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Size scaling and its effect on letter detection

PAULA GOOLKASIAN
University of North Carolina, Charlotte, North Carolina

Two ways of scaling letter size across eccentricity were investigated in a choice reaction time
(CRT) task. Experiments 1 and 2 tested cortical magnification theory (M-scaling), while Experi-
ment 3 used scaled sizes drawn from Anstis’s regression formula (A-scaling). Experiment 4 compared
both scaling techniques, together with the effect of exposure duration and the absolute size of the
foveal letter. Results showed that scaling effectiveness improved when large rather than small foveal
letters were used. A-scaling with a large foveal letter provided a good fit for the data at parafoveal
locations, but underestimated the letter sizes needed at large eccentricities. M-scaling with a large
foveal letter size produced CRTs that were independent of eccentricity. Exposure duration did not

substantially affect performance.

This investigation explores the effect of size scaling on
letters presented at varied eccentricities, from 0° to 15°
of visual angle. It is well known that visual performance
declines when stimuli appear at nonfoveal retinal loca-
tions. From the fovea to 10° eccentricity, visual acuity
declines by a factor of three in parallel with the decline
in cone density. For larger eccentricities, the decline is
steeper and assumed to reflect ganglion cell density
(Fiorentini & Berardi, 1991). Stimulus size is often
scaled to compensate for the changes in resolution across
the visual field and to maintain visibility. According to
the cortical magnification theory of peripheral vision
(Virsu, Nisdnen, & Osmoviita, 1987; Virsu & Rovamo,
1979), stimuli presented at varied retinal locations can
have equivalent visibility if their cortical representations
are equivalent. The values that are used to scale the stim-
uli are in inverse proportion to the striate cortical mag-
nification factor. This technique, referred to as M-scaling,
indicates the length in millimeters along the striate cor-
tex that corresponds to a degree of visual angle. Al-
though M-scaling has been studied primarily with
threshold tasks, this study tested the application of M-
scaling to a choice reaction time (CRT) task with letters
as stimuli.

M-scaling has been found to be effective in a variety
of studies (Bijl, Koenderink, & Kappers, 1992; Kitterle,
1986; Levi, Klein, & Aitsebaomo, 1985; Virsu et al.,
1987). In general, the findings indicate that, compared
with the processing of constant-sized (N-scaled) stimuli,
processing of scaled stimuli shows a minimal effect of
presentation location. However, considerable task differ-
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ences are reported, Kitterle (1986) reports that M-scaling
equates visibility in brightness and color discrimina-
tions, but for spatial tasks such as vernier thresholds,
phase discriminations, and detection of sinusoidal grat-
ings, performance is better with foveal than with pe-
ripheral stimuli. Virsu et al. (1987) tested the application
of cortical magnification theory to seven visual tasks
and found a shight foveal superiority in every one of
them. Moreover, foveal/peripheral processing differ-
ences were found to increase slowly with eccentricity.
The foveal superiority was attributed to an inaccuracy in
the scaling formula and also to a scaling failure. There
may be qualitative differences in foveal and peripheral
processing such that compensating for size differences
in cortical projection is insufficient to overcome pro-
cessing differences that occur across retinal location.

Evidence for such an interpretation comes from a
study by Strasburger, Harvey, and Rentschler (1991).
They measured contrast thresholds for the detection of
numbers presented at varied locations from 0° to 16° of
eccentricity and found that increasing stimulus size did
not fully compensate for the inferiority of peripheral
vision compared with foveal vision. Their data were in
agreement with the cortical magnification factor up to
6° of eccentricity but for greater eccentricities the stim-
uli needed to be larger. A close inspection of their scal-
ing function, however, shows that size scaling was based
on a small foveal size [.07° (as displayed by the solid
line in Figure 9, p. 504)]. Although this size was recog-
nizable at a foveal location, it may have underestimated
the sizes needed for peripheral viewing. Levi et al.
(1985) suggest that it is not the specific value chosen
for the foveal M that is important, but rather, the rela-
tive change in M with eccentricity. For example, the
stimulus size at 10° needs to be about 4 times its foveal
size.

However, it is possible that with high-level processing
(i.e., number or letter detection), M-scaling may be ef-
fective only for suprathreshold stimulus sizes. Unfortu-
nately, there is not much research on M-scaling with a
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letter-detection task. A study that is cited with some fre-
quency, however, is that by Anstis (1974), in which
recognition thresholds for letters were found to increase
linearly with eccentricity to 30°. Anstis developed a
chart which displays the increase in letter size needed to
maintain visibility at specific eccentricities. When com-
pared with M-scaling, Anstis scaling (4-scaling) is simi-
lar in that some constant change in letter size is required
with eccentricity, but the regression function identified
by Anstis uses a smaller slope. Also, Whitaker, Makela,
Rovamo, and Latham (1992) have recently reported that
although performance across retinal locations was equated
by a change of scale, there were enormous differences
in the rate at which performance declined with eccen-
tricity across tasks.

