distinction.

Figure 3 shows the medial /p/ vs. /b/ contrast in poststressed posi-
tion for the same subject. For this condition, each muscle shows essential-
ly the same features as observed in the previous example, that is, the PCA
shows increasing activity for the voiceless segment, while INT activity is
higher for the voiced segment. The VOC again shows two peaks with the high-
er one accompanying the stressed vowel.

When we compare the peak EKG values of the PCA for medial /p/ produc-
tion in two different phonetic conditions (as shown in Figures 2 and 3) ac-
tivity is higher for prestressed /p/ than poststressed /p/. This is con-
sistent with the findings for another subject in which a comparison was made
for three voiceless stops in pre- and poststressed conditions. Here, too,
peak PCA activity for the medial voiceless stop production was always higher
for the prestressed condition than the poststressed. Further, the duration
of PCA activation for voiceless stop production was also found to be longer
for prestressed than poststressed conditions.

The data in Figures 2 and 3 also provide some information on the timing
relationships between laryngeal and oral articulatory gestures.

In order to compare the timing relationship between the glottal gesture
and oral.stop closure, three different points on the averaged PCA curve were
measured with reference to implosion and release of the stop closure of medi-
al /p/. These points were (1) the point where PCA activity begins to in-
crease for stop production: Pl; (2) the point where the activity reached
its peak: P2; and (3) the point where the activity decreased to its mini-
mum for the production of the postconsonantal vowel: P3.

Table III shows these time intervals for both the pre° and poststresSed
conditions. It is shown for both subjects that,the time interVals thus spe-
cified are always larger for peststressed stops than for prestressed stops.
It is worth noting,An particular, that,P3 always eccurred:earlier than, or
synchronously with, step release for poStstressed stops, while,Jt -i-ever did
so for prestressed stepa-. In other:iwords, stop:closure is released after
eomplete suppression of PCA activity in the case of poststressed stops, while
for prestressed ateps, stop r.elease occurs before the completion of PCA sup-
pression

Figure 4 comparea the ac ivities of the same three Muscles for the Pre-
stressed /s/ vs. /z/ contrast in the pair fa sAp vs. /a zAp/. Here, the
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TABLE III. Time intervals for PCA activity in relation to stop closure
and release in msec. A negative value indicates stop release
preceding complete PCA suppression.

Subject 1

P and
1

Stop Closure

Interval Between

P and
2

Stop Release
P and
3 7

Stop Release

prestressed 110 110 -55
/p/

poststressed 135 165 40

Subject 2

prestressed 110 60 -90

poststressed 150 130 10

prestressed 70 45 -140

poststressed 160 95

prestressed 85 40 -165
/p/

poststressed 155 140 30

PCA again shows a large peak for the voiceless consonant,,while it is sup-
pressed for thevoiced segmente The activity of the-TNT iS, in this dase
too,.:higher for the voiced consonant /z/ than for voiceless /s/, but the
difference Is lesemarked when compared-tO:that-for lb/ and lp/.. Thisi.s
probably'because its aptivity is considerably'lower for the consonantal
segment of /z/ in:comparison to:itsneighboring Vb-wel segMents. This:.ten-

dendy of INTa-ctivityTto 1:se lower for'avoiced fricative than for:a::Vowel
is:also observ-edinFigure 5:,yherethe poststressed:/s/ vs iziiceinttaat
is shown for theAmir /bAsatva. /bAzo:/. It should be further-rioted
in this figure that the PCA showa-,increasing activity for the-segOent of
/z/ compared to the neighboring Vowel segments, the:time course of:which
appears to correspond to aHdip in INT-activity.

Figures 6 and 7 summarize PCA and VOC activity for the intervocalic
voiced/voiceless contrast for Subject LJR. The data points in the middle
of each figure indicate the mean of peak EMG values for seven different
pairs of voiced and voiceless consonants, while the vertical bar represents
the entire range of sample variation. The circles at either end indicate
the mean EMG activity at 100 msec prior to and after the peak for each con-
sonant. In Figure 6, it is_clearly shown that PCA activity is definitely
higher for the production of a voiceless consonant than for a voiced conso-
nant.
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In the case of the VOC, however, there is no apparent difference in the
pattern of activity with respect to the voiced/voiceless contrast. In Fig-
ure 7, the end data points indicate the mean of peak EMG values for the vow-
el segments, while the circles in the middle represent the mean of the mini-
mum values between the two peaks. It is shown that VOC activity is sup-
pressed during the period of consonant production between the two peaks for
the vowel segments regardless of the difference in voicing distinction. As
far as the peak height for vowel production is concerned, it appears to be
higher for a st essed vowel than for an unstressed vowel.

In addition, we have also observed that the pattern of LCA activity ap-
pears to be similar to that of the VOC, showing increasing activity only for
vowel segments, with a higher peak for the stressed vowel. Its activity de-
creases for the intervocalic consonantal segment regardless of voiced/voice-
less distinction.

Figure 8 shows the averaged activity of the CT for the pairs /a kA p/
vs. /agAp/ and /bAka/ vs. /bAga/, for Subject LJR. The general pat-
tern of muscle activity is similar for each pair; one large peak is always
observed, apparently corresponding to the position of stress in the test
word (i.e., where the Fo contour reaches its peak). There are no discern-
ible differences in the averaged EMG curves with respect to the voiced/
voiceless distinction.

Voiced/Voiceless Contrast in Word-Final Position

Figures 9 and 10 show the EMG curves of the PCA and the INT for the
vs. /b/ contrast in the final, poststressed, and postunstressed posi-

tions. It is apparent in these figures that the PCA shows high activity
for the voiceless consonant, during which time INT activity is suppressed.
qonversely, PCA activity is continuously suppressed when the interconso-
nantalvowel is followed by final /b/, at which time the INT shows higher
activity. In addition to the final rise, there is also a slight ascent in
PCA curves in both these examples, apparently associated with initiation
of the stressed vowel.

In Figure 11, PCA activity for Subject 1,JR is schematically shown dur-
ing the time period including the final consonantal segment. As before,
averaged EKG values are compared here for voiced and voiceless pairs at
three time moments: at the line-up point (time 0) and 100 msec and 200
msec after the line-up, as given on the abscissa. The values in the fig-
ures again respresent mean EMG values for.seven different kinds of conso-
nants. Both graphs clearly show that PCA activity is higher for the fi-
nal voiceless consonants.

VOC activity is likewiSe compared in Figure 12, where averaged MC
Values were takenat the timewhen the EMG curve reaches its second peak2
and 100 msec and 200 mseethereafter.- Both graphs show:that VOC activity
is higher for the final voiced consonants than for the voiceless eonson7

2
The VOC and the LCA showtwo peaks in the EKG curves for these test words,

each of which appears:to correspond to vowel production. The second:peak
thus specifies the EKG peak fot the voweLprededing-the finaLeonsonant.
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Figure . Superimposed averaged EMG values of CT activity for the pairs
/akAp/ vs. /agAp/ and /bAkaf vs. /bAga/ (Subject LJR).
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/a bA bi
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Figure 9: Superimposed averaged EMG curvesiof INT and PCA activity for the
utterances /ebAprandlebAb/ (Subject 1.1). The line-up point is
the onset of the stressed vowel.
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FigUre 11: CompariSon of PCA activity for final,voiced and voiceless
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ants. This same tendency was observed for LCA activity, which also ap-
peared to be higher for the voiced pairs.

It has often been observed that English vowels are of greater dura-
tion before voiced than before voiceless consonants. Thus, there is a
possibility that the higher VOC or LCA activity for the final voiced con-
sonant is an effect of the preceding vowel segment. In other words, the
higher VOC or LCA activity levels might be associated with greater vowel
duration rather than with any distinctive consonant feature.

In order to examine this possibility, the activity of other articu-
latory muscles (the genioglossus and the orbicularis oris) were later re-
corded simultaneously with LCA and PCA activity. The genioglossus (GG)
is one of the extrinsic lingual muscles responsible for /7 / production,
while the orbicularis oris (00) is important for lip closure. Data for
all four muscles are shown in Figure 13. It is clearly shown in this fig-
ure that the duration of the vowel /I/ preceding the final consonant is
greater for hptb/ than for /ap7p/ and that GG activity stays higher for
the former than for the latter. The 00 shows two peaks for the medial and
the final bilabial stops and the interval between the two peaks indicates
the duration of /1/, which is longer for /arab/. These findings suggest
that the duration of muscle activity for /I/ is longer for /arab/ than for
/apTp/. If we attempt to slide the EKG curve of the LCA for /arab/ Lo the
left on the abscissa in order to synchronize the end of the vowel tr/ with
that of /apIp/, the descending portions of the two LCA curves will be al-
most superimposed together. Thus; it seems reasonable to consider that the
apparently higher LCA activity near the end of the test words for /upib/ in
Figure 13 corresponds to the vowel 4r1 preceding the final /b/. However,
PCA activity stays higher for /amp/ and is suppressed for /0p1b/ near the
end of the test words even when the sliding of the EKG curves is attempted
as above. Therefore, it can still be concluded that PCA activity is higher
for a voiceless consonant than for a voiced consonant, even in final posi-
tion.

Voiced/Voiceless Contrast in Word-Initial Position

Comparisons of EMG activity levels for a voiced/voiceless consonant
pair in initial position were made only for the pair /pApe/ vs /bApa/, the
results of which are shown in Figure 14.

Per /pApa/, PCA activity stays higher before lip closure and then de-
creases steeply approximately 110 msec before the enset Of /AL.: An increase
then follows for the medial /p/. INT activity shows a steep rise when the
PCA shows the steep fall. The same tendency is seen in VOC activity, which
also shows a steep rise but which starts somewhat later than the INT.

DISCUSSION

Functional Characteristics of the Individual Laryngeal Muscles in Articula-
tory AdiUstments

The posterior cricoarytenoid(PCA). It was revealed in the.present stu-
dy that the PCA actively participates in laryngeal articulatory adjustments,
Particularly for the voiced/voiceless distinction There is a consistent
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--/pApa/
--/bApa/

gm,

0
-400 0 +4 msec.

Figure 14: Superimposed averaged ENG curves of the VOC, INT, and
PCA for ipApai and AApa/ (Subject LL). The line-up
point is the onset of the stressed vowel.



increase in PCA activity for voiceless consonant production regardless of
phoneme environment. For all utterance types PCA activity shows a tran-
sient increase before the onset of phonation, presumably for prephonatory
inspiration. Its activity then starts to decrease for initial vowel pro-
duction, unless a voiceless consonant is placed in the absolute initial
position of the test utterance. If a voiceless consonant is in initial
position, PCA activity stays at about the level of the initial prephona-
tory rise or even higher (Ref. Figure 14: /pApe/). For the production
of a voiceless consonant in the medial or final position, the PCA always
shows a marked increase in activity before the onset of consonant closure.
As far as the voiced/voiceless distinction in final position is concerned,
PCA activity appears to be significantly higher for a voiceless cognate,
even if differences in the duration of the preceding vowel are taken into
consideration as another possible cause of prolonged PCA suppression.

It should also be mentioned that the PCA does not show only a simple
all-or-none pattern of activity but rather shows a pattern of fine adjust-
ment. As seen in Figure 5, the PCA shows partial activation for the pro-
duction of the poststressed voiced fricative /z/, which seEms to indicate
a less complete glottal closure. In a transillumination study of the lar-
ynx, Lisker, Abramson, Cooper, and Schvey (1969) found that a high percen-
tage of voiced fricatives were produced with at least a partially open glot-
tis. Incomplete closure of the glottis during voiced fricative production
can be obtained either by partial activation of the PCA or slight suppres-
sion of the adductors, particularly the INT. In the case of the poststressed
/z/ mentioned above, both factors appear to work together, while in the case
of the prestressed /z/ (as in Figure 4), suppression of INT activity is more
manifest.

Another interesting finding is the small PCA peak just before the onset
of an initial or medial stressed vowel (Figures 2, 4, 9, and 10). Interpre-
tation of this transient PCA activity is not perfectly clear as yet, but it
is conceivable that the PCA acts to counterbalance the strong contraction of
the adductors at the onset of the stressed vowel. In a study of the EKG ac-
tivity of the laryngeal muscles in phonation (Gay, Hirose, Strome, and Sawa-
shima, in press), we observed that PCA activity is generally suppressed for
sustained phonation, except for an increase at the highest range in chest
register. The increasing PCA activity in that extreme condition may reflect
the counterbalancing function of the abductor for the strong contraction of
the adductors, as suggested in the literature (Pressman, 1942; Suzuki and
Kirchner, 1969). Another possibility is that functionally different motor
units are participating in the execution of muscle contractions during dif-
ferent types of phonation, since there is evidence, at least in animal ex-
periments, that the PCA contains several kinds of motor units (Suzuki and
Kirchner, 1969)

Although thelunction:-of the PCA,i particularly during:sustained phona7
tion, should bed. subjeet for-furtherinklestigationthe role of the PCA as
a pure adductor in speech articulation is well demonstrated in ,the present
study.:

The lnterar tenoid (INT). The present data indicate that there is ap-
parent reciprocal activity betWeen thd PCA and the INT. In this senae, the
INT can be considered to:be a pure adductor of the vocal folds.



