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Further developments in binocular summation
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This paper reviews experiments that bear on the issue of binocular summation, the superi­
ority of binocular over monocular viewing on various visual tasks covering studies published
since the appearance of a previous review of this literature by Blake and Fox (1973). The ex­
periments are grouped into three main categories-those that deal with the specificity of binoc­
ular summation (i.e., the extent to which inputs to the two eyes must coincide spatially and
temporally), those that study binocular summation on suprathreshold tasks, and those that
correlate binocular summation with other aspects of binocular function. The last section of the
paper critically reviews several models of binocular summation.

In a 1973 review of studies on binocular summa­
tion, the superiority of binocular over monocular
viewing on visual threshold tasks, Blake and Fox
concluded that (1) binocular summation occurs for
many tasks, including increment detection, form
recognition, contrast sensitivity, and flicker detec­
tion, and (2) this enhancement in binocular perfor­
mance stems from genuine neural interaction be­
tween the eyes, not just probability summation. The
present review examines experiments on binocular
summation that have appeared since the 1973 survey,
and, as before, attention is limited to psychophysical
experiments comparing monocular and binocular
visual performance, excluding investigations of bin­
ocular rivalry and stereopsis. The review examines
(1) the specificity of binocular summation, that is,
the extent to which inputs to the two eyes must be
matched along some dimension in order to yield bin­
ocular summation, (2) the evidence for binocular
summation in visual performance with suprathresh­
old stimulation, (3) individual differences in the
magnitude of binocular summation, and (4) recent
theoretical accounts of binocular summation.

It should be noted that an improvement in binoc­
ular performance relative to monocular performance
does not necessarily imply neural interaction between
the two eyes, since statistical considerations alone
dictate such an improvement: binocular viewing af­
fords an observer two opportunities to detect a weak
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signal. This statistical property has been formalized
as the probability summation hypothesis, and Blake
and Fox (1973) discuss the various formulations of
this hypothesis in detail. Recent work has generally
recognized and sought to assess the potential con­
tribution of probability summation, using either
normative models (e.g., the integration model of sig­
nal detection theory) or empirical control conditions
(e.g., temporal separation of the two monocular in­
puts). Moreover, very recently the logic of the prob­
ability summation hypothesis has been extended to
tasks such as reaction time for suprathreshold stim­
uli (Blake, Martens, Garrett, & Westendorf, 1980),
and several models have been developed for treating
the role of probability summation in these tasks. As
a result, these recent studies have specified in more
detail the particular conditions that promote genuine
neural interaction between the eyes.

STIMULUS SPECIFICITY

The studies in this section deal with the extent to
which the two monocular inputs must match along
various stimulus dimensions in order to yield binoc­
ular summation.

Retinal Correspondence
In work on binocular summation, the monocular

targets are usually arranged to stimulate correspond­
ing areas of the two eyes. However, Thorn and
Boynton (1974), using an increment detection thresh­
old, studied the effects of stimulating noncorrespond­
ing areas. Binocular performance in the condition in
which circular disks of light were delivered to retinal
areas 4 deg disparate was poorer than that found
with nondisparate stimulation. They concluded that,
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with noncorresponding stimulation, only probability
summation was operative. Similarly, Westendorf and
Fox (1977) measured increment detection thresholds
for small flashes at several different degrees of dis­
parity. Binocular summation in excessof probability
summation occurred only at disparities which did not
exceed a value producing diplopia during steady
viewing. Within the fusional range, the sign of the
disparity (crossed vs. uncrossed) had no influence on
the magnitude of binocular summation.

Similar results have been reported for simple re­
action time (RT) to a suprathreshold grating pattern
(Blake, Martens, & Di Gianfillipo, 1980; Harwerth,
Smith, & Levi, 1980). Binocular RT is faster than
monocular RT whenever the test grating strikes cor­
responding retinal areas; outside the range of fusion,
the advantage of binocular viewing is lost.

These studies show that stimulation of correspond­
ing retinal areas is not crucial for binocular summa­
tion. Within some range, perhaps equivalent to
Panum's area, disparate stimuli produce binocular
summation in excess of probability summation. To
date, there has been no thorough study of the mag­
nitude of summation within the fusional range. Per­
haps enhancement in binocular performance, while
in excess of probability summation, varies with dis­
parity. However, there are certain technical difficul­
ties in studying this problem. Small, transient ver­
genceerrors associated with binocular viewingreduce
the resolution for placement of disparate test targets;
to minimize this problem, nonius markers are essen­
tial. Moreover, within central vision the fusional
range itself is rather small,providing only a limited
region for measuring any graded effects of disparity
on binocular summation. However, thresholds could
be measured in more peripheral portions of the visual
field where fusional areas are larger. Also, the fu­
sional range could be expanded by capitalizing on the
fact that the size of Panum's area varies with contour
sharpness (Kulikowski, 1978), disparity gradient
(Burt & Julesz, 1980), and target size (Kertesz, 1981).
Finally, binocular summation for vertical and hori­
zontal disparities could be compared to assess the
unique contribution, if any, of stereoscopic mech­
anisms.

