
BINOCULAR CONTRAST SUMMATION-l 
DETECTION AND DISCRIMINATION 

GORDOK E. LEGGE 

Department of Pqchology. University of Minnesota, 75 East River Road. Minneapolis. W4 55455. 
U.S.A. 

Abstract-Binocular summation was evaluated for contrast detection and discrimination. Monocular and 
binocular forced-choice psychometric functions were measured for the detection of 0.5-c deg sine-wave 
eratings presented alone (simple detection), or superimposed on identical background gratings (discrim- 
Fnation). The dependence of detectability d’ on signal contrast C could be described by: d’ = (CC’)“. C’ 
is threshold contrast, and n is an index of the steepness of the psychometric function. n %as near 2 for 
simple detection, near I for discrimination, and was approximately the same for monocular and binocular 
viewing. Monocular thresholds were about I.5 times binocular thresholds for detection. but the ratio 
dropped for suprathreshold discrimination. These results reveal a dependence of binocular summation on 
background contrast. For simple detection, binocular detectabilities were at least twice monocular 
detectabilities. For contrast discrimination. the amount of binocular summation decreased. For a 
Y,,-contrast backpround, there was little or no binocular summation. It is concluded that binocular 
contrast summation decreases as background contrast rises. 
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IBTRODUCI-ION 

Binocular srrnmakm is a classic problem in vision. It 

is said to occur if a visual task which can be per- 

formed monocularly is performed more effectively 
binocularly. Binocular summation occurs in visual 
detection since two eyes are more effective at de- 

tecting stimuli than one under many conditions. 

Pirenne (1943) concluded that binocular summation 

at threshold was no more than would be expected if 
the stimulus were detected when it exceeded the 
threshold of either of two independent detectors. He 

termed this form of binocular summation probabilify 

summarion. However, it has subsequently been shown 

conclusively that simultaneous stimulation of corre- 

sponding retinal points results in binocular sum- 
mation in excess of probability summation (Thorn 
and Boynton, 1974). The many studies of binocular 

summation have been reviewed by Blake and Fox 
(1973) and Blake ef al. (1981). 

Binocular summation occurs for contrast de- 
tection. Campbell and Green (1965) showed that the 
monocular contrast thresholds for sine-wave gratings 
were about 1.4 times greater than the corresponding 

binocular contrast thresholds. 
Typically, binocular summation in contrast de- 

tection has been evaluated in terms of differences in 
threshold contrast for monocular and binocular 
viewing. An alternate approach is to study per- 

formance differences for stimuli of fixed contrast, 
presented monocularly and binocularly. Performance 
can be indexed by percent correct in a detection task, 
or by the signal detection parameter d’. Threshold 

differences and performance differences can be ob- 

tained from measurements of psychometric functions 
(sometimes called frequency-of-seeing curves). 

Figure I presents hypothetical psychometric func- 

tions obtained in a two-alternative forced-choice 

procedure. In Fig. l(A), percent correct is plotted as 

a function of contrast (log scale) for monocular (M) 
and binocular (B) viewing. The horizontal dashed line 

at 75% correct intersects the two curves at contrasts 
yielding fixed levels of performance. By convention, 
these contrasts may be taken as threshold contrasts. 
The vertical dashed line in Fig. l(A) intersects the two 

curves at different values of percent correct, indi- 
cating how performance differs for a fixed stimulus 

contrast. The size of this difference will depend on the 
contrast chosen. In Fig. l(B), percent correct is 

transformed to d’. Log n’ is plotted as a function of 

log contrast. In these coordinates, the psychometric 

functions are straight lines with slopes of 2. Typically, 
detection psychometric functions can be adequately 
represented by straight lines in log-log coordinates. 

Accordingly, they can be represented by equations of 
the form 

d’ = (C/C’)“. (1) 

Here, C is contrast. C’ is a threshold parameter 
representing the contrast for which d’ = I (corre- 
sponding to about 76% correct). The parameter n 
indicates the steepness of the psychometric function. 

For the curves in Figs l(A) and l(B), n = 2. C’ = 1 
for binocular viewing, and I .4 I for monocular view- 
ing. When forced-choice data can be fit by straight 
lines in log d' vs log C coordinates, the parameters C’ 
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Fig. 1: Schematic psychometric functions for binocular (B) 
and monocular (M) viewing. The curves are derived from 
functions of the form given in equation (I). In panels (A) 
and (B), values of the threshold parameter C’ and steepness 
parameter n are I and 2 for binocular viewing, and I.41 and 

2 for monocular viewing. In panels (C) and (D), C’ and II 
are I and I for binocular viewing. and I.41 and I for 

monocular viewing. In panels (A) and (C), the ordinate is 
percent correct for forced choice. as transformed from the 

d’ ordinate values in panels (J3) and (D). 

and n are sufficient to characterize the curve. In 

panels (C) and (D) of Fig. I. the psychometric 
functions are shallower, with n = 1. As in panels (A) 

and (B), the threshold parameters C’ are I, and 1.41 

for binocular and monocular viewing respectively. In 
this case, the threshold difference (horizontal separ- 

ation of curves) is the same as in panels A and B, but 

the performance difference (vertical separation be- 

tween curves) is smaller. 