The present research looked at the effectiveness of
size scaling in maintaining visibility in a CRT task with
letters. Visual performance can be measured in a vari-
ety of ways and CRT tasks differ from threshold stud-
ies in that the former involve a judgmental process in
which the stimulus must be labeled as well as recog-
nized (Smith, 1968). Size scaling would be expected to
affect perceptual recognition in the same way in the
CRT task as it does in threshold studies. However, there
is also a fundamental difference in stimulus character-
istics such that in threshold studies, minimal stimulus
information is presented for a long duration, while in
CRT studies, a much stronger stimulus appears for a
brief duration.

The question with which the present study was con-
cerned was whether size scaling would equate visibility
as effectively with CRT as it had with threshold data.
Since a much stronger stimulus is used, it is relatively
unknown what effect size scaling would have on letter
visibility. Research with suprathreshold stimuli has
shown rather constant visual performance over a range
of stimulus sizes. For example, Farell and Pelli (1993)
showed that when numbers and letters are presented with
small and large sizes mixed in a display, subjects’ accu-
racy at target identification was unaffected by the mixed
display; but accuracy of locating the target was higher
in a single than in a mixed-scale display. These findings
suggest that even though stimulus size does not affect
RTs, there is some evidence that visual attention is tuned
to scale and that requiring subjects to attend to more than
one stimulus size may impair performance. Cave and
Kosslyn (1989) compared RTs to stimuli of varied sizes
and found that they increased with disparity between ac-
tual and expected stimulus size. Such an effect would be
apparent in this study when subjects are responding to
stimuli scaled according to cortical magnification the-
ory, with slower RTs to scaled stimuli than to constant-
sized stimuli across retinal location.

Two ways of scaling letter size were studied. Experi-
ments 1 and 2 used M-scaling, while A-scaling was used
in Experiment 3; the two were directly compared in
Experiment 4. These scaling methods were similar in
that letter size increased with eccentricity, but they dif-
fered in the amount of change. A-scaling used a much

smaller slope, so that size changes were more gradual.
It was of interest to compare the effectiveness of the
scaling methods and to determine whether with one or
both of these methods CRT would be independent of
eccentricity.

The effect of the absolute size of the foveal stimulus
was also studied by scaling with small and large letters.
Table 1 presents the sizes of the stimuli used in each of
the scaling techniques. The small sizes were chosen to
be near threshold at the foveal location, while the large
ones were chosen to be suprathreshold. (These sizes
were arbitrarily determined from pilot testing with
briefly presented letters.) If the relative size of the stim-
uli is the essential factor in equating visibility across ec-
centricity, as some suggest (e.g., Levi et al., 1985), the
absolute size of the stimulus should not be found to in-
teract with retinal location; large and small letters would
be processed in similar ways across retinal location.
Conversely, an interaction would suggest that letter size
is an important variable in CRT tasks.

Consistent with CRT tasks, exposure durations for the
stimulus letters were brief. In all conditions, the expo-
sure durations were long enough for subjects to clearly
process the letter, but were shorter than the 180-250 msec
needed to initiate an eye movement (Alpern, 1971;
Saslow, 1967). In addition, a mask followed the offset of
the stimulus to erase any stimulus-persistence effects
and to control the amount of time that the stimulus was
available for processing. With this procedure, it was pos-
sible to study differences in processing across eccen-
tricity. It has been suggested that the rate of processing
information is slower in the periphery than in the fovea
(Eriksen & Schultz, 1979). Letters were presented for ei-
ther 16 or 50 msec in Experiments 1, 2, and 3, and for
25, 50, and 75 msec in Experiment 4. If the subjects
were not able to complete stimulus processing at any of
the durations tested, an interaction of exposure duration
with retinal location would be obtained. Exposure dura-
tion was not otherwise expected to have much of an ef-
fect on performance.

Table 1
Letter Size (Heights in Degree of Visual Angle) as a Function
of Retinal Location for Each of the Experiments

Retinal Location (degrees)

Size 0° 5° 10° 15°
M-Scaled
Small
Experiments 1 and 4 34 .92 1.50 2.11
Experiment 2 47 1.27 2.06 2.90
Large
Experiment 4 74 2.00 3.26 4.57
N-Scaled
Experiments 1 and 2 1.14 1.14 1.14 1.14
A-Scaled
Smail
Experiments 3 and 4 .34 47 .61 74
Large
Experiments 3 and 4 .74 88 1.02 1.14