Temporal Correspondence
A close match of temporal as well as spatial char­

acteristics is required if the two monocular inputs are
to interact neurally and thereby yield improved bin­
ocular performance. If the interval between succes­
sively flashed monocular targets exceeds 100 msec,
the two light flashes behave as independent events,
with binocular performance falling to the level of
probability summation (Matin, 1962). And, for suc­
cessively presented grating targets, this upper limit
may be as small as 50 msec (Green & Blake, 1981).
In fact, asynchrony in excessof 100 msec is now gen-
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erally regarded as the appropriate condition for spec­
ifying the level of performance expected from prob­
ability summation (Thorn & Boynton, 1974;
Westendorf & Fox, 1974, 1975, 1977; Westendorf,
Langston, Chambers, & Allegretti, 1978). It is prob­
ably no coincidence that stereopsis, too, is impossible
once the temporal interval between successive presen­
tations of half-images exceeds 100 sec (Ogle, 1963;
Ross & Hobgen, 1974). For asynchronies less than
100 msec, the magnitude of binocular neural summa­
tion varies inverselywith the interval between succes­
sively presented monocular targets, with the maxi­
mum enhancement in binocular performance usually
occurring with simultaneous presentation (Thorn &
Boynton, 1974). Interestingly, there is some evidence
that for a given asynchrony the amount of binocular
facilitation may depend on which eye is stimulated
first (Thorn & Boynton, 1974), suggesting a possible
role of ocular dominance.

The two monocular targets need not be equivalent
in duration. Westendorf, Blake, and Fox (1972)
found that a brief, bright flash could be paired with
a relatively long, dim flash without altering the mag­
nitude of binocular summation, as long as the flash
onsets coincided. Forced-choice detection rates for
such a pairing were equivalent to those of flashes that
were of equal duration and luminance, suggesting
that the binocular detection system integrates energy
in accordance with Bloch's law. This conclusion must
be qualified by Westendorf and Fox's (1974) finding
that equally detectable increments and decrements
are not integrated binocularly but are treated as inde­
pendent events. Pairing an increment in one eye with
an equally detectable decrement in the other eye
yielded detection rates around the level expected on
the basis of probability summation, whereas pairs of
increments or pairs of decrements yielded summation
in excessof probability summation. Cohn and Lasley
(1976) have confirmed and extended this finding. The
absence of simple energy integration in the binocular
detection system suggests that its presence in monoc­
ular detection (e.g., Ikeda, 1965) reflects the opera­
tion of peripheral, precortical mechanisms.

A few studies have examined the effects of tem­
poral contrast modulation on binocular summation
in grating detection. Over a range of spatial frequen­
cies, Rose (1978) found almost a twofold enhance­
ment in binocular sensitivity when gratings were
flickered in counterphase at 3.5 Hz, showing greater
than linear summation in the motion detection sys­
tem, since stationary, nonflickering gratings yielded
a 40% ~ V2 enhancement, which he assumed repre­
sented linear summation. The role of movement in
binocular summation was directly studied by Arditi,
Anderson, and Movshon (1981). They presented
drifting gratings of the same spatial frequency sep­
arately to the two eyes, varying the directions of drift
of the dichoptic gratings to be either the same or op-
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posite. At low spatial frequencies, gratings drifting
in the same direction for the two eyes yielded a two­
fold enhancement in contrast sensitivity relative to
monocular testing, an improvement greater than that
expected on the basis of probability summation.
With opposite directions of drift, binocular perfor­
mance was no better than monocular, even under
conditions of forced-choice testing. This complete
absence of summation, including probability, sug­
gested the possible involvement of interocular inhibi­
tion produced by this form of dichoptic stimulation.
At higher spatial frequencies, however, binocular
performance with the same direction of drift was
only about 40010 better than monocular, and, with
opposite directions of drift, binocular performance
achieved the level predicted on the basis of prob­
ability summation rather than falling to the monoc­
ular level. Considered together, these data indicate
that at threshold the binocular combination of mov­
ing patterns is at least partially, and in some cases
wholly, dependent on the two monocular compo­
nents' sharing a common direction of motion.

Blake and Rush (1980) used a subthreshold sum­
mation technique to examine how closely the two
monocular inputs must match in temporal frequency
to yield facilitation in binocular grating detection.
One eye received a grating that was barely below its
own visibility threshold, while the other received a
grating whose contrast was adjusted to threshold
visibility. These diehoptic gratings were identical in
spatial frequency and orientation but could differ in
temporal frequency' or temporal waveform. At low
spatial frequencies, binocular summation depended
very strongly on the similarity in flicker rates: Binoc­
ular summation was maximum when the temporal
frequencies were identical for the two eyes and fell
to half-strength when the two frequencies differed by
only .3 octaves. At high spatial frequencies, there
was little selectivity for temporal frequency; binocu­
lar summation occurred over a 1.5-octave range of
disparities in temporal frequency. Blake and Rush
also measured binocular sensitivity for gratings which
flickered on-and-off sinusoidally either in phase (i.e.,
grating onset and offset occur in synchrony between
the two eyes) or 180 deg out of phase (i.e., grating
onset in one eye was accompanied by grating offset
in the other). At low spatial frequencies, gratings
slowly flickering out of phase showed no binocular
summation, whereas, at high spatial frequencies,
out-of-phase and in-phase flicker yielded equivalent
levels of binocular summation. Blake and Rush con­
cluded that binocular grating detection must be served
by at least two mechanisms distinguishable by their
capacity to integrate monocular inputs over time and
by their selectivityfor temporal frequency.