Finally, in Fig. 1, the monocular and binocular 

psychometric functions have the same steepness 
parameter n. There is no 0 priori need for this 

equality. In fact. some models of binocular inter- 
action, such as probability summation, predict un- 

equal values of n for monocular and binocular view- 
ing. If the values of n differ, the curves in Figs l(B) 
and (D) would no longer be parallel. As a result, the 

ratio of binocular to monocular detectability would 
depend on stimulus contrast, and the threshold con- 
trast ratio would depend crucially on the criterion 

level of performance chosen. 
A major purpose of the current study was to 

measure and compare psychometric functions for 
monocular and binocular detection of sine-wave gra- 
tings. The psychometric functions permit binocular 
summation to be assessed not only in terms of 
threshold differences but also in terms of per- 
formance differences. In particular, the relation be- 
tween binocular and monocular detectability can be 
assessed. 

Foley and Legpe ( 1981) measured ti~nocular pb)- 
chometric functions for the detection ,)I’ 0.5. 2 and 
8 c deg sine-wave gratinps. Their data \.+erc niceI! tit 

by straight lines in log tf’ vs log C cooriitnatss. ulrh 

the steepness parameter n having values tn the range 

1 to 3. A power law relationship betuern tl’ and C‘ 
tvith exponent greater than I has also been observed 
by Stromeyer and Klein (197-l) and ?.achmias and 
Sansbury (1974). 

Not only do observers detect Contras:. but they can 
be asked to discriminate between two p<ltrtcrns having 
contrasts of C and C + AC. Here. C is the h~7&p-utrn~i 

contrast and AC is the iturtrzent L’ottrrL:_ir. How do 

two eyes compare with one in contrast discrimi- 
nation’? Is the contrast-increment threshold lower for 

binocular viewing than for monocular liewing’? Once 
again. vve can address these questions by esamimng 
threshold differences or performance ditferences. The 

full picture can be given by measuring psychometric 
functions for monocular and binocular contrast d~s- 

crimination. In such measurements. percent correct is 
obtained as a function of increment AC. for a fixed 

background contrast C. 

A second major objective of the current research 
was to measure psychometric function:. for contrast 
discrimination, both monocularly and binocularly. 
Measurements were conducted for background con- 

trasts of 1. 5 and 2_i”,>. Evidence alre;idy exists that 

psychometric functions for discrimination are 

markedly different than for detection (Nachmias and 

Sansbury, 1974; Foley and Legge, 1981 I. so it seemed 
probable that properties of binocular summation 
should also differ. This was found tc, he the case. 

.\IETHODS 

Apparatus 

Vertical sine-wave gratings were presented on a 
Joyce Electronics CRT display by Z-axis modu- 
lation. The display had a P31 phosphor. and mean 

photopic luminance of 34Ocd/m’ and a dark sur- 

round. 
The contrast response of the CRT \vas measured 

with a UDT 80X Opto-Meter. Contrast is defined as 

(J&l,, - L,,,)I(L,,, + L,,,), where L,,, and L,,,, are 
the maximum and minimum luminances in the sinu- 

soidal luminance distribution. During the experi- 
ments. contrasts were kept within the CRT’s linear 
range. 

Split-screen viewing was arranged so that the left 
and right eyes could be stimulated with different 
patterns. A vertical, black septum extended from the 
center of the display to the observer’s nose. Black 
fixation dots and vertical nonius lines were placed at 
the centers of the half fields, to aid in precise binoc- 
ular alignment. To help convergence and to regulate 
head position, observers viewed the display with 
base-out prisms mounted in trial frames attached to 
the septum. Trial lenses were selected so that the 
observer could comfortably converge and accommo- 



date on the fixation marks. Observers were instructed 
to be sure that the nonius lines appeared to be in 
r,ertical a&nment, and that the fixation dots were 
fused before initiating a trial. 

Sine-wave voltages were produced by an LSI-I I:2 
associated peripherals. Identical digital 

travefotms appeared at the outputs of two I?-bit D,‘A 
converters, These waveforms u’ere passed through 
separate 9-bit programmable dB attenuators, then 
added, and then passed through an antialiasing filter 
before being appiied to the Z-axis of the CRT. The 
waveform from one D,sA served as the .*ba~kgr~und” 
sine-wave grating in the dis~rimi~ario~ experiments, 
and the waveform from the other IXA acted as the 
“signal.” With this arrangement. backgrounds and 
signals could be presented to either the right ar left 
eye and the contrasts could be separately controlled 
with an ~c~~r~cy of 1::4 dB. In audition. the computer 
sequenced trials, collected responses. and was used in 
analyzing the data. 

With one exception, all grazings were presented in 
cosine phase so that the ~xatio~ marks were centered 
on bright bars. In the “binocular l&O’-phase” con- 
dition, a grating was presented in cosine phase to the 
left eye. and an identical grating was presented to the 
right eye, except that its phase was advanced through 
ISO- so that the fixation mark was centered on a dark 
bar. 

AH experiments were conducted with 0.5-c/deg 
sine-wave gratings. This relatively low spatial fre- 
quency was chosen for two reasons. First, we wished 
to control the phase of the sine-wave patterns 
presented to the two eyes. Small vergence i~stabiiit~es 
mean that it is di~cult to specify phase for sinusoidal 
targets having spatial frequencies much higher than 
about 0.5 cfdeg. Second, for convenience, we wished 
to use patterns having about equal contrast sensi- 
tivity in the two eyes. Small anisometropic difl’erences 
are relativeiy less irnpo~t~~t at low spatial fre- 
quencies. We easily found observers with negligible 
differences in contrast sensitivity for their two eyes at 
0.5 c,‘deg. 

