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Two experiments are reported in which subjects performed working memory and enumeration
tasks. In the first experiment, subjects scoring low on the working memory task also performed poorly
on the attention-demanding “counting” portion of the enumeration task. Yet no span differences were
found for the non-attention-demanding “subitizing” portion. In Experiment 2, conjunctive and dis-
Junctive distractors were added to the enumeration task. Although both high and low working mem-
ory span subjects were adversely affected by the addition of conjunctive distractors, the effect was

much greater for the low-span subjec
ing memory capacity correspond to Jdif!

Since the pioneering work of Baddeley and his col-
leagues {e.g., Baddeley, 1986, Baddeley & Hitch, 1974)
several theories of working memory differing in scope
and level of analysis (see Mivake & Shah, 1999, for re-
views) have been proposed, Despite the numerous theo-
retical perspectives and research paradigms implemented
in working memory research, there is general agreement
that working memory is used when the task at hand de-
mands the concomitant processing and storage of infor-
mation, and that the capaciry to perform these operations
18 limited. Given the impressive reizmmwhip bet’wz:e:*n wm"k

as reading comprehension ( I)a‘uwrmr} éz. L,ax penter, E%()),
language comprehension (King & Just, 1991; MacDon-
ald, Just, & Carpenter, 19923, and reasoning ability (Kyl-
lonen & Chrystal, 19903, a better understanding of work-
ing memory capacity hmitations will provide a better
understanding of the limits of cognitive ability. Although
there is some support for the notion that skills and expe-
rience can be utilized to override the inherent capacity
hmitations of working memory (Ericsson & Dulaney,
19949, Ericsson & Kintsch, 1995; Miyake & Shah, 1999),
our concern in the present study lies with identifying the

mechanism responsible for basic capacity limitations of

working memory.

We thank Gordon Legan, Michae! Kane, and an anonvmous reviewer
for their helpful comments on earlier versions of this manuscript. Cor-
mmamlmu should be sent to & W, Tuholski, Department of Psychol-
ogy, Southern Hlinois University, Edwardsville, 1L 62026 {e-mail:

. Implications from these findings are that differences in work-
ferences in capability for controlled attention.

Our contention is that working memory capacity is Him-
ited by one’s capabil m/ o use wmrm ed pucwowm {% ngﬁe
Kane, & Tuholski,
portant when infor zmmm m rmmmy st m,w ne or re-
main activated, particularly when distracting information
competes for attention. Thus controlled processing in-
volves the processes of activating and maintaining goal-
or task-relevant information, as well as that of m:im;:%y
inhibiting mformation that competes for attention and is
rrelevant to the goal or task at hand. People who di ic?rm
their level of working memor yw;muw should differ only
when attention must be controfled; differences should
not arise when a task can be performed with aptomatic
Processing.

A number of studies demonstrate that subjects with
high working memory capacity perform better than those
with Jow working memory capacity on interference-
sensitive tests. In comparison with low working memory
capacity subjects, high- a:amacity subjects recall more cat-
egory exemplars in a verbal fluency task, particularly
when recall intervals are long and retroactive interfer-
ence is greatest (Rosen & Engle, 1997); produce less
“fan” interference under interference conditions (Con-
way & Engle, 1994); produce more mwnw priming
(Conway, Tuholski, Shisler, & Engle, 1999); and show
less proactive interference (Kane & Engle, 2000; Rosen
& Engle, 1998). Interestingly, in cach case in which in-
terference has been reduced or resistance to interference
has been made difficult because a secondary load has
been imposed, the difference between high- and low-

stuhols@sive.edu). capacity subjects has disappeared. Moreover, it has al-
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ways been the case that, under load, the high-capacity
shjects regress to the pwiwrmmu ¢ of the low-capacity
subjects. For example, the difference between high- and
low-capacity subjects has been eliminated in the verbal
fluency and negative priming paradigms when concur-
rent tasks are performed {(Conway et al., 1999; Rosen &
Engle, 1997}, Also, differences in “fan” interference
have been eliminated when the study materials contain
less interference (Conway & Engle, 1994). These stud-
ios converge on the notion that individual differences in
working memory capacity result in individual differ-
ences i tasks that demand controlled processing, partic-
wlarly when the ability to handle interfering information
is at a premium. When high-capacity subjects can no
longer use their superior controlled processing capacity
or the task no longer demands it, their performance is in-
distinguishable from that of low-capacity subjects.