In general, there is an apparent difference in the degree of INT ac-
tivity for vowel segments depending on the preceding consonant. More spe-
cifically, INT activity for the production of a postconsonantal vowel ap-
pears to be higher after a voiceless consonant than after a voiced conso-
nant (Figures 2, 3, and 5). Since EKG activity represents the muscle ac-
tivity necessary for obtaining effective force and/or displacement, the
degree of the activity of a given muscle can also be higher if, for exam-
ple, the displacement is greater. Since glottal width is larger during
the articulation of a voiceless consonant than for a voiced consonant (Sa-
washima, 1968; Sawashima, Abramson, Cooper, and Lisker, 1970), it is rea-
sonable to assume that the activity of the INT, which is responsible for
adducting the vocal folds, should be greater after a voiceless consonant.

As seen in Figure 4, INT activity is apparently lower for voiced con-
sonants, namely fricatives, than for vowels. This would also indicate that
glottal closure is likewise less tight for voiced consonants than for vow-
els.

The vocalis (VOC) and the lateral cricoarytenoid (LCA). The VOC and
the LCA are considered to have complex functions in laryngeal articulatory
adjustments. Both muscles appear to be activated for the vowel segment of
the test words but rather suppressed for the consonantal segment, regard-
less of the voiced/voiceless distinction. It is conceivable, therefore,
that the apparent glottal closure usually observed during the production of
voiced obstruents can be achieved withouc increasing the activity of either
the VOC or the LCA. Or, one can also argue that glottal closure during
voiced obstruent production is less tight because of the absence of increased
VOC and LCA activity.' In any case, the function of the VOC and LCA as ad-
ductors seems different from that of the INT.

For the articulation of the vowel segment, both the VOC and LCA show
higher activity for a stressed vowel than for an unstressed vowel, regard-
less of whether the stressed vowel is preceded or followed by the unstressed.
This finding suggests that these two muscles participate in the control of
the suprasegmental features as well, possibly in pitch raising. It has been
reported that the VOC and the LCA participate in the mechanism of pitch rise
(Hirano, Vennard, and Ohala, 1970), particularly when the activity of these
two muscles increases simultaneously with the cricothyroid. In this sense,
the VOC and the LCA ean also be considered to function as tensors of the lar-
ynx, although in the case of singing, these two muscles do not seem to be
contributing equally to pitch regulation (Gay, Hirose, Strome, and Sawashima,
in press).

In an EKG study of vowel devoicing in Japanese, Hirose (1971a) postula-
ted the possibility of functional differentiation between the VOC and the
LCA. The present study, however, does not seem to substantiate this differ-
entiation but rather shows fairly similar patterns of EMG activity for these
two muscles, at least for those utterance types examined.

The cricothryoid (CT). The CT Ishows a temporary increase in activity
for a stressed vowel but does not seem to participate in the voiced/voiceless
distinction. This was not unexpected, as the CT is universally considered
as a prime pitch raiser (Arnold, 1961; Girding, Fujimura. and Hirose, 1970;
Simada and Hirose, 1971).



Coordination and Timig of Muscle Activities

It is conceivable in the living human that most of the articulatory
muscles are activated in a well-coordinated fashion during normal speech
production. More specifically, some muscles behave in reciprocal fashion,
while others are synergetic, depending on the particular articulatory con-dition.

As far as segmental features of the present test words are concerned,
the PCA and the INT show consistent reciprocity in both the level of EMG
activity and the timing of activation.

It is also wrthy to note that timing relationships between laryngeal
muscle activity and supraglottal articulatory events vary, depending on
phoneme environment (Table III). It has also been reported that in the case
of unaspirated voiceless stops, the arytenoids resume a closed position just
after oral release, while for aspirated stops, arytenoid closure is comple-
ted well after oral release (Lisker, Sawashima, Abramson, and Cooper, 1970;
Sawashima, 1970). This is coherent with the present EMO data where sup-
pression of PCA activity is not yet complete at the moment of oral releasein the case of prestressed voiceless stop production (suggesting that the
glottis remains at least partially open at that moment), while in post-
stressed stops, PCA suppression is complete before oral release.

The timing relationships found here are also relevant to mere general
questions concerning the nature of timing control in speech articulation,
i.e., are the observable differences in voice onset times the consequence
of other physical and physiological features such as subglottal pressure,
glottal aperture, etc. (Chomsky and Halle, 1968; Kim, 1970) or a separate
independent physiological mechanism (Abramson and Lisker, 1970; Lisker andAbramson, 1971)?

If timing differences are responses of the system to forces other than
direct muscular control, we would expect that the timing of muscle activity
patterns would be the same across various contrasts. In other words, the
gestures would be organized in the same way but differentially modified ac-
cording to prevailing glottal conditions.

Our idata, though, do not support this concept but rather show differ-
ences in the relative timing of muscle activity patterns and, thus, active
muscular control of glottal configuration. In other smrds, our data would
suggest the ubiquity of an independent timing control mechanism. At the
same time, however, there is the possibility that other laryngeal features
are, themselves, independently controlled.

The degree of overall activity,of the PCA appears to be higher for pre-
stressed than for-poststressed voiceless stops. This finding agrees with
both fiberoptic (Sawashima,- Abramson, Cooper, and Lisker, 1970) and trans-
illumination data (Lisker, Abramson, Cooper, and Schvey, 1969), which indi-
cate that the degree of glottal opening is greater for the prestressed
voiceless stops than for the poststressed.

:Rased on the acoustical and mechanical aspects of vocal cord vibration,
Halle and Stevens (1971) Proposed a scheme of laryngeal features-to classify
certain obstruents, glides, and. vowels. ThaY Postulated that there are two



independently controlled parameters: the stiffness of the vocal cords
(adjusted by the thyroarytenoid and the cricothyroid) and statis glottal
opening. These two parameters field four features: spread glottis, con-
stricted glottis, stiff vocal cords, and slack vocal cords. In addition,
nine distinct phonetic categories can result from combinations of these
four features.

Although an EMG model might not be the only analog of such a feature
system, muscle contraction properties are certainly important correlates.
Assuming, then, a relationship between "stiffness" and muscle activity, our
present data do not support their system with respect to certain points.
For example, Halle and Stevens postulated the pi- stiff] feature for both
the voiceless unaspirated stop [p] and the voiceless aspirated stop [ph].
However, the present data show that the CT, VOC, and LCA are suppressed
for the production of these consonants. Thus, there is no EMG evidence,
in the form of increased CT, VOC, or LCA activity, to support the concept
off+ stiff] vocal cords for the production of voiceless obstruents. Fur-
ther, the proposed feature of [- spread] glottis for the voiceless unaspi-
rated stop [p] is not supported by the present data either, since this con-
sonant is associated with high PCA activity and suppressed INT activity for
an open glottis.

Although the present data are quite straightforward, it is obvious that
more extensive experiments, including a combined ENG-fiberoptic approach are
needed to provide further information on the relationships among muscle ac-
tivity, glottal configuration, and distinctive features.
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Velopharyngeal Function in Oral/Nasal Articulation and Voicing Gestures
*

Fredericka B. Berti and Hajime Hirose
Haskins Laboratories, New Haven

The aim of the electromyographic study reported here is to describe
oral and nasal articulatory gestures and patterns of velopharyngeal activity
which accompany voicing distinctions among stop consonants.

Nonsense disyllables were designed to place maximum stress on the me-
chanisms of oral and nasal articulation, that is, to have strongly oral
consonants preceded by nasals and nasal consonants preceded by strongly
oral consonants, with both conditions observed in varying vowel environments.
In addition, voicing contrasts were included. Figure 1 presents the format
of the stimuli (e.g., /fimkip/, /futmup/, /fatpap/).

METHODS

Peroral insertions of bipolar, hooked-wire electrodes were made into
the dimple of the levator palatini, the superior constrictor at the esti-
mated level of velopharyngeal closure, the middle constrictor at the level
of the epiglottis, the palatopharyngeus (which is considered to he the
muscular component of the posterior faucal pillar), and the palatoglossus
(which is the muscular component of the anterior faucal pillar). Fer-
cutaneous insertions were made into the sternohyoid at the level of the
thyroid lamina and the orbicularis oris upper at the vermillion border
(Hirose, 1971)

The EMG potentials, along with the audio signal and automatic timing
markers, were recorded onto magnetic tape. The potentials were rectified,
integrated, and computer averaged, using the data-processing system described
by Port (1971). Ten to sixteen tokens of each utterance type were averaged
for each subject. The line-up point selected for averaging was the termin-
ation of /m/ or Ag/ when it occurs as C1 and the initiation of /m/ when it
occurs as C2. This point is labeled "0' on the abscissa; 'voice onset of V1
and offset of V

2
are indicated by arrows in the figures.

RESULTS

The Oral/Nasal Distinction

The same general pattern of activity is found in the levator palatini,
superior and middle constrictors and the palatopharyngeus for oral

Paper presented at the 1971 Convention of the American Speech and Hea ing
Association, Chicago, Illinois', November 1971.

Also The Graduate Center The City Univer-ity of New York.
++

Also Faculty of Medicine University of Tokyo
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articulation. We will use the palatopharyngeus as a representative of this
group of muscles in the succeeding discussion.

Inspection of the averaged EMG curves for the palatopharyngeus reveals
peaks of activity which correspond to stop consonant production (Figure 2).
The peak is more distinct when the stop immediately follows a nasal conson-
ant, as in the utterance /famdap/, than when it precedes a nasal consonant,
as in the utterance /fadmap/. That is, greater EMG activity is recorded
when a strong oral gesture follows a nasal one (/famdap/), than when a strong
oral gesture follows the gesture of another oral phone (/fadmap/).

A decrease in activity may be seen accompanying nasal gestures. The
lowest point for /famdap/ occurs at about -175 msec, or well before the
zero point that indicates the end of the acoustic signal of the nasal con-
sonant. The equivalent depression in /fadmap/ is found near zero, which
is the beginning of the acoustic signal of the nasal consonant.

Electromyographic activity peaks are similarly found for oral gestures
in the levator palatini (Figure 3), superior constrictor (Figure 4), and
middle constrictor (Figure 5), while nasal gestures are accompanied by
reductions in the electromyographic signals recorded from these muscles.
This description of the oral gesture is in general agreement with that of
Fritzell (1969), who found similar patterns for the levator palatini and
superior constrictor. Fritzell, however, described the nasal gesture
differently: he found reductions in levator polatini and superior con-
strictor activity, as we have, but he also described increased palatoglossus
activity for the nasal gesture. Our data, on the other hand, indicate that
the palatoglossus does not participate in the nasal gesture but rather is
active for tongue-backing and tongue-raising maneuvers.

Examination of the averaged curves of Figure 6 reveals peaks for each
/u/ produced in the two utterance types displayed, /fumkup/ and /fukmup/.
There is a separate peak for /k/ in /fumkup/. This middle peak is not as-
sociated with the nasal gesture, a point which is made clear by fnspection
of the curve for /fukmup/. Here we see that the palatoglossus activity
which occurs for /u/ continues to increase into /k/, and that the activity
then drops off abruptly at the time of nasal articulation, only to begin
rising again 100 msec later, for the production of the second /u/. In addi-
tion, and contrary to the findings of Fritzell, little or no palatoglossus
activity has been found for the production of A)/ for either of the two
subjects for whom data are available.

There are several conclusions to be drawn from the data presented.
First, the levator palatini, superior constrictor, middle constrictor,
and ealatopharyngeus are all active for oral gestures and slew decreased
activity for the production of nasal consonants. Palatoglossue activity
appears to be correlated wdth both tongue backing and tongue raising, with
no evidence of activity for nasal or oral gestures. This latter conclusion
differs from the conclusion of Fritzell, and also of Lubker, Fritzell, and
Lindqvist (1970) that nasalization is accomplished by active lowering of
the soft palate by the palatoglossus muscle. Rather, it appears from our
data that the nasal gesture is a passive one, with palatal lowering result-
ing from a combination of reduced contraction of the levator palatini and,
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to some degree, the muscles of the lateral and posterior pharyngea ells
(and also, presumably, the force of gravity acting upon the palate

The Voicing Distinction

The stop consonant phones are distinguished on the basis of whether or
not glottal pulsing occurs during the period of upper vocal tract occlusion.
The continuation of glottal pulsing during occlusion of the upper vocal
tract requires the maintenance of a transglottal pressure differential. One
means of accomplishing this is increasing pharyngeal cavity volume, creat-
ing a pressure differential which is sufficient to allow continued glottal
pulsing. All of the muscles associated with velopharyngeal closure effect
pharyngeal cavity size.

