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Why are there eccentricity effects in visual search?
Visual and attentional hypotheses

JEREMY M. WOLFE and PATRICIA O’'NEILL
Harvard Medical School, Boston, Massachusetts
and Brigham and Women's Hospital, Boston, Massachusetts

and

SARA C. BENNETT
Brigham and Women's Hospital, Boston, Massachusetts

In standard visual search experiments, observers search for a target item among distracting items.
The locations of target items are generally random within the display and ignored as a factor in data
analysis. Previous work has shown that targets presented near fixation are, in fact, found more effi-
ciently than are targets presented at more peripheral locations. This paper proposes that the primary
cause of this “eccentricity effect” (Carrasco, Evert, Chang, & Katz, 1995) is an attentional bias that al-
locates attention preferentially to central items. The first four experiments dealt with the possibility

that visual, and not attentional, factors underlie the
tricity effect cannot be accounted for by the peripher.

eccentricity effect. They showed that the eccen-

al reduction in visual sensitivity, peripheral crowd-

ing, or cortical magnification. Experiment 5 tested the attention allocation model and also showed that
RT X set size effects can be independent of eccentricity effects. Experiment 6 showed that the effec-
live set size in a search task depends, in part, on the eccentricity of the target because observers search

from fixation outward.

In laboratory visual search tasks, subjects look for a
target item among some number of distracting items. In
most cases, the positions of targets and distractors are
random across trials. This makes the implicit assumption
that, within reason, it does not matter where the largets
and distractors fall in the visual field. No doubt, any re-
searcher in the field, if queried, would agree that this can-
not be strictly true. It seems intuitively clear—and it has
been experimentally demonstrated—that largets pre-
sented at the point of fixation are likely to be detected and
localized more quickly and accurately than are targets
presented even in the near periphery (Carrasco & Chang,
1995; Carrasco, Evert, Chang, & Katz, 1995). In this
paper, we argue for a simple, arrentional account for ec-
centricity effects in visual search. This account is an
elaboration of the Guided Search model of visual search
(Wolfe, 1994; Wolfe, Cave, & Franzel, 1989: Wolfe &
Gancarz, 1996). Guided Search holds that attention in vi-
sual search tasks is deployed to one item at a time, and it
can be redeployed at a rate of one item approximately
cvery 50 msec (Bennett & Wollc, 1996; Wolfe & Gancarz.
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1996). The order in which items are attended is deter-
mined by their activation. Items receive more activation
if they share features with the designated target. Thus, if
one is searching for the red vertical line, red items gain
activation and vertical items gain activation. These items
will be attended to before items that are neither red nor
vertical. Here, we add one assumption to that scheme:
Activation is modulated by eccentricity. Given two iden-
tical items at different distances from fixation, the item
closer to fixation will receive more activation and will
be attended before the more eccentric item. Since central
locations have a greater representation in the visual Sys-
tem than have peripheral locations, it is reasonable to
imagine that central items produce a bigger attention-
guiding signal than do peripheral items.

There is an alternative explanation of eccentricity ef-
fects in search: They could be due to direct effects of ec-
centricity on visual performance (e.g., Carrasco & Chang,
1995; Carrasco et al., 1995: Geisler & Chou, 1995). I
could take longer (o find a target in the periphery because
1tems are harder to sec in the periphery. In this paper, we
will present data that argue for an attentional component to
cceentricity effects separate from any purely visual effect.

A variety of studies have been done on the effects of
target position in visual search or search-like tasks. Nu-
merous investigators have noted that search is harder for
targets in the periphery of the visual field (e.g., Bursill,
1058; Cole & Hughes, 1984; Ffron, Yund. & Nichols,
1990; Lee, Jung, & Chung, 1992, Previc & Blume, 1993:
Renungton & Williams, 1986: Saarinen, 1993: Sanders,
1970; Sanders & Briick, 1991). The most systematic work
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n the effects of eccentricity has been done by Carrasco
nd her collcagues (Carrasco & Chang, 1995 Carrasco
- Evert, 1991; Carrasco et al., 1995; Carrasco & Katz,
992). They have demonstrated the impact ot visual fac-
ors. such as cortical magnification (Carrasco & Frieder,
997), spatial resolution (Carrasco, McLean. & Frieder,
n press) and lateral interactions (Carrasco & Chang,
995), and have argued for a visual account of eccen-
ricity effects. In addition, they argue that eccentricity
ffects are the underlying cause of some reaction time
RT) X set size effects (see also Geisler & Chou, 1995).
[his is an important claim because RT X set size func-
ions are central to most theoretical accounts of visual
;earch (Duncan & Humphreys, 1989: Treisman, 1993:
[reisman & Gelade, 1980; Wolfe, 1994; Wolfe et al.,
1989). Furthermore, much of the analysis of visual search
s based on the assumption that eccentricity effects can
oe ignored in the analysis of those set size effects.
Other studies have argued against a close link between
low-level visual resolution and the eccentricity effect in
visual search. Ball, Owsley, and Beard ( 1990) found that
their measure of the “useful field of view” (UFOV) was
dissociable from standard measures of visual fields
(Ball, Owsley, & Beard, 1990). The UFOV isa visual field
isopter derived from accuracy measures on a set of tasks
that include a visual search component. To a first ap-
proximation, the UFOV defines a visual field inside of
which subjects can do a task and outside of which they
cannot. The idea has its roots in, for example, Sanders’s
(1970) work on the functional field of view, the part of
the visual field that can be used during a single fixation.
Ball and her colleagues report that the UFOV is smaller
in the old than in the young (Ball, Beard, Roenker,
Miller, & Griggs, 1988), shrinks in the presence of cog-
nitive load (Graves et al., 1993), and correlates with auto-
mobile accidents (Ball, Owsley, Sloane, Roenker, &
Bruni. 1993). While the experimental design is different
from the usual visual search experiment, the UFOV work
is interesting because it demonstrates correlations be-
\ween eccentricity effects and real-world variables, such
as the incidence of traffic accidents (Ball et al., 1993).
An inability to attend to an object in the periphery can
have consequences comparable to an inability to see an
object in the periphery (see also lkeda & Takeuchi, 1975:
Weltman & Egstrom, 1966; Williams, 1982, 1985).
Other studies point to a distinction between eccentric-
ity effects in attention and visual resolution. Cole and
Hughes (1984) found that the eccentricity effect was nol
climinated when the size of the peripheral targets was in-
creased to compensate for the decline in visual acuity
and sensitivity with eccentricity. Moreover, such variables
as age (Ball, Roenker, & Bruni, 1990, Madden, 1992
Scialfa, Kline, & Lyman, 1987), mental load (Egeth,
1977; Logan, 1978), and stress (Bursill, 1958) all have
an impact on search performance that seems to be largely
independent of their effects on such measures as acuity.
These studies, like the UFOV studies, use tasks that are
quite different from the standard search tasks in which an
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observer scarches for a target item among @ vanable
number of distractor 1tems

Our experiments were intended to disesiangle the vi-
sual and attentional accounts of eccentricity cilecis invi-
sual search. In Experiment 1. we replicated ihe basic
finding of Carrasco et al (1993), showing that vur par-
ticular methods produced a large and reliable eccentric-
ity effect using standard visual search stimuli. The results
of Experiment 2 argued that eccentricity effects in visual
search are not a simple by-product of the decline n vi-
sual resolution and sensitivity with eccentricity. Expen-
ment 3 manipulated the spacing of targets and distrac-
tors and showed that the eccentricity effects we observed
were not dependent on increased lateral interactions or
“crowding” in peripheral vision (e.g., Levi, Klein, & Ait-
sebaomo, 1985). Experiment 4 showed that strong ec-
centricity effects can occur with stimuli that are scaled in
size to compensate for cortical magni fication of the cen-
tral portions of the visual field (e.g., Wilson, Levi, Maf-
fei, Rovamo, & DeValois. 1990). (In this paper. after Ex-
periment 4, the attentional account of eccentricity effects
is described in more detail.) Experiment 5 argued that
the theoretically important RT X set size functions are
not side effects of eccentricity effects. Eccentricity ef-
fects and set size effects can be discussed as theoretically
distinct issues even though they can interact in the data.
Finally, Experiments 5 and 6 tested predictions of the hy-
pothesis that eccentricity effects represent a foveal bias
in the allocation of attention.

EXPERIMENT 1
The RT X Eccentricity Function

Carrasco et al. (1995) have documented the existence
of eccentricity effects in visual search. In Experiment 1.
we replicated this basic finding in order to document the
existence and size of the effect using our particular vi-
sual search stimuli. In this experiment, following Car-
rasco et al. (1995), we examined the effects of target po-
sition in a standard search for a conjunction of color %
orientation.