Cavonious (1970) studied the effects of temporal
phase using full-field, sinusoidal flicker, a display

which could be characterized as having a very low
spatial frequency (it is nonzero owing to the borders).
At various flicker rates, the modulation depth of
flicker was adjusted to threshold visibility. In-phase
flicker yielded considerably lower binocular thresh­
olds than did out-of-phase stimulation, and this dif­
ference between the two phase conditions was most
pronounced at lower flicker rates. Sherrington (1906)
found only modest differences between in-phase and
out-of-phase stimulation, but he worked at the high­
est detectable temporal frequency, at which Cavonious
found the smallest binocular phaseeffects.

Spatial Frequency andOrientation Selectivity
Several recent studies have asked how close in spa­

tial frequency the two monocular inputs must be to
yield binocular summation. The point of departure
for thesestudies has been the observationby Campbell
and Green (1965) that binocular contrast sensitivity
for grating detection is higher than monocular sensi­
tivity by the factor V2. This finding has since been
confirmed (Arditi et al., 1981; Blake & Cormack,
1979; Blake & Levinson, 1977; Blake & Rush, 1980;
Blakemore & Hague, 1972; Lema & Blake, 1977;
Levi, Harwerth, & Smith, 1979; Rose, 1978), al­
though some studies have noted that the magnitude
of summation declines with increasing spatial fre­
quency. Campbell and Green always presented iden­
tical spatial frequencies to the two eyes. Using the
subthreshold summation technique, Blake and
Levinson (1977) measured contrast thresholds for a
test grating of fixed spatial frequency viewed by one
eye whilethe other eye receiveda background grating
of variable spatial frequency. Binocular sensitivity
was greatest when the two eyesreceived identical spa­
tial frequencies but fell steadily to the monocular
level as the spatial frequency difference approached
Y2 octave. This spatial selectivity of binocular sum­
mation was also found by Bacon (1976), who mea­
sured forced-choice detection performance under
conditions of dichoptic grating stimulation. He also
found that the two patterns must be in-phase spa­
tially, so that the peaks in the spatial waveform fall
on corresponding retinal areas; when the monocular
components differed in relative phase, binocular per­
formance approached the level of probability sum­
mation only. Phase-specific summation has also been
reported by Green and Blake (1981).

In addition to its selectivity for spatial frequency
and phase, binocular summation also requires that
the two eyes receive very nearly matched orienta­
tions. This was first reported by Westendorf and Fox
(1975), who measured forced-choice detection of rect­
angular flashes. Summation in excess of probability
was found when both eyes received flashes of the
same orientation, but, when the two eyes received
orthogonal orientations, binocular performance was



at the level expected from probability summation.
In a more systematic study of dichoptic orientation
disparity, Blake and Levinson (1977) measured grat­
ing contrast thresholds and found that binocular sen­
sitivity was maximum when the two eyes received iden­
tical orientations and fell rapidly to the monocular
level when the orientations differed by more than
15 deg, It is interesting to note that at suprathresh­
old contrasts, 15 deg represents the maximum orien­
tation disparity that can be tolerated before fusion
gives way to binocular rivalry.

SUPRATHRESHOLD TASKS

Binocular Brightness Summation
In the literature on binocular summation, perhaps

the most controversial issue has been brightness sum­
mation between the two eyes. There are some studies
purporting to demonstrate that a binocularly viewed
test appears brighter than a comparison test viewed
monocularly (De Silva & Bartley, 1930; Fry & Bartley,
1933; Leibowitz & Walker, 1956), but these findings
have been challenged on the grounds that brightness
judgments were contaminated by lateral interactions
between test and comparison targets (Engel, 1967;
Levelt, 1965). Moreover, the notion of brightness
summation seems incompatible with the well­
established Fechner's paradox, which implies some
form of brightness averaging between the two eyes.
Finally, the issue has been complicated by contro­
versy concerning the appropriate metric for express­
ing the monocular components in a binocular bright­
ness judgment. Some (e.g., Levelt, 1965) have fa­
vored luminance, others (e.g., Teller & Galanter,
1967) have chosen brightness, while still others (e.g.,
de Weert & Levelt, 1974) have opted for discriminal
responses. Whichever metric is chosen, the nature of
the interaction (averaging, summation, or both) be­
tween the monocular components remains to be de­
termined.

With one exception, contemporary models of bin­
ocular brightness have focused on the averaging out­
come and have minimized or ignored brightness sum­
mation. Levelt's (l965) luminance averaging model
and Engel's (1967, 1969) autocorrelation model both
treat binocular brightness as a weighted sum of mon­
ocular responses. Because these weighted summation
models predict zero contribution when one eye's tar­
get is zero luminance, they necessarily predict that
a monocularly viewed target will be equivalent in
brightness to the same target viewed binocularly. The
centroid model of de Weert and Levelt (1974) is a
modified weighted summation model that contains a
parameter designed to account for a small brightness
summation effect. This parameter assumes that even
in the absence of stimulation an eye contributes to
binocular brightness, supposedly due to incomplete
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dark adaptation. Thus, the centroid model allows for
a monocularly viewed target to appear slightly dim­
mer than the same target viewed binocularly, because
the monocular target's brightness is reduced by this
small contribution from the nontested eye. In effect,
this "dark light" parameter extends the conditions
for Fechner's paradox to the case of exclusive mon­
ocular stimulation, thereby preserving the generality
of averaging.