The viewing distance was 57 cm, and the half fields 
subtended I I ’ horizontally by 6’ vertically, 

A two-aiter~atjve forced-choice method was used 
to measure ~sy~hornet~~~ f~n~t~~ns. A given experi- 
mental session was devoted to a background grating 
of fixed contrast-0 (simple detection), 1, 5 and 250/, 
(discrimination). For each background grating, four 
to six signal gratings spanning a range of contrasts 
were selected. A forced-choice trial consisted of two 

*In some experiments. -‘dichoptic discrimination” trials 
were L&I interleaved. in which the background and 
signal gratings were presented to different eyes. The 
dichoptic results will be discussed in the accompanying 
paper (Legge, 1984). 

200msec intervals separated b! 600msec. The back- 
ground grating was gated on and off in both inter- 
vals. In each trial, one of the signal gratings was 
randomly selected, and added to the background 
grating in one of the two intervals. The observer 
indicated in which interval the signal occurred by 
pressing one of two keys. Feedback was provided. In 
the monocular conditions, stimuli were presented to 
only one eye within a trial, while the other eye viewed 
a uniform field (apart from fixation marks and dark 
surround) of the same mean luminance. In the binoc- 
ular ~ond~tio~s~ ide~ti~al stimuli were presented to 
both eyes. For all experiments in which monocular 
and binocular comparisons were to be made, 
monocular and binocular trials tvere randomly inter- 
leaved.* In addition, both right-eye and left-eye 
monocular trials were usually interleaved. A typical 

1 to Z!-hr experjme~t consisted of 1200 trials in which 
5 four-contrast psychometric functions were ob- 
tained, each curve based on about 240 triats. 

The raw data consisted of the numbers of trials and 

the percentages correct for a set of signal contrasts 
added to a given background grating. The data were 
fit by functions of the form given in equation (1). 

Maximum-likelihood estimates were found for the 
threshold parameter C’ and the steepness parameter 
n of the ~sy~horn~tr~~ fu~~ti~~. 2’ tests ~~d~~~t~d that 
f~n~t~o~s of the form given in equation (1) almost 

invariably provided reasonable fits to the data. Four 
to seven sessions were conducted for each observer in 
each condition, providing four to seven estimates of 
C’ and n. Monte Carlo simulations {based on 
binomi~i error only) indicated that estimates of C’ 
and n were distributed in approximately lob-Norman 
fashion. Hence, geometric means of C’ and n were 
taken as estimates of threshold and slope. The vari- 
ability of the slope parameter estimates was much 
greater than the variability of threshold estimates. 

Six observers, all in their .20’s, participated in the 
experiments. None showed significant eye differences 
in their contrast thresholds for 0.5 cideg gratings. All 
observers had normal colour vision, and normai 
stereopsis. 

RESULTS 

Derecrian 

In the detection experiments, the grating appeared 
in one of the two intervals of the forced-choice trial. 
In the monocular case the grating was presented to 
one eye, and in the binocular case, identicai gratings 
were presented to both eyes, By interleaving trials in 
which several grating contrasts were used, psycho- 
metric functions were compiled. 
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Figure 2(A) presents psychometric functions from 
four sessions for observer B.P. Percent correct. rans- 

kg from 50 to ~~~~~, 
contrast (log scale). 
(monocular) signals 

is plotted as a function ofgratins 
Open symbols refer to Ieft-eye 
and solid symbols to binocular 
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Fig, 2. Psychometric functions for O.5-c/deg grating de- 
tection. consular and binocular psychometric functions= 
collected En four sessions from observer D.F., are shown. 
Each symbo! is based on 40-50 forced-choice trials. Corre- 
sponding monocular and binocular symbols are based on 
trials that were interleaved within a single observing session. 
In panel (A), percent correct is plotted as a function of 
contrast. In panel (9). the data are replotted as detectability 
d’ as a function of contrast. The straight lines through the 
data in panel (33) are maximum-~j~el~hood fits to the 
monocular and b~~oc~~ar data (see text). The sigmoids 
through the data in panel (A) are tra~sfo~ed versions of 

the straight lines in panel 5. 

rignals. (Right-rl;s data were collected in the S~ITIC 

sessions, but are not shawn in Fig. 2.) ~~f~~spo~~j~~ 

open and solid symbols refer to data oksined in ths 
same session. For example. open and solid circles 
represent data collected in session D.P.S. Each sym- 

bol is hosed on -W-50 trials. so the four symbols in 
a set constitute a psychometric function based on 
about 300 trials. 

