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We compared the spatial tuning of sensitivity to luminance increments and decrements in three types of
localized stimulus presentation with a smooth spatiotemporal envelope. The first type consisted of
spatiotemporai Gabor grating functions with either a positive or a negative bias in luminance. The spatial
tuning showed a substantially narrower bandwidth and greater peak sensitivity for the positive Gabors.
A similar description could be applied to the results for detection of spots with a 2-D diffcrence-of-G aussi an
profile, although the shape of the tuning function differed in several respects. We also used the biased
Gabor modulation in a contrast self-masking paradigm, where the increment (or decrement) was presented
against a steady background with the same spatial configuration, over a range of base contrasts. At medium
spatial frequencies the biased masking functions were similar to those typically found for unbiased gratings,
in showing a threshold facilitation (dipper) at low contrast, and sub-Weber masking behaviour at higher
contrasts. At low spatial frequencies, however, a pronounced asymmetry appeared. Stimuli with a positive
bias again showed typical masking behaviour, but a virtually flat masking function was obtained for
negative bias stimuli. We conclude that stimuli without abrupt luminance transients reveal pronounced
differences in the spatial tuning of responses to positive and negative stimuli, which probably reflect
differences in the neural connectivity of the ON and OFF processing systems.

Segregatioti of retinal neuroties into separate polarity
types was first reported by Hartline for frog optic nerve
fibresV One type responded with a positive (ON)
response to a flash of light, while the other type required
the light to be turned olT to produce a positive (OFF)
response. This segregation property is equally valid for
cat and monkey retitial ganglion cells, except that these
cells show a preferential response to small spots of light
or dark, relative to the local surround illumination^^

There have been many attempts to differentiate the
responses of the ON and OFF pathways in human vision.
Until recently, these studies had all used brief increments
and decrements of light in local circular test targets, in
which case there has been either no significant difference
between increment and decrement sensitivity*"^ or a
small advantage for deerement detection of up to about
0.15 log units^"". Some studies found larger differences,
but only where the increment and decrement stimuli were
presented on different adaptation levels""'^. Bowen.
Pokorny and Smith also found an asymmetry of -0.15
log units in favour of decremental stimuli for some
subjects, when tbe stimuli were presented in tbe form of
sawtooth increments or decrements'*. The use of
sawtooth temporal profiles ensured that the step change
was followed by a slow return to basehne to avoid
contamination by the overshoot in response that occurs
to flashed stimuli. In general, then, the psychophysical
evidence with transient stimuli is a small preference for
luminance decrements in local test targets.

The possibility of differences in the spatial tuning of
the ON and OFF pathways is suggested by the data of
Schiller. Sandell and Maunsell, who isolated the response
of tbe OFF pathway by injecting 2-amino-4-pbosphono-
butyrate (APB) into the vitreal chamber of the eyes of
monkeys'^. Relative to untreated eyes, detection
responses for the OFF pathway were significantly
reduced and latencies slowed for medium spatial
frequencies, but showed no change at a higher spatial
frequency. These data suggest that there may be
differences in tbe spatial tuning of the ON and OFF
pathways, with the ON pathway showing a narrower
peak than the OFF pathway. A similar result was
obtained by Zemon, Gordon and Welch by means of
visual evoked potential recording to patterns of separated
bright or dark checks modulated relative to a grey
surround'*". The tuning of the response as a function of
cheek size and spacing (i.e. spatial frequency), was
substantially narrower for tbe bright checks than the dark
checks.

To study tbe properties of tbe ON and OFF patbways
in human vision, one needs stimuli that are likely to
produce responses in only one of the two pathways at a
time. We employed two paradigms to examine
increment/decrement asymmetries as a function of
spatial frequency in sinusoidal grating stimuli presented
with a smooth spatiotemporal envelope. The smooth
temporal envelope was used to avoid temporal transients,
which could have evoked a biphasic response that could
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produce stimulation in both ON and OFF channels
under the detection paradigm. Increment/decrement
specificity was obtained by using biased sinusoidal
gratings (1 + cosine) witbin tbe smooth spatiotemporal
envelope (see Figure J). gave only luminance increment
modulation from the grey background (or only
luminance decrement modulation). If tbe spatial
envelope is Gaussian, tbese stimuli may be called biased
Gabor (BG) functions. We also produced more localized
stimulation for the detection paradigm by using 2-D
difference-of-Gaussian (2-D DoG) luminance profiles,
which gave a stimulus configuration similar to those of
Zemon et a/.'^.

