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The effects of temporal modulation and spatial
location on the perceived spatial frequency

of visual patterns

LYNN MARRAN and ELIZABETH THORPE DAVIS
State University of New York, New York, New York

The perceived spatial frequency of a visual pattern can increase when a pattern drifts or is
presented at a peripheral visual field location, as compared with a foveally viewed, stationary
pattern, We confirmed previously reported effects of motion on foveally viewed patterns and of
location on stationary patterns and extended this analysis to the effect of motion on peripherally
viewed patterns and the effect of location on drifting patterns. Most central to our investigation
was the combined effect of temporal modulation and spatial location on perceived spatial fre
quency. The group data, as well as the individual sets of data for most observers, are consistent
with the mathematical concept of separability for the effects of temporal modulation and spatial
location on perceived spatial frequency. Two qualitative psychophysical models suggest expla
nations for the effects. Both models assume that the receptive-field sizes of a set of underlying
psychophysical mechanisms monotonically change as a function of temporal modulation or visual
field location, whereas the perceptual labels attached to a set of channels remain invariant. These
models predict that drifting or peripheral viewing of a pattern will cause a shift in the perceived
spatial frequency of the pattern to a higher apparent spatial frequency.

Several investigators have observed that changes in the
perceived spatial frequency or apparent size of visual pat
terns may be produced by temporal modulation of the
stimulus (Ansbacher, 1944; Gelb & Wilson, 1983; Kelly,
1966; Parker, 1981, 1983; Tolhurst, 1975; Tyler, 1974)
and by varying visual-field location (Davis, 1990; Davis,
Yager, & Jones, 1987; Georgeson, 1980; James, 1890;
Newsome, 1972).

For example, a drifting grating viewed at the fovea has
a higher perceived spatial frequency than does a foveally
viewed stationary grating of the same physical spatial fre
quency (i.e., the foveal motion effect, FME). These shifts
in perceived spatial frequency can increase up to 1 oc
tave as the temporal frequency of the drifting grating is
increased (e.g., see Parker, 1983). The effects of tem
poral modulation are most salient for low spatial frequency
patterns.

Similarly, a stationary peripheral sinewave grating may
have a higher perceived spatial frequency than does a sta
tionary foveal pattern of the same physical spatial fre
quency (i.e., the location effect for stationary stimuli,
LES). These shifts in perceived spatial frequency can be
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up to 0.6 octaves (e.g., see Davis et al., 1987). Effects
of spatial location are equally salient across the range of
detectable spatial frequencies. That is, for gratings whose
physical spatial frequencies are below the resolution limit
of the peripheral test location, the perceived spatial fre
quencies will change by approximately the same factor
relative to their perceived spatial frequencies at the fovea.

Thus far, few, if any, investigators have examined the
effect of temporal modulation on perceived spatial fre
quency in the periphery. For instance, few researchers
have compared a drifting grating to a stationary grating
when both are presented in the peripheral visual field (i.e.,
the peripheral motion effect, PME). Nor has the effect
of visual field location on perceived spatial frequency for
a drifting grating been investigated. That is, no one has
compared a drifting grating presented in the periphery to
a drifting grating presented at the fovea (i.e., the loca
tion effect for drifting stimuli, LED). Finally, no inves
tigator has evaluated the combined effects of temporal
modulation and spatial location on perceived spatial fre
quency to study possible separability of these effects on
perceived spatial frequency (i.e., the combined effect,
CE). That is, can the difference between a drifting grat
ing presented in the periphery compared to a stationary
grating presented at the fovea (CE) be described by the
sum of the motion effect (FME or PME) and the location
effect for stationary stimuli (LES), as measured in octave
units? If the effects are separable, then the operation of
underlying mechanisms that account for the spatial loca
tion effect could be independent from the operation of
mechanisms that account for the temporal modulation
effect.
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In this study, we compare data on the PME to those
on the FME; we also compare data on the LES to those
on the LED. In addition, we present data on the combined
effects of temporal modulation and of spatial location
(CE), and we address the question of whether the effects
of temporal modulation and visual field location on per
ceived spatial frequency are separable (as measured in oc
tave units). Qualitative models based on multiple spatial
frequency channels, as presented in the Discussion, may
account for the data.