Present Experiments and Hypotheses

The goal of the present study 1s to add to the existing
evidence of 4 working memory-controlled processing
relationship and extend it further by demonstrating that
subjects differing in working memory capacity will dif-
for only on a task that requires controlled processing. To
do so, we used an enumeration task that has been stud-
ied nearly as long as experimental psychology has ex-
isted {e.g., Jevons, 18713, but that has been used more
recently m Trick & P iyahm (1993, 1994). In the task,
subjec ts are §“}?{3‘««Uxﬂid w:th n objects to count. When n is
from one to four, there is typically a very small increase
in reaction time as # increases. The enumeration of one
to four objects is presumed o ocour through a process
called subirizing, which is thought to be an automatic
process, used for pattern recognition. When » is greater
than four, the s
# is much steeper. On these trials, subjects are presurned
to nvoke a controlled counting process, Whereas a sub-
iww»;;Em‘pe:imw%mﬁh‘cﬁ{) 80 msec pcr‘ m;jact amunb

*}&M) Ihm ihmwimwch wmpk tmk of cmmiw
3 mm ides an opportunity for studying individual
differences on automatic and controlled processing trials.

Pylyshyn (1994; Trick & Pylyshyn, 1994) have offered
the most elegant account of the difference between sub-
izing and controtied counting. According to their the-
ory, subitizing 1s a by-product of the way in which the

visual system normally operates in its preattentive stage,
When subjects are presented with more items than can
be processed in this preattentive stage, controlled count-
ing proces
shvn

s are invoked. According to Trick and Pyly.

stages, including keeping track of where the focus of at-
tention has visited, as well as planning where to move at-
tention next, Further, inhibition of previously viewed lo-
cations, by not allowing subjects to “re-count” previously
counted items, may also play an important role in subjects’
counting efficiency in these conditions. By definition,
then, increasingly large displays are laden with increas-
ingly more interference, as it becomes more ditficult to

ope of enumeration time as a function of

(1994), controlled counting involves a number of
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keep track of where attention has been, and where it should
be moved next, Not surprisingly, error rates are typically
lm‘ge for enumer ”Mi(m trials that are beyond the subitiz-
ing range (Trick & Pylyshyn, 1994).

What can this task tell us about the capacity lirnitations
of working memory? Given the attention-demanding as-
peets of the counting trials of an enumeration task, sim-
ply that subjects with less working memory capacity
should have steeper reaction time slopes on the counting
trials of the enumeration task than should subjects with
more wurkm;ﬂ memory capacity. Moreover, bmaxm sub-
ihimg is a process that requum very little controlled pro-
cessing, the two group’s reaction time slopes should not
differ on the subitizing portion of the enumeration task,

EXPERIMENT 1

Method

Subjects. All subjects (N =
from the University of ?fmuiﬁ & are
Human Subject Pool who participated in return for course credit.
Each subject performed the enumeration task and the Operation
Span (OSPAN) task developed by Turner and Engle (1989}, The
OSPAN task is a span test of working memory capacity that is a
valid and reliable test of working memory capacity (Engle, Tuhol-
ski, Lavghlin, & Conway, 1999) requiring the concomitant pro-
cessing and storage of information.

Apparatus. The enumeration and OSPAN tasks were controlled
by Micro Experimental Laboratory (MEL) Version 2.0. The
OSPAN task was run on an IBM PS/2 Model 70 computer with a
VG A monitor. The enumeration task was run on an Inteva 586 com-
putm with a Dell VGA monitor. The MEL Response Box Ver-

sion 2.0 collected vocal responses in the enumeration task. Subjects
performed the OSPAM task on | day and returned, typically within
3 weeks, to perform the enumeration task,

