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Response times and eye movements
in feature and conjunction search
as a function of target eccentricity

CHARLES T. SCIALFA and KENNETH M. JOFFE
University ofCalgary, Calgary, Alberta, Canada

In four experiments, saccadic eye movements, reaction times (R'Is), and accuracy were measured
as observers searched for feature or conjunction targets presented at several eccentricities. A con
junction search deficit, evidenced by a large eccentricity effect on RTs, accuracy, and number of sac
cades, was seen in Experiments lA and lB. Experiment 2 indicated that, when saccades were pre
cluded, there was an even larger eccentricity effect for conjunction search targets. In Experiment 3,
practice in a conjunction search task allowed both RTand number of saccades to become independent
of eccentricity. Additionally, there was evidence of feature-based selectivity in that observers were
more likely to fixate distractors that had the same contrast as the target. Results are consistent with
the view that the oculomotor and attentional systems are functionally linked and provide constraints
for models of visual attention and search.

Theories ofvisual attention and search often emphasize
the relation between reaction time (RT) and the number of
items in a display. For example, Treisman and her col
leagues (Treisman, 1988; Treisman & Gormican, 1988;
Treisman & Sato, 1990; Treisman & Souther, 1985) have
developed and extended feature integration theory (FIT),
relying largely on the identification of those search con
ditions that produce negligible or substantial display size
effects on RI. Alternative models ofattention and search
(see, e.g., Cave & Wolfe, 1989; Duncan & Humphreys,
1989; Wolfe, 1994) similarly rely on assessments of dis
play size effects. Additionally, models ofautomaticity (see,
e.g., Schneider, Pimm-Smith, & Worden, 1994; Schnei
der & Shiffrin, 1977) have used display size effects on RT
to follow observers as they develop an automatic atten
tional response.

While display size effects provide valuable information
about the processes underlying search, it has been sug
gested recently that target location also plays a significant
role in target acquisition. Eccentricity effects have been
reported in difficult feature search (Scialfa, Thomas, &
Joffe, 1994; Viviani & Swensson, 1982), in which targets
are defined by a feature value on one dimension. Larger
eccentricity effects have been observed in orientation X

color conjunction search (Carrasco, Evert, Chang, & Katz,
1995) and orientation X contrast polarity (i.e., white vs.
black) conjunction search (Scialfa & Joffe, 1997), in which
the target is defined by its multiple feature values, each
typically shared by half of the distractors.
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In the experiments described here, we examined search
performance when the target was presented at display
eccentricities ranging from 3.82° to 13.94°. Unlike Car
rasco et al. (1995) and Viviani and Swensson (1982), we
measured both feature and conjunction search in the
same individuals. In addition, several dependent vari
ables-manual RT, response accuracy, number of sac
cades, and fixation duration-were determined. In carry
ing out these studies, we addressed several questions
about the oculomotor and attentional processes underly
ing visual search. First, what is the relation between tar
get eccentricity and the dependent measures typically
gathered in search experiments (i.e., response accuracy
and RT)? Second, does oculomotor involvement change
similarly, as would be expected if the attentional and ocu
lomotor systems were linked (Henderson, 1993; Hender
son, Pollatsek, & Rayner, 1989; Hoffman, in press; Mor
rison, 1984)? Finally, does experience with conjunction
search produce a change in the oculomotor and atten
tional demands of the task?

Visual Search and Target Eccentricity
A considerable body of evidence indicates that search

performance depends on target location in a condition
specific way. Scialfa, Kline, and Lyman (1987) asked ob
servers to discriminate a T and an 0 embedded in 0, 2, or
17 Xs. Targets were located between 0° and 10.5° from
fixation, and, to prevent eye movements, displays were
presented for 125 msec. Both RT and errors increased
with target eccentricity, but only when the target was em
bedded in a large number ofdistractors. The eccentricity
effect is reflected in localization errors as well (Scialfa &
Kline, 1988). Similarly, Carrasco et al. (1995) observed
that under both unlimited viewing (Experiment 1) and brief
viewing (Experiments 2 and 3), color X orientation con-
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junction search produced large eccentricity effects on RT
and accuracy.

A few investigations have examined the eye move
ments made during search for eccentric targets. Viviani
and Swensson (1982) measured saccadic accuracy and
latency when observers searched for a "star" presented at
4.40-13.2 0 from fixation in circles of equal area. Perfor
mance was independent of target location until eccen
tricityexceeded 110

, after which there was a pronounced
increase in saccadic latency and the probability of an
error in the direction of the initial saccade. Scialfa et al.
(1994) reported that the number of saccades made prior
to a correct response increased with eccentricity when an
oriented line was embedded in heterogeneous distractors.
More recently, Scialfa and Joffe (1997) examined both
feature and conjunction search (contrast polarity X ori
entation) as a function of target eccentricity. Among the
young adult observers who were tested, RTs and sac
cades were independent of eccentricity in both feature
search conditions. In contrast, conjunction search pro
duced large eccentricity effects on both measures.

These eccentricity effects can be incorporated by mod
els in which search is conducted with an attentional spot
light (Juola, Bouwhuis, Cooper, & Warner, 1991; Posner,
1980) or zoom lens (Eriksen & St. James, 1986), whereby
the locus ofattention must change to process objects fall
ing outside the spotlight. Feature search is thought to arise
when attention is distributed widely: RTs and the num
ber of saccades should be independent of eccentricity
(Binello, Mannan, & Ruddock, 1995; Scialfa & Joffe,
1997; Scialfa et aI., 1994). In contrast, conjunction search
often requires that attention be focused narrowly, perhaps
on individual items. When attention is finely focused, both
RT and number of saccades should increase with target
eccentricity. These expectations are based on two assump
tions: (1) The attentional spotlight can be described as a
gradient, and (2) the oculomotor and attentional systems
are closely coupled. Both of these assumptions warrant
discussion.

Processing efficiency may not be constant within the
attentional spotlight, but appears to decline with distance
from the focus of attention in a gradient-like manner
(Downing & Pinker, 1985; Egly & Homa, 1984; Eriksen
& Schultz, 1979; Rizzolatti, Riggio, Dascola, & Umilta,
1987; but see Kim & Cave, 1995). Because observers are
expected to have a narrow focus ofattention in conjunc
tion search, at display onset, elements occupying more
eccentric locations will fall on a less sensitive area within,
or completely outside ofthe attentional spotlight. Further
more, it can be shown that regardless of where attention
is focused, elements occupying more eccentric positions
within the display will, on average, be more distant from
that focus and thus will have reduced salience. Reduced
salience or attention attraction strength (Schneider,
1985) implies that eccentric targets are unlikely to influ
ence subsequent shifts of attention. As such, identifica
tion of them will take longer and more eye movements
will be made.

Functional Relations Between Attentional
and Oculomotor Mechanisms

We have asserted that eye movements will be more nu
merous for conjunction search targets presented away
from the center of the display. The location of the atten
tional spotlight may shift in the absence ofeye movements
(Goldberg & Bruce, 1985; Posner, 1980; Posner, Snyder,
& Davidson, 1980; Sperling & Reeves, 1986), but there
is ample evidence that the attentional and oculomotor
systems are functionally related. It is difficult to produce
an eye movement that directionally opposes a shift ofat
tention (Braun & Breitmeyer, 1988; Deubel & Schnei
der, 1996; Hoffman & Subramaniam, 1995; Khurana &
Kowler, 1987; Kowler, Anderson, Dosher, & Blaser, 1995;
Sheppard, Findlay, & Hockey, 1986) or is in the direction
corresponding to an attentional deficit (Pierrot-Diseilligny,
Rivaud, Penet, & Rigolet, 1987). In addition, both mov
ing window (Henderson et al., 1989) and reading span
studies (Henderson & Ferreira, 1990; McConkie & Ray
ner, 1975) provide evidence that extrafoveal acquisition
of information is largely restricted to that location to
which the eyes are about to move.