A rather different type of brightness summation
model has been proposed recently by Curtis and Rule
(l978). This alternative, the vector summation model,
was based on results from direct scaling and category
rating experiments. Observers judged the brightness
of flashed, dichoptic luminance pairs; to avoid spa­
tial interactions between test and comparison targets,
a single, fused target was presented for judgment.
The brightness of dichoptic targets differing in lu­
minance was consistently judged as less than the
brightness associated with the more intense of the
two monocular targets presented alone. This out­
come represents Fechner's paradox. When the two
eyes received approximately equal luminances, bin­
ocular brightness was greater than the brightness of
either component alone, an outcome evidencing
brightness summation. Moreover, the magnitude of
this summation effect was considerably greater than
that predicted by the centroid model of de Weert and
Levelt (l974).

Curtis and Rule (l978) proposed a model that de­
scribes binocular brightness as the sum of two mon­
ocular vectors whose lengths are proportional to the
respective monocular brightnesses. Their vector sum­
mation model allows for substantial binocular bright­
ness summation as well as for Fechner's paradox.
Because vector summation includes an interaction
term whose weight is related to the angle separating
the two component vectors, the length of the result­
ing binocular vector can assume a value less than the
longer of the two monocular vectors or in excess of
either individual component. When the angle sep­
arating the monocular vectors falls between 90 and
120 deg, summation and averaging can result. Angles
less than 90 deg yield only summation, and angles
exceeding 120 deg yield only Fechner's paradox.

The data of Curtis and Rule provide good evidence
for a genuine brightness summation effect between
the two eyes, under conditions designed to rule out
confounding effects of spatial interactions within a
monocular field. Their model furnishes a simple geo­
metrical description of binocular brightness, al­
though it does not provide an interpretation of the
angle separating the two monocular vectors. There
is also no provision in the model for weighting of
the two monocular vectors, which could therefore .
limit the model to conditions in which contour strength
(cf. Levelt, 1965) is equivalent for the two eyes.
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Contrast Summation
Recently, several papers (Birch, 1979; Iverson,

Movshon, & Arditi, 1981; Legge & Rubin, 1981) have
studied apparent binocular contrast when the two
eyes view sinusoidal gratings of different contrast.
All three studies seem to agree that no single model
adequately describes the resulting binocular contrast.
Birch (1979) concludes that the combination rule
changes from vector summation to simple linear
addition as spatial frequency is lowered. Legge and
Rubin (1981) find evidence for vector summation in
some conditions, dependent on the contrast of a stan­
dard matching grating. However, they also find con­
ditions yielding a weak analog to Fechner's paradox,
in which the apparent contrast of a monocular grat­
ing is actually reduced by the addition of a low con­
trast grating to the other eye. Iverson et al. (1981),
on the other hand, find no instance of Fechner's
paradox and, rather, find evidence for power sum­
mation with an exponent ranging from 2 (i.e., the
case of vector summation) to around 4 (i.e., a situa­
tion in which a single eye strongly dominates the bin­
ocular percept).

Each of the three studies employed different match­
ing techniques, which may contribute to the lack of
complete agreement. Still, these studies are unani­
mous in demonstrating that binocular contrast does
not obey a simple averaging rule.

Reaction Time
Because RT varies inversely with stimulus inten­

sity, it provides a useful index for scaling binocular
summation at suprathreshold levels. Several recent
studies have found that RT to the onset of small light
flashes is faster for binocular viewing. This result ob­
tains throughout the binocular portion of the visual
field (Gilliland & Haines, 1975), with white as well as
monochromatic light (Haines, 1977), and over a wide
range of luminances and flash durations (Ueno,
1977). None of these studies deal with the potential
contribution of probability summation to binocular
RT, thus limiting their theoretical contributions.

Two RT studies (Blake, Martens, & Di Gianfillipo,
1980; Harwerth, Smith, & Levi, 1980) have examined
probability summation in binocular RT. Both mea­
sured simple RT to the onset of sinusoidal gratings
of various spatial frequencies and contrasts. Blake
et al. found that binocular stimulation consistently
yielded shorter RTs regardless of grating contrast or
spatial frequency. Expressed in milliseconds, binoc­
ular RT was about 10070 faster, but, in terms of the
contrast necessary to evoke some criterion, RT bin­
ocular viewing surpassed monocular viewing by more
than 40%. Harwerth et al. obtained generally similar
results except that larger individual differences were
found. Also, they found that horizontal gratings

yielded less binocular summation than vertical grat­
ings, contrary to the results of Blake et al.

In both of these studies, binocular RT was faster
than that measured under two control conditions de­
signed to estimate the improvement in RT based on
probability summation. One condition involved bin­
ocular stimulation of noncorresponding retinal areas,
and the other involved presentation of orthogonally
oriented gratings to the two eyes. Blake et al. showed
that performance on these control conditions closely
matched that predicted from a stochastic latency
model treating binocular RT as a race between inputs
to two channels with uncorrelated sensitivities. Blake,
Martens, Garrett, and Westendorf (1980) have spelled
out the logic of this probability summation model of
RT in some detail.

