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Abstract
A PSYCHOPKYSICAL INVESTIGATION OF TRANSIENT AND SUSTAINED
MECHANISMS IN HUMAN VISUAL MASKING
by

Joyce B. Schenkein
Adviser: Ivan Bodis-f'ollner, M.D.

The threshold of an 8.3 msec sinusoidal test grating was
neasured as a function of its onset asynchrony (SOA) with
respect to a 725 nsec mask of 2.6% contrast and the same
spatial frequency (5, 4 or 6 c/d). The test grating was
either in the same spatial phase as the mask, or laterally

displaced by 180°.

Large "primary"” peaks occurred witq mirror-like symnetry
in tine at snall (25 msec) asynchronies from nask onset and
offset. The tinings (but not the magnitudes) of these peaks
were phase-dependent suggesting that spatial phase is proc-

essed in a tenmporal way.

The sanme SOAs associated with a primary peak to gratings
in one spatial phase, were associated with troughs, or faci-
litation for gratings of the opposite spatial phase. Peaks
and especially troughs decreased in nagnitude as spatial
frequency increased. The fact that the prinmary peaks occur-
red at short latency and that their anplitudes decreased

-iii-



with spatial frequency suggest that they represent transient

neural responses.

At longer (40-100 msec) delays and on opposite "sides of
the tenporal edge from the primary peaks, were smaller "sec-
ondary"” peaks. The magnitudes and delays of these peaks
increased with spatial fregency suggesting the importance of

sustained ueuisal wechanisnms.

To test this theory, nmonocular nmasking thresholds of 5§
and 4 c/d test gratings were neasured following 3 min adap-
tation to low contrast (1-4%) counterphase (TA; transient
adapting) or stationary (SA; sustained adpating) gratings of
the same spatial frequency (5 or 4 ¢/d) Adaptation was

either in the same or contralateral eye.

TA altered detection at both spatial frequencies whereas
SA affected only 4 c/d. SA DECREASED whereas TA INCREASED
all masking peaks, suggesting that the sustained systen
ordinarily masks, whereas the transient systen ordinarily
enhances test detection. SA reduced the primary and second-
ary peaks by the same magnitude indicating that sustained
influences at these different SOAs are egual. However, TA,
raised secondary peaks more than primaries, indicating une-
gqual transient influence at these SOAs., Ipsilateral and con-
tralateral effects were identical after SA ONlY, suggesting
that the sustained systen is binocular whereas fhe.transient

systen 1s predominantly nonocular.
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A PSYCHOPHYSICAL INVESTIGATION OF TRANSIENT AND SUSTAINED

MECHANISMS IN HUMAN VISUAL MASKING

Joyce B. Schenkein

CHAPTER 1

I. Introduction

When two visual stimuli are presented in close tenporal
succession, the perception of thae first (refered to as the
test) may be enhanced or diminished by the presentation of
the second (refered to as the mask) (Kahneman, 1968). This
phenomenon, called masking, 1is currently attributed to
neural interactions between two visual subsystems which
detect the stimuli; one, a short latency (transient) systen
carrying information about change, and the other, a slower
(sustained) system which carries pattern information (Breit-
neyer & Ganz, 1976).

The present study explores these tést-mask interactions
more closely. In Experiment I, the baseline condition, the
contrast threshold of a brief (8 msec) test grating was
neasured at varying tenmporal asynchronies before, during and
after ghe presentation of a long duration (725 msec) mask.
As will be seen, there were several temporal asynchronies at
which the threshold of the test presented with the mask was
substantially greater or lower than that of the test pres-
ented alone. To investigate the contributions of the tran-
sient and sustained systems to these changes, a second study

was conducted, using adaptation to partial out the influ-
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ences of these two systens. As will be seen, this approach

offered considerable insight into the underlying process.

A review of the relevant issues iIn nasking and of the
adaptation procedure is presented below. Following this,
beseline and adapted conditions will be reported and dis-
cussed separately. Finally, a model to explain the data
appears at the end. A glossary of ternms frequently used in

this paper is listed in the Appendix.

JI. Related experimental paradigms

Changes in visual sensitivity due to the interaction of
temporally discrete stimuli has been explored in a variety
of paradigms under the names of rapid light adaptation, tem-
poral resolution, metacontrast and masking. One stimulus,
often the briefer, smaller or dimmer is designated as the
TEST and the other as the MASK. The subject's task is to

detect the test.

III.Experimental variables

A.The INDEPENDENT Variable - is always the temporal

relationship between the test and the mask stimuli. Many
investigators have measured this delay from the offset of
the first stimulus to the onset of the second; that is, the
interstimulus interval (ISI). However, later analyses showed
greater consistency across studies when the delay is meas-

ured from the ONSET of the first stimulus to that of the
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second (Boynton, 1972; Kahnenan, 1967). Referred to as the
stimulus onset asynchrony (SOA), this is the most frequently

used measure of temporal delay.

The SOA of zero (that is, the simultaneous onset of the
test and mask) is commonly explored in two-pulse studies.
However, test thresholds at non-zero delays DURING mask
presentation are not always samplcd although, as will le
seen, sensitivity fluctuates qreatlu during this time (Craw-

ford, 1947).

B. The DEPENDENT VARIABLE differs among investigators
from percent detection of a test stinmulus of fixed luminance
or contrast (Kietzman, Boyle & Lindsely, 1971) to magnitude
estinmation (Weisstein, 1971) to measurement of the actual
luminance or contrast increment necessary to detect the test
stimulus (Battersby & Wagman, 1959, Tolhurst, 1975b).

Masked thresholds are always compared to those of the test

presented alone.
IV. Typical Stimuli and Findings

The terms masking and metacontrast have been used to
describe temporal interactions between stimuli. The term
masking, which tends to include metacontrast, is more
strictly defined as the condition in which the test and mask
are spatially overlapping (Kahneman, 1968). Concentric cir-

cles of light are typical stimuli, although letters, lines

and random noise have also been used (Kahneman, 1968).
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In netacontrast, the test and mask are spatially contigu-
ous rather than overlapping; for example, a circular test

disc and an annular mask.

In the present discussion, the term masking will be used
to include threshold changes associated with the metacon-
trast paradigm as well as that of masking since, as will be
discussed, the present data suggest that the two phenonmena

are similar.

A broad range of stinulus configurations have been used
in masking studies, ranging from letters of the alphabet,
geonetric shapes, lines and flashes of light. Stimulus
sizes, contrasts and durations also vary greatly. However,
regardless of stimulus characteristics, the general finding
in these studies is that the deteétability of the test stim-
ulus 1is greatly reduced if mask is prgsented shortly before

or after it.

V. Types of Masking Functions.

When test threshold is plotted as a function of SOA, two

basic types of functions bhave been described.

A. Type A nasking: This function is U-shaped, rises sone

50-200 msec before the onset of the mask (backwards masking)
reaches a maximum when the test and mask are simultaneous
(SOA = 0) and falls in an assymetrical way showimg slightly
more forward than backward masking as SOA 1is increased

(Kahnenan, 1968). Type A nasking tends to occur when the



nask is approximately 1 log unit or greater in inten&ity

than the test (Welsstein, 1972).

B. TYPE B MASKING: is predominantly backwards, that is,
thresholds peak when the test precedes the mask by 50-100
msec (Alpern, 1953, Schiller & Smith, 1966; wWeisstein, 1968;
Kahneman, 1968) and are usually back to baseline by the SOA
of 0. Forward masking, if it occurs, is very slight in conm-
rarison to the backward effect (Alpern, 1953) and in recent
studics, thicshicid sampling ol forward SCAS 1S often neg-
lected. (e.g., Growney, 1978, Kahnenan, 1967; Petry, 1978).
Type B functions generally result when the test and mask are
approximately equal in intensity and occur primarily when
verbal report (as opposed to reaction time) is uséd as a

detection measure (Kahneman, 1968).

Because Type B masking is maximal at the sane SOAs asso-
ciated with apparent motion, whereas this is not true of
type A nmasking, Kahneman (1967) believes that different
neural phenonena underly the two functions. Weisstein (1971)
however, suggests that the same mechanisms are involved in
both functions and that all differences can be attributed
to variations in the stimulus paranmeters. Weisstein's theory
will be discussed more fully in a later section in reference
to nmy findings and a new view of Type A and Type B nmasking

will be suggested.

C. Crawford functions. In opposition to Types A and B

classifications (which apply primarily to ianteractions of



brief test and mask stinuli), Crawford (1947 ) and others
have reported a differently shaped function when the dura-
tion of the mask is prolonged and test thresholds are sam-
pled concurrently with as well as before and after mask
presentation (Crawford, 1947, Baker, 1953, Battersby & Wag-
man, 1962, Wagman & Battersby, 1959). Under these circum-
stances, thresholds rise prior to the onset of the masking
stinulus, and then fall to 2 ctecady but elcvated level whose
magnitude depends upon nask intensity (Waqman & Battersbu,
1959) and duration (Battersby & Schuckman, 1970). When the
test and mask are similar in diameter (Battersby & Wagnan,
1962; Battersby, Osterreich & Sturr, 1964) and are presented
to the same eye, thresholds also rise at offset., "Off"
effects are smaller in magnitude than the "on" effect
(Baker, 19253, Battersby & Wagman, 1962; Crawford, 1947 ) and

vary with mask luminance (Baker, 1953).

VI. Paraneters associated with nasking and nmetacontrast

The findings of interactions between geometric shapes and
light flashes will be presented first, followed by masking
studies which used sinusoidal gratings as stinuli. Results
from both types of studies are presented since it will later

be suggested that a common mechanism underlies then.

A. Target size and shape.

l., Masking effects measured psychophysically (Battersby

& Wagman, 1962, Markoff & Sturr, 1971; Growney, WHeisstein & .

Cox, 1977; kKandel, 1958) or electrophysiologically using the



Visual Evoked Response (VER: Harter, 1977 ) are more pro-
nounced when the test and mask are the same size. This is
particularly interesting because larger masks have greater
luminious energy and would intuitively seen nore effective.
However, even when the test and mask are circular flashes of
the same sizes, inhibitory interactions do not occur unless
both stimuli exceed a certain critical diameter (Meijer, Van
Der wildt, & Van den Brink, 1978) or width (Green, 1981).
The critical diameter increases with both retinal eccentric-
ity and luminance level, going, for example, from 5.5' to
11' to 22' of arc as retinal eccentricity is increased fron

0 to 3.5 to 7 degrees (Meijer etal., 1978).

2. Optimal metacontrast usually occurs when the test
and mask borders have the same shape (Alpern, 1953, Bat-
tersby, Osterreich &Sturr, 1964, Bobak, 1980, Uttal, 1970)
and when the borders are spatially co;tiguous. Changing the
outer border of the annular mask (Westheimer, 1967; Growney
& Weisstein, 1972; Polous & Makous, 1980) adding a second
larger annular mask (Breitmeyer, 1978a; Sturr & Teller,
1973) or filling in the center of an annular mask (Weis-

stein, 1971) will all alter the time course and nagnitude of

masking.

B, Test Duration. is typically brief, ranging from 1.2

to 20 msec (Battersby & Vagman, 1962; Ikeda & Boynton, 1965;

Kahneman, 1968; Weisstein, 1971) For test stimuli less than

100 msec in duration, the SOA of maximal masking is inde-



pendent of test duration. This is referred to as the

onset-onset law of masking (Kahnamen, 1967).

C. Mask duration. As already mentioned, detection of a

relatively brief test flash is impaired at both onset and
offset of a long duration nask. However, for briefer masks
(about 20 msec), only offset masking occurs (Battersby &
Schuckman, 1970); that is, test thresholds increase only
when the stimulus is presented at mask offset. A study by
Ikeda & Boynton, (1965) has clarified what must underly the
condensation of the masking function from a double to single
peaked function. Apparently, when a test stimulus is pres-
ented in conjunction with a luninance INCREASE, the maximal
masking effect occurs at small SOAs FOLLOWING the temporal
edge. On the other hand, if the test is presented in con-
junction with a luminance DECREASE, maximal masking PRECEDES
the luminance change. Obviously then, when the mask is a
positive pulse, (a luminance increase followed by a
decrease), its associated peaks appear AFTER its onset and
BEFORE 1its offset. Therefore, as the duration betwen these
tenporal edges shortened, the two peaks appear to nerge.
However.if the mask is a negative pulse, that is, if it
begins with a luminance DECREMENT and ENDS with an
INCREMENT, then the time course of masking is reversed. In
this case, the initial threshold change associated with
onset is maximal BEFORE the mask is presented and the rise
associated with offset occurs AFTER the stimulgs terminates.

Thus, no matter how brief a NEGATIVE mask 1is, there will
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always be two tenporally discrete peaks associated with its
presentation. The important point here is that regardless of
mask brevity, onset and offset masking will occur although
double-peaked functions will not be observed for positive

pulses. This point will be raised again in a later section.

D. Mask Luminance. Increases in mask luminance both
increases the magnitude of the masking effect (Alpcrn, 1953,
Wagman & Battersby, 1959) and shortens the SOA at which
these peak effects occur (Ikeda, 1965, Kandel, 1958, Weis-

stein, 1972) so that, type B functions becone Type A.

E. Mask and test stinulus distance. The greater the
spatial separation between the test and mask, the less pro-
nounced the nasking effect (Alpern, 1953; Growney, 1978,

Growney, Weisstein & Cox, 1977; Weisstein & Growney, 1969).

F. Retinal locus. Alpern (1953) reported that netacon-

trast is pronounced in the peripheral retina but is nearly

absent in the fovea. More recently, however, Lyon, Mattison
& Marx (1981) have shown that for small test and mask stim-
uli, f&veal metacontrast not only occurs, but may be as pro-

nounced as peripheral metacontrast.

It was previously mentioned that there is a critical test
probe size required for masking. This size increases with
retinal eccentricity (Meijer, wWildt, Van der Brink, 1974).

Although retinal factors are certainly involved in nasking,

they are not solely responsible for this effect since it can
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be obtained dichoptically (Schiller & Smith, 1968;
Weisstein, 1971; Battersby, Osterreich & Sturr, 1964). Addi-
tionally, it must be remenmbered that in the monocular condi-
tion, metacontrast stimuli fall on adjacent although non-ho-
motopic retinal areas, whereas in the dichoptic situation,

stimulation is neither retinally adjacent nor honmotopic.

G. Luminance Polarity. It has already been suggested

that the test and mask stimuli can be either positive or
negative going signals, for exanmple, light increments or
decrements (Ikeda & Boynton, 1965; Ikeda, 1965) black discs
on white backrounds (Weisstein, 1971) or light discs on dark
backrounds (Keitzman, Boyle & Lindsely, 1971). The time
course of masking depends, not upon the absolute polarities
of the test and mask stimuli, but rather upon the relation-
ship between the two (Ikeda, 1965). For example, two stinm-
uli of like-polarity sumnate maximally at brief SOAs and
inhibit each other at asynchronies of approximately 30 to 50
Amsec }egardless of whether they are both positive or nega-
tive~going signals (Ikeda, 1965). Oppésite polarities how-
ever, show the reverse time course of interaction, summating
maximally at asynchronies of 30 to 50 msec and masking each
other when simultaneously presented. (The time course of '
these interactions has since been expressed gquantitatively

by Rashbass, 1970).

Masking and metacontrast stinuli share certain obvious

features with like-polarity and unlike-polarity situations,
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respectively. In the former situation, the test and mask
stinulate overlapping retinal areas, whereas in the latter
case, the configuration of the mask is opposite in polarity
to that of the test. Although it is tenmpting to attribute
the differences in timing between masking and metacontrast
functions to luminance polarity, it must be remembered that
the stimuli used in metacontrast studies are structurally
wure cumplicated than 1ight tlashes. Their outer borders
hava rereatedly boen showdl to influence the waynuitude ol
masking (Sturr & Teller, 1973, Weisstein & Growny, 1979;

Westheimer, 1967).

H. Detection Criteria. The time course of nasking is
influenced, not only by the stimulus parameters, but also by
whether the judgments are based upon brightness, form, or
apparent duration (Blanc-Garin, 1968; Petry, 1978). Reaction
time measures indicate that test detection can occur when

the stinulus is still below psychophysical threshold (Fehrer

& Raab, 19%62).

VII. Monocular and dichoptic masking with circular test

probes or light flashes.

The test and mask can both be presented to the same eye
(monocularly) or separately to each eye (dichoptically).
Conparisons of the two conditions show that the dichoptic

effect tends to be:

l, Spaller in nagnitude (Battersby & Defenbaugh, 1969;
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Battersby & tlagman, 1962), relatively independent of mask
intensity (Kandel, 1958; tlagman & Battersby. 1959; Weis-
stein, 1971) and relatively long lasting (Wagman & Bat-
tersby, 1959).

2, Earlier in temporal delays (Schiller & Smith, 1968;
Weisstein, 1971)

3. And is frequently limited to backward masking only
(whereas forward and backward masking occur in the monocular
condition; Kietzman, Boyle & Lindsley, 1971; Weisstein,
1971). The failure to demonstrate forward masking in dichop-
tic presentation however, may be a consequence of the stimu-
lus characteristics since cells in the visual cortex respond
poorly to diffuse illumination (Hubel & Wisel, 1962;). For-
ward and backward dichoptic effects have been reported when
the test and mask were small discs or similar in size

(Schiller, 1965; Wagman & Battersby, 1959).

4. Finally, as in the case with monocular masking,
dichoptic interactions are greatest when the test and mask

are the same size (Battersby & Wagnman, 1962).

VII. Sjnusoidal Gratings

In recent years, sinusoidal gratings have been used as
stimuli to study the visual system. These gratings look like
a series of black and white stripes or bands whose edges are
blurred (Campbell, 1974). Both the width of these bands and
their contrasts can be varied. The term spatial. f}equencg is

used to indicate band width and is expressed as the number
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of cycles per degree of visual angle. Contrast, whicﬁ will
be defined nore precisely in arnother section, expresses the
luminance relationship between the bright and dark bars,

taking the average luminance into account.

Electrophysiologically, single units in the cat and mon-
key visual systems have been shown to be most effectively
stimulated by multiply striped patterns (Glezer, Ivanoff &
Tscherbach, 1973) which are sinusoidal in nature (Schiller

et al., 1976).

Using long duration stimuli, the normal human observer
can detect gratings from 0 -48 c¢/d (Bodis-Wollner & Bender,
1972: Campbell, 1975) and shows the greatest sensitivity to
middle-range spatial frequencies of about 3-6 c/d (Robson,
1966: Nachnias, 1967; Schober & Hilz, 1965), having a shal-
low fall off in the low frequency region and a sharp drop in

sensitivity as spatial frequency is increased beyond 10 c/d.

vIII, -S jal n a ions

An interaction between temporal and spatial parameters is
reported repeatedly in the literature (Breitmeyer, 1975:
Breitmeyer & Julesz, 1975; Graham, 1972; Keesey, 1971;
Kelly, 1972; Kulikowski, 1975; Kulikowski & Tolhurst, 1973:
Legge, 1978 Nachnmiasm 1967; Pantle, 1973; Robson, 1966; Tol-
hurst, 1973 1975a, 1975b, Tolhurst, Sharpe and-Hart, 1973;

Tynan & Sekuler, 1974; Watson & Nachmias, 1977.,) Tenporal
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characteristics which affect grating detection are listed

below.

A. Exposure duration. As exposure duration increases up

until at least 100 msec (Arend, 1976b; Tulunay-Keesey &
Jones, 1976) the detectability of all spatial frequencies
inproves. However, beyond this duration, only high spatial
frequency detection detection is enhanced. (Breitmeyer &
Ganz, 1977; Nachmias, 1967; Spitzberg & Richards, 1975;

Legye, 19/¥).

Brief presentation (less than 500 msec) improves sensi-
tivity to low spatial fregquencies but impairs high spatial
frequency detection (Breitmeyer & Ganz, 1977; Kulikowski &
Tolhurst, 1973). Thus, the contrast sensitity function for
brief stimuli has a maximum between 0-2 c/d (Kulikowski &
Tolhurst, 1973) whereas, superiority for long duration grat-

ings is at 3-5 c/d.

B. Rise and fall tine (tenporal edges). A sharp temporal
edge, that is, an abrupt (as opposed to gradual) rise and
fall time, enhances sensitivity to LOW but not high spatial
frequencies (Breitmeyer & Julesz, 1975). In addition, reac-
tion time (RT) response histograms suggest that abruptly
presented low spatial frequency stinmuli may be detected
either at onset or offset (Tolhurst, 1975a) whereas, at high
spatial frequencies (above 3-8 c¢/d) the advantagq of abrupt
onset is lost and the test stimulus is detecte; as soon as a

"critical” proportion of the energy 1iIs delivered (Tolhurst,
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1975a).

C. Flicker or movement. Flickering or noving stinuli are

more detectable when they are of low spatial frequency
(Arend, 1976; Tolhurst, Sharpe & Hart, 1973) Several inves-
tigators have found two thresholds for low spatial frequency
gratings; one at which flicker is seen and a higher contrast
at which pattern is recognizable (XKeesey, 1971: Kulikwski &
Tolhurst, 19731). High spatial frequencies, on the other
hand, seen to have only one threshold; that for pattern.
(Keesey, 1971) Even when flickering, gratings at high spa-
tial freguencies appear to be steady (Tolhurst, Sharpe &
Hart, 1973) The optimal flicker rate for the detection of
low spatial frequency patterns is 5-10 Hz (Kulikowski & Tol-

hurst, 1973, Kocenderick & Van Doorn, 1979).

D. Stationary versus moving gratings. Optimal sensitiv-

ity to stationary gratings occurs at 3-5 c/d. (Robson,
1966). However, when the same patterns drift at 6 c/s, this

maxima shifts to 2 c¢/d (Tolhurst, Sharpe & Hart, 1973).

§ counterphase presentation. In on-off grat-

E. On-off
1ng ptésentations, the stimulus is briefly presented and
then replaced by a blank screen. In counterphase presenta-
tion, the second half of the cycle is not blank, but dis-
plays the same stimulus in the opposite spatial phase. Thus,
the local luminance changes in a counterphased presentation
are twice as great as in on-off. Correspondinglg, visual

sensitivity is twice as great for counterphase as opposed to
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on-off stimuli, but only when below 6 c/d (Kulikowski & Tol-

hurst, 1973).