Method

There were two conditions n Experiment 1. In the one-targe!
condition, the target was red (11.2 cd/m2; CIE coordimates, «
0.618. y = 0.353)and vertical (1.3 X 0.3°). In the nva-targer con-
dition, the target could be either red vertical or green horizontal
(25.0 cd/m?; CIE coordinates, v = 0.282, v = 0.592). The back
ground was gray (5.0 cd/m?2). In the rwo-rarger condition, farget iden
uty was random across trials. For 450 msec at the start of each inal.
either a red vertial line or a green horizontal line 1n a white box at
the point of fixation specificd the target for the tnal In both con
ditions, distractors were green vertical lines and red honzonial
lines, so that the bulk of the display was the same 10 the two cond:
tions. By running two conditions w 1thvessentally the same visual stisni-
uli, we can begin 1o discriminate beiween the impact of visual factors
and attentional/task demand factors on the cccentncity eftect

Stimuli were presented on a standard Macintosh computer mon:
itor in a region that subtended 167 = 16° Setsizes of 25,35, and 43
items were used. We used relatively large set sizes in this experiment
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sothat. evenina canvely efficient conjunction search task (Wolfe,
1992} attention woald need 1o be deploved to several 1iems in each
scarch. Some caution is required in generalizing from one range of
sci~izesto another since search behavior may change as a function
ol set size. For example. Carrasco et al. (1995) looked at a wide
range of set sizes within a single experiment. They report some
compressive nonlincanty in the RT X set size functions, perhaps
due 10 increased errors at the larger set sizes (see also Wolfe et al.,
1989). In this paper. different ser size ranges were used in different
vxperiments, resulting in essentially the same pattern of eccentric-
iy effects.

The 16° x 16" screen was divided intoa7 X 7 array of cells. Dis-
tractars could appear in any cell except the cell at fixation. To re-
duce the numbers of trials per subject. largets were constrained to
appear in the 24 locations forming eight arms radiating from fixa-
tion {see Figure 1),

Cutting the number of target locations in half saves hundreds of
trials. Target locations were not shaded or otherwise indicated in
the display seen by the subjects. The subjects did not know the dis-
tribution of target locations; even if they had known the distribu-
tion. there is no evidence that subjects can spread attention in the
octopus shape required to exploit that information. (In other exper-
iments. we have found that subjects are unable to bias attention to
four locations defining a square even when they know the loca-
ons. )

Within the constraints just described, placement of targets and dis-
tractors was random from trial to trial. Targets were presented on
67% of the tnals. (Blank trials are required to keep the subject
“honest™ but are relatively uninteresting in a study of target loca-
uon.) Before each session, the task was described to the subject.
The subjects were asked to respond as quickly as possible while
keeping their error rate under 10%. They were not informed about
the ratio of target-present to target-absent trials. The subjects were
tested for 30 pracuce trials followed by 300 experimental trials,
Stimulus presentanion and data collection were controlled by
MacProbe sofiware (Hunt, 1994)

Ten subjects between 18 and 46 years of age were tested. All had
visual acuity of 20/25 or better, and all could pass the Ishihara color

16 deg

—
r

Figure 1. Stimulus configuration for Experiment 1. Distruactors
could appcear in any of the 18 loci (excluding fixation). Targets
were constrained to appear only in the shaded loci. Neither boyes
nor shading was present in the actual stimulus display.

test. The subjecis gave informed consent, and they were paid for
their time. Order of conditions was randomized across subjects.

Results

Mean RTs at each set size were used to generate the
standard RT X set size functions. These are shown in
Figure 2. The results for the one-Larget condition reveal
the usual efficient search for color X orientation con-
junctions (Wolfe et al., 1989). Slopes of the RT X set
size functions were 3.0 msec/item for the target trial and
12.2 msec/item for the blank trials. The results of the
two-target condition show that the slopes remained shal-
low (5.9 and 18.0 msec/item, respectively), but that the
mean RTs were significantly slower [paired (9) = 10.5.
p <.001], replicating an earlier result from our lab (Wolfe,
1992). Error rates for the one-target condition were 2.2%
for miss errors and 1.7% for false alarms (FAs). Error
rates for the two-target condition were 5.2% for miss er-
rors and 2.3% for FAs.

Figure 3 (upper panel) shows the average of the mean
RTs for all subjects as a function of eccentricity. In prac-
tice, each point in the figure represents data averaged
over four locations with the same eccentricity. Errors are
shown in the lower panel of Figure 3.

Replicating the results of Carrasco et al. (1995), the
results reveal a clear eccentricity effect. RTs increased as
the target moved farther into the periphery. This is true
for each condition in the experiment. The eccentricity ef-
fect was significantly greater for the two-target condi-
tion than for the one-target condition [1(9) = 5.17, p <
.001]. Errors showed a moderate increase as the target
moved to the periphery.

In the two-target condition, green-target trials took
longer (1,644 msec) than did red-target trials (1,472 msec)
[F(1,9) = 19.69, p < .002), and the subjects were more
likely to miss the green target (5.8%) than the red target
(1.9%) [F(1,9) = 34.74, p < .001]. The RT X set size
slopes were not significantly steeper for green targets
[1(9) = 0.74, n.s.], whereas the eccentricity functions
were steeper [1(9) = 2.44, p < .019]. Because of these dif-
ferences between red and green targets, we thought that
it would be instructive to compare the one-target condi-
tion with the red-target trials of the two-larget condition.
These one- and two-target trials were physically identical.
The RT X set size slopes were still significantly steeper
for the two-target condition [¢(9)=2.04, p < .036], and the
eccentricity functions were still significantly steeper for
the two-target condition [1(9) = 2.07,p<.031]. Thus, the
change in the task altered the set size and eccentricity
slopes for stimuli that were otherwise identical in the
one- and two-target conditions.

Visual field effects The results as shown in Figure 3
arc averaged across the upper and lower and the left and
right portions of the visua! field. To assess the visual ficld
effects, RTs were pooled across subjects, and RTs from
the upper ficld were compared with those from the lower
field. Results for the one-target condition show that the
RTs for the upper visual field were significantly shorter
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slower than those for the one-target condition.

ower visual field (mean RTs: upper
field, 814 msec; lower field, 917 msec) [F(1,9) = 12.47,
p <.01). Results for the two-target condition followed this
pattern (mean RTs: upp
1.257 msec) [F(1,9) =

condition, there were more errors in the lower field
). As reported by others (Christman &
Efron, & Nichols, 1990), RTs from

er field, 1,143 msec; lower field,
8.70, p < .025]. In the two-target

the 24 target locations

onditions of Experiment 1. Note that slopes were quite shal-
although the RTs for the two-target condition were much
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the right visual field were somewhat faster than those
from the left, but these results did not quite rise to the
.05 level of significance: one-target condition (right,
838 msec; left, 887 msec) [F(1,9) = 4.09, p < .1]; two-
target condition (right, 1.169 msec; left, 1,219 msec)
(F(1,9) =3.08,p>.1].

Figure 4 shows median RTs and miss rates for each of

for the two-target condition of
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Figure 3. Eccentricity functions for Experiment 1. Upper panel: RT

results. Lower panel: errors.
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Experiment 1. This gives a more complete picture of the
data, but it should be noted that individual cells contained
relatively few trials. We did not examine the effects of cc-
centricity on RT X set size functions, because a very large
number of trials is required. This was the subject of Ex-
periment 6 (below).

Discussion

As should be clear from Figure 3, eccentricity effects
are large, even in an cfTicient search such as the color X
orientation search used here. A mere 10° from fixation,
RTs are as much as several hundred milliseconds slower
than they are at 2° from fixation. If we assume that this
roughly linear effect continues farther into the periphery,
it is easy to imagine that eccentricity effects could have
significant behavioral consequences for tasks that re-
quire speeded responses to stimuli at many locations in
the visual field (e.g., driving). The apparent differences
between the left and right and the upper and lower visual
fields are interesting but are not central to the issues in
this paper. Our emphasis will be on the effects of eccen-
tricity. However, before abandoning the field differences,
it is worth pointing out that the existence of significant
differences between fields makes it hard to explain as a
by-product of low-level constraints on visual resolution
and/or sensitivity, since most of those constraints are

roughly symmetrical with binocular viewing (C:rigsby &
Tsou, 1994; Rovamo & Virsu, 1979). An attentional ac-
count would have to propose a bias that favored the nght
field and the upper field. However, it would not be wise
lo theorize too heavily about these field differences.
Yund et al. (1990) do not report upper versus lower field
effects, and Carrasco et al. (1995, Table 5) report essen-
tially no field effects. If the field effects are theoretically
important, further data will be needed to better docu-
ment them.

We can begin to disentangle the visual and attentional
accounts of eccentricity effects by comparing the one-
and two-target conditions of Experiment 1. The visual
stimuli were virtually identical in the two conditions, but
the eccentricity effects were quite different in magni-
tude. This was true even when the analysis of the two-
target data was restricted to the red targets that were iden-
tical to those used in the one-target condition. The visual
stimuli were identical, the attentional demands differed,
and the eccentricity effects differed. This would seem to
argue for an attentional component to the eccentricity ef-
fect in this experiment. These results do not show that
attention is the sole factor in producing eccentricity effects.
We know that visual factors can produce eccentricity ef-
fects. For example, Geisler and Chou (1995) used small
stimuli that would be hard to detect in the periphery, and

1470ms 1283 ms 1294ms
7.4% 5.0% 6.7%
1171 ms 1043ms 1273ms
3.4% 3.2% 4.5%
1029ms | 993ms | 1022ms
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1286ms | 1112ms| 975ms 913ms | 1085ms |{1219ms
10.9% 4.3% 3.9% 3.3% 4.3% 4.1%
1187ms | 1000ms | 1226ms
9.2% 4.4% 4.1%
1400ms 1128ms 1252ms
10.1% 4.2% 4.8%
1539ms 1377 ms 1366ms
6.1% 5.8% 5.9%
Figure 4. Mcdian RTs (in milliseconds) and percent misses (%s) for each possible tar-

get location averaged over all subjects in the two-target condition of Experiment 1.
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they showed that “low-level” visual factors have an im-
portant impact on performance. The results of Experi-
ment | suggest that. with our relatively large and saturated
stimuli, these visual constraints are not the sole determi-
nant of eccentricity effects. The results of Experiment |
support the hypothesis that, like visual factors. alloca-
tion of attention varies with eccentricity. The next ex-
periments further test this hypothesis.

