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In 2 experiments thc authors examined whether individual diffesences in working-memory (WM)
capacity are related to attentional contral. Experiment 1 tested high- and low-WM-span (bigh-span and
low-span) participants in a prosaccade lask, in which a visual cue appeared in the same location as a
subsequent to-be-identified target letter, and in an antisaccade task, in which a target appeared opposite
the cued location. Span groups identified targets equally well in the prosaccade task. reflecting equiv-
alence in amomatic orienting. Howcver. low-span participants were slower and less accurate than
high-span participants in the antisaccade task, reflecting differences in attentional control. Experiment 2
measured eye movements across a long antisaccade session. Low-span participants made stower and
more erroneous saccades than did high-span participants. In both experiments, low-span participants
performed poorly when task switching from antisaccade 10 prosaccade blacks. The findings support a

contwrolled-attention view of WM capacity.

In 1980, Daneman and Carpenter provided the first demonstra-
tion of strong correlations among measures of immediate memory
and complex cognition. Their working-memory (WM) span tasks,
reading span and listening span, required participants to maintain
a short list of words in mecmory while simultaneously reading or
hearing seatences that contained the target words. Thus, the critical
task-—a mcmory-span test—was embedded within a secondary
comprehension task. Daneman and Carpenter found that pcrfor-
mance on these span tasks correlated with a global reading com-
prehension measure (the verbal Scholastic Aptitude Test [SAT})
with rs ranging from .49 to .59 and with more local comprehension
measures (answering factual and pronoun-reference questions
about prosc passages) with 7s ranging from .42 to .98. These
impressive correlations stood in stark contrast to previous failures
to cortelatc language comprehension with traditional short-term
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memory measures, such as digit span and word span, which placed
minimal processing demands on the participant (for reviews see
Crowdcr, 1982: Perfetti & Lesgold, 1977). Attempts to understand
the relation between working-memory capacity and higher-order
cognition have occupied researchers for the past 20 years and they
are the focus of the present investigation.

Daneman and Carpenter (1980, 1983) hypothesized that indi-
vidual differences in reading efficiency mediated both individual
differences in their span task and the correlations between span
and comprehension. They assumed that WM capacity was a lim-
ited resource that could be allocated to precessing functions,
storage functions, or both (sce Baddeley & Hitch, 1974), and that
participants who more efficiently processed the sentences of the
span task had more capacity remaining to siore the sentence-
ending target words. By this view, WM capacity, or the amount of
information that can be stored during processing, is tied to the
specific processing demands of the concurrcnt task. Good rcaders
have more storage capacity during reading than do poor readers,
but good and poor readers may well have equivalent capacities
during other, nonreading tasks. Thus, WM span measures “work,”
in the sense that they correlate with measures of complex cogni-
tion, because they reflect the level of skill in the processing task.

An alternative view proposed by Engle and colleagues {e.g.,
Tumer & Engle, 1989; Engle, Cantor, & Canulio, 1992) holds that
WM capacity is much more general, that it rcflects an abiding,
domain-free capability that is independent of any one processing
task. Consistent with this view, a modification of the reading span
task that requires mathematical processing is still an excellent
predictor of language comprehension {e.g., Daneman & Merikle,
1996; La Pointe & Engle, 1990). Moreever, when speed of pro-
cessing during the span task, an index of processing skill, is
partialed out of the correlation between span and comprehension,
the correlation is not diminished (Engle et al., 1992), Finally, even
when the processing task is individually tailored to each partici-
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pant's skill tevel, the correlation between span and ceaprehension
is unaffected (Conway & Engle. 1996). As yet another indicator of
the generality of WM capacity, span tasks with a variety of
processing requirements predict such diverse capabilities as note
taking (Kiewra & Benton, 1988), biidge piaying (Clarkson-Smith
& Hartley, 1990), computer-language leaming (Shute, 1991), and
novel reasoning (Kyllonen & Chiistal, 1990).

Clearly, the specific concurrent-processing task has little impact
on the predictive validity of WM span measures across a host of
higher-order cognitive capabilities. These span tasks must there-
fore tap a very general-—and very important— cognitive primitive-
But what is the nature of this primitive? Engle, Tuholski. Laughlin,
and Conway (1999) have recently argued that WM span tests
“work™ because they reflect a general contiolled-attention capa-
bility. By this view, WM is a hierarchically organized system, in
which short-term memory storage components subserve a domain-
free, limited-capacity controlled attention (see Baddeley & Hitch,
1974; Cowan, 1995). Moreover, even though individuals may
differ en any or atl of the components of this hierarchical system,
it is the individual differences in the controlled-attention compo-
nent of WM that are responsible for the correlasons among WM
span and complex cognition measures,

As a test of this view, Engle, Tuholski, et al. (1999) tested 133
participants on thrce WM span tests with reading, arithmewc, and
counting as the concurrent processing tasks. Participants also com-
pleted three traditional short-term memory span (STM) tests with-
out concwTent-processing requirements and two tests of general
fluid intelligence (gF), the Ravens Progressive Mawices (Raven.
Court, & Raven, 1977) and the Cattell Culture Fair Test (Institute
for Persenality and Ability Testing, 1973). Exploratory factor
analysis and structural equation modeling were perforined on the
data. For present purposes, the key findings were twofold. First,
the varied WM tests reflected a common factor that was separate
from, but strongly retated 10, the factor for the STM tasks. This
finding is consistent with the notion that traditional STM tasks tap
only the storage component of the WM system, whereas WM span
tasks tap both storage and controlled (executive) attention. Second,
in a subsequent structural equation mode! with STM and WM
represented by separate latent vaniables, the variance common to
STM and WM was removed and the correlation between the
residual of WM and the gF latent variable remained in the .50
range. The STM residual showed norelation to inteltigence. Engle,
Tuholski, et al, argued that if the shared variance between WM and
STM reflects storage. then the residual of WM should reflect
controlled attention. Importantly, the controlled-attention compo-
nent of WM was most strongly correlated with the gF latent
variable, which was represented by visunspatial reasoning tasks
with no surface similarity to the span tasks.

A controlled-attention view of WM capacity is consistent with
Baddeley’s (1986, 1993, 1996) proposal that the central-executive
component of WM may be analogous to the Supervisory Atten-
tional System (SAS) described hy Shallice and celleagues (Nor-
man & Shallice, 1986: Shallice & Bureess, 1993). The SAS is
hypothesized to be a conscious control mechanism that resolves
interference between activated action schemas. In particular, when
a prepotent action is environmentally triggered hut conflicts with
the individual's goal state, the SAS biuses the action-sclection
process by providing additional activation to a more appropriate
action schema and by inhibiting the activation of the inappropriate

schema. The SAS thus allows attentional contrel over action by
providing a means with which to override interference [rom pow-
erful environmental stimuli and habitual responses.

Our view (see also Engle, Kane, & Tuholski, 1999) is that WM
capacity, the construct measured by WM span tasks, reflects the
general capability to maintain infornation, such as task goals, in a
highly active state. Although the need for such active maint¢cnance
will be minimal in many contexts, it will be particularly important
under conditions of interference. Interference slows and impairs
memory retrieval and therefore puts a premium on keeping task-
relevant information highly active and easily accessible. Thus,
individual differences in WM capacity will be most important to
higher-order cagnition in the face of interference. We alse propose
that individual differences in WM capacity reflect the degree to
which distractors capture attcntion away from actively maintaining
information such as a goal state, Outside of focal attension, the
task-relevant information being maintained will return to a base-
line activation level. If interference prohibits rapid rewieval of this
goal information from long-term memory, then distractors, and not
intentions. will guide behavior. Thus, coherent and goal-arienied
behavior in interference-rich conditions requires both the active
mainténance of relevant information and the blocking or inhibition
of irrelevant information. Indeed, we agree with recent proposals
that active maintenance may be responsible for the blocking or
inhibition of distraction—that is, inhibition is the result of in-
creased activation of goal states {see De Jong, Berendsen, & Cools,
1999; O’Reilly, Braver, & Cohen, 1999; Roberts & Pennington,
1996).

Reocent studies have provided evidence that interference differ-
ences between high- and low-span participants reflect controlied-
attentior: differences. For example, Rosen and Engle (1997) tested
high- and low-span individuals in a category fluency test in which
participants were asked to recall as many animal names as they
couid for 10-15 min. High-span participants generated more an-
imal names than did low-span participants, and the difference
between groups increased across the recall period, a finding indic-
ative of span differences in susceptibility to output interference.
That is, successful fluency across long intcrvals requires strategi-
cally searching for low dominance exempiars while blocking the
rerewieval of high dominance cxemplars such as dog, cat, cow, and
horse. Most important for present purposes, high-span partici-
pants” recall superiority was eliminated in a second experiment in
which fluency was combined with a secondary digit-tracking task.
When high-span participants had attention divided. fluency
dropped to the level of low-span participants, Moreover, low-span
participants were unalfected by the sccondary load. These findings
suggest that high-span individuals engage in controlled processing
to attain high fluency because their performance dropped under
dual-task cenditions. In contrast, low-span individuals did not
appear to engage in controlled processing during recall (perhaps
relying on automatic spreading activasion), because their poorer
fluency did not differ as a function of load.