IX. Parallel Visual Pathways

A. The results of the above studies strongly support the
existence of two visual sub-systens (Breitmeyer, 1975; Bre-~
itmeyer & Ganz, 1976, 1977; Breitmeyer & Julesz, 1975;
Kcececey, 1966; Matin, 19275; Tolhurst, 1973, 1975a, 197S5h;

Weisstein. Ozoq & Szoz, 1975).

l. A TRANSIENT system which is sensitive to low spatial
frequencies, particularly when assocliated with sone elenment
of change, such as flicker or movement (Kulikowski & Tol-
hurst, 1973; Tolhurst, 1973; Van Nes, Koenderink, Nas & Bau-
man, 1967). Brief stimuli are optimal for this system and
"on" and "off" responses have been attributed to its influ-

ence (Tolhurst, 1975a, Breitmeyer & Julesz, 1975.)

2. A SUSTAINED gsustem which is most sensitive to high
spatial frequencies, particularly when steadily presented.
(Keesey, 1966; Kulikowski & Tolhurst, 1973). The inability
to detect rapid movement of high spatial frequency gratings,
does not imply that the sustained system is insensitive to
motion but rather that the perceptual experience of sus-
tained activity is of form, regardless of the temporal par-
aneters of the stimulus (Robson, 1966, Tolhurst, Sharpe &
Hart, 1973). Interpretation of movenent, is the other hand,

is the contribution of the transient system (Robson, 1966).
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B. The existence of separate form and nmovement detec-
tion systens is suggested by clinical reports of Riddoch's
phenomenon (Bodis-Wollner, 1974; Riddoch 1917) and polyopsia
(Bender, 1963). In Riddoch's phenomenon a patient who is
form blind retains the ability to localize and grab flicker~
ing lights in an area of the visual field for which he has
no conscious perceptual appreciation (Bodis- Wollner, 1974).
rvroiyopsia, on the other hand, demonstrates the action of a
form syster in the a2bhsence of moverent. In this condition,
moving objects presented to the affected visual field appear
to be nultiply represented like a "string of pearls” rather
than a single shifting image (Bender, 1963)., If one presunes
that abberant perceptions often reveal the nature of normal
functioning, then a phenonenon such as polyopsia suggest
that the normally operating movement systen acts to inhibit

the multiple perception of form.

C. Electrophysiological evidence supports a duality at

every level of the visual system (Enroth- Cugell & Robson,
1966; Cleland, Dubin & Levick, 1971; De Monasterio, 1978;
Fukada, 1971; Ikeda & Wright, 1972, 1974; Hoffman, Stone &
Sherman, 1972, Krantz, Webb & Sherman, 1978; Stone & Dreher,
1973) Although the same cell can show BOTH transient and
sustained characteristics (Enroth-Cougell & Shapley, 1973;
Hochstein & Shapley, 1976) certain features are nore likely
to be associated with one cell population or another. Tran-
sient-like (Y) cells, for example, have large non-linear

sunmating receptive fields, are naximally responsive to
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movemnent, have short latency responses and fast conducting
axons (Cleland & Levick, 1972; Cnroth-Cugell & Robson, 1966,
Hochstein & Shapley , 1976). Sustained-like (X) cells sum-
nate energy linearly (Hochstein & Shapley, 1976) and respond
best to stimuli which either move or change slowly (Cleland
et.al,1971). Secondly, being morphologically small and hav-
ing thin axons, X cells have longer response latencies than

Y ceclls and conduct information more slowly (Lennie, 19R80),

Until recently, the X/Y dichotony was relegated to animal
physiology whereas in the human visual system, duality was
distinguished psychophysically as transient or sustained.
Despite similarities reported with the two methods, one
could not presume a direct correspondence between animal and
human function. However, in an extensive psychophysical
study on rhesus monkeys (for which species the electrophy-
siology is known), Harwerth, Boltz and Smith (1980) pres-
ented bimodal reaction time data which is remarkably similar
to that derived from human observers, strengthening the evi-
dence that the underlying physiology is the same. Addition-
ally, Miller, Pasik & Pasik (1980) showed that the psycho-
physically determined contrast sensitivity functions of
rhesus monkeys were very similar to that obtained with human

observers.

X. Masking with Gratings

When the test and mask are sinusoidal gratings, both the

magnitude and timings of interactions vary with spatial fre-



quency. Specifically, as spatial frequency increases;

A. The nagnitude of masking decrrases (Green, 1981; Tol-
hurst, 1975b) suggesting the importance of the low spatial

frequency systen.
B. The SOA of peak masking increases (Rogowitz, 1979).

3. The greater the spatial frequency DIFFERENCE between
the test and mask the less the interaction between then
(vatson & vachmias, 13560; biake & Leviusvu, 1577; Ciwiiam &
Nachmias, 1971 ,Nachmias & Weber, 1975). This reduction in
grating interaction between stimuli of widely discrepant
spatial frequencies may occur either because the best mask
for a test stimulus is one which is identical in spatial
frequency (as might also be inferred from the findings of
Battersby & wWwagman, (1962) although they did not use harmon-
ically pure stimuli) or because, as th difference between
spatial frequency increases, the more likely it is for one
of them to be high (above 10 ¢/d) and consequently associ-
ated with less masking. 1In specifically testing these
hypotheses by varying either the spatial configuration or
spatial frequency of the masking flanks, Growney (1976,
1978) failed to show that the optimal mask must be the same
spatial frequency or size as the test, However, the grating
masks used by Growney were confined in small rectangular
visual windows and thus, contained additional spatial fre-

gquency conponents which probably confounded his results. In

particular, he treated his 0 c¢/d rask as a uniform field,
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although, being rectangularly shaped, it was likely to have
its dominant spatial frequency at 5 c/d. It was indded as
effective a mask of a 5 c/d grating as was a sinusoid of
that spatial frequency. In a previous study, Bodis-Wollner
(1972 ) showed that 5 c/d, as opposed to any other frequency
was the best mask of variously sized incremental patches,
again suggesting that the dominant spatial frequency rather

than the stimolng =ize i@ the more important factor in mask-

ing.

D. Changes in the phase relationship between the two
stinmuli affect the time course of masking (i’latson & Nach-
mias, 1977). Brief gratings of the same spatial phase sum-
mate at very small SOAs, are independent by about 25 msec,
and inhibitory at SOAs of 50 msec. The opposite behavior
occurs between gratings which are 180© out-of-phase; that
is, inhibition at small SOAs but sumnation at the SOA of 50
msec. Regardless of spatial phase relationship, the nagni-

tude of inhibition is greater than that of sunpation.

Interestingly, the temporal delays associated with nask-
ing and facilitation of in- and out-of-phase gratings
between 1.75 and 3 c/d are the same as those reported by
Ikeda (1265) fcr like- and unlike-polarity pulse pairs
respectively, suggesting that a common feature underlies the

processing of both spatial phase and luminance polarity.

Phase related differences in nasking revealed with the

Crawford paradigm are as follows; In-phase test gratings
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are least detectable if presented after mask OFFSET, whereas
test patterns which are 180°¢ out-of-phase with the mask are
least detectable just after mask ONSET (Tolhurst, 1975b).
As was true in the Watson & Nachnais (1977) data, masking of
one spatial phase occurs at the same SOAs as facilitation of
the opposite phase, although, again, the magnitude of faci-

litation is less than that of inhibition.

In noting the opposing time courses of in- and out-of-
phase nasking, one may wonder if phase-related factors are
responsible for the different temporal characterics of nask-
ing and metacontrast functions. This issue has not
received attention possibly because the traditicnal masking
stimuli are spatially complex and the phase relationships of
the component frequencies are unknown. Additionally, changes
in the time course of masking (e.g., the shift from a Type B
to a Type A function) occur even for a fixed test-mask pair

as their energy ratio is changed (Kahneman, 1968).

E. Finally, the magnitude of nasking increases with thé
spatial conplexity of the test and mask; that is, the great-
est effect which occurs when the test and mask are unifornm
f'ields (and thereby contain all spatial frequencies at all
orientations) the test threshold increase may be as great as
2.6 log units (Battersby & Wagman, 1962). For a sinusoidal
test and a uniform field mask, threshold changes are
smaller; about .6 log (Green, 1981). Finally, when the test

and nmask are both sinusoidal gratings threshold increnents
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are even snaller; about .15 log (Tolhurst, 1975b). Whereas
this estimate also depends upon the luminance level of the
mask (Battersby & Wagman, 1962, Green, 1981) it is also
likely that sone reduction in masking reflects the more lim-
ited involvment of the visual elements as the spatial fre-

quency content is restricted.

Xl. txpltanations of maskiny

Among the earliest theories that can be related to nask-
ing was Hecht's (1937 ) photochemical hypothesis of light
adaptation which explains threshold changes in terms of pho-
tochemical availability. In terms of masking, this suggests
that the long duration stimulus uses up the photochemicals
necessary for the detection of the test stimulus. This the-
ory is inadequate for many reasons. To begin with, it does
not explain backward masking, e.g., the rise in test thresh-
old before the onset of the mask (Battersby & Wagman, 1959)
a time when photochemical availability is presumably at its
maxinun. Additionally, inhibition of the test by the mask
occurs when these stimuli are are different colors (Foster,
1979) and therefore, deplete different photoreceptors of
their pigments. Finally, since masking has been demonstrated
to occur dichoptically (Battersby & Wagman, 1962, Schiller &
Smith, 1965, Weisstein, 1971) it is obvious that neural as

well as photochemical interactions are involved..

-
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The task of explaining masking is quite formidable since
the theory should account for a number of phenomena; for
example, both forward and backward masking, as well Types A
and B masking. In a herculean attenpt to organize the neta-
contrast literature, Weisstein (1971) classified the various

theories according to the types of functions they predict.

A. Theories which predict U-shaped (Type A) functions but

pot mopotonic (Type B) masking are as follows:

l. Inpossible Motion. Because the SOAs associated with

masking are the same delays necessary for optimal apparant
notion, Kahneman (1967) proposed that a common mechanism
underlies both phenomnena. According to Kahneman, test stimu-
lus visibility is reduced by "motion" which causes it to
blend with the mask or when it is forced to describe an
"impossible” movement of going in two directions at once.
However, others have shown that appar;nt movement occurs at
spatial separations which are much greater than those which

result in metacontrast (Weisstein, 1972) so that the two

phenomena may be related but not identical.

2. Replacenment from visual storage, This model assumes

that stinmulus information is temporarily stored before proc-
essing and that new information arriving before or during
this time will disrupt this storage and prevent complete
transnmission. Although this model predicts a U-shaped mask-

ing function, it offers no insight about reasons why the SOA

of maximal masking varies from forward to backward as the
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spatial fit between the test and mask improves (Battersby &
Osterreich & Sturr, 1964) or as mask energy decreases
(Kahnenan, 1967). Additionally, Weisstein (1972) has pointed
out that the SOA of peak masking may sometimes be longer
than the empirically estimated "read-in" times of other
experiments. Finally, in situations involving the nultiple
presentation of test stimuli which had been masked in a sin-
gle presentation may reappear (Schilles & Sawith, 12CC) sug-
gesting that cvcceedinc mpek stimplid do not "stesl” storage

space.

B. Theories which predict mopotonic but not U shaped

functions

l. Adaptation. assumes that the neural elenents respond-
ing to the mask are adapted so that they cannot respond to
the test stimuli., This theory explains forward but not back-
ward masking. An additional problen with this theory is the
presunption that the mask restimulates the same neural ele-
nents as the test stimulus, which nay be true in the masking

situation but less likely for metacontrast when the flanks

stimulate adjacent non-homotopic areas.

2. Lateral Inhibition - According to this theory, thresh-

old changes in metacontrast, are acconplished by lateral
inhibition originating from the retinal area stimulated by
the nask flanks (Bridgeman, 1975).Because a longer tinme is

required to pool inhibitory as opposed to excitatory neural.

activity (Winters and Harasaki, 1976) one would expect only



forward nmasking to occur. However, as already nmentioned,

most metacontrast masking is backward.

C. Theories which combine elements_gf the above theo-

ries.

Because of the difficulty in accounting for Type A and B
masking in a single theory, Xahneman (1968) tentatively sug-
gosted thet o combination of the above theoriee may be

involved, each dealing with a different aspect of masking.

Opting for parsimony, Weisstein (1972) proposed a single-
mechanism nodel to account for both Types A and B functions.
Challenging the usual notion that inhibition is always
longer in latency than excitation, Weisstein's model assumes
the reverse and suggests that the inhibitory response to the
later (mask) stimulus overtake and cancel the excitatory
response to the (earlier) test., Since.increases in the nask
(but not test) energy would further speed the inhibitory
conponent of the mask response, then the SOA associated with
the test-nmask interaction should be longer than that
obtained with equal energy pulses. (In other words, masking
should be more backwards as mask/test luminance ratios
increases. However, exactly the opposite results are found
in these circumstances; that is, Type B (backward functions)

become Type A (SOA = 0; Kahneman, 1968).

To get around this problem, Weisstein (1972} éroposed

that as mask energy increases, its inhibitory response not
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only occurs earlier, but also persists for a longer time.
Hence, under these circumstances, masking should occur for a
more extended time period encompassing both earlier and
later SOAs. Using a computer to simulate the possible
latency changes in inhibition and excitation as the nask/
test (M/T) luminance ratio is increased, Weisstein tested
her predicted masking functions against the empirical data
using 16 msec tests and annular mask. As iIs typical of most
metacontrast investigations backward Salipiliiny was LOnduceed
over an SOA range of approxinmately 300 msec whereas forward
masking was explored for less than 150 msec. Fig. 1.1-1.5
show that for M/T ratios of 1 (equal test and mask energy)
masking data resembles the typical Type B function, with
maximal effect at about 50 msec before mask onset. At the
highest M/T ratio (16/1) not only is the magnitude of mask-
ing considerably greater, but the fun¢tion shows Type A
characteristics; that is, the maximal nmasking effect occurs
at the SOA = 0, Looking only at these two functions, the
ostensible conclusion is that as nask energy increases, max-
imal masking shifts from later to earlier asynchronies.
However, a different story is suggested by the intermediate
M/T functions. These figures show that as mask energy
increases, the backward trough (decrease in sensitivity) not
only deepens, but also shifts to LONGER SOAs. Note that this
shift to longer SOAs is the logical expectation ;f the
latency of the mask inhibition is reduced. At—the M/T ratip

of 5, however, In addition to the backward effect, a new
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Fig 1, Weisstein’s empirical masking data (solid lines) compared with her
camputer generated predictions (line slashes), In ker figures, the test is
a 10 disc of 16 msec duration, The mosk is an annulus of 191’ (inside dio-
meter) and 1023’ (outer diameter) ond 16 msec in duration. Fig 1.1-1.5
demonstrate changes in test thresholds as Mosk/Tarcet energy increases
fram 1,2,5,8 to 16 respectively.Time is represented on the X axis, sensit-
-ivity on the Y axis. :

Reprinted from Hondbook of Sensory Physiology (1972) n233-272,
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FORWARD trough, equal in nnagnitude to the backward trough,
appears approxinately 80 msec after the mask onset, giving
the masking function a W-shaped appearance. Since forward
masking thresholds were not sampled at asynchronies much

beyond 100 msec, it is not known if this "new" trough also
occurred at the lower M/T ratios, but was not discovered due
to insufficient sampling at the forward SOAs. With increases
in the M/T ratio, this foward trough deepens and shifts
closer to the origin conpletely swallowing up the backward
trough by the highest M/T ratio (16/1) so that Type A char-
acteristics prevail; that is, maximal masking at SOA = O.
Thus, discrete backward and forward troughs can no longer
be demonstrated at high M/T ratios because the overall mag-
nitude of masking is so great that the test stimulus is
never seen. Thus, the masking function appears to represent
a single phenomenon when, in fact it may be W-shaped, but
out of the decision range of the magnitude estimation proce~
dure. Therefore, although Weisstein tried to condense Types
A and B masking into a unitary process, her empirical data
are not in conplete agreement with her theory, and, as will

be argued later, the two functions probably do reflect the

contributions of different neural mechanisms.

D. Transient-Sustained Model.

Although Types A and B masking cannot be jointly

explained, one feature of Weisstein's model has gained con-

siderable electrophysical support (Licker, 19¢9; Schiller,
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1968; Singer & Bedworth, 1962), namely, the notion that fast
neural inhibition generated by the mask stimulus overtakes
and interferes with the slow excitatory response arising
from the test. In recent years, the source of fast inhib-
ition has been linked to the transient visual systen,
whereas slow excitation has been attributed to the sustained
system (Breitmeyer & Ganz 1976). Additionally, a number of
models which presume different transient and sustained
interactions have heen generated (Breitmeuer & Ganz. 1976

Matin, 1975; Weisstein, Ozog & Scoz, 1975).

Anong the most popular is that of Breitmeyer & Ganz
(1976) who sugggest that the neural response to every visual
stimulus has several time-dependent components, the earliest
of which (the transient response) signals the presence of
the stimulus and the later of which (the sustained conpo-
nent) conveys information regarding its spatial characteris-
tics. If the presentation of the test and mask is timed so
that the early components of the second stimulus arrive at
sone neural locus at the same moment as the late components

of the first, masking is presumed to occur.

Several testable hypotheses emerge from this theory of

transient-sustained (T-S) interaction in masking.

l. If mask inhibition suppresses only the SUSTAINED
response to the test stimulus, then the TRANSIENT test

response should still occur in the nervous systen. Since

reaction time (RT) presunably measures the fast neural



response to a stimulus, then this value should not change
even when the stimulus is nasked and unseen. Such findings
were obtained by Fehrer & Raab (1962). Additionally, the
failure to see the test stimulus in the masked condition

suggests that transient activity may not be accessible to

conscious appreciation.

2. If masking involves the cancellation of the high spa-
tial frequency components of the test stimulus, then a test
stinulus which is blurred and hence has little high spatial
frequency content to begin with, should not be appreciably
mnasked. This was found to be true (Weisstein, 0Ozog & Scoz,

1975).

3. Blurring a subsequently presented MASK should NOT
affect test sensitivity since the sustained response to the
mask occurs too late to play a role in nmasking. The data
regarding this point are conflicting..Weisstein et al.,
(1975) found the predicted results whereas Growney (1976)
reported that even blurred masks are associated with reduced
masking of the test stimulus. As will be presented later,

the present results also suggest that the sustained response

to the mask alters test sensitivity.

4. Fourthly, since the sustained response to the test is
initiated at progressively longer latencies as spatial fre-
quency increases, (Breitmeyer, 1975), the SOA of masking

should also increase with spatial frequencu. This prediction

was supported by Rogowitz (1977).



5. Finally, if masking depends upon transient-sustained
interactions, then, retinal placement of the stimuli should
be an important variable. For example, it is known that as
eccentricity increases, the receptive field sizes of both
transient and sustained cells increases (lennie, 1980).
Therefore, the critical stinmulus size necessary for masking
should increase with eccentricity. This expectation was
supported by Meijer, Wildt & van der Brink (1978). (How-
ever, these authors explained their results in terms of
inhibitory and excitatory areal summation; e.g., the small
discs were likely to stimulate purely excitatory retinal
loci whereas the larger discs would fall onto inhibitory
areas).

Secondly, if activation of the transient system is a nec-
essary requirement for masking, then peripheral masking
should be greater in magnitude than foveal, since the rela-
tive concentration of transient cells'increases with retinal
eccentricity (Lennie, 1980). Alpern's (1953) data support

this interpretation.

An important limjtation to the theory that the fast
mask transient response overtakes and inhibits the slow sus-
tained response is that it explains backwards masking only.
Since forward masking theoretically involves the temporal
coincidence of the mask-sustained and test-transient respon-
ses, Breitneyer (1978) has proposed that these'iéhibitory

Iinteractions also occur. Indeed, this would be suggested by
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Growney's (1978) finding that blurring of the nmask which
reduces its sustained component, also reduces the magnitude
of masking. Similar conclusions were suggested in a study by
Bodis~-wWollner, Hendley & Yulikowski (1973) who investigated
Weber's law using sinusoidal gratings rather than luminance
fields. Specifically, these investigators asked, how great a
contrast increment or decrement (delta C) is necessary to
detect a difference in the contrast (C) of a given grating.
In such a paradigm (called contrast modulation) it 1S heip-
ful to think of the steady state contrast (C) as a sustained
function, whereas change detection (delta C) is a transient
operation. If the two systems are independent, then delta C
= k at all values of C. If they interact, then delta C/C =

K2 (Weber's law).

Independence of these two systems was observed at low
steady level contrasts and low spatiai frequencies, probably
because the sustained contribution is mininal under these
conditions (Legge, 1978; Keesey,1966; Kulikowski, 1974). As
spatial frequency or mean contrast increased however, delta
c/C = k2. Furthermore, since K2 is smaller than K, sustained
activity nust impair transient performance.

XIl. Adaptation.

The possible link between the transient and sustained
systems and visual masking provides an important approach
for understanding, not only masking, but the transient and

sustained systems as well. For exanple, if the offset peak
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in the masking function is due to the transient systen
activity (Tolhurst, 1975) does theAfailure to demonstrate a
significant offset effect dichoptically (Battersby & Wag-
man, 1962) suggest that transient neural interactions at
offset are monocular (possibly, although not necessarily,

retinal) in origin?

One‘neans of investigating the interaction between the
transient and sustained systems 1is through the use of the
adaptation techinque Briefly, adaptation involves a pro=
longed exposure (l-3 minutes) to a stinulus of some speci-
fied dimensions (Bodis-Wollner & Hendley, 1973; Blakemore &
Canpbell, 1968) such as spatial frequency, orientation,
color, temporal characteristics, etc) followed by the meas-
urement of sensitivity to test patterns which resemble or
differ from the adapting stimulus along the same dimensions.
If subsequent increases in thresholds'are limited to test
stimuli which share a particular characteristic with the
adapting stimulus, then a visual mechahism nust exist which
can be selectively influenced. If, on the other hand, adap-
tation ENHANCES sensitivity to a given featurg, thi; would
suggest a normally antagonsitic link between these two fea-

tures which is released by adaptation.

The nature of adaptation is not clearly understood. Some
investigators believe the procedure fatigues a noraally
excitatory cellular mechanism so that it cannot respond

strongly to subsequently presented stinuli. However, others



have noted that the spatial frequency range of threshold
suppression after adaptation (approximately one octave above
and below the adapting frequency; Blakenore & Canmpbell,
1968) is considerably larger than their excitatory domain;
that is, the range over which two gratings will summate
(Sachs et al., 1971). For example, a 4 c/d adapting grating
will elevate thresholds for spatial frequencies between 2-8
c/d although no summation will occur between 2 and 8 c/d.
For this reason, Dealy & Tolhurst (1974) proposed that adap-
tation nust involve INHIBITORY mechanisms which are diffe-
rent from excitatory ones. Low contrast gratings of diffe-
rent spatial frequencies do not sumnmate (Sachs et al., 1971)
because they fail to activate a common excitatory mechanism,
whereas at high contrast, the same gratings will adapt one
another (because they activate conmon inhibitory mechanisns

(Dealy & Tolhurst, 1974). .