Condition

Both
Fovea

Both
Periphery
Fovea vs.
Periphery

Table 1
Experimental Conditions

Location Temporal Modulation

Standard Comparison Standard Comparison

fovea fovea stationary stationary
fovea fovea drifting stationary

periphery periphery stationary stationary
periphery periphery drifting stationary
periphery fovea stationary stationary
periphery fovea drifting stationary

METHOD

Stimuli
The stimuli were vertical sinewave gratings presented on a Joyce

display scope. A Gemini microcomputer produced the visual dis
play output to the Joyce scope using digital-to-analog converters
operated by an assembly-language program. Stimulus patterns were
read from tables stored in memory. The display scope had a P31
phosphor, which produces light of a desaturated green hue. Mean
luminance was 309 cd/rn'.

At the viewing distance of 114.6 em, the overall angular dimen
sions of the CRT screen were 15° horizontal x 12.5° vertical. Each
grating stimulus was presented in a window created on the CRT
by an assembly-language routine. Each window had a vertical ex
tent of 1.5° and a horizontal extent of 3.5°. The remainder of the
screen was a homogenous blank field of equal mean luminance.
The peripheral stimuli were always presented at 8° in the superior
visual field.

Stimulus duration was 540 rnsec with abrupt onset and offset.
We used relatively brief stimulus intervals, with pauses of 750 rnsec
between the stimulus intervals and pauses of several seconds be
tween each trial, in order to minimize any spatial adaptation effects
that could alter perceived spatial frequency (e.g., see Blakemore,
Nachmias, & Sutton, 1970; Blakemore & Sutton, 1969). Brief stimu
lus durations with abrupt onset and offset can produce transients
in the stimulus presentation. For the stimulus duration used here,
however, these transients were not large enough to obscure the ef
fect of a drifting grating on perceived spatial frequency.

To maintain a constant light-adaptation level, the display was il
luminated at mean luminance both during and between stimulus
presentations.

The spatial frequency of the fixed standard stimulus was 2 cpd;
the standard sinusoidal grating was either stationary or drifted to
the right or the left at a speed of 8.34°/sec (i.e., a temporal fre
quency of 16.7 Hz). The available comparison sinusoidal gratings
ranged from 0.63 to 6.17 cpd in equal log-unit steps of 0.004 and
were always stationary. (These spatial frequency values are low
enough that, even at 8° in the superior visual field, no aliasing of
visual patterns should occur; Coletta & Williams, 1987.)

Contrast for all stimuli is defined as follows:

Contrast = (L max - Lmin)/(L max + Lmin),

where L max and Lmin are the maximum and minimum luminances
of the visual pattern, respectively. Standard and comparison stimuli
had a suprathreshold contrast of 0.20.

Pattern contrast was initially calibrated using a Pritchard pho
tometer (see Davis, Kramer, & Yager, 1986, for details). Before
each session, a "sunglasses" calibration was done to check con
trast calibration. That is, a calibrated filter was positioned in front
of the central bright barof a 2-epd squarewave grating, whose nomi
nal contrast was 77%. If the filtered bright bar did not match the
perceived luminance of a neighboring, unfiltered dark bar, the con
trast was adjusted and recalibrated using the Pritchard photometer.

Procedure
There were six experimental conditions, as shown in Table I,

which can be divided into three subsets, as follows: (I) Both Fovea,
in which both the standard and the comparison stimuli were pre
sented in the fovea; (2) Both Periphery, in which both the stan
dard and the comparison stimuli were presented in the periphery
at 8° in the superior visual field; and (3) Fovea versus Periphery,
in which the comparison stimulus was presented in the fovea and
the standard stimulus was presented at 8° in the superior visual field.
Within each subset there were two conditions, one in which both
the standard and the comparison stimuli were stationary and the
other in which the comparison stimulus was stationary and the stan
dard stimulus was drifting.

There were four sessions for each subject, with each session in
cluding all six conditions; the order of these six conditions was ran
domized for each session. Each observer gave two estimates per
condition per session, for a total of eight estimates per condition.

Two-interval forced-ehoice trials were used in our matching proce
dure. In the first interval of a trial, either the standard or the com
parison stimulus was chosen at random and presented. In the sec
ond interval of that trial, the other stimulus was presented.