For the second study we used the BG modulation in
a contrast self-masking paradigm, where the smooth
positive (or negative) temporal modulation was
presented against a steady background of a positive
{or negative) BG of the same spatial configuration, but
witb a range of base contrasts.

Methods

Stimuli were generated on an Apple Macintosh Ilfx
computer witb an 8-24GC graphics adapter. This board
has a resolution of 8 bits per pixel for each gun (red,
green and blue; R, G. B). Luminances for each gun were
calibrated using a Photo Research Pritchard 1980A
photometer.

To obtain finer luminance steps, a compromise was
made on tbe chromaticity of the pattern by allowing
slightly unequal ratios of R. G and B components. We
call this procedure 'bit stealing"'^. For example, the first
step in luminance (from the mean level) might modulate
just one step of B from the current B level. Tbe next
luminance step would modulate one step of R, and so
on in a binary sequence. If the ratios of R, G. and B are
set to 2:4:1, this method optimizes the luminance steps
to achieve 1786 levels under optimal conditions. Since
the actual luminance ratios of the guns of the Apple
monitor were 2:6.5:1, we needed to change the ratios.
A gelatin filter pack was developed to decrease the
amount of G relative to tbat of R and B. This filter bad
a purple hue when viewed under neutral adaptation
conditions. Bit stealing is satisfactory here since we are

mostly concerned witb luminance steps, tiot colour. At
the lowest level, where both peak and trough were one
luminance step from the mean, the contrast was 0.19%.
Furthermore, no variations in colour were visible during
tbese experiments.

The BG patterns were 7.2 degrees in angular
subtense with a 13.66 cd m " ̂  background luminance. A
small black dot in tbe centre served as a fixation mark.
The patterns were computed in the following manner.
First, the biased sinusoid was calculated such that for
bias ^ -h 1, the troughs were all equal to the background
level and for bias ^ - 1, the peaks were equal to the
background level. These patterns were then passed
through a circular 2-D Gaussian window to yield the
BG patterns that were used in the experiment. The
equation for these patterns was:

BG{x,>')= ±(1 +cos{2nfx))e (1)

where / i s the spatial frequency of the modulation.
The luminance profiles of the plus and minus versions

of this waveform along the axis of modulation are
depicted in Figure I. Reproductions of actual test images
are given in Figure 2. The upper left panel sbows an
unbiased Gabor function at 100% contrast of the original
image. The lower left pane! shows the same function with
anoriginalcontrast of 3%. When shown this image, most
observers report that the bright bars appear wider than
the dark bars. It is diffiicuit to attribute this result to a
saturating non-linearity, since any feasible form of such
a non-linearity would show small signal linearization at
3% contrast. The implication is that the positive and
negative parts of the modulation are processed by
separate neura! channels, and that those channels have
different sensitivities for this stimulus. This observation
tbus serves as a demonstration of tbe kind of asymmetries
described in the experiments of this report.

The right side of Figure 2 shows the positive and
negative BGs at maximum contrast. To define the
contrast (C) of these images we have used the
Michelson definition throughout this paper:

where L is the luminance at any point in the image.
Under this definition, the contrast is affected by the

Figure I Luminance profile of biased Gabor functions used in this study. Left, positive biased Gabor; right, negative biased Gabor
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Figure 2 Reproduction of the appearance of biased and unbiased Gabor functions. Upper right, positive biased Gabor: lower right, negative
biased Gabor, both of maximum contrast. Upper lcfl. unbiased Gabor of 100% contrast: lower left, unbiased Gabor of 3% conlrast. For most
observers the bright bars of this low contrast image appear wider than the dark bars, implying a processing asymmetry elose to threshold

mean luminance of the biased patterns, which is higher
for the positive than the negative polarity of bias. This
effect of bias on contrast is negligible for low modulations
in the threshold range ( - r / o ) , but increases with
contrast. At tbe maximum modulations shown on the
right side o(Figure 2, the positive Gabor bas a Michelson
contrast of 33.3%, while the negative Gabor has a
contrast of 100%. The use of Michelson contrast will be
seen to induce symmetry wben considering the impact of
Weber's law for luminance on contrast masking data.