The data of Fip. Z(A) are replotted in Z{B) aS 
detectability cl’ vs contrast-both_on log states. d’ for 
forced-choice is computed ~1s I’ 2 timcS the normal 

deviate (Z-score) corresponding to percent correct 
(Green and Swets, 1974) [For binocular detection, r{ 

values for signal contrast of 0.3 fall nfT the state of 
Fig. ?(I31 for D.P.8 and D.P.1 I.] The solid CI.I~~C-S 

through the data in Fig. 2(B) represent equations of L.. 
the form given in equation (1). The curves are 

characterized by a threshold parameter C’ and 3 
steepness parameter (or slope) n. For rhc left-eye dara 
in Fig. 2(B), mean C’ is 0.71”, and mc;~n II is 2.69. 
For the b~no~u~ar data, C’ is O.&?“;, and >I is 3, IS. For 
these data, the left-eye monocular thrclshoid is 1.5 
t~mc’s greater than the binocular threshold, and both 

the monoculnr and binocular psychometric functions 
can he described by power law relation5 between (i’ 
;md Contrxt with exponents greater rhan 2. In 
gent’ral. s~ra~~h~ lines provide adequate fits to the 

mtxsurcd ~~~chometr~c f~~c~~o~s in fog-log plots of 
L!’ vs contrast. The Sigmoidal solid cuneS through the 
data in Fig. 2(A) are transformed i,:rsions of th:: 

straight lines in Fig. I?(B). 
Figure 3 shows left eye. right eye. znd binoculat 

data for observer D.P., pooled across four Sessions. 
As a result, each Symbol represents about X0 trials, 

and each psychometric function is based on approxi- 

mately 800 trials. In Fig. 3(A). data ue plotted as 
percent correct vs contrast, and in Fig. 3(B) as (1’ vc 
contrast. Unlike Fig. 3(B)S however. the ri’ axis En 
Fit7 c, 3(B) Es linear. The linear scale ws chosen 10 

facilitate discussion of addi~~~~~y (see beio\vj. 
W.P,‘s mean monocular contrcist thresholds, esti- 

matt’d from four psychometric fLltXtionS (3X 
Method). were virtually identical--4.7.2 and 0.721”,, 
for right eye and left eye respective!!;. The corre- 

s~~)~di~~ slopes were 7.63 and 2.69. .~lth~~~h inter- 
ocular threshold and slope i~~re~c~s were usualI) 
gre:iter than these for other observers and conditions. 

no significant difierences were found (f-test. 

P c 0.05). 
When D.P.‘s monocular data wert: pooled, the 

ratio of mean monocular thr~shoid to mean binocu- 
lar threshold was 1 S, the mean rn~r~~~u~ar slope was 
2.66. and the mean binocular slope was 7.18. These 
values appear in Table I. The entire experiment \vaS 
replicated on observer D.P. in six additional sessions. 

The results were similar. As indicated in the second 
column in Table I, the monocu~ar~bjnoc~lar thresh- 
old ratio in the replication was I 53. the mean 
mo~o~~~ar slope was 1.53. and the IW~TI binocular 
slope (in-phase cnndition) 1%;:~ ! .?!I 
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Fig. 3. Monocular and binocufar detection ~sy~~o~etric 
f~~cti~n~. Left eye, right eye, and ~~~~~~~r ~s~c~o~~~r~c 
f~~ct~~ns for the detection of OS-c/deg gratings are shown 
for observer D.P. Points are based on data pealed across 
four sessions, and represent about 200 forced-choice trials. 
In panel (A), percent correct is plotted as a function of 
contrast. In panel (B). data are replotted as 8 vs contrast, 
with a iinrar ordinate. The solid curve represents binocular 
perfo~a~~e to be expected if binocular detectabjljty is 

equaI to the sum of the ~~n~cu~ar detect~~ilit~es. 

The same experiment was conducted with observ- 
ers K.B. and KJ. Their results are summarized by 
threshold ratios and slopes in Table t. 

The parameter estimates in Table 1 indicate the 
following concerning psychometric functions for 
monocular and binocular contrast detection. (i) The 
monocular, binocular threshold ratio is close to 1 S, 

and appears to be s~~ght~~ greater than the value of 
:3 associated with some models of binocuEar combi- \- 

nation. (ii) The slopes of the monocular and binocu- 
lar psychometric functions have values near 2 or 
perhaps a little more. The results of this and other 
experiments suggest that the average value is a little 
greater than 2. Precision in estimates of the slope is 
hard to achieve. (iii) For the four cases in which 
monocular and binocular slopes could be compared, 
no significant differences were found by r-test. (K.B.‘s 
monocular slope estimate of 1.52 had a large stan- 
dard error of 42’56.) Within the resolution of these 
measurements, it may be concluded that monocular 
and binocular psychometric ~~nct~o~s for contrast 
detection have the same shape, but differ by a con- 
trast scale factor of 1.3. 

For three observers, psychometric Functions were 

measured for binocular detection in which the gra- 
tings presented to the two eyes were L80’ out of 
phase. Threshold ratios and slopes are given in 
Tabie I. The mo~oc~lar~bi~oc~~ar threshold ratio 

dropped to about 1.3, indicating that the 180”~phase 
binocular stimulus was less detectable than the in- 
phase binocular stimulus, but still more detectable 
than the monocular stimuli, 

~o~oc~~ar and binocular psychometric ~u~ct~o~s 
may be used in two ways to evaluate binocular 

Table 1. Threshold ratios” and slopesb 

Observers 

D.P. D.P. K.B. K.J. G.D. C.S. W.W.L. 
_-_ _ _.___ ~__________.~____~_ 

DHUXiOil 

Threshold ratio 

in-phase 1.50 I.53 I .6J I.51 
I80’-phase 1.30 1.34 1.26 

Slope 

monocular 2.66 1.83 1.51 7.10 2.00 
btnocular 

in-phase 2.18 I .99 2.45 2.63 

I SO--phase 2.53 1.44 3.75 

Discrimination (1% contrast) 