()‘;!AN“ Arithmetic problems and unrelated words (e.g., 15 {4 ¥
AR 11?7 poc) were presented one at a tirne, centered on a com-
pum screen. The math problem and word presentations are referred
to as a “math/word presentation,” Subjects were instructed to read
the math problem aloud, indicate whether the given answer was cor-
rect, and then read aloud the unrelated word. Thus, in the previous
example, the subject should say “Is four times two plus one equal
to eleven, no, dog.” Immediately after the subject said the unrelated
word, the experimenter pressed a key that made either another math/
word presentation or a recall cue (a string of three question marks)
appear. When the recall cue appeared, the subjects were told to
write down as many words as they could remember, in the order in
which they appeared. The number of math/word presentations given
before a recall cue appeared varied from two to six in the same ran-
dom order for each subject. Before beginning the critical trials, the
subjects were given three practice trials that included two math/word
presentations. The OSPAN score was the total number of words re-
called from only the trials in which all words were recalled in their
correct order. For example, if a subject was presented with

) were undergraduates recruited
ina Psyvchology Department
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he/she was given credit for three words if he/she recal TOUSE,
CHatr, pOG. The ‘;uhjm:i would not receive oredit if the recall was
incomplete (e.g., HOUSE, CHAIR) or in the tncorrect serial order (e,
CHAIR, DOG, HOUSE
Enumeration. The subjects were tested in a dark room with the
only light being from the monitor, On each trial, 112 vellow ver-
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tical bars measuring 1 % 10 pixels were presented on the computer
sereen. The background color was set to black. The subjects were
instructed to silently count the bars as quickly as possible without
sacrificing accuracy. When the subjects knew how many bars ap-
peared on the screen, they indicated the number by saying the num-
ber into a hand-held microphone. The bars appeared in any of 42 lo-
cations demarcated by a 6 % 7 matrix (not visible to the subject) of
possible target locations, which covered an area of approximately
4.07 > 6.0° of visual angle. Before each trial, a ready signal (*) ap-
peared in the center of the target matrix for 500 msec, followsd by
a blank screen for 30 msee and then the enumeration display, which
remained on the screen until the subject responded aloud with the
number of bars,

The oral response activated a speech trigger in a MEL Serial Re-
sponse Box microphone Model 2004, Time was recorded from the
onset of the enumeration display unti! the oral response. Immedi-
ately following the response, the experimenter keyed in the response
o record accuracy. Twenty trials of each target display size were pre-
sented, resulting in 240 experimental trials per subject, Each sub-
ject was presented with a different random order of trials. The tri-
als were presented in four 60-trial blocks, and subjects were allowed
1o rest between blocks. Any trial in which a subject made an incor-
rect response or in which the microphone malfunctioned was run
again at the end of the block, This resulted in 20 correct responses for
each target display size for each subject. The subjects were given
12 practice trials before starting the task. Throughout the rest of this
paper, display will be used to refer to the number of targets pre-
sented on a given trial, and display rype will be used to refer to
whether the trial was a subitizing (display size 1-3) or counting

(display size 3-12) trial.

Results and Discussion
High-span subjects” (

22.98 (8D = 5.76 ). Low-span subjects’ {n

OSPAN score was 7.48 (SD = 2.15).
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Because we were interested in the time to perform the
enumeration task, and because the only effect in the ac-
curacy data was the main effect of display type, only re-
action time data will be reported. It should be noted that
there were no effects of working memory span in the
error data, and in fact, the accuracy rates were very high
for both high-span (95.2%) and low-span (97.2%) sub-
jects. Such high accuracy rates indicated that subjects
followed the instructions to perform as quickly as possi-
ble without sacrificing accuracy. This also means, how-
ever, that we could not use number of errors to make in-
ferences about group differences in counting time.

Before proceeding with the analysis of reaction time
slopes, we present the data in its original, nonderived form.
This analysis reaches the same conclusion as do the slope
analyses, but it is presented here to demonstrate the mag-
nitude of the reaction time effects, as well as 1o demon-
strate that the effects are linear, and that slope derivations
are warranted. Means of block median reaction times
were submitted to a span (high, low) by number of objects
{112y mixed analysis of variance. As expected, there was
an interaction between span and display type [F111,30%8) =
7.65, M5, = 194,237 p < .01]. As can be seen in Fig-
ure 1, the interaction occurred because of virtually no
difference in reaction time between high and low spans
when 1-4 objects were presented; the reaction times di-
verge greatly thereafter. In fact, when subjects were pre-
sented with 12 lines to count, there is nearly a 700-msec
difference between the high- and low-span subjects’ re-
action times, Clearly, the difference between high- and
low-span subjects occurs over the attention-demanding