Two-dimensional difference-of-Gaussian patterns were
created using the 1-D equation:

DoG(.\) = 2.56e"^-^^^''^'''-e"'^'''^''' (3)

where a = patchsize (degrees )/7.3.
One-dimensional functions of this form on orthogonal

.X and I' axes were multiplied to provide the 2-D form,
which was balanced with respect to the volume under
the positive and negative terms. Note that the weighting
of the positive and negative terms required to balance
the 2-D DoG is different from that used to balance a l-D
profile. The resulting patterns were circularly symmetric:
they also bad horizontal and vertical fixation marks
which pointed to the centre of the patch but at the same

time should not have interfered with detection of the
pattern, since tbey stopped at a distance of 2.2 times the
centre radius away fom the centre. No bias was used with
these pattertis (all positive and negative variation in the
luminance profiles for these 2-D DoG patterns were made
with respect to the background mean luminance level).

Both viewing distance and patch size were varied to
generate the range of spatial frequencies used in this part
of the experiment. The specification for contrast of tbe
2-D DoGs was arbitrarily chosen as the difference
between the peak and trough luminances for the DoGs
divided by the mean luminance of the patch. In all
experiments, the subjects viewed the stimuli binoculariy
witb natural pupils. A staircased method of adjustment
was employed to determine contrast thresholds. In this
procedure, the subjects started at a contrast level slightly
above threshold. They decreased the contrast in steps of
0.05 log units until tbey could not see the stimulus for
three repetitions at that contrast level. A minimum of
three trials per subject per condition were collected.
Stimuli were presented in a raised cosine temporal
window lasting 1.2 s. Contrast varied as a I + cos(27rO
with a period of 1.2 s.

In the contrast sensitivity experiment, subjects deter-
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mined their threshold to BG or 2-D DoG patches from a
uniform background. In the masking experiment,
contrast increment thresholds were measured when a
base contrast was present. The base contrast was present
during the whole test period, while tbe test contrast was
ramped on and off with the same temporal envelope as
mentioned above.

Results and discussion

Spatial tuning for BGs
For the first experiment we compared detection
thresholds for BGs of positive and negative polarity as
a function of the spatial frequency of the sinusoidal
modulation. Since the Gaussian envelope remained of
fixed extent throughout the experiment, the total number
of cycles across the patch varied with spatial frequency
from 2 at 0.3 c/deg to 58 at 8 c/deg. The detection
threshold functions (shown in Figure 3) were not
completely consistent, but formed a similar picture for
the four observers. In each case the positive BG was
more detectable than tbe negative BG in the mid-
frequency range, where tbe observers were most
sensitive to the stimuli. The positive/negative ratio was
greatest at 1.5 c/deg for each observer (1 c/deg for

L.B.), and averaged 0.32 log units at its maximum value
( s e e Table I ) .

At high spatial frequencies the positive and negative
data in Figure 3 converged to similar values. At the low
frequency end of the spectrum, however, the sensitivity
difference showed a significant reversal for three of the
four observers, so that sensitivity became greater for the
negative Gabors. This preference for negative-going
stimuli corresponds to the results of the previous studies
with uniform light patches""". Tbe implication of the
reversal from a dark preference at low spatial frequencies
to a bright preference at medium spatial frequencies is
tbat there is a difference in tbe spatial frequency tuning

Table I Parameters of the tuning differences for detection of positive
versus negative Gabors

Ob.server

Peak threshold
ratio
(log units)

Positive
bandwidth
(oetaves)

Negative
bandwidth
(octaves)

Ratio of positive
to negative
bandwidth

L.L.
N.H.
L.B.
H.C.