A staircase was used to match the perceived spatial frequency
of a comparison stimulus to that of the standard stimulus.! Only
the spatial frequency of the comparison stimulus was varied by the
staircase. Two of these staircases were randomly interleaved for
a double-randomized staircase procedure. In one staircase, the spatial
frequency of the initial comparison stimulus was higher than that
of the standard. In the other staircase, it was lower. For drifting
standard stimuli, the vertical grating drifted to the right in one stair
case and to the left in the other. This presentation scheme should
minimize any temporal frequency-adaptation and/or motion after
effects (Sekuler & Levinson, 1977).

The observer's task was to decide which of two gratings within
a trial had a higher perceived spatial frequency and to indicate his
or her response by pressing the appropriate lever. The observer
was instructed to make this judgment by comparing the distance
between two neighboring dark bars or the width of a bright-dark
pair of bars for the two stimuli presented within a trial. In the Both
Fovea and Both Periphery conditions, the judgment was whether
the stimulus in the first or second interval had the higher spatial
frequency. In the Fovea versus Periphery condition, the judgment
was whether the foveal or the peripheral stimulus had the higher
spatial frequency. A trial could be presented again, within the next
two trials, if the observer reported that his or her eyes moved from
the fixation target or that he or she had blinked during the presen
tation of a stimulus.f A staircase was terminated if the step size
became smaller than the criterion step size or if the observer could
no longer differentiate between the standard and comparison stimuli.
(These two criteria for staircase termination produced equivalent
results as determined by additional testing of two naive observers.)
The Both Fovea and Both Periphery stationary conditions were used
as controls (foveal control, FC, and peripheral control, PC) to check
both the frequency-matching staircase algorithm of the computer
and each observer's ability to match spatial frequencies accurately.



The observer adapted for I min to a blank, uniform screen at
the mean luminance whenever the location of the comparison stimu
lus changed (e.g., from Both Fovea or Fovea versus Periphery to
Both Periphery). The observer always fixated a small fixation tar
get pasted on the display scope; all foveal and peripheral patterns
were presented in relation to this fixation target. All stimuli were
viewed monocularly with the dominant eye, as determined by a
pointing task (Porac & Coren, 1981), in a darkened room. The ob
server's head was held in position by a chinrest and forehead re
straint. No feedback was provided.

Observers
Seven observers participated in this experiment. Six of the ob

servers were experimentally naive. The other observer (S1) was
an experienced observer who knew the purposes of the experiment.
All observers had 20/20 visual acuity after any necessary refrac
tive correction, and all were free of any ocular pathology. Observers'
ages ranged from the late 20s to the late 30s.

RESULTS

Changes in the temporal modulation and/or spatialloca
tion of a visual pattern result in significant changes in per
ceived spatial frequency (see Figure 1), as determined by
analysis of variance for repeated measures. We examined
these effects in detail, as described below, using Tukey's
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HSD method or Bonferoni's test for nonorthogonal planned
comparisons (Hays, 1988).

Motion Effect
The perceived spatial frequency of drifting standard

stimuli was significantly higher than that of stationary
comparison stimuli [F(l,49) = 199.04, P < .001]. For
theoretical reasons, we are most interested here in the
FME and the PME.

Foveal motion effect (FME). The open, erect triangle
at 0 0 of eccentricity in Figure 1 shows the group data for
the FME. The mean change in perceived spatial frequency
for foveally viewed drifting gratings was 0.224 octaves,
with a range of 0.134-0.328 octaves. This represents a
significant average shift of 16.79% in perceived spatial
frequency [HSD = 0.343, df = 2,36, p < .05], as shown
in Table 2.

Peripheral motion effect (PME). The open, inverted
triangle at 8 0 of eccentricity in Figure 1 shows the group
data for the PME. The mean change in perceived spatial
frequency for these peripherally viewed drifting gratings
was 0.147 octaves, with a range of 0.045-0.295 octaves.
This represents a significant average shift of 10.74% in
perceived spatial frequency [HSD = 0.225, df = 2,36,
p < .05], as shown in Table 2.
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Figure 1. Group data for the effects of temporal modulation and/or spatial location
on perceived spatial frequency. FME = foveal motion effect, Fe = foveal control,
CE = combined effect, LES = location effect for stationary stimuli, PME = periph
eral motion effect, PC = peripheral control, LED = location effect for drifting stimuli
(CE-FME). The ordinate indicates the amount of change in perceived spatial fre
quency (measured in octave units), and the abscissa indicates the spatial location
of the fixedstandard grating (in degrees of eccentricity from the fovea). All peripheral
patterns were presented at 8° of eccentricity in the superior visual field. The horizon
tal line through zero indicates the match setting if there were no change in per
ceived spatial frequency (i.e., a veridical match). Each erect triangle indicates a
stationary comparison stimulus presented at the fovea, and each inverted triangle
indicates a stationary comparison stimulus in the periphery. Open symbols indi
cate that the standard stimulus was drifting, and f'dled symbols indicate that the
standard stimulus was stationary. Each datum point is the mean of eight match
settings averaged across 7 observers; the standard error bars represent ±1 SEM
and are shown if larger than the symbol size.
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Table 2
Changes in Perceived Spatial Frequency as a Function of Motion and/or Spatial Location