EXPERIMENTS 1 AND 2

The first two studies tested M-scaling and its effect on
CRT. Values of M were taken from Virsu and Rovamo
(1979) and were used to scale letters presented at loca-
tions from 0° to 15° to the right or left of fixation. At
each retinal location, the M-scaled stimulus was com-
pared with a constant-sized (N-scaled) stimulus. The
purpose of M-scaling was to equate cortical size across
retinal location, while the N-scaled stimuli were used to
equate retinal distance. If scaling the size of the letters
was sufficient to equate visibility across the visual field,
letter-detection RTs and error rates should not be af-
fected by presentation location. If, however, retinal lo-
cation effects were found in spite of the use of scaled
stimuli, this would suggest a scaling failure and would
be consistent with studies which found that compensat-
ing for the resolution differences may not be sufficient
to overcome foveal/peripheral processing differences
(Strasburger et al., 1991; Virsu et al., 1987). Also of in-
terest was the degree to which RTs would be affected by
presenting mixed-sized stimuli to subjects. Longer RTs
to scaled stimuli compared with those to constant-sized
stimuli would support the notion that visual attention is
tuned to stimulus scale. Experiments 1 and 2 were sim-
ilar, except that in Experiment 2, a slightly larger foveal
stimulus was used for scaling. Both studies compared
scaled stimuli with constant-sized stimuli at each of four
retinal locations, with two exposure durations, 16 and
50 msec.

Method

Subjects. The subjects (28 in Experiment 1 and 23 in Experi-
ment 2) were men and women from the University of North Car-
olina at Charlotte. They all reported normal (or corrected-to-
normal) vision and no history of eye impairment, and participated
to obtain credit points in a psychology class. Subjects in the four
experiments were volunteers from the same subject pool, but dif-
ferent students participated in each experiment.

Stimulus materials. The stimulus was an upper-case letter, ei-
ther X or D, produced from the Macintosh character set (Geneva
font). These letters were chosen because they are highly discrim-
inable, and would not be as likely as some other letters to produce
findings that would be dependent upon specific letter properties.
Only two letters were used because it was necessary to keep vari-
ability to stimulus items at a minimum in order to isolate the ef-
fects of the manipulated variables. The stimulus letter was printed
in black against a bright background with a luminance of 121 cd/m2.
The stimulus was always black, with a luminance of 24.30 cd/m2.
(Luminance was measured with a Minolta luminance meter LS 100.)

The stimulus letter was presented at one of seven locations on
the screen—0°, 5°, 10° or 15° to the right or left of the fixation
point. Eccentricities were measured to the midpoint of the letter.
Letter sizes were scaled such that the letter’s width was always half
the letter’s height. Scale values were derived from the follow-
ing formula (Virsu & Rovamo, 1979): M = 7.99(1 + .33E +
0.00007E3), where M is the reciprocal of the underlying cortical
magnification factor and E is eccentricity in degree of visual
angle. The values of M calculated for the four retinal locations
tested in this experiment, in order of increasing eccentricity, were
.125, 338, .546, and .776. These values provided the relative pro-
portions needed to increase the peripheral letter heights relative to
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the foveal letter heights. Foveal letter heights were arbitrarily se-
lected from the results of pilot testing with briefly presented let-
ters. The peripheral letters were scaled in proportion to the value
of M. As a consequence, at 5°, the letter heights were 2.7 times the
foveal letter size; at 10°, they were 4.4 times the foveal value; and
at 15°, they were 6.2 times the foveal letter height. In Experi-
ment 1, the letter size for the scaled letter was 5 points at 0°, and
at retinal locations 5°, 10°, and 15°, the letter sizes were increased,
respectively, to 14, 22, and 31 points. With the subject seated
30 cm from the screen, the visual angles subtended by the letter
heights were, respectively, .34°, .92°, 1.50°, and 2.11°. In compar-
ison, the N-scaled letter was 17 points and it subtended a visual
angle of 1.14°. In Experiment 2, while the N-scaled letter was the
same size as it was in Experiment 1, the sizes of the scaled letters
were as follows: At 0°, the letter size was 7 points and at retinal
locations 5°, 10°, and 15°, the letter sizes were increased, respec-
tively, to 19, 30, and 45 points. The visual angles subtended by the
letter heights were, respectively, .47°, 1.27°, 2.06°, and 2.9°.

The stimuli were displayed on an Apple color high-resolution
RGB 13-in. monitor. The monitor used a P22 phosphor with a
medium-short persistence. Stimulus presentation and data col-
lection were controlled by SuperLab running on a Macintosh II
computer.

Procedure. Each trial consisted of three stimulus events. The
first signaled the start of a trial with a fixation cross that lasted for
500 msec. The stimulus letter followed for either 16 or 50 msec.
A mask terminated the stimulus event and remained on the screen
until the subject made a keypress response. The mask was a grating
of diagonal lines (0.5 mm wide) with a luminance of 60.77 c¢d/m2,
It was large enough to cover the stimulus field used in the exper-
iment (15° X 31°). RTs measured the time between the presenta-
tion of the stimulus and the subject’s keypress response.