Threshold ratio 1.60 1.27 I.54 

Slope 

monocular 1.26 I .09 I.28 

binocular 0.74 0.93 0.67 

~is~~~~ina~io~ @“,d contrast) 
Threshold ratio I.% 0.83 i.20 I .X3 3.37 
Slope 

monocular 0.92 0.76 a.53 0.77 0.76 

binocular 0.52 I.1 I 0.76 0.80 0.55 

Discrimination (25% contrast) 

Threshold ratio 1.01 1.14 0.96 
Slope 

monocular 0.67 9,99 0.75 

binocular 1.01 0.62 1.12 

*Ratio of monocular to binocular contrasts at threshold, 
%xponent n in the relation. d’ = (C/C’)“. 



summation. First, the threshold ratios af Table I 
iIdiCi3te that ii ~~~~n~‘~ CtX-&%St MUSt be! itlCRX%%f biL_ 
about 5Oy6 if performance is to remain constant when 
the observer uses one eye rather than two. But, how 
does pe~~orrn~~c~ difkr for monocular and bi~oc~ia~ 
viewing of a grating with fixed contrast? To answer 
rhis question, we can compare monocular and binoc- 
ular vaIues of d’ for a given contrast, “Simpfe ri’ 
summation” (,Green and Swets. 1974) is said to occur 
if the binocular detectability iu equal to the sum of the 
left- and right-eye rn~~~c~~ar d~tect~b~lities~ in sym- 
bols, simple ri’ summation occurs il 

As an empirical benchmark, we will refer to the case 
of simple n’ summation as J;tCi ~u~~~~j~~= When 
b~~~c~~~r de&ectab~~jty faiis short of full ~~M~~t~~~ 
but is greater than monocular detectability, ~~~~~ff~ 
sl~rn~l~~~~~~ is said to occur. When binocular de- 
tectability is greater than full summatir>n,faci~itntiapl 
is said to occur. As described by Legge (1984), 
equation (2) is predicted by a b~~~~i~r-s~rnrn~t~o~ 
model based on the energy detector, 

In Fig. 3(B), the solid curve represents the sum of 
monocular detectabilities. On the linear ri’ scale. the 
solid curve lies at ~~~~oxjrn~~e1~ the sum of the 
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increment contra~f We) 

Fig. 5. ~Monocular and binocular discrimination psycho- 
metric functions. The observer attempted to detect a con- 
trast increment (abscissa) added to a 5’:,b-contrast back- 

ground grating. Other details as in Fig. 3. 

irtcrement contrast for left eye, right eye, and binoc- 
ular viewing. The data are replotted in Fig. 4(B) with 

tf’ as the ordinate. The solid curves represent the 

add~tivity prediction, that is, the sum of monocular 
d~t~ctabi~jties. 

The mean monocular and binocular thresholds for 
D.P. were 0.40 and 0.25~~~ respectively. Notice that 
these values are lower than the corresponding de- 
tection thresholds. The fact that near-threshold dis- 

crimination can be better than detection has been 

studied by several investigators, including Nachmias 

and Sansbury (1974) and Foley and Legge (198 I). 
The monocular/binocular threshold ratio for D.P. is 

1.40. Similar experiments on observers K.J. and G.D. 
yielded threshold ratios of 1.27 and 1.54 (Table 1). 
These values are not very different from the threshold 

ratios obtained for detection. However, comparison 
of Figs. 3 and 4 makes evident an important dis- 
tinction between detection and discrimination. The 
psychometric functions for discrimination are shat 
lower. In Fig. 4, D.P.‘s mean monocular slope is 1.26, 
and her binocular slope is 0.74, both values being 
closer to 1 than 2. Examination of Table I shows that 
similar results obtained for observers K.J. and G.D. 
From the Table, discrimination with I:/,-contrast 
backgrounds appears to be the only case for which 
monocular and binocular slopes are systematically 
different. with monocular slopes being slightfy higher. 

In Fig. 4, the binocular data. S‘s. clearI>- lie above 
the monocular data. indicating a binocular sum- 
mation effect. However, the N’s lie on or below the 
line representing the additivity prediction. Appar- 

ently, in the case of near-threshold increment de- 
tection. binocular summation of detectabilities is only 

partial. 
In Fig. 7, the summation ratios for the thrse 

subjects who participated in the near-threshold dis- 
cr~m~natio~ e~perirn~n~ are plotted at an abscissa 
value of 1. Notice that the values lie bet\\-een sum- 
mation ratios of 1 and 2, ~~d~cati~~ partial stim- 
mation, with none a~hievin~ futl slIrnrn~~~~~n. 

Inspection of Table I sho\ss that the threshold 
ratios are not verq’ different for detection and for 

near-threshold discrimination. Measurements of 

threshold alone might suggest that binocular sum- 

mation is the same in the ttvo cases. However. 

because the slopes of the psychometric functions are 

smaller for discrimination, the difference in mon- 
ocular and binocular performance for a given in- 

cremental signal contrast is less than in the case of 
detection. The satiation for near-thr~shoid discrimi- 
nation is very much as scb~n~ati~~d in Fig. l(C) and 

(D). 
Figure 5 shows more discrir~in~~t~~~n data for ob- 

server D.P.. this time for a background contrast of 

57;. Again, the solid curves represent predictions of 

simple rl’ ndditivity. The binocular data. X’s. lie 
above the monocular data, but not by much. There 
is a small binocular advantage, but much less than 

predicted by additicity. 