Subject

Effect 2 3 4 5 6 7 M

FME
% Perceived Change 20.10 25.49 17.62 9.75 18.57 13.06 12.98 16.79
95% Confidence Interval 17.66-22.54 18.13-32.84 14.90-20.33 6.58-12.91 8.72-28.41 8.95-17.17 7.35-18.60

PME
% Perceived Change 22.67 12.06 19.50 6.67 3.15 3.61 7.54 10.74
95% Confidence Interval 17.94-27.40 5.60-18.53 12.25-26.75 3.40-9.94 0.21-6.09 -1.51-8.74 2.76-12.32

LES
% Perceived Change 37.83 4.33 1.18 1.96 35.16 17.89 -0.47 13.98
95% Confidence Interval 32.26-43.40 -4.00-12.68 -3.30-5.66 -1.90-5.73 23.27-47.05 14.02-21.77 -4.01-3.07

LED
% Perceived Change 46.53 10.23 -3.86 3.15 30.16 10.87 -0.84 13.75
95% Confidence Interval 33.61-59.02 4.04-17.15 -7.70-0.02 -5.22-11.36 18.89-43.14 4.27-17.60 -6.79-5.52

CE
% Perceived Change 75.99 38.32 13.07 13.20 54.33 25.34 12.03 33.18
95% Confidence Interval 59.33-92.65 34.17-42.47 8.80-17.34 3.21-23.20 45.29-63.37 18.40-32.27 6.74-17.31

CE Prediction
(FME and LES)

% Perceived Change 65.53 30.92 19.01 11.90 60.26 33.29 12.45
95% Confidence Interval 58.65-72.28 19.02-42.29 13.52-24.36 7.00-16.67 42.08-77.42 27.26-39.18 6.13-18.58

CE Prediction
(PME and LES)

% Perceived Change 69.08 16.90 20.91 8.76 39.42 22.15 7.03
95% Confidence Interval 60.48-77.43 6.46-26.90 12.68-28.85 3.89-13.51 27.36-50.96 15.48-28.65 1.43-12.50

Note-FME = foveal motion effect, PME = peripheral motion effect, LES = location effect for stationary stimuli, LED = location effect
for drifting stimuli, CE = combined effect. All data represent the percentage of change in perceived spatial frequency, where zero represents no change.

Spatial Location Effect
Changes in the spatial location of visual patterns re

sulted in significant changes in perceived spatial frequency
[F(2,98) = 99.11,p < .001]. Of greatest theoretical in
terest to us here are the LES and the LED. (Because of
potential stimulus artifacts, we were not able to measure
the LED comparison directly.)!

Location effect for stationary stimuli (LES). The
closed, erect triangle at 8° of eccentricity in Figure 1 shows
the group data for the LES. The mean change in perceived
spatial frequency for peripherally viewed stationary grat
ings was 0.188 octave, with a range of -0.007 to 0.463
octaves. This represents a significant average shift of
13.98% in perceived spatial frequency [HSD = 0.287,
df = 3,36, p < .05], as shown in Table 2.

Location effect for drifting stimuli (LED). The dif
ference between the CE and the FME, measured in oc
tave units, is the estimate of the LED. Group data for
the CE and the FME are shown in Figure 1 by the open
erect triangles at 8° and 0° of eccentricity, respectively.
The mean change in perceived spatial frequency for the
LED was 0.186 octave. This represents a significant mean
shift of 13.75% in perceived spatial frequency [HSD =
0.327, df = 3,36, p < .05], as shown in Table 2.

Interaction Between Motion and Spatial Location
Analysis of variance revealed significant interaction ef

fects between the motion and spatial location factors
[F(2,98) = 3.38, p < .05]. Although there are several
possible comparisons involving interactions, we performed
only two planned comparisons because these are the only
comparisons of theoretical interest for our purposes.