Kane and Engle €2000) reached similar conclusions from a
proactive interference (PI) task. High- and low-span participants
studied and recalled three lists of 10 words each, and all the stimuli
were drawn from the same taxonomic category (e.g., animals,
occupations). Recall during such tasks typicully drops across cach
successive list, as the petential for PI from previous lists increases
(e.g.. Wickens, Bern, & Allen, 1963). All participants showed
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significant PI, and high- and kbow-span participants showed equiv-
alent recall on List 1. but low-span participants demonstraced
significantly darger PI effects than did high-span participants.
High-span participants were better able to block retrieval of prior-
list items in recalling later lists. Did this interference resistance
require attentional control? Evidence that it did came from
divided-attention conditions, in which a secondaty finger-tapping
task was performed either while encoding or retrieving each list.
As in Rosen and Engle (1997), high-span participants under load
tat encoding or retrieval) performed similarly to low-span partic-
ipants under standard conditions—their PI etfects increased dra-
matically, suggesting they normally engagad in controlled process-
ing to limit PL. In contrast, Jow-span participants were just us
vulnerable to PI under load as under no load, suggesting that they
did not engage in controlled proccssing to combat PI.

Together, these individual-differences findings support the no-
tion that WM capacity is related to controlled attention, with
higher WM individuals demonsuating better (or more) use of
attention to resist interference during encoding and retrieval than
do Inwer WM individuals. However, if WM capucity retlects a
relatively low-level, gerera) attentional capability, then span dif-
ferences in controlled atkention should be deectable outside the
comext of memory-retrieval tesks. High- and low-span individuals
should also differ in more “molecular” attention tasks that require
minimal storage and mo explicit recall from long-term memory.
Indeed. the present investigation sought to demonstrate that indi-
vidual differences in WM capacity correspond ta individual dif-
ferences in attention tasks that bear no resemblance to traditional
memory tasks.

To this end, we tested high- and low-span participants in a
visual-oricnting task commonly known as the anlisaccade task
(Hallert, 1978; Hallett & Adams, 1980). This task is simple,
nonverbal, and makes minimal memory demands on participants
beyond the maintenance of task goals in the face of interfercnce,
Very simply, the antisaccade task requires that participants detect
an abrupt-onset visual cue in the environment and uge that cue 10
direct their attention and eyes to a spatial locution thut will sub-
sequently contain a target (for a revicw, see Everling & Fischer,
1998). Our interest in this task stems from prior demonstrations
that its performance under some conditions demands significant
atientional contrel, whereas under other conditions it may rely on
relatively automatic orienting responses. For example. when the
visua} cuc predictably signals a locstion that does not contain the
wrget, participanss onst either voluntarily move their eyes away
from the cue and toward the target location or initially prevent
their eyes from beiug captured by the salient cue altogether. In
contrast, when the cue predictebly appears in the sume spatial
location as the target. the eyes may be reflexively drawn to the
cued location. Although both tasks require the establishment of a
goal-oriented task set. only in the former, where the goal conflicts
with hahit, is it necessary to maintain the goal in an active state for
consistently accurate responding.

Roberts. Hager, and Heron 11994) provided compelling evi-
dence that suppressing the orienting response to peripheral cues in
the antisaccadc task requircs controlied attention. Their antisac-
cade task consisted of two blocked conditions that presented
pevipheral stimuli at a visual angle that encouraged eye move-
menis. In prosaccade hlocks. an abrupt-onset visual cue appeared
in the locatien ef the subsequent target; in antisaceade blocks, the

cue appeared opposite the Jecation of the target (i.c.. if the cue
appeayed to the tigld, the target appeared to the left. Thus, aptimal
performance on antisaccade trials required preventing eye iuove-
ments to the cue—tbe reflexive tendency to move eyes to a cue in
the periphery had to be blocked or inhibited.

Roberts et al. (1994) found that inwoducing an attention-
demanding secondary load task impaired the suppression of re-
llexive eye movements. When participants in the antisaccade con-
dition had te continuously update the sum of auditorially presented
digits, they moved their eyes toward the cue, in etror, more than
they did under no load. Under load, participants were also slower
to direct their eyes to the target and less accurate in identifying the
target (han under no load. However, the addition of a secondary
task had no effect on prosaccade performance, in either eye move-
men or target identification. Frosaccade orienting thus appcarcd
w0 be an automatic process. insensitive o goal maintenance,
whereas antisaccade orienting appeared to require controlled at-
tention; that is, it was sensitive 10 active goal maintenance.

Similar to Roberts et al. {1994), our interest in the antisaccade
iask is in parl Oed e its rccem usc in the neuropsychology
Titerature. Perfarmance on the antisaccade, but not the prosaccade,
task is particularly impamed in patients with dorsolatcral prefrontal
cortex {dPFC) damage cempased with patients with more posterior
damage (Fukushima. Fukushima, Miyasaka, & Yamashita, 1994;
Guition, Buchiel, & Douglas, 1983: Picrrac-Deseilligny, Rivaud,
Gaymard, & Agid. 1991). Moreover, an imaging swdy- by
Sweeney ct al. (1996) found thal antisaccude trials increased dPFC
activation relative te prosaccade trials, along with increasing ac-
tivation in some parietal, temporal, and midbrain areas. ®ur pre-
vious empirical work has suggested similarities betwaen pattems
of span effects and dPFC effects (Kane & Engle, 2000: Rosen &
Engle, 1997), and our theoretical view of WM majntenance and
interference resistance is, in part, grounded in work within the
dPFC literature (see Engle, Kane, & Tuholski, 1999; Engle &
Oransky, 1999; Kane & Engle. 2001). We therefore had further
reason to predict that performance on the antisaccade task, but not
the prosaccade lask, would discriminate between high- and low-
span individuals.

In the present study. then, we tested high- and low-WM-span
paiticipams in two experiments with a modified antisaccade
task—a nonverbal task that made minimal demands on memory
retrieval. We hypothesized that the span groups would perform
egquivaiently on prosaccade trials, because orienting in these trials
occws ieflexively and we had no a priori reason to expect span
differences in the other processes required hy this task. such as
response selection. However. given the demand to maintain goal
information in the face of interference in the antisaccade task. we
predicted that high-span participants would outperform low-span
participants. In particular, high-span participants should be better
able to prevent odenting lowanl antisaccade cues than should
low-span participants,

Experiment 1

Experiment | presented high- and low-WM-span participants
with an antisaccade task in which an abrupt.onset visual signa!
predictably cued the location of a subsequent target letter. The
signal appeared in the same stimulus location as the target in a
prosaccade trial block and in the opposite stimulus location as the
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target on an antisaccade trial block. Participants were instructed to
identify the target letter, by means of a key press, as quickly and
as accurately as they could. We were not able to measure eye
movements in Experiment 1. Instcad, we used target-identification
latencies and accuracy as more indirect indices of orienting. Al-
though attention and eye movements are not perfectly corrclated,
we hypothesized that latencies would be shorter, and accuracy
higher, for prosaccade trials than for antisaccade trials because in
the former, attention was cued to the target location. On antisac-
cade trials, attention was initially cued away from the target. and
so the task put a premium on actively maintaining the task goal
in order o prevent (or recover from) reflexively orienting to
the abrupt-onset cue. We measured eye movcments directly in
Lxperiment 2.

Method

Participant Screening for Working-Memory Capacity

Participants were screened for WM capacity using the operation-word
span task (OSPAN) in which they solved series of simple mathematical
operations while attempting to remember a list of unrelated words (for
details, see La Pointe & Engle, 1990). A Micro Experimental Laboratory
(MEL) 2.0 program presented the task stimuli at thc center of a color
monitor with a VGA graphics card (set to black and white). Paiticipants
were tested individually and sat at the most comfortablc viewing distance
from the monitor.

Participants saw one operation-word string at a time, and each set of
operation-word stiings runged from two to six items in length. For exam-
ple. a set of three strings might be,

1S (9/3) +2 =15 ?drill
1S (5X 1) — 4 =2 ?beach
IS(2X2)+3=7"7job

The experimenter instructed the participant to begin reading the operation-
word pair aloud as soon as it appeared. Pausing was not permitted. After
reading the equation aloud, the participant verificd whetber the provided
answer was correct and then read the word aloud. The next operation then
immediately appcarcd. The participant then read the next operation aloud.
and the sequence continucd until three question marks (77?) cued the
participant to recall ati of the words from that set only. Participants wrote
thc words on an answer sheet in the order in which they had been
presented.

The OSPAN score was the sum of the recalled words for all sets recalled
cempletely and in curvect order, Three sets of cach length (fiom two to six
operation-word pairs) were tested, and possible scores ranged from @ to 60.
The different set sizes appeared in an unpredictable order, so the numher
of words to recall was not known until the recall cue appeared.