Since the aim of the present investigation is to study
the contributions of the transient and sustained systens
through the use of adaptation, a review of the variables

associated with adaptatation is appropriate.

A.Xinds of adaptation

l1.STEADY ADAPTATION- involves prolonged exposure to a

stationary grating which is continuously present.

2. TRAI'SIENT ADAPTATION - is acconplished by either

sweeping a fixation light across a steady grating, forcing
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the eyes to nove (Tolhurst & Hart, 1972) or by temporally
nodulating the adapting pattern (by drifting it in a single
direction; in two opposing directions simultaneously

<counterphase> or by turning it on and off).

Adaptation effects are equal regardless of whether it is
the stimulus field or the eye which is moving at a given

speed (Tolhurst & MHart, 1972).

The advantage of counterphase adaptation is that it elim-
inates the bothersome afterimage which generally develops

after unidirectional adaptation (Tolhurst, 1973).

B. Effects of Adaptation

Subsequent changes in test thresholds depend upon the ten-

poral characteristics of both the TEST and ADAPTING stimuli.

l. Adapting and test stimull BOTH steady:

a. _Range of effect. Test sensitivity is depressed at
spatial frequencies within one octave of the adapting spa-
tial frequency, with the nmaximal effect being at the same
test frequency as that of the adapting stimulus (Blakenmore &
Campbell, 1968, 1969; Blakemore, Muncey & Ridley, 1971,

1973; Graham, 1972).

b. Contrast- The greater the contrast of the adapting
stimulus, the greater the elevating effect upon test thresh-
old (Blakemore & Canmpbell, 1969; Stecher, Siegfl-& Lange,
1973). However, even low contrast adaptation can raise test

thresholds (Stecher, Siegel & Lange, 1973; Bodis-Wollrner &
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Schenkein, unpublished data)

c. Adaptation _time- The longer the time spent in adapta-
tion the greater the depression of subsequent sensitivity to
the same test stimulus (Blakemore & Campbell, 1969; Blake-
more, Muncey & Ridely, 1971, 1973; Bodinger, 1978) Whereas
Blakemore et al (1969, 1971, 1973) found that the adapting
effect reached a maximum after a one minute exposure to a
grating, Bodinger (1Y/8) reports that an adaptiny period of

about résults in 2 threchold which ie 7.6 timae
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higher still than that following one minute of adaptation.
Increasing the adapting contrast increases the nmagnitude of
threshold elevation but not the time required for complete

adaptation (about 60 sec.; Blakemore and Canmpbell, 1969).

d. The time course of recovery following adaptation var-

ies with adaptation time (Blakemore, Muncey & Ridely, 1973;
Bodinger, 1978) Following one minute o6f adaptation, the main
effect, the raised threshold, tested psychophysically is
lost within the first 30 sec (Bodinger, 1978). Three and 10
minuute adapting periods depress sensitivity for about one
minute (Blakenmore, Muncey & Ridley, 1973). When evoked
potentials are used as a measure of recovery, effects can be

seen for approximaely 5 minutes (Meccaci & Spinelli, 1976).

e. The orjentatjon of the adapting grating can vary by no
more than 12° from the test grating for an effect to occur

(Canpbell, Kulikowski & Levinson, 1966; Blakendre, Muncey &

Ridley, 1973; Gilinsky, 1968).
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f. _Screen size- At least 7 cycles of an adapting grating

are required for the maximal effect (Hoekstra, van der Brink
& Bileson, 1974). Low spatial frequency stimuli, however,

require a larger screen in order to achieve this effect and
when the display size in increased, the lowest adaptable

spatial frequency also decreases (Tolhurst, 1973).

g. Spatial frequency specificity- steady adaptation has

a greater effect at high than low spatial fregquencies.
(Bodis-Wollner, Hendley & Kulikowski, 1972; Bodis-Wollner &
Hendley, 1979; Kulikowski & Gorea, 1978). In fact, steady
adaptation below 1.3 c¢c/d has no effect upon subsequent sen-
sitivity to steady gratings of any spatial frequency. For
adapting stimuli between 1.3 and 3 c¢/d, the greatest test
threshold elevation will always be around 2- 3 c¢/d. (Blake-
more & Canmpbell, 1968; Tolhurst, 1973). Thus, there appears
to be a lowest adaptable spatial frequency whose naximal
sensitivity lies around 2-3 c/d but ranges from about 1.3 to
probadbly 6 c/d. As long as the adapting stimulus is within
the lower half of this range the nost profound rise in
threshold must occur at the test fregquency of 3 c¢/d since
there is no existing channel below it.Because both the
adapting and test stimuli are stationary gratings, this low-
est adaptable channel probably belongs to the sustained sys-

ten.

2. Wwhen the adapting grating is steady and the test grating

is tenporally modulated adaptation effects are often found

at spatial frequencies below 1.3 c¢/d, (De Valois, 1977a;
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Mauderbocus & Ruddock 1973) going at least as low as .2 c/d
(Kranda & Kulikowski 1976). However, threshold changes are
smaller when the test stimulus is moving then when it is

steady (Tolhurst, 1973).

After steady adaptation or under stabilized retinal con-
ditions (both of which partial out steady state activity;
Riggs et al., 1953) the ability to detect contrast modul a-
tion (change) becomes independent of mean contrast (steady

state aciiviiy) wud scusilivity dmproves (Rodis-tIollnor

Hendley & Kulikowski, 1973, Bodis-Wollner & Keesey, Unpub-
lished data) This finding supports the interpretation that
the sustained system ordinarily inhibits the transients.

Comparisons of steady adaptation and retinal stabilization
as means of eliminating sustained influences, showed lower
ABSOLUTE modulation thresholds under stabilized as opposed
to steady conditions, suggesting that steady adaptation

dininishes transient as well as sustained contributions.

3. TRANSIENT adaptation

a. An _unpatterned flickering field as an adapting stimulus
will lower subsequent sensitivity to test fields which are
either flickering (Granit & Ammon, 1930; Ginsburg, 1966,
Vega, Costiloe & Parsons, 1968) or stationary (Smith, 1970).
The greatest reduction in threshold occurs when the test

pattern is also flickering rather than stationary (Smith,

1970).

(1) Drifting adaptation patterns increase the thresh-
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olds of COUNTERPHASE test gratings moving in the same
direction as the adapting grating (Levinson & Sekuler, 1975)
suggesting that transient encoding is directionally spe-
cific. Peak effects occur at the same spatial frequency as
the adapting stimulus (Graham, 1972; Kranda § Kulikowski,
1976, Tolhurst, 1973) although the bandwidth of the depres-
sive effect is broader than following steady adapation (Gra-
ham, 1972).

(2) Drifting adaptation gratings will also raise
STEADY test thresholds, but less effectively than transient
thresholds (Tolhurst, 1973). For low spatial fregency adap-
tation the maximal threshold change is never below 2-3 c¢/d

(Tolhurst, 1973).

Comparing critical durations of various sinusoidal test
gratings before and after transient masking, Legge (1978)
confirmed the findings of others (Bre;tmeyer & Ganz, 1977;
Nachmias, 1967; Spitzberg & Richards, 1975) that prior to
masking, critical durations increase with spatial ftequency
for exposures as long as 200 msec. Beyond this interval,
only high spatial frequency (above 1.5 c/d) sensitivity con-
tinues to increase (but at a somewhat slower rate so that
the slope of the function relating threshold to stimulus
duration has a kink). Adaptation to a brief, high contrast
mask of the same spatial frequency increases, by a full log
unit, the thresholds of low spatial frequency and briefly

presented gratings (both of which are detected by transient

mechanisms). This increase in threshold can be conpensated
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by increasing the test duration to 2-3 sec. However, the new
function relating threshold to stimulus duration is mono-
tonic (as opposed to the unadpated functions which kinks at
100 msec), indicating that adapted sensitivity is determined

by a single, as opposed to two mechanisns.

The persistence of low spatial frequency detection after
transient adaptation suggests that the sustained systen
operates at these spatial frequencies although its contrib-
ution is usually hidden by the more sensitive transient sys-
tem. Furthermore, the fact that transient adaptation can
alter sensitivity to spatial frequenciles as high as l2 c/d,
suggests that the transient systen operates at relatively
high spatial frequencies. In addition, the dramatic increase
in integration time constants when transient influences are
reduced (Legge, 1978), suggests, either that the transient
system ordinarily inhibits energy sumpation within the sus-
tained systen or that the short critical dvrations occur in
the unadapted state sinply because the transient system 1is
more sensitive and requires less time to detect the stinmulus
than the sustained. In any case, these data suggest that
both systems operate over a broad range of spatial frequen-
cies with varying influences according to stimulus contrst,
movement, duration, etc. Tolhurst (1975) has suggested
that below .25 c/d, ;11 patterns are detected by a purely
transient systen whereas those greater than 10 c/d are

detected exclusively by the sustained system regardless of

the tenporal aspects of the stimuli. The findings of Bodis-
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wWollner et al (1973, 1979) and Legge (1978) of a transient
influence at 12 c¢/d raises the upper limit of the transient

system slightly.

(3) A moving adaptation grating will raise the threshold
of an ON-OFF test grating at two spatial frequencies; that
of the adapting grating (a characteristic of the trahsient
system) and also at about 3 c/d (a characteristic of the
sustained systenm) (Tolhurst, 1973) indicating that on-off
stimul1l are uetecteu by BurH €he transient aad sustained

systens.

Thus, steady or temporally modulated adaptation will
affect BOTH transient and sustained peformance, although the
most pronounced changes occur within the system whose pre-
ferred characteristics are the same as the adapting stimu-~

lus.

C. Conclusions based upon adagtatiQﬂ'studies.

l. Psychophysical data show that selective adaptation of
either the transient or sustained systems can be achieved
(Bodis-Wollner et al. 1979; Legge, 1978) and that these
effects are best revealed by TEST stimuli which have the
SAME temporal characteristics as the adapting stimulus
(Blakemore & Canpbell, 1968). Thus, conclusions about the
nature of adaptation should not be drawn without considering

the temporal characteristics of BOTH the test and mask.

2. Cross-adaptation between systens can also be demon-
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strated; that is, STEADY adaptation raises TRANSIENT test
thresholds (Bodis-Vollner et al., 1979) and similarly,
TRANSIENT adaptation raises STEADY test thresholds (Blake-
more & Canpbell, 1968). However, the cross-adaptation
effect is smaller than the within-system effect. Selective
adaptation, therefore, alters the BALANCE between the tran-
sient and sustained systems and suggests that there is a

normally antagonistic relativnuship belween them. Ferceptual

s2wddnnns ~len cunnarte thie intarnratatinn. For evamnle,
spatial frequency doubling, (the perception of twice the
true spatial frequency of a counterphasing low spatial fre-
gquency grating) can be increased by steady and decreased by
transient adaptation (Kulikowski, 1973). Adaptation to a
steady high contrast grating gives an afterimage of parti-
cles streaming at right angles to the adapting pattern
(Georgeson, 1976; also seen in pop art, MacKay, 1961)
whereas adaptation to rotary motion I;ads to the perception

of lines perpendicular to the direction of motion (George-

son, 1976).

3. Finally, electrophysiological evidence of selective
adaptation has been demonstrated in the VER. Kulikowskli
(1974, 1978a, 1978b) showed that a low spatial frequency
grating which is counterphasing below pattern threshold con-
tains an earig movement related component which can be

reduced in amplitude by prior adaptation to a couynterphasing

but not steady grating. When the contrast iIs increased so

that the pattern is seen, a later wave appears in the VER,
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the anmplitude of which can be reduced by preadaptation to a

steady grating.

Thus, selective adaptation of one systen can be used as a

means of exaggerating the contribution of the other.

XIrr. Ipsilateral vs Contralateral Adaptation

Given that perception is jointly influenced by the tran-
sient and sustained systems and that the two interact in the
visual systen, what is the neural locus ot this 1interac-~
tion? An answer to this question might be achieved by adap-

tation of the contralateral eye.

A. As was already described, an adapting stimulus can be

be either stationary or temporally modulated

l. Copntralateral STEADY adaptation, STEADY test

As long as the test pattern is within one octave in spa-
tial frequency and 12-15 degrees in orientation (Blakenore &
Canpbell, 1969; Blake & Fox, 1972; Bacon, 1976) of the
adapting grating, adaptation of one eye to a steady grating
will elevate thresholds in the contralateral eye. This
transfer of adaptation however, is incomplete; the rise in
threshold being 1.6 times less than when both adaptation and
threshold measurement are confined to the same eye (Blake-
more & Campbell, 1969). Despite the greater efficiency of
nonocular as opposed to dichoptic adaptation, Dost authors

argue against the importance of local retinal factors in the
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monocular effect since subjects are encouraged to let their
eyes wander over the pattern during the adaptation period.
In fact, sonme investigators have slowly counterphased their
low spatial frequency patterns (which would otherwise have
required large eye novements) to reduce the effects of local

fatigue (Stromeyer, Spillman, Xlein & Dawson, 1977).

2. Contralateral TEMPORAL adaptation, TRANSIENT test

Tnternrnlar transfer of TEMPORAL adaptation was not
found by Smith (1971) with flickering lights but was
reported by Barlow and Hill (1963) who used moving stimuli.
Pressure blinding of the adapted eye does not disrupt the
transfer of this movement aftereffect to the unadapted eye.
(Barlow & Brindley, 1963). Apparently, movement but not

flicker adaptation transfers binocularly.

When the flickering adapting stimulus is a sinusoidal
grating, contralateral transient adaptation has been
reported at spatial frequencies below 2 c¢/d (Breitmeyer,
Levi & Harwerth, 1977). This finding is in contrast to the
ipsilateral transient adapting effect which occurs at least
until 8 c¢/d (Breitmeyer et al., 1977). A possible explana-
tion for this finding will be proposed in the discussion

section.

B. Considerations

A problem in studying the binocularity of temporal proc-

essing 1is a confusion regarding the dependent variable. It
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has previously been discussed that visual ptocessingAhas two
conponents, excitation and inhibition (Dealy & Tolhurst,
1974; Levi, Harwerth & Smith, 1979). Binocular EXCITATION
can be studied via sinultaneous dichoptic presentation of
SUBTHRESHOLD stimuli to the two eyes. If a conmon binocular
neuron is activated, then energy delivered independently to
the two eyes, will summate and sensitivity should be greater
that predicted by the indepandant detaction of the two eyes
(probability summation; Thorn & Boynton, 1974). In this
situation, many studies have suggested independent process-
ing of low spatial frequency (Blake & Cormak, 1979; Lema &
Blake, 1977; Levi, Harwerth & Manny, 1979; Martens, Sloan &

Blake, 1980, Rose, 1977) and movement information (Johnson &

Enoch, 1976; Kaufman, 1974).

Binocular INHIBITION, on the other hand, is best studied
by adapting one eye and measuring sensitivity changes in the
contralateral eye. In this situation, adapted thresholds
ot only reflect the excitability loss of the adapted units,
but also the INCREASE in sensitivity of those neurons which
have been temporarily released fron inhibition (Dealy & Tol-
hurst, 1974; De Valois, 1977b). Hence, the Motion After
Effect, (MAE), the experience of movement in the direction
opposite that of adaptation, suggests the disinhibition of a
normally antagonistic link between neurons detecting motion
in opposing directions (Levine & Sekuler, 1975, §eku1er &

Levinson, 1975). Because the MAE occurs dichoptically, it

miIght be suggested that inhibition is binocular (lLevi, Har-



-46

werth & Manny, 1979).

In gquestioning the sources of inhibition and excitation,
there is a growing but as yet, formally unstated impression
that transient activity governs monocular excitation whereas
sustained activity governs binocular inhibition and excita-
tion. In a later section of this paper, additional evidence

will be presented to support this theory and to suggest that

the monocularity of the transient system is cortical if not

also retinal.
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CHAPTER 2

STATEMENT QF THE PROBLEM

The present experiments were designed to explore the
interactions between the sustained and transient visual sys-
tens. Masking was chosen as the experimental paradigm based
upon the evidence that masking results from either transient
neural activity (Tolhurst, 1975b) or interactions between
the transient and sustained systems (Matin, 1975; Breitmeyer

& Ganz, 1976).

Because the influence of the transient systenm predoni-
nates at low spatial fregencies whereas the sustained system
predominates at high sptial frequencies (Tolhurst, 1975a,
Breitmneyer & Julesz, 1975; Arend, 1976; Tolhurst, Sharpe &
Hart, 1973; Kulikowski & Tolhurst, 19;3; Keesey, 1966), it
is possible to vary the relative contribution of these two
systens by controlling the spatial frequency content of test

and mask stimuli through the use of sinusoidal gratings.

To help investigate the time-dependent changes in nask-
ing, (Battersby & Wagman, 1959; Crawford, 1947 ) the mask
stimulus in the present experiment was relatively long in
duration (725 msec) as compared to the traditionally brief
(e.g., 10 msec) stimuli. The test stinulus, howeyer, was

brief since the SOA associated with masking is constant only
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for test stinmuli less than 100 msec in duration (Kahneman,

1967).

In attenpt to uncover parallels between masking and meta-
contrast, on one hand, and the processing of spatial phase,
on the other, the test stimulus was set either in-phase or
out-of-phase (180°) with respect to the mask (Tolhurst,

1975b, wWatson & Nachmias, 1977).

Separation of the transient and sustained systems was
acconpl ished by selective adaptation; that is, prolonged
exposure to a low contrast grating (Blakenore & Canpbell,
1969; Keck, Paella & Pantle, 1976; Legge, 1978; Stecher,
Siegel & Lange, 1973; Smith, 1970) which was either steadily
presented or temporally modulated (Kulikowski, 1974; Tol-
hurst, 1973). However, it was expected that despite the
specificity of the adapting stimuli, some cross-adaptation
of the opposite system would occur, sich that changes in
sustained sensitivity would accompany transient adaptation
and vice-versa (Blakenmore & Campbell, 1969, Bodis-Wollner,
Hendley & Kulikowski, 1972; levinson & Sekuler, 1975; Tol-
hurst, 1973). Therefore, adaptation should alter the
BALANCE between the two systems. If the inhibitory influence
of the transient mask response is responsible for the eleva-
tion of test thresholds, then transient adaptation should
reduce this effect. Adaptation of the sustained system how-
ever, should reduce the excitatory response CQ-the test and

make the nmasking effect even greater.
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The ineffectiveness of a given type of adaptation‘upon
the magnitude of masking would imply that either (1) the
contrast of the adapting stimulus was too low to adapt the
intended system or (2) the adapting stimulus affected both
the transient and sustained systems equally so that no
change in the balance between the systens was introduced.
These two hypotheses can be tested by varying the contrasts
of the adapting gratings since the twn systems could not be
affected equally by all contrasts of the same adapting stim-
uli (Kulikowski & Tolhurst, 1973). Other possible causes
for a lack of adaptation effect on the masking functions are
that (3) the adapted system has no role in masking or (4)
masking occurs more peripherally in the visual system than
the site affected by adaptation, so that it cannot be influ-
enced. Decisions between these latter possibilities may
reached by conparing test thresholds following adaptation of
the ipsilateral and contralateral eye;. If only ipsila-
teral, but not contralateral adaptation alters thresholds,
then the site of adaptation nust be after that of masking.
Additionally, different findings after ipsilateral and con-
tralateral adaptation would suggest that the adapted systen
is not binocular since adaptation of binocular neurons which
are directly involved in nasking should yeild the same

results as monocular adaptation.

Adaptation may also change the tenporal delay of masking.

For exanple, if adaptation delays the neural response of the

adapted systen with respect to the nonadarted system, then
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the SOA at which the two interact will change. Thus, tran-
sient or sustained adaptation could change either the magni-

tude or the time course of maximal masking or both.

In sunm, the purpose of the present study was to investi-
gate the roles of the transient and sustained systens in
visual masking by selectively adapting either the same or
the contralateral eye to stationary or temporally modulated

gratings.
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CHAPTER 3

EXPERIMENTS I AND II : GENERAL FEATURES

As already mentioned, this experiment was performed in two
parts, the baseline condition (Experiment I) followed by
adaptation (Experiment II). Apparatus and methods common to
both conditions will be described first whereas Lnuse unique

to each will be described under the appropriate subheading.

I. Methods.
A. Subjects Two subjects, J.G. age 25 and J.C. age 30, both

of whom were practiced in the present task, were studied.

J.G's uncorrected and J.C.'s corrected acuities were 20/20.

B. Apparatus .

All stimuli were sinusoidal patterns of variable contrast
and spatial frequency. They were formed by multiplying the
spatial signal, a high speed sine wave produced by a Wavetek
136 VCG/VCA generator by a slow, sweep-synchronized and mod-
ulated voltage of a 13 17A X=-Y multiplier. The outputs of
these nultipliers were then connected to the z axes of

either of two 11lx11l"” Joyce display scopes.

The test stimulus was 8.32 msec in duration, which was
the time required for a single raster sweep. The long dura-

tion nask represented several raster sweeps. Test and mask



onsets were triggered independently and thus, their
asynchronies could be varied in 8.32 msec increments. When
these stimuli were presented simultaneously, the two signals
added linearly. To create an out-of-phase grating, the
anplitude of the test signal was phase inverted. Thus, the
linear summation of the mask and the out-of-phase test stim-
vlus was of lower contrast than the mask alone. The onsets

of the test and mask patterns were square waved in time.

In Experiment I, a long duration mask and a brief test
were always presented upon the same screen while the other
was blank and maintained at the same mean luminance. A pho-
to-diode and amplifier circuit, which measures local lumi-
nance distributions, was used to determine minimal and maxi-
nal levels on each screen so that the two could be equated.
The average luminance level was 2.4 candelas/sq. meter,

which is in the mesopic range.

In front of each display screen was a circular frame of
25.4 cm diameter, divided into four gquadrants by hairline
cross hatching. The two display scopes were placed on oppo-
site sides of a partition and each reflected onto a 5 x 7"
front surface mirror so that when the observer was posi-
tioned in the headrest, he could use the cross hatching as
an aid for fusing the images (Fig. 2). From a distance of
120 cm, the stimulus field within the circular frame sub-

tended a visual angle of 12?