Comparison of the FME with the PME. The FME
was not significantly different in magnitude from the PME
[t(98) = 0.619, p > .10].

Comparison of the LES with the LED. We also found
that the LES and the LED were not significantly differ
ent in magnitude [t(98) = 0.034, p > .10].4 These results
imply the following relationship illustrated in Figure 1:
A diagonal line connecting the FME and the CE by defi
nition represents the change in perceived spatial frequency
due to the LED. This diagonal line should be parallel to
a diagonal line connecting the FC and the LES, which
represents the change in perceived spatial frequency due
to the LES, if the LES and the LED are of equal magnitude.

Comparison of Predictions with the Data
If the effect due to motion is separable from the effect

due to spatial location of the visual pattern, one can predict
the perceived spatial frequency of a peripherally viewed
drifting pattern as compared with a foveally viewed sta
tionary comparison pattern (i.e., the CE). The means and
95% confidence intervals of the predicted and actual com
bined effects are shown in Table 2. For most observers,
the confidence intervals for the predicted and actual com
bined effects overlap. These predictions were made as
described below.

The predicted CE is the LES multiplied by the motion
effect [i.e., F(AB) = F(A)F(B), where F(-) = 1.0 indi
cates no change and F( .) = 1.20 indicates a 20 % change
in perceived spatial frequency].

Our estimation of the spatial location effect is the LES.
However, we previously discussed two different estima
tions of the motion effect, the FME and the PME. Which



of these is the most appropriate estimate to use? One might
expect that if motion effects and spatial location effects
are separable, then it should not matter which motion es
timate is used. Indeed, the group data show that there was
no significant difference in the magnitudes of the FME
and PME. The individual sets of data also show that, for
most subjects, there was no significant difference in the
magnitudes of the FME and the PME.

A Wilcoxon signed-rank test was used to determine if
one motion estimate is a better predictor than the other,
evaluated across individual sets of data. Not surprisingly,
neither the FME nor the PME is a significantly better
predictor (p = . 109).

Note that if the spatial location effect and the motion
effect are in octave or log units, then separability of ef
fects implies that the shifts obtained for each can be added
to predict the CE [e.g., (2Q)(2b) = 2(Q+bl]. For exam
ple, suppose the FME were used as the estimate for the
motion effect and the LES for the spatial location effect.
If the effects are separable, then one would expect a line
connecting the FME to the CE in Figure 1 to be parallel
to a line connecting the FC to the LES. (Also note, as
previously discussed, that this relationhip implies that the
LED should not significantlydiffer in magnitude from that
for the LES, when measured in octave units.) The PME
could also be used to estimate the motion effect and does
not differ significantly from the FME. However, partially
because of the spatial configuration of Figure 1, the above
intuitive relationship of parallel lines is not evident when
the PME is used.

Control Conditions
In 13 of the 14 data estimates from all observers for

the two control conditions (FC and PC), the match com
parison spatial frequency was not significantly different
from the physical spatial frequency of the standard, as
determined from the 95% confidence intervals for the in
dividual data. Furthermore, none of the 14 control match
spatial frequency settings differed significantly from the
standard spatial frequency as determined by the 99% con
fidence intervals. Thus, the observers were able to match
perceived spatial frequency accurately.

DISCUSSION

Motion Effect
Empirical results. A drifting grating often has a higher

perceived spatial frequency than does a stationary grating
when both are viewed at the same visual field location.
This result has previously been reported for foveally and
parafoveally viewed low spatial frequency drifting grat
ings (e.g., Parker 1981,1983; Virsu, Nyman, & Lehtio,
1974), counterphase-modulating gratings (e.g., Gelb &
Wilson, 1983; Kelly 1966, 1981; Parker 1981, 1983;
Tyler, 1974; Virsu et al., 1974), and stimuli of varying
durations (e.g., Kulikowski, 1975; Tynan & Sekuler,
1974). However, few, if any, researchers have inves-
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tigated the effects of motion in the peripheral visual field,
as we did here.

Overall, the group mean data show no significantdiffer
ence in the magnitude of the foveal and peripheral mo
tion effects (see Figure 1).