Subjects participated individually in sessions of approximately
45 min. A chinrest was used to stabilize head movements and to
maintain fixation on the center of the screen. The subjects were
instructed to keep their eyes on the fixation cross and to identify
the target as quickly as they could by pressing D or K on the key-
board. Each subject participated in a block of 30 practice trials
prior to the experiment, and then in 256 trials that represented 16
replications of 16 experimental conditions. There was a random
arrangement of trials that represented four retinal locations facto-
rially combined with two scaling conditions and two exposure du-
rations. The two letters were used equally often across all condi-
tions, and when stimuli appeared in nonfoveal locations, right and
left sides of the visual field were used equally often.

Results and Discussion

Means were computed from the correct RTs obtained
from each subject across the 16 trials within each of the
experimental conditions. RTs in excess of 1,200 msec
(less than 2% of the responses) were not included in the
analysis. Incorrect responses were also recorded. A 2X
2X4 repeated measures analysis of variance (ANOVA)
was used on the RT and error data to test for the effects
of scaling condition, exposure duration, and retinal lo-
cation. The retinal-location factor collapsed across vi-
sual fields and compared differences at 0°, 5°, 10°, and
15° eccentricity. Preliminary data analysis did not show
any effects of right or left visual field.

Experiment 1. Scaling condition was found to inter-
act with presentation location {F(3,81) = 106.92, p =
.0001]. In Figure la, RTs to the N-scaled stimuli are
shown to increase with distance from the fixation point,
but a different pattern of data is found with M-scaled
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stimuli. Foveal responses to M-scaled letters were longer
than extrafoveal responses, and no RT differences were
observed among the peripheral retinal locations. A sim-
ple effect test of retinal location at each scaling condi-
tion with additional pairwise comparisons confirmed
the significance of the effects within each of the scaling
conditions (ps < .05). The fact that RTs to the M-scaled
stimuli at 5°, 10°, and 15° did not differ from each other
confirms the fact that M-scaling was generally effective
in equating stimulus visibility.

However, the exceptionally long RT with the foveal
scaled stimulus was unexpected and not predicted by
cortical magnification theory. There were several factors
that could have produced this effect. The most obvious—
that the S-point letter size was too small for the monitor
to display clearly—was disputed (1) by the results of Ex-
periment 3, in which the same letter size led to much
quicker responses (as Figure 3 shows, mean RT to the
small stimulus at the foveal location was around 250 msec,
compared with the average response of 400 msec in this
experiment); and (2) by the results of Experiment 2, in
which M-scaling with a slightly larger foveal letter pro-
duced a similar interference effect. A more likely expla-
nation was the mixing of small and large sizes and the
relative size difference between the foveal and periph-
eral stimuli. There 1s some evidence that visual attention
is tuned to scale, and presenting subjects with mixed-
scale stimuli may disrupt performance (Cave & Kosslyn,
1989; Farell & Pelli, 1993). Interestingly, mixing the
scale seemed to disrupt performance only at the foveal
location where the letter size was the smallest. The fact
that more errors were made in this condition also sug-
gests that visual attention was disrupted. Experiment 4
investigated this effect in more depth.

The analysis also showed two significant main ef-
fects: N-scaled stimuli varied from M-scaled stimuli
[F(1,27) = 30.53, p = .0001]; and there was an effect of
retinal location {F(3,81) = 42.06, p = .0001]. However,
there was no effect of exposure duration, nor did expo-
sure duration interact with any of the other variables
(Fs <1). The effect of exposure duration was consistent
at each of the scaling conditions and at each of the reti-
nal locations tested.

Errors. The analysis of the errors also showed an inter-
action of scaling condition X retinal location [F(3,81) =
9.08, p = .0001] and a main effect of scaling condition
[F(1,27) = 6.16, p = .02]. As indicated in Figure 1b,
these effects resulted from the high error rate obtained
when the scaled letters appeared in the fovea. Simple ef-
fects of retinal location at each scaling condition showed
no effect of retinal location among the N-scaled stimuli
and a significant effect of location with the M-scaled
stimuli that was due to the excessively high error rate ob-
tained in response to the foveally placed stimulus (ps <
.05). There was no effect of exposure duration, and this
variable did not interact with either scaling condition or
retinal tocation {(Fs < 1).

Experiment 2. M-scaling with a slightly larger foveal
stintwdus than in the first experiment resulted in an inter-
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Figure 1. Mean RT and error rate as a function of scaling condi-
tion and retinal location in Experiment 1.

action of scaling condition X retinal location [F(3,66) =
15.48, p = .0001], and these two factors together inter-
acted with exposure duration [F(3,66) = 5.91,p = .001].
Figures 2a and 2c present the three-way effect. Although
there is an elevation in RT at the foveal location, it is
much smaller than the effect obtained in Experiment 1
(Figure 1a), and it was limited to the 16-msec duration.
When a longer exposure duration was used, RTs for the
M-scaled stimuli were consistent across the four retinal
locations.