C. Stimuli The test and mask stinuli were vertically



DISPLAY DISPLAY

Fig 2. Illustration of the testinn situation. The observer’s head was positioned by
a chinrest while he viewed the stiruli reflected fram two front surface mirrors. A
partition extendina fram his nose to the juncture of the two mirrors separated his
two evyes.
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oriented sinusoidal gratings of either .5 or 4 c/d, which
are the spatial fregquencies of peak sensitivity for the
transient and sustained systems, respectively (Kulikowski &
Tolhurst, 1973). It should be noted that although these spa-
tial frequencies were chosen because they optimally EXCITE
either the transient or sustained systenms, BOTH spatial fre-
gquencies are within the detection range of both systens
(Legge, 1978). The detectability of the stimuli by both
systens 1is a necessary requirement for the study of the
lnteracrion between Lhen, Soie ddiad weitr cvilceied al & )0,
However, at this spatial frequency, performance by the
observers was hampered by marked indecision, headaches, and
impatience; a well known laxative effect which occurs above
«5 c/d.

Within a given condition, the test and mask were the same
spatial frequency. The masking stinulus was 725 msec in
duration and was always set at 2.64% contrast where contrast
ls defined as (L <max> - L <min>)/ (L <max> + L <ain>)
where L is the luminance level of the screen. The 8.32 nmsec
test stinulus was presented in either the SAME SPATIAL PHASE
as the mask (in-phase) or SPATIALLY DISPLACED by 180° (out-
of-phase). Simultaneous in-phase test-mask presentation
resulted in a brief contrast increment (Fig. 3 above)
whereas, depending upon its contrast, the out-of-phase test
caused either a contrast decrement or a nomentary counter-
phase (Fig. 3 below).,

Data collection for experiments I and II reauired approx-
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Fig 3. Spatlal arrongement of the stimuli.

The test stimulus was efther in-phase (above) or 1800 out-of-phase
(below) with the mask. Notice that the simultancous presentotion of the
in-phose test with the mask results in a nattem of greater contrast than
either the test or msk alone. The carbined sum of an out-of-phase test
ad mosk §s of lower contrast than the mock alone,

55
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inately 50 sessions of each subject and was conducted over
the course of eight months. J.G was tested during the first

five months and J.C., the remaining three.

IIl. Procedure: Experiment I

Because the mean luminance level used in this experiment
was in the mesopic range, it was not considered necessary to
fully dark adapt the subject. However, during the ten to
fifteen minutes required to prepare the apparatus and data
sheets, the subject sat 1n the roonm L1t VnNiIY LYy LHE pUUS PLUUL
of the display scopes. The trial format is shown in Fig. 4.
The nmask grating was presented on every trial and had a
characteristic smoothness in the time course of its appear-
ance. When the brief suprathreshold test grating was pres-
ented concurrently with the nask, this smoothness was dis-
rupted and the pattern appeared to jerk momentarily. The
observer was instructed to respond affirmatively when he
detected this jerk. At the start of each session, several
training trials were conducted in which the mask was pres-
ented alone (clear no) or simultaneously with a suprathres-
hold test (clear yes). When the observer felt he could con-
fidently distinguish between the two, testing began. Clear
yes and no trials were frequently included during the test-
ing session, either at the observer's request, or to nonitor
his accuracy. Absent test pulses were almost never reported
as seen. However, on the few occasions when this.situation
occurred, the observer was given several pract}ce trials

with feedrack to help reestablish his criteria. Thresholds
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Fig 4, Temworol orrangement of the stimuli: BExperiment 1.
The test ond the mosk were sinusoidal aroting pairs of either
.5, 4 or 6 ¢c/d. The test stimulus wos presented ot varying
asynchronies (SOAs) from approximotely 100 msec before mosk
onset to approximately 200 msec after its offset. For the
S0As less thon or equol to 80 msec fram mosk onset and offset,
test thresholds were sampled ot 8.3 msec intervals. For

SOAs greater than 80 msec. from the temporal edges, sarpling
intervals were longer, ranging fram 17-80 msec.
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at these SOAs were then remeasured.

The observer was not asked to identify the spatial phase
of the test stimulus (which, incidently, was inpossible to
do) but simply to detect any change in the appearance of the
nask over time. Failure to detect any change in mask appear-

ance indicated that the test stimulus was not seen.

There were three INDEPENDENT VARIABLES in Experiment 1;
(i) 1he SPALIAL rREQUENCY OF the Lesi dud wasA pudis (2 va
4 ¢/d). (2) The SPATIAL PHASE relationship between the test
and mask (3) The TEMPORAL ASYNCHRONY (SOA) between test and

mask presentation (ranging from about 150 msec before to 900

msec after mask onset).

The REPENDENT VARIABLE was the percent contrast of the

test stinulus at threshold.

In Experiment I, the trial length was 4.3 sec. About 1.5
sec before the onset of the mask, a 1l sec warning tone
alerted the subject to the imnminence of test presentation.
After each mask and test presentation was a two second
response period. Although the test stimulus could be pres-
ented at any SOA over a broad time span, the most frequent
threshold sampling was conducted at the onset and offset of
t@e mask (Battersby & Wagman, 1959; Tolhurst, 1975b). In a
one hour session, in- and out-of-phase thres!olds at approx-
imately 25 SOAs were sampled. Since a conmplete function

required many more trials than could be conducted in one
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session, a given session was restricted to a portion of

either the onset or offset related SOAs.

Within a session, the different SOAs were tested in a
quasirandom order with the constraint that, at a given SOA,
in- and out-of-phase thresholds were always determined suc-
cessively before the next SOA was selected. Contrast thresh-
old ranges were grossly bracketed using the method of limits
and then more finely explored over a contrast range sone 2%
ADUVE ald weLiuw LNIesiloid {(a sSpau UL alvuil o5 Ivyje TLiS
range was subdivided into .8% contrast steps and, using the
method of constant stimului, detection was assessed 4-6
times for each contrast level. After approximately 16-30
trials, the contrast of 50% detection was determined from a
psychometric tenmplate and defined as threshold. Most thresh-
olds weré determined during at least two sessions. However,
thresholds at many of the peak and ttgugh SOAs were measured

at as many as nine different sessions.

Resting threshold, defined as the test threshold when no
mask was presented, was determined at the start of every

testing session.

In all parts of the experiment, the test and mask stinuli
were presented to the left eye while the right eye viewed a

blank screen of the same mean luminance.

Testing sessions were generally 60 minutes jn'duration,

after which the subject was given at least an hour to rest
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before a second session began. One to three sessions were

conducted on each testing day.

III. Reliability

At each spatial frequency and for each phase condition,
sensitivity at approxinately 60 SOAs were sampled. These
measurements could not all be conducted in a single session

and not every SOA could be repeatedly tested.

Assessment of reliabilitu was handled in two waus:

l, Several SOAs were sampled at more than one session and
standard errors of measurement were calculated.(An exanple
of these are shown in Appendix i). Measures éf the standard
error (defined as the standard deviation divided by the

square root of N) were very small and never exceeded .1 log.

2. Data Gestalt. after the thresholds at a nunber of
S0As were determined, a template was fitted to the data by
eye. It was presumed that if subject performance was con-
sistent, all subsequently measured thresholds should either
fall along or deviate only a small amount from this approxi-

mation: Most data points conformed to this template.

IV. Results

Figures 5-8 show threshold functions at .5 (lower trace)
and 4 c/d (upper trace) for each subject organized by spa-
tial phase. Fig. 9 abstracts the essential features of

these functions and includes the 6 c¢/d pilot data for conm-

parison. Fronm these data, it is Iinmediatlyu obvious that the
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5 ¢/d resting threshold (as well as the level of the mask~-
ing function) are lower than those at 4 c/d by a magnitude
of at least .25 log although, as will be discussed below,
the difference between the two masked functions is not uni-
form at all SOAs. The finding of greater sensitivity at .5
c/d is theoretically significant. Recalling that maximal
human sustained sensitivity occurs between 3-6 c/d (Nach-
mias, 1967; Robson, 1966; Schoeber & Hilz, 1965), whereas
maximat transient seusilivity ocCurs between 0-53 c/d (Xudli
kowski & Tolhurst, 1973) it might be inferred that the supe-
rior performance at the lower spatial frequency indicates
TRANSIENT mediated detection of the test stimulus, a likely
consequence of both the brevity of and the abruptness in the
test onset and offset., (Breitmeyer, 1975; Breitmeyer &

Ganz, 1977; Breitmeyer & Julesz, 1977).

Threshold functions are characterized by several peaks
(increases) and troughs (decreases) which occur with nirror-
like synmetry around the temporal edges. At other SOAs,
thresholds return to resting level, that is, it's threshold

when no nask is presented.

A. The return to resting threshold, (which indicates that

the mechanism detecting the test does not interact with that
detecting the mask) occurs predominantly during the interme-
diate SOAs., At .5 c¢/d, the plateau formed by these resting
thresholds is approximately 500 msec in duration. At 4 c/d,

this duration is 400 msec for J.C. However, for J.G., the
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intermediate portion of the function scoop-shaped indicating
a snall degree of test inhibition until about 300 nsec after
mask onset, the midpoint of the presentation period. Curi-
ously, the resting threshold was obtained at the the SOAs
when the test presentation was simultaneous with nask onset
or offset (SOA =0, 725). This is interesting because pre-
cisely these SOAs are associated with the largest inhibitory

effects in light masking (Kahneman, 1968).

B. Types of peaks (Figs 5-9)

l. Primary

a. Timing The primary peaks occurred approximately 25 msec
fron the temporal edges and in no function, were more than 8
nsec earlier or later than this estinate. This 25 msec delay
was also noted in 6 c/d pilot data (Fig. 9), in which only

the onset asynchronies were sampled.

b. Phase relationship, Although primary peak SOAs did

not vary with spatial frequency, they were markedly affected
by spatial phase. In-phase peaks preceded and followed the
onset of the nask, whereas out-of-phase peaks occurred dur-

ing mask presentation.

c. Magnitude- at .5 c¢/d these peaks were .25-.35 log
above resting threshold. At 4 c¢/d, the increase over its
resting threshold was similar, approximately .3 log for each
subject. Interestingly, pilot data at 6 c/d show ‘considera-
bly smaller primary peaks, being only .15 - .2 log above

threshold. Thus, there is a tendency for these peaks to



Fig. 9. Comarison of test thresholds at .5, 4 and 6 ¢/d. All functions are arbitrarilv
disnlaced on the Y-axis. Due to the mirror-syrmetry in the timinns of the negks and
trouchs at mask onset and offset, onlv the anset data are shown here. Data roints of the
6 ¢/d function are pased tron the average of two determinations of threshold, whereas .5
and 4 c/d renresent threshold averares based upon at least two and often, as maw as
nine independent determinations of threshold. Arrows indicate restinn threshold. The
nutber above each peak indicates the SOA (in milliseconds) at which that pedk is areqatest
in mgnitude. Notice that primry pecks remin at the same SOA for all three spatial
freauencles. Secondarv peaks, however, becore nore delaved as spatial frequency increases.
Also, notice the changes In both the absolute and relative magnitudes of the primary

and secondarv peaks and troughs as spatial freqmcy Increases.
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diminish with increasing spatial frequency, although the
trend is less obvious at these two relatively low spatial

frequencies.

For both subjects at .5 ¢/d and J.G, at 4 c/d, the magni-
tudes of the in- and out-of-phase peaks were equal regard-
less of whether they were associated with mask onset or off-
set (Fig. 5,7). For J.C. however, (at 4 c/d) only the onset
peaks were equal, both being .31 log unit above threshold
(Fig. 6,8). At mask offset, J.C.'s primary out-of-phase
peaks were .36 log ABOVE resting threshold, whereas the in-
phase peaks exceeded resting threshold by only .27 log.
Thus, the AVERAGE of J.C.'s in- and out-of-phase offset
peaks (.31 log) was the same as that at onset, although
there was relatively more masking of the out-of-phase stimu-
lus at offset. Although this difference is small, it is not
Inconsistent with an assumption which'will be introduced in

a later section.

An Iinteresting phenomenon noted for J.G. at 4 c/d was the
tendency for primary peaks to decrease over the course of
the experiment, so that, for example, over a 5 week
period,the in-phase threshold to a test stimulus presented
40 msec after mask offset, decreased from 2.1% contrast (ﬁ =
6, S.D. = ,04) to 1.5% (N = 6, S.D. = ,006). Corresponding
changes in the resting threshold did not occur during this
time and at the SOA of 400 msec, thresholds weTe..07z con-

trast (N = 11, S.D. = ,01) and .07% (N = 5, S.D. = .01l) dur-
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ing the first and second time periods respectively.

Despite these reductions in the primary peaks over time,
the general shapes of the functions remained the same.

d. Duration of maximal inhibition was at least 8 msec,
that is; the highest threshold estimates were obtained dur-
ing either of two testing epochs, generally 16-24 msec fronm
the tomporal edgec.

2. Secondary peaks

a. Timing These peaks occurrred at longer SOAs from the
temporal edges than primary peaks (approximatly 40-100 msec
from onset and offset). For one subject, J.C., secondary
peaks were temporally symmetrical about mask onset and off-
set. For J.G., the secondary onset peaks occurred in closer
association to the temporal edge than those at offset. In
almost all cases, secondary peaks at 4 c/d occurred at the
same or a greater delay fron the temp;ral edge than at .5
c/d (by 8 - 42 msec). In the 6 ¢c/d pilot data, available
only for the onset edge, secondary peaks were even further

delayed from the temporal edge than at the lower spatial

frequencies (Fig. 9).

Specifically, for J.G., the range of onset asynchronies
of the secondary in-phase peaks was 40 msec at .5 c/d, 67
msec at 4 c/d and 108‘msec at 6 ¢/d. For J.G., the respec~-
tive SOAs were 72, 90 and 158 msec. Thus, spatial frequency

is an important factor in determining the timings of these

peaks.,
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b. Phase relationship- Secondary peaks always appeared

on the opposite side of the temporal edge as the primary
peaks; that is, if the primary peak preceded mask onset, the
secondary peak followed it. 1In phase secondary peak occur-

red DURING whereas, out-of-phase secondary peaks occurred

before or after mask presentation.

c. Magnitude- at .5 c¢/d, secondary peaks were approxi-

mately «l=e15 luy abuve RT. At 4 J/d, Lhese peaks wecre .2
TAan ahnve racting threahnld. Thins. sernndaru neaks were
larger at 4 than .5 c¢/d. By 6 c¢/d secondary peaks were
larger still, (approximately .2 -.25 log above resting
threshold). As spatial frequency increased, not only did
secondary peaks increase, but the heights of the primary and
secondary peaks became more similar. In fact, at 6 c/d the
two peaks were approximately equal, suggesting that the
mechanism which determines secondary peaks is more effective

at high spatial frequencies, whereas, the reverse is true of

primary peaks.

C. Troughs. Brief decreases in threshold occurred on

both sides of the primary peaks.

l, Primary troughs-

a., Timing. These troughs appeared between 17-50 msec
from the temporal edges at approximately the same SOAs as
the primary peaks. At a given tenporal edge, the .timings of

the .5 and 4 ¢/d primary troughs were often equal. When dif-
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ferences occurred, the .5 c¢/d troughs were nearly always
closer to the temporal edge than those at 4 c/d; the one
exception being J.G.'s in-phase onset troughs, which were
earlier at 4 ¢/d. In general, differences between the .5
and 4 c/d trough timings occurred at the onset of the in-

phase and the offset of the out-of phase conditions.

b, Phase 1elativuship. piriiary Lroughs always appeared

an +tha nnnneites eaida nf the temnnral edge as the nrimaru

peaks so that if the primary peak preceded onset, the pri-

mary trouvgh followed it.,

c. Magnitude- At .5 c/d, primary troughs were .15- .3 log
below resting threshold, a change in sensitivity often equal
in magnitude but opposite in direction to that observed at
the primary peaks. At 4 c/d, primary troughs were shallower,
being only .1- .2 log below resting threshold. The 6 c/d
pilot data contain no troughs at all, suggesting that‘faci-

litory influences decrease with spatial frequency.

d. The duration of facilitation was less than 8 msec;
that is, the lowest thresholds were never obtained in two
temporally adjacent epochs. Thus, facilitation has a briefer

time course than inhibition.

2., Secondary troughs

a. Tining. These troughs were 50-100 msec-from the ten-

poral edge.
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b. Magnitude was frequently conparable to the primary
troughs, being .1- .3 log below resting threshold. There is
no systematic trend to account for situations in which the
the primary and secondary troughs differed in magnitude. It
is indeed possible that, because facilitation was such a
brief event, the 8 msec test stimulus was too long in dura-
tion for precise threshold measurement and that the brief

moments of maximal sensitivity were haphazardly missed.

D. Onset vs offset differences: An important departure

from the nmirror-like symmetry in the magnitude and approxi-
mate timings of the peaks and troughs is that test-mask
interactions at offset occurred for a longer time period (by
25-40 msec) than those at onset (Table 1).

A second difference is the previously mentioned assyme-
try in the offset peaks (J.C. 4 ¢/d) which were .09 log
greater in the in- as opposed to oﬁt-of-phase condition.

Onset peak magnitude was independent of spatial phase.

E. Phase-related differences. Figure 10A denonstrates

the different timings of the peaks and troughs for test
stimuli which are in- and out-of spatial phase with the
mask. Superimpositions of these data are shown in Figs IOQ-C
for the two subjects at .5 c/d. The 4 c/d superimposions
show the same trends and therefore, only the data for J.C.
(Fig. 10D) is presented since it will be referred to later.
The important features of these figures (Fig. 10 A-D) are as

follows;
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TABLE 1. SUMMARY OF SOAS (IN MSEC) ASSOCIATED WITH THE
MAJOR MASKING EVENTS AT .5 AND 4 C/D.

Event «5 c/d 4 c/d
In Phase:
Primary Peak -(21-25) -(17-32)
Primary Trough 17-50 32-66
Primary Peak to Primary Trough 50 48
Secondary Peak 40-90 40-100
Out-of-Phase:
Primary Peak 20 17-32
Primary Trough ~(25=50) -(32-66)
Primary Peak to Primary Trough 39 55
Secvidary leax {€0-70) (€T7-100 1
Time delay from in- to out-of-phase peak 42 51
Primary Troughs: In- to Out-of-Phase 47 79
Duration of Phase specific response*:
Onset 90 175
Offset 130 200
Note : Negative signs indicate that the interaction occurred

either before or after mask presentation whereas unsigned
numbers designate events which occurred after mask onset or
before its offset. The data combine tﬁe results for both

subjects.
*This expression refers to the total time period at either
onset or offset when test thresholds depart from the resting

level.

ls, During the intermediate SOAs, thresholds for the in-
and out-of-phase stimuli were identical, This was true not
only for average threshold, but also true for the variabil-
ity of the average threshold.
2. the heights of the peaks and troughs were independent
of spatial phase
3., ¢the TIMINGS of these events were not independent of
spatial phase. Rather, the SOA associated Wiéh threshold

increments in the detection of one spatial phase roughly



Fio 10A, Corparison of in- and out-of-phase thresholds
grophed separately. The data on the opdosite page are ior J.G.
at .5 ¢/d. The sare relative timings of peaks and troughs occurred
in the data for the second swbject at .5 ¢/d as well as vor
both subiects ot 4 ¢/d. Notice that, desnite shifts in the timings
of these peaks and troughs, their aiplitudes are the same regardless

of spatial phase.
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corresponded to those associated with decrements in the

detection of the opposite phase.

F. COMPARISON BETWEEN SUBJECTS

1, .5 c/d. Except that the total mnagnitude of masking
and facilitation was slightly greater for J.G. than J.C.
(peak to trough difference of .5 as opposed to .6 log), the
data for the two subjects was nearly 1indistinquishable in
terns of the shapes of the functions and even absolute sen-
sitivities., The timings of the primary peaks never varied by
nore than 8 msec and were frequently identical. Differences
in the timing of both the primary and secondary troughs and

the secondary peaks were less than 35 msec.

2. 4 c/d. The 4 c/d functions for both subjects are
similar in terms of the essential features but differ in
their absolute thresholds, with J.G.,, 6 the ennetrope, being
the more sensitive at all SOAs. Interestingly, the superior-
ity in detection was not uniform but was about .08 log for
the resting level SOAs and approxinmately .17 log at the
peaks, suggesting that J.C. was not only less sensitive to
the unnmasked test stimulﬁs, but also more susceptible to
masking.

3. 6 c/d. data were limited, but as can be seen fron

Fig 9, were quite similar for the two subjects.

V. Discussion: Nonadaptation data -
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In agreenent with Tolhurst (1975>), the nonadaptated data
show that both increases (peaks) and decreases (troughs) in
the contrast threshold of a brief test grating occur as a
function of onset delay with respect to a long lasting mask
of the sanme spatial frequency. These threshold changes
appear with mirror-like symmetry in nagnitude and timing
around mask onset and offset but not during the intermediate
SOAs. However, in contrast to Tolhurst who onlu reported a
Single mashing peah at onset or offset, ¢twO Gistiuct typesy
of peaks, designated as "Primary” and "Secondary”, were

observed.

A. Peaks.

l. Primary peaks occurred approximately 25 msec from the

tenporal edges. In-phase peaks preceded mask onset and fol-
lowed offset, whereas out-of-phase pgaks showed the reverse
tine course following onset and preceding offset. Similar
peak timings were reported by Tolhurst (1975b) and Battersby
& Wagman (1962) although, in the later investigation, this
was true only when the test and mask were equal 1in size.

Otherwise, maximal effects occurred at the SOA of 0.

For both subjects, the heights of these peaks were
approximately the same at 4 c¢/d as at .5 c/d. However, in
pilot data at 6 c/d, primary peaks were considerably smaller
suggesting that masking decreases 1in nagnitude with spatial
frequency. This conclusion is conmparable with the findings

of others (GCreen, 1981; Tolhurst, 1975b; Watson & Nachnias,
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1977).

Interestingly, for one subject (J.G.), 4 <c/d peaks
tended to decrease over the <course of testing. These
threshold decreases are not likely to have reculted fronm a
shift in the apparatus since they occur only at the nasking
PLCAKS and additionally, only at 4 c¢/d. On tﬁe other hand,
the reduction in the variablity around these threshold esti-
mates suggests that learning may have occurred during the
course or testiny. PLOGIESSIVE LPLlOVEIEUL 41l o Yidiedny
discrimination task for a restricted range of spatial fre-
quencies and orientations, was also reported by Fiorentini &
Bernardi (1981) suggesting that learning does occur within
so-~called spatial frequency channels. The present finding
suggests that this learning is more apparent at the tenporal
edges than during the plateau portion of the function.

J.C.'s failure to show similar evidence of learning may
be a function of his shorter testing sessions which were

less numerous and more widely distributed over time.

In all threshold functions, the duration of masking was
at least &8 msec since maximum thresholds were frequently

obtained at two adjacent SOAs (which were 8 msec apart).

The proninance of the primary peak at low spatial fre-
quencies and its occurrence at a small temporal delay, sug-

gests the involvment of a transient neural mechanisn.