There are two possible modes of pharyngeal enlargement. One mode is
passive, that is,- decreased activity of the_pharyngeal wall muscles will re-
sult in pharyngeal cavity en1argetent for voiced stops. The other mode is
an active one, with greater muscle activity accompanying pharyngeal cavity
enlargement for voiced stops.

Perkell (1969) .nd Chomsky and Halle (1968) postulate that pharyngeal
wall tension is lower for voiced than for voiceless stop consonants, and
therefore, that one essential quality of "voiced" stops is that they are
"lax." Perkell's data on pharynx width arecited as supporting this dis-
tinction. Kent and Moll (1969) argue that a more plausible hypothesis is
that pharyngeal cavity emlargement is the result of an active mechanism.
Their data revealed a depression of the hyoid bone accompanied by a depres-
sion of the larynx for voiced stop consonants, causing "active pharyngeal
enlargement.

:In addition to this active..enlargement nf the pharynX by hyoid bone and
larynx depression,:itis theoreticallTpoesibleito increase Pharyngeal
volume byjncreasing velarileight foryoiced.stops as compared with that
achieVed for voiceless_stops.

Inspecting Perkell's cineradiographic data for the measuLements related
to these points (Figure, 7), we observe that in each case the difference be-
meen voiced and voiceless stops supports the hypothesis of greater pharynx
size for the voiced stop.

Both upper and lewer pharynx width _(Perkell's D and E) are greater for
voiced than for voiceless stops. Velum height (Perkell's 13) is only, slightly
affected, but the difference nevertheless supportJ the notion that pharyngeal
cavJty height .may be increased cranially. Larynx height (Perkell's I) and
hyoid height (Perkell's H) are both greater for /t/ than for /d/, that is,
the larynx and the hyoid are depressed for-the voiced stop consonant produc-
tion. These arguments-lead directly to Our hypotheses.

The first hypothesis proposes that there is active enlargement of the
pharyngeal cavity for voiced stop consonant Production. The muscles of this
study which will have this effect ,are the levator palatini and .the sternohyoid.
The levator palatini is hypothesized to increase velum height for voiced
stops, while the sternohyoid should act to depress iale hyoid bone and the
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larynx. For these muscles, ENG levels for the voiced stop consonants should
be greater than those for the voiceless stops (Figure 8).

The seeond hypothesis proposes that there is passive enlargement of the
pharyngeal cavity for voiced stops. The muscles which might have this effect
are the superior and middle constrictors, the palatopbaryngeus, and the
palatoglossus. Relaxation of these muscles should cause retraction of the
lateral and posterior pharyngeal walls. If this hypothesis is pertinent,
ENG levels for the voiced stop consonants should be lower than those for
the voiceless stops (Figure 8).

Inspection of ENG levels for each of the muscles in this study, save
the orbicularis oris, at the time of peak leavator palatini activity asso-
ciated with stop production was performed for all minimal stimulus pairs
for each subject (for instance, /fambap/ and /fampap/). There is a total
of seventy-four possible minimal comparisons, across three subjects, for
each muscle studied. When the difference in potential for a given contrast
supported the hypothesis a value of "1" was assigned to that muscle for that
utterance pair. When there was no difference, a value of "1/2" was assigned.
When the difference failed to support the hypothesis, a value of "0" was
assigned.

All of the supporting instances for the active hypothesis were pooled;
the cases cf levator palatini and sternohyoid activity which support the
active hypothesis were added and then divided by total comparisons for the
active hypothesis for that subject. The same analysis was performed for
the muscles involved in the passive hypothesis.

The results of this analysis indicate three patterns of EMG activity
accompanying production of voiced, as compared with voiceless, stop conson-
ants (Figure 9). A speaker who uses relatively little active enlargement
(Subject LJR: 52% p) .05) uses a considerable amount of passive enlargement
(817. 134.-01). A speaker who uses 2. great deal of active pharyngeal enlarge-
ment (Subject FBB: 90% p 4: .01) uses relatively little passive enlargement
(50% p> .10). A speaker whose use of active enlargement falls midway between
the more extreme cases (Subject KSH: 65% p 4( .05) also makes use of a "mid-
dling" amount of passive enlargement (73% p 4( .01). Overall hypothesis
support was 72% (134( .01) for 1..JR and 67% (p.01) each for KSH and FE.B.

It appears from these data that an adequate description of pharyngeal
cavity enlargement for voiced stop consonants is neither exclusively active
nor exclusively passive. Each speaker uses borh modes, though some prefer
one to the other. It is also apparent that the description "tense-nontense"
is inadequate for describing the activities of the pharyngeal cavity con-
comitant with voicing distinctions, as such a description at best explains
the larger portion of some speakers' pharyngeal enlargements and never ex-
plains the full measure of enlargement.

It is not,known_at the .present time whether 'these different modes are
related to anatomical differences' among subjects, dialectal differences, or
learned patterns based on other articulatory balances.

In summary, the muscles of the -velopharynx participate in o al and nasal
articulation and in-adjustments Of pharyngeal cavity size. Oral gestures are
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accompanied by peaks of EMG activity in the levator palatini, superior and
middle constrictors, and palatopharyngeus. Nasal gestures are accompanied
by decreased activity in the aforementioned muscles, with no evidence of
an active palate-lowering muscle. Palatoglossus activity peaks for tongue-
backing and -raising gestures. Pharyngeal cavity enlargement may be effected
by varying combinations of increased levator palatini and sternohyoid activity
and decreased pharyngeal constrictor and faucal pillar activity.
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Laryngeal Adjustments for Vowel Devoicing in Japanese: An Electromyographic
Study

Hajime Hirose*
Haskins Laboratories, New Haven

It is well known that high vowels between voiceless consonants are
often devoiced in many dialects of Japanese including Tokyo dialects
(Bloch, 1950; Han, 1962). Previous studies with a fiberscope revealed that
the glottis remained open for the devoiced vowel segments (Hirose, 1971a;
Sawashima, 1969, 1971). Based on an electromyographic study of the activity
of the vocalis muscle in articulation, the present author reported that de-
voicing of Japanese vowels appears to be a matter concerning the neural pro-
cess that determines the motor commands to the larynx (Hirose, 1971a). In
the present study, electromyographic activities of selected intrinsic laryn-
geal muscles were examined with special reference to vowel devoicing in Jap-
anese in comparison with the production of voiceless coneonants.

METHOD

A speaker of the Tokyo dialect served as the subject in the present
study and read randomized lists of test sentences sixteen times each. Each
sentence embedded a test word in a frame "soreo -- to ju:" (That we call --)
Table I lists the types of test words used in the experiment. They are all
meaningful Japanese words. No accent kernel is attached to those words ex-
cept for the last four pairs in the table, in which the position of the accent
kernel is indicated by the mark "-I." Devoicing typically occurs for all
[iPs between voiceless consonants as indicated in the table.

Electromyographic recordings were made using hooked-wire electrodes.
The wires used were insulated platinum-iridium alloy, the outer diameters of
which were approximately 50 microns. The electrodes were inserted perorally
using a curved probe into the posterior cricoarytenoid (ECA) and the inter-
arytenoid (INT) by indirect laryngoscopy, while percutaneous approach was
employed for insertion into the vocalis (VOC) and the cricothyroid (CT).
Further description of the insertion techniques may be found in previous -
ports (Hirose, 1971a, b).

The electromyographic signals were recorded on a multichannel data re-
corder together with acoustic signals and automatic timing markers. The sig-
nals were reproduced, high-pass filtered, and fed into a computer after appro-
priate rectification and integration. The electromyographic signals were
averaged for more than fourteen selected utterances of each test sentence with
reference to a line-up point cm the time axis representing a predetermined

*
: Also Faculty:o edicine, University of Tokyo -
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(1) Words with no accent kernel

( sesse: ]

[ sekke: ]

( sette: ]

[ s jse: ]

( s ]

[ s lte. ]

s Ihe: ]

kiri

[ tenko: ]

[ seklse: ]

[ seklke: ] [ seki7e: ]

[ sekjte: ]

[ z ise: ] [ s ize: ]

[ z ike: ] C s.ige:

[ z ite: ] ( s ide:

[ z ihe: ]

[ girl ]

denko:]

initial [s] 7

initial [sj]

initial [zj]

medial [k] 4

-One for each,.otherwise

initial k, g, t, d,

sIS slk, st

-m- 'al s, 2, g, t, -..c1 h.

Words with accent kernel

[ til:t ] [

k0 :

kk,

Table I List of test words used in the present study.

159



speech_event. In the present experiment, voice onset following [t) in the
frame " to yuu" in each sentence was taken for a line-up point. The data
recording and the computer-processing system employed in the'present exper-
iment as described in more detail by Port (1971).

RESULTS

The laryngeal adjustments in terms of the opening and closing gestures
of the glottis for the voiced/voiceless distinction appeared to be executed
hy reciprocal activities of the abductor and adductor muscle groups of the
larynx. In particular, the PCA consistently showed increasing activity for
the voiceless portions of test utterances, while its activity was suppressed
for the production of voiced segments. Conversely, INT activity appeared to
he suppressed for voiceless portions and increased for voiced ones, thus pre-
senting a sort of inversion of the pattern of PCA activity throughout the
utterance.

Figure 1 illustrates an example of the averaged PIG curves of from
bottom to top, the PCA, the INT, and the VOC, for the utterance of [soreo
zjike: to ju:) end of [sore.° s3ige: to ju:), thus comparing the patterns
of the muscle activity in respect to the [z3]:vs. is]] and [k] ys. [g] con
trasts. It is clearly demonstratedin both cases that there is a reciprocal
pattern of activity between the PCA and the INT.-

In the case of [soreo s
]
ige: to ju:), for example the PCA shows in-

creasing activity for the production of voiceless [s3] and [t] and remains
suppressed for the rest of the test utterance. On the contrary, the INT shows
a rapid decrease in activity for [s3) and [0, while it stays at high level
for the rest. The timing of the peak PCA activity approximately coincides
with that of the maximum suppression of INT activity. There is a shallow dip
in the INT curve, apparently corresponding to [g) production.

For the utterance of [soreo z ike: to jn:], the PCA shows increasing
activity for [10 and (t) and suppressed activity for the rest. The INT shows
a gradual decrease in activity for the sequence [z3i], followed by further
suppression corresponding to increasing PCA activity.

The activity of the yOC generally stays at a high level for the vowel
portion of the utterance, while it becomes low for consonant segments regard-
less of the voiced/voiceless distinction, although the activity is usually,
but with some exceptions, somewhat higher for a voiced consonant than for a
voiceless consonant if we compare the averaged EMG values for a given set of
voiced/voiceless consonant pairs.1

Figure 2 _compares the-averaged EMG_nurves:for'the sentences embedding
[sette:j vs sekite:), where the interconsonantal [i] is devoiced in the',0 -- _-latter,

It_is shown that_PcA activity increases'forthe sequence -[kit] aS:well
as lot the geminate [tt] and initial [s], while the INT is markedly suppresSed
for:,these sequences._

1
-In the examples in Figure 1, VOC activity is higher for [g] than for [k] but
lowerfor[z]thoofor[s].

3
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k e

40_PCA

20

0

/ \
_ / \

Id

_

-800 ,-700 -600 -500 -400 -300 -200 -100 0 loornsec.

s k _ t

Figure 1: SuperiMposed averaged EMG signals of,-from top to bottom, the
vocalis, the interarytenoid,-and the posterior cricoarytenoid
for the nutteraces-[soreo z-ike: to_ju:]-and_[soreo s_ige:

_

to jut].
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sekite:
sette:

-800

_INT

-800

loornsec.

s e kit
e.

Figure 2: ,auperimposed-averaged-EMG_signals of-the Same set of Ttliemuscles:
as given in Figure 1, for,the'utterances embeddingASekite:1 and
isette:i
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The VOC appears to be suppressed for consonant segments in these
examp1e-3, too, as well as for [ktt] and for the geminate.

The CT, for which data is not given here, did not give a consistent
difference in the pattern of activity with respect to the voiced/voiceless
distinction. It was revealed, however, that the CT showed increasing
activity for the producLion of a syllable with an accent kernel.

The present data thus indicate that the PCA and the INT are most likely
to play principal roles in the voiced/voiceless distinction as possible
physiological correlates for opening vs. closing gestures of the glottis.

An attempt was made to estimate the degree of PCA activation and INT
suppression for different phonetic representations by measuring maximum EKG
values for the PCA and minimum values for the INT for a given voiceless se-
quence of the test words. For estimation of PCA activation, maximum EMG
values were simply taken. For the INT, the minimum EMG value for a given
voiceless portion was subtracted from a predetermined value of 50,2 and the
remainder was taken to indicate the degree of INT suppression.