Participants

Two hundred three undergraduates from Georgia State University and
Georgia Institute of Technology participated in Experiment I, cither for
extra credit or as partia} fulfillment of a coursc rcquiremcnt. These partic-
ipants were idcntificd from a larger pool who had participated in OSPAN:
107 participants were selected fromn the tep quarter of the distribution
(high-span participants), and 96 were selected from the bottom quarter
(low-span participants). All bad correctly solved at least 85% of the
OSPAN operatiens (as typically do 99% of those tested). All participants
bad normal or corrected-to-nonnal vision. Participation in the antisaccade
task followed OSPAN hy 5 min.

Design

The design was a 2 X 2 X 2 mixcd-modcl factorial, with task (prosac-
cade. antisaccade) as a blocked, within-subjocts variable and span group
(high, low) and task order (prosaccade, antisaccade; antisaccade, prosac-
cadc] as betwecn-subjects variables.

Apparatus and Materials

A MEL 2.0 program presentked the stimuli in standard font on a Dell
brand (Dell Computer Corp., Auskn, TX) color monitor with a VGA
graphics card and collected latency and accuracy data from key-press
responses. [uring the amisaccade task. participants sat in a comfortable,
but stationary, chair that was positioned (via tape marks on the floor) such
that the eyes of a 5 i 9 in. (1.75 m) person would be approximately 45 cm
from the ceater of the monitor.

Procedure

The basic requirements of the task were e identify thc masked target
stimulus on each trial and to press the key that corresponded to the target
as quickly and aecurately as pessible. The target en cach trial was the
capitalized letter B, P, or R. The /, 2, and 3 keys on the number pad of the
keyboard were labeled with colored stickers, 8, #, and X, respectively.
Index. middle, and ring fingers of the right hand were rested on these keys
throughout the cxperiment. The entire experiment consisted of $ix trial
blocks: two “‘response mapping” practice blocks. a prosaccade practice
block, a prosaccade expcrimental block, an antisaccade practice block, and
an antisaccade experimental block, with the order of the prosaccade and
amisaccade hlocks varying between participants. In all blocks. the target
letters B, P, and R occurred an equal number of times.

The experiment starked with two response-mapping practice blocks. In
each block, 18 trials were presented in which a target letter appeased at
central fixation. There were six trials for each target letter, presented in a
randomized order for each participant. Each block began with the presen-
tation of a yellow “READY?” signal at the center of the screen against a
black background. The ready signal remained on screen until the partici-
pant pressed the keyboard's space bar, which was followed by a 400-ms
blank screen. A cyan fixation signal (“*>*") thcn appcared at the center of
the screen for an interval that varied unpredictably, as is typically done in
antisaccade tasks (see Hallett & Adams, 1980: Roberts ct al.. 1994), here
between 200 and 2,200 ms. An equal sumber of trials had fixation dura-
tions of 200, 600, 1,800, 1,400, 1,800, or 2,200 ms. A 180-ms blank screen
followed fixation. and then a white target letter appeared in the center of
the screen for 100 ms. The target was followed by a succession of
backward-masking stimuli: an H for 50 ms, and then an & that 1emained
until a response key was pressed. A 500-ms tone gave feedback inunedi-
ately following an incorrect response. The next trial began with a 400-ms
blank screen,

In the prosaccade practice bleck, 18 trials were presented in which the
trial sequence proceeded as in the response-mapping practice blocks,
except that the target appeared te the right or Left of fixation, and the wrget
location was cued by a ftashing white “="symbol. Immediately after the
cyan fixation signal disappeared, a 50-ms biank screen was followed by a
*=" cue that appearcd for 100 ms to the right or teft of fixation (with an
eceentricity of 11.33° of visual angle), one character space below the
horizontal plane of the fixation signal. Then, a second 50-ms blank screen
was followed by the second appcarance of the cue, which appeared for 100
ms in the same eccentric lucation. Thus, the cue appeared to briefly flash
on and off, and so was a strong atrractor of attentien. Following another
50-ms blank screen, the target appeared in the character space direcily
above the one that had been occupied by the cue. Target duratiun, masking
sequence. and error feedback matched those in response-mapping practice,
After prosaccade practice. the prosaccade experimental bleck proceeded in
the sane way, witb 72 tnals. Every combination of the three targets, six
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and wo tocstions d cwice aauss

frxation d
e 72 wials.

The antisaocade practice and cxpesimental blocks were identical te the
presaccade blocks with one exception. In tise blecks, the V=" cue glways
appeared on the opposite side ef the screen from the upcoming target
stimolus. So if the cue appeared on the left of the screen, the target then
appeared on the right of the screen. and vice versa

Results
Participanty

The mcan OSPAN scores for high- and low-span participants.
respeclively. were 23.65 (D = 6.73. range = 18-55) and 6.07
(§D = 2.4, range = 0-9).

Response Times

We expected Lhat high- and low-span parucipants would differ
minimally (if at all) in the prosaccade task. where fast and accurate
targel identification wouid be aided by a relatively auiomatic
erienting response. In contrast. we expecied high-span participants
o significantly outperform jow-span participants in the antisac-
cade wsk_ whege fast and accarate identificarion required the aciive
blocking of, or secovery from, an antomalic ofientng 1esponse.
For all analyses reposted hereafler, the alpha level was set at .03,
Also, for ull eespouse-fime analyses in Experiments ) #nd 2, gioup
means were taken across individual participan®” median latencies
in each condition.

A 2 (span group) X 2 (1ask) X 2 (task order) mixed-model
analysis of variance (ANOVA), with task as a rcpeated-
measures variable, indicated a signiticant task order effect,
F(1, 199) = 27.53, MSF = 64,846.32, as well as a s'igrificant
Span X Task Order interaclion. Fil, 199) = 539, MSE =
64,846.32, and Task x Task @rder interaction, F(1, 199) =
53,76, MSE = 14.126.3%. Therefore, to exasmine span differ-
ences in prosaccade versus antisaccade performance thac were
independent of erder effects, we analyzed response latencies
Itom participants’ first task block only, trealing tusk as a
between-subjects variable. For the prosaccade task, then, data
were analyzed trom 52 high-span and 45 Tow-span participants,
and for the antisaccade 1ask, dala were analyzed from a differ-
ent 55 high-span and 5] low-span participants. These data are
presented in Figure 1.

The prosaccade task appeared to allow for faster target identi-
fication than did the antisaccade task. Most impentantly, however,
high- and low-span pasticipants performed virtwally idenGeally in
e p le task (M difference = 8 ms) and quite diffecently in
the aw'saccade sesk, with higb<span paiticiponts idenol ying tacgets
much faster than law-span partict pants (M difference = 174 a%).
A 2 {span group} X 2 (task} AN@VA indicated that prosaccade
identification simes were significantly shorter than antisaccadc
identification times, F(1, 199) = 110.79, MSE = 48,762.10, and
although high-span participanis identificd targcts significantly
more quickly than did low-span participants, F(1, 199) = 8.63,
MSE = 48,762.10. the Span X T'ask interaction was significant,
F(1,199) = 7.2, MSE — 48,762.10. Of importance, span dif-
ferenoes in  prosaccade-task latencies were nnt signiticant,
F(1,95) < 1.

The effects of task order on target-identificaion speeds in

1000
= W0
E
g
‘: 200 W HighSpan
i ClLewSpan
2 = =
F
£ a0

200

PrmSacc AnliSacy
Takk

Figure ). Mean \arget idemification latencies for bighe and low.span

patticipants for participants’ first task only in Experiment 1, either prosac-
cade (ProSace) or antisaccade (AmiSacc), Exrur bars depricr staadard errors
of the means. ms = milliseconds.

prosaccade and antisaccade tasks are depicted in Figures 2 and 3,
respectively. For parricipants who experienced the prosaccade lask
first, there were no span differences in prosaccade performance, as
discassed prcviously. However, for paricipants who experieaced
the prosaccade tack second— afier pleting the antisoccade
task--~span differences emerged. Here, low-span paticipants re-
sponded move slowly on presaccade trials than did high-span
participants. A 2 (span} X 2 (1ask ordct) ANQVA revealed a
signilicant effect of task order on prosaccade response (imes,
F(1, 199) = 4.54, MSE = 23,807.66, and more impartatly, a
significant Span X Task Order interaction. #(1, 199) = 4.67,
MSE = 23.807.66. Target-identilication laencies for low-span
participants who completed the presaccade task after the antisac-
cade task were significantly Jonger than thesc of thedr high-span
counterparts, (1, 104) = 886, MSE = 31,228.44. Mureover.
low-span participants who completed the prosacrade task second
were significantly slower to identity targets than were these who
completed it fiest. F(1, 94) = 5.77, MSE = 35,961.98. High-span
participants showed no such task-order effect, £(1, J0.5) < 1. We
will hald eur interpretation of these findings for the Discussion
section.