Attentional involvement in saccade generation has been
documented at the physiological level as well. Oculomo
tor cells in the superior colliculus, frontal eye fields, and
parietal lobe show enhanced activity to stimuli that must
be attended (Goldberg & Bruce, 1985; Goldberg & Wurtz,
1972; Lynch, Mountcastle, Talbot, & Yin, 1977). Fur
thermore, the ease ofobtaining an electrically elicited sac
cade depends on the correspondence between the move
ment vector of the oculomotor cell and the location to
which attention has been directed (Goldberg, Bushnell,
& Bruce, 1986; Lynch et al., 1977; Munoz & Wurtz, 1992;
Schiller & Sandell, 1983; Shibutani, Sakata, & Hyvari
nen, 1984; Sparks & Mays, 1983).

Of greatest relevance to the present discussion, addi
tional support for an attentional-oculomotor link comes
from the search literature. Fixation durations and sac
cade number increase, while saccade amplitudes decrease
with greater intradisplay complexity (Jacobs, 1986;
Locher & Nodine, 1978; Rayner & Fisher, 1987). Eye
movements are concentrated at those display locations
containing the most task-relevant information (Latimer,
1990; Saitoh & Okazaki, 1990) and are influenced by
target location expectancies (see R. M. Steinman, 1986).
When attention is narrowly distributed, it is difficult to
generate an eye movement to an eccentric target, and when
saccades are made, their endpoints are less influenced by
nontarget objects (Findlay & Kapoula, 1992;Miura, 1990).
Finally, saccades are executed to detect an eccentric fea
ture search target embedded in heterogeneous distractors
(Scialfa et al., 1994) and to identify a conjunction search
target (Scialfa & Joffe, 1997).

Taken as a whole, these studies lend credence to Hen
derson's (1993; Henderson et al., 1989) sequential atten
tion model, which postulates a strong coupling between
the attentional and oculomotor systems. Specifically, at
the beginning ofeach new fixation, attentional resources



are concentrated near fixation. After some criterion level
of processing has been reached, attention is disengaged
from the current fixation and moved to some other dis
play area on the basis of a weighting of salient features.
This new location is used to program the coordinates of
the next saccade. An important question is whether the
eye movements made are necessary for efficient search
performance in difficult search conditions.

Other data can be brought to bear on the issue of
oculomotor-attentional dependencies. Ifthere is no cou
pling of the attentional and eye movement systems, there
is little reason to expect a relation between the number of
saccades an observer makes and the duration of the fix
ations separating saccades. Alternatively, one might well
imagine that when many saccades are made, little infor
mation is processed per fixation and that when few sac
cades are made, the processing demands per fixation are
similarly increased. Under this view, an inverse relation
between saccade (fixation) number and fixation dura
tions would be expected. Nattkemper and Prinz (1986)
reported this result in a continuous letter search task and
Scialfa and Joffe (1997) found that power functions with
negative exponents described the relation between num
ber of saccades and fixation duration in both feature and
conjunction search. They also found a greatery-intercept
in conjunction search but the exponent was not related to
search conditions; at a constant number of eye move
ments, fixation duration was longer in the most demand
ing search condition. In the present experiments, we ex
amined this relation again, carrying out a more thorough
analysis of the fixation data.

Practice and Conjunction Search
Performance on most tasks improves with practice,

and visual search is no exception. Schneider and Shiffrin
(1977) demonstrated that large display size effects could
be eliminated when targets and distractors were consis
tently mapped to responses over several thousand prac
tice trials. This practice-based change in the attentional
demands of the task has been reported for conjunctions
ofcontrast polarity and shape (Theeuwes & Kooi, 1994),
brightness and orientation (Nakayama & Mackeben,
1989), and some combinations of stereopsis, orientation,
vernier offset, and lateral separation (S. B. Steinman,
1987). Finally, Friedman-Hill and Wolfe (1995) found that
display size effects were halved in as few as 1,000 con
junction search trials.

The mechanisms responsible for these changes are a
matter of debate. It may be that efficient conjunction
search results from parallel processing ofgroups of items,
as has been proposed by Treisman and Gormican (1988)
for difficult feature search. Zohary and Hochstein (1989)
argued that for color X orientation search, groups of6-16
elements are processed every 50-150 msec. Alternatively,
observers may select a relevant subset (e.g., all red items)
and then search for the "odd man out" in that subset
(Friedman-Hill & Wolfe, 1995; Kaptein, Theeuwes, &
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van der Heijden, 1995; Kim & Cave, 1995). This expla
nation is tantamount to suggesting that observers convert
the task to one offeature search and, once it is converted,
they show the expected minimal display size effects.

If observers select items on the basis of their features,
and if the oculomotor and attentional systems are linked,
one would expect to see evidence of selectivity in fixation
data. It is surprising, therefore, that Zelinsky (1996) re
ported that observers' fixations are no more likely to fall
on elements sharing one target feature as to fall on ele
ments sharing no feature with the target. There are several
reasons to think that Zelinsky's data need replication. Ob
servers were unpracticed and, as noted, selection may be
based on experience. Additionally, the critical condition in
which some distractors were made dissimilar to the target
also increased distractor heterogeneity along the relevantdi
mensions for the task (i.e., orientation and color). As such,
efficient selection may have been more difficult (Duncan
& Humphreys, 1989). Finally, in Zelinsky's study, ob
servers found the target within two saccades on more than
65% ofthe trials. Under these conditions, it would be dif
ficult to find evidence of selectivity in the fixation data.

EXPERIMENT lA

In Experiment 1A, observers were asked to detect a
target defined by a unique relative contrast or orientation
value and also to detect targets defined as the conjunc
tion of two feature values along these dimensions. This
was a present-absent task in which target eccentricity
varied. It was expected that for feature search, both RT
and number of saccades would be relatively independent
of eccentricity. For conjunction search, however, it was
expected that RTs would be longer and saccades more
frequent, particularly when targets were presented at
more eccentric locations. Predictions about average fix
ation duration and eccentricity were not made because
this was a free-viewing procedure and it is unclear why
fixation duration would change as a function oftarget lo
cation once an element had been fixated.

Method
Participants. Six young adults participated in Experiment lA,

all of whom worked in the authors' lab and were experienced with
search tasks. They had normal or corrected acuity and wore their pre
senting corrections during testing.

Materials and Apparatus. The stimuli for all conditions con
sisted oflines measuring 0.64° in length and 0.13° in width. These
elements were placed within the cells ofan imaginary matrix 30.5°
high x 23.5° wide at the viewing distance of 45 cm. Display size
was 72 ± 2 elements. Targets were placed along the diagonals at ec
centricities of 3.82°, 8.26°, and 13.94°. Within each cell, elements
were randomly jittered .25° to eliminate luminance cues (Nothdurft,
1985). Minimal and maximal line separation was 1.27° and 5.22°,
respectively.