EXPERIMENT 2
Peripheral Resolution Effects

Visual factors could produce slowed responses to pe-
ripheral visual search targets in a number of ways. For
example, it might take several hundred milliseconds
longer to decide on the identity of an item at 10° than to
decide on the identity of an item at 2°. If peripheral pro-
cessing were simply slower than central processing, then
it should be slower even if only a single item is pre-
sented. Accordingly, the two-target condition of Experi-
ment | was rerun with only a single item on the screen.
In effect, this was a speeded classification task with spa-
tial uncertainty.

Method

If the single item was red horizontal or green vertical, the sub-
Jects pressed one response key. If it was green horizontal or red ver-
tical, they pressed the other. The two-target condition allowed us to
check peripheral response to both the red vertical and the green hor-
izontal targets. In addition, as a speeded classification task, the Set
Size | two-target condition had the methodological advantage over
the one-target condition of mapping two items to each response. All
other properties of the stimulus and all other methods were identi-
cal to those described for the two-target condition of Experiment 1.
The same 10 subjects were tested, allowing direct comparison of
search through multiple items and identification of a single item.
The subjects were tested for 100 trials.

Results and Discussion

The results for Experiment 2 are plotted in Figure 5
together with the relevant comparison stimuli from Ex-
periment |. They show that the eccentricity function for
a set size of 1 was much shallower than the function for
set sizes of 25, 35, and 45 items. Misses did not change
significantly as a function of eccentricity (2.3° = 3.5%
misses; 3.2° = 2.7% misses: 4.6° = 1.8% misses; 6.4° =
4.5% misses; 6.9° = 3.9% misses; 9.7° = 4.3% misses).
The FA rate was 5.5%.

In a replication of the one-target condition, we used
sctsizes of 1,25, 35, and 45. Ten subjects searched for a
red vertical target. Distractors were green vertical and red
horizontal. In this replication, for set sizes greater than |
(25.35, and 45 averaged), the slope of the eccentricity
function was 39.1 msec/deg, similar to the 32.8 msec/
deg cccentricity slope shown for this condition in Fig-
ure 3. With a set size of 1, the eccentricity function had
a slope of just 3.9 msec/deg, shallower than the two-
target condition shown in Figure S

One might object that the subjects could readily fo-
veate the single item, since the stimulus remained visible

145

. 1600

Q . i

O Set sizes > 1

E, 1400 57.8 msec/deg

E 1200 1

= 1000 1

- 1 Set size = 1

_5 800 7.6 msec/deg

S 600 oo —® —9
@ J

T 400 s ‘ RN

0 2 4 6 8 10
Eccentricity (deg)

Figure 5. Results of Experiment 2 showing much less marked
eccentricity effects when only a single item was presented.

until the subjects responded. As part of Experiment 4B.
described more fully later, we repeated the Set Size |
condition with briefly flashed stimuli (180 msec). The
target was a red vertical line, distractors were red hori-
zontal and green vertical, and the slope of the eccentric-
ity function was 4.6 msec/deg, essentially the same as
the 3.9 msec/deg slope reported for the same target con-
tinuously viewed. If eye movements had been important
in this task, we would probably have seen a significant
eccentricity effect reflecting the need to make eye move-
ments to eccentric stimuli but not to the stimuli pre-
sented near fixation. In fact, it appears that this task with
these stimuli produces very similar results with and with-
out the possibility of eye movements.

The comparatively shallow eccentricity function ob-
tained with a single item can be used to reject one hy-
pothesis. It could be proposed that all items are processed
simultaneously but that the time required to process any
item in the periphery is much greater than the time re-
quired to process the same item in a more central loca-
tion (cf. Carrasco & Frieder, 1997). If that were the case,
then a single item in the periphery should be found more
slowly than should a single item near fixation. While we
can reject this unlimited-capacity parallel processing
model, we cannot reject the hypothesis that some limited
processing capacity is divided among all items in the dis-
play. If more than I item was presented, less eccentric
items would receive a larger share of the capacity. If that
larger share produced faster RTs, then this sort of limited-
capacity parallel account could explain the results of Ex-
periment 1. Experiment 2 did not address this attentional
hypothesis because, with only a single item, all process-
ing resources could be directed to that item, and RTs
would be fast for both central and peripheral targets.

Since there is some eccentricity effect even for a set size
of 1, itis tempting to propose that the eccentricity effect
seen with larger set sizes is merely the Set Size | effect
muluplied by the larger set size. That is, if it takes 50 msec
longer to examinc a single item at 10° eccentricity than
at 2°, then one could argue that it would take 500 msec
longer to examine 10 items at 10° cceentricity. However,
this logic can explain the eccentricity effects in Experi-
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ment | only if we assume that central items (or groups of
items) are scrutinized by attention before peripheral items
(our proposed account of eccentricity cffects). If the de-
plovment of attention is random with regard to eccentiic-
ity, then the eccentricity effect for a set size of N would
not be N times the effect for a set size of 1. Consider. as
an example, a display with 6 distractors, all presented at
5° The target might be presented at 2° or 10°. In either
case. random search through the set (1 item at a time)
will direct attention to an average of 3 of the 5° distrac-
tors per trial. The contribution of the 5° distractors will
be the same in either case. The difference in RT would
reflect the 50-msec difference in the time required to
process the 2° versus the 10" target item. This difference
is independent of the number and position of distractors.
A display of Set Size | would produce the same results
as a display of set size N. If, however, 2° items are ex-
amined before 5° items, and if 5° items are examined be-
fore 10° items, then the RT for a target at 2° will be sig-
nificantly shorter than the RT for a 10° target.

Suppose that processing is not by single items but by
clumps of items. What happens to RTs if clumps of pe-
ripheral items are processed more slowly than clumps of
central items? The answer is essentially the same as the
answer for item-by-item processing. If clumps are pro-
cessed in random order, then an average of half of the
clumps will be processed prior to the processing of the
clump containing a targel. The time to process the set of
“distractor clumps™ will not be dependent on the eccen-
tricity of the target clump. Any eccentricity effect will
result only from differential processing of peripheral
versus central target clumps.

To anticipate the argument of this paper, we believe
that, in addition to any visual eccentricity effects, atten-
tion is being deployed centrally before being deployed
peripherally. We will return to this model in the discussion
of Experiment 4. For the present, we can conclude that
eccentricity effects are not a simple product of slower pro-
cessing of individual peripheral stimuli. Again, this is
nol to say that early vision factors do not influence visual
search. However, the specific single-item factors tested
in Experiment 2 are not adequate to explain the eccen-
tricity effects in Experiment 1.

EXPERIMENT 3
Effects of Crowding

Reductions in sensitivity and acuity are not the only vi-
sual effects of increasing eccentricity. It is harder 1o 1den-
tify an item if it is flanked by other items, and this ““crowd-
ing" effect is more pronounced in the periphery than in
the fovea (Levi et al., 1985; Toet & Levi, 1992). Crowd-
ing could be another, low-level visual explanation of the
ceecentricity effects. Perhaps the slower RTs for eccentric
targets reflect the additional ¢ffort required o conflirm
their identity in the presence of near neighbors. To test
this hypothesis, we used a variation of the one-target con-
diton of Experiment | using a sct size of 4 items.

Method

Four tems could be pre-cnied n 4 crowded display in whi b gl
items were in a single clump. Adjacent iems had a center to . cuier
separation of 2.3° The nearest contours of adjacent ems were '
apart This spacing was the same as the spacing in Experimeni |
T'he target. when present, was always hordered by the three wibier
items. In the control condition. the four tems (target + 3 distractirs)
were placed randomly, resulting in much greater average separation
between items in a very sparse display. The set size of 4 was used
because 4 1s the maximun: possible number of flankers for a wurget
presented in any of the corners of the display. Had we used the large
set sizes of Experiment |, we would have had nearby flanking dis-
tractors in the “uncrowded™ condition. or had we forbade nearh
fMlanking distractors. we would have provided a confounding cue to
target location. The target would have been an unusually isolated
item. Moreover, we assume that the prime lateral effects come from
the nearest neighbors. Here, we have three near neighbors in the
crowded condition.

Sumuli were flashed for 180 msec in order to prevent voluntary
cye movements. The subjects searched for a single, red vertical tar-
get. Ten subjects each were tested for 300 trials in both conditions

Results and Discussion

As shown in Figure 6, the crowding manipulation had
minimal impact on the eccentricity function. The differ-
ence between the slopes of the eccentricity functions was
statistically significant (1 test, p < .05). However, a sub-
stantial eccentricity effect was seen with the control stim-
uli, making it implausible that crowding effects were a
substantial cause of the eccentricity effects of Experi-
ment |. Though error rates rose somewhat with eccentric-
ity, this was not a significant trend. Error rates were higher
in the crowded condition (7.8%) than in the control con-
dition (4.7%) [F(1,9) = 5.53, p < .05). This difference
was more marked for FAs than for misses. These FAs may
represent “illusory conjunctions™ (Treisman & Schmidt,
1982) produced when the proximity of red horizontals
and green verticals generates the illusory percept of a red
vertical (Cohen & Ivry, 1989). The eccentricity slopes
were more shallow in this experiment than in the previ-
ous experiments because the set size was much smaller.