Afterimages andAftereffects
Binocular summation of brightness and the supe­

riority of binocular RT imply that binocular viewing
can generate a larger neural response than can mon­
ocular viewing. It follows, then, that the residual
effects of binocular stimulation might be more pro­
nounced than those produced by monocular stimula­
tion. Observations relevant to this issue come from
studies of afterimages and aftereffects.

A monocularly induced afterimage, although orig­
inating within the retina itself, transfers interocu­
larly, indicating that the information integral to the
monocular afterimage proceeds to a binocular locus
(Day, 1958). Thus, it is not surprising that a bin­
ocularly induced afterimage is more robust than one
that is induced monocularly: Binocular afterimages
appear sooner, last longer (e.g., Misiak & Lozito,
1951), and are less prone to fragmentation (Forde,
1971; Owen & Chalfant, 1970; Wade, 1972). Forde
and MacKinnon (1975) have shown that the greater
stability of binocular afterimages cannot be ex­
plained solely on the basis of independent fluctua­
tions of the two monocular afterimages. Rather, the
robustness of binocular afterimages points to a gen­
uine neural summation effect.

There is disagreement concerning the difference
monocular or binocular adaptation makes to visual
aftereffects. Several earlier papers (Bonnet & Pouthas,
1972; Pickersgill & Jeeves, 1964) reported that the
motion aftereffect decayed more slowly following
binocular adaptation, but the differences between
these two conditions were small. Lehmkuhle and Fox
(Note 1) have recently studied this question more sys­
tematically. They tested a simple model of the mo­
tion aftereffect that assumes that aftereffect duration
is monotonically related to the number of adapted
neural elements within an ensemble consisting of
monocular/left-eye, monocular/right-eye, and bin­
ocular neurons. (The relative contributions of these



different groups of neurons to adaptation were esti­
mated using various other adaptation conditions
such as interocular transfer.) Lehmkuhle and Fox
found, as the model predicted, that the motion after­
effect lasted longer following binocular adaptation;
in fact, the actual duration of the binocular motion
aftereffect was very close to the value predicted from
other adaptation conditions. Similar results and con­
clusions were reported by Lehmkuhle and Fox (Note 2)
for the tilt aftereffect.

Moulden (1974), on the other hand, found no dif­
ference between monocular and binocular adaptation
for either the motion or the tilt aftereffects. Like­
wise, Wade (1976) failed to find such differences in
the case of the motion aftereffect, and Wade and
Wenderoth (1978) found that monocular and binoc­
ular adaptation yielded tilt aftereffects of equivalent
magnitude. While there are procedural differences
among these studies, none seem obviously related to
the presence or absence of a summation effect. The
controversy may stem, in part, from saturation ef­
fects in the magnitude of the aftereffect under study.
As a rule, aftereffects can grow in strength only to
some level beyond which further adaptation has no
effect. If an aftereffect were at or near full strength,
differences between monocular and binocular adap­
tation would be difficult to measure. In their study
of the threshold elevation aftereffects, Blake, Overton,
and Lema (1981) purposely set the contrast of an
adaptation grating to a presaturation level and found
that binocular adaptation yielded a larger elevation
in contrast threshold than did monocular adaptation.
It remains to be seen whether the controversy sur­
rounding binocular adaptation and the aftereffects
of tilt and motion may be resolved in this manner.

Visuomotor Coordination
In a departure from the typical research on bin­

ocular summation, Jones and Lee (1981) compared
monocular and binocular performance on a battery
of more "naturalistic" tasks designed to preclude
any contribution from stereopsis. Those tasks in­
cluded threading a needle, pouring water into a small
container, and tracking an irregularly moving target.
There were also some timed visual search tasks in
which the targets were complex forms (e.g., a picture
of an octopus in camouflage). On all these tasks, ob­
servers were faster and more accurate when using
both eyes. It is noteworthy that observers were al­
lowed unlimited viewing time and free head move­
ments. The authors concluded that the most impor­
tant role of binocular viewing is not to promote ster­
eopsis but to facilitate visuomotor coordination and
exteroception (or, in Gibsonian terms, active pick-up
of visual information from the ambient array). More­
over, the authors believe this facilitation is due to the
higher order registration of binocular concordance
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(i.e., matching of information in the two eyes), and
they claim that this process is more than simple prob­
ability or neural summation. Jones and Lee leave the
concept of binocular concordance largely unex­
plained; nevertheless, their experiments represent a
desirable extension of the binocular summation ques­
tion to settings that are ecologically more realistic.

BINOCULAR SUMMATION AND STEREOPSIS

As with other measures of visual function, there
are large individual differences in the magnitude of
binocular summation. This aspect of summation has
been explicitly examined in the last few years, with
special emphasis on the relation between summation
and other aspects of binocular function. This work
has been inspired partly by the physiological finding
that discordant binocular input (e.g., induced strabis­
mus) early in life can disrupt the normal pattern of bin­
ocular interaction among visual cortical neurons (e.g.,
Baker, Grigg, & von Noorden, 1974).

Using a detection task involving very briefly pre­
sented, foveally viewed forms, Williams (1974) found
evidence for binocular summation in 8 of 10 ob­
servers; the two observers showing no superiority of
two-eye viewing were also unable to appreciate depth
in conventional anaglyphic plates and random-element
stereograms. Both these individuals who lacked ste­
reopsis had small angle misalignment of the two eyes
which, Williams conjectured, could produce some
form of inhibition in which one eye suppressed any
contribution from the other. Significantly, these two
observers failed to show even probability summa­
tion, an outcome consistent with the interocular in­
hibition hypothesis.