&
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Figure 1. Differences in reaction time between high and Jow spans as a function of number of objects displayed, Experiment 1.




counting range, and not at the subitizing range. Because
Cthe fraw” data from both experiments were consistent
with an assumption of linearity, we will present only the
Mpx data for the remaining analyses.

fore we calculated subitizing and counting »imm
subitizing spans v computed for each subject, using
amethod, first described by Chi and Klahr (1975), that
has been used extensively in enumeration studies {Trick
& Pylyshyn, 1994), Because individual differences in sub-
ttizing span are documented (Trick & Pylyshyn, 1994),
this axmiym was done at the level of the subject. To cal-
culate subitizing spans, a serigs of incremental analyses
that tested Hnear and quadratic trends were performed
on each subject’s enumeration data, beginning with tar-
getdisplay sizes 1-3, then 14, and so forth. The subitiz-
ing span for the subject was indicated when the quadratic
trend became significant. That is, if the quadratic trend
was significant over the target dmp%w size 14, but not
13 range, that would indicate that the subject was able
to subitize three bars, but not four. Interestingly, there
were no differences between high- and low-span subjects
with regard to subitizing span size. The average s«uhmzm
ing span was 335 (5D = 67y and 325 (8D = 81 for
high- and low-span subjects, respectively.

After we determined the subitizing span for each sub-
ject, counting and subitizing slopes were estimated for
gach subject, using the REG procedure in BAS (SAS In-
stitute, Version 6.1 1), This was accomplished by fitling a
ion model that predicted reaction time by the num-
ber of bars that were presented to a subject on each trial.
Subitizing slopes were estimated in this way by examin-
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ing trials that had one to three bars, while counting slopes
were estimated by examining trials that had 5 to 12 bars,
The split-half reliability for subitizing and counting slopes
was 8% and 95, respectively.

Mot surprisingly, counting slopes were greater than
aubmnm slopes, a conclusion supported by a main ef-
M of display type [F(1,28) = 904,41, M. 1,594,
p <011 Overall, slopes were greater for low spans than
for high spans, an effect supported by a nmm effect of
span [F(1,28) = 1199 M5 = 2,154, p< 01]. More im-
puriamiw this effect was moderated b‘y a »,m‘;;itwm
interaction between span and display type [F(1,28) =
12.87, M5, = 1,594, p < 01]. The interaction is depicted
graphically in Ir igure 2. As can be clearly seen in Figure 2,
there is virtually no difference between high- and low-span
subject’s subitizing slopes {21.49 and 25.99 msec per
bar, respectively ). However, there is a significant differ-
ence between their reaction time slopes for counting tri-
als (294 .51 msec for high-span subjects, and 372.99 msec
for low-span subjects). Thus, as expected, the difference
between high- and low-span subjects’ reaction time slopes
in the enumeration task occurred over the counting range,
but not over the subitizing range.

The results from this experiment were very straight-
forward, High- and low-span subjects differed greatly in
the enumeration task, but only to the extent that the eny-
meration task required controtled processing. On trials
that required little or no controlled processing, high- and
low-span wbj«zgm‘ reaction time slopes did not differ.

However, when the need for controlled processing was
introduced to the task, making subjects switch attention,

Tl type

Figure 2, Experiment 1 slope differences for bigh- and low-span subjects.
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inhibiting returning to objects already counted, and keep-

mnga ;mmmg count of items, high- and low-span subjects’
reaction time slopes differed bw almost 80 msec. Jhm

this first experiment demonstrated a lawful refationship
between working memory capacity and controlled pro-
cessing. The purpose of Experiment 2 was to extend
these findings and demonstrate further the lawful relation-
ship between working memory capacity and controlled
processing,
Another interesting finding was that high- and low-
span subjects did not differ in the rmmbm of bars that
they wu?d subitize. This 1s particularly interesting be-
cause of the nature of the capacity limitations that are re-
sponsible for how many objects subjects can subitize
versus how quickly they can count items in nonsubitiz-
able displays. Our data do not disconfirm the existence
of individual differences in a preattentive capacity limi-
tation depending on FINSTS, but they do demonstrate
that this kind of capacity Hmitation is qualitatively dif-
ferent from the kind that drive individual differences in
working memory. The lack of difference between high-
and low-span subjects with regard to the number of bars
that they subitized, coupled with the differences in reac-
tion time slopes, converges on the notion that individual
differences in working memory are the result of differ-
ences in effortful attentive processing.