It was revealed that PCA activation thus specified is highest for
initial [sit] and that INT suppression is most marked for initial [sis].a

Figure 3 presents the degree of PCA activation and INT suppression
for the voiceless portion of each test word, being normalized and illustrated
on an arbitrary scale, where the value for initial [sit] for the PCA and that
for initial [sis] for the INT are taken as standard values of 100. In most
cases, the timing for maximum PCA activation and INT suppression were found
to coincide. Therefore, normalized values for a given voiceless portion are
superimposed in Figure 3. Although there is certain discrepancy between
apparent PCA activation and INT suppression thus specified for a given voice-
less sequence, we can approximately compare overall muscle activities which
are most likely to be responsible for an opening gesture of the glottis for
each voiceless portion of the test words. In this figure, the value fOr
initial [s] represents the mean for seven different kinds of test words having
initial [s], while that for [si] for three, and that for medial [k] for four.
Those consonants in the syllable with an accent kernel are eliminated from the
data.

,It is found that the.,initial /siX/sequences generally give the greatest
valuesas noted in Figure 3, while the mediaI_stops shol4, thesmallest. The
values for geminate stops -are'Jligher than those for'the medial stops-but lower
then:_for mediakik1C/ seqnences.

COMMENT

It has been suggested that the intrinaie laryngeal MusCles Play an essen-
tial role:in laryngeal articUlatory adjustments.- It Was reported that the PCA

INT actiVity for Voiced segmentsalmodt:alWaya eXceeds the level of 50j1v
Itwas aSSumedi: therefore-,'.-that_theEMG:Values lowerthan_that particular

--leVel can'lbe regardecLes:an indication-:ofINT::sUppreasion.
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and the INT showed consistent reciprocal activities for articulatory ad-
justments in terms of the opening and closing gestures of the glottis, while
the VOC appeared to participate particularly in vowel production (Hirose, .

1971c). It has also been assumed that there is some relationship between
VOC activity and suprasegmental features such as pitch.

The present study generally supports the above concepts. It was also
revealed that the abductor oi, the glottis, the PCA, showed marked activity
for the sequence containing a devoiced vowel, while the adductors were re-
ciprocally suppressed. These findings are in agreement with our previous
studies in which we claimed that devoicing of Japanese vowels is a matter
under active motor control of the larynx. The data further suggest that PCA
activation associated with INT and VOC suppression is essential for the con-
trol of the opening gesture of the glottis in devoicing.

It has been claimed that the integrated electromyogram parallels ten-
sion in human muscles contracting isometrically (Inman et al.. 1952). Since
the laryngeal muscles execute neither purely Isometric nor purely isotonic
contraction, it is not feasible simply to correlate the averaged EKG values
of a given laryngeal muscle to the tension of the muscle or displacement of
the effector, such as the vocal cord. However, It would be reasonable to
assume that a given value of PCA activation and INT suppression as presented
in Figure 3 may, to some extent, represent the degree of glottal opening.
If this assumption is correct, it phould be of Interest to compare the EKG
results to the glottal gestures directly observed by means of a fiberscope.

Sawashima (1971) measured glottal width during the production of voice-
less consonants, geminates, and voiceless sequences containing a devoiced
vowel in Japanese by means of a fiberscope and reported that there were
certain differences in glottal width depending on different phonetic repre-
sentations. In his study of one subject, he observed that the maximum
glottal width for a given voiceless portion was largest for the initial
voiceless sequence containing a devoiced vowel and smallest for medial stops.
These results are apparently coherent with the present data, which indicate
that the highest PCA activity is associated with the lowest INT activity for
initial voiceless sequences containing a devoiced vowel, and the lowest PCA
activity is associated with highest INT activity for medial stops. Sawashima
also found that glottal width for geminate stops was significantly smaller
than that for medial voiceless sequences containing a devoiced vowel. In
the present data, however, the difference in degree of PCA activation and INT
suppression between these two conditions does not appear to be very marked.
It seems that we need more data in order to specify the physiological basis
of these two different phonetic conditions in more detail, although possible
individual variation has to be taken into consideration. A combined study of
simultaneous fiberscopic observation of the glottis with laryngeal EKG data
acquisition is expected to give further information on laryngeal adjustments
in speech.
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Vowel Stress and Articulatory Reorganization

Ratherine S. Harris
+

Haskins Laboratories, New Haven

If a speaker is asked to produce a word which contains a particular speech
sound, it can be shown that there will be a great deal of variability in what
is produced. Some of this variability depends on the immediately neighboring
speech sounds; some depends on the stress and intonation pattern in which the
word is imbedded. A principal thrust of recent physiological investigation
has been towards showing that at least part of this variability can be accounted
for by relatively low-level rules. One formulation of this sort is the sugges-
tion that a shape template, or target, for a speech sound is stored in the
nervous system, and that the effects of coarticulation can be described as due
to the overlapping effects of several targets at any moment in time (MacNeilage,
1970; Ohman, 1967). The most careful working out of this sort of formulation
is probably Lindblom's (1963) ingenious theory of vo el neutralization.

This theory was developed to account for the changes in vowel color which
accompany changes in stress. If a vowel Is destressed, it will tend to be of
shorter duration and to move in vowel color towards the neutral schwa; the
latter phenomenon is called vowel neutralization. Lindblom's proposal is that
the neutralization is a consequence of the accompanying shortening. Briefly,
in a CVC sequence, although the signals sent to the articulators are constant,
the response of the articulators is sluggish. If signals arrive at the muscles
too fast, the articulators will start towards the vowel target but will be
deflected towards the subsequent consonant target--that is, there will be under-
shoot. Lindblom tested his theory by having subjects produce sentences con-
taining CVC monosyllables. The effect of rearranging the sentences was to
change the stress on one "word" and consequently to change the vowel duration.
He made careful measurements of the most extreme positions of the first and
second formants, as a function of the vowel length. He found that as vowels
lengthened, the formants tended towards a target frequency which could be de-
scribed as a target articulation.

Lindblom's theory seemed to us to be elegant and testable, if one sub
stitutes for "signals" the more specific "muscle contractions." A refor-
mulation in electromyographic terms would then perhaps be: "Under conditions
of changing stress (or rate of articulation) the electromyographic signals
associated with any vowel will remain constant. Only the spacing between them
will change."

This paper is a somewhat rewritten version of a paperY'The Organization of
Articulation Schema," presented at the 1971 Conventionof the American' Speech
and Hearing Association, Chicago,'Illinois, November 1971.

Also The Graduate Center of the.City University of New York.



Some time ago, we performed an experiment on consonants which is relevant
here (Harris, Gay, Sholes, and Lieberman, 1968). Subjects produced sentences
with one word containing /p/; this word was either heavily contrastively stressedor not. Thus, we would compare "It's the keeper" with "It's the keeper." An
electrode in the orbicularis oris muscle measured the strength of the closure
contraction, or "signal" in Lindblom's terms.

The results showed a contrast in the amplitude of the EMG signal for the
two conditions'. However, the effect was quite small--about 20 percent differ-
ence between conditions. Furthermore, even this difference was obtained only
under conditions of very strong contrastive stress, perhaps stronger than we
would observe in ordinary running speech.

We wanted to repeat the experiment with vowels, using stress contrasts
more like those in ordinary running speech. The genioglossus muscle, which
is active for high vowels, seemed suitable for examination (Harris, 1971;
Raphael, 1971; Smithi 1971).

Figure 1 shows the genioglossus muscle. It is a larse, fanshaped muscle,
which iS generally described as bunching and fronting the tongue. The _arrOW
shows the general direction of electrode insertion into the muscle body.
Electrode preparation and insertion:procedures are described in detail else-
where ,(Hirose, 1971).

We constructed a set of nonsense trisyllables, with stress on either the
fitst or the second syllable. The vowel in one syllable was always /i/,
while the vowel in the other syllable was /31 or /u/; /i/ appeared equally
often in the first or second syllableland was equally often stressed and un-
stressed. All conditions were repeated with /0/ as an intervocalic conSonant
and with /k/. Typical trisyllables, then,would be /fikupe/ and /pufiPah
The subject'read sixteen lists in which these nonsense wordsappeared
dom order.: The:resultingeleetromyOgraphic signals were recorded and Averaged
by the usual techniquesort, 1971).

To return:to Lindblom's model',-,it Would lead 4s to expect a constant
rnuscie signal for_theVOwel'i /1/i with ehangeS',in timing of adj cent signals,
:depending on stress-eontext.

Figure 2 Shows the utterances / ikupa/ and /pikupe/. As usual, time
runs along the abscissa and the ordinate indicates amplitude of muscle signal.
Zero is the point corresponding to-the end of voicing in the first syllable.
The pair of utterances contrast in whether the first or _the second syllable
1a stressed. If /i/ in the first syllable is stressed, the amplitude for
/1/ increases. If /u/ in the second eyllable is-stress2d, /i/ amplitude wIll
-decrease. ahe vowel /u/ also shows some genioglossus activity, since it is
a high vowel.) The amplitude of the stressed syllable is greater than the
amplitude of a corresponding unstressed syllable. Of course, we see changes
in timing, as.well.

Peak heights of the genioglossus:activity
ditions,-are shown in tabular form in Figure 3
height values for fOur conditions--when
the first syllable and in the Second. Overall

averaged over various con-
This slide shows mean peak

stressed and unStressed, in
'stress,produces greater a



'Figure 'Elect-ode insertion _nto the genioglossus muscle.
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KSH Genioqiossus

Stress Condition

Stressed Unstressed

.Peak Ileights of garilogloaau._ activity tinder 'vari
cOnditions,



One further question may be asked. If differences in signal size con-
tribute to stressing differences, is there any evidence that the duration
mechanism works as well? Lindblom's model says, in essence, that the longer
the vowel, the less neutral. To consider this question, we must extencl the
model to yet another situation, the vowel duration differences which accom-
pany the shift from voiceless to voiced terminal consonants.

This phenomenon is extremely well known. Briefly, the vowel before a
voiceless stop or fricative is shorter than before the corresponding voiced
consonant. Now, let us assume that Lindblom's mechanism is at work in run-
ning speech. If the time distance between the vowel signal and the consonant
signal is shorter for voiceless than for voiced consonants, then one of two
things must happen: either the vowel must be more neutralized before voice-
less stops, or alternatively, there should be an adjustment of peak activity
to compensate for the duration difference. There is no evidence, either in
our own work or,so far as I know, in the extensive literature on the voicing
effect, ?that the vowel before a voiceless consonant is more neutralized than
before a voiced stop, although we should, of course, check spectrograms, which
has not yet been done. Some data collected by Raphael (1971) allow us to
examine the second possibility.

Figure 4 shows genioglossus activity for four high front vowels in the
frame /pVp/. There is substantial genioglossus activity for /I/ and /e/
before /p/ for this subject but relatively little activity for their so-
called "lax" counterparts. Since the gentoglossus is apparently a chief
determiner of vowel color for /i/ and /e/, we would expect an adjustment in
peak height to compensate for the difference in vowel length before voiced'and voiceless consonants. On the other hand we have no such anticipation
with respect to AC/ and Ar/, since they show very little activity.

Figure 5 shows peak heights for the four vowels before a s ries of
voiced and voiceless consonant pairs. Overall, peak activity is lower for
the voiced member of the pair, although there is one case of approximate
equality. The situation is reversed before the lax vowels--I have no idea
why. For long vowels this result can be interpreted as a tendency to compen-
sate for duration differences, with peak size changes, for "essential" muscles.This compensation anticipates the duration difference, that is, the speaker
seems to make some sort of anticipatory calculation.

Figure 6 shows peak values for a second subject, who used,relatively
high values of genioglossus activity,for all four vowels (though notice t at
/e/ is strongly diphthongized for this speaker, So that only the second
peak corresponding to /i/ or /2/, is high). We would, therefore, expect
compensation for voicing distinctions in all four vowels.

Figure 7 shows peak heights for the four vowels. We looked only at
two sets of voiced/voiceless pairs for this subject. There are two entries
for /et, the diphthongized vowel, one for each peak. We would exnect
greater activity for the voiceless member of the pair for all four vowels,
and indeed, this is about what we get, though there is one case of approxi-
mate equality. For /et, only the second peak shows voicing compensation.

Let me summarize at this point. We have produced some rather preliminary
evidence that stressing may affect the size of the contractioft signals to
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LUR G nioglossus

Termi nal Consonan

6 606 702 644 694 625 2 537

236 19 316 360 268 494 223 294

643 533 710 8 643 ' 571 0 5 0

140 154 179 1 206. 481 172 195

Figu e : Peak heights of genioglossus ativity for four high f ont

vowels before voiced/voiceless pairs; speaker LIR.
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Genioglossus

Terminal Consonant

158: 199
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Figure 7: Peak heights of geuioglossus activity for four high front
vowels before voiced/voiceless pairs; speaker KSH.



muscles, as well as their timing, although, by generous overinterpretction
of thedata, we can find some evidence for the effectiveness of a timing
change mechanism, as well. However, if we presume that the "extra energy"
mechanism works at all, it really originates more problems than it solves,
since it leaves the question of what is invariant about ayowel under two
stress conditions. Presumably, each vowel would be characterized by a
pattern of contractions; however, if the size of one member of the pattern
changes, what happens to the others?