The threshaJd ratios and slopes for this experiment 
are listed in the first ~oiumn of Table 1. Correspond- 

ing parameters from a replication of the e~perjrne~t 
by observer D.P. and for experiments with three 

other observers are also listed. The threshold ratios 
lie in the range from 0.83 to 1.5, with a value of 1.25 
being representative. Apparently, the monocular con- 

trast discrimination threshold is slightly higher than 

the binocular one for a Y,-contrast background. 
From the Table, it can be seen that the monocular 
and binocular slopes are comparable, and seem to be 

slightly less than 1. 
The decreased threshold ratio and relatively low 

slopes combine to yield tow values of the summation 
ratio. The summation ratios for the five experiments 
are plotted at an abscissa value of 5 in Fig. 7. From 
these results, it is clear that the binoet~lar advantage 
for discrimination against a S‘s;-contrast background 
is smal1, whether measured in terms of thresholds or 

detectabilities. 

Finally, Fig. 6 shows psychometric functions for 
discrimination when the background contrast is 2;5”,;, 

for observer D.P. This time, the binocular data 
overlap the monocular data. There is no clear evi- 
dence for any binocular advantage. In Table I, 
threshold ratios and slopes are listed for D.P. and two 
other observers, The threshold ratios are close to I, 
indicating no dit%rence between monocular and bin- 
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Monoc~~or anb wwcular dlscr!mma:,cn 

Increment confrasr A 

d’vs lncremenf 

30 

Increment contrast (%) 

Fig. 6. ~o~oc~~ar and binocular d~~riminati~n psycho- 
metric functions. The observer attempted to detect n 
contrast increment added to a 25Y;-&trast background 

grating. Other details as in Fig. 3. 

ocular increment thresholds. The monocular and 
bin~ul~r slopes again lie close to !. The symbols 
plotted at the abscissa value of 25 in Fig. 7 show the 
summation ratios for contrast discrimination at 250/;, 
contrast. AH the ratios are close to 1, indicating no 
summation. At least for these three observers, there 
was no binocular advantage in performing this dis- 
crimjnat~on task. 

DISCUSStON 

The results are summarized in Fig. 7 in which the 

summation ratio is plotted as a function of back- 
ground contrast. When the: background contrast is 0, 
we have simple detection. Nanzero background con- 
trasts refer to contrast discrimination. When the 
summation ratio is 1, there is no binocular sum- 
mation, and monocular and binocular thresholds are 
about equal. When the summation ratio is 2, there is 
full binocular summation, and the binocular de- 
t~tabil~~y is about equal to the sum of the mo~~~~ar 
detectabilities. When the summation ratio is greater 
than two, we have facilitation, and binocular de- 
tectability exceeds the sum of the monocular de- 
tectabilities. In Fig. 7, it is evident that binocular 
summation associated with the detection of 0.5~c/deg 
sine-wave gratings is equivalent to or greater than full 
~urnrnat~o~. However, for d~scrim~Rat~on, the amount 
of binocular summation decreases steadily with in- 

creasing background contrast (contirmsd b> ,t 
sig~~~c~n~ effect of background contrasr on values of 
the summation ratio in an analysis 175 variance. 

P < 0.01). For the near-threshold background of !“,. 
contrast. there is partial summation of detcctabilitles. 

E-or the suprathreshofd background contrasts of 5 
and Y’,, there is very little binocuhr summation, 
~~p~~r~nt~y, the substantial binocular advantage that 

exists for detection is markedly reduced ibr discrimj- 
nation. 

Decreased summation effects in contrast discrirni- 

nation have been noted in other contexts. Legge and 
Foley, i 1980) found less spatial summation in contrast 

discrimination than in contrast detection. When they 
increased the number of sine-wave grating qcles 

from I.5 to 12, there was a subst~~~t~~~~ drop in 
detection threshold, but very little e%cct on supra- 

threshold contrast discrimination. Simiksrly, Legge 
and Kersten (1983) observed that temporal duration 
had 3 much greater effect on detection thresholds 

than high contrast djscr~m~nat~on thresholds for light 
and dark luminous bars viewed a@itxt d u~jforIn 

field. 
The monocular and binocular psychometric func- 

tions have been characterized by threshold and slope 
parameters, equation (I 1. These parameters tire surn- 
mar&d in Table t for the various c~~d~t~ons as 
monoc~~ar~b~nocular threshold ratios and monocular 
and binocular slopes. The threshold ratios are about 

1.5 for detection. but appear to drop towrds I for 

Background cffntrcsf i’5b) 

Fig. 7. Binocular summation ratio. Binocular summation 
for contrast detection and di~~minat~on is s~mrna~~d for 
several experiments. The summation ratio is dinned as the 
ratio of binocular detectability to average monocular de- 
tectability, db/dIw, for a binocular detectability of I. The 
abscissa represents background contrast. The abscissa value 
of 0 corresponds to simple detection. Each set af initials 
represents the summation ratio for one ohserver in one 
experiment. Some repkatians for observer D.P. are shown. 
The results indicate that binocular s~mrnatj~n is much 
greater for contrast detection than for sup~~~~r~shold con- 

trast discriminations 
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d~scrim~na~~on as background contrast rises. The 
slopes which appear to be near 2 for detection drop 
quickly to values at or below 1 for discrimination. 
Both the drop in threshold ratio and the drop in slope 
contribute to the decrease in summation ratio evident 
in Fig. 7. 