Mean

0.33
0.52
0.21
0.24

0.32

3.70
2.24

3.08

4.67
2:71
4.43

1.26
1.21
1.41
144
1.26

1 .0

0.1

LL bias -

L • 1 I I I I I I I

0.2

1 .0

0.1

1 .0

LB bias = 1

10.0

0.2 1 .0 1 0 . 0

1.0

O.t

NH bias = 1

l l l l l l -*- 1 I I I 1 1
0.2

1.0

0.1

1 .0

HC bias -

10.0

J L_i i 1 J-L LJ. I I 11
0.2 1.0 10.0

Spatial frequency (c/deg) Spatial frequency (c/deg)

Figure 3 Detection thresholds for positive ( A l and negative ( • ) biased Gabors as a function of spatial frequency, for four observers. Error bars
show 1 SEM, averaged over all points on eaeh curve. Note that thresholds in the midfrequencies are lower for the positive biased Gabors by a
facior of 2, on average. This asymmetry tends lo reverse at low spatial frequency
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functions for the two stimulus polarities. This difference
may be captured by the measurements of spatial tuning
bandwidth for the two polarities, as given in Table I. The
bandwidth, defined at a sensitivity level of 0.5 log units
below the peak sensitivity in Figure 3. was wider for the
negative Gabors by an average of 26% over that for the
positive Gabors.

Spatial tuning for 2-D DoGs
There are a number of aspects of the BG stimuli
that might be thought to limit the range of the observed
polarity differences. First, v^hen convolved with receptive
field mechanisms having balanced inputs from their
centres and surrounds, the biasing component of the
waveform would be essentially invisible and should
produce no distinction between the biased sensitivities.
Second, the BG allow substantial areal summation across
cycles in the high frequency versions, so that diiferences in
summation could not be distinguished from differences
in sensitivity of the individual mechanisms. Third, in
retinal ganglion ceils, which are circularly symmetric,
grating stimuli can never produce optimal inhibition from
the surround when they are at a spatial frequency optimal
for stimulating the centre. Thus, grating stimuli
eannot produce the maximum differentiation between
positive and negative retinal cell responses. Finally, when
centrally fixed, BGs of the size we used to obtain a full
range of spatial frequencies stimulate an inhomogeneous
region of retina, so that local polarity differences in one
region might be attenuated or cancelled by different
polarity differences in another region.

For all these reasons, we took another look at the
polarity differences with a type of stimulus that is more
local (at least at high frequencies): the 2-D DoG stimulus
described previously. Since we were interested in selective
stimulation in the part of the visual pathway where the
ON and OFF systems are the most distinct, it seemed
worth using stimuli which match the 2-D properties of
the mechanisms in that part of the pathway, i.e. cireularly
symmetric, to optimize selection for those mechanisms.
We are unaware of previous uses of sueh a stimulus in
detection psyehophysics, although there have been many
studies of I-D DoG profiles'^ ' ^ Note that the 2-D
version has different centre/surround weighting when
balanced than does the 1-D version.

The detectabiiity for the two polarities of 2-D DGs is
compared in Figure 4 as a function of centre width, with
the averages of three runs for each of three observers.
For comparison with F/V/wrei, width is expressed in terms
of peak centre spatial frequency, or the reciprocal of twice
the width of the DG eentre at its mean height. The tuning
functions are significantly different for each observer,
although they also vary between observers. Generally, it
appears that the sensitivity for positive DoGs was greater
at some peak frequency, by an average of 0.13 log units
(see Table 2). Sensitivity for positive DoGs then declines
more rapidly for both higher and lower frequencies than
does the sensitivity for negative DoGs, as is shown by the
approximate doubling of the bandwidth, measured at 0.3
log units below the peak, for the negative DoGs
(Table 2). Note that some observers who showed a small
sensitivity difference for BGs showed a larger one for 2-D
DoGs, and vice versa. Although there is variation
between the observers, the SEMs average less than 0.04
log units for each observer. Each observer shows relative
differences in sensitivity across tbe spatial frequency
spectrum of at least a factor of two, or 0.3 log units,
implying clear differences in the spatial tuning properties
of the underlying retinal or other mechanisms.