Vowel height can be shown to be a joint product of tongue height and
jaw opening. If genioglossus activity changes under stress, does the activity
of the anterior belly, and the other muscles which open the jaw, increase
proportionately? It seems far more likely that, for any vowel, only a
selected group of muscles increase activity under stress. If this is indeed
so,then the pattern of activity for any vowel becomes different, not only
in "size" but in configuration, for changes in stress.

How does all this affect our views of speech mechanisms? The most
common model for afferent feedback is that there is, for any phone, a
"target" articulation, which is represented either as a position in the
mouth or, more specifically, as a set of muscle lengths of each phone.
These two hypotheses differ in their specificity. In the second case, not
only is a target required, but the target must be reached by the same set
of muscle adjustments each time. A recent observation (Lindblom and
Sundberg, 1971) shows that if a speaker must attain a given tongue height
with a jaw opening that is constrained by a block holding the jaws open at
a fixed distance, he will use a compensating adjustment of the muscles to
raise the tongue. Some data of Borden's (1972) can be interpreted to mean
that if one of a set of muscles is partially paralyzed, other muscles will
attempt to compensate by more than normal activity. These observations
seem to me to indicate that a target representation in muscle length terms
is probably not a sensible one. The simple continuous gamma loop correction
models, depending on attainment of a set of lengths, would seem to fall with
this evidence. "Targets" must somehow be specified in position coordinates
which allow for configuration flexibility. The study we reported here seems
to indicate that a given vowel must be represented as a series of targets
which differ from some neutral point, and which are arrived at by different
muscle action patterns. Single loop correction does not seem capable of
operating successfully on targets which change in this fashion.
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An Electromyographic Investigation of the Feature of Tension in Some American.English Vowels*

Lawrence J. Raphael+

Haskins Laboratories, New Haven

Much of the traditional phonetic literature presents us with a picture of
vowel articulation usually referred to as the vowel triangle or quadrilateral.
In part, this vowel triavzle appears as In Figure 1. Among the notable fea-
tures of the arrangement of the six vowels shown on this part of the triangleare:

(1) The pairing of the vowelsJil and [2] both high front), [e] and
(Ei (both Mid front), and [u] and oul (both high back).

(2) The relatively higher position for [i,e,u] within each pair.

(3) The more central position of ix,E0J1 in each pair.

A variety of features has been put forth to explain the difference in
Production between the Members of these pairs of vowels in English speech.Among them are the following:

(1) Ton-ue tension. In this view the tongue muscles (though which ones
are usually unspecified) are_tenser for [1:,e,u] than for mewl,
thus giving a tense-lax opposition in production between the members
of eachipaix,

(2 ) Duration (independent of di hthon ization ). In this view [i,e,u]
are of gteater duration' than [1.;E,1111, thus giving a long-short op-
position between the members of each pair.

ppalitchan-e-_indeerratationl.i Tn this view
[i,e,u]: dte chateeterited by up and forward or back-gliding move-
mentsof the tongue, While [2,E,Ir]Thavelw suchmoveMents (or move-:
mente:of ineignificant:Moment). This yields a complex7simple or
diphthong-monophthong opposition between the members of each pair.

(4) Jaw_.epening In this view the jaw oPening for:[1,e-01] is less than
that farjX,CA/1, thua giving a closeopen opposition between the
members of each pair.

Talk given at:the 82nd meeting of the Ac
Colorado, October 19,]1971.

ustical Society of Ame Ica, Denver,

Also Herbert H. Lehman College of the City University of New York.
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Simple height difference. In this view the tongue is simply higher
for [i,e,u] than for [I,E,17), thus giving a high-low opposition be-
tween the members of each pair.

There is no clear agreement as to which of these features (or combination
of them) is crucial to the production and perception of the members of the
pairs of vowel sounds as different sounds, although any writer who maintains
the primacy of one of the features is quite likely to recognize the presence
of any or all of the others as redundant. For example, If one were to propose
the tense-lax feature as the essential one, he might simply point out that
the natural result of such an opposition would be to cause a difference in
duration (as the tongue reached the added degree of tension necessary for
[i,e,ul); a difference in height and therefore quality (as the added tongue
tension caused the muscles to bulge upward, changing the shape of the resonant
cavity); and a difference in jaw opening (as the jaw moved up for the tense
vowel in tandem with the tensing and rising hump of the tongue). The argument
for the primacy of another feature would follow analogous lines.

If we assume a direct correlation between muscular tension and muscular
activity, then the feature above most suitably tested by electromyographic
techniques is tension. Other features (for example, duration, tongue height,
jaw opening) may be inferred from the EMG signal, but muscular activity is
more or less directly ascertainable. Fnrthermore, within reasonable limits
of accuracy, we can specify which muscle is being tested, thus bringing a
more objective meaning to the term "tongue tension."

There is, of course, a question as to how "muscular activity" is to be
interpreted. That is, there are two measures, peak activity and total activity
(which would be the Integral of the area beneath an EMG curve), both of which
are measures of activity. Thus it is possible, if the latter measure, total
activity, is taken as primary, that an EMG signal with a relatively low peak
but with relatively great duration might be described as indicating more
muscular activity than a signal with a relatively high peak but of short
duration. In the experiment described here both measures will be referred to
separately.

The utterances used in this experiment consisted of the six vowels shown
in Figure 1, produced as the vowel in a CVC syllable which was preceded by
[a]. The syllable-Initial consonant was always [p] and the final consonants
were (p,b,k,g]. Each vowel was paired with each of the consonants, yielding
twenty-four utterance types. The syllables were randomized in ten different
lists and each list was read twice by the subjects. Approximately seventeen
utterances for eadh item were averaged to produce the EMG curves.

The activity of the genioglossus was chosen as the principle object of
investigation in this experiMent. The genloglossus is an extrinsic tongue
muscle (the largest) which "originates at the point of the jaw...and fans out
into the whole anterior-posterior extent of the tongue" (MacNellage and Sholes,
1964). Earlier experiments have shown it to be active for both front and
back vowels, with more activity for high than for low vowels and for front
than for back,vowels (Hirano and 'Smith, 1967; Smith, 1970). The data for
this muscle (and for others mentioned heke) is derived from the EMG signal
transmitted by hooked-wire electrodes inserted into the muscle by means of
a hypodermic needle. The results for two subjects are reported here.



For both subjects, in all syllables, there was greater genioglossus
activity for [I] than for [I], for [e] than for [S], And for [u] than for
[V]. Figure 2 shows a typical set of curves for the iront series of vowels
for one subject. The zero point in ttme on this and all other figures is
the onset of voicing of the stressed vowel of the utterance. The highest
EMG peak of activity is for [I], the next highest for [I], a lower one for
[e], and the lowest for [e]. The duration of activity for [i] and [e] far
exceeds that for [I] and [E], by about 200 msec. Thus both peak height and
total activity agree with what the vowel triangle would predict in its tense-
lax distinction. It must be noted, however, that there are two peaks for
[1] and [e], the first of which is lower than the single peaks for [1] and
[S], and that the higher [i]-[e] peaks are reached at a point in time which
corresponds to the greater duration of these vowels. Figure 3 shows the
same series of vowels for the same subject but in the syllable frame ending
in [k]. Again the peak heights are in the same order (although relatively
depressed) and in the same durational relation as in the labial syllable,
although all the vowels here have only one peak of activity.1

Figure 4 shows the two back vowels for the same subject. Both the greater
peak height and the greater total activity are evidenced by [u] as opposed to
[U]. Analogously with the front vowels, the greater peak for [u] occurs well
after the lesser peak for [I].

Figure 5 shows the EMG curves for [I] and [I] in the syllables ending
in [p] and [b] for the second subject. In this, case all the curves are
unimodal, with their peaks occurring very close together in time. The peaks
and durations for [i] are again greater than those for [I], so that-both
measures of muscular activity fulfill the expectations derived from the vowel
triangle.

Figure 6 shows the data for-[e] and [SI for the same subject and in the
sameHsyllable frames as those in:Figure 5. The reSults are:MUch the same as
in thecase-of and [X] . -Theactivity for [El:As:remarkably small, neither
of the curves for thia yoWel disPlaying anY eIdar7Cut peak.

The back vowel pair shoWn in Figure 7 dISOlays the same results as the
front-vowel pairs:-.: unimodal eurves with higher peaks and greater total activity
for [u] as opposed to rui. Theicurves:forjU] are:less prominent than:for Any
qf the other vowels for this subjeet'.2

Despite the uniformly greater, activity found-,for [t,e,u] as opposed to
[1,e,IT].in,both subjecta, itappears that the subjects are employing differ-
ent articulatory Strategies in prodUcing_some pf these vowels.:. The differences
In the ordering of tongue height ameng the membera of the front vowel series

1
is:presumed that the second Peak is

sonant.
2 '

Ineidentally, ene can note that this figure and the twe before it clearly
'show the greater'duratien of Museular Activity farthe vewela before the
voiced than befOre:the vOicelesS-Consonants. This: greater:.durational
relationship wasfeund-Witheilt:exeeptien inall minimally:paired syllables
for both subjects.

associated with the final velar Con7
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as pictured in the vowel tr angle is accounted for in the first subject bythe action of the genioglossus. The second subject, however, presents adifferent picture. Figure 8 shows a typical set of curves for the front
series of vowels for subject two. Here, and in general, the data for thissubject present a picture in which the vowels are arranged in decreasing
order of both peak activity and total activity in the crder [i,e,I,e], though
the differences between (ii and [e] and the differences between [I] and [E]
are often small and occasionally in a direction opposite to that shown inFigure 8. In any event, [I] and [e] are clearly transposed from their voweltriangle positions.

A number of possible alternative strategies might explain this apparentdiscrepancy. One is that for this subject (number two) the superior longitu-dinal, an intrinsic muscle of the tongue, may be more active in the bunching
and raising of the tongue for [I] and [E] than is the genioglossus (MacNeilageand Sholes, 1964; MacNeilage and deClerk, 1969). We have not, as yet, found
our way into the intrinsic tongue muscles with hooked-wire electrodes toverify this hypothesis.

Another possible strategy is based on the notion that tongue height
may not be solely a function of the genioglossus or of tongue muscles in
general, but rather a function of these muscles in conjunction with jaw open-ing (Lindblom and Sundberg, 1969). Thus, a particular tongue height, measuredfrom the palate to the high point of the tongue, might be effected in morethan one way: for example, wide jaw opening with maximum tongue bunching ornarrow jaw opening with minimal tongue bunching. If [I] is a high vowel tobe paired with DJ, and if it is higher than [el, we might expect to find
less jaw opening for [I] than for re] to compensate for the greater tongue
bunching for the latter vowel in the second subject. Perhaps the bestmuscle to tap as an indicator of jaw opening would be the anterior bellyof the digastric. Unfortunately this muscle was not investigated for sub-ject two. Another muscle, however, the sternohyoid, whose activity has beendescribed as accompanying jaw opening (Ohala and Hirose, 1970) was tapped.Although the sternohyoid data, in terms of peak height, do show less jawopening for [i] than for [e], ir is by no means certain that the differences
between the peaks are sufficient to compensate for the genioglossus activityfor the vowels (Raphael, 1971).

A final possibility for the transposition of [I] And [el as shOWn in the
genioglossus data involves the matter of tongue backing. The vowel triangleshows both and [S] to be retracted from the mere eXtreme front positionsof [I] and [e]. Since the ganioglossus displaYs greater activitY for the merefronted tongue posltions3:(Hirano and Smith) 1967), oneiwould naturally expectslightly lower values for the aCtivity of thismuscle for IX], and of coursefor [V, if, in faet,these vowels are less front than [i] and [-e].

Internal verification ofthis possibility cannot be definitely provided.The data from the:superior constrictor, a musele which has been taken to bean indicator of tongue backing, freeuently does reveal greater peaks for [I]and [El ag opposed to [i] and [e], but the results are not consistent, differ-
ences eccasionally being small and/or In the unhypothesized direction.

Especially for the anterior electrode placement used in this experiment.
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Specification of the height ordering of vowels thus awaits further
experimentation, involving other muscles and perhaps an advance in technique
so that the intrinsic tongue muscles may be more readily and easily investi-
gated.

In conclusion, it appears that there is consistently greater activity on
the part of the genioglossus for the vowels [1], [e], and [u] than for their
counterparts on the vowel triangle [I], [E], and [v]. However, both in terms
of total activity and timing of peak height, this activity is inseparable from
duration and quality change. Again, the investigation of other muscles, espe-
cially the intrinsic muscles of the tongue, may simplify the picture, but for
the moment, although we might justify the assignment of such labels as tense
and lax to the vowel categories, qualified in terms of genioglossus activity
only, we would make no claims as to the primacy of the feature of tension in
distinguishing the production of the vowels investigated.
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Word-Final Stops in Thai

Arthur S. Abramson
+

Haskins Laboratories, New Haven

As far as I can tell from the literature, agreement over the phonetic
nature of word-final stop consonants in Standard Thai has not been reached.
Indeed, non-Thai observers with little training and experience in auditory
phonetics often have trouble in just detecting the presence of these normally
unreleased stops, especially the velar stop after long Ana/. It is perhaps
not surprising then that linguists have failed to be very precise in their
a,21icat1on of vaguely defined impressionistic terms to these speech sounds.