Task order also affected antisaccade performance. but it did so
in the opposite direction (see Figure 3). Thal is, for participants
wha experienced the antisaccade task tirst, large span differences
were evident, as discussed previously. However, for participants
wha experienced the antisaccade task second—after completing
the prosaccade task—span differences were absent. Morcover,
low-span participanis’ and saccade pertormance appeared to beq-
efit more from prac®ice on the prosaccade task than did high-span
participants’ perfannance. Indeed. a 2 (spag) X 2 (iask order)
ANOV A on antisaccade latencies indicated a significant effect of
task order, F(L, 199} = 44.17. MSE = 55,165.03, as well as a
significant Span X Task @rder interacmon, F(1, 199) = 4.58,
MSE = 55,165.03. For paraicipants who compteted the antisaccade
task second, span differences in Larget identification latency wese
not significant, F(1,95) < 1. Both span groups who completed the
antisaccade task second had shorer response lalencies than did
those who completed the antisaccade task first: tor low spans, #(i,
94) = 28.97.MSE = 69,613.03: for high spans, F (1, 10S) = 14.04,
MSE = 42,230.64. However. the significant Span X Task Order
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Figure 2. Mean target-identification latencies for high- and low-span
participants in the prosaccade task, for those participants who performed
the prosaccade task first (Proist) versus sccond (Pve2ad) in Experitnent 1.
Ervor hars depict standard ervors of the means. ms = milliseconds.

interaction indicated that low-span participants’ order effect was
larger than that of high-span participants.

Error Rates

Means of high- and low-span participants’ target-identification
error rates for prosaccade and antisaccade tasks are presented in
Table 1. Overall, high-span paiticipants made fewer errors than did
low-span participants, and prosaccade responses were more accu-
rate than antisaccade responses. In addition, span differences in
accuracy were smaller in the prosaccade than in the antisaccade
task.

These impressions were confirmed by a 2 (span groups) X 2
(tasks) x 2 (task order) mixed-model ANOVA on target-
identification error rates, with task as a repeated measures
variable. Overall, high-span participants made fewer errors than
did low-span participants, F(1, 199) = 8.72, MSE = 0.02, and
prosaccade targets were identified more accurately than were
antisaccade targets, F(1, 199) = 668.60, MSE = 0.01. The
Span X Task interaction approached conventional significance,
F(l, 199) = 3.73. MSE = 0.0, p < .06, suggesting that span
differences in accuracy were slightly greater in the antisaccade
than in the prosaccade task. Considering the prosaccade and
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figure 3. Mean target-identifwcation latencies for high- and low-span
participants in the antisaccade task, for those participants who performed
the antisaccade task first (Antifst) versus second (Anti2nd) in Experi-
ment 1. £ror bars depict standard errors of the means. ms = milliseconds.

Table 1
Mean Error Rates in Targer identification by Span Group and
Task (Prosaccade vs. Artisaccade) in Experiment 1

Task

Span group Prosaccade Antisaf;caa_lc_
High (n = 107)

M 062 331

SD .079 186
Low (n = 96)

M .81 397

SD 091 178

antisaccade tasks separately, span differences were not signif-
icant in the prosaccade task, F(l. 199) = 2.76, MSE = 8.0],
p = .10, but they were significant in the antisaccade task, ¥ (I,
199) = 1.89, MSE = .03

Task-order effects in error rates werc also present, hut unlikethe
effects in respense times, order affected the span greups equiva-
lently. Task order had a significant effect on overall error rates,
F(1, 199) = 5544, MSE = 0,02, and it interacted with task, £,
199) = 48.91, MSE = 0.01, such that order effects were largerfor
the antisaccade task than for the prosaccade task. Both tasks did
show significant order effects, however. Participants who com-
pleted the prosaccade task first made significantly fewer presac-
cade errors thun did those who completed it second (Ms = .057
and 084, respectively), F(1, 199) = 4.78, MSE = 0.0). In conwrast,
participants who completed the antisaccade task first made signif-
icantly more antisaccade erwrors than did those who completed it
second (Ms = .449 and .267, respectively), F(l, 199) = 66.33,
MSE = 0.03.

The Span X Task Order interaction in error rate was not sig-
nificant, F(1, 199) < 1, nor was the Span X Task X Task Order
interaction, F(1, 199) = 1.04, MSE = 0.01, p > .30. Span did not
interact with task order when considering emrer rates only from
prosaccade trials, F(1, 199) < 1. nor when considering error rates
only from antisaccade wrials, F(1, 199) < 1.

Discussion

Participants with high and low WM spans differed in an
attention-demanding visual-orienting task. but not in a relatively
automatic version of the task. The antisaccade lask predictably
required attention (and probably eyes, given the visual angle) to be
moved away from a salient, abrupt-onset cue and so demanded
attentional conwrol. That is, the task required active maintenance of
goal information in the face of competition from cxtcrnal stimuli.
Here, high-span participants were able to identify targets more
quickly and accurately than were low-span participants. High-span
participants were better able to resist having attention captured by
the cuc, and/or they were faster than low-span participants to
discngagce actention from the cue and toward the targed lecation.

The prosaccade task predictably required participants to move
attention (and probably eyes) toward an abiupt-onset cue and so
allowed responding based, in part, on relatively automatic orient-
ing. Here, high- and low-span participants performed equivalcntly;
at least this was true when we controlled for task-order effects.
When wc examined only thosc participants who completed the
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prosaccade task first, high- and low-span participants’ response
times were virtually identical. When attention was cued exog-
enously by an environsmental stimulus, high- and low-span partic-
ipants were equally able to shift attention quickly and accurately
(and were esqually able to perform the choice reaction time [RT)]
task, which made significant perceptual, response-selection, and
speed demands on participants). Thus, it was only when attention
had to be shifted in opposition to a powerful cue that high-span
paruicipants pert'oumed better thun did low-span participrants.

The order etfects we found were unexpected, and although they
are interesting and suggestive, we cannot yet draw strong con-
clusions from them. However. we speculate that the prosaccade-
task-order etfects may reflect the relative flexibility of high-span
individuals’ attentional contrel. Whercas high- and low-span par-
ticipants were cqually fast in the prosaccade task when it was the
first task of the experiment, low-span participants were signifi-
cantly stower when it followed the antisaccade task. Furthermore,
only the low-span participants were slowed en the prosaccadc task
as a second task compared with as a first task; high-span partici-
pants’ latencies were unaffected by task order (although both
groups were affected in accuracy).

Why should lew-span participants have responded more slowly
on prosaccade trials following the antisaccade task”? A possibility
is that once low-span participants had repeatedly attempted the
controlled task ef looking away from the cue, they had more
difticulty than high-span participants in abandoning that task set in
favor of the more antomatic task set allowed by prosaccade trials.
Low-span partic'1ipants may have perseverated more than high-span
participants on the antisaccade requirement of trying to look away
from the cue when the task changed to allow ieeking toward the
cue. Of course, this speculative interpretation is consistent with our
view that low-span individuals are less able to control attention
than are high-span individuals. The findings are fascinating, in any
case, and we replicate them in Experiment 2.

An interesting contrast to the prosaccade order effecis was seen
in the antisaccade task. Both high- and low-span participants were
faster when antisaccade was their second task of the experiment
(i.e., when it followed the prosaccade task) than when it was their
firsttask. Moreover. this “task-two™ benefit was actually larger for
low-span than for high-span pasticipants, and when the antisaccade
task was presented second it eliminated span differences in target
identification times. Because this tinding suggests that span dif-
ferences in antisaccade perforninance may be eliminated with min-
imal practice, Experiment 2 further explored the effect of practice
on the antisaccade task.

Experiment 2

In Experiment 2, high- and low-WM-span participants per-
formed the target identification task from Experiment I, while we
monitored eye movements. We also presented 10 separate blocks
of 36 antisaccade trials in order to examine practice effects on span
differences in suppressing eye movements. The final tiial block
was a prosaccade block that tested the effects of extended antisac-
cade practice on prosaccade perforinance.

Method

The OSPAN and target-identificativn-task methuds for Experinent 2
were identical to those of Expcriment 1 with the following exceptions.

Participants

We tested 40 vndergeaduates (20 high span, 20 low span) from Georgia
State University and Georgia Institute of Technalogy, who received $20
each. All had normal or correcied-to-normal vision. Participants were
identified from a larger paol that had patticipated in OSPAN: this peot, and
these specific pamicipants, were different from those tested in Experi-
ment . Paricipation in the antisaccade task may have followcd @SPAN by
as little as | day and as much as Y0 days. Because of problems with the
eve-movemenl dam-collection systen, daa (rem 7 participants were dis-
carded, leaving 16 high-span and 17 Jow-span individuals in the analyses.

Design

The design was a 2 X 1 mixed-mode! faciarial, with span greup (high,
low) as a between-subjects variabie, and tiial block {1-11) manipulated
within subjects. In addition, a within-subjects task variable (antisaccade,
prosaccade) was pertectly confounded with block, with Blecks i-10 pre-
senting antisaccade trials and Block 11 presenting prosaccade trials.

Apparatus and Materials

The target-identificarion task progrom and hardware werz samlar 0
those in Experiment 1.