Self-masking by BGs
A further approach to the question of differences between
ON and OFF channels is to look at suprathreshold
stimulation. Perhaps threshold responses are limited by
noise, in whieh ease they should be symmetrical (except
close to absolute threshold^**). A suprathreshold
paradigm which addresses this question is contrast
self-masking, where detection of the positive or negative
increment is performed against a mask of the same

Table 2

Oh\erier

H.C.
L.L.
L.B.

Mean

Peak
ratto
(log

0.26
0.11
0.02

0.13

threshold

units)

Positive
bandwidth
(octaves I

2.29
2.44
3.99

Negative
bandwidth
{octaves)

4.91
4.32

>4.7

Ratio ot positive
to negatiie
bandwidth

2.14
1.77

>1.99

>].96

10.0

1.0

0 . l l I I I I I I I J I I i I I I I

0.1 1.0

LB DG

1 .0 0.1
J 1 I I I luJ I I__L

1 .0

Peak central spatial frequency [c/deg)

Figure 4 Detection thresholds 2-D DoG stimuli with positive I O ) and negative ( • ) centres as a function or peak spatial frequency (the
reciprocal of centre size) for three observers. Error bars show 1 SEM. averaged over all points on each curve
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10.0
- HC 0.3 c/deg; bias =

1.0

0.1

10.0

O • Unmasked thresholds
1 1 1—1—' I ^ ' I I L_

: HC 0.7 c /deg ; bias=1

1.0

0.1
.Unmasked thresholds

= HC 2.0 c / d c g ; bias=1

1 .0

0.1
0.1

Unmasked thresholds
I 1 1 I 1 I i I 1 I 1 1

1 .0

Base contrast {%)

10.0

10.0

1 .1

0.1

LL 0.3 c / d e g ; bias=1

oUnmasked thresholds

10.0 r-

'-> 1 .0

0.1

LL 0.7 c / d e g ; bias =

Unmasked thresholds

10.Op

= LL 2.0 c /deg ; bias=1

I .0 -

1.1
0.1

Unmasked thresholds
[ I I I ] I I I I I 1 I I I

1 .0

Base c o n t r a s t (%)

1 0 . 0

Figure 5 The effect of ii spatially congruent masking contrast on the detection thresholds for positive (O I and negative ( # ) biased Gabors, at
three spatial frequencies for two observers. Error bars show 1 SFM. averaged over all points on each curve. The data arc plotted in terms of
Michelson contrast, so the operation of Weber's law for the luminance increments would produce identical effects on the two polarities. Nevertheless.
there arc large differences between the pairs of functions, especially at the lowest spatial frequency, where negative Gabors show none of the ma.sk ing
behaviour evident for positive Gabors: (aI observer H.C; [h) observer L.L.

Stimulus at some suprathreshold contrast. In our version
of this experiment, the mask is continuously present,
while the test increment is presented with the same
smooth cosine temporal envelope as for the threshold
experiment.

The masking functions for positive and negative BG
are shown in Figure 5 for two observers at spatial
frequencies of 2, 0.7 and 0.3 c/deg. At 2 c/deg the
biased masking function was similar to the unbiased
ease^', in showing a threshold facilitation (dipper) at
low contrast, and sub-Weber masking behaviour (a
log-log slope of about 0.7) at higher contrasts. Note that
the curve climbs out of the dipper at a lower contrast
for the positive cases than the negative cases,
corresponding to the lower detection threshold for the
positive case. A more extensive study would be required
to determine if such details of the curve shape were
consistent, however.

At the lowest spatial frequency tested. 0.3 c/deg. a
pronounced asymmetry appeared. Stimuli with a positive
bias again showed the expected masking behaviour, but
no masking was obtained for negative bias stimuli. The
negative bias thresholds showed no dipper near detection
threshold, but then tended to decrease with masking
contrast, whereas the positive bias cases substantially
increased. These effects represented a fivefold discrepancy
between the two bias conditions. The data at 0.7 c/deg
showed intermediate behaviour, with much less masking
for the negative than the positive case at high contrasts,
and little evidence for dipper behaviour.