The question must be examined against the background of the full system
of Thai occlusive consonants.1 Except possibly for my omission of the glottal
stop, the phonemes2 displayed in Table I will probably cause little argument.
Establishing underlying forms for a generative phonology in Thai grammar is
not likely to be relevant to the present phonetic analysis. Rather, it can
be argued that it is necessary to have proper phonetic descriptions of utter-
ances before positing underlying forms from which to derive them by rule.

Table 1

Thai Initial Occlusives

Labial

Voiced

Voi eless Unasp.

Asp.

Dental Alveolo-Palatal Velar

te ke

To be published in a volume on the phonetics of Thai (publication infermation
not yet available).

Also University of Conn lticut, Storrs.
1
These consonants-as a set are called occlusives rather than stops only be-
cauSe it seems desirable to include among them the affricates c di/ which
sharethe feature of,aspiratiOnrwith:.the simple stops.

2
I shall restrict myself in this article to considerations of surface pho-
nology.



The only serious disagreement in the literature with the intersecting
phonetic features of Table 1 is with regard to the roles of voicing and as-
piration. Richard B. Noss (1964:10-13) describes /b d/ as unaspirated lenis
stops, /p t c k/ as fortis stops, and /131 tt ke/ as aspirated lenis stops.
These appear to be his choices of paramount features, although, of course, he
adds information about voicing and other aspects of production. Marvin J.
Brown (1965:39), in line with his model for Thai diachronic phonology, posits
glottal closure for /p t c k/. That is, he believes that there is a simul-
taneous glottal closure which is not released later than the oral closure.

Claims about tensity as an independently controllable parameter of speech
production are tenuous (Abramson and Lisker, 1970) when one seeks experimental
validation. The story on voicing and aspiration seems to be quite different.
Some several years ago, Leigh Lisker and I (Lisker and Abramson, 1964) showed
clearly through acoustic measurements that Thai initial stops are differentiated
into three classes on the basis of voice onset time measurements. For the
"voiced" stops, spectrograms show high-amplitude laryngeal pulsing during the
stop occlusion; that is, the pulsing starts well before the release of the
stop; for the "voiceless unaspirated" stops, voicing starts upon release of
the stop or shortly thereafter; for the "voiceless aspirated" stops, voicing
onset lags considerably behind stop release. The original body of data under-
lying these conclusions is reproduced in Table 2 (Lisker and Abramson, 1964:
396).3 The use of negative numbers for /b d/ is simply a convention to in-
dicate voice onset before our reference point, the release of the stop. As-
piration, then, is the acoustic consequence of exciting the vocal tract res-
onances by means of a noise source, turbulent air coming through the open
glottis during the lag between the release of the stop and the onset of voicing.
During this voicing lag, the articulator is moving away from its place of
articulation, and the vocal tract is assuming a configuration for the syl-
labic vowel; thus, aspiration is a property of the initial portion of the
vowel as well as the stop release. This turbulence is in fact also present
in the short voicing lags of the voiceless unaspirated stops but has too short
a duration to be very audible.4 The voicing lead of /b d/ is typically quite
audible. The perceptual relevance of voice onset time has been confirmed for
Thai through experiments with synthetic speech (Abramson and Lisker, 1965;
Lisker and Abramson, 1970).

Given the rather compelling efficacy of voice onset time in implementing
the three-way contrast, any as yet unsubstantiated claims concerning tensity
or fortisness seem gratuitous at this time. On the other hand, Brown's
assertions as to glottal closure are not necessarily inconsistent with our
observations on voice timing. One way tosuppress phonation in speech is to
swing the anterior portions of the arytenoid cartilages apart and open the

3
In the 1964 cross-language study, we restricted our observations to stops;
therefore, Table 2 contains no data on the affricates. Since then, however,
I have seen enough additional spectrograms not only to confirm our old anal-
ysis of the Thai stops but also to validate aligning the two affricates with
the voiceless unaspirated and aspirated stops, respectively.

4
1f short voicing.lag is_effeeted in part'by:means of a_small glottal aperture
(Kim, .1970), wemightexpeet:the turbulence:to beilew in'intensity.. Low in-
tensity and short duration would combine then to yield-less leud aspiration
than for the aspirates.
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Table 2

Thai Initial Stops: Voice Onset Time in Milliseconds
(Three Speakers

Labials

b P P

Average -97 6 64

Range -165:-40 0:20 25:100

Number 31 32 33

Dentals

Average -78 9 65

Range -165:-40 0:25 21:125

Number 33 33 33

Velars

Average 25 100

Range 0:40 50:155

:Number 32 38

glottal aperture beyond the point at which audible vocal-fold vibration can
occur; another way is to close the glottis tightly. We hope soon to be able
to settle such questions through the use of our flexible fiberoptic endoscope.
In the meantime, recent findings (Kim, 1970), for Korean at least, indicate
that stops heard as voiceless inaspirates are likely to be produced not with
tight closure but with a small opening of the glottis, while larger glottal
apertures are required for greater amounts of aspiration.

In word-final position the phonological picture is somewhat simplified.
The two affricates de not appear, ana the three-way laryngeal opposition among

S e Cooper et al. (1971) and references therein.



the stops is not relevant. For each place of articulation there is just one
stop phoneme: a labial, a dental, and a velar. What is the phonetic nature
of this single manner category? From the point of view of the language struc-
ture, it may not matter too much; there is neutralization of the distinctive
features involved. From the point of view ef speech production, it does mat-
ter very much. After all, a good description of the language must include
rules for pronunciation. If we suppose that these final stops are to be
aligned with one of the three initial categories, let us consider the phonetic
possibilities in the light of the voice timing dimension which is diagnostic
for initial position. Long voicing lag or aspiration is ruled out by the
fact that the final stops are not normall) released, nor, for that matter,
is preaspiration observed in Thai. We are left then with the mirror images
of the laryngeal states of the voiced and voiceless unaspirated categories:
(1) voice pulsing continues well into the stop occlusion or (2) voice pulsing
ceases by the time of ach.,_evement of oral closure.

As suggested at the outset of this article, observers using purely audi-
tory criteria have not presented very convincing pronunciation rules for the
use of analysts and students of the language. One Thai writer (Rudaravanija,
1965) writes the final stops as voiceless unreleased /p t k/ in the belief
that they are voiceless. Another Thai scholar (Kruatrachue, 1960:50) labels
these final consonants as /p t k/ but describes them as N'arying from their
allophones in initial position in not being released and in being less tense
or fortis." Brown (1965) writes all Modern Central Thai examples with final
/p t k/, but for purposes of his historical treatment he is not necessarily
matching them with initial /p t k/.

-

Two recent major reference works that must be taken into account in any
present-day linguistic description of Thai see these final stops in a differ-
ent light. For Noss (1964:10-13), the final stops share the "unaspirated
lenis" feature of his initial /b d/; therefore, this necessitates positing an
additional phoneme /g/, which appears only in final position. Now in his
fuller phonetic specification of these consonants, Noss does say that they
are fully voiced in initial position--the two that occur there--but that
they are normally voiceless in final position and occasionally voiced, espe-
cially after a long high vowel. We must recall here that for Noss the pri-
mary distinction between the sets /b d g/ and /p t c k/ is based on the fortis/
lenis feature rather than voicing. In the table of consonants in her diction-
ary Mary R. Haas (1964:xi) also posits a phoneme /g/ which occurs together
with /b d/ in word-final position in her illustrntive examples and in the
dictionary entries. No phonetic comment is made, so one is led to believe
that these stops are voiced in ''oth positions.6 My own experience with the
Thai language has never led me to any conviction that I can hear laryngeal
pulsing during the occlusions of final stops, so in my own phonemic or mor-
phophonemic transcriptions I have always written them as /p t neverthe-
less, in an early noninstrumental assessment of the consonants (Abramson,
1962:4), probably under the influence of Haas, I was reluctant to take a
firm position and wrote in a Praguian fashion, "the view taken here is tha
there is a neutralization of the manner features at the end of a syllable
with the archiphonemes written as /p t k/, occurring as [p t It] or [b d g]."

6-This is consistent with her position in textbooks and other publica ions
dating from 1945, too nuMerous to be cited here.
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In the light of the foregoing, it seemed to me that it would be best
at this time to approach the problem by examining the final stops acous-
tically in terms of the voice timing dimension that had proven so effica-
cious in initial position. Having on hand extensive samples of speech
recorded by six educated native speakers of Central Thai, I went through
all these tape recordings looking for words with final stops.7 The speakers
were university students, four men and two women, recorded between 1964
and 1971. In these recordings, made for a variety of purposes but not
specifically the present one, I found a total of 140 word-final stops as
displayed in Table 3. For each stop the number of tokens examined is given

Table 3

Final Stops Examined

(Six Speakers: four men and two women

. of Total

18 13

45 32

77

140

55

100

together with its percentage of the total. Indeed, not only is the numer-
ical representation of types uneven as shown in Table 3, but also the
array of environments in which the stops were found. That is, I simply
looked for word-final stops wherever I could find them in the recordings:
isolated words, citation forms of short expressions and sentences, and
passages of running speech. Of course, it would have been possible to
have a few informants record all the vowels of the language followed by
the three consonants to form a complete paradigm.8 My own feeling was
that such an approach would achieve statistical symmetry at the price of
a certain artificiality. I agree that this kind of artificiality may some-
times be necessary in linguistic investigations and even desirable, but
since -.1ufficient recordings were available to provide, as it turned out,
a rather stable set of data, it seemed preferable not to call an informant's
close attention to my interest in the final stops.

7_
1 included Some of these data in my review of the Hads diptionary (Abramson,
1966). This review will appear in the public domain if Volume 22 of Word it
ever_published-,

8_
-Naturally, as in all experimental work, anyone is ree to test the generality
of my results with a change ii.Xfarimental design.



Wide-band sound spectrograms of all the utterances were examined for
acoustic signs of laryngeal pulsing during the closures of the final stops.
If there was some ambiguity as to the presence of vertical striations in
the spectrograms at the fundamental frequency of the speaker's voice, es-
pecially in the samples embedded in running speech, narrow-band spectro-
grams were inspected as well to examine the harmonics of the voice for con-
tinuity. For the most part, the wide-band spectrograms were sufficient
and preferable because of their better time resolution.

I have divided my observations of the word-final stops into the two
broad classes of those occurring at the end of an utterance and those
occurring embedded within an utterance. To test for voicing it should
really be enough to present data on utterance-final stops since the claims
in the literature seem to be intended to apply to "optimum" citation forms.
I, however, wished to examine the possibility that these stops might show
a definite trend toward the voiced state by progressive assimilation to a
following voiced environment, while manifesting themselves as voiceless
consonants in utterance-final position and before voiceless phones.
Nothing in the data indicated any profit in distinguishing between utterance-
final stops in citation forms from those in running speech. In running
speech, any clearly marked pause or end of discourse was accepted as a sign
of an utterance-final stop. The utterance-medial word-final stops appearing
before voiced phones were distinguished from those appearing before voiceless
phones. The results of this investigation are presented in Table 4, which
shows. the number of items examined for each class and the number and per-
centage of those for which voicing of the stop occlusions appea-zed in the
spectrograms.

Table 4

Laryngeal Pulsing in Final Stops

Utterance-final

Utterance-medial.

Before voiced phones

Before voiceless, phones

.Totals

After long high vowels

Numbe Examined

73

32

35

140

Voicing Present

2 3%)

28 2 (7%)

The data Of Table 4 make it overwhelmingly clear thatthe only reason-
able statement of:_a phonetic rule for word77final stops in:Thal;-Iregardless
of the context,:ls that they be ipreduced Without voicin&.j Note:-.-that-after
:the totals in theitable, I have an extra entryfor thestops found after-
long high vowels. 'I'his',was done becauae of Noeel-selaim thatthese in parti7
cular are likely to be voiCed. In:fact, the two that were voiced (7 percent
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of 28) fall among the five that were voiced before voiced phones. It should
be noted that even before voiced phones the tendency to voice the occlusions
of the stops is rather weak, only 16 percent. In general, the 6 percent of
the total that showed voicing is characterized by low-amplitude pulsing of
the kind that we have previously called "edge vibration" (Lisker and Abram-
son, 1964:416-18) and would normally expect to be weak continued oscillation
of the vocal folds while the glottis is opening; edge vibrations of this kind
seem usually to be below auditory threshold (Lisker and Abramson, 1967:8-9).
Examination of the spectrograms convinces me that this is the situation, but
I do not have the precise amplitude measurements that would entitle me to
make such a distinction in Table 4. In only two of these instances was the
voice pulsing a convincing mirror image of the situation in word-initial
voiced stops. Both of these were utterances of the dental stop in the ex
pression /peAt daaj/ in which apparently a rea1 fdl was pronounced through-
out the single sustained stop occlusion ending the first word and beginning

--the second,

Voice pulsing, then, clearly is not characteristic of ord-final stops
in Thai. The rare instances of unbroken high-amplitude laryngeal pulsing
in this body of data were cases of assimilation to following homorganic stop
sounds. Otherwise, the several cases observed seem to be nothing more than
the weak, inaudible pulsing caused by the failure of the margins of the
glottis to cease oscillating completely when the glottal aperture is not
large; although normally too weak to be heard in a speech context, these
pulses may have sufficient intensity to be detected by instruments. On the
basis of available phonetic data, it is implausible to align word-final stops
in Thai with anything but initial /p t k/.