Lema and Blake (1977) assessed binocular summa­
tion over a range of spatial frequencies in observers
with good stereopsis as well as in nonamblyopic ob­
servers who lacked stereopsis. Binocular thresholds
were 30010 to 50% lower than monocular thresholds
in normal observers but were essentially equivalent
in three of four stereoblind observers. For the fourth
stereoblind observer, binocular and monocular thresh­
olds were equivalent at all but the highest spatial fre­
quencies, at which binocular performance exceeded
monocular by 30%, suggesting that losses in bin­
ocularity may be specific to certain spatial frequen­
cies. Three of the stereoblind observers had histories
of childhood strabismus; the fourth had no history
of eye misalignment or any other obvious impedi­
ment to normal binocular function. Lema and Blake
attributed the absence of binocular summation in ste­
reoblind observers to a paucity of binocularly inner­
vated neurons. In this regard, it is interesting that
cats with demonstrated losses in cortical binocularity
also show no summation of contrast threshold when
tested behaviorally, whereas cats with the normal
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proportions of binocular neurons do exhibit binoc­
ular summation (von Grunau, 1979); cats with few
binocular neurons also lack stereopsis (Blake& Hirsch,
1975).

The absence of binocular summation in stereo­
blind observershas been confirmed by Levi, Harwerth,
and Smith (1979) and by Westendorf et al. (1978).
The latter group, using a forced-choice detection
task, found that stereoblind observers performed at
the level predicted on the basis of probability summa­
tion and interpreted this as evidence that the two eyes
behaved independently at threshold.

This pattern of results appears to hold for supra­
threshold levels of stimulation. Blake, Martens, and
Di Gianfillipo (1980) found that on a simple RT task
stereoblind observers performed binocularly at the
level of probability summation, whereas in normal
observers binocular performance was in excess of
probability. Levi, Harwerth, and Manny (1979)
failed to find even probability summation in stereo­
blind, amblyopic observers. This discrepancy could
be due to the fact that Blake et al. adjusted the con­
trast level for each eye separately to yield equivalent
RTs under monocular testing, to compensate for the
consistently slower RTs associated with the ambly­
opic eye. Levi et al. did not perform such a com­
pensation, which means that in their study binocular
RT was always determined by the more sensitive,
nonamblyopic eye. A major difficulty in studying
binocular summation in people with disorders in bin­
ocular vision is that they frequently possess a strongly
dominant eye and may exhibit chronic suppression
and/or strabismus. So, even though viewing may be
nominally binocular, testing may be functionally
monocular. To minimize these difficulties, great care
must be taken to insure proper alignment of the eyes
by using prisms or mirrors, and allowance must be
made for differences in acuity when adjusting the ex­
posure conditions (e.g., contrast) for the two eyes.

To summarize, individuals with deficient stereop­
sis show little, if any, binocular summation, suggest­
ing that stereopsis and summation may be mediated
by a common neural mechanism. But, even among
observers with good stereopsis, there are marked in­
dividual differences in binocular summation (e.g.,
Westendorf et al., 1972). These individual differences
seem unrelated to the keenness of stereoacuity, and
they are found under conditions of forced-choice
testing that would minimize nonsensory criterion ef­
fects. Conceivably, small idiosyncratic errors in ver­
gence could cause stimulation of slightly noncorre­
sponding retinal areas, leading to a reduction in bin­
ocular summation. Alternatively, these individual
differences could reflect variations in the extent of
binocular neural interaction unrelated to stereopsis.
Without an explicit model of binocular neural sum­
mation, an account of individual differences in the
degree of summation remains largely speculative.

THEORETICAL CONSIDERATIONS

Despite the wealth and variety of data, binocular
summation has received limited theoretical treat­
ment, except for the issue of neural vs. probability
summation. This paper has reviewed studies showing
that binocular performance typically exceeds that
predicted on the basis of probability summation, a
finding that implicates neural interaction as the basis
for summation. Many recent papers on binocular
summation have included in their discussions some
appeal to the involvement of binocularly innervated,
cortical neurons. Such an appeal merely restates the
empirical finding of neural summation and does not
furnish any new insights about the details of its oc­
currence. Moreover, without an explicit model re­
lating threshold judgments to neural activity, it seems
premature to develop theories of binocular summa­
tion based on specific response properties (e.g., firing
rate) of binocular neurons. It is feasible, though, to
develop models of summation specifying such gen­
eral modes of interaction between the two eyes as
linear summation, probability summation, and bin­
ocular inhibition, when these modes are operation­
ally defined in terms of the difference between mon­
ocular and binocular performance.

This latter approach, while not involving detailed
physiological assumptions, does require the selection
of some measurement scale for performance. This,
in turn, means that a particular model may be spe­
cific to that metric of performance. To illustrate,
consider the probability summation hypothesis,
which asserts that the two eyes behave as independent
detectors. All the formulations developed for assess­
ing probability summation utilize percent correct or
d' for predicting binocular performance based on
two independent chances to detect. How, then, does
one apply such formulations in situations in which
performance is expressed in terms of some minimum
energic value (e.g., luminance) necessary for threshold
visibility? To do so requires making assumptions
about the relation between percent correct perfor­
mance and that energic dimension (e.g., assumptions
about the equivalence of slopes of the monocular
and binocular psychometric functions). While such
assumptions may be justifiable, this requirement
underscores the fact that the generality of a model
will depend on the degree to which binocular per­
formance on different tasks can be described on a
scale common to all tasks. This problem is especially
difficult when one attempts to model outcomes on
both threshold and suprathreshold tasks.