Some models of binocular combination. such as 
probability summation. predict psychometric func- 
tions with unequal slopes for monocular and binocu- 
lar viewing. With the exception of contrast discrimi- 
nation with I’!;-contrast backgrounds, the slope 
estimates in Table I indicate no clear difference 
between monocular and bin~ular viewing. For the 
case of 1% backgrounds, the monocular slopes ap- 
pear to be a little larger than the binocular slopes. 
Perhaps this difference occurs because “‘effective” 
background contrast is slightly lower in monocular 
viewing than in binocular viewing. For very low 
background contrasts, we would expect slopes to rise 
to values near 2 which are characteristic of detection. 

Kristofferson (cited in Green and Swets. 1974) 
measured psychometric functions for monocular and 
binocuEar detection of light Rashes with no back- 
ground in peripheral retina and in the fovea (with a 
IO ft-L background). In both cases, his data were 
similar to the detection data of this paper. The 
binocular n’ was approximately equal to the sum of 
the monocular si’ values. Data of Bacon (1976) 
suggest that, for at least one contrast, binocular 
detectability was more than twice the monocular 
detectability for 5.0-c/deg sine-wave gratings. Re- 
cently, Cogan @I ai. (1982) have measured monocular 
and binocular psychometric functions for the de- 
tection of “contrast flashes” (LED’s flashed on uni- 
form backgrounds). They fit their psychometric func- 
tions with straight lines in linear coordinates, thereby 
characterizing their data by slope parameters of 1. 

However, they found that the ratio of bin~ular to 
monocular detectability, di/d&, was greater than 2 for 
low d’ values and less than 2 for high d’ values. This 
change in summation ratio implies that their binocu- 
lar psychometric functions were shaltower than their 
monocular psychometric functions. Indeed, a re- 
analysis of their Fig. 4 yielded siope parameters of 
about 2 and 3 for their two monocular psychometric 
functions, and a slope of about 1.1 for their binocular 
psychometric function. Apparently, the binocular 
functions were shallower than the monocular coun- 
terparts for their other observers as well. Evidence 
presented in the present paper indicates no clear 
difference between monocular and binocular slopes 
for grating detection. Values of the binocular slopes 
found in this study, and in studies cited earlier, 
appear to be nearer 2 than i. Reasons for the lower 

binocular sIopes found by Cogan et al. are not 
apparent. 

The results of the present study bones previous 
studies in showing that l80’-phase binocular gratings 
are less detectable than in-phase binocular gratings, 
but more detectable than monocular ~r~~~~~s (Blake- 

mire and Hague, 1972; Bacon. 1976: Green and 
Blake, 198 1). The monocular; binocular threshold 
ratios given in Table 1 for l80’-phase binocular 
detection average 1.30. This is exactly what would be 
expected according to a simple model of probabitity 
summation (see below) if the participating monocular 
detectors have psychometric functions with slopes of 
2. However, this model also predicts that the binocu- 
tar slope will be less than the monocular slope. This 
result was not obtained for the detection of the 

f80”-phase binocular gratings (see Table I). For this 
reason, it cannot be concluded that probability sum- 
mation gives a fully adequate description of the 
180”-phase binocular detection data of this paper. On 
the basis of empirical measures of probability sum- 
mation, Green and Blake (1981) concluded that 
thresholds for 180”-phase binocular gratings conform 
to probability summation predictions. It is interesting 
to note that a parallel finding exists for fused. lumi- 
nous ~~cr~rn~~ts. The detection thresboid is higher 
for an increment presented to one eye and a decre- 
ment to the other than for increments (or decrements) 
presented to both eyes. Each of these binocular 
combinations has a tower threshold than monocular 
increments or decrements (Westendorf and Fox, 
3974; Cohn and Lastey, 1976). W~st~ndorf and Fox 
(1974) have shown that the increment-decrement 
detectability is predicted from empirical measures of 
~robab~~it~ summation. Cohn and Lasley (1976) have 
argued that increment-decrement pairs are detected 
by a different mechanism (presumably less sensitive) 
than the mechanism that detects increment- 
increment binocular stimuli. 

The experiments of this paper were conducted with 
0.5~cJdeg gratings. What effects might spatial fre- 
quency have? Monocular and binocular thresholds 
have been obtained over a range of spatial fre- 
quencies in several studies, but comparable data for 
discrimination are not available. Neither Campbeh 
and Green (1965) nor Blake and Levinson (1977) 
found any systematic effect of spatial frequency on 
the monocu~ar~binoc~l~r threshold ratio. Rubin 
(1983) using methods similar to those of this paper, 
has made limited measurements of monocular and 
binocular psychometric functions for the detection of 
gratings having spatial frequencies of 0.25, 1, 2 and 
6 c/deg. In all cases, m~nocuIar and binocular slopes 
were similar, and tended to be greater than 2. His 
monocular/binocular threshold ratios lie in the range 
1.3-1.7. His results show no systematic effects of 
spatial frequency, and suggest that properties of 
binocular summation may be similar across a broad 
range of spatial frequencies. On the other hand, both 
Rose (1978) and Arditi et al. (1981) have presented 
evidence that the monocular/binocular threshold 
ratio may depend on spatial frequency for drifting 
or Pickering gratings. 