Qualitative model. The predictions of a mechanistic
"selectivity-shift" model based on changes in the spatial
frequency tuning of multiple spatial frequency channels,
but an invariant setof perceptual labels (Watson& Robson,
1981), are consistent with these data. The underlying
substrate of multiple spatial frequency channels may be
mechanisms whose receptive-fieldprofiles have excitatory
centers and inhibitory surrounds (or vice versa). The in
hibitory portion may react more sluggishly (i.e., have
a longer time constant) than the excitatory portion, so
that under transient stimulation, the inhibitory portion has
relatively little effect (e.g., see Derrington & Lennie,
1982; Enroth-Cugell & Lennie, 1975; Maffei, Cervetto,
& Fiorentini, 1970). Thus, transient stimulation, which
is characteristic of counterphase modulating or drifting
gratings, would reduce or eliminate the inhibitorycontribu
tion of a mechanism's response (Tynan & Sekuler, 1974;
Virsu & Nyman, 1974). This effectively reduces the
optimal spatial frequency to which the mechanism will
respond. That is, these mechanisms demonstrate a lack
of spatiotemporal separability within a given mechanism.

If the perceptual spatial frequency labeling remains in
variant but the spatial frequency characteristics of the
mechanism have shifted to lower physical spatial frequen
cies (e.g., see Georgeson, 1980), then a drifting grating
will be perceived as having a higher spatial frequency than
a stationary grating of the same physical spatial frequency.
That is, suppose a mechanism has a peak sensitivity to
a stationary pattern of2 cpd. When stimulated by a drift
ing pattern, the peak sensitivity will be shifted to a lower
spatial frequency (e.g., 1.5 cpd), but its perceptual label
remains fixed at 2 cpd. Thus, a drifting grating of lower
spatial frequency (e.g., 1.5 cpd) will match the perceived
spatial frequency of a 2-epd stationary grating. Our results
are consistent with this interpretation.

Modifications of the model. The selectivity-shiftmodel
may not hold in its simplest form, as described above in
the qualitative model, in which one assumes that detection
and perception occur at the same level (e.g., see Parker,
1981, 1983). Psychophysical mechanisms at a fixed loca
tion seem to have spatial and temporal separability at the
level of detection (e.g., Graham, 1972; Parker, 1981).
For instance, Parker (1981) examined subjects' contrast
threshold for stationary gratings before and after adapta
tion to a counterphase modulating grating. According to
predictions based on the selectivity-shift model, the max
imum contrast threshold elevation should occur at the ap
parent spatial frequency rather than the physical spatial
frequency of the adapting stimulus. However, the greatest
threshold elevation occurred at the physical spatial fre
quency of the adapting stimulus. In contrast, in another
experiment designed to examine the effects of adaptation
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to a temporally modulated stimulus on the perceived spa
tial frequency shift phenomenon (Blakemore & Sutton,
1969), Parker found that the spatial frequency shift was
centered around the apparent spatial frequency of the
adapting drifting gratings, not the physical spatial fre
quency of the adapting stimulus. The results of Parker's
perceived spatial frequency shift experiment are in accord
with the predictions of the selectivity-shift model.

On the basis of these adaptation results, Parker (1981,
1983) suggested a two-stage hierarchical model similar
to earlier models suggested by Klein, Stromeyer, & Ganz
(1974) and by Heeley (1979). At a lower stage, where
detection occurs, there are spatiotemporal mechanisms
that demonstrate spatial and temporal separability. How
ever, at a higher stage, where size perception occurs,
spatiotemporal characteristics of mechanisms are no
longer separable.

We maintain that alternative hypotheses are also possi
ble. Perhaps there are separate and independent parallel
pathways. One pathway, primarily responsible for detec
tion of spatiotemporal stimuli, may have only mechanisms
that manifest spatiotemporal separability. Another path
way (or pathways), primarily responsible for processing
form and/or motion information, may have at least some
mechanisms that lack spatiotemporal separability. In this
regard, physiological findings in the cat may be instruc
tive. Although Tolhurst and Movshon (1975) found spatio
temporal separability in the function of striate cortical
cells, others (e.g., Derrington & Lennie, 1982; Enroth
Cugell & Lennie, 1975; Maffei et al., 1970) have found
spatiotemporal inseparability at lower level cells (e.g. ,
retinal ganglion cells). These lower level cells, instead
of providing input to the striate cortex (Area 17), may
provide input to extrastriate cortical cells (Area 18), where
Bisti, Carmignoti, Galli, and Maffei (1985) also found
a lack of separability in the spatiotemporal characteris
tics of cells.