2. _Secondary peaks - which occurred between 40-100 msec

fronm nmask onset and offset, alwaus on the opposite "side" of
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the temporal edge as the primary peaks. For example, if a
primary peak occurred BEFORE mask onset, the secondary peak

appeared at some longer delay AFTER the mask onset.

The SOAs assoclated with secondary peaks were more varia-
ble than those related to the primary peaks, but in general,
secondary peaks tended to be further from the primary peaks
at 4 c/d than at .5 ¢/d. The trend of increasing separation
of the primary and secondary peaks with spatial frequency is
further suggested by the pilot data at 6 c¢/d. Interest-
ingly, Rogowitz (1977) found that the SOA of maximal meta-
contrast increases with spatial frequency. Thus, secondary
peaks obtained in this study have a conmon feature with the
single peak obtained in netacontrast studies. The signifi-

cance of this finding will be discussed later.,

The relative magnitude of the secondary peaks increased
with spatial frequency. Thus, there was a change in the rel-
ative magnitude of the secondary peaks with respect to the
primary peaks. At .5 c/d the primary peak was clearly larger
than tpe secondary. By 4 c/d, the differerice between the
two peaks was smaller, and in the pilot data at 6 c¢/d, the

primary and secondary peaks were about equal (Fig. 9).

Increase in both the prominance and delay of the second-
ary peaks with spatial frequency, suggests the influence of
sustained neural mechanisns (Breitmeyer & Ganz, 1977; Spitz-

berg & Richards, 1975).
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The existence of secondary peaks has not previously been
reported, possibly because such peaks fail to occur when the
test or mask are spatially uniform (Battersby & Wagman,
1962; Green, 1982) or because the appropriate asynchronies

have not been sampled (Tolhurst, 1975b).

B. Troughs were decreases in threshold which occurred
around the temporal edges and which were also designated as
primary and secondary. Primary toughs occurred at approxi-
mately the same temporal deiays as tne primary pedRsS (17 =04
msec from the tenmporal edges), but always appeared on the
opposite side of the temporal edge, so that if the peak pre-

ceded onset, the trough followed 1it.

Secondary troughs occurred at longer delays from the tenm-
poral edges (50-100 msec) and were always on the same side

as the primary peaks.

Except for the differences in timing, there were no obvi-
ous distinguishing featur;s between the primary and second-
ary troughs. However, similaries were frequently noted in
their durations and magnitudes. For example, primary and
secondary troughs were always 8 msec or less in duration;
that is, mimimum thresholds were never obtained for two tem-
porally adjacent SOAs. Thus, facilitation may be shorter in

duration than inhibition.

As was observed with the peaks, troughs glso decreased

with spatial frequency. However, peaks and troughs decreased
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at different rates; At .5 c¢c/d these were appro*imately
equal. By 4 c/d however, the peaks did not change apprecia-
bly whereas the troughs were greatly reduced. By 6 c/d,
peaks were smaller, but troughs were virtually absent (Fig.
9). Therefore, the magnitudes of both inhibition and faci-
litation are inversely related to spatial frequency,
although the decline in facilitation is more dramatic than
that of inhibition. These findings are in agreement with
others (Tolhurst, 1975b; wWatson & Nachmias, 1977) and sug-
gest that these two processes are not the inverses of each
other. Another small difference between peaks and troughs
was their timings from the tenporal edges. Although the SOAs
associated with the peaks for one spatial phase were similar
to the troughs of the opposite phase, this correspondence
was not exact and generally differed by about & msec.

As is clear from Figs 10 A-D, there is a noteworthy con-
sistency in the data whereby all péaks and troughs of a
given type (e.g., primary, secondary) tend to be identical
in magnitude. However, in two conditions (J.G. .5 ¢/d and
J.C. 4 c/d; Fig. 10B & D) facilitation for one spatial phase
was .l.log greater than the other at onset, while, the oppo-
site spatial phase was more facilitated by .1 log at offset.
Similar inequalities did NOT occur at the peaks. Although
these differences were relatively small, they support the
following assumptions which will later be discussed in the
context of a model; namely that (1) inhibition_and facilita-

tion are independent processes and (2) a connon nechanism
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nay facilitate gratings of one spatial phase at onset and

the opposite phase at offset.

C.Mirror-symnetry in timing of peaks was noted about the
presentation of the mask stimulus; that is, if maximal mask-
ing occurred 25 psec before the onset of the nask stimulus,
it also occurred 25 msec after its offset. Similar observa-
tions have been reported by others (Battersby & Wagman,

1562, Crawfoid, 1947,

However, departures from nirror-symmetry occurred in the
duration of offset nasking, which was 45 nmnsec longer than

that at onset.

D. Mirror-symmetry in nagnitude of onset and offset

peaks.

At each spatial frequency, onset'and offset peaks were
usually equal in magnitude. This finding differs from those
of others (Battersby et al., 1959, 1962, Crawford, 1947,
Polous, 1980; Magman & Battersby,‘1959) whose assymetrical
functions showed less masking at offset than onset., The
absence or reduction of offset masking 1in these earlier
studies may be a consequence of either the poor spatial fit
between the test and the mask or due to the fact that they
did not wuse patterned stimuli, since, offset nasking
increases both when the spatial fit Dbetween the test and
mask is improved (Battersby & Wagman,1962; Battersby &

Defenkaugh, 19269) but also when the spatial frequency con-
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position of the test and mask is matched (Tolhurst, 1975b).
Using a sinusoidal test and a uniform field as a mask, Green
(1981) found symmetrical peaks using a forced choice proce-
dure but not for the method of adjustment. Apparently, off-

set masking is sensitive to several experinmental parameters.

Interestingly, a departure from the symnetry of peak mag-
nitndes did occur in J.C.'s 4 c/d data (Fiq. 10D). In this
situation, offset thresholds of the out-of-phase test stimu-
lus were .l log greater than those of the in-phase test.
Onset peaks, however, were equal regardless of spatial
phase. Although the data were limited, they do suggest that
(1) onset masking 1is different from offset and raises the
possibility that (2) the mechanism responsible for in- and
out-of-phase masking may be antagonistically linked so that
the increase in the inhibitory advantage over one spatial
phase equals the decrease in inhibitién of the opposite spa-

tial phase.

The interpretation that different mechanisms operate at
onset and offset is supported by the electrophysiological
discovery of discrete cell populations which signal either
light onset or offset (Hartline, 1938; 1limulus) or by the
existence of on- and off-center cells (Kuffler, 1954) dis-
.tinguishable norphologically (in terms of the retinal layer
of synaptic contacts <cat>; Wassle et al., 1982?, pharmaco-
logically (Ikeda & Sheardon, 1982 <cat>, ézhiller, 1982

<nonkey>) and electrohysiologically in terms of the differ-



-86
ing variability in the time course of the neural responses
(<goldfish>, Levine & Sheffner, 1977). In the human, vari-
ous psychophysical studies show differences in performance
at onset and offset; for example, low spatial frequency
detection is more greatly enhanced by abruptness of onset
than of offset (Breitmeyer & Julesz, 1975). Furthermore, the
onset and offset of masking patterns differentally affects
the perception of appearance and dissappearance of a test
pattern (Phillips & Singer, 1974). Finally, several inves-
tigators (Battersby & Wagman, 1962; Polous & Makous, 1980)
have shown that onset masking occurs both monocularly and

dichoptically whereas offset nasking is only dichoptic.

E. Phase Effects. Another important and obvious feature
of the masking data was the different timing of the in- and
out-of-phase peaks. Primary in-phase peaks always occurred
before or after mask presentation wh;reas the primary out-
of-phase peaks occurred DURING the mask presentation. Inter-
estingly, the SOA at which the test stinulus was most read-
ily detected depended upon whether it added to or subtracted
from the contrast of the simultaneously occurring mask. Any
test stinmulus which ADDS to the contrast of the mask (that
is, increases the anmount of <change associated with fhe
transition from the blank field to the mask onset) is faci-
litated, whereas a test stimulus which SUBTRACTS from it is
inhibited. For example, an in-phase grating presénted either
just after mask onset or before its offset adds to the con;

trast of the nmask and exaggerate the magnitude of change at
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the temporal edges. Similarly, an 180% out-of—phase'grating
presented just Dbefore onset or after offset of the mask,
alters field luminance in a fashion exactly opposite to that
which will be caused by the nask. Thus, 1in these relative
temporal positions, in- and out-of-phase gratings are more
detectable than at any other SOAs. On the other hand, pres-
enting an in-phase grating just before the mask onset or
after its offset, is sinilar to creating a "step” of con-
trast which reduces the transition between the mask and the
backround. Similarly, an out-of-phase grating which follows
mask onset and precedes its offset, subtracts fron the nask
contrast pedestal, again reducing the total change. At these

asynchronies, these two stimuli are masked.

Although the TIMING of masking differed according to the
spatial phase of the test stimulus, the MAGNITUDE did not
(this finding is in agreement with Tolhurst (1975b) and Wat-
son & Nachnias (1977)).%herefore, it is inappropriate to
use criteria such as the nagnitude of threshold change to
determine whether or not phase encoding occurs in the visual
systen. Nevertheless, several investigators have done this
and have suggested that, because there is no difference in
the contrast thresholds of complex gratings when the compo-
nents are in the peak-add vs the peak-subtract position,
that phase encoding does not occur (Graham & Nachmias, 1971;
Graham, Robson & Nachnias, 1978). The more accurate conclu-

sion, however, is that there is no superiority for detection

of in- as opposed to out-of-phase gratings. Similarly, when
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Watson & Weber (1978) showed that the phase relationship
between the fundamental and the third harmonic (F and 3F) of
a complex grating cannot be identified when the components
are at threshold, thelir finding should be interpreted to
mean only that the threshold for phase discrimination is
DIFFERENT fronm that for spatial frequency detection and not
that phase difference is indiscriminable at any contrast.
Indeed; a replication of the Watson & Weber study using a
higher contrast 3F stimulus showed discrimination for phase

differences greater than 30% (Burr, 1980).

Additionally, when different experimental designs are
used, it is clear that spatial phase discrimination does
occur. For exanple, multistable perceptions occur nore read-
ily at some phase relationships than others (Atkinson &
Campbell, 1974). Secondly, there are differences in the sub-
sequent appearance of a flickering test grating according to
the spatial phase of the adapting grating (Jones & Tulaney-
Keesey, 1980) and finally, during adaptation, it has been
found that the eyes cannot wander randonly across the adapt-
ing field; rather subjects typically adopt a particular

phase angle in which they position their eyes more fre-

quently than any other (Jones & Tulaney-Keesey, 1980).

With regard to spatial frequency and phase encoding, the
data show in-and out-of-phase peaks to be nore pronounced at
the lower spatial frequencies of .5 and 4 c/d than at 6 c/d

(for which only pilot data are available). Regarlless of
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spatial frequency, however, phase effects occurred ;t onset
and offset but not during the intermediate SOAs. Since low
spatial frequency channels are associated with sensitivity
changes at stimulus onsets and offsets (Tolhurst, 1975a) and
since the mnagnitude of onset and offset masking decreases
with increases in spatial frequency, (Tolhurst (1975b) these
data suggest that phase processing 1is more strongly associ-
ated with lnw, as oppnsed to high spatial frequencies, Simi-
lar conclusions mnight be drawn from other phase encoding
studies in which phase-related interactions are nost fre-
quently reported when the stimuli are of low spatial fre-
quency, for example, 1 and 3 c/d (Atkinson & Campbell, 1974)
or less than 1 c¢/d (Ross & Johnston, 1980). Grating pairs
which are widely separated (more than four octaves; Stro-
meyer, Lange & Ganz, 1972) or are relatively high in spatial
frequency (3 and 9 c¢/d; Nachmias & Weber, 1978, Holt & Ross,
1980) do not show phase sensitive e}fects. I ndeed, Burr
(1980) showed that significantly more contrast is needed to
discriminate phase differences between pairs of high spatial
frequency, as opposed to pairs of low spatial frequency

gratings.

Finally, whereas the data clearly demonstrated the occur-
rence of phase discrimination, the subject was never able to
specify the test phase when asked. This was true for
suprathreshold as well as subthreshold test stimgli and sug-

gests that the processing of spatial phase of brief stinuli

does not reach conscious perception.
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F. Differences between the .5 and 4 c/d functions

Finally, it was noted that all thresholds, whet her
masked or unnasked, were lower at .5 c/d. This finding must
be interpreted to mean that detection was mediated by the
transient system since it is maximally sensitive at low spa-
tial frequencies. The significance of this finding will be

considered later.
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CHAPTER 4

EXPERIMENT II: ADAPTATION CONDITION

I. Ratiopale

Before the design of the adaptation condition is pres-
ented, it is worthwhile to consider in detail, the types of

information which can be derived from such a procedure.

From Experiment I, it was proposed that detection of the
test stimulus was mediated by the transient system. This
conclusion was based upon the observation that performance

at .5 «c¢/d was superior to that at 4 c/d at every SOA, a

finding which 1i1s consistent with both the abruptness and
brevity of the test stimulus. Note that this proposition

does not exclude the possibility of a sustained response to

the test. However, it is proposed that detection is mediated

by the transient systen.

POSTULATE (l) The transient neural response to the test

must be subject to one of the three following outcones.
Either it can be inhibited or facilitated by the neural
response to the mnask, or it can fail to interact with the
response to the mask. An obvious situation in which the test
and mask fail to interact is during the determination of the
resting threshold, since in this <condition, the test 1is

presented in the absence of the nask. However, if resting
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threshold is also obtained at some SOAs when the test and
mask are presented concurrently, then the absence of inter-
action between thg neural responses to the test and mask is
a reasonable inference. Since test thresholds measured dur-
ing the intermediate SOAs were the same as at resting level,
it will be presumed that the test and mask did not interact
at these SOAs and that these thrésholds are determined exlu-

sively by transient cells activated by Lhe lest.,

POSTULATE (2) When the transient mechanism which is
detecting the test is either inhibited or facilitated by the
neural resonse to the mask, threshold will depart fronm the
resting level. Peaks represent inhibition whereas troughs

represent facilitation.

POSTULATE (3 Inhibition of the test transient response

—

can result from interactions with either:
(a) the transient response to the nask or (b) the sustained
response to the nmask.

Facilitation of the test transient response can result
from interactions with either
(a) transient response to the mask or (b) the sustained

response to the nask.

The results of adaptation can help uncover which of these
neural interactions are occurring at which tenporal delays:;

for example,

l., If thresholds during the intermediate SOAs are deter-
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mined soley by a transient mechanism, then, transient
ADAPTATION should REDUCE the excitability of this mechanism
and RAISE THRESHOLDS at these SOAs. The magnitude of this
change should vary with the contrast of the adapting stimu-

lus.

Steady adaptation, on the other hand should NOT affect
transcicnt cxcitability at SOAs when the threshold is at the

resting level, such as at the intermediate SOAs.

2. At peaks <caused by inhibition between the transient
response conmponents of the test and mask (T-T interactions),
transient adaptation may reduce the excitability of the
neural elements responding to the two stimuli, but it should
not change the balance between them. Thus, thresholds should
increase due to adaptation, but the inhibitory influences
represented by the peaks should be preserved. Furthermore,
changes in the timing of these adapted T-T peaks should not
occur, since any increases 1in the latency of the neural
responses which might be caused by adaptation should be
egqual for both the test and mask mechanisms. Thus, at T-T
inhibited SOAs, peaks should increase but remain at the sane

SOAs.

STEADY adaptation, again, should have NO effect upon

thresholds at SOAs determined soley by T-T inhibition.

4. At peaks which are caused by SUSTAINED inhibition due

to the nask, transient adaptation should decrease the TEST
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response without altering the mnagnitude of inhibition. In
this situation, the test detector must overcome the adver-
sive effect of two conditions; one due to adaptation, and
the other due to the relatively greater antagonism of the
mask. Therefore, at SOAs characterized by S-T7 inhibition,
threshold rises should be LARGER than those associated with
T-T inhibition. Furthermore, the response latency of the
ADAPTED transient response should be longer than the nona-
dapted. Since the sustained system 1S not adapied, iuicucy
changes should not occur within this sytem. Thus, a shift in
the timing of test-mask interactions can be predicted. (The
same logic applies for steady adaptation except that changes
in the SOA of interaction should be in the temporally oppo-

site direction).

For reasons which will be explained later, peaks which
result fron transient-sustained intéractions should shift
CLOSER to the temporal edge after TRANSIENT adaptation and

FURTHER from this edge after STEADY adaptation.

4. To predict adapted threshold changes at the troughs, a
logic similar to the above applies. Suppose, for exanmple,
that FACILITATION results when the transient responses to
the test and mask summate within the same mechanisn. In
this situation, the transient systenm is exclusively respon-
sible for detection and facilitation. Thus, transient adap-
tation should impair detection and eliminate facilitation.

Therefore, troughs characterized by T-T facilitation,



thresholds should diminish.

If the sustained systen does not contribute to T-T

troughs, then steady adaptation would have no effect.

5. Finally, in the <condition in which the sustained
response to the mask facilitates the transient response to
the test, transient adaptation should attenuate the test
DETECTQR but NOT THE FACILITATOR. Thus, transient excitabil-
LY WUULIU L& 1EUUCEUd MY UNe Loule DUl paiiialiy i1e€sivied Ly
another, The net result of this circumstance should be a
smaller reduction in T-S troughs than that associated with
T-T facilitation. Additionally, latency changes as a conse-
quence of adaptation should shift the SOA of this effect

closer to the temporal edge.

Steady adaptation, on the other hand, should eliminate

facilitation and reduce the troughs.

A summary of these predictions is presented in Table 2.

In a binocular systen, these results should be identical
regardless of which eye is adapted. On the other hand, this
would not be true if a given system is monocular. It should
be noted, however, the term nonocular does not automatica}ly
imply retinal origin, since cells which are either predoni-
nantly or exclusively monocular have been described at cor-

tical as well as subcortical levels (Hubel & Weisel, 1962).

II. Method: Experiment II



1. The transient resxnse to the TEST (Tl) determires threshold
2. Pecxs ad trouhs indlcate IMIIBITION or FACILITATION of Tt'
3. Sources of this inhibltlon ond facllitation are:

Inhibition by

Focllitation by

TRANSIENT resnonse to the MASK (T)
SUSTAIRED resronse 1o the PASK (S
TRASIENT resnonse to the FASK (T,)
SUSTAIND resonee to the MASK (Sp)

AT SOAS DETER1INED BY

TRANSIENT AMPTATION SHOULD

PREDICTED THRESHOLD CHANGE

Tt olore

Tn X Tt inhibltlion

1 x T, Inhibition

m x Tt facilitetion

Sn x Tt factlitotion

Reduce excitability of Tt

Reduce excitatstlity of ‘rt
Roduce both excitabllity and inhiblition of Tn

Reduce exclichility of and celay Tt with respect to 511
Foll to alter §,

Recuce excitability of test detector and
mosk factlitaror

Reduce axd delay excitabllity of 'rt

Preserve focilitation of Sm

Increose
Increase

Laorre theestold tncrease
Shift in neck asynenronles

Reduction or loss of trourhs

Reduction ang tenporal shift
of trouahs

SUSTAINED ADAPTATION SHOULD

Either Tt olae R
Tt X Tm interoctions

$p X T, Inhibition

Sp X Tt focilitation

have no effect

reduce and delay S, inhibtion

reduce ad delay S, foctlitation

Decregse and termorol shift
of peoks

Trouohs should decrease and
tororol ly shift

TABLE 2. Predicted outcanes of transient and sustained adaptation

96
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The subjects, apparatus and test and mask stinuli were
the samne as in Experiment I and, as was true in that condi-

tion, the test and mask were presented to the same eye.

A. Stimuli
Adapting stimuli were the same spatial frequency as the

test and mask.

le The SUSTAINLD adapting stimulus was a slalivinary grat-
ing in the same spatial phase as the nask. To avoid sharp
temporal edges, this grating was always ramped on and off
over a period of 260 msec and thus, was presented at full
contrast for 3.7 sec. Temporal ramping was achieved by mod-
ulating a signal through an R-C integrater network which
causes its amplitude to rise slowly. Two back-to-back zenor
diodes maintained the signal at the desired amplitude. At

stimulus offset, a downward ramp resulted.

2. The TRANSIENT adapting stimulus was counterphase modu-
lated in a square-wave fashion at the rate of 8.6 Hz (Kelly,
1972; Koenderik & Van Doren, 1979; Kul ikowski & Tolhurst,
1973). This signal was created by alternating the polarity

of the modulating signal.

Pilot studies were done to select the appropriate adap-
tation contrast. During a session, this contrast was held
steady, although, over the course of the study, several
adaptation contrasts were explored. Because‘tﬁere was no

prior knowledge as to which SOAs would be affected by what
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contrast or how to equate adapting contrasts for the two
subjects, it was frequently necessary to generate an entire
adapted function sinply to conclude that the contrast was

ineffective.

B. Procedure

Adaptation seszions began with a 3 minute exposure to the
adaptihg grating and were identical to the nonadapted condi-
tion except that adaptation was refreshed for 4.3 sec before
each trial. Thus, adaptation trials were sonewhat longer
than the nonadapted (Fig. 11). As in Experiment I, the test
and mask were presented monocularly to the left eye. In the
ipsilateral adaptation condition, the left (tested) eye was
also adapted. In the contralateral adaptation condition, the
right eye was adpated and the left eye tested. On days when
multiple sessions were conducted, the morning adaptation
condition was the same as that of the afternoon. Contrala-
teral adaptation experiments were never performed on the
sane day as ipsilateral studies. (Note: the term "contrala-
teral” is preferred to "dichoptic" in describing the adapta-
tion condition, since dichoptic term often implies that two
stimuli are simultaneous although independently presented to
the two eyes. In the present study, adaptation preceded and

was never simultaneous with the test and mask presentation).

For each spatial frequency, the adaptation data were col-
lected several weeks after the nonadaptation data (control)

since a foreknowledge of the basic shape of the function was
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necessary in order to select those SOAs at which adaptation
might demonstrate an effect. Fewer adapted SOAs were sam-
pled than nonadapted. Of the two troughs which appeared at
each tenporal edge, only the carliest (primary troughs) were

repeatedly measured.