The results of this paper impose constraints on 
models of binocular combination. Evidence has al- 
ready accumulated that binocular summation for 



detection exceeds probability summation. The de- 
tection data of this paper provide further 
~on~~ation~ The probability summation model 

holds that in binocular viewing. the two eyes act as 

independent detectors. each with a threshold, The 

stimulus is detected if either one or both thresholds 
is exceeded. If neither monocular threshold is es- 

ceeded when the stimulus is presented in a forced- 

choice triaf, the observer is assumed to guess. As- 
suming equal sensitivities for the two eyes, 
probability summation predicts the following relation 
between monocular proportion correct P,, and binoc- 

ular proportion correct P, for two-alternative forced 
choice 

P,=l- 9( 1 - P,,). is? 

[This formula is equivalent to one given by Blake and 

Fox (1973) in their Appendix A.] This probabilit) 
summation model relates monocular and binocular 
probabiiit~$s~ or equivalently. ci’ values. It says noth- 
ing about the relation between t/’ and contrast for 
monocular viewing. If we assume that ri’ is prupor- 

tional to squared contrast for monocular detection. 
application of equation (3) predicts ;t 
monocular/binocular threshold ratio of about I .! 
and a binocular slope of about 1.75. Both of these 

~red~~te~ values are lower than the pafarn~t~r esti- 
mates given in Table 1. 

Can probability summation account for the dis- 

crimination data? Assume that c!’ is proportional to 

increment contrast for monocular discrimination. 

Applying equation (3). it can be shown that proba- 
bility summation predicts a threshold ratio of 1.75 
and a binocular slope of about 0.95. 1.75 is higher 

than any of the threshold ratios measured for dis- 
crimination and listed in Table 1. Apparently, proba- 
bility summation does not describe the dil”rerences 

between monocular and binocular contrast discrimi- 

nation. 
According to signal detection theory, the optimal 

rule for combining information frum two indepen- 

dent detectors has the following form 

If monocular ~~t~~tabilit~~s are assumed to be equal, 
this rule predicts that d’, = $dif. For the case of 
detection, this model redicts a summation ratio 

(Fig. 7) of d&d,, = Je 2 = 1.41. Moreover. if cl’ is 
proportional to squared contrast for detection, this 
model predicts a threshold ratio of 2’.’ = I. 19. These 
predicted values are not in accord with the results of 

this paper. 
In Fig. 7, the summation ratios are close to 2 for 

detection and close to 1 for high-contrast discrimi- 
nation, How do these values compare with maximum 
and minimum values that might be expected on 
general grounds? One way to establish an upper 
bound on binocular summation is to compute im- 
provement in performance to be expected from a 

doubling of monocular contrast. If me assume that 
for detection. monocular ~2’ is pr~p~~~ional to 
squared contrast. a doubling of rnono~~~~r contrast 
will result in a quadrupling of ci’, Insted of doubling 
the contrast to one eye. 6t.e may present the sarntt 

contnlst to both eyes. This results in only 3 doubling 
of tl’. I.C. s;imple (f’ summation. Xlthough simple (j 

summation has been termed fidi ~2~~~~~~~~~)3~. it fdfs 
well short of the upper bound. The fact that the 
binocular summation ratio is close to Z rather than 

3 suggests that the locus of binocular combination 
,fbllnr~~s the process that accounts for the square-la\& 
behaviour of the detection psychometric function. 

Probability summation is sometimes thought to 

impose a lower bound on binocular summation, It 
may therefore seem surprising that the summation 
ratio for high-contrast discrimination is close to I. 

indicating no binocular summation at all. Para- 
doxically, this implies that two cooperating individu- 
als, e:tch looking with one eye, would likely do II 
better job at dis~rimi~ati~~ contrasts than one indi- 
vidual looking with two eyes. This can be understood 
by realizing that a relaxation of the independence 

assumption of probability summation need not result 
in improved binocular summation. For example. if 
the internal noise processes that limit ~~f~~rnanc~ in 
the separate monocular channels of ~hz ~robab~ijt~ 
surnrn~~~~on model become correlated i\t supra- 

threshold contrasts, the extent of binocular sutn- 
mation will decrease. 

In contrast to models in which ths monocular 

channels remain independent until a decision is made. 

models of binocular summation can be formulated in 
which monocular signals are combined in some man- 
ner to form a “binocular signal.” Thtz observer‘s 

decision is based on some property of the binocular 
signal, Recent models of this sort include those of 

Cohn and Lasley (1976) and Cogan (1982). Legge 
( 1984) describes a modei of this sort called ‘~q~adrat~~ 
s~rn~~~E~~n.‘~ It is closely related to !.he energ.r de- 

IWIOI model of signal detection theor) (Green and 
Swets, 1974). According to the quadratic summation 
modet, the “atkective binocular contra.it”‘ (YB is related 
to left and right monocular contrasts I’, and CR by 

the quadratic relation 

It will be shown that this combination rule gives a 

good, first-order account of many of the results of 
this paper, as well as a number of other phenomena 
of binocular contrast interaction. 
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