It is unfortunate that such important reference books as the Haas dic-
tionary and the Noss grammar can mislead students of the language as to one
aspect of Thai pronunciation. Admittedly, some of the speculations of Brown
as to glottal control and Noss as to the state of the supraglottal articula-
tors should be investigated by instrumental means now at our disposal. With
the knowledge of these phonomena in general and Thai phonetics in particular
now available, hosmver, I simply wish to assert that there is as yet no basis
for denying the primacy of the timing of laryngeal control of voicing--and
thus aspiration--for both initial and final stops of Thai.
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*
Audible Outputs of Reading Machines for the Blind

Franklin S. Cooper, Jane H. Gaitenby, and Ignatius G. Mattingly+

Haskins Laboratories, New Haven

The goal of research on reading machines for the blind at Haskins Lab-
oratories is to produce by machine methods an output of clear, audible
English from an input of ordinary printed text. The core problem--generat-
ing acceptable speech from phonetic spellings7-seems very near a successiul
solution through synthesis-by-rule methods. There is still much to be done
by way of evaluating and improving the synthetic speech, but the research
can now turn to some of the other problems involved in setting up a complete
Reading Service Center for the blind. Thus, the present emphasis is on user
teats of speech synthesized by rule, improvements in the rules (and so of the
speech), and automation of the,entire speech-generating process.

Evaluation b- Blind Users

An article in the previous Bulletin described the completion of user
trials with Compiled Speech (another kind of spoken output in which sentences
are constructed from single prerecorded words). Preliminary tests were re-
ported, also, comparing Synthetic Speech with Compiled Speech and indicating
that Synthetic Speech was much preferred. The present report deals exclu-
sively with speech that has been synthesized from phonetic spellings by
various combinations of rules for synthesis; in all cases, the major part of
the conversion and the generation of the tape recordings has been done by
computer.

Some further testing has been done with veterans attending the Eastern
Blind Rehabilitation Center, Veterans Administration Hospital, West Haven,
Connecticut, with results similar to those already reported. In addition,
a committee on blind students at the University of Connecticut has become
interested in developing a reading center for blind students that will make
use of the methods developed at Haskins Laboratories. The University has
assigned a member of the faculty to help in evaluating the synthetic speech
and has provided a student assistant to help in generating additional record-
ings for this purpose. This permits sample chapters from textbook assign-
ments to be prepared during the coming summer. Hence, the user evaluation
program is moving ahead vigorously, with present emphasis on accumulating
recorded materials for student use, starting in September.

Summary prepared for the Bulletrn of Prostheticq Research BPR 10-16, Fall
1971.

Also University of Connecticut, Storrs.
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Automating Text Prenara

The preparation of synthetic speech recordings for user evaluation is,
at present, a rather slow process since the printed text must be typed into
the computer in phonetic form and sentence stress and intonation marks must
be supplied by the typist. Earlier Bulletins have carried accounts of the
phonetic inpnt system, based on a keyboard-plus-storage oscilloscope, coupled
directly to the computer.

Recent improvements in the phonetic input facility have been of two
kinds. First, the editing capability has been expanded and streamlined.
This allows the operator to make changes in the phonetic text both quickly
and efficiently. The modified text can be synthesized immediately in order
to evaluate any changes that have been made. A second major change pertains
to the recording of long passages of text. Until quite recently, the task
of producing an audio tape with synthesized text involved much laborious
hand-editing. This process has been made autematic, i.e., audio tapes are
produced under computer control in a form that is suitable for listening
and evaluation with little or to further editing.

Im rovin the Naturalness of Syntic Speech

Veterans and students who have listened to synthetic speech often report
that it has an "accent," but that it is completely intelligible after the
first few sentences. Some texts require attentive listening, and some of
the listeners are not sure that the synthetic speech will be easy to listen
to for long, unbroken periods of time. Many others find the speech fascina-
ting and fun and say that even human readers cannot be listened to indefinite-
ly. Clearly, though, improvements in naturalness can and should be made.
Work along this line has been directed partly to the phonetic details of the
synthesis-by-rule program itself, and partly to extensions of the rules that
will mechanize the remaining stages of the speech-generating process.

Modification of the synthesis-by-rule program has concentrated on the
details of the allophone tables and on the application of rules for intona-
tion. Improvements have been made in the acoustic specification of duration
and amplitudefor stop consenants and for clusters of consonants in diphthongs
with various stresses and in -modulating the intonation over a less extreme
range than before.

Rules have been developed for assigning and modifying word stress insen-
tences. It is a happy fact thatEnglish word stress Is: essentially stable,
even when words appear in sentence context, though the acoustic realization
of stress has to:be modified to take account of word:Sequences, word location
in breath group, and sentence intonation. Plain-:and Sparse rules for stress
modification:have been aPPlied to several thousand words of text, yielding
speech that departs only rarely from expected rhythms and:phrasing. A number
of stress problems remainlsome of them due to the multiple grammatical usage
that is possible for many English werds.

Rules for assigning pauses within sentences have been de eloped also.
These depend in part on punctuation and in part on the number of words in a
string and their syntactic functions. [The original rules for synthesis
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(fully computerized) were quite successful in realizing stresses and pauses
when the input phonetic string was suitably marked by the human typist. The
objective of the present rules is to develop algorithms (for later conversion
to computer programs) that will automate the marking proces.]

Auto atin: a Pronouncing Dictionary

A major step in the conversion of printed English into spoken English
is the derivation of the phonetic string on which the rules for synthesis
will operate: the spelled form of the word must be converted to its pro-
nounced form in phonetic symbols, and to information about its normal syn-
tactic function(s), for use in those rules that assign stress and pause.
This part of the problem is being solved by the use of a comprehensive pro-
nouncing dictionary with syntactic annotations. A dictionary of this kind
has been made available through the kind co( ration of the Speech Communi-
cations Research Laboratory; some parts of it are already in hand, and the
remainder is expected by the end of the summer.

The total dictionary (as received) will contain on the order of half a
million entries. It corresponds in coverage to the ordinary collegiate dic-
tionary but has many more entries, since all inflected forms of the words
are entered wcplicitly. Thus, in addition to such normal nouns as cat,
there are also cats, cat's, and cats'. Similarly for verbs, there are such
entries as walk, walks, walked, and walking. The dictionary also contains
separate pronounciations for different dialects and grammatical categories.
Many of these variants are not wanted in a dictionary for 1thc projected
Reading Service Center; hence, there is a substantial tas . involved, not
only in programming for normal uses of the dictionary, bu also in develop-
ing algorithms to delete the unwanted material. A substantial part of the
"editing" has been done, and revised versions are being prepared for the
portions of the dictionary that are in hand. It now appears that the dic-
tionary, in final form for reading machine use, will fit comfortably onto
the four discs that are a part of the Laboratories' computer installation,
i.e., the entire dictionary will be available for fast random search.

Plannin. for a Readin Service Center

The interest and cooperation of the University of Connecticut in connec-
tion with its own program for blind students makes it feasible to plan for
the establishment of a Reading Service Center at the University, probably
as an extension of the University's present library services to blind students.
A schedule has been set for an initial trial period during which the feasi-
bility of such a Center will be fully assessed and equipment needs and bud-
gets for the Center's implementation will be developed. Plane for the trial
period call for substantial quantities of synthetic speech to be synthesized
at Haskins Laboratories during the 1971-72 academic year. The text will be
drawn from the blind students' normal reading assignments. The amount of re-
corded material that can be provided during the final months of 1971 will be
limited by the time required to type phonetic strings into the computer. By
early 1972, the automated dictionary should be operating. Any typist can
then use a conventional Selectric typewriter to prepare the input text in
machine-readable form; thus, the amount of material available for evaluation
during the second semester should be very substantial, allowing a thorough

2..402
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evaluation of the utility of the pro ected Reading Center. During the same

period--assuming Chat the user tests are progressing toward an encouraging

conclusion--planning and engineering,studies will be made to determine the

type and cost of computer and optical character recognitioa equipment that

will be needed for a full-scale Reading Service Center. The objective of

the first phase is to have, by mid-1972, all the necessary data for a policy

decision on whether or not to proceed with the implementation of a Center.

The user trials and equipment planning for a Center for blind university i

students is, of course, directly applicable to decisions about a Reading I

Service Center for blind veterans.
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The Evolution of the Human Speech Anatomy

Philip Lieberman+

Haskins Laboratories, New Haven

Let me state at the start of this paper the two main points that
hope to cover.

First, adult Homo sapiens has a species-specific vocal tract that is
necessary for producing the sounds of human speech. The sounds of human
speech are necessary for human language. They are not arbitrary; they make
rapid acoustic communication possible.

Second, enhanced linguistic ability was the conditioning factor in the
processes of natural selection that led to the evolution of the human vocal
tract. In other words, the human vocal tract evolved for the function of
speech. The human vocal tract is inferior to the nonhuman vocal tract with
respect to the vegetative functIons of breathing, swallowing, and chewing.
The only function for which the human vocal tract, i.e., the oral cavity,
pharynx, larynx, and nose, is superior is generating the full range of sounds
of human speech. The morphology of the base of the skull of Homo sapiens
reflects the process of mutation and natural selection that resulted in the
development of human speech. Human speech is as important a factor in the
late stages of human evolution as chewing and upright posture are in its
early stages.

Acoustics and Anatom of Human Speech

Let us start by briefly reviewing the acoustic and anatomic bases of
human speech. Human apeeCh acoustically is the result of a process in which
a source of energy is modified by an acoustic filter. In Figure 1 a sche-
matic view of the human vocal tract is presented. A sound .like the vowel
/a/ in the word father is produced by exciting the supralaryngeal vocal tract
by means of puffs of air that issue from the larynx. For a typical adult
male these puffs of air, which we perceive as the fundamental frequency, or
pitch, of a person's voice, occur at rates of 100 to 300 puffs per second.
The rate at which'the_larynx rapidly opens and closes can, of course, be
adjuslfed-during speech. The vowel /a/, for example, can be produced with
a fundamental frequency of 120 cycles per second, or 200 cycles per second.
The vowel still has the phonetic value of /a/. The phonetic characteristics
of /a/ are independent of the laryngeal source They are instead determined

Invited paper presented at the Institute on Behavior and Evolution of the
70th annual meeting of the American Anthropological Association, New York,
NeW York-, 18 November 1971.

A1so University of Connecticut Storrs.

205



NASAL AIR SPACE

206

VELUM
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TRACHEA
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TONGUE

LARYNX

SCHEMATIC :OF- -RESPIRATORY SYSTEM-

Figure 1: The supralaryngeal respiratory system, which determines the pho-
netic quality of vowels and consonants, consists of the oral and
nasal cavities and the pharynx.
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by the shape of the supralaryngeal airways. In Figure 2, line spectra are
presented for the vowel /i/ as it was produced by the same speaker at two
different fundamental frequencies. Note that energy is present at harmonics
of the fundamental frequency. Note the presence of local energy maxima in
the spectra at about 300 and 2200 cycles per second. These local energy
maxima are determined by the formant frequencies of the supralaryngeal vocal
tract. The f6rmant- frequencies are determined by the resonances of the su-
pralaryngeal vocal tract. At these resonant frequencies the harmonics of
the laryngeal source will pass through the filtering supralaryngeal vocal
tract with least attenuation. Different shapes of the supralaryngeal vocal
tract can result in different foment frequencies. The vowels /a/, /1/ /u/,
/1/, and /0A/, for example, all have different formant frequencies. The in-
ventory of phonetic elements of human languages is largely achieved by changes
in the supralaryngeal vocal tract that result in different formant frequencies.

A useful musical analog to this aspect of speech production is a pipe
organ. The source of acoustic excitation is similar for all the pipes. The
quality of each musical note is determined by the length and shape of each
pipe. We could assess some of the limitations on the music-producing cepa--
bility of a particular pipe organ by examining the pipes, independent of the
excitation source that the particular pipe organ actually used. We might,
for example, find this partial assessment useful in reconstructing the struc-
ture of some archaic music that was written for a particular pipe organ. We
would not, of course, be able to say very much about the dynamic control of
the pipe organ, but we would know some of the constraints that would struc-
ture the music.