In the feature orientation condition, the target was a black line
oriented 45° to the right of vertical. It was embedded in black dis
tractors oriented 45° to the left. Line luminance was .91 cd/rn- and
background luminance was 47.36 cd/rn-; thus Michelson contrast
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was 97%. In the feature contrast condition, the target was a white
line oriented 45° to the right. Distractors were black lines of the same
orientation. Target luminance was approximately 78.21 cd/m-; its
contrast was 25%. In the conjunction condition, the target was de
fined as a white line oriented 45° to the right. It was embedded in
approximately equal numbers (35 ± 2) ofblack lines oriented 45° to

Figure 1. Examples of displays used in Experiment lA. Top
panel: feature orientation. Middle panel: feature contrast. Bot
tom panel: conjunction.

the right and white lines oriented 45° to the left. Examples of dis
plays from each search condition are shown in Figure 1.

Search displays were presented and data collected using the Eye
gaze Development System and software from LC Technologies, Inc.
(Fairfax, VA: Cleveland & Cleveland, 1992). The system uses an
80486 computer platform to generate the stimuli and record re
sponses. Displays were presented on a Panasonic PanaSync C1381i
VGA Monitor. Eye movements were sampled at 30.3 Hz using the
pupil center/corneal reflection technique (Young & Sheena, 1975).
Spatial resolution was better than .5°.

A height-adjustable chinrest and chair, along with a forehead re
straint, were used to keep the observer's head in a fixed position at
a constant distance from the monitor and at a vertical gaze angle of
approximately 0° with respect to the fixation stimulus.

Procedure. Participants were tested in a single session lasting
approximately 90 min. General information pertaining to the task
was supplied, including a description of display elements and the
appropriate keypress response ("C" key for absent with left hand
and "M" key for present with right hand). Both speed and accuracy
were emphasized, but participants were instructed to slow their re
sponses if they made more than two errors per block of 36 trials.

Each trial began with a fixation point 1.270 in diameter, having
a luminance of 0.91 cd/m-, After fixating this stimulus, observers
pressed any key to begin the trial. The fixation stimulus disappeared
immediately and the search display was presented 130 msec later,
remaining visible until a response was made. Accuracy feedback
was provided (+ for correct, - for incorrect) for I sec, after which
the predisplay fixation point reappeared.

The experiment consisted of 432 trials, 144 in each of three search
conditions. Within each search condition, there were 72 target-present
and target-absent trials and, within the target-present trials, there
were 24 trials at each of the three levels ofeccentricity. Trials were
separated into four blocks of36 trials each. Observers were given a
brief rest period after each two blocks.

Target presence and eccentricity were randomized within each
block with the restriction that there was an equal number oftrials for
each target location. Order of search condition was counterbalanced
across participants.

Results
Accuracy. The effects of search condition and eccen

tricity on accuracy on target-present trials were analyzed
in a search condition (3) X eccentricity (3) univariate re
peated measures analysis of variance (ANOYA). A sepa
rate analysis was conducted to determine the effects of
target presence because eccentricity was irrelevant on
target-absent trials.

Overall accuracy was high for both the feature orien
tation (98.1 %) and feature contrast (95.4%) conditions
but was reduced to 84.5% in conjunction search. This dif
ference in accuracy was reflected in the significant main
effect of search condition [F(2, 10) = 8.48, p = .007].

The main effect of eccentricity was also significant
[F(2,1O) = 19.90,p < .001]. As Figure 2 indicates, accu
racy was reduced at more eccentric target locations in all
viewing conditions. However, this eccentricity effect was
largest in conjunction search, supported by a significant
search condition X eccentricity interaction [F(4,20) =
4.63, P = .008]. Follow-up tests indicated that the ec
centricity effect was obtained in conjunction search only.

Conjunction search also yielded the largest effect of
target presence. A search condition (3) X presence (2)
ANOYArevealed significant main effects of search con-
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Figure 2. Experiment lA. Search performance as a function of
eccentricity, target presence, and search condition. Top panel:
percent accuracy. Middle panel: reaction time. Bottom panel:
number of saccades,

dition [F(2,1O) = 5A2,p = .025] and presence [F(l,5) =
8.93,p = .03], as well as a search condition X presence
interaction [F(2,1O) = 8.87, p = .006]. Follow-up tests
indicated that the presence effect was obtained in con
junction search only. All subsequent analyses were con
ducted only for trials ending in a correct response.

Reaction times. Figure 2 also shows that RTs clearly
increased in conjunction search. RTs were slowed con
siderably for more eccentric target presentations in the
conjunction condition, but were independent of eccen
tricity when targets were defined by orientation or con
trast alone. Again, the greatest effect of target presence
was found in conjunction search.

A search condition (3) X eccentricity (3) ANOVA re
vealed main effects ofsearch condition [F(2, 10) = 38.00,
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p < .001] and eccentricity [F(2,10) = 26.77, P < .001],
as well as a search condition X eccentricity interaction
[F(4,20) = 19.07, p = .002]. Follow-up tests indicated
that an eccentricity effect was obtained in conjunction
search only.A search condition (3) X presence (2) ANOVA
revealed significant effects of presence [F(l,5) = 23.56,
p = .005] and search condition [F(2,10) = 39.74, p <
.001]. A significant search condition X presence inter
action was also found [F(2,10) = 29.58, p < .001], re
flecting the fact that RTs were increased greatly on target
absent trials in conjunction search, which was confirmed
by follow-up tests.

Saccades. Number of saccades was determined by vi
sual inspection of the scan paths interposed on the dis
plays. Generally, at least two samples in a location differ
ent from the current fixation were required to record an
eye movement. Ifa number of samples were taken at per
ceptibly different locations, but all were clustered within
a small area, no additional movement was recorded. If a
single sample was taken between two clusters, it was not
typically considered a saccade. However, ifa large change
in the direction of the scan path was separated by a sin
gle sample, two saccades were recorded. This procedure,
when used by two raters, yielded an interrater reliability in
excess of .95 for 360 displays seen for 5 randomly cho
sen participants.

As shown in Figure 2, a pattern similar to that of RTs
emerged when the saccade data were analyzed. The great
est number of saccades, and the only measurable effect of
target eccentricity, was found in the conjunction condition.
In addition, although target presence had little effect in
feature search, saccades were more frequent on target
absent trials in the conjunction condition.

These trends were corroborated in a search condition
(3) X eccentricity (3) ANOVA. The main effects of
search condition [F(2,1O) = 51.12,p < .001] and eccen
tricity [F(2,1O) = 22.14,p < .001] were found to be sig
nificant, as was the search condition X eccentricity
interaction [F(4,20) = 13.14,p < .001]. Tests of simple
effects indicated that the effect ofeccentricity was signif
icant only in conjunction search. The search condition (3)
X presence (2) analysis revealed a significant interac
tion [F(2,1O) = 62.l5,p < .001], along with main effects
of presence [F(1,5) = 28.80,p = .003] and condition
[F(2,1O) =64.24,p < .001]. Follow-up tests indicated that
there was a significant presence effect only in conjunc
tion search.

Average fixation duration. Average fixation dura
tions are shown in Table I. In several ways, the trends are
the reverse of those found in the RT, accuracy, and sac
cade data. Target-absent trials resulted in shorter fixations
than target-present trials in feature orientation and con
junction search, but not in feature contrast. The effect of
eccentricity was minimal for conjunction search, but sub
stantial in feature contrast displays. Further, conjunction
search was associated with the shortest fixation durations.