It is important to consider what would be predicted
for the masking functions on the basis of Weber's law
for local luminance changes in these stimuli. For example,
at a base contrast of 20"/o in the BG stimuli,
the peak of the positive function is at 120% of the
background luminance, while the peak of the negative
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function is at 80% of the background luminance. The
ratio between these luminances is 1.5, predicting that the
luminance threshold for the positive increment against
its base should be 1.5 times greater than for the negative
increment against ils base. To see how the Weber
mechanism accounts for the data obtained, we developed
predictions in terms of local luminance output and in
terms of Michelson contrast, for the specific case of a
luminance threshold of 2yo, which would correspond to
a contrast threshold of 1% under the Micheison
definition (Equation 2}.

The predictions for the positive and negative masking
thresholds are shown in Figure 6. The upper panel is
plotted in terms of the actual luminance of the display,
which had a mean luminance of 13.66 cd m~^. The upper
curves show the peak luminance for the positive Gabor
(••••) and the trough luminance for the negative Gabor
( — ) as a function of the Michelson contrast of the
waveforms (Equation 21. The lower pair of curves shows
the threshold luminances predicted by Weber's law with
a luminance threshold constant of2%, on the assumption
that the threshold is determined by the largest luminance

lOOOr-

100 -

10 -

1.0 -

0 . 1 0 -

0.01

Peak

AL

1 1 1 1 1 1 1 1 1

L

• — .

1

\

1 1 I 1 1 1 \

1.00 10

Base contrast

100

1.00

10

O.OI

Michelson contrast

1.0 10 100

Base contrast [%)

Figure 6 Depiction of the predictions of Weber's taw for luminance
in the contrast masking experiment of Figure 5. Upper panel is plotted
with a log luminance ordinate. to show the maximum luminance in
the positive Gabor (••••) and the minimum luminance of the negative
Gabor ( — |. as a function of log contrast. The Weber's law predictions
for these stimuli are shown in these coordinates as the required
luminance increment | - • | and decrement ( ), respectively, for
a 2% threshold Weber fraction. The lower panel translates these
predicted increments and decrements into Michelson contrast units, as
used for Figure 5. Note that the Weber-law prediction is for an identical
decrease in contrast threshold as base contrast is increased. No
masking behaviour is predicted for eilher polarity. Background
luminance = 13.66 cdm -

change in the display, which is at the peak or trough,
respectively. These threshold prediction curves have the
same form as the peak or trough luminance curves, but
shifted down by 1.7 log units (2%). The variation in
peak luminance causes the luminance thresholds at
contrasts above about 10% to deviate drastically from
their low contrast values, increasing for positive Gabors
and decreasing proportionately for negative Gabors.

The lower panel o[Figure 6 shows the same predictions
in terms of the Michelson contrast used for the data plots
in this paper. There is no difference between the predicted
masking functions for positive and negative Gabors. This
identity illustrates the value of using the Michelson
contrast metric for stimuli that vary in luminance.
Because the mean luminance of the stimulus forms the
denominator of the Michelson fraction, effects which are
proportional to luminance are factored out. However,
there is a secondary effect of luminance in the results, in
that the contrast sensitivity predicted by a fixed Weber
fraction of luminance decreases at high contrast for both
Gabor types. The reduction is not noticeable until about
40% contrast, but reaches ^ 1 log unit by 95% base
contrast. Thus, the variation in luminance of the BGs
with contrast tends to reduce the predicted contrast
threshold as the masking patterns are taken to high
contrast, but to an equal extent for both bias polarities.
The large differences in contrast threshold between the
polarities in Figure 5 must therefore be attributed to
effects other than the operation of Weber's law for the
local luminances in the patterns.

We conclude that stimuli without abrupt luminance
transients may reveal pronounced differences in the
spatial tuning of the ON and OFF pathways, since if our
positive and negative stimuli did not preferentially
stimulate each of these pathways, there would be no
reason to obtain spatial tuning differences for these
stimuli. The differences between the two pathways show
complex shifts as the stimuli vary in contrast, and
probably reflect differences in the neural connectivity of
the ON and OFF processing systems.
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