A more probable model may be a hybrid of the above
two models. Perhaps there are parallel pathways that can
communicate with each other and that also possess a hi
erarchical ordering of functions. This version would be
consistent with DeYoe and Van Essen's (1988) report that
there are interconnections between various parallel path
ways of the magnocellular and parvocellular systems in
the monkey, and that these pathways also demonstrate a
hierarchical ordering of function.

It is also possible that the individual psychophysical
mechanisms possess spatiotemporal separability, but that
acting together they behave in a manner that produces
overall spatiotemporal inseparability. The spatiotemporal
contrast-sensitivity functions for detection of visual pat
terns (e.g., see Robson, 1966) could be an example of
individual psychophysical mechanisms whose individual
operation is separable in space and time but whose com
bined operation produces an overall lack of spatiotemporal
separability. The details of such a model must be devel
oped further to account for changes in perceived spatial
frequency as a function of temporal modulation.

Spatial Location Effect
Empirical results. Overall, the perceived spatial fre

quency of peripherally viewed patterns was significantly
higher than that of foveally viewed patterns for both sta
tionary and temporally modulated gratings (see Figure I).
Other investigators (Davis, 1990; Davis et al., 1987;
Georgeson, 1980; James, 1890; Newsome, 1972) have
reported that stationary patterns often appear smaller (or
of higher apparent spatial frequency) when viewed in the
periphery than when viewed foveally. These results have
now been extended to include foveally versus peripher
ally viewed temporally modulating patterns.

Qualitative model. A model based on changes in
receptive-field sizes of psychophysical mechanisms as a
function of visual field eccentricity, but an invariant set of
perceptual labels, may account for these data (Davis,
1990; Davis et al., 1987; Georgeson, 1980). That is, the
spatial frequency tuning of peripheral mechanisms is
lower than that of foveal psychophysical mechanisms
(Graham, Robson, & Nachmias, 1978; Swanson &
Wilson, 1985; Wilson & Bergen, 1979). If the perceived
spatial frequency labels attached to a set of mechanisms
do not change as a function of eccentricity, but the set
of peripheral mechanisms is tuned to lower spatial fre
quencies than is the foveal set, then a grating viewed in
the periphery will have a higher apparent spatial frequency
than a grating of the same physical spatial and temporal
frequency viewed in the fovea. Overall, our results are
consistent with this interpretation.

Modifications of the model. There are other mecha
nism characteristics that change as a function of visual
field eccentricity and which can also affect the appear
ance of visual patterns. For instance, contrast sensitivities
of peripheral mechanisms are lower than those of foveal
mechanisms (Daitch & Green, 1969; Davis, 1990; Lundh,
Lennerstrand, & Derefeldt, 1983; Rijsdijk, Kroon, &
van der Wildt, 1980; Robson & Graham, 1981; Wilson
& Bergen, 1979) for stimulus patches of fixed vertical
and horizontal extents. Calculations show that the effect
of reduced sensitivity in the periphery is opposite that
predicted from increased receptive-field sizes (Davis,
1990). Thus, reduced sensitivity operates to reduce the
perceived spatial frequency of peripheral patterns. The
opposing effects of increased receptive-field sizes and re
duced sensitivities of peripheral mechanisms (compared
with the set of foveal mechanisms) may result in little or
no net change in perceived spatial frequency between the
fovea and the periphery.

There are certainly individual differences both in
receptive-field scaling (Davis, 1990; Swanson & Wilson,
1985) and in reduced sensitivity of peripheral psycho
physical mechanisms relative to foveal mechanisms
(Davis, 1990; Rijsdijk et al., 1980). These individual
differences could account for the individual differences
found in the perceived spatial frequency shifts between
the fovea and the periphery. The fact that the same ob
servers who showed the largest changes for temporally
modulating gratings as a function of visual field location



(LED) also showed the largest changes for stationary
gratings (LES), as shown in Table 2, is consistent with
the above interpretation. Moreover, the fact that the ob
servers who showed the smallest changes for stationary
gratings also showed the smallest changes for temporally
modulating gratings is also consistent with the above
interpretation.