EXPERIMENT 2

If the difference between high- and low-span subjects
rperiment 1 was due to differential ability to handle
interfering information, adding distracting information
to the visual display should affect high- and low- span
jects differently. We used two types of distractors in
Mwmmm 2, conjunctive and dwum tive. A conjunctive
iinzmmm shared physical fee 5 {1.e., orientation or
colory that suby a:s;{« used 1o 3{1@“1’;11?3/ mmm Because of
the M 1ysical similarity between to-be-counted rtems and
to-be-ignored distractors that made distinguishing tar-
gets and distractors difficult, controlled processing was
NECessar essful enumeration in this condition.
Dnsjunctive distractors, on the other hand, shared only
physical features (i.e., size and shape), which are not fea-
tures that re;ubém:w t‘a‘m%d use to identify targets,
Previous res h (Treisman, 1986; Treisman & Ge-

lade, 1980; Treisman & Gormican, 1988, Tretsman &
Sato, 1990; Wolfe, Cave, & Franzel, 1989) has demon-

strated that @-»«;umi":mg for single targets among conjunc-
tive distractors is an effortful, attention demanding, ser-
1l process resulting in an increase in reaction time as a
function of the number of conjunctive distractors in the
display. Search for single targets among disjunctive dis-
tractors, on the other hand, occurs mpidi and without
attention, resulting in the “pop-out” phenomenon. That
is, increasing the number of disjunctive distractors in a
visual search paradigm does not increase reaction time to
identify targets, because searching for targets among dis-

Junctive distractors can be done with automatic parallel
processing.

The addition of conjunctive and disjunctive distractors

allowed for more predictions from a controlled process-
ing view of wcwking nmmn‘y c;&pemityv First, disjunctive
distractors should have the same null effect on both high-
and ]wwmwdﬂ subjects, because the presence of disjunc-
tive distractors does not require subjects to invoke addi-
tional controlled pmm:mim On the other hand, because
controlled processing is needed to overcome the inter-
fering effects of the presence of conjunctive distractors,
low spans should suffer from the presence of conjunctive
distractors more than high spans. Moreover, this effect
should increase as the number of conjunctive distractors
increases, because mereasing the number of conjunctive
distractors Increases the need for controlled processing
to handle the increasing interference effects. Specifically,
the reaction time cost, or how much longer it took sub-
jects to enumerate objects because of the presence of dis-
tractors, should be negligible for both high- and low-
span subjects when the disjunctive distractors are present.
However, the reaction time cost should be significant
when conjunctive distractors are presented. More im-
portantly, low spans should show a greater cost with each
additional distractor in the conjunctive condition than
would high spans,

Adding conjunctive distractors should also affect the
processes involved in the enumeration task, so that count-
ing one 1o three objects cannot be performed by using
subitizing and hence will no longer be a strictly auto-
matic process. That is, even when subjects are presented
with one to three targets to enumerate among conjunc-
tive distractors, the search for targets will be attention
demanding, because subjects will need to use their atten-
tion to effortfully and serially search each display for tar-
gets (Trick & P}» tyshyn, 1993). Thus, in the conjunctive
condition, the measure of automatic processing used in
Experiment | (subitizing Enpu will no longer be a pure
measure of automatic processing. In fact, subjects were
not expected to subitize in the conjunctive condition, be-
cause of the additional auemianai re ‘wimxnm‘;t@ and as
such, “subitizing slope” is somewhat a misnomer. How-
ever, to be consistent with E wcmmms 1, we will retain

“subitizing s i«;pc to refer to the reaction time slope for
target display sizes 1--3,

Method

Subjects. Thirty undergraduates from the University of South
Carolina Department of Psychology Human Subject Pool were re-
crutted for this experiment. None of these subjects participated in
Experiment 1.