A search condition (3) X eccentricity (3) ANOVA on
target-present trials revealed no main effect ofeccentric
ity (p = .87) but did reveal a main effect of search con-
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Table 1
Average and First Fixation Durations as a Function of Search Condition,

Eccentricity, and Presence for Experiments lA and 18

Experiment 1A Experiment 1B

TP TP

Eccentricity Eccentricity

3.82° 8.26° 13.94° TA 3.82° 8.26° 13.94° TA
--- ------ ---

Condition M SD M SD M SD M SD M SD M SD M SD M SD
Feature orientation

Average fixation 380 119 382 126 378 112 327 93 343 171 331 174 306 150 309 108
First fixation 416 106 426 103 425 84 342 86 404 148 378 134 366 122 317 109

Feature contrast
Average fixation 314 89 326 99 344 110 410 72 364 126 380 136 377 125 318 91
First fixation 331 93 341 94 361 102 433 80 391 98 410 118 413 92 315 95

Conjunction
Average fixation 255 46 235 30 228 23 218 14 223 32 208 35 196 14 190 11
First fixation 325 50 315 33 321 56 313 44 243 22 243 36 235 31 249 17

Tp, target present; TA, target absent.

dition [F(2,1O) == 5.08, p == .03]. The search condition
X eccentricity interaction was significant [F(4,20) ==
3.26,p == .033], but follow-up tests indicated that the ec
centricity effect was nonsignificant in all search condi
tions. The search condition (3) X presence (2) ANOVA
yielded a nonsignificant effect ofpresence (p == .78), but
a significant effect of search condition [F(2,10) == 7.89,
p == .009]. The significant search condition X presence
interaction [F(2,10) == 16.69, P == .001] arose because
target-absent durations were significantly shorter than
target-present durations in conjunction and feature orien
tation displays, but significantly longer in feature con
trast displays.

First flxation duration. Also shown in Table I are the
mean first fixation durations for each condition, which
were significantly longer than the average fixation dura
tions [F(l,5) == 36.83,p == .002]. As with average fixation
durations, there was a trend for first fixations to be
shorter for target-absent trials and conjunction search
displays.

A search condition (3) by eccentricity (3) ANOVA on
target-present trials revealed no effect of eccentricity
(p == .161), but did reveal a main effect of search condi
tion [F(2,10) == 4.25, P == .046], wherein the durations
for conjunction search were significantly shorter than
the durations for feature search. The search condition X
eccentricity interaction was nonsignificant (p == .355).
The search condition (3) X presence (2) ANOVAyielded
a nonsignificant effect ofpresence (p == .943) and search
condition (p == .109), but a search condition X presence
interaction [F(2,10) == 17.65,p == .001] arose because the
first fixations were independent oftarget presence in con
junction search and were significantly shorter on target
present trials in feature contrast, but were significantly
shorter for target-absent trials in feature orientation.

Relation between number ofsaccades and fixation
duration. These seemingly counterintuitive findings
would make sense if fixation durations and number of
saccades were related inversely to each other, as would

be expected if the information processed per fixation
were reduced when there are many fixations (and thus,
many saccades). Reexamination ofthe saccade data pro
vides some evidence in favor of this hypothesis. There
was a larger number of saccades for more eccentric tar
gets in conjunction search, especially on target-absent
trials, the conditions often associated with shorter fixation
durations.

To explore this possibility further, both linear and power
functions were fitted to the individual data relating aver
age fixation duration and saccade number. The data were
collapsed across eccentricity and target presence because
we needed to maximize the number of trials used to es
timate fixation duration at each level of saccade number.
An ANOVA revealed that the power functions accounted
for significantly more variance than the linear functions
in all search conditions, so only results from the power
function analyses will be reported.

On average, power functions accounted for 77% ofthe
variance in feature orientation data, 90% of the variance
in feature contrast data, and 69% of the variance in con
junction search data. Shown in Figure 3 are curves for
the three search conditions, for which the data points were
calculated from group averages of the power function pa
rameters (hence the lack of variance about the func
tions). The average intercept was larger for conjunction
search (M == 317 msec) than for feature orientation (M ==
306 msec) and feature contrast (M == 249 msec). Analy
sis of the exponents indicated that the decrease in aver
age fixation associated with more saccadic involvement
was not greatly different for conjunction search (M ==
- .24) than for feature orientation (M == - .26) or feature
contrast (M == - .33).1

Rechecking. It has been suggested that the greater
display size effects found in conjunction displays arise
because ofa greater tendency to recheck the display (Plude
& Doussard-Roosevelt, 1989). Therefore, we also deter
mined the frequency with which an observer's gaze re
turned to a previously fixated area. This was accomplished
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Number of Saccade.

Figure 3. Power functions relating average fixation duration
and number of saccades. Top panel: Experiment lA. Bottom
panel: Experiment lB.

by superimposing an 11 X 13 cell grid on the displays,
each cell measuring 2.39° high X 2.16° wide. A recheck
was said to occur if two consecutive samples fell in a cell
that had previously been searched. Rechecking occurred
with extremely low frequency for all observers (range :;:;
0-.30 fixations per trial). Even in the most difficult
search conditions a region was rechecked only once every
three trials. For this reason, the data are not shown.

On average, the number of re checks was elevated
slightly, and the greatest effect of target presence was
found in the conjunction search condition. The only
meaningful results of the eccentricity (3) X search con
dition (3) ANOVA was the significant main effect of
search condition [F(2,10) = l8.l8,p = .012]. Thepres
ence X search condition ANOVA revealed main effects
of search condition [F(2,1O) = 9.93,p = .004]andpres
ence [F(l,5) = 5.56,p = .065], along with a search con
dition X presence interaction [F(2,1O) = 8.09,p = .008];
-rechecking was more likely on target-absent, conjunc
tion search trials.
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EXPERIMENT IB

Further, observers averaged no more than one eye move
ment prior to target detection, regardless of eccentricity.

In contrast, accuracy declined significantly, RTs in
creased in duration, and number of saccades increased for
more eccentric conjunction search trials. However, even
for the most eccentric locations, fewer than six saccades
on average were required for detection of the target, ap
proximately half the number executed on target-absent
trials. These data might be explained by arguing that ob
servers conduct a parallel search of small groups of
items (Pashler, 1987; Poisson & Wilkinson, 1992; Treis
man & Gormican, 1988; Zohary & Hochstein, 1989).
Alternatively, it may be that attention is guided to indi
vidual items, or perhaps subsets of items, on the basis of
relative activation levels (Cave & Wolfe, 1989; Wolfe,
1994; Wolfe, Cave, & Franzel, 1989), thus increasing
efficiency compared with a completely random, self
terminating, serial search. Either model could explain
why highly discriminable conjunction targets can yield
parallel search functions (McLeod, Driver, & Crisp, 1988;
Nakayama & Silverman, 1986).

On the surface, both the first fixation and the average
fixation duration data are troubling because the condi
tions generally associated with longer RTs, lower accu
racy, and a larger number of saccades (e.g., conjunction
search) also produced the shortest fixation durations.
The power function analyses help explain why this is so.
For all conditions, fixation durations declined in a non
linear manner when saccades were more numerous. Ex
amination ofFigure 3 indicates that, for a constant num
ber of saccades, fixation duration tends to be longer in
conjunction search, where processing is assumed to be
more demanding. These relations would be expected ifob
servers were searching displays in groups ofvariable size
and the time taken to process the group was related to
the size and featural complexity of the group.

It has been suggested that participants recheck items
on target-absent trials (Plude & Doussard-Roosevelt,
1989; Zacks & Zacks, 1993), and that as a result, target
absent and target-present RTs have a ratio greater than 2:1.
Rechecking of previously attended locations has been
found to be rare in feature search (Scialfa et aI., 1994) and
does not appear to play a large role in conjunction search,
either. On target-present trials, rechecking occurred on
less than 15% of trials, and even on target-absent dis
plays, rechecks occurred less than once every three tri
als. However, this conclusion must be qualified because
if observers are searching groups of items, the recheck
ing analysis conducted may not reveal those fixations
containing partially overlapping areas.

o Orientation

n Contra.t
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Discussion
The results of Experiment 1A are consistent with the

view that feature search is independent of eccentricity.
Observers had little difficulty detecting feature search tar
gets defined by their unique orientation or relative contrast.