Over the several months of data collection, stability of
thresholds was assessed by measuring the nonadapted thresh-
olds at the SOAs of =25, 25 and 400 msec. For J.G. at 4 c/d
peaks showed a steady decrease over time. For this reason,
the entire function was later reevaluated and a composite
baseline which <contained both early (high estimates) and
later (lower estimates) data was established. However, this
the composite baseline was still somewhat elevated as con-
pared to the threshold values at the time of adaptation.
Therefore, in <conparing the nonadaptation and adaptation
data, one should keep in mind that ‘any observed threshold
INCREASE in the adaptation condition runs COUNTER to the
general trend of a threshold decrease over time, and should
not only be regarded as real, but probably underestimated
with respect to the true magnitude of the effect. However, a
decrease in threshold may be spurious. For this reason, all
adapted thresholds which were lower than the baseline were
conpared with nonadaptation data collected at approximately
the same time period to determine if the effect was real.
Only those adapted thresholds which were consistently below

nonadapted thresholds measured around the sanme time period,

are reported here.
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C. Reliability of the adaptation data were not determined

by repeated measures since the amount of tes;ing time
involved made this approach prohibitive. To help distinguish
real adaptation effects from those due to shifts in motiva-
tion, acconodation or fixation, the only features which are
emphasized are those which either occur at both .5 and 4
c/d, or are the same for both subjects, occurred at more

than one adapting contrast, or at more than one peak, etc.

JII. Resultg

At .5 c/4d, the adaptation results for both subjects were
very similar and both will be discussed. However, at 4 c/d,
the adaptation contrasts explored had no effect upon J.C.'s
thresholds. Therefore, at this spatial frequency, only

J.G.'s data will be discussed,

A. Ipsilateral Transient Adaptation

1. .2 c/d function .

For J.G., an entire adapted masking function was gener-

ated using 2.6% contrast (Fig. 12A-B). Selected asynchronies
were explored using 4.6% contrast. Because there was no
difference in the effects of these two different contrasts,
only 2.6% (Fig. 12C-D) was explored for J.C. It can be seen
from Fig. 12A-D that, although all adapted thresholds were

raised, the shape of each masking function was preserved.

To facilitate data analysis, transparencies of the base-
line functions were made and shifted along the Y axis until

the resting levels of the adapted and nonadapted functions
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coincided. The average shift in the baselines required for
this overlap, was from .09- .15 log. Interestingly, when
the resting levels of the mnasking functions were aligned,
the primary peaks nearly coincided, suggesting that con-
trasts, .5 c/d primary peaks and the intermediate SOAs were
equally affected by adaptation in the explored range.
According to earlier reasoning, this suggests that 7T-T

inhirition unormally occurs at the primary peaks.

Differences between the adaptation and nonadaptation

functions were as follows;

a. Nearly every secondary peak was disproportionately
elevated by adaptation, imposing an additional .l to .3 log

increase upon the already higher adapted thresholds.

b. Secondly, four of the eight adapted secondary peaks
that were shifted, appeared closer to.the temporal edge. 1In
one case, the magnitude of this shift was 46 msec. Three
nore of the secondary adapted peaks remained at the same SOA
and one occurred at a longer delay from the tenmporal
edge.(There was no consistent relationship between the
direction of temporal shift and any other experimental par-
ameter). The finding of an additional threshold increase at
the secondary peaks plus a shift toward the tenporal edge
suggests that sustained inhition of the transient response
to the test (S-T) normally occurs at this tenporal asyn-

chrony. Interestingly, when the adapting contrast was

raised to 4.€%, there was no further threshold rise at
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either the primary peaks or the intermediate SOAs. However,
the secondary peaks continued to increase. Thus, the effec-

tiveness of adaptation effect is different at the two types

of peaks.

¢c. Troughs were reduced by .l to .3 logs following adap-
tation. For some functions, this mneant a nearly conplete
elimination of the troughs as would be expected if the
source of facilitation were a transient mechanism. However,
at these same SOAs, there were small (8-17 msec) shifts in
trough timing, suggesting that sustained influences also

occur at these SOAs.

2. The 4 c/d ipsilateral transient adaptation data sup-

port the conclusions drawn at .5 c/d. Several adapting con-
trasts (.96, 1.5, 2.0, 2.6 and 4.6%) were explored. Becaﬁse
changes 1in test thresholds were ipdependent of spatial
phase, only the out-of-phase data are shown here (Fig.
13A-D). The lowest adapting contrast, .96%, was. subthres-
hold for J.G. but was investigated based upon Smith's (1965)
finding that transient adaptation can occur with subthres=-
hold gratings.
The results were as follows;

a, All thresholds were raised by adaptation, as is
expected if detection 1is mediated by the transient systen.
The magnitude of the threshold increase was contrast depend-
ent, but a given adapting contrast did not Eq;allg affect

all SOAs.
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b. At the intermediate SOAs, thresholds increasedhlinearly
with adapting contrast. (This was determined by averaging
thresholds at the plateau of each function and calculating
the regression equations as a function of adapting contrast.
For J.G. this equation was y = .0134 C + ,078; r= ,99, where
Y is the average contrast of the adapted function and C is
the adapting contrast).

The lowest adapting contrast had no effect at the inter-
mediate SOAs other than flattening out the scoop shape in
the function (Fig. 13A) whereas at the highest adapting con-
trast, these thresholds also increased by about .2 log.

c. The lowest adapting contrast did not affect the primary
peaks. However, as adapting contrast increased, these peaks
rose by a SMALLER factor than the intermediate SOAs, being
only .15 log higher after 4.6% (the greatest) contrast. A
similar effect was reported at .5 c/d.

d. Secondary peaks, however, were elevated by .05 - .15
log wunits after adaptation to the subthreshold contrast.
With higher adaptation contrast, the rise in the secondary
peaks was more marked that at the primaries. Additionally,
second;ry peaks were also shifted closer to the temporal

edge, by as nuch as 66 msec.

Consistent with the .5 c¢/d data, these findings suggest
that S-T inhibition occurs at the secondary peaks and that

T-T inhibition occurs at the primaries.

e. Finally, transient adaptation diminished troughs by

about .4 log after 4.6% contrast, suggesting that T-T faci-
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litation normally occurred at this SOA. Small tenmporal
shifts of about 17 msec were also observed at the troughs,
but the temporal direction of these changes differed, being
towards the temporal edge for out-of-phase stimuli and away

for in-phase stimulli.

B.Ipsil . 1y ad ,

Since secondary peaks were selectively KRAISED and shifted

-~ nAanyY TEeN CNAR -~ Lo
- -~ - ae -

) moancTEONT 2dantatinn ¢t ho rovoves
y  ToAMCcTES 2dap ' ]

effects, namely, a decrease of these peaks and shift to
LATER SOAs would be predicted for steady adaptation. No

threshold change would be expected during the intermediate

SOAs.
The actual findings were as follows;

l. At .5 c¢/d, PEAK thresholds did NOT change for either
subject. This conclusion was reached after pilot explora-
tions with several adapting contrasts (2.6, 3.5, 4.6 and 6%)
and after extensively exploring 4.6% contrast. This contrast
was chosen because it appeared to be effective during the

pilot study. Unfortunately, this was not apparant later on.

Anmong the threshold changes which DID occur after ipsila-
teral steady adaptation was a .l1-.15 log threshold decrease
for out-of-phase stimuli presented during the intermediate
SOAs (J.G.;Fig. l14A &B). This finding is particularly

interesting since the steady adapting stinmulus was in the

same spatial phase as the mask. If phase contingent adapta-
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tion occurs, then some sort of IMPAIRMENT in IN-phase detec-
tion might have resulted. Instead, an IMPROVEMENT in OUT-of-
phase detection occurred with NO impairment in in-phase
detection. There is no apparant exlanation fér this finding
although, it is possible that phase dependent changes did
occur within the sustained system but were not revealed by a
stimulus which taps only the performance of the transient

systen.

Peaks for the second subject, J.C. were also resistent to
.5 c¢/d steady adaptation (at 3.8% contrast; Fig. 14C) The
only threshold change noted in this condition was a marked
deepening of the out-of-phase troughs by approximately .4

log. As will be described, similar changes occurred at {4

c/d.

2. At 4 c/d, two steady adapting contrasts were explored.
The lower of these two, 2.6%, alte;ed thresholds in the the
sane way as ipsilateral TRANSIENT adaptation (Fig. 15A-B):
that is, (1) Primary peaks were slightly (.1 log) elevated.
Recall that since nonadapted 4 c/d thresholds tended to fall
during the course of the experiment, this suggests that the
.effect was not only real, but probably greater than that
impl ied by comparison.

(2) Out-of-phase secondary peaks and primary troughs were
closer to the temporal edge wherease primary troughs and
in-phase secondary peaks were shifted away. The signifi-

cance of these phase-related changes in timing is not clear,
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but are the same as those reported after transient
adaptation. Changes in peak and trough timing PER SE, sug-
gests that sustained influences occur during these events.

(3) Thirdly, adapted secondary peaks were slightly ele-

vated in conparison to the nonadapted state.

(4) Finally, 3 out of 4 troughs were deepened by as much
as .3 log units. Recall the earlier hypothesis that Iif
troughs are created by mask=-sustained {acvilitalion of test-
tranciante. than than ahnnld he RFEDHCED or FLIMTNATED bu
sustained adaptation. On the contrary, thresholds during
these SOAs DECREASED. The fact that sustained adaptation had
ANY affect upon troughs indicates that the sustained mecha-
nism nust operate at these SOAs. However, the route through
which it acts to decrease test threshold can not be as
straightforward as originally proposed. In a later section,

a nodel will be presented to account for this finding.

Because these threshold changes were so similar to those
reported after transient adaptation, it is probable that, at
this spatial frequency, the low contrast adaptation stimu-

lus, although STEADY, actually adapted the transient system.

After adaptation at a higher contrast (3.2%), thresholds
changed in accordance with earlier predictions for steédy
adaptation (Fig. 15C~D),; that is, secondary peaks DECREASED
(by .1-.3 log) with the greatest change occuring at the in-
phase onset and out-of-phase offset. The saée temporal

shifts of the troughs reported after 2.6% adaptation also
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occurred after 3.2% contrast adaptation.

A threshold DECREASE of the same magnitude as described
at the SCCONDARY peaks also occurred at the PRIMARY peaks,
indicating not only that sustained inhibition of the test
transient normally occurs at this time, but that it must be

as great as that occurring at the secondary peaks.

Thirdly, tne paradoxical deepening in the trouuyhs, nvted
at .5 ¢o/d, z2pprared at 4 c/d, Dbeing shovt .1-.3 loa in mag-
nitude and greatest during in-phase onset and out-of-phase
offset. Shifts 1in the timing of these troughs were also
observed and were the same as those reported for 2.6% steady

adaptation.

There were no differences noted in the in- and out-of-
phase steady adapted thresholds during the intermediate

SOAs. *

1 ipsi nd n lateral adaptatiop

l. Because ipsilateral steady adaptation had no effect at
.5 c/d contralateral data were not collected at this spatial
frequency so conparisons cannot be made. However, the data
at 4 c¢/d show that STEADY adaptation had the sane effects
regardless of which eye was adapted (Fig. l6A-D), that is;
a. Threshold INCREASES similar to those associated with
transient adaptation following LOW contrast (2.6%) adapta-
tion at 4 c/d (Fig. 16A~-B) but

b, a REDUCTION 1in threshold at the peaks and troughs
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after HIGHER contrast (3.2%) adaptation (Fig. 16C=-D).

Because the ipsilateral and contralateral results were
QUANTITATIVELY and QUALITATIVELY identical, it may be sug-
gested that (1) the sustained cells which are involved in
determining thresholds are susceptible to binocular influ-
ence and that (2) these cells may be at the LGN (Pasik, per-
sonal communication) or more likely, beyond, since binocular
interactions do not occur more peripherally. As a point of
interest, contralateral steady adaptation altered both onset
AND OFFSET peaks, 1in contrast to the conclusions of several
investigators (Baker, 1958; Battersby & Wagman, 1962) that

offset masking only occurs monocularly.

2. The effects of TRANSIENT adaptation were NOT the same
in both eyes. Specifically, for JeGo at «5 c¢/d,
CONTRALATERAL transient adaptation at .5 c/d, was ineffec-
tive at both 3.2 and 4.6% contrasts. Recall that in the
ipsilateral condition, these contrasts had pronounced
effects. The highest contralateral adapting contrast, 5.4%,
raised primary and secondary peaks by the same anmount (.15

log; Fig. 17A-B), but did not alter thresholds during the

intermediate SOAs.

Finally, <changes in the time course of masking (a shift
in the secondary peaks to earlier tenporal delays), occurred
in the contralateral condition, with shifts ranging fronm

8-48 msec.
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A lower adapting contrast (3.8%) was explored at .5 c/d

for J.C. ylelding no effect other than a deepening of the

trough at the SOA of 33 msec (Fig. 17¢). This effect is

believed to be real since a similar trough deepening also
occurred at 4 c/d (see below).

At 4 c/d adaptation to .96% contrast had no effect upon
thresholds. At the higher adapting contrast, 2.6%, there
was a small .1 log threshold elevation during the intermedi-
ate SOAs 1in the out-of- phase condition only (Fig. 18C).
Furthermore, secondary peaks increased by .1 to .15 log.
Finally, there was a marked .2 log increase in facilitation
at the troughs in the in-phase condition (Fig. l8B) and a
shift in the SOA of these troughs by 20-30 msec. (Fig.

188-C).

Thus, after contralateral transient adaptation, sone
threshold changes were similar to those associated with the
ipsilateral condition, for exanmple, the shift of the second-
ary peaks to earlier asynchronies and an increase in primary
and secondary peaks. Other changes were not, such as the
failure of low contrast contralateral adaptation to have any
affect, the failure of any contrast adaptation to reliably
alter thresholds during the intermediate SOAs, and finally,
the INCREASE 1in facilitation at sone of the troughs after

contralateral adaptation, as opposed to the virtual LOSS of

facilitation in the ipsilateral condition.

These differences between ipsilateral and contralateral
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transient conditions suggest either that (1) the site of
adaptation is neurocanatonically beyond the site of masking;
or that (2) the transient system is monocular and cannot be
adapted via the contralateral eye. The data do not allow the
verification of either hypothesis. However, the latter argu-
ment will Dbe supported and extended in the following sec-

tion.

IV. Discussion: adaptation data

Although adaptation effects were small, ranging from .1
to .4 log units, certain trends were gquite clear. Consider-
ing, first the IPSILATERAL data ONLY, the following findings
were reported;

TRANSIENT but NOT STEADY adaptation elevated all thresh-
olds, <consistent with the interpretation that the detecting
mechanism belongs to the transient system. This effect was
similar to adding a single-contrast‘dependent constant to
the entire function plus an ADDITIONAL, also contrast-de-
pendent constant, at the tenporal delays associated with
secondary peaks and troughs. Furthermore, these adapted
peaks shifted closer to the temporal edge. According to rea-
soning presented earlier, both of these findings suggest
that S-T interactions occur at the secondary peaks and that
T-T interactions occur at the primary peaks and troughs.
These interpretations were supported by the findings that
steady adaptation DECREASED and temporally shifted the sec-

ondary peaks (although this change was not always in the
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predicted direction). Additionally, steady adaptation
decreased the primary peaks and deepened the troughs sug-
gesting that sustained mechanisms also operate at these
SOAs. The e;aggeration of the troughs after steady adapta-
tion is <contrary to predictions made earlier, suggesting
that the route of this effect is different than originally

proposed, This will be discussed shortly.

An interpretation that two sources of inhibition (mask
transient AND mask sustained) contribute to the primary
peaks whereas ONLY mask sustained inhibition contributes to
the secondary peaks 1is supported by the greater heights of
the primary as opposed to the secondary peaks. Furthermore,
at 6 c¢/d (when the contribution of the transient systenm is
theoretically very small; Tolhurst, 1975b) primary and sec-
ondary peaks are the same height, suggesting that at this
spatial frequency, T~T inhibition does not occur.

Please note that fatigue and boredom cannot be responsible
for threshold elevations after transient adaptation, as an
IMPROVEMENT in detection occurred after steady adpatation.
Thus, experimental tedium was not the cause of the adapta-

tion effects.
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CHAPTER 5
Garioi 2

GENERAL DISCUSSION

The current theory of masking presume that test sensitiv~
ity is reduced when the fast transient response to the mask
temporally overlaps with, and inhibits the slow, sustained
response to the test stinmulus (Breitmeyer & Ganz, 1976;
Weisstein, 1972). It was already mentioned that, although
this explanation is theoretically adequate for explaining
backwards masking, it does not predict forward masking in
which the temporal sequence is such that the mask transient
response nust subside 1long before the test sustained
response occurs (Kahneman, 1968). With respect to the pres-
ent data, this theory also fails to explain why the sane
temporal delays associated with the Inhibition of gratings
in one spatial phase are also facilitory of the opposite
spatial phase, why facilitation occurs at all or why & given
spatial phase is forward masked at one side of the temnporal
edge, (e.9., onset) but backwards masked at the other. In
fact, this theory does not predict masking at all since it
concerns inhibition of the test SUSTAINED response and, -as
has already been discussed, the present data are consistent
with TRANSIENT nediated detection of the test. Therefore, in
order to understand the present findings, the Breitmeyer &

Ganz nmodel must be nodified.
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I. Explanatory model

A. Assumptions

If the following assumptions are nade, a model can be

constructed which closely predicts the present data.

ASSUMPTION 1: UNITS WITH THE RESPONSE PROPERTIES OF "X"
AND "Y" CELLS EXIST IN THE HUMAN AS HWHELL AS THE PRIMATE

VISUAL SYSTEM

Tt has lnnag been a problem 1in vision research that human
data, derived psychophysically, could not be directly con-
pared with that of animals, derived electrophysiologically.
However, recent contrast sensitivity studies in rhesus mon-
keys have shown functions which correspond so closely to
human data (Harwerth, Boltz & Smith, 1980; Miller, Pasik &
Pasik, 1980) that it is not unlikely for the underlying phy-
siology to be similar in both species; that is, humans nust
have X and Y cells such as have been éescribed in the monkey
and cat visual systems (De Monasterio, 1978; Enroth-Cugell &
Robson, 1966; Schiller, Finlay & Volman, 1976). Since the
present model demands sone approximation of human transient
and sustained neural responses and since human electrophy-
siological data are lacking, it will be assumed that the
response characteristics associated with <cat and nmnonkey X
cells; 1long latency, preference for stationary high spatial
fregquency stimuli wunderlies the human sustained systen,
whereas Y <characteristics; short latency, préference for

brief low spatial frequency stimuli form the basis for the
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transient response.

If this subdivision is not wvalid, then attenpts to pre-
dict the data should be unsuccessful. On the other hand, a
close prediction would strengthen the hypothesis that X and

Y type cells also exist in the human visuval systen.

ASSUMPTION 2: BOTH THE LONGER MASK AND THE BRIEF TEST
STIMULI ELICLIT RESPUNSLS tKOM BOTH THE TRANSIENT AND

CIPCOMA TN CVOMEBMC
P L L R - e —

It is well established that the OPTIMAL stimulus for a Y
cell is brief e.g., the test pattern, whereas longer-last-
ing stimuli, such as the mask, are preferred by X cells.
However, both types of cells also respond to non-preferred
stimuli; that is, in the cat retina, Y «cells respond to
stimuli of long duration (specifically at onset and offset)
(Enroth-Cugell & Robson, 1966) whereas X cells give clearcut
responses to stimuli as brief as 2 msec (Cleland, Levick &
Sanderson, 1973). Thus, it is not unreasonable to presune
that both the test and the mask elicit a response fron

both systens.

ASSUMPTION 3: THE DURATION OF THE NEURAL RESPONSE TO A

BRIEF STIMULUS IS LONGER THAN THE STIMULUS ITSELF.

Investigating the response of cat ganglion cells to brief
flashes of light, Levick and Zachs (1970) observed that,
regardless of stinulus brevity, e.9., 2 msec., there is a

minimun response duration of 50-70 nsec to a light flash.
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Thus, even the &8 nsec test grating of this study would be
expected to display a relatively 1long lasting response

train.

ASSUMPTION 4: ALL STIMULI USED IN THIS EXPERIMENT, EVEN
THE 8 MSEC TEST GRATING, ELICIT NEURAL RESPONSES FROM BOTH
THE TRANSIENT AND SUSTAINED SYSTEMS AT BOTH THEIR ONSETS AND

OFFSETS.

I'h1sS assumption reil1es upon a distinctivi velween delevo=
tion which is presumed to be mediated by the transient sys-
tem, and a neural response which may occur within both sys-

tens.

The existence of "on" and "off" cells, that is, cells
which respond with increased firing to either increases or
decreases in luminance (Hartline, 1938; Jacobs, 1965) or
contrast (Enroth-Cugell & Robson, 1963) have been identified
electrophysiologically. Purely transient cells which respond
to stimulus onset and/or offset have already been described
as the Y subtype. X cells, although predominantly sustained,
also sﬁow an exaggerated response at the temporal edges.

In a psychophysical study, Ikeda and Boynton (1965) meas-
ured the threshold of a brief 1.2 msec test probe as a func-
tion of onset delay with respect to a negative cunditioning
flash of varying durations. They found that, even when the
conditioning flash was extrenely brief (2.8 msec), the

threshold function showed separate peaks at onset and off-

sect., Thus we night conceive of the neural responses to each
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stimulus as (a) transient/sustained (T/S) to onset and (2)

transient/ sustained (T/S) to offset.

ASSUMPTION 5: DIFFERENT CELL POPULATIONS RESPOND TO
GRATING ONSET AND OFFSET
In the present study, offset masking occurred for a longer
duration than onset. Psychophysical data show asymmetrical
masking effects, with onset peaks being greater than those
at offset (Battersby & Wagman, 1959, Crawford, 1947; Makous
& Polous, 1980). In an electrophysiologcial study of the
gold fish retina, differences were found in the variability
of the neural responses to light onset and offset (Levine &
Sheffner, 1977). On- and off-center cells can be distin-
guished electrophysiologically (cat; Enroth-Cugell & Robson,
1966) pharmocologically (Ikeda, 1982; Schiller, 1982) and

morphologically (wassle, 1982).

.

Thus, for the purpose of a model, we can postulate a cell
population "1" to respond to onset and population "2" to
offset. Therefore, a stimulus would elicit responses fron
one population of transient and sustained cells at onset (Tl
and S1) and another population (T2 and S2) at offset. Flig.
19 shows the hypothetical neural responses of transient and
sustained neurons to the test and mask stinuli. In the case
of the long duration mask, all onset responses completely
run their courses before the offset activity 1is initiated.
However, when the stinulus iIs extrenely brie?,. the onset

response may conmence before the offset response subsides
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and the two will temporally overlap. The sequence of
tenporal overlap shown in Fig. 19 A represents the hypothe-
sis used in subsequent figures, although several other
response confﬁgurations (Fig. 19B-C) are possible and proba-
bly do occur as the duration of the test stinulus changes.

All response distributions predict the same basic masking

function.