Eye-movement data were collected using an E-5800 eyc tracker and
pupilometer (Applied Science Laboratories, Bedlord. MA). This is an
infraced-based, corneal-reflectance system that records the - and
y-coordinates of the pupil and comeul reflectance at 60 Hz, allowing
saccade latencies (o be calculated with a temporal accuracy of 16.667 ms.
Spatial error of the apparatus (difference between actual point of gaze and
calculated point of gaze) was less than 1°. A magnctic hcad tracking
(MHT) system (Ftack of Birds: Ascension Technology Corp., Buitington,
VT) was used to coordinate head movements and camera focus on the eye.
Measurements were taken on the left eye. The apparalus allowed for the
detection of eye mevenents greater than 0.5°. Software provided by ASL
was used to Calculate poiat of gaze, fixation, fixation duration, and inter-
fixation inservnl. Point of gaze was calculated using the angular disparity
between pupil reflectance and maximum comeal reflectance. A fixation
was said to have eccurred if the mean x- and y-coordinates uf eye position
did not move more than 1° for a period of at least 100 ms. Fixatien and
fixation duration were said to have terminated if three successive samples.
exceeded criterion. The interfixat on interval was the time in milliseconds
from the last sample included in the previous fixation until a new fixan'on
was established. The MEL 2.0 program sent data to the eye-tracker com-
puter as events occurred in the task.

Procedure

After informed consent was obtained, participants put on the MHT
headband, and pewnt of gazc was catibrated. Participams began with one
response-mapping practice block of 36 trials, in which the target letters B,
P, or R appeared at fixation and were paltern masked. Trials followed the
same Wming sequence as in Experiment 1. Participants then practiced the
antisaccade task for enly 6 trials and then began the 10 experimental blocks
of 36 antisaccade trials each. Afrer they completed the antisaccade trial
blocks, participants practiced the prosaccade task tor 6 trials and then
began the 1 experimental block of 36 prosaccade triais. At the beginning of
each experimental hlock. gaze was checked for proper calibranon and
recalibrated a« necessary.

Results

Parricipants

The mean @SPAN scores for high- and low-span participants,
respectively, were 26,94 ($D = 10.96, range = 19-60) and 5.94
(SD = 2.49, range = 0-9}. i
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Target Identification Task

In parallel with Experiment 1, we first present the responsc-time
and error-rate data from the target-identification task, followed
thereafter by the eye-moyement data.

Response times. High- and low-span participants’ mean target-
identification latencies for Blocks 1-10 of the antisaccade task are
presented in Figure 4. What is immediately clear is that high-span
participants responded faster than did low-span participants across
all antisaccade blocks. Indeed, a 2 (span groups) X 10 (blocks)
mixed-model ANOVA indicated that high-span participants re-
sponded faster than low-span participants (Ms = 533 and 641 ms,
respectively), F(l, 31) = 6.08, MSE = 159,276.61, and that
responses became faster across blocks, F(9, 279) = 15.95,
MSE = 8,447.54. Finally, even though span differences appcared
larger in Block 1 than in subsequent blocks, the Span X Block
intcraction did not approach significance, #(9, 279) = 1.00,
MSE = 8,447.54, p = .44, Thus, in contrast to Experiment 1, in
which signiticant prosaccade practicc climinatcd span differences
in subsequent antisaccade performance, here span differences per-
sisted across several hundred trials of antisaccade practice.

On the final block, Block 11, which presented prosaccade trials,
high-span participants identified targets significantly faster than
did low-span participants (Ms = 460 and 551 ms, respectively),
FQ, 31) = 6.18, MSE = 11,101.92. Thus, as in Experiment 1,
significant antisaccadc practicc was followed by substankal span
differences in prosaccade task performance, with low-span partic-
ipants taking much longer to identify a target even when their eyes
should have been reflexively drawn to its subsequent location.

Error rutes. Table 2 presents high- and low-span partici-
pants’ target-identification mean ciror rates across the 10 anti-
saccade blocks. Overall, low-span participants made more errors
than did high-span participants (Ms = .26 und .18, respectively),
F(1, 31) = 4.12, MSE = 420, and errors became less frequent
acress practice, F(9, 279) = 7.92, MSE = 0.24. The span differ-
ence in antisaccade errors persisted across all of practice, with the
Span Group X Block interaction not approaching significance,
F(9,279) < 1.

On the prosaccade block (Block 11), low-span participants’
error rate (M = .123) was double that of high-span participants
(M = 062), F(1,31) = 4.64, MSE = 0.01, a significant difference
that again is consistent with the proposal that low-span participants
had more difficulty than high-span participants shifting set from
the antisaccade to the prosaccade task.

Eye Movements

Here we report our analyses of participants’ eye-movement data
concerning the directional accuracy and speed of initial saccades
on each trial. For these analyses, the display screen was divided
into four areas of interest, three of which comprised a central band
of approximately 5° of vertical visual angle extending horizontally
from the left edge of the screen to the right. The fourth area
contained the rest of the display screen. A center fixation area
extended 1.3° to either side of the fixation point. For each trial, the
first fixation following the onset of the cue was examined. Fixa-
tions occurring in the fourth area wcre not included in the analyses;
those falling to either the right or the left of the center area were.
If the saccade was made in the direction of the cue, the saccade
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Figure 4. Mean target-identification latencies for high- and low-span
participants across 10 amisaccade trial biocks (A1-A10} in Experiment 2.
Biror bars depict standard errors of the means. ms = milliseconds.

was considered “reflexive.” If it was made away from the cue, it
was considered “controlled.” A correce saccade was dcfincd by the
instructions for that condition. Trials in which either the corneal or
pupil reflcctance was lost, a key press was made before the initial
saccade, or no saccade was made at all were excluded from
analyses. These criteria eliminated 19% of the high-span partici-
pants” data and 15%: of the low-span participants’ data, figurcs not
out of line with previous investigations using such an apparatus
(e.g., Butler, Zacks, & Henderson, 1999).

For cach trial the saccade accuracy and latency wcre calculated
from the eye movement data. The initial saccade following the
presentation of the cue was defined by three consecutive 17-ms
eye movement samples that occurred in the same horizonual direc-
tion and whose durations summed to at least 100 ms. Saccade-
initiation latencies were calculated from the onset of the flashing
cue until the beginning of the first of the threc 17-ms samples.

Saccade directional accuracy. Figure S displays the propor-
tions of high- and low-span participants’ initial saccades on anti-
saccade trials that were reticxivcly drawn to the cue, in opposition
to task instructions. Clearly, low-span participants were more
likely than high-span participants to initially move their eyes
toward the abrupt-onset cue, which reliably appeared in a location
that weuld not contain the target. Indeed, as in the targct-
identification data, the span difference persisted across practice on
hundreds of antisaccade trials,

Thesc observations were confirmed by a 2 (span groups) X 10
(blecks) mixed-model ANOVA, indicating that low-span partici-
pants showed a higher proportion of reflexive saccadcs than did
high-span paiticipants (Ms = .371 and .28, respectively), F{l,
31) = 4.19, MSE = 12.11. Overall proportions of reflexive sac-
cades did not decrease significantly over blocks, F(9, 279) = 1.52,
MSE = 0.22, p = .14, nor did span differences in rcflexive
responding decrease, F(9, 279) = 1.49, MSE = 0.22, p = .15.

Moreover, on those trials on which a reflexive saccade eccurred,
span differcnces emerged in the time taken to recover. For each
saccade-crror trial, we summed the fixation and intcrfixation times
from the initial reflexive eye movement until the eye moved out of
the incorrect-side region of interest. Low-span participants main-
tained fixations on the incorrect side of the screcen over 150 ms
longer than did high-span participants (overall Ms = 674 and 512
ms, respectively), F(1. 31) = 4.38, MSE = 0.81. Thus, comparcd
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Fable 2

Mean Error Rates in Antisaccade Target Identification by Span Group

and Trial Block in Experiment 2

Tral block

Span group 1 2 3 4 5 & 7 ] b 10
High (2 = 16)

M 257 208 203 79 174 148 142 174 135 144

SD 441 408 406 .388 384 354 358 .86 .349 .351
Low (# = 17)

M 2 268 263 239 .248 .260 239 221 229 216

SD 487 445 .44l 426 434 437 425 413 418 407

with high-span participants, low-span participants not only madc
more snccade errors, it after commitwng an crror, they also took
much longer to correct it.

In Block 11, the prosaccade block, low-span participants also
made more saccade errors than did high-span participants. Here,
however. saccade errors reflect looking away fraom the cue instead
of reflexively attending Lo the cue. These ace nonreflexive saccade
errors. Thus, the higher saccade error ratc for fow-span partici-
pants, (M = .281) compared with high-span participants (M =
.202), indicates that low-span participants were significantly more
likely to look away from a “valid,” prosaccade cue, F(l,
31) = 9.85, MSE = 0.18. Low-span participants appeared te have
mere dilficulty than did high-span participants in abandoning the
task set from the previous antisaccade blecks and shifting <et to the
prosaccade task requirements, a dificulty that was alsareflected in
the target-identification data from this experiment and from
Experiment 1,

Latency of initial saccades.  Figure 6 presents mean latency for
initiating saccadcs across antisaccade trial blocks, collapsed acrass
correct controlled eye movements (i.e., toward the directinn op-
posite the cve) and incorract reflexive eye movements (i.e., toward
the same direction as the cue). Overall. low.span participanls
initiated their eye movements more slowly (ollowing the cue than
did high-span participants across the cntire session.