The first experiment revealed that conjunction displays
impose substantial attentional and oculomotor demands
on the observer. It is important to recall, however, that
the feature and conjunction tasks used differed in within-
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trial distractor variability. There was only one distractor
type in each feature search condition, but two distractor
types in the conjunction displays. Duncan and Hum
phreys (1989) have discussed the importance of distrac
tor heterogeneity, and although Treisman (1988) reported
that feature search RTs were largely unaffected by dis
tractor heterogeneity along an "irrelevant dimension," we
wanted to determine whether this finding would be ob
tained with eye movement data. So, in the next experi
ment, we conducted a substantive replication of Experi
ment IA, but held constant the number ofdifferent types
of distractors uses in each search condition.
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Method
Participants. Six young adult University of Calgary students

participated in Experiment lB. They had no previous experience
with laboratory search tasks and were paid $10 (Canadian) for their
participation. All observers had normal or corrected-to-normal acu
ity when refracted for the test distance of 45 cm.

Materials, Apparatus, and Procedure. Experiment lB was
identical to Experiment 1A but for the following changes. To avoid
the possibility ofnegative transfer when participants respond to black
and then white targets (Schneider & Shiffrin, 1977), in all search
conditions, the target was a white line oriented 45° to the right. In
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Figure 4. Examples of displays used in Experiment lB. Top
panel: feature orientation. Bottom panel: feature contrast.
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Eccentricity (deg)

Figure 5. Experiment lB. Search performance as a function of
eccentricity, target presence, and search condition. Top panel:
percent accuracy. Middle panel: reaction time. Bottom panel:
number of saccades.

the feature orientation condition, distractors were white lines and
black lines oriented 45° to the left. In the feature contrast condition,
distractors were black lines oriented 45° left and right. Conjunction
search displays were unchanged. Examples ofdisplays from the fea
ture orientation and feature contrast conditions are shown in Figure 4.

Results
Accuracy. As shown in Figure 5, target identification

accuracy in both the feature orientation (98.6%) and the
feature contrast conditions (98.1%) approached ceiling.
Accuracy in conjunction search was reduced in compari
son (87.5%), particularly when targets were present at the
most eccentric locations. These relations were analyzed in
a search condition (3) X eccentricity (3) ANOVA and a sep
arate analysis to determine the effects of target presence.



The main effect of search condition was significant
[F(2,1O) = 10.09, p = .004], but the main effect of ec
centricity was not (p = .186). There was a marginally
significant search condition X eccentricity interaction
[F(4,20) = 2.84,p = .051], butthe eccentricity effect was
nonsignificant in any single search condition.

A search condition (3) X presence (2) ANOVA re
vealed main effects of search condition [F(2,1O) = 6.94,
p = .013]and presence [F(l,5) = 14.97,p = .012], as well
as the search condition X presence interaction [F(2,1O) =
13.92, p < .001]. Follow-up tests revealed a significant
presence effect only in conjunction search.

Reaction times. RTs, depicted in Figure 5, were slow
est in the conjunction search condition, and, although
they changed minimally across eccentricity in both the
feature search conditions, they were slowed by approxi
mately 800 msec for more eccentric target presentations
in conjunction search. As in Experiment 1A, the largest
effect oftarget presence was found in conjunction search,
but here this effect was also evident in the feature orien
tation condition.

These results were substantiated in a search condition
(3) X eccentricity (3) ANOVA. The main effects ofsearch
condition [F(2,1O) = 8.89, p = .006] and eccentricity
[F(2,1O) = 16.30,p < .001] were significant, as was their
interaction [F(4,20) = 12.95,p = .001]. Simple effects
tests revealed significant or marginally significant ef
fects of eccentricity in all search conditions. As shown in
Figure 5, the interaction arose because the effect was
much larger in conjunction search than in either feature
search condition, where the eccentricity effect was less
than 6 msec per degree of visual angle. The search con
dition (3) X presence (2) ANOVA revealed significant
search condition [F(2,10) = 10.22,p = .004], presence
[F(I,5) = 28.99,p = .003], and search condition X pres
ence effects [F(2,1O) = 11.78,p = .002].Only in conjunc
tion search was the presence effect significant.

Saccades. The eye movement data, shown in Figure 5,
indicated that the greatest effects of target eccentricity
and presence were found in conjunction search. These
trends were seen in the ANOVAs. Both the main effects
of search condition [F(2,10) = 15.19,p = .011] and ec
centricity [F(2,1O) = 8.18, p = .008] were found to be
significant, along with the search condition X eccen
tricity interaction [F( 4,20) = 10.04, p < .001]. Only in
conjunction search was the eccentricity effect significant.
The search condition (3) X presence (2) ANOVA revealed
significant main effects of search condition [F(2,1O) =
14.43,p = .001]and presence [F(1,5) = 28.73,p = .003].
A significant search condition X presence interaction
was also detected [F(2,1O) = 12.4I,p = .002]. As ex
pected, the presence effect was significant only in con
junction search.

Average fixation duration. Table I displays the aver
age fixation data as a function of eccentricity, presence,
and search condition. Again, in several ways the trends
are the reverse of those found for RTs and number ofsac-
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cades. Average fixations were shorter for more eccentric
targets, target-absent trials, and conjunction search.

An eccentricity (3) X search condition (3) ANOVA
revealed that the effects of eccentricity (p = .115) and
eccentricity by search condition (p = .091) were non
significant. A main effect of search condition was ob
tained [F(2,10) = 5.94, P = .02]. The search condition
(3) X presence (2) ANOVA yielded a significant main
effect of condition [F(2,1O) = 7.19, p = .012]. Feature
search resulted in significantly longer average fixations
than did conjunction search. Neither the main effect of
presence (p =.102) nor the search condition X presence
interaction (p = .208) were significant.

First fixation duration. Also shown in Table 1are the
mean first fixation durations for each condition. As in
Experiment lA, first fixations were significantly longer
than average fixations [F(I,5) = 17.73, p = .008] and
tended to be shorter on target-absent trials and in conjunc
tion search displays.

An eccentricity (3) X search condition (3) ANOVA re
vealed that the effect of eccentricity (p = .574) was non
significant. However, there was a main effect of search
condition [F(2,1O) = 7.99, P = .008] and a search con
dition by eccentricity interaction [F( 4,20) = 5.64, p =
.003]. Only in feature orientation was there a significant
eccentricity effect, where first fixation duration was
shorter for more eccentric targets. The search condition
(3) X presence (2) ANOVA yielded a significant main
effect of search condition [F(2,10) = 5.13, p = .029].
The main effect of presence was significant [F(l,5) =
47.56,p < .001], as was the search condition X presence
interaction [F(2,10) = 18.15, P < .001]. In both feature
search conditions, first fixations were significantly shorter
for target-absent trials. There was no presence effect in
conjunction search.

Relation between number ofsaccades and fixation
duration. Both linear and power functions were fit to the
data relating average fixation duration and saccade num
ber. Power functions accounted for significantly more
variance in all search conditions, so only these results will
be reported. Data from 2 observers were omitted; we could
not estimate parameters oftheir functions due to too few
saccades.