The analysis also showed a main effect of exposure
duration [F(1,22) = 6.75, p = .02] and an interaction of
exposure duration X retinal location [F(3,66) = 5.91,
p = .001]. At the larger eccentricities only, mean RTs to
16-msec stimuli were quicker than those to the 50-msec
stimuli. Differences in RT between the two exposure du-
rations were not evident at foveal or parafoveal loca-
tions. As in Experiment 1, there were significant main
effects of scaling condition [F(1,22) = 5.54, p = .03]
and retinal location [F(3,66) = 22.06, p = .0001).

Errors. Error rate was found to vary as a function of
scaling condition [F(1,22) = 4.24, p = .05] and retinal
location [F(3,66) = 3.91, p = .01]. In general, the error
rate increased with distance from the fovea and with the
use of M-scaled rather than N-scaled stimuli. Mean error
rates for the four retinal locations, in order of distance
from the fovea, were 3%, 5%, 7%, and 6%. There was a
5% error rate associated with the N-scaled stimuli and
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Figure 2. Mean RT and error rate as a function of scaling condition, exposure duration, and retinal location in Experiment 2.

one of 6% for the M-scaled stimuli. The scaling condi-
tion X retinal-location effect that was found in Experi-
ment 1 was not significant ( < 1). Errors were not af-
fected by exposure duration or by any interaction with
this variable (Fs < 1).

The results of Experiment 2 replicate those of Exper-
iment 1 by showing that when letter sizes are scaled in
accord with cortical magnification theory, CRTs are
found to be equivalent even though stimuli appeared at
several retinal locations. CRTs were not found to increase
with eccentricity when an M-scaled letter was presented.

The puzzling elevation in foveal RT with M-scaled
stimuli was also apparent in these findings. However, the
use of a larger foveal letter size (7 points) attenuated the
interference effect and limited it to the briefer exposure
duration. Since the interference effect was obtained in
only one of the two exposure durations and was not large
enough to affect the error rate, it does not appear to re-
sult from a disruption of attention caused by mixing the
scale. A disruption of visual attention would have af-
fected performance across conditions. Most likely the
effect is due to a synergy between the exposure duration
variable and the foveal letter size. Experiment 4 looked

at the relationship between letter size and exposure du-
ration in more depth.

A joint ANOVA on RTs from Experiments ! and 2
showed that experiment interacted with scaling condition
and retinal location in a three-way interaction [F(3,147) =
11.33, p = .0001], as well as in two two-way interactions—
experiment X scaling condition [F(1,49) = 31.74,p =
.0001] and experiment X retinal location [F(3,147) =
15.25, p = .0001]. Moreover, the results of Experiment 2
differed from those of Experiment 1 in showing some ef-
fect of exposure duration, whereby the longer exposure
duration was associated with longer RTs. However, this
effect interacted with retinal location and, in a three-way
interaction, with scaling condition and retinal location.
Both exposure durations were long enough to fully
process the stimulus letter regardless of presentation lo-
cation. The longer RTs in the 50-msec condition may
have resulted from the subject waiting until the letter
disappeared before responding. Such an interpretation
would explain why this variable was not found to affect
the error rate. The joint ANOVA showed a four-way ef-
fect of experiment X exposure duration X scaling con-
dition X retinal location [F(3,147) = 3.74, p = .01].
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EXPERIMENT 3

Experiment 3 tested scaled sizes derived from Anstis’
(1974) regression formula (A-scaling). The two sizes
tested at each retinal location included small (near-
threshold) and large (suprathreshold) sizes. Since CRTs
to constant-sized letters were consistent in the first two
experiments, this condition was not included, this ex-
periment focusing instead on a comparison of large and
small letter sizes. The larger values were included to test
the degree to which the small stimuli may underestimate
the sizes needed to scale stimuli at eccentricities larger
than 5° of visual angle.

Luminance of the background was also varied in this
experiment, together with exposure duration. Some stud-
ies (Waugh & Levi, 1993) have shown that visual per-
formance is affected by luminance changes across ec-
centricity, and lighting conditions (ambient illumination
and display luminance) have been shown to affect RTs
(Imbeau, Wierwille, Wolf, & Chun, 1989; Krantz, Silver-
stein, & Yei-Yu, 1992). Bright and dark backgrounds
tested whether this variable had any effect on letter de-
tection under peripheral viewing conditions. It was ex-
pected that the letters would be more noticeable against
a light background, but it was not known whether back-
ground luminance would interact with stimulus size or
exposure duration. RTs are a measure of the duration of
mental processes, and each of the factors tested in this
experiment could conceivably add a stage of processing
which would lengthen the time taken to respond (Stern-
berg, 1969).

Method

The subjects were 32 men and women student volunteers. The
stimuli and procedure were the same as in Experiments 1 and 2,
except in the following respects. Two kinds of backgrounds were
used, a bright background with a luminance of 121 c¢d/m2 and a
dark background with a luminance of 43.68 cd/m2 (measured with
a Minolta luminance meter LS 100).