A 2 (spans) X 10 (blocks} X 2 {saccade type: contralll vs.
reflexive) mixed-model AN®VA indicated that the saccade laten-
cies for low-span parucipants (M = 284 ms) were signifi-
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Figure 5. Mean proportion of reflexive eye movements, made in errer,

across |9 antisaccade trial blecks (A1-A10) for high- and lew-span par-
ticipants in Experiment 2. Error bars depict staadard errors of the means.

cantly longer than those for high-span participants (M = 236 ms),
F(1, 31) = 4.63, MSE = 61,085.36, and that saccade latencies
remained relatively stable across blocks, F(9, 279) = 1.03,
MSE = 13,208.93, p > .44. The Span X Block interaction was not
significant, F(9.572) = 1.49, MSE = 13,208.93, indicaling stable
span differences across blecks. Finally, although controlled, cor-
rect saccades were initiated more slowly than werc reflexive,
incorrect saccades, F (1, 572) = 58.30, MSE = 13,208.93, saccade
type did not interact with span, F(), 572) < L. or with block. F(9,
572) = 1.62. MSE = 13,208.93. p > .55. Thus, eye movements
that were refiexively drawn to the cue in error were initiated more
quickly for both high- and low-span participants (Ms = 215 and
269 ms, respectively) than were eye movements correctly directed
uwny from thecue (Ms = 287 and 322ms, respectively). However,
of central interest here is that high-span participants were not only
more likely than low-span participants to move their eyes in the
correct direction oo antisaccade trials, but they also initialed those
saccades more Quickly.

On prosaccade trials (Block 11), low-span parkcipants’ saccades
were initiated significantly more slowly (M = 286 ms) than were
high-span participants’ saccades (M = 203 ms), F(l. 31) = 5.54,
MSE =17,660.51. Comect reflexive saccades were generated some-
what mare guickly than were incorrect controlled saccades, F (i,
31) = 3.61, MSE = 7,66.51, p < .07, butthe Span X Saccade
Type interaction did not approach significance, F(1. 31) = 1.22,
MSE = 7,660.51, p = .27. Thus, not enly did Jow-span partici-
pants tend to make eye movement errors on prosaccade wrials
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Figure 6. Mean saccade-initiatien Jatencies for high- and low-span par-
licipants across 10 antisaccade izl blocks (AI-A10) in Expesiment 2.
Efror bars depict standasd errors of the mcans,
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follow'urg extexded antisaccade grac®ce, bur also the saccade
latencies were quite loag. These leng latencies might suggest tha
low-span participants were making centrolled saccades on many
prosaccade triaks (note that low-span participants’ mean saccade
latency in the prosaccade task, at 286 ms, was nearly identical to
that for the antisaccade task, at 284 ms). Following antisaccade
practice, then, low-span parkcipants appeared to persist, more than
high-span participants, in making controlled eye mevements when
no longer required.

Discussion

Our findings from Experiment 2 replicate and extend the key
findings from Experiment 1. First, high- and Jow-WM.span par-
ticipank differed significantly in identifying visual targets that
were signaled by antisaccade cues. That is, on trials in which a
tlashing cuc predictably appeared in the opposite location as the
upcoming target, low-span participants were slower and more error
pronein identifying targets. Moreover, Experiment 2 demonstated
that this sabstantial span difference was maintained acsoss a total
of 260 trials. with little sign of diminution over practice. These
findings suggest that Jow-span individuals are less able t1» bluck
ieficxive eye moverments to abmupl-cnset coes that conflict with
task goals 2nd thar Jow-span indiv'iduals’ difficulties are not Jiro-
ited 0 navel situasions that involve minimal practice.

Ta addition, with respect te the target-identification task, Exper-
iment 2 replicated the unexpected finding from Experimenc 1 that
prosaccade performance for low-span participants was particutarly
disturbed by prior prackce on antisaccadc wials, Compated with
high-span participants, low-span participants were significantly
slower (by more than 15() ms) andless accurate in their responding
on the block of prosaccade trials, which followed 1¢) blncks of
antisaccade practice. Low-span individuals may he less able w0
shift intentional set between tasks than are high-span individuals.

The eye-movement data collected in Experiment 2 nicely rein-
force the target-identification tindings from both experiments.
Specifically, on antisaccude trials, low-spun participanls were con-
sidernbly more likely to make reflexive saccades toward the cue
than were high-span participants. This difference in the ability 10
suppress saccades, although especially large in the first trial block,
persisted over substantial practice. Moreover, once an error was
committed. low-span participants took much longer than high-span
participants 1o recover and move their eyes 10 the coerect side of
the screen. The same was true forinitial saccade latency: Antisac-
cades were initiared more slowly by low-span participants then by
high-span participaus over ahe entire session.

Murepver, with respect te the prosaccade task., the eye-
movesnent dae seggested that low-span individuals® difficulties
following amtisaccade pmctice are at least in part due to a per-
severation on the antisaccade task goal. Low-span participants
were morc likely than high-span participants to leok away from the
prosaccade cue, and they were slower to initiate saccades in this
conditivn. Even though the cue consistently appeared in the same
location as the target, low-span participants appenr to have been
less able than high-span participants to recenfigure their task set to
allow less controlled. more automatic responding.

The data from Expetiment 2 also constrain further hypotheses
regarding the nther task-order effect from Experiment 1, namely
that prosaccade practice eliminaled spun differences in anlisaccade

pecformuance. Cleaxly, the findings frain Experiorent 2 discount the
possibility thar simply ary lind of visual-orienting task pracace
will eliminate span differences in the antisaccade task. because
span differences in target identification, saccade accuracy, and
saccade latency remained significant across 1@ blocks of antisac-
cade practice. Either the Expeiiment 1 etfect was spusious. or
something specific about prosaccade practice led low-span partic-
ipants to> imprave in the antisaccade task. Further experiments will
be required to determine which of these is correct,

General Discussion

In two experiments in which participants with high- and low-
WM-span capacity were tesked on an analogue of the antisaccade
task (Hallet, 1978), high-span participants dcoonstrated better
control over visual orienting. In antisaccade (rial blocks, in which
eyes and aticntion were to be moved away from an abrupt-onset
visual cue, optimal pesformance required that reflexive orienting
responses bc suppressed. Here, in accord with task demands.
high-span patticipants were less likely than low-span participants
to move their eves toward the flashing cue {Experiment 2, and
bigh-span panicipaus wese faster (0 comect their saocule errers
(Exgeriment 2). High-span panicipanss were also faster and mose
accurate i identifying visual rargets that appeared in the opposite
locawon as the cue (Expeaments 1 and 2). In conweast, in prosac-
cade trial blocks, in which participants” reflexive responses did not
conflict with task goals, high- and low-span participants perforocd
similarly when the prosaccade task was performed tirst.

Thus, ef prmary interest heee is that high-span individuals
outperformed Jow-span individuals in a task demanding significant
attention control but not a signilicant memory load, In a task
requiring no complex mathematical processing or retention of
random word lists (as in the OSPAN task), substantial differenccs
were seen between individuals of high- and low-WM-span capac-
ity, At least, span differences were seen in the antisaccadc task, a
1ask that not only required participants 1o orient their eyes to a
discrete location on cue butalsorequiredthemto actively maintain
the task gonts in the face of powertul imerterence from the envi-
ronment, When such controlled processing was unnecessary for
successful pertormance, that is, on prosaccade trials, high- and
low-span individuals perl'orined equivalently. Note, however, that
prosaccade performance did demand more than simple reflexes, as
heavily masked stimuli were to be rupidly identified by means of
a choice RT msk. WM capacity thus appears 10 be reloted o the
conueiled precessing own7ed in responding 10 interference. WM
capacity, as focasured by OSPAN and other complex WM tasks.
predicis pafarmance even on very simple, low-level tasks that
require liftle in the way of cemplex higher-order processing, as
long as successful performance depends on active maintenance in
interf crence-rich condisions.

But do we know that the processing components shared hy
OSPAN. a complex multidctcrmined task, and the amtisaccade
task, also a multidetermined task. are the samc ones shared by
OSPAN and higher-order cognitive tasks? Do we know that a uni-
tary, general attention control capability underlies both OSPAN,
antisaccade, and even gF tcst performance? Or might several
individual factors contribute in different ways to different pro-
cesses required by these tasks? Clearly, the present study alone
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canot answes such questions. oead, a large-scalke. structural-
equation-modeling stucly might be very useful in this regard.