As with the effects of resolution on eccentricity that
were examined in Experiment 2, we do not wish to argue
that lateral inhibitory interactions such as crowding can-
not contribute to eccentiicity effects. Indeed, there 1s in-
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Figure 6. Results of Experiment 3 showing minimal effects of
crowding on the eccentricity effect.



teresting evidence for an attentional component to crowd-
ing (He, Cavanagh, & Intriligator, 1996). We simply argue
that substantial eccentricity effects remain in the control
condition when crowding is minimized.

EXPERIMENT 4A
Cortical Magnification

One way to compensate for the reduction in acuity and
sensitivity in the periphery is to scale stimuli so that pe-
ripheral items are larger than central items. The relative
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amounts of cortical hardware devoted to processing dif-
ferent portions of the visual field can be mathematically
described by a cortical magnification factor (Drasdo.
1991; Fiorentini & Berardi, 1991: Levi et al., 1985; Ro-
vamo & Virsu, 1979; Wilson et al., 1990). If stimuli are
scaled with the correct magnification factor, they will ac-
tivate equivalent portions of cortex. Carrasco and Frieder
(1997) report that “cortical magnification neutralizes the
eccentricity effect” for their orientation feature search
stimuli. In Experiment 4, we repeated their experiment
using our color X orientation conjunction search stimuli.

Method

There are various equations that have been used to estimate the
appropriate magnification of peripheral stimuli. In Experiment 4,
we used magnification = 1 + E/E, where £ is the eccentricity of the
nem, and £ is a scaling factor (Fiorentini & Berardi, 1991). £’ can
take various values depending on the particular perceptual ask. In
Experiment 4, £ was set to .7, a conservative value intended 1o
compensate not only for decline in acuity but also for the more se-
vere decline in functions such as vernier acuity (Dennis Levi, per-
sonal communication, January 1996). The search for a red vertical
target was rerun with scaled and unscaled stimuli. The scaled stim-
uli ranged in size from 0.7° X 0.2° at the least eccentric loci to 2.3°
% 0.5" at the most eccentric loci. The unscaled stimuli were 1.4° X
0.4%arall loci. Set sizes were 1. 10, 20, and 30 items. Set Size | data
constituted a replication of Experiment 2. Distractors could appear
in any of the 48 locations. Nine subjects were tested for 400 trials
on each condition. In all other respects, the method and stimuli for
Experiment 4A were the same as those used for Experiment 1.

In Experiment 4A. the subjects were asked 1o fixate while stim-
uli remained visible throughout the trial. In Experiment 4B, the
stimuli were Nashed to prevent eye movements.

Results

Figure 7 shows resulis averaged across all set sizes
other than Set Size 1. Cortical magnification of the stim-
uli did not eliminate the eccentricity effect. Slopes of the
eccentricity function were not significantly different
[1(8) = 0.74, p > .4]. If anything, search was somewhat
slower for the scaled stimuli than for the unscaled. This
could reflect the deletenous effects of using stimuli that
are heterogeneous in size. Distractor heterogeneity 15
known to impede search (Duncan & Humphreys, 1989)

Error rates increased modestly with set size and eccen-
tricity, and they were somewhat greater for the scaled con-
dition than for the control. as shown in Tables 1 and 2.

In Experiment 4A . the subjects were asked to lixate
However, eye movements were not monitored. and we
cannot be sure that they did fixate. Thus, it is possible

Figure 7. Results for Experiment 4A. Correcting for cortical
magnification had a fairly minimal impact on the eccentricity ef-
fect in visual search with these continuously viewed stimuli.

that the effects of scaling the stimuli could have been ob-
scured by eye movements. Accordingly, we repeated the
scaling experiment with brief presentations intended to
eliminate the effects of voluntary eye movements (cf.
Carrasco & Frieder, 1997).

EXPERIMENT 4B
Scaled Stimuli, Briefly Presented

Method

The basic design of Experiment 4B was similar to that of Exper-
iment 4A. Eight subjects were tested. Rather than remaining visi-
ble until the subject responded, the search stimulus was flashed for
180 msec on each trial. The stimuli were not masked, since our only
interest was in preventing voluntary refixations. Set sizes were 1, 8,
10. and 12 items. The smaller set sizes were used in order to keep
error rates within reasonable bounds. Experiment 4B was otherwise
similar to the previous experiments.

Results
Turning first to the data for Set Size 1, as shown in
Figure 8, scaling did eliminate the linear increase in RT

Table 1
Error Rales as a Function of Set Size

Misses False Alarms
Set Size = Scalgd__ Control Scaled ~ Control
| 0.3 1.1 1.5 2.7
10 1.8 0.9 1.9 2.5
20 2.3 0.8 3.2 1.7
033 1.1 B 00
Note—All values are expressed in percentages.
Table 2
) Error Rates as a I-‘unctiog_ol‘ Eccenﬂc_il_v s
M|ss=:§
Eccentnicity - Scaled __Control
2.3° 1.9 0.2
12° 1.4 VR
40" n? 02
6.5° (T 1.1
6.9 37 1.8
5:7° 32 1.4

Note—All values are expressed in percentages.
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with eccentricity. | he U-shaped form of the data suggests
that the smallest items may have been small enough to
have been put at a comparative disadvantage by the scal-
ing. Figure 9 shows the results for Set Sizes 8, 10, and
12. In this experiment, the eccentricity slope was signif-
icantly reduced in amplitude in the RT data of the scaled
condition [#(7) = 4.5, p < .005] as well as in the error
data (see Table 3).

However, scaling did not climinate the eccentricity
function. Eccentricity slopes were still significantly
greater than zero [(7) = 4.1, p < .005]). Moreover, error
rates were higher in the scaled condition than in the con-
trol condition at every set size (Table 4).

Discussion

Experiment 4A showed little or no effect of scaling.
Experiment 4B showed some effect. Carrasco and Frieder
(1997) found that scaling their stimuli all but eliminated
the eccentricity effect. What are we to make of this range
of results? The variety of results probably illustrates the
interaction of attentional and visual factors in the eccen-
tricity effect. Experiment 4B can be seen as a partial rep-
lication of Carrasco and Frieder. They used much
smaller stimuli in their unscaled condition (0.1° X 0.5°
than we used in our control condition (0.4° X 1.4°). Asa
result, their magnified peripheral stimuli were much
more identifiable when magnified. This can be seen in
the decline in error rate at their highest eccentricity from
34% with the unscaled stimuli to about 15% with the
larger scaled stimuli. In Experiments 4A and 4B, our un-
scaled stimuli were intermediate in size between the
largest peripheral and the smallest central stimuli in the
scaled condition. When these stimuli were briefly flashed
in Experiment 4B, the smaller central stimul; in the
scaled condition were harder to detect than the larger
central stimuli in the control condition. This is seen in the
elevated RTs and errors at low eccentricities for the
scaled condition in Experiment 4B. When the stimuli
were visible for a longer duration in Experiment 4A, all
stimuli at all eccentricities seem to have been far enough
above threshold that the scaling manipulation had mini-
mal effect.
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Figure 8. Effects of scaling for cortical magnification on speed
of identification of a single item.
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Figure 9. Effects of scaling for cortical magnification on speed
of visual search.

While eye movements were possible in Experiment 4A,
their predicted effect would be 1o reduce the eccentricity
effect (by averaging effective eccentricity). The eccen-
tricity effect was larger in the scaled condition of Exper-
iment 4A than in that of Experiment 4B. Moreover, Car-
rasco has argued that eye movements do not account for
the eccentricity effect (Carrasco et al., 1995; Carrasco &
Frieder, 1997). A parsimonious account of the data on
scaling effects would be that changing the size of the
stimulus has an effect on visual search when that size
change significantly alters the subject’s sensitivity to the
stimulus. Indeed, it should be possible to reverse the ec-
centricity effect if one used large enough peripheral
stimuli and small enough central stimuli. If, however, all
stimuli are far enough about threshold for sensitivity
considerations to be moot, then scaling has little impact.
We suggest that the cortical magnification factor has no
special status here. We hypothesize that, by making pe-
ripheral stimuli larger, we are merely making it possible
for them to attract attention and to overcome the normal
penalty that peripheral stimuli have relative to the central
stimuli.

AN ATTENTIONAL ACCOUNT
OF ECCENTRICITY EFFECTS

We suggest that visual factors such as cortical magni-
fication and crowding do not produce the eccentricity ef-
fects in search. Rather, we suggest that visual factors
modulate the deployment of attention. The result is that,
all else being equal, attention is deployed to central stim-
uli before peripheral stimuli. This account assumes ser-
1al deployment of attention from item to item. Alterna-
tively, one could assume that processing capacity 1s
directed to all items at once but that this capacity is lim-
ited. The role of attention would be to allocate capacity
to different items. Models of this sort can produce the
same general patterns of RTs as scrial models (Kinchla,
1974; Mordkoff & Egeth, 1993: Palmer. 1995; Ratchiff]
1978; Townsend, 1971, 1976, 1990). Ina limited-capacity
version of an attentional account of eccentricity effects,
more capacity would be allocated to central items than to
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Table 3
fEr_rE)_r_:s Rutes as a Function of Eccentricity for Experiment 4B
Misses
) Scaled Control
AXe 90 Ju
g 9.0 20
d 70 3.0
63" 12.0 9.0
to S0 9.0
VA 60 140

Note—All values are expressed in percentages.

peripheral items. Both serial and limited-capacity paral-
lel accounts are described below.