Finally, all these schemes of interaction assume that,
within a given system, onset and offset responses to the
same stimulus (e.g., Tl and T2) are either temporally or
effectively discrete, that 1is, any overlap between the
trailing edge of the onset response is cancelled by the
leading edge of the offset response so that only purely "on”

or "off" portions need be represented here.

ASSUMPTION 6. GRATINGS WHICH ARE OPPOSITE IN PHASE EXCITE
THE SAME ONSET AND OFFSET MECHANISAS BUT IN THE REVERSE
ORDER; that is, both in- and out-of-phase gratings excite
"r] & S1" and "T2 & S2" cell populations. However, the in-
phase pattern excites the "Tl & S1” population at ONSET and
"r2 & S2" at offset, whereas the out-of-phase grating
excites the "T2 & S2”" cells at ONSET and "Tl1 & S1" at off-
set (Fig. 19 D). The psychophysical basis for this assump-
tion is the common observation that the afterimage of a
stimulus tends to be the negative of the image (the 180°

phase reversal;De Valois, 1977a). Electophysioiogical sup-

port is derived from the work of Enroth-Cugell (1966) who
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studied the response of cat ganglion cells to the onsets and
offsets of grating stimuli. All cells studied, regardless
of whether they were X or Y subtypes, could be classified as
being either on- or off-center. On~center cells respond max-
imally when the brightest portion of the test grating is
presented to the center of their receptive fields and give
little response (if a Y cell) or none at all (if an X cell)

when the stimulus 1is turned ottt (Appendix ii). un the other

chon o ex 3= skifena 19{)0 ~m kot ¢tha Asey har
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falls on the center of these receptive fields, the response
patterns of these cells is reversed and they either respond

weakly (if Y subtypes) or fail to respond (if X) to stimulus

onset, but give a clear response to OFFSET.

Off-center cells show the reverse behavior. These cells
are excited by the onset of a stimulus whose darkest part
falls upon the center of their receptive fields or by the
offset of the this same stimulus when it is shifted 180° so
that the brightest portion illuminated their centers. Thus,
the SAME «cells which respond to the onset of an in-phase
grating also respond to the offset of an out- of-phase grat-
ing. Similarly, those cells which respond to the offset of
an in-phase grating respond to the onset of one which'is
out-of-phase. Similar findings have also been reported for
higher levels of the visual system (Kratz, W;bb & Sherman,
1978; So & Shapley, 1979). (Note: For my model, it is an
important requirement that sustained, as well as transient,

cells have phase specific responses. This requirenment is in
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distinction to the previously mentioned postulatién that
phase detection in psychophysical studies seems to be a
function of transient cells or low spatial frequency stim-
uli. However, it is well known that sustained cells are more
phase specific than transient cells in that they will not
respond at all to gratings shifted 9¢¢ from optimal place-
ment, Such "null positions”, do not exist for Y cells
(Fnroth-Ccngell & Robson, 1966). Additionally, the adaptation
effects found in this study, do not suggest that either sys-
tem alone is responsible for phase encoding since it was
shown that the phase dependent timing of the in- and out-of-

phase functions could not be eliminated.

The hypothetical responses to in- and out-of-phase test
stimuli are shown in Fig. 19 A. Notice that the magnitudes
of these responses are the same for both phases in accord-
ance with the finding that cells regpond with equal vigor
regardless of whether the stimulus is in-phase onset or
out-of-phase offset (Enroth- Cugell & Robson, 1966, So &

Shapley, 1979).

The above six assumptions deal with the descriptive
aspects of the model; that is, they describe the types of
cells which respond to the test and the mask as well as the
tenporal characteristics of these responses. All of these
assunptions are implicit in Fig. 19 A-B. The time course

of the neural responses in the present model were based on
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data by Enroth-Cugell & Robson (1966) and Cleland, Levick &
Sanderson (1973) whose transient and sustained stimuli have
similar temporal characteristics to the test and mask used
in the present study. These figures suggest that the dura-
tion of the neural response to the 1longer lasting stimulus
is about twice that of the shorter one. For this reason,
BOTH the onset and offset responses to the test are shown to
require the same time span as only the onset OR the offset

response to the mask.

Finally, the neural responses of a transient cell are
shown to terminate prior to the initiation of the sustained.
The data of Cleland, Levick and Sanderson (1973) show this
to be true as early as the retinal ganglion level in cats
(Appendix 1ii). Since the shorter latency and rapid response
characteristics of the transient system (Cleland, Dubin &
Levick, 1971; Hoffman, Stone & Sberman, 1972, Laak &
Thjssen, 1978) occurred at every level of the visual systen
from LGN to cortex (Ikeda & Wright, 1974) it would Dbe
expected that this delay between the transient and sustained

systems be preserved if not also amplified at higher levels.

A further assumption of these schemes (Fig. 19) is that
the gross responses to the test and mask «closely resemble
those of specific single units when, in actuality, the
neural responses to the test and mask are diverse and are
generated by cells, some of which are non-optinaily tuned to

the stinuli and therefore, have different response charac-
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teristics. For exanmple, the degree to which a Y'cell is
either "on" or "off" (as opposed to "on-off"”) depends upon
the placement of the stimulus 1in 1its receptive field
(Enroth-Cugell & Robson, 1966). Optimal stimulus placement
results in a vigorous response at EITHER onset or offset,
whereas shifts from this position yield a weaker output
characterized by peaks at BOTH onset and offset. Non-optimal
responses, however, Aare not inclvded in the model since,
presumably, because they are always present in the CNS and

probably act as "noise"” (Green & Swets, 1966).

Finally, implicit in Figure 19 is the presumption that
the predonminant portion of both the transient and sustained
responses occur at onset and offset despite the fact that
sustained responses, by definition, are maintained thoughout
stimulus presentation (Enroth-Cugell & Robson, 1986). This
is justified by the finding that, al] cells, regardless of
whether they are transient or sustained, respond most vigor-
ously at stimulus onset or offset and then ‘taper off in out-
put during the continued presentation (or after the termina-~
tion) of the stimulus (Hochstein & Shaply, 1976; Kratz, Webb
s Sherman, 1978, Cleland, Dubin & Levic, 1971; Enroth-Cugell
& Robson, 1966). Furthermore, it is reported that responses
of BOTH X and Y cells tend to become nore transient as one
goes from retina to cortex (Lennie, 1980) and also as light
adaptation is increased (Enroth-Cugell & Shapleyt 1973). 1In
the present study, luminance levels were i; the nmesopic

range, which reans that sustained cells should show nore
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transient-1ike behavior than they do under scotopic testing
conditions. Finally, the data themselves show a great reduc-
tion (4 c/d) or absence of (.5 c/d) test-mask interaction at
long durations (e.g., the intermediate SOAs) fron the tempo-

ral edge.

B. The DYNAMIC aspects of the model concern the inter-

actions between the test and the mask. Here further assump-

(1) If the neural response to the test stimulus is tempo-
rally discrete from that of the mask, there can be no inter-

action between the two and test thresholds will not change.

(2) However, when these responses temporally coincide,
sone type of interaction e.9., facilitation, inhibition or

both, occurs. Finally,

(3) the nature of the interaction (whether excitatory or
inhibitory) depends upon the types of cell populations

involved;

l. When the response distributions of like cell popula-
tions (e.9g., T1-T71, S1-S1, 7T2-T2 or S2-S2) overlap, t he
interactions are facilatory.This situation would be compara-
ble to temporal summation within a common neural pool (Sher-

rington, 1906).

2, If the cells are unlike but from the same system
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(e.g., Tl-T2, T2-T1, S1-582, S2-Sl1), their interactions are
inhibitory. This situation would be comparable to reciprocal
inhibition between on- and off-center cells and has been
reported by S;nger & Creutzfield (1970) and would be sug-
gested psychophyscially by the perception of 180° phase rev-
ersed after-images following the prolonged viewing of a

given spatial phase (De Valois, 1977a).

Since only transient activity can be nonitored by the
test stinulus, the effects of S-S interactions will not be

revealed in the present study.

3. Interaction also occurs ACROSS systems, as has been
suggested by both psychophysical (Bodis-Wollner & Hendley,
1979) and electrophysiological data (Singer & Bedworth,
1962). Based upon the time time course of masking obtained
in the onset in-phase data, it was hypothesized that the
following interactions are inhibitory; Sl-T1 and S2-T2,
whereas the remaining possibilities, §1-T2 and §2-T1, are
facilatory. These proposed interactions were then used to

predict the out-of-phase onset functions and the offset data

for both spatial phases.

To simplify this explanation, 1let us, for the nmnonent,
ignore the interactions with the sustained systen and con-
sider masking as if only the transient systen was involved.
Fig. 20 depicts the transient response to the test and mask

in the temporal relationships which would result in peaks or

troughs. Notice the differing SOAs assoclated with the in-
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facilitory. rbtlce that the §r- and out-of-phase test stimull must camence ot different
asynchronies {n order to hove the sge type of interactions. These credicted SO5s corresn-
-ond 10 the emiricol peoks und trouths.,



=152

and out-of-phase interactions. These <correspond to the
empirically obtained SOAs as well as those deduced to occur
based upon the results of transient adaptation.
Additionally, notice that this model predicts the same
magnitude of neural interaction regardless of whether the

test is presented in conjunction with mask onset or offset.

Fig. 21 shows the predicted interactions when BOTH the
transient and sustained systems are considered. Notice that
T-S interactions are predicted to occur at the primary peaks
and troughs as well as the secondary. This conclusion was
also drawn from the adaptation data. (S-S interactions also
occur at these SOAs, although, again, these effects are pre-

sumably not measurable).

Consistent with the adaptation data, the nodel predicts
that transient and sustained interactions occur at the sec-
ondary peaks and troughs. Secondary trough SOAs, unfortu-

nately, were not sufficiently sampled to substantiate this

prediction.

Notice that the model predicts a threshold change when a
transient response there is interaction with a transient
response regardless of whether it is elicited by the test or
the mask; a logical expectation since these stimuli are
identical. As the resemblance between the test and mask
decreases, the characteristics of the test are probably the
more important determinants of threshold. When test and

mask configurations differ, the magnitude of @masking



Fig 21. Predicted threshold chanaes when both transient and sustained neural responses are
considered. Tl ad 82 responses are white; T2 ad Sl responses are black. The portion of the
figure labled (2) demonstrates the neural response to the test as it is temporally shifted
with respect to that of the mosk (3). Test-mask interactions occur betveen responses which fall
within the dotted lines. The interactions of 1ike-colors (Tl—Tl; T2-T2; T1'52" T2-Sl) are
facilatory (F) whereas the interoctions of unlike-colors (Tl-Tz; Tl-sl; TZ'SZ) are inhibitory (I).
The sinultaneous cambination of 1like-like and like-unlike responses are neutral (N). The
subscripts to the riaht of the letters I, F axd N indicate the nurber of nerual interactions
involved in the prediction; for examle, I1 indicates S-T interactions whereas 12 indicates
BOTH S-T and T-T interactions. The solid lines extendina upward fram the test sianal to (1)
show the SOAs at which these threshold changes are expected.

Fig 21A predicts the in-phase threshold function.
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decreases (Battersby & Wagman, 1962; Watson & Nachmias,

1980).

Looking at the predicted (S-T) interactions for the sec-
ondary peaks, it apparent that in some situations, the tran-
sient neural response is elicited by the TEST stimulus,
whereas in others, it is elicited by the MASK. Therefore,
the latency shifts within the masking funtion following
adaptation are sonetimes due to the response of the test
mechanism and at other times, to that or the mask. rig. s
shows how selective adaptation should change the SOAs of the
secondary peaks. Notice that the model predicts a shift
CLOSER to the temporal edge after transient adaptation and a
shift AWAY following steady adaptation. Predictions for
transient adapation were substantiated by the data. However,
the shift in steady adapted peaks was not always in the
expected direction; (prediction errors involved the out-of-

phase secondary peaks).

Finally, the model predicts facilitation when either Tl &
S2 or T2 & S1 responses overlap. However, to account for the
decrea;e in threshold after the so-called REMOVAL of facili-
tation, it must that S-T facilitation is not true sunmmation,
but rather the RELEASE from inhibition. One possible concep-
tualization of the events at the s-T troughs is that S1, for

example, normally inhibits Tl (see below).
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Fig 22A. Hypothetical neural resnonse overlap which would account for the secondary pecks
in the nonadanted condition (Taken fram Fig 21),

Fig. 22B. Presumes that odaptation selectively increases the latency of the adupted svstem
and illustrates the chances in timings predicted for the in-phase neaks. Similar rensoning
amn be applied to the out-of-phase situation. Note that transient adoptation nredicts a shift
CLOSER vhereas steadv adgptation predicts a shift FURTHER fram the terporal edre. Dotted
lines indicate the temporal positions of the unadapted neural resnonses in camparison with

those of the delayed admpted positions. Arrows indicate the shift in the SCA at which the test
ad mask interact.
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where the symbol e-=--~-." represents an inhibitory
connection. However, Tl (in the same figure) is inhibitory
of T2. Stimulation of Sl1, therefore, releases T2 and conse-
quently facilitates T2 detection which is occurring at that
time. Similarly when S2 is activated (similar figure not
shown) , T2 is inhibited and Tl is released. This hypothesis

could be tested using a RT design. According to Tolhurst

(1975a), when transient mechanisms are responsible for
d At Aambeinenm Tabanmis, hirmtAanmerame ochAw twn ranAnnca naake, Nnno
T~¢cotion, Yatonoy hices orams k ra; I ;

associated with onset (e.g., Tl) and the other with offset
(e.g., T2). If, during S1 facilitation, T2 is released fronm
inhibition, then the RT response distribution should show
more detections at the onset of an in-phase and the offset
of an out-of-phase test stimulus, whereas the reverse would
be true of S2 facilitated SOAs. Furthermore, it would be
predicted that steady adaptation, which reduces all S-T
inhibition, would restore the RT function to a bimodal dis-

tribution.

The major features of the present model agree with the
psychophysical literature. For example, it is known that as
spatial frequency increases, the contribution of the sus-
tained system increases, whereas that of the transient sys-
tem becomes less important. One would therefore expect sec-
ondary (S-T) peaks to.be more pronounced at higher spatial
frequencies, whereas primary peaks should decrease (lose the

T-T inhibition) as spatial freguency increases. Since

both primary and secondary peaks are characterized by S-T
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inhibition, they should begin to resemble each other in
height as spatial fregquency increases and T-T interactions
began to drop out, These expectations were met and have

already been discussed.

Secondly, psychophysical studies have shown that the
response latency of the sustained systen increases with spa-
tial frequency (Rreitmeyer, 1975). One would therefore
expect the latency of S-T interactions to increase accord-

ingly. This expectation was also met by these studies.

Finally, such a model predicts the onset-onset law of
masking (Kahneman, 1967) since fixing the luminance of the
test stimulus also fixes the latency of its neural response
to onset. Thus, test mask interaction should occur at the

same SOA regardless of test duration.

IXI. Evaluating the model

A. Predicting results of studjes using similar paradiqgms,
Tolhurst's (1975b) data shows spatial phase dependent peaks
which are similar to those reported here, and in this sense,
t he ptésent model is consistent with his data. However,
there are two other studies in the literature (those of
Ikeda, 1965 and Watson & Nachmais, 1977) whose stimulus par-
amters and resulting functions are different enough to con-
stitute new data but whose designs are similar enough to be
evaluated within the context of the present model. In both
of these investigations the interactions between brief,

equal duration stimulus pairs were explored as a function of
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SOA. In the former case, the stinuli were circular pulses of
the sane or opposite polarity, whereas, in the latter, they
were sinusoidal in- or out- of-phase gratings. Fig. 23
shows the hypothetical neural response to stimulus pairs,
the interactions presumed to occur as SOA is varied, t he
predicted threshold changes as a consequence of these inter-
actions and the empirical findings of these investigations.
It can be seen that the nodel conpletely predicts Ikeda’'s
(1¥02) udlae odnilaliy, It taplaius Liv Culiy fucdlilalive
effects reported by Sperling (1965) as well as the data of
Watson & Nachmias (1977 Fig. 24A-B), although, in the lat-
ter study, the authors did not extend their temporal san-
pling to a broad enough range to demonstrate secondary (S-T)

facilitation.

B. Predicting the results of masking and petacontrast
studies. As a final test of the model, we nmnight ask how
well It predicts the findings of masking and metacontrast
studies. A good starting point might be to treat nasking as
the outcome of predominantly in-phase interactions (since in
both situations the test and mask stimulate the same retinal
loci) whereas metacontrast could be likened to the out-of-
phase condition since in both cases, the contrast of the
test and mask are reversed. Additionally, becaqse the tra-
ditional test and mask tend not to be identical in size and
shape, (and are therefore easier to distinguish fron each
other than sinusoidal gratings) we might assume that in the

traditional studies, task judgments are based upon the visi-



Fig 23. Predicted neural interactions between test stimuli of like- (B & C) and unlike-
polarity (C & D) flashes as the SOA of Test 1 is changed with respect to Test 2. The
slender rectangles represent the onset of the test stimuli . Transient responses to these
stimuli are shown to the rignt of these rectangles. The T1 response s white and the T2
resronse is black. All neurnl responses to Test 1 which fall within the time domin
indicated by the dotted lines extending upwaras and dowwards from the response to Test 2
will interact. white-White or Black-Black interactions are predicted to be facilatorv
whereas Black-white interactions are predicted to be inhibitoty, The functions determined
bv these predictions are represented at (A) and (E). Arrows extending upwards fram the
test stimuli to these functions indicate the SOfs at which these interactions should
occur, Notice that the model predicts more summtion for like-polarities as qoposed

to wnlike-polarities since two interactions occur in the former case, as opposed to
only one in the latter,

Fig 23F. shows the enpirical data of lkeda (1965) JOSA 55 1527-1534. The solid and
interrupted lines shaw the interactions of like- and inlike-polarity stimulus pairs,
respectively, Notice that these data are the same as predicted by the model.
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bility of the TEST stimulus only. This differs in.experi-
ments using gratings in which masking occurs when EITHER
TEST OR MASK transient activity is interrupted). Fig. 25
shows the pre&icted and empirical results. It can be seen
that, whereas the model predicts a metacontrast peak at SOA
=0, (a Type A funcfion), the most usual finding 1is the
backwards Type B effect. Similarly, expectations of masking
are unfulfilled, with the obtained peak at SOA = 0 or for-
ward, as as opposed to the predicted backward effect.
Finally, as mask contrast is raised (thus, decreasing the
latency of its neural response) more backwards masking is
predicted. However, empirical results show the reverse; that
is, a progression towards FORWARD Type A functions. It 1is
therefore obvious that one of the following conclusions must

be appropriate;

Either (1) the test and mask stimuli in the two types of
paradigms are so different that they invoke different neural
mechanisms

(2) there are differences in the methodology and data
analysis between the traditional and present studies

(3) Task performance in a metacontrast study is not medi-

ated by the transient systen.

1. Differences between the two paradigms

a. Spatial configuration. Metacontrast stimuli are

ostensibly non-overlapping in space, whereas sinusoidal
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gratings occupy the same field. This argument presumes the
annular center to be void whereas in reality, it is a circu-
lar luminance patch which falls on the sane retinal area as
the test stimulus. Recently, in fact, Green & Shor (1981)
found that nmnetacontrast effects are greater when the nask
(of grating flanks) covers the whole stimulus field instead

of bordering the outside of the test stimulus.

b. Quter border. The annular mask of metacontrast stud-

ies has an outer border, whereas, except for the shifts in
spatial phase, grating stimuli are identical. Border diame-
ter DOES in fact affect both the magnitude (Battersby & Wag-
man, 1962; Battersby, Ostereich & Sturr, 1964; Growney &
Weisstein, 1972; Markoff & Sturr, 1971; Matteson, 1969) and
timing (Battersby & Wagman, 1962) of masking. Furthermore,
the addition of extra annuli nay abort nasking altogether

(Breitneyer, 1978a, Sturr & Teller, 1§73).

Following Westheimer's (1967) studies some investigators
have suggested that the falloff in nasking with very large
annuli . occurs when the limits of an inhibitory retinal area
are reached, although other possible explanations exist,
such as <changes in the dominant spatial frequency of the

mask or the phase relationship between the test and mask.

c. Spatial frequency differences. As spatial frequency

increases, masking effects decrease in nagnitudé (Tolhurst,
1975b, Watson & Nachmias, 1977 ) and delay (Rogowitz, 1977 ).

However, these changes are not pronounced enough to explain
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the the dramatic timing differences between grating and
metacontrast masking. In the present study, the change in
timing of the secondary peaks with spatial frequency was

always on the same side of the temporal edge.

d. Phase. The masking peak occurs either before or after
the temporal edge depending upon the phase relationship
between the grating stimuli. However, when the mask is a
homogeneous field and therefore has no specific phase char-
acteristics, the peak effect occurs at the SOA of zero
(Green, 1980). Despite the importance of phase in determin-
ing temporal characteristics of masking it was already
pointed out that in- and out-of-phase predictions are the
reverse of those obtained empirically in mnasking and meta-

contrast studies.

2. Methodological differences

a. Tenporal sampling rates. Threshold sampling in nmneta-

contrast studies is more extensive for backward rather than
forward SOAs, (e.g., Weisstein, 1972; Kahneman, 1967; Petry,
l1968a, 1968b) a strategy which, in the present study, would

have aborted the discovery of the secondary peaks.

b. pifferepnces Jn test and mask energy. Metacontrast

models for backward interactions assume that when the test
and mask are equal in energy, the latencies of the resulting
neural responses are also equal so that the” sinultaneous

presentation of the two stinuli should result in sinultane-



-165
ous outputs from the responding cell populations. If,
however, spatial frequency is an important feature in nask-
ing, as an earlier discussion suggests it is, and if the
spatial frequency contents of the test and mask are diffe-
rent (as certainly must be true in most metacontrast studies
in which the test and mask differ in configuration) then
there is no reason to believe that the equalization of the

total stimulus energy necessarily distributes this energy
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both because of the inherent neural latency differences as a
function of spatial frequency (Breitmeyer, 1975) as well as
the fact that the Fourier «conponent anplitudes of two stinm-
uli may differ even when their contrasts are the same. For
example, the fundamental of a square wave grating has 4/3
greater amplitude than an equal contrast sinusoidal grating

of the same spatial frequency.

c. Differences in Criteria. The traditional explanation

of masking describes it as an interruption of the test
SUSTAINED but not transient response and predicts a Type B
function. As already discussed, there is evidence that
inhibition of the test sustained response does occur (Breit-
meyer & Ganz, 1976) and that 1in this situation, the test
transient response nmneasured by RT is unaffected (Fehrer &

Raab, 1962).

However, the present nodel emphasizes an inferaction with

the TRANSIENT response to the test. The sustained response
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to the test, although it exists, was not measured.