On average, power functions accounted for 79% of the
variance in feature orientation data, 89% of the variance
in the feature contrast data, and 74% of the variance in
the conjunction search data. Shown in Figure 3 are curves
for the three search conditions; the data points were cal
culated from group averages of the power function pa
rameters. The average intercept was greater for conjunc
tion search (M = 325 msec) than for feature orientation
(M = 306 msec) or feature contrast (M = 280 msec).
Analysis of the exponents indicated that the decrease in
average fixation associated with more saccadic involve
ment was approximately equal for conjunction search
(M = - .29), feature orientation (M = - .36), and feature
contrast (M = - .33).2



1076 SCIALFA AND JOFFE

3.82 8.26 13.94 TA

Eccentricity (deg)

EXPERIMENT 2

•

•

100
-0- No Eye Movements - TP

90 • • No Eye Movements - TA

! --c:r- Eye Movements - TP

• Eye Movements - TA
>-

80
I,l
III..
:s 70I,l
I,l

CC

60

50
3.82 8.26 13.94 TA

12.0

U 10.0
Gl
~

8.0
Gl
E

.:i= 6.0

I:
.2 4.0
U
III
Gl 2.0a:

0.0

tion duration is a nonlinearly decreasing function of the
number of saccades; in addition, however, they indicate
that fixation duration is longer for conjunction than for
feature search when comparable trials are considered
(Scialfa & Joffe, 1997).3

Experiments lA and IB showed that conjunction
search has large oculomotor demands, but some data sug
gest that saccades are unnecessary for search. Klein and
Farrell (1989) found that display size effects in feature
search do not depend on eye movements, even when se
rial search functions are produced. More importantly,
Nakayama and Mackeben (1989) reported that observers
did not need to make eye movements to identify a search
target defined by the conjunction of brightness and
orientation. In Experiment 2, therefore, participants were
required to search for a conjunction target when eye move
ments were precluded. If performance declines in com
parison to that in Experiments 1A and 1B, one can assert
that eye movements are functional and reflect in part the
differing demands of feature and conjunction search.

Method
Participants. Six young adult University of Calgary students

with no previous experience in laboratory search tasks participated

Figure 6. Experiment 2. Search performance as a function of
eccentricity, target presence, and eye movements, replotted in
part from Experiment lB. Top panel: percent accuracy. Bottom
panel: reaction time.

Rechecking. Rechecking occurred with low frequency,
ranging from .009 to .964. In feature search, rechecks
were made about once per 20 trials. In conjunction search,
rechecks occurred approximately once per target-absent
trial and once every other target-present trial. ANOVAs
revealed that the effects of presence (p = .088) and search
condition (p = .090), as well as their interaction (p =
.062), all approached significance, but due to the low
probability ofrechecking, these data will not be discussed
further.

Discussion
Consistent with Treisman (1988), Experiment 1B

showed that the feature search advantage does not occur
trivially because of distractor homogeneity. As found by
Scialfa et al. (1994), when feature search displays con
tained two distractor types, their feature values varying on
an irrelevant dimension, search was significantly related
to target eccentricity. However, eccentricity produced a
much larger effect on conjunction search. It is unlikely,
then, that the conjunction search deficits seen in Exper
iments 1A and 1B were caused by distractor heterogeneity.

As in Experiment lA, relative to feature search, con
junction search yielded longer RTs, more errors, and a
greater number of saccades, particularly for eccentric
targets. Feature search was much less dependent on ec
centricity. Again, the conjunction search condition was
generally associated with shorter fixation durations, and
power functions provided a reasonable fit to the data re
lating the number of saccades and fixation duration.

Across Experiments lA and IB, the power functions
relating fixation duration to the number of saccades ac
counted for approximately 80% of the variance in fixa
tion duration data. A second approach to examining the
relation between number of saccades and fixation dura
tion is to directly compare fixation durations in those tri
als in which the number of saccades was held constant.
A limitation ofthis approach, suggested by Figures 2 and
5, is that there were few instances in which equal num
bers of saccades were made in all search conditions. How
ever,across both experiments there were 10 observers who,
in all search conditions, provided reliable fixation dura
tion data for trials ending after either one or two saccades.

The mean fixation durations on trials ending in one
saccade were 305, 256, and 356 msec for feature orien
tation, feature contrast, and conjunction search, respec
tively. The comparable means for trials ending in two
saccades were 225, 195, and 260 msec. An ANOVAindi
cated that there was a significant main effect of search
condition for the "one-saccade" data [F(2,18) = 4.67,
p = .023] and the "two-saccade" data [F(2,18) = 5.60,
p = .013]. For both measures, the fixation durations as
sociated with conjunction search were significantly longer
than those associated with the feature search conditions
considered together (p < .05). Additionally, in all three
search conditions, the fixation durations associated with
one-saccade trials were significantly longer than those
associated with two-saccade trials. These tests comple
ment the power function analyses in showing that fixa-



and were paid $10 (Canadian) for their participation. All observers
had normal or corrected-to-normal acuity when refracted for the test
distance of 45 cm.

Procedure. The stimuli were identical to those used in the con
junction search condition of Experiments lA and lB, All partici
pants completed 144 trials, separated into four blocks of 36 trials
each. However, observers in this experiment were instructed to
maintain central fixation while searching for the target. Trials were
discarded if the Eyegaze Development System indicated that an ob
server's eyes deviated from fixation by more than I cm (1.27°) prior
to response.

Results
~ccuracy. A large eccentricity effect on accuracy was

evident [F(2,1O) = 34.93,p < .001]. As Figure 6 indicates,
there was a 40% reduction in accuracy between 3.82° and
13.94°. At 13.94°, accuracy averaged 56%, which was
not significantly different from chance. In addition, per
formance was significantly less accurate on target-pre
sent (78.6%) than on target-absent trials [91.9%, F(1,5) =
14.89,p = .012].

Reaction times. Similar results were obtained with
the RT data (see Figure 6). Between 3.82° and 13.94°
RTs increased by 5 sec, yielding a significant eccentricity
effect [F(2,1O) = 14.06,p = .001]. Observers were also
slowed significantly on target-absent (10.8 sec) versus
target-present trials [3.9 sec, F(1,5) = 23.08, p = .005].
However, in light of the high error rates, interpretation of
the RT data is difficult.

Comparisons between Experiments IB and 2. Over
all accuracy was marginally worse in Experiment 2 than
in Experiment IB [F(1 ,10) = 3.79,p = .080]. The eccen
tricity effect was significant [F(2,20) = 31.84, p < .00 I],
and an experiment X eccentricity effect was also ob
tained [F(2,20) = 14.06, p < .001]. As shown in Fig
ure 6, the greatest difference between the two experiments
was found for the most eccentric targets. An experiment
~2) X presence (2) ANOVA revealed a significant exper
Imenteffect[F(1,lO) = 7.89,p = .018]andpresenceef
feet [F(1,lO) = 30.77, p < .001], but no experiment X
presence interaction (p = .631).

We also compared RT data from the two experiments.
As Figure 6 depicts, RT differences across the experi
ments were largest for the most eccentric targets and on
target-absent trials. An experiment (2) X eccentricity (3)
ANOVArevealed a main effect ofeccentricity [F(2,20) =
18.~2, P < .00 I] and an experiment X eccentricity inter
action [F(2,20) = 9.82, p = .001]. The experiment (2)
X presence (2) ANOVA revealed a significant effect of
experiment [F(1,IO) = 8.84, p = .014] and presence
[F(1,lO) = 34.79, p < .001], along with an experiment
X presence interaction [F(1,IO) = 1O.80,p = .008].