The stimuli were scaled by increasing their size in accordance
with the following regression line for small stimuli: y = 0.34° +
0.027x, where y represents the letter’s height in degrees of visual
angle and x represents retinal eccentricity, also expressed in de-
grees of visual angle. For large stimuli, the regression line was: y =
0.74° + 0.027x. This formula is a modified version of the Anstis
(1974) formula, with the intercept value changed to include the
two arbitrarily selected foveal values derived from pilot testing
with brief stimulus durations and a slightly smaller slope value
(.027, compared with .046) to standardize the point changes in let-
ter size with eccentricity. The stimulus letter was presented at one
of seven locations on the screen—0°, 5°, 10°, or 15° to the right or
left of the fixation point. At 0°, the letter size for the small stim-
uli was 5 points, and at retinal locations 5°, 10°, and 15°, the letter
sizes were increased, respectively, to 7, 9, and 11 points. With the
subject seated 30 cm from the screen, the visual angles subtended
by the letter heights were, respectively, .34°, .47°, .61°, and .74°.
For the large stimuli, at 0°, the letter size was 11 points, and at reti-
nal locations 5°, 10°, and 15° from the fixation point, the letter
sizes were increased, respectively, to 13, 15, and 17 points. The vi-
sual angles subtended by the letter heights were, respectively, .74°,
.88°,1.02° and 1.14°.

Each subject participated in 512 experimental trials that repre-
sented 16 replications of 32 experimental conditions. The trials

were divided into two blocks according to high and low luminance
conditions, and blocks were counterbalanced in their presentation
to the subjects. Within each block, there was a random arrange-
ment of trials that represented four retinal locations (0°, 5°, 10°,
and 15° of visual angle) factorially combined with two stimulus
sizes (small and large) and two exposure durations (16 and
50 msec). The two letters were used equally often across all con-
ditions and, in the instances in which stimuli appeared at ex-
trafoveal locations, right and left sides of the visual field were
balanced.

Results

Means were computed from the correct RTs obtained
from each subject across the 16 trials within each of the
experimental conditions. RTs in excess of 1,200 msec
(less than 2% of the responses) were not included in the
analysis. Incorrect responses made by each subject in
each condition were also recorded. A 2X2X2 X4 repeated
measures ANOVA was used to test for the effects of lu-
minance, size, exposure duration, and retinal location.

The ANOVA on the RTs showed an effect of size
[F(1,31) = 6.16, p = .02] and retinal location [F(3,93) =
22.68, p = .0001}, and an interaction of size X retinal
location [F(3,93) = 14.65, p = .0001]. From the data,
which are presented in Figure 3a, it appears that RTs to
the large stimuli were similar to those to the smali stim-
uli at all locations except 15°. The retinal-location effect
was more pronounced with the small stimuli than it was
with the large stimuli. However, a test for simple effects
of retinal location revealed significant effects with both
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retinal location in Experiment 3.



large and small stimuli (ps < .01). Partial omega-
squared values were also calculated to determine the rel-
ative importance of the retinal-location effect for both
sizes of stimuli (Keppel, 1991). The analysis on the
small stimuli showed that 42% of the variance in RTs
was accounted for by the retinal-location effect, com-
pared with 6% for the large stimuli.

Retinal location was also found to interact with expo-
sure duration [F(3,93) = 3.33, p = .02]. As shown graphi-
cally in Figure 4, it appears that the interaction resulted
from exposure-duration differences across eccentricity.
As in the previous study, RTs were quicker with the
shorter duration [F(1,31) = 74.49, p = .0001}, but the
difference varied across eccentricity. Interestingly, there
was a slight foveal elevation in RTs associated with the
shorter exposure duration. As in Experiment 2, however,
the foveal elevation disappeared with a longer exposure
duration. There was no main effect of luminance [F(1,31)
= 3.27, p = .08], and this variable did not interact with
any of the others.

Errors. The analysis on the error data show the
same retinal-location effect as the RT analysis. There
were main effects of size [F(1,31) = 21.18, p = .0001]
and retinal location [F(3,93) = 39.19, p = .0001], and
these variables were found to interact [F(3,93) =
28.83, p = .0001]. From Figure 3b, which presents the
interaction, it is apparent that, as with the RT data, the
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Figure 4. Mean RT and error rate as a function of exposure dura-
tion and retinal location in Experiment 3.
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retinal-location effect is much stronger with the small
stimuli than it is with the large stimuli. However, sim-
ple effects of retinal location are found with each of the
stimulus sizes (ps <.05). A comparison of the relative
omega-squared values shows a drop in the amount of
explained variance resulting from the retinal-location
effect, from 53% with the small stimuli to 5% with the
large stimuli.

None of the other effects in the analysis were signifi-
cant. Brightness and exposure duration did not signifi-
cantly influence the error rate.