Comparisons of Temporal and
Spatial Location Effects

Combined effects of motion and location are typical of
what may happen in a complex, real visual scene. The
combined effect (i.e., the perceived spatial frequency of
a drifting, peripherally viewed stimulus compared with
a stationary, foveally viewed stimulus) should be predict
able from the motion effect and the spatial location ef
fects if the two effects are separable. That is, separabil
ity implies that the operation of underlying mechanisms
that account for the location effect is independent of those
which account for the motion effect. Here the emphasis
is on the magnitudes of the effects themselves, however,
rather than on details of the underlying psychophysical
mechanisms. If the effects are separable (albeit the mo
tion effect and the location effect may each be relatively
small), the combined effect can be quite large (up to 0.8
octaves in our data).

The spatial location effect for stationary stimuli is the
only estimate of the spatial location effect. Recall that an
estimate of the motion effect could be either the foveal
motion effect or the peripheral motion effect. Because
most of our subjects (6 out of 7) showed no significant
difference between the magnitudes of the foveal and pe
ripheral motion effects, overall it should not matter which
effect is used to estimate the motion effect. In fact, the
Wilcoxon signed-rank test shows that, overall, neither the
foveal nor the peripheral motion effect is a significantly
better predictor for the combined effect.

The combined effects are reasonably predicted by the
sum of the motion effect and the spatial location effect
(measured in octave units), both for the group data and
for each individual's set of data. (See Table 2 for means
and 95% confidence limits of obtained and predicted com
bined effects.) Thus, both the group average results and
the results of most of our observers are consistent with
the concept of separability for the spatial location effect
and the motion effect on perceived spatial frequency.

SUMMARY

Both temporal modulation and visual field location are
known to affect perceived spatial frequency, but previ
ous studies have not examined changes in perceived spa
tial frequency when these two conditions are combined.
Our group data, as well as most of the individual sets of
data, suggest that the two effects are separable (i.e., ad
ditive in octave or log units). This suggests that the oper
ation of underlying mechanisms that cause one effect is
independentof those that cause the other effect. Moreover,
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although each effect may be relatively small, the com
bined effects (typical of what may happen in a real visual
scene) are quite large and worthy of study.

Two qualitative models suggest possible explanations
for these effects. Both models assume that although
changes in temporal modulation or visual field location
result in changes of the receptive-field sizes of sets of
underlying psychophysical mechanisms, the perceptual
labels attached to those channels remain invariant.
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NOTES

I. Each staircase was independent of the other staircase, but both were
governed by the following rules: (a) The initial step size was the maxi
mum step size used (0.128 10glO units). (b) If the subject reported that
the comparison stimulus had a higher spatial frequency than the stan
dard, then the comparison spatial frequency was decreased; if the sub
ject reported that the comparison stimulus had a lower spatial frequency,
then the comparison spatial frequency was increased. (c) Each reversal
of direction resulted in halving the step size. (d) More than two traversals
in the same direction resulted in doubling the step size. (e) When a mini
mum step size (0.004 log., units) corresponding to the exit criterion
was reached, the spatial frequency of the comparison stimulus was re
corded as the match to the standard, and that staircase was terminated.

2. If an observer had pursuit eye movements during the presentation
of the drifting grating, this could reduce or eliminate any shifts in per
ceived spatial frequency for the foveal and peripheral motion effects.
However, a fixation target was always provided, the observers were
told to maintain fixation and reported doing so, and each observer's fix
ation was periodically monitored by the experimenter. In fact, Murphy,
Kowler, and Steinman (1975) found that when a fixation point is pro
vided, observers can hold fixation quite well while viewing small patches
of drifting grating.

3. The foveal comparison stimulus was stationary rather than drift
ing because varying the spatial frequency of a drifting stimulus can result
in physical changes due to electronic digitization of the stimulus dis
play. That is, the temporal frequency of the drifting stimulus and even
the direction of motion may be changed by varying the spatial frequency
of a drifting grating. Thus, it was necessary to compute the LED in
directly, by subtracting the FME from the CE, both in octave units,
as described in the text.

4. The analysis of variance and most of the planned and post hoc
statistical comparison tests were performed on the match spatial fre
quency values of the comparison stimuli. However, for the figures and
some of the comparison tests (relevant to theoretical considerations dis
cussed later), the perceived spatial frequency shifts are represented in
octave units. Specifically, the comparisons of the LED with the LES
were performed using octave values. This was necessary because the
base frequencies for the LES and the LED were different. In contrast,
for the motion effect comparisons, the base frequencies for the FME
and the PME were both 2 cpd; thus, the analysis performed on match
spatial frequency results are similar to those performed on octave values.
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