A SERIAL MODEL
OF ECCENTRICITY EFFECTS

In serial models of visual search, attention is presumed
to be deployed from item to item until a target is found
or until search is terminated without a target being found
(e.g., Treisman & Gelade, 1980). Conjunction searches,
such as those used here, produce results that are incon-
sistent with serial deployment of attention to each and
every item because the slopes of RT X set size functions
are too shallow (e.g., Nakayama & Silverman, 1986;
Treisman & Sato, 1990; Wolfe et al., 1989; Zohary &
Hochstein, 1989). In a serial self-terminating search, sub-
Jjects will need to examine, on average, one half of the
presented items on trials when a target is present. Thus,
one estimate of the speed of attentional deployment can
be obtained by doubling the slope of the RT X set size
function for target-present trials. Computed in this man-
ner, data from conjunction searches yield estimates of an
attentional redeployment every 10-20 msec. However,
other work shows that attention redeploys no faster than
once ever 40-60 msec (Sagi & Julesz, 1985) and, per-
haps, much slower than that (Duncan, Ward, & Shapiro,
1994). The Guided Search model proposed a solution. In
cases where some basic feature information was avail-
able, preattentive information could “guide™ the deploy-
ment of attention so that attention would not need to be
deployed at random from item to item. For instance, if
the target were green and vertical, parallel color processes
could guide attention toward green items, while parallel
orientation processes guided attention toward vertical
items. In the model, guidance takes the form of “activa-
tion” of the appropriate items. The various sources of
guidance/activation arc summed in an “activation map.”
Attention 1s deployed first to the item with the most ac-
tvation. Thereafter, items are examined in decreasing
order of activation —a ranking of the preattentive likeli-
hood that they are tareets (Wolfe, 1994; Wolfe ct al.,
1989: Wolfe & Gancarz. 1996). Recent modifications of
feature integration theory include similar mechanisms
(Treisman, 1993),

In the third generation of the Guided Search mode!
(GS3; Wolfe & Gancarz, 1996), a small modification of
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the guided search architecture produces eccentricity ef-
fects. Specifically, the “retinal” image is distorted by a
log polar transform that mimics the cortical magnifica-
tion factor (Schwartz, 1977), overrepresenting the fovea
and underrepresenting the periphery. This, in turn, pro-
duces greater attention-guiding activation for an item
presented at the fovea than for an equivalent item pre-
sented in the periphery. In effect, this allows the effects
of cortical magnification (Carrasco & Frieder, 1997) to
be reflected in the guidance of attention.

A LIMITED-CAPACITY PARALLEL MODEL

The central concept of guided search can be easily
adapted to limited-capacity parallel models of visual
search (Wolfe, 1994). In a limited-capacity parallel ver-
sion of guided search, preattentive processes would reg-
ulate the allocation of attentional resources rather than
the deployment of some attentional “spotlight.” To ac-
count for eccentricity effects, one merely needs to as-
sume that, all else being equal, attentional resources are
preferentially allocated to the central portions of the
field. If less of a limited attentional resource is available
to a peripheral target, RT should be slowed just as it is
slowed when the resource must be spread over many
items in a large set size display. The account of Carrasco
and Frieder (1997) combines aspects of the serial and
parallel models described here.

In the rest of this paper, we will discuss an account of
the eccentricity effect that assumes serial deployment of
attention from item to item. In all cases, a limited-capacity
parallel account can be created by substituting a biased
allocation of a limited attentional resource for a biased
deployment of attention.

EXPERIMENT 5
Searches With All Items on a Trial
at a Single Eccentricity

It is possible to design a search task for which visual
and attentional accounts of the eccentricity effect make
qualitatively different predictions. Suppose that all items
are at the same eccentricity. A visual account of eccen-
tricity effects predicts that the RT should depend on that
eccentricity. If searches were performed with rings of
items at one eccentricity on some trials and another ec-
centricity on other trials, then the average RTs, plotted as
a function of the eccentricity of the ring, should show a
standard eccentricity effect. If, on the other hand, eccen-

Table 4
l-_'_rr_c_u:_}_l-.:t_uls as a I"n!nction of Set Sizif_qrE:_n_[_le_ri_mEp_! 4I!_
Set ‘;_E' .y Scaled _E'm Sc:tlc_q_‘ _
| 2.7 1.2
8 74 5.0
10 9:7 7.3
12 151 9.6

Note—All values are expressed in percentages.
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tricity effects are the bv-product ol a bias toward seaich-
ing central items before peripheral items, then the eccen-
tricity of the ring of items should make no difference as
long as the 1tems can be seen adequately at all eccentrici-
ties. In rings of items at a single eccentricity, a target itcin
has the same chance of being visited by attention first
when the ring eccentricity is large as it does when ring
eccentricity is small. In other words. the visual hypothe-
sis predicts effects of absolute eccentricity, whereas the
attentional hypothesis predicts effects of relative eccen-
tricity. These predictions were tested in Experiment 5.

vlethod

The subjects in Experiment 5 were tested ina 2 X 2 array of con-
ditions: All stimuli in a single tnal could be presented at equal ec-
centricity, or they could be presented at random eccentricities (as in
the previous experiments). For each of those types of display, stim-
uli could be scaled in accord with the cortical magnification exper-
iment (as in Experiment 4), or they could be unscaled, all items a
single size (as in the control conditions of Experiment 4). Scaled
conditions were run in order to obtain more data on the role of the
cortical magnification factor.

In each of these four conditions, targets could appear at one of
four eccentricities 1.8°, 3.5° 5.3°, and 7.0° from fixation. Rather
than 49 possible stimulus locations ina 7 X 7 array, stimuli could
appear in 32 locations of 4 concentric rings with 8 positions per ring,
Any item in a display could be a target. On each trial, the set size
was 4 or 8 items, 8 items being the maximum number that could be
placed at the same ecentricity in this display. In this display, stimu-
lus density decreases as eccentricity increases. Given the small ef-
fects of lateral interactions with similar stimuli in Experiment 3, these
density variations seem unlikely to have a major effect on the results.

The four conditions of Experiment 5 were run in separate blocks
of 400 trials. Order of testing was psecudorandom across the 10 sub-
Jects in the experiment. Other aspects of the stimuli and the exper-
imental design followed those of the previous experiments.

Results

Figure 10 shows the eccentricity functions for the four
conditions. Looking first at the equal eccentricity condi-
tions, eccentricily effects were small for the unscaled
stimuli and were absent for the scaled stimuli. Thus, when
targets and distractors were at the same eccenticity within
a trial, the RT for a target at 7° was about the same as the
RT for a target at 1.8°. No particular difTiculty was en-
countered when search was occurring in the periphery
unless there were distractors lying closer to the fovea than
to the target. Lrror rates were unremarkable (Table 5).

As in the previous expeniments, the effect of these less
eccentric items can be seen in the random eccentricity
conditions of Experiment 5 These essentially replicated
the results of Experiment 4. There was a substantial
slope to the eccentricity function for unscaled stimuli.
This is the standard cccentricity effect. In another partal
replication of Carrasco and Frieder (1997), the slope of
the eccentricity function was significantly reduced by
scaling the stimuli [F(1,9) = 15.3, p <.004]. Scaling re-
Jduced but did not eliminate the cccentricity effect. Over-
all, RTs for the scaled condition were longer than those
tor the unscaled condition, consistent with the finding that

lable 5
Error Rates as a Functivn of Eccentricity for Experiment 3

Equal Eccentricuy Random Eccentncin

Eccentricity Scaled Unscaled Scaled Unscaled
1.8° 4 18 35 1.5
i 24 iR i? (7
5.3° 36 38 14 a0
7.0° 4.0 i S6 44

Note—-All values are expressed in percentages

heterogencous distractors slow search (Duncan &
[Humphreys, 1989).

As onc way to capture the difference between visual
and attentional accounts of the eccentricity, consider two
cases where the target was at 7° eccentricity. In the equal
eccentricity conditions, all distractors were also at 7°. In
the random eccentricity conditions, some of those dis-
tractors were moved closer to the fovea. This should have
improved the visual representation by decreasing the av-
erage eccentricity of the stimuli. However, it made the
search task harder. This is difficult to explain visually, but
it makes sense attentionally. The less eccentric distrac-
tors were more likely to attract attention.

Eccentricity functions and set size functions. Car-
rasco et al. (1995) raised the concern that RT X set size
functions might be modulated by eccentricity effects.
The attentional account of eccentricity effects predicts
that the set size and eccentricity effects should covary
when task difficulty is varied while the spatial distribu-
tion of stimuli is held constant. Take the case where stim-
uli are randomly distributed in the display, and consider
two tasks: a relatively easy search task such as the con-
junction search used here and a harder “'serial” task such
as a search for a 2 among 5s. The harder task will require
attention to be deployed to more distractors, and, as a re-
sult, the RT X set size slope will increase and the eccen-
tricity slope will increase as attention is deployed to a
greater proportion of the distractors lying between the
fovea and the target. This issue was addressed in Exper-
iment 6.

While set size and cccentricity effects should covary as
task difficulty varies, the two effects should be independent
when task difficulty is held constant while the spaual lay-
out of the stimuli is changed. Specifically, Figure 10 shows
a large difference in eccentricity functions between equal
eccentricity and random eccentricity conditions. Accord-
ing to the attentional account, eccentricity effects depend
on the number of distractors lying between the target and
the fovea. The number of more central distractors varied
with target eccentricity in the random eccentricity condi-
tion but not in the equal eccentricity condition. Thus, the
random condition produced the larger eccentricity efiects
By contrast, the set size effect did not depend on this var-
able as long as targets were presented equally at all ec-
centricities. The random versus equal eccentricity manip-
ulation should not have influenced RT X set size functions
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Figure 10. Eccentricity functions for Experiment 5. Note that equal eccentricity
conditions produced minimal eccentricity functions.

except, perhaps, in the random eccentricity—scaled condi-
tion where distractor heterogenity may have made the task
harder (Duncan & Humphreys, 1989).