Discussion

The persistent effect of retinal location in the analy-
sis of both RT and error rate suggests that size scaling
with the modified Anstis (1974) formula does not equate
visibility when letters are presented at varying presen-
tation locations. A-scaling worked to equate visibility
for stimuli that were presented at 5° eccentricity but not
for the stimuli presented at further distances from the
fovea. Scaling the letters with sizes in excess of the
threshold values significantly reduced the magnitude of
the retinal-location effect and improved performance for
letters presented at 15° eccentricity, but it was not enough
to compensate for differences in processing that occur
across the visual field. In general, A-scaling provided a
good fit for the data at parafoveal eccentricities but un-
derestimated the sizes needed to compensate for resolu-
tion differences at large eccentricities. M-scaling, which
was similar to A-scaling in that scaled letter sizes were
linearly related to eccentricity, provided a better fit to
the CRT data because it used a larger slope in scaling let-
ter size with eccentricity.

Although there was a significant interaction of expo-
sure duration and retinal location, the data do not show
a substantial effect of this interaction. As in Experi-
ment 2, it appears that 16 msec was sufficient for pro-
cessing the stimulus letter at each of the locations tested.
As indicated in that experiment, the main effect of ex-
posure duration most probably resulted from the sub-
jects waiting to begin responding until the offset of the
stimulus.

EXPERIMENT 4

A-scaling and M-scaling were directly compared in
Experiment 4 to clarify some of the previous findings.
The results of the first two experiments suggested that
M-scaling was more effective than A-scaling in equat-
ing stimulus visibility, but there was a puzzling elevation
in RT associated with the foveal stimulus. The fact that
in Experiment 3 the same stimulus size was tested and
found to produce much quicker RTs than in Experi-
ment 1 suggested that the foveal elevation in RT was a
byproduct of M-scaling with a small foveal stimulus.
Perhaps the relative difference between the foveal and
peripheral stimulus sizes produced such a size contrast
that it impaired visibility, but only with small stimuli.
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Experiment 2 showed a reduction in the interference ef-
fect when a larger foveal stimulus was used. In Experi-
ment 4, both M- and A-scaling were used with large and
small stimuli to determine whether CRTs would be af-
fected by scaling technique and the absolute size of the
foveal stimulus.

This experiment also sought to clarify the effect of ex-
posure duration, which, in Experiments 2 and 3, inter-
acted with size and retinal location and seemed to be an
influential factor in producing the foveal elevation in RT.
To examine the influence of this variablie, three exposure
durations were tested—25, 50, and 75 msec.

Method

The subjects were 24 men and women student volunteers. In all
respects except the following, the stimuli and procedure were the
same as in the previous experiments. While sizes for the small M-
scaled stimuli at each retinal location were the same as the scaled
stimuli used in Experiment 1, the large scaled stimuli were as fol-
lows: 11 points at 0°, 30 points at 5°, 48 points at 10°, and 68 points
at 15°. With the subjects seated 30 cm from the screen, the visual
angles subtended by the letter heights were, respectively, .74°,
2.00°, 3.26° and 4.59°. The small and large sizes for A-scaling
were the same as the stimuli used in Experiment 3. From Table 1,
it is apparent that the foveal letter sizes for A-scaling and M-scaling
were the same.

Each subject participated in 768 experimental trials that repre-
sented 16 replications of 48 experimental conditions. The trials
were divided into two blocks according to scaling technique (A-
or M-scaling), and blocks were counterbalanced in their presenta-
tion to the subjects. Within each block, there was a random arrange-
ment of trials that represented four retinal locations factorially
combined with three exposure durations and two stimulus sizes.
The two letters were used equally often across all conditions and,

25 MSEC

50 MSEC

in instances in which stimuli appeared at extrafoveal locations,
right and left sides of the visual field were balanced.

Resuits

Means were computed from the correct RTs obtained
from each subject across the 16 trials within each of the
experimental conditions. RTs in excess of 1,200 msec
(less than 2% of the responses) were not included in the
analysis. The incorrect responses made by each subject
in each condition were also recorded. A 2X2X3X4
repeated measures ANOVA tested for the effects of scal-
ing method, size, exposure duration, and retinal location.

Mean correct RTs for each of the experimental con-
ditions are presented in Figure 5. Although the four-way
interaction was not significant (F < 1), the analysis did
reveal two- and three-way interactions. Retinal location
interacted with size [F(3,69) = 11.47, p = .0001] and
with scaling technique [F(3,69) = 39.75, p = .0001],
and there was an interaction of retinal location X size X
exposure duration [F(6,138) = 2.35, p = .03], as well
as one of retinal location X size X scaling technique
[F(3,69) = 17.60, p = .0001]. There were also main ef-
fects of all four of the variables of interest—namely,
scale [F(1,23) = 9.45, p = .005], size [F(1,23) = 111.64,
p = .0001], exposure duration [F(2,46) =4.12, p =
.02}, and retinal location [F(3,69) = 25.99, p = .0001].