Discussion
The results ofExperiment 2 buttress the argument that

saccades are functional when unpracticed observers
search for conjunction targets. Furthermore, the experi
ment X eccentricity interactions obtained are consistent
with the view that saccades, like RT, reflect differences
in the attentional demands of the tasks.
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Nakayama and Mackeben (1989, Experiment I) re
~orted that observers could identify conjunction targets
m the absence ofeye movements. However, their data are
not at odds with our own. Their most eccentric target ap
peared at 5°, and our data suggest that saccades are func
tional only for greater eccentricities. They also indicated
that participants performed at least 3,000 trials before
data were collected. This leaves open the possibility that
eye movements are needed early in practice, but that ob
servers are able to process the displays without eye move
ments if they have sufficient exposure to the task (see
S. B. Steinman, 1987). We explored this possibility in
Experiment 3.

EXPERIMENT 3

The previous experiments showed that observers had
diffic.ulty.processing conjunction search displays, but
there IS evidence ofnull display size effects in some con
junction search conditions. This occurs when conjunc
tI?n tar~ets are highly discriminable along one or more
dimensions (McLeod et aI., 1988; Nakayama & Silver
man, 1986; Wolfe et aI., 1989) and when observers are
g.iven sufficient practice (S. B. Steinman, 1987). It is pos
sible that these are the conditions that allow observers to
search in groups large enough to encompass the entire
display (Pashler, 1987; Poisson & Wilkinson, 1992; Treis
man & Gormican, 1988; Zohary & Hochstein, 1989). On
the other hand, greater search efficiency might be attained
by increasing the relative activation of target features (Cave
~ Wol~e, 1989; Treisman & Sato, 1990), perhaps omit
tmg enure classes ofitems from inspection (Friedman-Hill
& Wolfe, 1995). These are not mutually exclusive possi
bilities. If the relative activation hypothesis is correct at
tention may be directed consistently away from distrac
tors possessing nontarget features or toward distractors
sharing particular feature values with the target. When
feature selectivity is operating efficiently, the conjunction
search task is translated to a feature search task. In this
case, group size may expand to include all of the selected
items in the display. To evaluate the possibilities, the two
authors were given extensive practice at conjunction
search. It was expected that saccadic involvement would
diminish with experience and that eccentricity effects
would be minimized.

Method
C.S. and K.J. were participants in the study. They were refracted

at the test distance of45 cm and wore corrections during all testing.
The stimuli were identical to those used in the conjunction search
condition of the previous experiments. Both observers completed
864 trials, separated into 12 testing sessions of 72 trials each.

Results
Figure 7 indicates that at initial testing both observers

had long RTs and an elevated number ofeye movements
for the most eccentric targets. Average fixation durations
and first fixation durations (not shown) tended to be rel
atively short, as would be expected given the large num-
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Figure 7. Experiment 3. Conjunction search reaction times (top panel), number of saccades (middle panel), and
fixation durations (bottom panel) as a function of eccentricity, target presence, and practice session for C.S. (left
panel) and K.J. (right panel).

ber of saccades. With practice, both observers improved
to the point where eye movements were no longer made
and RT became much less dependent on eccentricity. In
addition, the difference between target-present and tar
get-absent trials was minimized. The changes in RT were
not due to a speed-accuracy tradeoff. Accuracy for C.S.,
shown in Table 2, was unrelated to practice. For K.J., there
was improvement in accuracy with practice, particularly
for more eccentric targets.

The functional relation between fixation duration and
oculomotor involvement found in Experiments lA and
IB was also obtained here. For C.S., power functions ac
counted for at least 70% of the variance in fixation du
rations through Session 7, beyond which saccades were
made too infrequently for reliable curve fitting. For KJ.,

through Session 4 power functions accounted for at least
67% of the fixation duration variance. It is interesting to
note that in both observers, the point in practice associ
ated with a large decline in eye movements was also the
point at which fixation durations showed a dramatic in
crease. This, too, is consistent with the view that the
number of saccades indexes the amount of information
that is being processed per fixation.

Even though the eccentricity effect was reduced with
practice, it was not eliminated entirely. For C.S. in Ses
sion 12, fixation durations averaged 330 msec for 3.82°
targets but 441 msec for targets at 13.94°. A similar effect
was found for RTs. For K.J., this difference was 40 msec,
like the difference in RTs. Though unlikely, it is possible
that observers searched very large groups in a center-to-
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Figure 8. Experiment 3. Sample scan paths from target-present
trials. Top panel: 1st practice session. Middle panel: 3rd practice
session. Bottom panel: 10th practice session.

Table 2 on some proportion of trials, with the result that both eye
Mean Accuracy and Standard Deviations for Experiment 3 movements and RT will be dependent on eccentricity.

as a Function of Session, Presence, and Eccentricity Over time, there will be an increase in the proportion of
TP trials involving efficient selection. As such, one would ex-

Eccentricity pect the eccentricity effect to be eliminated.
3.82° 8.26° 133.94° TA

Session M SD M SD M SD M SD

C.S.
1 1 0 0 .708 .095 .972 .027
2 .917 .083 0 .833 .112 .944 .055
3 1 0 0 .917 .083 1 0
4 1 0 0 .583 .149 1 0
5 1 0 0 .667 .142 .972 .027
6 .917 .083 0 .583 .149 1 0
7 1 0 0 .833 .112 1 0
8 1 0 0 .833 .112 .972 .027
9 1 0 0 .667 .142 .972 .027

10 1 0 0 .917 .083 1 0
11 1 0 0 .917 .083 1 0
12 .917 .083 0 .583 .149 1 0

K.J.

1 .917 .083 .833 .112 .583 .149 1 0
2 1 0 .917 .083 .750 .131 1 0
3 .750 .131 .917 .083 .667 .042 .972 .027
4 1 0 .917 .083 .917 .083 .972 .027
5 .917 .083 .917 .083 .667 .142 1 0
6 1 0 .875 .069 .708 .095 .972 .027
7 1 0 1 0 .833 .112 .944 .055
8 .833 .112 .917 .083 .833 .112 .944 .055
9 .917 .083 1 0 .833 .112 .944 .055

10 1 0 1 0 .917 .083 .972 .027
11 1 0 .917 .083 .750 .131 1 0
12 .917 .083 1 0 .917 .083 1 0

edge manner and that the differences in fixation durations
reflect the movement of attention. It is also possible that
these residual differences represent declines in resolu
tion across the visual field.

Note-TP,target present; TA, target absent.

Discussion
As observers gained experience with the task, their RT

and saccade data became largely independent of eccen
tricity, and the mean number of saccades was reduced to
less than one. Several other investigations have shown
that conjunction search becomes independent ofload with
practice (e.g., S. B. Steinman, 1987), and this develop
ment ofautomaticity was revealed in both the eye move
ments and RTs of Experiment 3.

The remaining issue is one ofmechanism. Examination
of the scan paths for both K.J. and C.S. early in practice
(see Figure 8 for examples) revealed a 3:1 bias for fixa
tions to fall on or near white, not black, items. The selec
tivity seen in the fixation data, and reported previously in
color X shape conjunction search RTs (Kim & Cave,
1995) suggests that one mechanism underlying this change
is the relative activation (Cave & Wolfe, 1989; Friedman
Hill & Wolfe, 1995; Treisman & Sato, 1990) of elements
on the basis of their features. In the 2-D conjunction search
task, selection on the basis ofone feature value transforms
the task into feature search. This transformation may be
gradual. Early in practice, activation may be effective only
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As shown in Figure 8, early in practice the saccades
describe a roughly circular scan path, an efficient means
of searching the display. Later in practice, the circular
shape of the scan path was maintained, but the diameter
of the path was reduced until no eye movements were
made. It is possible that experience allows observers to
search displays in larger groups (Pashler, 1987; Poisson
& Wilkinson, 1992; Treisman & Gormican, 1988; Zohary
& Hochstein, 1989), and so smaller amplitude saccades
could cluster near fixation and still allow for processing
of the entire display. In this sense, the group scanning
hypothesis (Treisman & Gormican, 1988) may extend to
conjunction search.