Figure 11 shows the RT X set size functions for the
four conditions of Experiment 5. In both of the equal ec-
centricity conditions and in the random eccentricity—un-
scaled condition, all items were the same size on any
given trial. Note that the slopes of the RT X set size func-
tions were very similar for these three conditions. Ma-
nipulations that alter the eccentricity effect can leave RT
X set size effects unchanged. In the fourth condition,
random eccentricity-scaled items were heterogeneous in
size. The RTs in this condition were slower, and the RT
X setsize function was steeper. Tukey post hoc compar-
isons (p < .05) show that the equal eccentricity—scaled,
equal eccentricity—unscaled, and random eccentricity—
unscaled slopes were not significantly different from each
other. The random eccentricity-scaled slopes were sig-
nificantly steeper than the random eccentricity—unscaled
slopes but were not different from the equal eccentricity—
scaled and equal eccentricity—unscaled slopes.

Looking more closely at the equal eccentricity condi-
tions, we can ask whether different RT X set size func-
tions were obtained for rings of items at different eccen-
tricities. Was the slope of the RT % set size function

greater for a ring of items at a more eccentric location? The
answer is no. Set size slopes were not significantly al-
tered by eccentricity [F(3,27) = 0.303, n.s.].

Discussion

An attentional model that sees the eccentricity effect
as a product of a central bias in the allocation of attention
fares quite well in this experiment. These models predict
that placing distractors at the same eccentricity as the
target should largely eliminate the eccentricity effect.
The data followed this prediction. RTs pooled over sev-
eral equal eccentricity displays show small or absent ec-
centricity effects. Attentional allocation models also pre-
dict that placing distractors at the same eccentricity would
have no effect on the RT X set size functions. That pre-
diction was also substantially borne out. It would be
harder to explain the results of Experiment 5 without in-
voking attention.

Relationship of eccentricity and set size functions.
The results of Experiment 5 shed light on the relation-
ship between RT X set size functions and eccentricity
functions. As we found in Experiment 6 (below), set size
and eccentricity functions should covary when task dif-
ficulty i1s changed. For both measures, harder tasks re-
quire more attention to distractors. The results of Exper-
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Figure 11. RT X set size functions for the four conditions of Experiment 5.
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timent 5 show that set size functions can be independen:
of changes in the spaual distribution of distractors.
whercas eccentricity functions are dependent on that dis-
tribution. Thus, we would argue. eccentricity effects and
set size effects are separate cttects that can be influenced
by the same variables. Set size effects are not an artifact
ol eccentricity effects.

Carrasco. however, makes an important point when
she argues that eccentricity needs to be considered in
the design of visual search experiments. To use an ex-
treme example, if targets were always presented at fixa-
tion, the presence of distractors at more peripheral loca-
tions will have much less effect than if the targets were
presented in the periphery. The RT X set size effect
would all but vanish for targets presented at fixation (see
Experiment 6). We have simulated results for four less
far-fetched experimental conditions similar to the stim-
ulus configurations used in the experiments reported
here.

Condition I: A 7 X 7 array of stimuli with targets presented
randomly in any location.

Condition 2: A 7 X 7 array of stimuli with targets restricted
to 24 of the 49 locations on eight radial arms as shown in
Figure 1.

Condition 3: An array of 7 concentric rings of 7 items with
target presented randomly.

(For Conditions 1-3, we simulated a completely serial
search with search proceeding from item to item in strict
order of eccentricity. Thus, if the target was at eccentric-
ity 2.5, attention would be deployed to all distractors with
eccentricities less than 2.5 and 1o none of the distractors
with eccentricities greater than 2.5. If a distractor had an
eccentricity identical to the target, it had a 50% chance of
being attended on that trial.)

Condition4: A 7 X 7 arr.v as i Condition |, however, we
assumed no eccentricity ‘unction and simply allowed at-
tention to be deployed randcmly in a serial self-terminating
manner

The simulation was run for 700 trials—-100 trials at
each of seven set sizes from 5 to 35 items. No actual sum-
uli were involved. The simulation simply generated a list
of items in accordance with the rules for target and dis-
tractor placement and then determined how many dis-
tactors would be checked on that trial before the target
was checked. The simulation did not make “errors.” Re-
sults are shown in Figure 12.

The RT units in Figure 12 are attentional deployments:
How many distractors were attended before the target
was found? Condition 4 is a classic serial self-terminating
search. RT in Condition 4 should and does approximate
0.5 X (SS — 1), where SS is the set size. Conditions 1
and 3 produce essentially the same result. As long as tar-
get location is chosen randomly, the subject will need to
attend to half of the distractors on average. However, in
Condition 2, targets are constrained to be equally proba-
ble at all eccentricities, whereas distractors are not sim-
ilarly constrained. In this case, the average distractor lo-
cation is more peripheral than the average target location.
As aresult, the slope of the RT X set size function is about
20% shallower in Condition 2. The bottom line is that
RTsand RT X setsize functions can be altered if the con-
straints on target location are not the same as the con-
straints on distractor location. These effects are a by-
product of eccentricity effects, and so, in that sense, sel
size and eccentricity effects interact. However, the results
of Experiment 5 show that the two effects can be inde-
pendent of each other. Conditions 1 and 4 of the model
make the same point. The RT X set size functions, pro-
duced by Conditions 1 and 4, are the same even though

20-
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Figure 12. Results of a simulation of the effect of different stimulus configura-
tions on RT X set size functions. Results for condition 2 differed from all results

for other conditions. Sce text for details.
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Condition 1 assumes a strong eccentricity effect, whereas
Condition 4 assumcs none.

EXPERIMENT 6
Interactions of Eccentricity, Set Size,
and Task Difficulty

The attention allocation model of the eccentricity ef-
fect makes two predictions that are tested in the final
experiment.

Prediction 1: Set size functions should vary with eccen-
tricity. If search proceeds roughly from center to periphery,
it follows that the effective set size for a centrally located
target is smaller than the effective set size fora peripher-
ally located target. To find a target located near the center
of the display, the observer will search through only those
few items near the center. The observer will need to search
much more widely in order to find a peripheral target. This
means that RT X set size effects should be larger for pe-
ripheral targets than for central targets.

Prediction 2: Harder tasks that produce steeper RT X set
size functions should produce steeper eccentricity func-
tions. The logic is similar to that of Prediction 1. The impact
of increasing the effective number of distractors will be
greater for harder tasks than for easier tasks. Increasing
set size increases the number of distractors. Increasing tar-
get eccentricity increases the effective number of distrac-
tors. Therefore, if set size functions are steeper, eccentic-
ity functions should be steeper.

Note that there are also visual accounts of these ef-
fects (e.g., Carrasco & Frieder, 1997). The purpose of
Experiment 6 was less to distinguish between visual and
attentional accounts than to further explore the relation-
ship between eccentricity and set size.
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Method

In principle, we could examine the data from any ol the previous
experiments to obtain an estimate of the slope of the R1 x set size
function for a target presented at a specific location in the display.
However, the number of trials going into any such estinizte would
be very small. Accordingly. in Experiment 6. 18 subjects were sub-
jected to 1,500 trials in cach of two tasks. In the conjunction 1ask,
the subjects searched for a red verticai target among green vertical
and red horizontal distractors. liems were 1.1° X 0.3% In the sertal
search 1ask, the subjects searched fora € among 9 (2 2 among Ss,
or a mirror-reversed S among Ss). ltems were 1.5° X 0.75" Targets
were presented on 67% of the trials. Set sizes were 4, 16. 28, and
40 items for the conjunction task, and 4. 10, 16. and 22 items for the
2-among-5s task. Smalier set sizes were used in the 2-among-5s
task when pilot data suggested that error rates were unacceptably
high for the largest set sizes. Targets could be presented in any of
the 24 locations shown in Figure 1. In all other respects, the meth-
ods were similar to those in the previous experiments.

Results and Discussion

The slopes of the RT X set size functions in the serial
search condition were 30 msec/item on target-present
trials and 89.7 msec/item on target-absent trials. This is
consistent with a serial self-terminating search, albeit
with rather conservative search termination on blank tri-
als (Chun & Wolfe, 1996). The slopes in the conjunction
search condition were 4.4 msec/item on target-present
trials and 21.0 msec/item on target-absent trials. This is
consistent with an efficient, guided search, again with
conservative search termination on blank trials.

Figure 13 shows the eccentricity functions for the two
conditions. Table 6 gives error rates as a function of set
size and eccentricity for the two conditions. In Figure 13,
each data point represents the average of the median RTs
at one location. Thus, there are four data points for each
eccentricity. The conjunction task produced a markedly
shallower eccentricity function than did the 2-among-5s

1400+ @ sorial mean med
O conj mean med
1200+ Serial search .
] 63.4 msec/deg
1000 ~

8004
o

Reaction Time (msec)

Conjunction search
31.2 msec/deg

400 T
2 4

10

6 8

Eccentricity (deg)

Figure 13. RT as a function of target cccentricity for Experiment 6. Dot-
ted line shows an 800-msec threshold, and the arrows show the resulting
UFOV cstimates for the two search tasks.
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Table 6
Error Rates as a Function 1 Net Nize and Eccentricity
for Experiment 6
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task. This makes sense in the context of the model out-
lined earlier. The bias toward central locations was one

source of guidance in the deployment or allocation of

attention. In the serial task. it was the only source of
guidance. In the conjunction task, color and orientation
provided guidance of their own, diluting the effects of ec-
centricity and reducing the eccentricity slope. Errors in-
creased with both set size and eccentricity, replicating the
pattern reported by Carrasco et al. (1995).