In view of these considerations, it is not surprising
that few formal models of binocular summation have
been developed. In the following sections, we shall
describe those few neural models that have been pro­
posed to account for binocular performance on thresh­
old tasks.



Energy Summation
According to this model, the binocular detection

system responds to the sum of the activity delivered
by the two monocular pathways, in much the same
manner that a pair of inputs would be integrated
within a single eye. In its simplest form, the model
assumes that doubling the energy in one eye is equiv­
alent to delivering half of that energy to each eye sep­
arately; a central, binocular integrator will receive
the same total input in both cases.

Although not explicitly called the energy summa­
tion model, this line of reasoning was first elaborated
by Sherrington (1906) in his classic work on critical
flicker frequency (CFF). Sherrington reasoned that,
if activity from the two eyeswere summed additively,
the experience of flicker would be abolished when a
train of monocularly visible flashes was presented
out of phase dichoptically so that the summed fre­
quency exceeded the CFF. In effect, he was assuming
that the light phase of a flash to one eye would fill
in the dark phase of the flash to the other eye. Be­
cause this and similar predictions were not realized,
Sherrington rejected the idea of energy summation in
favor of an independence model that treated the two
eyes as separate visual channels brought together
only after complete monocular analysis.

Earlier experiments on binocular summation em­
ployed monocular targets equivalent in energy, a
condition that cannot really test the energy summa­
tion model. Several more recent experiments, how­
ever, were explicitly designed to evaluate this model.
Support for energy summation comes from the study
(Westendorf et al., 1972) showing that monocular
flashes of unequal luminance and duration were
equivalent in detectability to a pair of identical mon­
ocular flashes. Under those conditions, the binocular
detection system responded only to the total energy
of each monocular flash; however, this could result
if energy integration occurs at a point in the visual
pathway prior to binocular combination. A more
decisive test of energy summation is provided by
comparing the detectability of dichoptic pairs con­
sisting of a luminance increment and a luminance
decrement. Under these conditions, the model fails.
Rather than the proportional increase in threshold
predicted by the model, the threshold for detection
of a dichoptic pair of opposite contrast flashes is ac­
tually lower than threshold for either flash alone
(Cohn & Lasley, 1976; Westendorf & Fox, 1974).
Similarly, binocular summation between gratings
flickering temporally out of phase between the two
eyes (Blake & Rush, 1980) constitutes evidence against
the energy summation model.

Dual Process Model
Cohn and Lasley (1976) proposed that binocular

detection is served by two separate mechanisms, one
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that computes the difference between the two mon­
ocular signals and one that adds them. These sum­
ming and subtractive processes, in turn, pool their
outputs in the interests of detection. The results from
their study using dichoptic combinations of incre­
ments and decrements provided the impetus for this
model (which is reminiscent of Fry and Bartley's,
1933, summation/inhibition model). In a later set of
experiments, Cohn, Leong, and Lasley (1980) showed
that a dioptic (i.e., identical) pair of increments could
be discriminated from a dichoptic pair consisting
of an increment and a decrement, even when these
pairs of stimuli were equally detectable. This out­
come was interpreted as evidence for the existenceof
two separate binocular detection mechanisms.

Although intriguing, this two-process model needs
further elaboration. Cohn and Lasley (1976) state
that the outputs from these two mechanisms are
weighted, but they do not specify the rules governing
the assignment of weights, other than to assume like­
lihood ratio processing. (Presumably, the weighting
will be some function of the luminance disparity be­
tween the two monocular signals.) Furthermore, the
model is difficult to distinguish from the alternative
stipulating that the two eyes behave as independent
detectors (i.e., probability summation) when pre­
sented with dissimilar stimulation (Westendorf & Fox,
1974). Both models make qualitatively similar predic­
tions, and the quantitative difference between these
predictions depends on the particular formulation
used to derive estimates of probability summation.
There are several a priori reasonable formulations of
probability summation that lead to different predic­
tions regarding binocular performance. Without a
firm commitment to one of these models, it becomes
arbitrary to compare the two-process model with prob­
ability summation. A more fruitful approach for dis­
tinguishing these two alternatives would be to repeat
Cohn and Lasley's experiment using asynchronous
presentation of the two dissimilar flashes, which pro­
vides an unambiguous, empirical estimate of the per­
formance expected on the basis of probability sum­
mation. A drop in binocular performance relative to
the synchronous presentation of dissimilar flashes
would provide evidence in favor of the two-process
model. Limited measurements by Westendorf and
Fox (1974) suggest that such a drop in performance
does not occur, but more thorough testing is needed
to resolve this issue.