Apparatus. This was the same as in Experiment 1,

OSPAM. This was the same as in Experiment 1.

Enumeration. On each trial, subjects were presented with 1-12
vertical yellow bars on a black bac a}x”z’)imd Unlike in Experiment 1,
however, distractors were present on 80% of the displays. In the
mmm\mw condition, yellow vertical bars (targetsy were presented
along with white vertical and yellow ?mmmntcii rars {distractors).
In the disjunctive condition, yellow vertical (targetsy were presented




along with white horizontal (distractors). Distractor type {conjunc-
tive or disjunctive) was a blocked, within-subjects variable. Half of
the subjects enumerated in the conjunctive condition first, and half
enumerated in the disjunctive condition first. On any given trial,
enumeration occurred with 0, 2, 4, 8 or 16 distractors. The display
matrix covered an ares of approximately 4.0° % 6.0° of visual angle.
Before each trial, a get ready signal (*) appeared for 500 msec in
the center of the target matrix, followed by a blank screen for
50 msec and then the enumeration display, which remained on the
sereen until the subject provided a vocal response. Reaction time was
taken from the onset of the enumeration display until the subject re-
sponded orally with the number of objects. Fo ject’s
response, the experimenter keyed in the res
In each distractor condition (conjunctive (mei disjunctive), s
jects performed 15 trials of each target display size, resulting in 180
Is per distractor condition, or 360 trials per subject. For both dis-
actor conditions, the subj performed 30 trials of each distrac-
tor size. The subjects performed 12 practice trials before perform-
g six blocks of 60 trmﬁ, .

Results and Discussion

The high-span subjects” (n = 15) mean OSPAN score
was 26.96 (50 = 4.40), and the low-span subjects’ (n =
15) mean OSPAN score was 6.86 (SD = 2.80),

As in Experiment 1, overall accuracy on the enumer-
ation task was very high (95.4% and 94.3% for high and
low spans, respectively), indicating that subjects per-
formed the enumeration task as quickly as possible with-
out sacrificing accuracy. Further, the linear fit {as indi-
cated by A7 values) of the reaction time s H\pi} for high-
and low-capacity subjects across display type ranged
from .67 to .83,
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Low spans’ reaction time slopes were ».iww«:rt}mn high
spans’, indicated by a main effect of span [F{1,28) = 537
MS, = 6,724, p < 03], and reaction time s inpm wen:
greater for counting than for subitizing trials [FY
177.38, M5, = »%})()fn p < 011 Moreover, hue was a
marginal if‘n'm":;aciitim between span and display size
[F(128) = 322, MS, = 4,905, p < 07]. Planned com-
parisons indicated that the 1 7-msec difference in subitiz-
ing slopes between high and low spans was not significant
[1(29) = 1.31, p > 03], whereas the 79-msec dxiff:rt:m
in counting slopes was ijmhc ant [1{29) = 2.84, p < .05].
These data are depicted in Figure 3.

The differential effect of distractor type was also evi-
dent in the significant interaction between span, n‘,iimmw
tor Wpe zmc% number of distractors (0, 2, 4, 8, or 16)
[F(4.1 = 390, MS, = 6,981, p = 05] ”!h:fs mwmw
tion is dw}uui in Figure 4. This interactior icate
that the adverse effect of conjunctive distractors was
greatest for low spans when the task required counting
processes. Neither the four-way interaction nor any of
the remaining three-way interactions was significant.

To further demonstrate the adverse effect that con-

junctive distractors had on low spans, we examined the

reaction time cost associated with each distractor. That
is, how much more time did it take high- and low-capacity
subjects to respond for each conjunctive or disjunctive
distractor on a given display? To estimate reaction time
costs for each subject, the reaction time slopes associ-
ated with the number of conjunctive and disjunctive dis-
tractors were estimated. Consistent with our predictions,