There might be concern that the development ofauto
maticity apparent in the practice data resulted, in part,
because observers learned the 12 potential locations of
targets. Under this view, the near independence ofperfor
mance and target eccentricity would require that atten
tion is allocated either to 12 individual locations or to 2
larger regions centered on the diagonals. Duncan (1984)
has shown that allocation to multiple locations is very
difficult, but more recent findings (Castiello & Umilta,
1992; Kramer & Hahn, 1995) seem to suggest that at
tention can be simultaneously allocated to two locations.
In both Castiello and Umilta and Kramer and Hahn, at
tention was thought to be allocated to only two small re
gions in opposite hemifields. It is not clear that attention
can be divided between two locations with the same
hemifield or more than two locations in opposite hemi
fields, as would be required in our study. In addition, both
studies used an external cue to define the location of to
be-attended targets. Finally, Kramer and Hahn showed
that when displays were onset suddenly, as was the case
in our study, attention could not be allocated to separate
regions. It is more likely that the improvement with prac
tice seen in Experiment 3 occurred because attention be
came broadly distributed.

GENERAL DISCUSSION

Visual Search and Target Eccentricity
For both experienced (Experiment lA) and inexperi

enced (Experiment IB) observers, RT and number of
saccades exhibited the same relation to eccentricity. As
found in feature search with homogeneous distractors
(Scialfa et al., 1994), search for objects ofa unique ori
entation or contrast was independent of target location.
In contrast, as in Carrasco et al. (1995) and Scialfa and
Joffe (1997), conjunction search was associated with
large eccentricity effects.

Conceptions of attention that rely on a spotlight or
zoom lens metaphor (Eriksen & St. James, 1986; Juola
et al., 1991; Posner, 1980) allow for the possibility that
processing resources may be widely or narrowly distrib
uted across space. Generally, feature search is viewed as
the result of a broad attentional distribution, whereas
conjunction search is thought to require a more narrow
focus. If resources within the focus of attention are dis
tributed in a gradient-like manner (Downing & Pinker,

1985; Egly & Homa, 1984; Eriksen & Schultz, 1979; Riz
zolatti et al., 1987), one would expect greater eccentric
ity effects in conjunction than in feature search. To this
extent, the present data use eccentricity effects to show
that conjunction search often requires a narrower atten
tional focus than feature search.

Functional Relations Between Attentlonal
and Oculomotor Mechanisms

Several lines of evidence suggest that the attentional
demands of search tasks are indexed by saccadic eye
movements as well as manual RT and accuracy. In Ex
periments l A, lB, and 3, the conditions producing large
effects on RT yielded parallel effects in the number of
saccades executed. The data ofExperiment 3 indicate that
practice reduces the eccentricity effect on RT and number
of saccades. The preference shown by both observers to
fixate items containing target features is an indicator of
attentional and oculomotor coupling. Importantly, the fix
ation duration analyses of Experiments lA and IB show
that a decomposition ofglobal RTs may reveal condition
specific changes in the processing demands of search that
are not seen in RTs or saccades alone (Jacobs, 1986; La
timer, 1990; Locher & Nodine, 1978; Rayner & Fisher,
1987; Saitoh & Okazaki, 1990; Scialfa & Joffe, 1997).

Conjunction Search
Experiments 1A and 1B demonstrated that conjunction

displays could not be processed independently ofeccen
tricity. The ratio oftarget-absent to target-present saccades
was approximately 2: 1, but the number of eye move
ments executed was fewer than would be expected if ob
servers needed to make an eye movement to process each
element in the displays. As suggested by others (Poisson
& Wilkinson, 1992; Zohary & Hochstein, 1989), the data
open the possibility that Treisman and Gormican's
(1988) group scanning hypothesis can be profitably ex
tended to at least some conjunction search conditions.
Another possibility is that conjunction search is guided
by object features, so that efficiency is greater than would
be expected from a purely random, serial, self-terminating
search (Cave & Wolfe, 1989; Friedman-Hill & Wolfe,
1995; Wolfe, 1994).

The results of Experiment 2 indicate that in unprac
ticed observers, the eye movements made in conjunction
search are functional, in the sense of being necessary,
and are not a mere by-product of the greater time taken
to identify a conjunction search target. When eye move
ments were precluded, accuracy decreased and RTs in
creased for more eccentric targets. In fact, interpretation
of the RT data is problematic because observers were op
erating at chance levels in the most difficult condition.

Carrasco et al. (1995) hypothesized that the eccentric
ity effect found in conjunction search reflects diminished
spatial resolution or increased lateral inhibition in non
central vision. Taken alone, the results of Experiment 2
would be consistent with either hypothesis. However, in
creased peripheral lateral inhibition seems an unlikely
explanation of the present data. If objects imaged on the



peripheral retina were subject to more lateral inhibition,
this interference would not diminish with experience, as
seen in Experiment 3. On the other hand, "poorer reso
lution" may mean that peripheral localization is less pre
cise. This could explain why only conjunction search is
affected: Localization is unimportant in feature search.
The practice data of Experiment 3 could be explained
readily: In transforming the task to one offeature search,
the observers minimized the importance of localization.

We did not find strong support for the rechecking hy
pothesis, but this conclusion must be qualified for at least
two reasons. Rechecking did tend to occur more frequently
on target-absent trials in Experiment IB, a finding that is
consistentwith the focused recheckinghypothesis (Krueger,
1984). This effect was only marginally significant, but
might have reached significance in a larger sample. Sec
ond, as noted, to the extent that group size includes more
than one element, our analysis is based on systematically
low estimates of rechecking. This, too, may have reduced
effect sizes in the tests conducted. These caveats make it
clear that without an independent estimate of group size,
the rechecking hypothesis may be difficult to evaluate.

In summary, these data indicate that eye movements
are not needed in feature search but are functional in
conjunction search, and therefore provide an index ofthe
differing attentional demands ofthese tasks. The saccade
data yield results that parallel those found for RT and ac
curacy and therefore can provide convergent validity for
models of attention and search. The featural selectivity
seen in the saccade data provides additional information
about the manner in which processing resources are guided
in visual search and suggests one mechanism that can
allow for efficient conjunction search. Finally, we have
shown that there is a functional relation between sac
cades and fixation durations that deserves further study.
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NOTES

I. Given that first fixations were significantly longer than average
fixations, we also determined power functions after removing the first
fixation duration from the data. As expected, specific values ofparam
eter estimates changed, but the trends remained. The intercepts aver
aged 217, 183, and 290 msec for feature orientation, feature contrast,
and conjunction search, respectively. The exponents averaged - .25,
- .26, and -.27 for these same conditions and the corresponding r 2

were .49, .77, and .44.
2. As in Experiment lA, we determined power functions after re

moving the first fixation durations from the data and found similar trends.
The intercepts averaged 262,245, and 369 msec for feature orientation,
feature contrast, and conjunction search, respectively. The exponents
averaged - .26, - .06, and - .32 for these same conditions and the cor
responding r 2s were .47, .36, and .55.

3. Similar results were obtained when first fixations were eliminated.
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