If the different masking functions of the traditional and
present paradigms occur because the former involves sus-
tained and the latter transient criteria, an obvious gues-
tion is how this selectivity can be accomplished; that is,
how can an observer manage to detect transient activity in

sone masking studies but not others?

The answer probably lies in the energy level of the test
stimulus., Since it has been established that low spatial
frequency targets have two thresholds (a low threshold for
the transient system and a relatively higher one for sus-
tained detectors:; Kulikowski & Tolhurst, 1966) a target
energy can be chosen which is enough above the transient
threshold to avert transient masking, but not sufficiently
above the sustained threshold to resist the inhibition of
this component. Thus, in such a sit&ation, masking at S-T
SOAs, but not at T-T SOAs, would be predicted; that is,

masking backward and forward delays, but not at SOA = 0 (see

Fig. 26).
As the test energy 1is reduced (above the transient
threshold but below the sustained), the neural response it

elicits will be relatively longer in latency than that rela-

ted to the mask and (1) backward peaks should become even
nore backward (2) forward peaks should move <closer to the

SOA = 0 and (3) the susceptability of transient as well as

sustained nmechanisns to nasking should increase; that 1s,
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are subthreshold. (D) predicts a Type A function,
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rasking should occur at the SOA of 0 as well as forward and
backward peaks. These are precisely the trends reported by
Heisstein (1972) (Fig. 1) and described earlier. Recall that
when the Mask/Test (M/T) energy ratio was < 5, the masking
function was characterized by a single backward peak. How-
ever, at M/T = 5, a new forward peak occurred at small posi-
tive SOAs. As the M/T ratio increased, this peak increased
in magnitude but decreased in SUA so that by M/t = 16, it
waro @0 large a2 tc completely obscure the backirard frcoticn.
Thus, it would seem likely that the large new peak repre-
sents T-T interactions whereas the smaller reflects that of
§$-T. Thus, backward Type B masking may represent T-S inter-
actions whereas Type A masking demonstrates BOTH S5-T and T-T
inhibition. Recall also, that whether or not masking results
in an A or B function frequently depend upon the criteria of
the subject and that reaction time measures (transient medi-
ated detection) yield a Type A function (Kahneman, 1968)
whereas verbal reports fregquently give Type B function.
Stated again, the difference between Types A and B functions
nay be attributable to criteria, where Type A functions
result only when the presence or absence of the test is
reported (its transient characteristics, detectable at low
M/T energy ratios) and Type B functions, when the form of

the test must be identified (its sustained characterics

which are detectable at high M/T ratios).

ITr. Ipsilateral vs contralateral adaptation effects
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Lastly, let us consider theP#ifferences between the

ipsilateral and contralateral adaptaton data. Recall that
steady adaptation of EITHER eye yielded the sane results,
the interpretation being that the threshold-determining neu-
rons within the sustained system are binocular. However,
the effects of transient adaptation depended upon which eye
was adapted. The ipsilateral effect was an elevation of the
entire masking tunction by a constant ana or the secondary
rPeaks ry yet encther ccnstant. Centralaterzl transicent adap-
tation, on the other hand, elevated only the peaks. Addi-
tionally, whereas 1ipsilateral transient adaptation nearly
eliminated the troughs, this reverse occurred after contra-
lateral adaptation and thresholds greatly decreased (by as
much as .4 log). To interpret these findings, we nust first
remember that (1) thresholds are determined by the transient
mechanism and that (2) contralateral adaptation nust either
affect this mechanism or it does not. If it directly affects
this mechanisn, then EVERY threshold nmust be raised regard-
less of SOA. Since contralateral adaptation altered only
SOME thresholds but not others, then contralateral transient
adaptation does not directly impinge upon transient detec-
tors in the test eye. On the other hand, it has already
been concluded that the sustained systenm Is binocular and
that S-T interactions do occur ONLY at the those same SOAs
affected by contralateral transient adaptation. Therefore,
these effects are probably nediated through 'tge sustained

systen. The question now, 1is how transient adaptation of



-170
one eye can enhance sustained inhibition in the

contralateral eye?

l. To answer this, let us immediatly rule out cross-adap-
tation of the sustained system as a possible <cause since
inadvertant sustained adaptation would DECREASE the excit-

ability of this system as well as its associated inhibition.

2. Therefore, 1in order for transient adaptation of one
eye to portentiate the sustalned SYysieCit, o 1esciily dlitdYolsisii

between the two systenms must normally exist.

Consider the following hypothesis; The sustained systen
is binocular which means that the same cells can be acti-
vated by the stimulation of either eye. In addition, these
neurons are antagonistically linked to transient cells which
are nonocular (Fig. 27). Thus, stimulation of sustained
cells via either eye results in the inhibition of transient
cells in BOTH eyes and conversely, steady adaptation of
either eye disinhibits transient «cells binocularly and
improves detection.The identical results of ipsi- and con-

tralateral steady adaptation support this interpretation.

Also relevant to this argument are Lipkin's (1962) find-
ings that monocular CFF can be decreased by the presentation
of a steady bright light to the contralateral eye, regard-
less of the luminance of the flickering light over a wide
range (6 log units). In other words, steaag (sustained)

stimulation of one «c¢ye Interferes with the detection of
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Flo 27 Hynothetical interconnections between transient and
sustained neurons in cortex, Note that transient neurons are
monocular whereas sustained neurons are binocular.
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transient stinulation in the other.

On the other hand, since transient cells are monocular,
excitation through one eye can not directly conmbine with
that of the other. Hence, binocular sumnation of low con-
trast low spatial frequency gratings does not occur (Levi et
al., 1979) and observers can distinguish the occular origin
of low but not high spatial frequency stimuli (Blake & Cor-

mack, 1974, Martens, Slocane & Blake, 1980).

Although direct binocular facilitation is  hypothesized
not to occur between transient neurons, they can interact
indirectly; that is, stimulation of nmonocular transient
cells can inhibit the binocular sustained neurons to which
they are connected. As a consequence of this inhibition,
the normal sustained antagonism of transient cells in BOTH
eyes whould be weakened and transient facilitation should

occur.

The concept of transient facilitation as the release fronm

sustained inhibition gives rise to several expectations:

a. Since transient excitation is relatively brief in
duration (e.g., onset burst of approximately 300  msec;
Enroth-Cugell & Robson, 1966), its supressive effect upon
the sustained system should also be short lived. Thus,
interocular facilitation Letween low spatial frequency grat-
ings should be unimpressive when the stimuli aré relatively

long in duration but gquite pronounced when they are inter-
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mittent, This expectation was supported by Rose (1977) who
found that binocular summation of low spatial frequency
counterphase gratings was superior to that of steady stim-
uli. Additioﬁally, Blake & Rush (1980) report that a visual
mechanism which iIs sensitive to temporal frequency shows
binocular summation for a very limited time period whereas a
second mechanism, which is relatively insensitive to tempo-

ral modulation, summates binocularly over a lony time span.

b. Furthermore, since transient cells nust first De
excited before they <can in turn, 1inhibit sustained cells,
T-S facilitation would would be predicted, not when two
stimulli are simultaneous, but rather at some small inter-
stimulus delay. In the present experiment, T-S facilitation

ocurred only at non-zero delays(approxinately 25 msec).

c. Thirdly, 1if interocular transient summation depends
upon the escape from sustained inhibition, then it should
only occur when the contrasts of the test stimuli are low
and selectively excite transient mechanisms in each eye. If
t hey are high in contrast, they will also activate the sus-
tained systen, even though they are temporally modulated
(Tolhurst, 1973) or of relatively high spatial frequency
(Bodis-t’lollner, 1979). Excitement of the sustained systen
will in turn inhibit transient activity in BOTH eyes and
interfere with sumnation. In accordance with this expecta-

tion, Levi et al., (1979) found that binocular sumnation

occurred between low contrast gratings whereas inhibition
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occurred when the contrasts were high.

d. Finally, if the interruption of tonic sustained inhib-
ition is the <cause of S-T facilitation, then obviously
steady adaptation (which atte/ates sustained inhibition),
should enhance transient facilitation regardless of whether
the S-T interaction had been inhibitory or facilitory; that
is, at SOAs representing S-T inhibition, steady adaptation
should reduce sustained inhibition and lower transient
thresholds. At SUAS at which ftacilitation results rrom a
reduction in the tonic sustained inhibition, then sustained
adaptation should further reduce this inhibition. This
explanation accounts for the earlier mentioned paradox that
steady adaptation results in GREATER rather than lesser

facilitation.

The outcome of transient ADAPTATION, on the other hand,
depends upon which eye is Dbeing tesied. According to the
present interpretation, unilateral transient adaptation
should not only raise transient thresholds in the adapted
eye, but should also disinhibit binocular sustained cells
thereby releasing and potentiating the sustained inhibitory
influence upon BOTH eyes. Thus, following transient adapta-
tion, there should be (1) a general rise in the entire fdc-
tion (similar to a D.C. shift) in the adapted eye only
plus (2) a SELECTIVE increase in transient thresholds at all
SOAs where S-T inhibition is operative (a binocular effect

representing the inhibitory advantage of the sustained sys;
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ten gained by transient adaptation). Thus, the ipsilateral
and contralateral functions should be identical except for
the D.C. shift and the difference in facilitation. The adap-
tation data of Experiment II conform to this prediction and
support the theory of a monocﬁlar transient but a binocular
sustained system linked by mutual antagonism. Similar con-

clusions can be drawn fron other studies;

IV. Data gupporting the theory that the sustained systenm

binocularly inhibits transient activity

A. A large flickering windnmill type stimulus will simul-
taneouly mask a 375 msec concentric stimulus only when the
two are presented to the same eye; that is, translient nask-
ing is monocular (Johnson & Enoch, 1976). When the windmill
is presented to the contralateral eye, it has the same small
effect whether it is moving or stationary. Presumably, this
is because dichoptic presentation ulgimately stimulates the
same (sustained) neurons regardless of the temporal parame-
ters of the stimulus.

B. Dichoptic adaptation has been reported to occur only
at spatial frequencies below 2 <c¢/d (Breitmeyer et al.,
1977 ). Since low contrast/low spatial frequency adaptation
selectively adapts transient cells in the exposed eye, then
the subsequently disinhibited binocular sustained cells will

exert stronger inhibition upon the transient cells in the

contralateral eye and dichoptic adaptation wilt be reported.
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At higher spatial frequencies, transient adaptation of
one eye should affect, not only the transient cells, but
ALSO the binocular sustained cells. Obviously, adaptation of
these sustained cells minimizes their inhibitory influence
upon transient cells of the contralateral eye so that

dichoptic transient adaptation does not occur.

C. Finally, in both amblyopia and stereoblindness an
interruption of binocular connections results in diulerior
WTCY  onasial  froouvency rnearvformance in tha affacted ene
(Hess, Howell & Kitchen, 1978; Levi & Harwerth, 1977) but
NORMAL (Von Noorden & Leffler, 1976) or IMPROVED (Apkarian,
197;) Hess & Howell, 1977; Hess, 1978) LOW spatial fregquency
detection. These clinical data are «consistent with the

notion of a binocular high spatial freqency system which

tonically inhibits a monocular low spatial frequency systen.

V. Morphological and electrophysitlogical evidence of a

binocular-sustained and monocular-transient systen.

Investigating the properties of cortical macaque cells,
Schiller et al., (1976 a,b) reported that the majority of
- cells with transient type properties tended to be monocular
whereas those which had sustained outputs were most often
binocular. When the eyelids of kittens are monocula?ly
sutured, the preponderance of neuronal loss in the LGN is of
Y cells (Garey & Blakemore, 1977; Lehmkule, Kratz, Mangel &
Sherman, 1978) presumably because their prfha;y source of

input has been interrupted.
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V. Evidence of antagonisn between the transient and sus-

tained systenms.

Transient inhibition of sustained cells has been demon-
strated electrophysiologically (Singer & Bedworth, 1962) and
suggested by psychophysical data (Breitmeyer & Ganz, 1976;
Weisstein, 1972). On the other hand, sustained inhibition of
transient activity was suggested by other investigators
(Breitmeyer, 1978A; Rndie=Wollner, Hendlcy £ Xul ikowski,

1972, Vvon Grunau, 197¢8).

The notion of a resting antagonism of sustained cells
upon transients has not previously been suggested although
there is evidence that resting antagonism can occur in the
CNS. For exanple, on a cellular level, the amblyopia of a
monocularly deprived kitten can be temporarily reversed by
the cortical administration of biccucilline (Duffy & Camp-

bell, 1976; Sillito, Kemp & Blakemore, 1981).

VII. Sone predigtjops inherent in the model

A. A small extension of this model (Fig. 28) would

explaiﬁ the earlier confusion regarding the binocular trans-
fer of the MAE (motion after effect). Consider that motion
information enters parallel visual channels, exciting the
transient system monocularly and the sustained system bino-
cularly via a comnon cortical unit.The sustained systen,
once activated, binocularly inhibits the transient cells

specific for the same direction of motion. The anount of



Fig. 28. Hwpothetical neural arrancement responsible for the
motion after-effect which follows monocular stimulation. T ond S
renresent transient and sustained cells, resrectivelv. Axonal
comections endina with dots are inhibitorv whereas semicircular
connections are excitatorv. Arrows indicate the directional
nreferences of the cells involved. The sustained cells can be
excited via either eve whereas transient excitation is monocular,
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inhibition upon the transient system would vary according to
the contrast and duration of the stimulus as well as the
degree of binocularity of the sustained cell, being greatest
when the adapting stimulus enters through the dominant eye.
Upon the termination of the adapting stimulus, while the
previously excited transient «cells of the two eyes recover
from this inhibition, the MAE, or the perception of movement
in the opposite direction, arises from the temporary disin-

hibition of movement opponent cells.,

Such a model would explain the puzzling absence of the
MAE in many amblyopes and steroblinds (Lehmkule & Fox, 1975,
Mitchell, Reardon & Mulir, 1975, Wade, 1976) who have normal
low spatial frequency detection. If binocular SUSTAINED neu-
rons are responsible for the MAE and these are nonfunctional
in stereoblindness, then the lack of MAE 1is predictable.
Additionally, in those subjects who bo show adaptation aft-
ereffects, these effects are always maximal when the doni-
nant eye (which retains its suppressive influence upon the
amblyopic eye <Duffy & Campbell, 1976, Silletto, et al,

1981) is stimulated (wWade, 1976).

B. Another finding which the present model can explain is
that monocular masking occurs in both backward and forward

conditions whereas dichoptic masking is only backward

(Kietzman, Boyle & Lindsely, (1971).

Using a test stimulus of a sectored disc and a luminous

flash as a mask, Kietzman et al (1971) reported that the
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monocular presentation of two stimuli resulted in both back-
ward and forward masking whereas dichoptic presentation led
to backward masking only (Fig. 29) According to the proposed

model;

l. The response to the test can be represented as a tran-
sient (Tl1, T2) followed by a sustained (S1, S2) response.
The transient response should register only in the eye of
presentation whereas the sustained response should be bino-

cular.

2. The mask response, however, is TRANSIENT ONLY since
the stimulus is a blank field and unlikely to elicit a sig-
nificant response from the sustained population. Also, since
the stimulus contains Fourier components in many spatial
phases Tl and T2 would discharge simultaneously. Finally,

this response should register only in the stinulated eye.

3. In ¢the monocular condition, the mask transient
response interacts with BOTH the test transient and sus-
tained responses. Fig. 29 shows the predicted outcome of
these .interactions which is essentially a Type A function
characterized by backward and forward masking as well as at

S0A = 0.

d. When the test and mask are presented to separate eyes,
the only possible interaction is between the monocular mask
transient and the binocular test sustained. This is a back-

ward effect and hence, only backward masking would be pre-
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dicted. In addition, the magnitude of this effect should be
nuch smaller than the monocular since at low spatial fre-
quencies, T-S interactions are much weaker than those con~-

fined to the transient system (T-T).

C. Finally, this model predicts dichoptic masking to be
smaller in magnitude than nonocular (Battersby & Wagman,
1959; Weisstein 1971).

If monocular masking is characterized by both a large T-T
and a small T-S component whereas dichoptic 1involves only
the latter, smaller of the two, then the reduced masking
which occurs dichoptically would be expected. Furthermore,
since sustained neural responses are longer lasting than
transients (Enroth~Cugell & Robson, 1966) one might expect
the central conmponent of masking to be relatively long last-

ing (as was described by Wagman & Battersby, 1959).
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SUMMARY AND CONCLUSIONS

When a brief test grating was presented at varying asyn-
chronies with respect to a longer duration sinusoidal mask
of the same spatial frequency, the following contrast

threshold changes were observed;

l. At all SOAs, .5 c/d thresholds were always lower than
4 c¢c/d suggesting that test detection was mediated by a sys-
tem more sensitive at lower spatial fregquencies. It was pre-
sumed that this mechanism belongs to the transient visual

systen.,

2. At different SOAs, interactions with this test stimu-
lus were either inhibitory or facilitory, causing peaks and

troughs Iin the threshold function.

3. These peaks and troughs occurred with nirror-like sym-
metry iIn nmagnitude and timing about +the onset and offset of
the mask but NOT during the intermediate SOAs. The similar-
ity in the magnitude of the onset and offset peaks is gener-
ally not observed in studies using unpatterned test and mask

stimuli.

4.Two types of peaks, referred to as "primary” and "sec-
ondary”, were distinguished.

8. Primary Peaks;

(1) always occurred about 25 nmnsec from the tenporal edge
and were at least least 8 msec in duration -

(2) decreased in nagnitude as spatial frequency increased.,
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(3) were the sane height, for a given spatial frequency,
regardless of spatial phase.

(4d) Transient adaptation raised, whereas steady adaptation
lowered the primary peaks. These findings were interpreted
to mean that the neural response to the test stinulus was
inhibited by BOTH the transient and sustained responses to

the mask at these asynchronies.

b. Secunddary peaks;

(1) nrenrred  at lonager delaus from the temporal edges
(approximately 40-100 msec) and on opposide "sides” of the
temporal edge as the primary peak. For example, if the pri-
mary peak preceded the mask onset, the secondary peak fol-
lowed it.

(2) As spatial frequency increased, the temporal separa-
tion of the primary and secondary peaks increased.

(3) Additionally, the heights of the secondary peaks
increased with spatial frequency and at 6 c/d were approxi-
mately as great as the primary peaks.

(4) After transient adaptation, secondary peaks were
markedly raised and shifted closer to the temporal edge.,
Sustained adaptation frequently had the reverse effect,
reducing secondary peaks and frequently shifting them away
from the temporal edge. These findings were interpreted.to
mean that, at this SOA, the sustained neural response to the
mask ordinarily interferes with the transient neural
response to the test. -

5. Primary and secondary TROUGHS.
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(1) Primary troughs occurred about 17-25 msec fron the
temporal edges. Secondary troughs occurred at longer (approx
50~ 100 msec away from and on the opposite side of the ten-
poral edge as the primary troughs).

(2) With increasing spatial frequency, troughs dimin-
ished at a faster 1rate than the primary peaks indicating
minimal facilitation at high spatial frequencies.

(3) Lhe durtalivu of Lacilitation was less than 8 msec.

D. Spatial Phase

The latency, but not the heights of all peaks and
troughs depended upon the relative spatial phases of the
test and mask, indicating that spatial position is tenmpo-
rally encoded in the CNS. Primary IN-PHASE peaks preceded
mask onset and followed offset whereas OUT-OF-PHASE peaks
followed onset and preceded offset. Facilitation of one
spatial phase (primary troughs) corresponds closely in tim-
ing with inhibition of the opposite spatial phase (primary
peaks).

6. Transient adaptation of the ipsilateral eye dranat-
ically.:educed troughs, whereas steady adaptation deepened
them. These findings were interpreted to mean that Dboth
transient and sustained facilitation occur at the primary
troughs. Transient facilitation was concieved as an excita-
tory interaction between the mechanisms detecting the test
and the nask. Sustained facilitation was conceived as

release from inhibition.
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7. Ipsilateral and contralateral adaptation had the sane
effect after steady adaptation ONLY, suggesting that the
sustained system 1is binocular whereas transient influences
are predominantly monocular. Threshold <changes which did
occur after contralateral transient adapation can Dbe
explained if a <constant antagonism is presumed between the

transient and sustained systems.

8. The present findings can be predicted by a model which
presumes that;
a, The test and mask elicit responses from BOTH the

transient and sustained systems at both onset and offset.

b, Different cell populations respond to onset and off-
set.

c. The same cells that respond to the onset of gratings
of one spatial phase respond to the offset of the opposite
phase.

d. Inhibition or facilitation occurs when the neural

responses from specific subpopulations temporally overalp.

The model, which is elaborated in the discussion section,
is in agreenent with the present data and also predicts the
findings of earlier investigations 1involving sinusoidal
gratings (e.g., Watson & Nachmias, 1977). Based upon the
present data, an attempt was made to account for the two
types of masking functions reported 1in the traditional lit-

erature.
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CLOSSARY

ADAPTATION- prolonged exposure to a specified stimulus.
In the present study, the transient adapting stimulus was a
grating which reversed its phase at the rate of 7.6 Hz. The
steady adapting stimulus was a grating which was continu-
ously presented during the adaptation period.

DICHOPTIC- presentation of the stimuli to each eye inde-
pendently

FACILITATION - a decrease in threshold

INHIBITION - an increase in threshold

INTERMEDIATE SOAS- portion of the Crawford function at
which thresholds are relatively stable

MASK- a stinulus whose presentation 1is presumed to alter
test sensitivity

MASKING- the interaction between stimuli which are pres-
ented closely in time. Frequently, the term also implies an
increase in threshold.

METACONTRAST- the situation in which the test and mask
are spatially adjacent rather than overlapping.

ONSET/OFFSET MASKING- threshold changes which occur when
the test is presented in close temporal association with the
onset or offset of the mask

PRIMARY PEAKS- large increases in threshold which occur
approximatly 17-25 msec fronm the temporai edges,

RESTING THRESHOLD- contrast threshold of the . test stimu-
lus presented alone (that is, in the absence of the nask).

SECONDARY PEAKS- smaller threshold increases which occur
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at longer delays from the temporal edges.

S-T INTERACTIONS- 1interactions between the sustained
neural response to the mask and the transient neural reponse
to the test.

SENSITIVITY- the inverse of threshold

TEMPORAL EDGE - the SOAs associated with either onset or
offset of the mask

TYPE A MASKING- see page 5

TYPE B MASKING - see page 5

TEST- brief (8.3 msec) stinulus used to tap threshold
changes.

T-T INTERACTIONS- interactions between the transient
response to the test and the transient response to the mask.

TROUGH- decrease in threshold
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