In a similar way we are now in a position to assess some of the limi-
tations that structured the speech of extinct hominids by reconstructing
and modeling their supralaryngeal vocal tracts even though we cannot say
'very much about their laryngeal sources or the dynamic control of their
speech-producing apparatus.

The Reconstruction of the Tract

The reconstruction of the supralaryngeal vocal tract of an extinct
fossil hominid at first appears to be impossible since the soft tissue of
the oral cavity and pharynx is not available. We fortunately can make
reasonable reconstructions by using the methods of comparative anatomy
and taking advantage of skeletal similarities that exist between living
primates and fossil remains. The details of these reconstructions which
are largely the product of my colleague Professor Edmund S. Crelin of the
Department of Anatomy of Yale University Medical School are described in
our recent and forthcoming papers, (Lieberman and Crelin, 1971; Lieberman
et al., in press). We have examined, reconstructed, and assessed the pho-
netic capabilities of a number of fossil hominids, hut I shall limit the
present discussion to the fosFil "classic" Neanderthal man of La Chapelle-
aux-Saints.

In Figure 3 lateral views of the skulls of newborn man, adult chim-
panzee, the La Chapelle-aux7Saints Neanderthal man, and adult modern man
are presented._ The skulls have all been drawn to appear nearly equal in
size. Skull features of newborn man, chimpanzee, and Neanderthal man Oat
are similar to each other, but different from that of adult modern man, are
as follows: (A) they have a generally flattened out base; (B) they lack
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mastoid processes (very small in Neanderthal); (C) they lack a chin (occa-
sionally present in the newborn); (D) the body of the mandible is much longer
than the ramus (about.60 to 100 percent longer); (E) the posterior border
of the mandibular ramus is markedly slanted away from the vertical plane;
(F) they have a more horizontal inclination of the mandibular foramen lead-
ing to the mandibular canal; (G) the pterygoid process of the sphenoid bone
is relatively ehort and its lateral lamina is more inclined away from the
vertical plane; (H) the styloid process is more inclined away from the
vertical plane; (I) the dental arch of the maxilla is, U-shaped instead of
V-shaped; (j) the basilar part of the occipital bone between the foramen
magnum and the sphenoid bone is only slightly inclined away from the hor-
izontal toward the vertical plane; (K) the roof of the nasopharynx is a
relatively shallow elongated arch; (L). the vomer bone is relatively short
in its vertical height, and its posterior border is inclined away from the
vertical plane; (M) the vomer bone is relatively far removed from the junction
of the sphenoid bone and the basilar part of the occipital bone; (N) the
occipital condyles are relatively small and elongated.

In Figure 4 inferior views of the base of the skull of newborn man, Ne-
anderthal man, and adult modern man are presented. Note that there is a
relatively long space between the foramen magnum and the palate in newborn
man and Neanderthal man. This long distance is reflected in the exposed
portion of the sphenoid between the base of the occipital and the vomer.
Men the larynx is positioned with respect to the skull in Figure 5 the
functional significance of the morphology of the hese of the skull and man-
dible is epparent. The larynx is positioned high and forward in newborn 4nd
in Neanderthal. The long "flattened out" skull base, long mandible, horizon=
tally inclined styloid processes., together with the angulation of the fadets
of the geniohyoid and the anterior belly of the digastric muscles at the sym-
physis of the mandible, are censistent with this high, fronted laryngeal po-
sition.

In Figure 6 the head of a young adult chimpanzee sectioeed in the mid-
sagittal plane is presented. Note the high position of the larynx. The
tongue rests entirely within,the oral cavity and the epiglottie tan approxi-
mate with the soft nalate. Note that the pharynx lies behind the oral cavi-
ty; in Figure 7 silicone rubber casts of the air passages, including the
nasal cavity, of ehimpanzee-.and newborn:and adult man are shown. These casts
were made)ly filling::each side of the split air passage's in sedtioned heads
and necks and then fusinvthe cases frem each side of allead together. A
'dapt:pf the reconstrueticin of the air passages of the_La Chapelle-aux-Saints
'Neanderthal man-is,Aleo shown. Note the basic similarities between the new-
born buman (1),: the chimpanzee (2), and the Neanderthal _(3) supralaryngeal
-ftir passages.

There is practically no supralaryngeal portion of the pharynx present
in the direct airway out from the larynx in_chimpanzee and Neanderthal and
newborn man. In adult man half of the supralaryngeal vocal tract is formed
by the pharyngeal cavity. This'difference between chimpanzee, Neanderthal,
and newborne-and adult man, is a consequence-of the opening of the larynx
into the pharynx, which is immediately behind the oral cavity in the chim-
panzee, Neanderthal,-and newborn. In adult man ihis.opening occurs farther_ _ _ _
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down in the pharynx. Note that the supralaryngeal pharynx in adult man serves
both as a pathway for the ingestion of food and liquids and as an airway to
the larynx. In chimpanzee, Neanderthal man, and newborn man the section of
the pharynx that is behind the oral cavity is reserved for deglutition. The
high epiglottis can, moreover, close the oral cavity to retain solids and liq-
uids and allow unhampered respiration through the nose.'

Assessment of Limits on Phonetic Re-ert-ire

The assessment of the limits imposed on the phonetic repertoire by the
supralaryngeal vocal tract is inherently straightforward. Since the ferment
frequencies that determine the phonetic quality of speech sounds are specified
by the shape of the supralaryngeal vocal tract (Fent, 1960), we could, if we
wished, determine the range of formant frequencies by bending sheet metal into
tubes that represented the limits that the vocal tract anatomy imposed on
shape changes. These tubes would act as a sort of vocal tract pipe organ.
We can do this in a more convenient way by modeling the range of supralaryngeal
vocal tract shapes on a computer that has been programmed to act as an analog
of the vocal tract. In Figure 8 three area functions that represent the most
extreme deformations of a chimpanzee's supralaryngeal vocal tract in attempts
to approximate the human vowels /a/, /di, and /u/ are shown. The area func-
tion simply specifies the cross-sectional area of the supralaryngeal vocal
tract along its length. It thus specifies the detailed shape of the supra-
laryngeal vocal tract.

In Figure 9 we have plotted the vowel-producing abilities of newborn man,
chimpanzee, and Neanderthal man with respect to the vowel repertoire of adult
man. Vowels can be specified by means of the first two formant frequencies
The frequency of the first formant is plotted with respect to the abcissa,
and that of the second foment, with respect to the ordinate. The normative
data for modern man is derived from a sample of seventy-six adult men, adult
women,and children (Peterson and Barney, 1952). The labeled loops enclose
the data points for each vowel category. Note that none of the circles
labeled "N," for Neanderthal, "1," "2," or "3" for the chimpanzee,or "X" for
the newborn fall into the vowel loops for /a/, /i/, or /u/. The results of
this modeling technique are consistent with acoustic measurements of living
chimpanzees and newborn humans who inherently cannot produce the range of
sounds necessary for human speech (Lieberman, 1968; Lieberman et al., 1969;
Lieberman and Crelin, 1971 in press). The Neanderthal vocal tract also has

1
The essential morphological similarities that exist between normal human
newborn man and adult and juvenile "classic" Neanderthal man are discus-
sed by V16ek (1970). Human adults never develop the specializations of
adult "classic" Neanderthal man, e.g., a superorbital torus. Adult Nean-
derthal hominids likewise never developed the specializations of Homo
sapiens, e.g., the human supralaryngeal vocal tract. Since the human
supralaryngeal vocal tract is a functional anatomical specialization, it
would perhaps be salutary to reserve the terms "Neanderthal" and "Nean-
derthaloid" to fossil forms that lack this human-like specialization.
Fossil forms like Skhul V and Steinheim which appear to have had a human-
like supralaryngeal vocal tract (Crelin et al., forthcoming) thus should
not be classified as "Neanderthaloid" hominids.
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this same deficiency. We can thus conclude that "classic Neanderthal man
inherently could not have produced the raege of sounds necessary for human
speech.

The uniqueness of the adult human supralaryngeal vocal tract rests in
the fact that the pharynx and oral cavities are almost equal and are at
right angles. No other animal has this "bent" supralaryngeal vocal tract in
which the cross-sectional 'seas of the oral and pharyngeal cavities can be
independently manipulated (Negus, 1949). In Figure 10 we have diagrammed the
"bent" human vocal tract in the production of the "extreme" vowels /i/, /a/,
and /u/. Note that the midpoint area functions are both extreme and abrupt.
In Figure 11 the nonhuman "straight" vocal tract which ts typical of Neander-
thal man is diagrammed as it approximates these vowels. All area function
adjustments have to take place in the oral cavity in the straight nonhuman
vocal tract. Although midpoint constrictions like those needed for vowels
like /a/, /i/, and /u/ ean obviously be formed in the midpoint of the-non-
human vocal tract, they cannot be both extreme and abrupt. The elastic
properties of the tengue prevent it from forming discontinuities that are
both abrupt and extreme.

Functional Si nificance of Phonetic Li ita ions

The absence of sounds like the vowels /a/, /i/, and /u/ from the Neander-
thal phonetic repertoire might at first seem interesting but trivial. After
all, plenty of other sound possibilities still exist for establishing com-
munication by means of sound. The vowels /a/, /i/, and /uhhoweven have
certain significant acoustic properties that relate to one of the points that
I cited at the start of this talk. Human speech through a process of encod-
ing and decoding allows communication at a rate that is about ten times faster
than any other signaling system (Liberman et al., 1967; Liberman, 1970). Pho-
netic segments are transmitted at a rate of twenty to thirty elements per sec-
ond by collapsing the acoustic cues for consonant-vowel sequences into syllable-
sized units. A human listener in perceiving speech, decodes, that is, unscram-
bles, the acoustic cues in terms of the articulatory maneuvers and the vocal
apparatus that underlie the speech signal. In order for this decoding process
to function tbe listener needs to know the approximate size of the vocal tract
that produced the speech signal (Rand, 1971). The "extreme" vowels /a/, /i/,
and /u/ optimally serve this vocal tract size-calibrating function in human
speech. The absence of these vowels in the phonetic repertoire of a fossil
population like "classic" Neanderthal man or other examples of Homo erectus
is, therefore, consistent with unencoded, slow, verbal communication. At
worst, Neanderthal man may have completely lacked rapid, encoded human speech.
At best, Neanderthal man lacked the range of phonetic possibilities of modern
speech. In any event, he was not as well equipped for language as modern man.

In other ways, Neanderthal man was better equipped for life. The Nean-
derthal vocal tract is more efficient for breathing since airflow is not id.-
peded by a right-angle bend (Kirchner, 1970). The Neanderthal respiratory
system also cannot be blocked by food lodged in the pharynx. The Neanderthal
mandible with its long body, also is more efficient for chewing. Chewing ef-
ficiency-in man is a function of itooth area (Manly and Braley, 1950; Mhnly
and Shiere, 1950; Manly and Vinton1951). The tooth area of Homo erectus
is substantially greater than that of Homo sa iens. Modern man's vocal tract



LARYNX

LARYNX

LARYNX

LIPS

f

LIPS

/al

/u/

Figure 10: Schematic diagram of the "bent" human supralaryngeal vocal
tract. Note that abrupt and extreme discontinuities in cross-
sectional area can occur at the midpoint.



L
A

R
Y

N
X

L
IP

S /1
A

PP
R

O
X

IM
A

T
IO

N

/a
 A

rP
R

O
X

IM
A

T
 I

 O
N

A
PP

R
O

X
I 

M
A

T
 I

 O
N

F
i
g
u
r
e
 
1
1
:

S
c
h
e
m
a
t
 
c
 
d
i
a
g
r
a
m
 
o
f
 
t
h
e
 
s
t
r
a
i
g
h
t

"
s
i
n
g
l
e
 
t
u
b
e
"
 
n
o
n
h
u
m
a
n
 
v
o
c
a
l

t
r
a
c
t
.

'
N
o
t
e
 
t
h
a
t
 
a
b
r
u
p
t
 
m
l
d
p
o
i
n
t
 
c
o
n
s
t
r
i
c
t
i
o
n
s

c
a
n
n
o
t
 
b
e
 
f
o
r
m
e
d
.



is better suited for speech and language. He is otherwise less equipped for
life. We can conclude that natural selection for enhanced speech has played
as important a role in the evolution of Homo sapiens as upright posture and
chewing played in earlier stages. Communication by means of speech may have
started with the beginning of hunting, since gestural communication is lim-
ited to the line of sight. Speech communication furthermore completely frees
the hands for the use of tools and weapons. Rapid, encoded communicatior by
speech appears to be more recent. The skull of Homo sapiens is as functionally
specialized as animals like the gorilla. The function is, however, unique
with respect to all living animals insofar as it involves rapid communication
by means of speech. In conclusion, we can note that the eighteenth-century
philosopher La Mettrie was perhaps correct when he stated that if an ape
could talk, "he would be a perfect little gentleman" (1747).
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