Errors. The error rate was also influenced by several
of the manipulated effects. There was an interaction of
scale X size X retinal location [F(3,69) = 8.10, p =
.0001], which resulted from two effects: (1) more errors
were made when small A-scaled stimuli were presented
at peripheral retinal locations relative to the other ex-
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Figure 5. Mean RT and error rate for the experimental conditions in Experiment 4.



perimental conditions; and (2) more errors were made
when small M-scaled stimuli appeared at the foveal
rather than at the peripheral locations. These effects also
produced a retinal location X size interaction [F(3,69) =
3.83, p = .01], a retinal location X scale interaction
[F(3,69) = 5.74, p = .001], and a size X scale interaction
[F(1,23) = 7.88, p = .01], as well as main effects of scale
[F(1,23) = 4.83, p = .04], size [F(1,23) = 32.60,p =
.0001], and retinal location [F(3,69) = 4.82, p = .004].
Although there was no main effect of exposure dura-
tion on the error rate [F(2,46) = 1.08, p = .35], this vari-
able was found to interact with retinal location [F(6,138) =
2.75, p =.01] and with scaling technique [F(2,46) =
3.40, p = .04]. Errors were more prevalent with A-scaling
than with M-scaling, but only at the two shortest expo-
sure durations. There was also a drop in error rate when
stimuli appeared for 75 msec at 5° of visual angle.

Discussion

These findings show that the scaling technique de-
rived from cortical magnification theory (M-scaling) is
more effective than Anstis (A-) scaling in equating dif-
ferences in visibility across retinal location. The linger-
ing effects of retinal location obtained in Experiment 3
with A-scaling were replicated in Experiment 4. How-
ever, the differences between the scaling techniques are
quantitative rather than qualitative. Both techniques in-
volved consistent increases in letter size with eccentric-
ity, but M-scaling used steeper increments that provided
a better fit to the CRT data.

Second, Experiment 4 shows that the foveal elevation
in RTs is limited to M-scaling with small foveal stimuli.
M-scaling with suprathreshold sizes did not show the
same effect, even though subjects were exposed to mixed-
scale stimuli. It is likely that the foveal elevation in CRTs
resulted from a disruption in visual attention. Using the
same foveal stimulus within different contexts (i.e., M-
and A-scaling) produced different results. The context
with the broader range of sizes (M-scaling) produced the
interference effect, but only with near-threshold—sized
letters. The context with suprathreshold letters did not
result in an RT delay. Unlike previous work with M-
scaling (Levi et al., 1985), these data suggest that the
specific value chosen for the foveal M is important. If it
is too small, foveal letter detection is disrupted relative
to letter detection at extrafoveal locations.

It is also possible that the foveal interference effect re-
sulted from specific features of the two letters used as
stimuli. Since only two letters were tested, it may be that
the specific features that made D highly discriminable
from K differ when small and large point sizes are used.
The fact that only two letters were used as stimuli does
limit the generality of the findings. However, this inter-
pretation is unlikely because it would suggest that RTs
would have been delayed with both scaling techniques
that used small letters. Since the interference effect was
specific to small M-scaled letters, an attentional ex-
planation provides a more convincing rationale for the
findings.

SCALING AND LETTER DETECTION 689

Exposure duration had more of an effect on RT per-
formance with A-scaling than it did with M-scaling. The
RT difference between small and large A-scaled stimuli
was smaller when the letters appeared for 75 msec than
it was for the other exposure durations. Responses to M-
scaled stimuli, however, did not seem to be influenced
by exposure duration.

CONCLUDING REMARKS

The absolute size of the foveal stimulus influenced the
effectiveness of the scaling procedures. With both tech-
niques, scaling effectiveness improved when large foveal
letter sizes were used. A-scaling with a large foveal let-
ter provided a good fit for the data at parafoveal loca-
tions, but underestimated the letter sizes needed at large
eccentricities. However, when M-scaling was used with
a large foveal letter size, CRTs were found to be inde-
pendent of eccentricity. These results extend the use of
M-scaling to a CRT task with letters as stimuli. To an-
swer the question posed at the outset, M-scaling can be
used to equate the visibility of letters when presented at
eccentricities from 0° to 15° of visual angle as long as
the size of the foveal stimulus is suprathreshold. M-
scaling with small foveal stimuli impairs foveal detec-
tion. This finding is in contrast to previous work with
cortical magnification theory in which the relative dif-
ference in stimulus size was emphasized in equating vis-
ibility across eccentricity and the absolute size was
unimportant.

Exposure duration had more of an effect on RT per-
formance when A-scaling was used than it did when M-
scaling was used, but the effect was not substantial and
did not indicate any significant difference in the rate of
processing information across retinal location. For three
of the experiments, RTs were quicker with the briefer ex-
posure durations, suggesting that subjects were waiting
until the offset of the stimulus to begin letter responding.
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