As noted in the introduction. using very different tasks.
eccentricity effects have been used to support the notion
of a UFOV (Ball et al.. 1988; Sanders. 1970, 1993). The
results shown in Figure 13 show that it would be unwise
to think of a UFOV as a fixed attentional aperture used
by a subject to look at the world. The size of the UFQV
is going to be task-dependent. For instance. we could de-
fine a UFOV as the portion of the field in which our
search task could be successfully completed in 800 msec
Looking at Figure 13, we can see that this UFOV would
have a radius of about 3° as assessed by the serial task
and 10° as assessed by this conjunction task

Turning to the interaction of the set size slopes with
eccentricity, the data support the first prediction set forth
above. Figure 14 shows the average slope of the RT X
sel size function computed at each eccentricity The R
set size slopes were shallower for targets near fixation
than they were for more eccentric targets. This would be
predicted if subjects preferentially searched near fixa-
tion first. In effect. the relevant set size increased as the
cccentricity of the target increased. The effect was much
smaller for the conjunction task because guidance by
color and orientation made the overall search task much
more efficient than the 2-among-35s search task

While the data presented here support the idea that ai-
iention is deployed or allocated to central items belore
peripheral items, the results from Experiment 6 can also
be used to reject the strictest and simplest version of that
model. Several predictions can be made if it is proposed

that attention 1s deployed in sirict order of eccentricity.
First, consider the relationship shown in Figure 14. The
sumber of possible item locations increased with the
square of the eccentricity when items were presented
randomly in a uniform grid of possible locations. If search
was a strict function of eccentrieity, then it follows that
the effective set size and, thus. the slopes of the RT X set
size functions should increase with the square of eccen-
tricity. However. the data in Figure 14 show a decelerat-
ing function for both serial and conjunction searches.
Moreover, the slopes at the smallest eccentricity were ex-
cessively steep. The RT X set size functions from blank
trials {where every item must be examined if search is
serial and exhaustive) can be used to predict the target-
present slope for a given eccentricity. For instance, at the
smallest eccentricity, there are only four locations. In a
serial self-terminating search, only two of these locations
will be examined on an average trial. The resu!tlng slope
should be 73 of the blank trial slope or 3.7 msec in this
case. This estimate is substantially less than the observed
I'1.5 msec/item. The combination of a decelerating func-
tion and the overly large slopes at small eccentricities
suggests that the deployment of attention toward the cen-
ter is a noisy process—a bias and not a strict rank order-
ing. Recall from the earlier simulation that the exact na-
ture of the underlying eccentricity function should not
influence RT X set size if target and distractor locations
are sampled in an equivalent manner.

A second set of predictions concerns the relationship
between set size slopes and eccentricity slopes. Both of
these depend in a linear manner on the speed with which
subjects can process individual items and on the total
number of relevant items in the display. It follows that
the two slopes should be related to each other. A subject
with a shallow set size slope should have a shallow eccen-
tricity function. This was the case, as is shown in Figure 15.

There 1s a respectable correlation between set size
slopes and eccentricity functions for each task. Figure 15
also makes it clear that the relationship between set size
slopes and eccentricity functions was different for the
two tasks. This was probably related 1o the differences

between the stimuli in the two conditions, but further re-
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Figure 14. RT X set size slopes as a function of eccentricity lor
Experiment 6.
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Figure 15. The relationship of set size slopes and eccentricity
functions for the two conditions of Experiment 6.

search would be required to say anything definitive on
this point.

GENERAL DISCUSSION

To summarize the results, Experiment | replicated the
basic eccentricity effect experiments of Carrasco et al.
(1995), confirming that there is a substantial effect to ex-
plain. Experiments 2, 3, and 4 provided evidence against
various explanations that invoke purely visual processes
without an attentional component. Eccentricity effects
were much reduced when the set size was | (Experi-
ment 2). Manipulation of crowding produced only a small
difference (Experiment 3). Scaling in accord with the cor-
tical magnification factor does not necessarily eliminate
eccentricity functions in visual search (Experiments 4
and 5). We propose that eccentricity functions reflect a
bias in the deployment (or allocation) of attention to
items in the display. Items near fixation receive more at-
tention than do those in the periphery. When the items
near fixation were eliminated by having all items in one
display presented at one eccentricity, we found that the
efTects of target eccentricity were largely eliminated (Ex-
periment S). Finally, the attentional account of eccentricity
effects predicts that the slopes of RT X set size functions
should increase as the eccentricity of the targelts increases.
The results of Experiment 6 showed this 1o be the case.

Although this paper focused on the effects of eccen-
tricity. it should be remembered that azimuth has an ef-
fect. too (Ahissar & Hochstein, 1994: Bryden & Mon-
dor, 1991: Chnistman & Naegele, 1995: Efron, Yund, &
Nichols, 1987.1990; Previc & Blume. 1993: Yund et al.,
1990) The general finding seems to be that upper fields
are better than lower, and right fields are better than left.
There may be sex differences (Ahissar & Hochstein, 1994,
Efron etal . 1987): however, at this stage. it may be safer
to note that there are large individual differences of some
sortn the pattern of attentional bias. This raises the pos-
sibihty that the precise form of an individual’s eccen-
tricity function 1s a product of experiences and of hard-

155

wired properties of the visual system. There is evidence,
for example. that the UFOV can be expanded with train-
ing (Ball et al., 1988). W attempted :0 bias eccentricity
functions by placing the bulk of targets at restricted loci
in the display (e.g., presenting the majority of targets in
vertical midline locations). We did obtain some evidence
for modulation of eccentricity functions by such manip-
ulations but more work is needed.

To reiterate a point made at the outset of this paper.
the invesugation of eccentricity effects is of more than
purely theoretical interest. Many perceptual tasks cannol
be done without deployment of attention. The data on ec-
centricity effects show that this deployment can be
slowed by hundreds of milliseconds by manipulations of
task and subject variables. Any task that requires a deci-
sion in a relatively short amount of time could feel the
impact of eccentricity effects. It is, therefore, important
not to ignore these effects in our efforts to understand vi-
sually guided behavior.

REFERENCES

AHISSAR, M., & HocHsTEIN., S. (1994). Spaual anisotropy in feature
search performance and learning. Investigative Opthalmology & Vi-
sual Science, 35, 2080.

BaLL. K. K.. BEARD. B. L., ROENKER, D. L., MiLLer, R. L., & Gricas,
D. S. (1988). Age and visual search: Expanding the useful field of
view. Journal of the Optical Society of America A . 5,2210-2219.

BaLw, K. K., OwsLEY, C.. & BEarD, B. (1990). Clinical visual field
perimetry underestimates visual field problems in older adults. Clin-
ical Vision Science, 5, 113-125.

BaLL, K. K., OwsLEY, C., SLoANE, M. E., ROENKER, D. L., & Bruni,
1. R. (1993). Visual attention problems as a predictor of vehicle
crashes among older drivers. Investigarive Ophthalmology & Visual
Science, 34,3110-3123.

BaLi, K. K., ROENKER, D. L., & Brunt, J. R, (1990). Developmental
changes in attention throughout adulthood. In J. T. Enns (Ed.), The
development of attention: Research and theory (pp. 489-508). Ams-
terdam: Elsevier.

BENNETT, S. C., & WoLFE, J. M. (1996). Serial search can proceed at
50 msec per item. /nvestigative Opthalmology & Visual Science, 37,
5298.

BRYDEN, M. P, & MoNDOR, T. A. (1991 ). Attentional factors in visual
field asymmetries. Canadian Journal of Psychology, 45,427-447.
BursiLL. A. E. (1958). The restriction of peripheral vision during ex-
posure to hot and humid conditions. Quarterly Journal of Experi-

mental Psvchology, 10, 113-129.

CaRRASCO. M., & CHANG, . (1995). The interaction of objective and
subjective organizations in a localization search task. Perception &
Psychophysics, 57, 1134-1150.

CaRrASCO, M., & EVERT, D. L. (1991, November). 7The effect of targer
position in a conjunction visual search rask. Paper presented at the
annual meeting of the Psychonomic Society, San Francisco.

CARRASCO, M., EVERT, D. L., CHANG, |.. & KaTZ, S. M (1995). The ec-
centncity effect: Target eccentricity affects performance on conjunc-
tion searches. Perception & Psychophysics, 57, 1241-1261.

Carrasco, M.. & Frieper, K. S. (1997). Cortical magnification neutral-
1zes the eccentricity effect in visual search. Vision Research, 37, 63-82.

CarRASCO. M, & KaTz, S. (1992, Apnl). The effect of rarger position
in a feature visval search task Paper presented at the annual meeting
of the Eastern Psychological Association. Boston

CARRASCO, M, Mol Ean, T. L., & FriEDER, K. S. (in press), Magnify-
ing spatial frequency and orientation eliminates the ceeentricity ef-
fect found 1 susua) search, Virion Recearch.

CHRISTMAN, S, & NArGELE, P, (1995, November) Visual ccarch as a
Juncton of retinal lucus of targer, Paper presented at the annual meet-
ing of the Psychonomic Society, Los Angeles.