Cont

Trial type

Figure 3. Reaction time slope differences for high- and low-span subjects, Experiment 2,
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Figure 4. Span X distractor type > number of distractors interaction, Experiment 2,

high- and low-span subjects showed minimal counting
time costs with disjunctive distractors (2.55 and .58 msec
per distractor, respectively). That s, for each additional
disjunctive distractor, high- and low-span subjects added
only a few milliseconds to their reaction times. As pre-
dicted, both groups showed greater costs with conjunc-
tive distractors, and the effect was much more profound
for the low spans (high-span reaction time cost =
14 msec). These
findings were supported by a significant interaction be-
tween span and distractor type for reaction time cost
[F{1,28) = 7.01, MS, = 482, p < 021

GENERAL DISCUSSION

The motivation for the present study derives from re-
cent research demonstrating the conditions in which sub-
jects with differences in working memory capacity have
concomitant differences in task performance (e.g., Can-
tor & Engle, 1993, Conway & Engle, 1994; Daneman &
Carpenter 1980; Rosen & Engle, 1997). In the experi-
ments presented here, high- and low-capacity subjects
performed a simple counting task under varying atten-
tional conditions, The important message from our data
is that only under conditions requiring controlled pro-
cessing in the face of distracting information did capac-
ity differences arise. This is compelling evidence that

working memory capacity is limited by controlled pro-
cessing. Before discussing this notion further, we will
address a possible alternative explanation for our data,

One alternative explanation of our results could be that
the differences between high- and low-span subjects lies
in speed of processing rather than some aspect of con-
trolled processing capability (Verhaeghen & Salthouse,
1998). A processing speed account may argue that the
lack of difference between high- and low-span subjects
on subitizing trials is due to 4 lack of power, or that sub-
jects” performance on these trials is at the floor. In fact,
given the present data, a processing speed account may
make several of the same predictions that we do. However,
a controlled attention account clearly predicts individual
differences on conjunctive but not disjunctive trials and
on counting but not subitizing trials a priori because ef-
ficient target searches require controlled attention to in-
hibit distractors and guide visual search (Treisman & Sato,
1990). Thus, increased controlled processing capacity
leads to faster, more efficient searches. Although a pro-
cessing theory may make these “predictions,” it cannot
do so without invoking assurnptions such as differential
speed effects for different distractors, and floor perfor-
mance on subitizing trials.

One himitation of the present work is that we did not
include a traditional processing speed measure in this
study, Had we done s0, we would be able to assess more




directly the role of individual differences in processing
speed, and how those differences contributed to our ob-
served enumeration differences. However, recent work
by Conway, Cowan, Bunting, Therriault, and Minkoff
{20003 has demonstrated that processing speed does not
account for the relationship between working memory
and fluid intelligence. In that study, subjects performed
several working memory, processing speed, and fluid in-
telligence tasks. Latent variable analyses strongly sug-
gmmi that the relationship between working memory and
fluid intelligence was not affected by processing speed,
despite processing speed’s strong relationship with work-
ing memory. Thus, although processing speed 1s related
to working memory and other higher order cognitive fune-
tions, it does not control the relationships.

Why do high-span subjects outperform low-span sub-
Jects ondy on counting and conjunctive trials? To answer
this question best, we should consider what processes are
involved in gach kind of trial. The most important differ-
ence between the trials is that subitizing is a preattentive
process, and counting requires a number of attention-
demanding steps, including indexing items, switching at-
tention from item to item, summing the number of items,
and maintaining a running total of the items. This series
of steps will be performed more efficiently 1f the subject
inhibits re-counting already counted items. Given the
wealth of data demonstrating that high-span subjects are
better inhibitors and can handle interfering information
better than low-span subjects, we argue that their effi-
ciency tn the counting task is a by-product of a more ef-
ficient inhibitory ability/process. This explanation is
consistent with the observed individual differences on
counting trials, but not on subitizing trials as well.

Our data ;‘uewm supporting evidence for a theory of

working memory capacity developed over the past few
vears and voiced most recently by Engle, Kane, and Tu-
holski (1999}, In this theory, working memory 15 a sys-
tem stmilar to that desceribed by Cowan (1988, 1995y It
consists of o short-term memory component, of long-term
memory traces activated above a eritical threshold, a cen-
tral executive, and other skills and strategies used for
maintaining activation. Finally, we suggest——and the data
presented here support this suggestion—that individual
differences in working memory capacity are due to indi-
vidual differences in controlled processing capability.
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