Campbell and Green Model
In their study of monocular and binocular grating

detection, Campbell and Green (1965) noted that bin­
ocular sensitivity exceededmonocular by about 40070,
a value suggestivelyclose to V2. They proposed the
following model based on this result: "Our findings
may be explained if it is assumed that when identical



274 BLAKE, SLOANE, AND FOX

images are fed to two matched eyes their outputs are
summed and that these outputs are noisy; that is,
contain spurious extra components not correlated in
each channel. Because the standard error of the sum
of n independent measurements of a random or noisy
process decreases as Vii, an observer using two eyes
can obtain two measurements which thus permit a
'1/2 lower contrast to be detected" (p. 192). The last
sentence suggests that their model could be construed
as a probability summation model, in as much as
binocular viewing is characterized as two independent
samples from a random process. In fact, expressed
in this fashion, their formulation closely resembles
the integration model of signal detection theory
(Green & Swets, 1966), which specifies the perfor­
mance expected from multiple independent observa­
tions. However, Campbell and Green explicitly dis­
avow this kind of probabilistic mechanism, instead
asserting that their model "requires the actual physi­
cal summation of signals from the two eyes" (p. 192).

Actually, this latter interpretation of their model
(i.e., neural summation) can readily account for the
'1/2 superiority of binocular viewing without involv­
ing multiple, random sampling. Because the monoc­
ular channels contain uncorrelated noise, the stan­
dard deviation of the binocular signal-plus-noise dis­
tribution will increase, relative to the monocular dis­
tribution, by '1/2, whereas the mean of the binocular
distribution will double. On the assumption of like­
lihood ratio processing, this leads to the prediction
that binocular thresholds will be lower than monoc­
ular by '1/2. This restatement of the decision rule in
their model identifies it unambiguously as a neural
summation model.

The Campbell and Green model would be appeal­
ing if for no other reason than the empirical ubiquity
of the '12 summation factor. Blake and Fox (1973),
in their earlier review, noted that '12 summation has
been observed on a number of threshold tasks includ­
ing increment detection, flicker sensitivity, and spa­
tial resolution. Let us now consider several features
of this model in more detail.

The assumption of uncorrelated noise in the two
monocular channels is tantamount to assuming that
false alarms (i.e., spurious noise events that exceed
the cnterion level) occur independently between the
two eyes. This assumption, although difficult to test
directly, seems warranted for several reasons. First,
within a single eye, sensitivity is uncorrelated for dif­
ferent retinal areas at any given moment (Eriksen,
1966). It seems reasonable to generalize this finding
to retinal areas in different eyes, especially since the
putative noise in Campbell and Green's model arises
prior to the level of binocular combination. A second
relevant finding comes from the noise-masking ex­
periment by Braccini, Gambardella, and Suetta (1980).
They presented either correlated or uncorrelated

visual masking noise separately to the two eyes and
in both conditions measured binocular contrast thresh­
olds. To the extent that noise introduced externally
mimics the internal noise posited by Campbell and
Green, one would expect correlated noise to yield
greater masking than uncorrelated noise. This was,
in fact, the result obtained, and the finding has since
been confirmed (Anderson & Movshon, 1981). Of
course, this finding in itself does not constitute proof
that internal monocular noise is uncorrelated, but it
is strongly suggestive of that.

While the assumption of uncorrelated monocular
noise seems reasonable, there is one complicating
factor. To account for the V210wering of binocular
thresholds, the model must assume that, during mon­
ocular testing, only noise from the tested eye affects
detection, while during binocular testing, noise from
both eyes is involved. In effect, the mechanism re­
sponsible for summing activity in the two eyes must
somehow recognize when only one eye receives stim­
ulation and then exclude the noise from the unstim­
ulated channel. To accomplish this, an interocular
suppression mechanism could be incorporated into
the model. However, such a mechanism would have
to operate regardless of whether the nontested eye
views a uniform field or is simply occluded, since
'1/2 summation is found under both conditions
(Campbell & Green, 1965). To avoid this problem of
monocular suppression, the model could be modified
by postponing the introduction of noise until after
summation of the two monocular signals. Then,
however, the model predicts an improvement in bin­
ocular performance by the factor of 2, not '12, be­
cause the monocular signals sum completely with no
accompanying increase in noise strength. This mod­
ification, while more simply solving the problem of
noise from an untested eye, is unacceptable as long as
the weight of the evidence favors the '1/2 prediction.

In summary, the model of Campbell and Green,
although appealing because of its predictive validity,
needs to be reformulated to make explicit the role
of noise in monocular vs. binocular detection.

FINAL COMMENTS

In the last 7 years, there has been continued in­
terest in the problem of binocular summation, result­
ing in new insights about the neural mechanisms
underlying enhanced binocular performance. In par­
ticular, much has been learned about the specificity
of binocular summation, and the issue of individual
differences, especially as it relates to other aspects of
binocular function, has received increasing attention.
Also during this recent period, there has been an in­
creased awareness of the potential contribution of
probability summation to binocular performance.
This awareness has occasioned the development of



more refined procedures, both analytical and empiri­
cal, for deriving estimates of probability summation.
(As an aside, it is interesting to note that a similar
concern about the contributions of probability sum­
mation has emerged in the work on spatial channels
in human vision-e.g., see Graham, Robson, &
Nachmias, 1978). Finally, since our previous review
of this literature, methodological advances have
served to expand the study of binocular summation
to suprathreshold levels of stimulation. Given these
advances, it may now be opportune to begin relating
binocular summation to other phenomena of binoc­
ular vision such as interocular transfer, binocular
rivalry, and stereopsis, and to consider integrating
these various phenomena into a comprehensive theory
of binocular vision.
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