However, on the basis of the extant literature, we see substantial
converging evidence for the general-attcntion view. For example,
it is clear that with respect to the OSPAN task, mathcmatical
ability does net conuibute Lo the comelation between working
memory and reading comprehension (Conway & Engle, 1996), nor
docs precessing time on the equations (Conway & Engle, 1996;
Engle et al., 1992), nor does study vme on the words (Engle ex al.,
1992). It is also clear that a latent WM variable representing the
shared variance amang the OSPAN, the reading-span task, and the
counting-span task. is very strongly linked to a gF latenc variable,
whereas a latent variable of STM storage tasks is not (Engle.
Tuholski, et al., 1999). Thus, neither math skifl, reading skill.
counting skill, precessing speed, study time, nor simple storage
capability is critical to the relason betiveen WM span and mea-
sures of higher-onder cogaition.

Moreover. it has been demonstrated tha individval differences
in OSPAN correspond to individual differences in interference-
resistance and dual-task effects across a variety of memory tasks
(Conway & Engle. 1991, Kane & Engle. 2080: Rosen & Engle,
1997, 1998). And Roberts et al. (1994) demonstrated that dividing
participants’ atlention in the antisaccade task leads (0 performance
chat is similar te eur low-span participants’ performance. The lack
of such a dual-task effect on prosaccade performaance algo corte-
sponds nicely to our finding of no span differences in prosaecade
performance. In the present study, we have obviously not manip-
ulated all relevant variables at once. However, we 1ind the cen-
verging evidence across many studies te provide strong support for
the idea that @SPAN taps a very general cognitive primitive,
closely linked to a form of atcentional centrol (hal is critical to
performance of the antisaccade task—eand to many other tasks as
well.

Degspite all these consistencies, our fiadings are at odds with ene
surprising aspect of the Robefts et al, (1994) results. Robetts ctal,
found that a secondary atlentional-load task impaired the suppres-
sion of antisaccades, suggesting that such suppression is a con-
trolled precess, but they found no spam effects in their data
Roberts et al. tested participants in a reading span task (Experi-
ments |, 2, 3) and a counang span sesk (Bxpcriments 2. 3), and
found essentially na significant correlations among span and var-
ious antisaccade measures. Roberts et al. hypothesized that span
and antisaccade perfurmance may reflect different components of
a multidimensional WM or executive system. Such a hypothesis
(and data) certainly confliets with onr view of the generality of
WM and span tasks and is not consistent with our findings here,
We are net sure why Roberts et ai. did not detect span effects, as
there are many ways (o obtaint avll results.' i is passible, however,
thar ove experiments tested a wider range of WM capacities of at
least & greater number of participants at the ends of the distribu-
won, The possibility that Roberts et al. did nor test sany partici-
pants who we would characterize as low-span individuals is sug-
gested by the Laxk-switching findings discussed below. We found
large task-ortler effects, with low-span individuals performing
much more slowly on the prosaccade task when it came second,
but weaker task-ender effects for high~span individuals. Robere et
al. (Expesiment 1) found anly a small order effect. Theyr small
cffect suggests that their sample may have included relatively few
low-span individuals, as we have detined them.

Working Memory, Conrrolied Attention,
and Task Switching

The tnsk-nrder effects obgerved here, particularly with respect to
the prosaccade task, are inttiguing. Performance on prosaccade
tasks, unlike antisaccade ta.sks, is typically unaffected by the
imposition of a memory load (Raoberts et at., 1994), by advancing
age (Butler et al, 1999). ur by injury e prefroncal cortex (e.g..
Fukushima e al., 1924). And heye. in Bxperiment 1, we foond thai
for unpracticed participants, prosaccade-task peeformance was not
related t0o WM capacity, either. Together thesc findings indicate
that the prosaccade task may be performed with little involveiment
of controlled processing. However, our findings also demenstraic
that this “automatic” task may be disrupted by the prior perfer-
mance of a similar, but attention-demanding, task. Patticularly for
Jow-span individuals, switching instuctional set froa the antisac-
cade task w the wosaccade task appeswed to be quite difficuk.
Following practice on the anusaccade task, low-span participants
nwde more antisaccadc-ivpe eye movemenis than did high-span
participants on the prosaccads task (Expesiment 2), and low-span
participants were slower and less accurate than high-span parici-
pants in the prosaccade target-identification task (Experiments 1
and 2). However, even high-span participants showed some evi-
dence of perseveration, with an inciease in identification errors in
Experiment 1, and with a nonncglsgible anmber of “anw’ saccades
in the final, prosaccade task block in Expcriment 2,

Our findings are pantially consistent with a demonstration by
Weber (19951 that participants performed worse on beth prosac-
cade and antisaccade tasks when the task demands switched ran-
dotnly between trials compared with when the lasks were predict-
ably blocked. For most parucipants, saccades were slower and less
accurate when thece was little or no warning about what Kind of
uiat would be acat Howcver, much of the switching cost on
prosaccade trials was eliminated when a task cue appeared at teast
100 ms before the location cue. suggesting that a prosaccade task
sel could be implemented with mimmal waming following an
antisaccade trial. We have feund. in contrast, that a preceding
antisaecade block can disrupt perfonnance over an entire, predict-
able block of prosaccade teials. As discussed above, Roberts et al.
{1994) also [uund a wimilar. but smaller, switching effect in theic
Expcriment 1. Perhaps antisaccade-lo-prosaccade switching cosw
Tequire more momentum in set than can he created from just one
trial 10 the next. or perhaps Weher did not test many low-span
participants in his study.

Interestingly, our resulls resemble those from Allport, Styles,
and Hsieh (1994; sec also Harvey, 1984), who examnined tlask
switching in a series of esperiments using vayious Stroop-like

' Larson and Peny {1999) recently reported anelher faure to detect a
significant correlation between 3 WM messure and antisaccade: perfor-
mance. However, we note the following difficnlties in interpreting their
findings: (2) The sample was timited to 31 participants. not prescieened for
their WM capacity; (b) the working-menwry measure {“Mental Counters
Test"l was.not 2 5pan 1ask per se. and 50 it ;may or may nut have tapped the
same conseruct as W M span tasks (see Eagle, Tubolski, et ul.. 1999) und
(<) they tested all pasiicipass in che peassecadc msk fivse, followed by the
antisaccade rask. In our Experiment 1, we famnd that spmo differences in
antisaccade performance were eliminared by priar proctice with the pro-
saccade task.
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tasks, including the traditional color-word task (Stroop, 1935). In
their Experiment 5. they found substantial set-shifting costs when
naming the color of a color-word on one trial fhigh interfercnce}
was followed by reading the word of a color-werd on the next trial
(low interference). Thus, shitling set from a contrlled task o an
automatic rask was markedly difficult, even though the tasks
altcrnated predictably and occurred as much as 1,100 ms apart.
The converse effect was not found. however, in that shifting set
from reading words to naming colors produced no cost whatso-
cver. In a similar vein, but outside the Stroop-task context, Meuter
and Aliport {1999) recently demonstraied switching asymmeuies
in bilingual participants who switched between their dominant and
nondominant language in naming digits: Switch costs were larger
from the nondeminant language into the dominant language than
vice versa, Much like our daia from Experiment 1, then, these
findings demonstrate that switching from a more automatic task to
a more controlled task causes minimal difficulty compared with
switching from a controlled to an automatic task, Allport el al.
(1994) discuss their findings in terms of rask-sef inertia. a kind of
PI in which a nondominant response mapping imposes a stronger
set that is more difficult to overcome than is the set for a dominant
response. Given our prior findings of WM-span differences in PI
(Kane & Engle. 2008), we recommend further explorakion of the
relations among WM. controlled attention. and task switching.

“Controlled Attention” or Anentional Inhibition?

Here and elsewhere (Engle, Kane, et al.. 1999; Engle. Tuholski,
et al., 1999) we have argued that individual differences in WM
capacity reflect rather fundamental difference.s in controlled atten-
tion. By “controlled attention” we generalty mean an executive
control capability: that is, an ability to effectively maintain siim-
ulus, goal, or context information in an achve, easily accessible
state in the face of interference. to effcctively inhibit goeal-
irrelevant stimuli or responses, or both (for related views, see
Cohen & Servan-Schreiber, 1992: Dempster, 1991, 1992; Duncan,
1995, Hashcr & Zacks, 1988). Thus, it: WM-span tasks, high-span
individuals are able to actively mainmin information in memory
while simultaneousty tuming attention toward a secondary-
processing task. In the antisaccade task, we suggest, high-span
individuals are better able to maintain the goal ef the task, “loek
away from the cue," active in memory despite the strong interfer-
ence presented by the abrupt-onset cue. 1t our view, then, this
anendional control capability allows flexibility in response i
environmental demands, whether those demands invalve keeping
many representations active in some contexts, keeping only one
simple goal active in other coritexts, or keeping irrelevant repre-
sentations or responses at bay through inhibition.