Ciiun, M. M., & WoLFE, J. M. (1996). Just say no: How are visual



156

WOLFE. O'NEILL. AND BENNETT

~earches termimated when there 15 no target present? Cognitive Psy-
hodosgew, 30, 39-T78.

Comes. A& vey, R B (1989). Lesory conjuncuon inside and out-
sude the focus of antention. Journal «f Experimental Psychology: Hu-
man Percepnion & Performance. 15, 650-063.

Cony Bl & HucHEs, P. K (1984 A field trial of attention and
scurch conspicuity. Human Facrors, 26, 299-313.

Draspo. N (1991) Neural substrates and threshold gradients of pe-
sipheral vision. In J ). Kulikowski, V' Walsh, & 1. J. Murray (Eds.),
Limits of vision (Mo, 5, pp. 251-265) Boca Raton. FL: CRC.

Duseas. ). & HempHREYS, G WL (1989) Visual search and stimulus
simlanity. Psvchological Review, 96, 433-458.

Du~eas, b, Warn, R, & SHariro, K. (1994). Direct measurement of
attenuion dwell time in human vision. Nature. 369, 313-314.

Errox, R Yusn, E.W., & Nicuous, D. R. (1987). Scanning the visual
fields without eve movements—A sex difference. Newropsychologia,
25, niT7-644,

Erron. R Yunp, E. W, & NicHoLs. D. R. (1990). Senal processing of vi-
sual spatial patierns in a search paradigm. Brain & Cognition, 12, 17-41.

EGETH. H. (1977). Auention and preattention. In G. H. Bower (Ed.), The
psvchology of learning and motivation (Vol. 11, pp. 277-320). New
York: Academic Press.

Flokpxting, A & BErarpi, N. (1991). Limits in pattern discrimination:
Central and penpheral factors. In 1. J. Kuhkowski, V. Walsh, & 1. J. Mur-
ray (Eds.). Loy of vision (Vol. &, pp. 266-276). Boca Raten, FL: CRC.

Grister, W. S, & Crhou, K.-L. (1995). Separation of low-level and
high-level factors in complex tasks: Visual search. Psychological Re-
view, 102, 356-378.

Gravies. M. A BaLL. K. K. Cissert. G. M., WEsT, R_E., WHORELY, K.,
& Epwarps, J. D. (1993). Auditory distraction results in functional
visual impairment for some older drivers. Investigative Ophthalmol-
ogv & Visual Science, 34, 1418,

Grigsay, S. S.. & Tsou, B. H. (1994). Grating and flicker sensitivity in
the near and far perniphery. Naso-temporal asymmetries and binocu-
lar summation. Vision Research, 34, 2841-2848.

HE. S.. CAVANAGH, P.. & INTRILIGATOR. J. (1996). Attentional resolu-
tion and the locus of visual awareness. Narure, 383, 334-337.

HUNT, S. M. J. (1994). MacProbe: A Macintosh-based experimenter’s
workstahion for the cognitive sciences. Behavior Research Methods.
Instruments, & Computers, 26, 345-351

IKEDA, M., & TaKEUCHL T, (1975). Influence of foveal load on the func-
nonal visual Nield. Perceprion & Psvchophysics, 18, 255-260.

Kincnea, R, AL (1974). Detecuing target elements in multielement ar-
rays: A confusability model. Perceprion & Psychophysics, 15, 149-158

Lee. D Junc, E S, & CHunG. M. K. (1992). Isoresponse time regions
fur the evaluauon of visual search performance in ergonomic inter-
face models. Ergonomics. 35, 243-252

Livi, DML KLEIN, S AL & ATsEBaoMO, AL P (1985). Vernier acuity,
crowding and cortical magnification Vision Research, 15, 963-977.

LaGan. G (19781, Auenton in character classification: Evidence for
the automaticity of component stages Journal of Experimental Psy-
chology. General, 107, 32-63

Manoes, D1 (1992), Selective attention and visual search: Revision
of an allocauion model and apphication to age differences. Journal of
Experimental Psvehology Human Ferception & Performance, 18.
821836

Mowowoer, J. T, & EGeT, Ho (1993) Response iime and accuracy re-
visited Converging support for the interactive race model. Journal of
Experimental Psycholugy Human Perception & Performance, 19,
GR-Lay

Nakavasta, Ko & SiverMax, G HL (198601 Serial and parallel pro-
cessmye of visual feature conjunctions. Nature, 320, 264-265

Porsteie 1 (1995) Auenton in visual scarch: Distinguishing four
Causes of a set size effect Current Divections in Psveholagreal Sei-
caie. 4 1IR-123

H., & Brume, 1. L (1993) Visual search asymmetries in
three-dunensional space Viston Research, 33 2697-2704,

Ratciie 1 01978). A theory of memory reinesa! Psychological Re-
view, 8BS, 59-108.

ResinGion, R, & WiLtianms, D (1986) On the selection and evalua-
nan of visual display symbology: Factors influencing search and
dentiflication imes. Human Factors. 28, 407-420

Pmevie |

RovaMmo, J.. & Virsu, V. (1979). An estimation and apphcation of the
human cortical magnification factor Experimental Brain Research,
37.495-510.

SaaRINEN, J. (1993). Shifts in visual atrention at fixation and away from
fixation. Vision Research,33,1113-1117

Sacr. D.. & JuLesz, B. (1985). Fast nominertial shifts of attention. Spa-
tal Vision, 1, 141-149.

Sa~Ders, A. F (1970). Some aspects ol the selective process in the
funcuional visual field. Ergonomics. 13. 101-117.

SanDERs. A. F. (1993). Processing information in the functional visual
field. In G. d"Ydewalle & J. Van Rensbergen (Eds.). Perception and
cognition: Advances in eye mavement research (pp. 3-22). Amster-
dam: Elsevier.

SANDERS. A.F.. & BrUCK, R. (1991). The effect of presentation time on
the size of the visual lobe. Bulletin of the Psvchonumic Society, 29.
206-208.

ScHwartz, E. L. (1977). Spatial mapping 1n primate sensory projec-
tion: Analytic structure and relevance o perception. Biological Cy-
bernetics, 25, 181-194,

SciaLra, C. T. KLINE, D. W., & Lyman, B. 1. (1987). Age differences in
target identification as a function of retinal location and noise level:
Examination of the useful field of view. Psychology & Aging, 2, 14-19

ToOET, A., & LEvi, D. M. (1992). The two-dimensional shape of spaual
interaction zones in the parafovea. Vision Research, 32, 1349-1357.

TownsenDp, J. T. (1971). A note on the identifiability of parallel and se-
rial processes. Perception & Psychophysics. 10, 161-163.

TownNsenD, J. T. (1976). Serial and within-stage independent parallel
model equivalence on the minimum completion ime. Journal of Math-
ematical Psychology, 14, 219-239.

TownNseND, J. T. (1990). Serial and parallel processing: Sometimes they
look like Tweedledum and Tweedledee but they can (and should) be
distinguished. Psychological Science, 1, 46-54.

TREISMAN, A. (1993). The perception of features and objects. In A. Bad-
deley & L. Weiskrantz (Eds.), Attention: Selection. awareness. and con-
trol (pp. 5-35). Oxford: Oxford University Press, Clarendon Press.

TREISMAN, A., & GELADE, G. (1980). A feature-integration theory of
attention. Cognitive Psychology, 12, 97-136.

TREISMAN, A., & SaT0, S. (1990). Conjunction search revisited. Jour-
nal of Experimental Psychology: Human Perception & Performance.
16, 459-478.

TREISMAN, A. M., & ScumipT, H. (1982). Illusory conjunctions in the
perception of objects. Cognitive Psychology, 14, 107-141.

WELTMAN, G., & EcsTroMm, G. H. (1966). Perceptual narrowing in
novice divers. Human Factors. 8, 499-506.

WitLiams, L. J. (1982). Cognitive load and the functional field of view
Human Faciors, 24, 683-692

WiLLiaMmS, L. J. (1985). Tunnel vision induced by a foveal load manmp-
ulation. Human Factors, 27, 221-227.

WiLson, H. R., LEvi, D., MafFEL L., Rovamo, 1., & DEVaLos, R.
(1990). The perception of form: Retina to striate cortex. In L. Spill-
man & J. S. Werner (Eds.), Visual perception: The neurophysiologi-
cul foundations (pp. 231-272). San Dicgo: Academic Press.

WoLFE, J. M. (1992). “Effortless™ texture segmentation and “parallel”
visua! search are not the same thing. Vision Research, 32, 757-763

WoLet, J. M. (1994). Guided Search 2.0: A revised model of visual
search. Psychonomic Bulleiin & Review, 1. 202-238.

Worre, ] M., Cave, K. R., & Franzer, S. L. (1989). Guided Search
An alternative to the feature integranion model for visual search
Journal of Experimental Psychology: Human Perception & Perfor-
mance, 15,419-433,

Worre, | M., & Gancarz, G. (1996). Guided Search 3.0: A model of
visual scarch catches up with Jay Enoch 40 vears later. In V. Laksh-
minarayanan (Ed.), Basic and clinical applications of vision science.
(pp. 189-192). Dordrecht: Kluwer.

Yusn, E W EFRoN, R., & Nichots, DR (1990). Detectability gradi-
ents as « function of target location Brain & Cognition, 12, 1-16.
Zonary, E . & HocHsTEIN, S.(1989). How serial is serial processing in

vision! Ferception, 18, 191-200.

(Manuscript received February §, 1996,
revision accepted for publication January 8, 1997.)