But do we really have much evidence for such a flexible control
difference between high- and low-WM-span individuals? In fact,
almost alt of the research linking WM and attention has used
selection tasks that require participants to ignore some nontarget
information in attending 10 some target. For example, high- and
low-span individuals diff'ered in the negative ptining task, in
which to-he-named target letters appeared amidst to-be-ignored
distractor lctters (Conway, Tuholski, Shisler, & Engle, 1999).
High-span individuals showed negative priming but low-span in-
dividuals did not. That is, only high-span individuals were differ-
entially slowed when the to-be-ignored lctter from one trial be-

came the lo-be-named letter on the next trial, a finding some
theorists suggest reflects ptior inhibition of the disteactor (e.g.,
Houghton & Tipper, 1994; but see Milliken, Jeordens, Mcrikic, &
Seiffert, 1998).

As another example, Conway, Cowan, and Bunting {in press)
recently tested high- and low-span individuals in the dichotic-
listening “cocktail party” task (Cherry, 1953), in which partici-
pants repeat aloud an auditery message plaved in one ear and
ignore a message played in the other car. Participants typically
learn to manage the task quite well. and although they are able to
detect the physical characteristcs of the ignored message (e.g.,
pitch. volume), they ean report little of its content. Conway et al.
followed up Moray’s (1959) discovery that when the participants’
names were played in the distractor ear, approximately 33% of
participants 1eported detecting it. Conway et al. found, however,
that high- and low-span individuals had dramatically different
“hit”* ratcs: Whereas a full 65% of low-spun individuals repotted
hearing their name, only 28% of high-span individuals did. These
findings suggest that when the task goal is to ignore or block a
stimulus source, high-span incividuals do so hetser than low-span
individuals.

En line with the antisaccade findings reported bere, then, the
current evidence certainly points to WM capacity being related to
attentional inhibition, or the ability to suppress interference from
distractor stimuli or prepotent responses in the service of Wsk
goals. [ndeed, largely on the basis of evidence from memory-
interference studics, Engle (1996; Conway & Engle, 1994) sug-
gested that inhihitory capabilities may bc the primary determinant
of WM span differenees, a similar proposal to that made earlier by
Hasher, Zacks, and their colleagues (e.g.. fasher & Zacks, 1988:
Hasher, Zacks, & May, 1999; Zacks & Hasher, 1994). Hasher and
Zacks have proposed that agc (and other) differences in WM and
language comprehension are driven by an inhibitory deficit. Fer
cxample, older adults show compromised WM capahilities not
becausie they have smaller capacity but rather because their atten-
tional inhibitory mechanisms fail to regulate the contents of WM.
With inhibitory failure comes an increased cluttering of WM,
where relevant and irrelevant information corapete for retrieval
access and action control. In the Hasher and Zacks view, then,
auentional inhibition is the primitive ability that drives WM ca-
pacaty. In contrast. we have preposed that WM capacity, or cen-
trolled attention capability, is (he primitive that drives inhibition,
as well as maintenance and other attention-demaring functions
{see also De Jong et al., 1999; O'Reilly et al,, 1999; Roberts &
Pennington, 1996).

How can we resolve this theoretical *‘chickcn—cgg™ dilemme?
There appears to be evidence supporting beth positions. For ex-
ample, May, Hashcr. and Kane (1999) demonswrated that vnlner-
ability to Pl may deteymine WM span scores, thus implicating
inhibition as an important deicrminant of WM capacity. May et al.
presented older and youngey aduits with different versions of the
Diuneman and Carpenter (1980} reading span task and the back-
ward digit span task. Some memary sets proceeded from .small sets
of two upward to large sets of six, in “ascending” order, as is often
done in research and in clinical testing. Others were presented in
a “descending” order [Tom large to small sets. The logic was that
PI may build rapidly across memory sets {a la Keppel & Under-
wodd, 1962), and typical ascending versions of span tasks maxi-
mize the potential for Pl effects because the larger sets of four,
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five, or six items are attempeed afier numerous other scts are
completed. In conmast, on descending versions of the task, PI
suscepsibility will have fess impact on scores because large sets
may be artempeed before much PI hes built up. [ndeed, May et al.
found substantial age differences in span on ascending versions of
the task, where Pl potential was high, consistent with ptior dem-
onstrations of age differences in intesference (for a review, see
Kane & Hasher, 1995). However, age dillerences were eliminated
on descending versions of the task. where PI was minimal. May
et al. interpreted their findings to snggest that a WM scere, and
thus the differentiation of high- and low-span participants, is
inlzenced by PI susceptibility, which in tum is driven hy atten-
tional inbibition.

Other evidence suggests, however, that inhibition is the result of
controlled processing that relies on WM capacity. Specifically,
studies of divided attention and interference suggest that high- and
low-span participants, whonommally differ in interference suseep-
dbility. become equivalently interference prone when requised to
perfonn a secandary task. As discussed in the intvoduction w this
articlc, Rosen and Engle (1997) in a fluency task and Kane and
Engle (2000} ina PI build-up task demonstrated that in the absence
of interference. both high- and low-span participants were quite
able to retrie ve infonunation from long-term memory. However,
when the powential for PU was increased, low-span participants
proved © be much more vwnerble (e inteiference than wewe
Iigh-span participanis. These findings ave pesfactly cansistent with
May et al. (1999).

In our view, however, the inhibition-as-ptimitive hypothesis
runs o difficulty in light of divided-attention, or “load"” efTects.
on interference susceptibility. In both the Rosen and Engle (1997)
and Kane and Engle {2(XK)) studies, s:me putticipants were tested
under an attentional lead, such as moniloring audilory digits or
tapping fingers in a complex pattern. These secondary tasks bore
no surface similarity to the primary memory tasks' stimuli or
modality. Nonetheless, in both studies, high- and low-span partic-
ipants performing under foad were equivalently voinerable to
intexference; lead cqualized the span groups. That i, high-span
pasticipants became more vulnerable to interference under load,
whcrcas low-span participants remaincd equivalently susceptible
to interference under load and no load. These data not enly suggest
that high- and low-span participants allocate attention differently
when faced with interfcrence-rich siluations but also that inhibi-
tory capabilities of high-span participants ca be manipulated by
the task demands. High-span participants are adept at resisting
interference under normal conditions; however, their ability to
resist interference is significantly hampesed by the imposition of a
secoadaty sk,

If inhibision w<¢re the primiave capability that drove WM ca-
pacity and coetralled arteation. then an atecntional load should not
be effecive in discupting inhibition. indeed, the Roberts et al,
{1994) findings in the anlisaccade task also suggest that the sup-
pression of reflexive saccade requires controlled atention: Adding
a secondary auditory—verbal summation task, beating no similarity
t Lhe antisaccade task, impaired participants’ ability to ook away
from the antisaccade cue. If suppression can be affected by dual-
task conditions, it suggests to us that a more general atentional
capability is respensible fer successful inhibitien and inhibitory
differences. We suggess that the general controlied ability 10 ac-
tively maintain information in the face of interference is central to

individual differences in WM capacity and therefoee is ccosal 10
the range of complex cogpitive behaviors thac WM-span tests
predict.

Cenclusion

In two experiments, individuals of high- and low-WM-span
capabilities were tested in an analogue of the anziseccade task, a
task previously feund te be rcliant on controlled processing and
seasitive to dPFC functioning. In both experiments, high-span
patticipants were faster and more accurate in identifying visual
targets signaled by antisaccade cues: that is, when the location of
the cue indicated that the upcoming target weuld appear in the
oppasite screen location, high-span participants were better ablc te
direct their eyes in opposikon to the cue. However, high- and
low-span participants performed equivalently following prosac-
cade cues that indicated a target weuld appear in the same lecatien
as the cue. Here, where performance could rely in part on reflex-
ive, automatic oricomng responscs, no span differences were scen.
At least. no span differences were seen in the prosaccade task
when it was the first task encountered by participants. High-span
partivipanis were equally fast in the prosaccade task regardless of
task order, but low-spam participans experienced more difficuky
in switching from the antissccade task o (he prosaccade mask.
Hece, low-span participants were slower to identify prosaccade
targets, suggesting thac they pesseverawed on the antisaccade task
demands and fajted to reflexively attend to the cue,

In Expeziment 2, eye movements were monitored across a
suhstantial number of practice trials with the antisacsade task.
Low-span participants were more likely than high-span pantici-
pants to reflexively move their cycs to the cuc, cven though their
goal was to suppress these reflexive saccades in favor of doving
the eyes away from the cue. And. as in Fxperiment 1, lov-span
participants were slower and less accurate in identifying these
anlisaccade largets than were high-span partictpants. Moreover,
the span differences in reflexive saccades and target identification
remained stable and substantial hroughout the 360 trials of
practice.

These findings are consistent with the idea that WM capacity, as
defined by complex span measures, is a valid predictor of atten-
tional control. In a simple atterttion task involving minimat mem-
ery demands, no complex cognitive skill, and no surface similarity
to a span task, but significant atcention and dPFC invoivement.
high-WM-span individuals censistently outperformed low-WM-
span individuals, WM capacity may theret'ore retlect a basic at-
tentional ceiol sepability, refiant on dPFC cin:uits, that is critical
acress a wide range of LogNilive contexts involving incerference.
froro long-eerm mEBOTY retrieval, 10 language comprehension, to
ressoning.
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